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Abstract

The increasing demand for lithium-ion batteries has strained the sup-
ply chain and highlighted the need for efficient recycling methods to re-
cover valuable materials. This thesis explores the application of ultra-
sonication as a promising preprocessing technique for material re-
moval in battery recycling. Ultrasonication utilises waves to generate
microbubbles that induce cavitation near the electrode surface, result-
ing in shear forces that facilitate material removal. The study investi-
gates various parameters to optimise the efficiency of ultrasonication.
Furthermore, the method demonstrates its potential to produce higher-
purity materials compared to conventional shredding processes,
thereby enhancing the value of recovered materials.

Keywords Battery Recycling, Ultrasonication, Green Chemistry, Lithium-ion
Batteries, Pre- processing
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Abbreviations

ADR IAgreement concerning the International Carriage of Dangerous Goods
by Road

CT computed tomography

EOL End Of Life

ESW Electrochemical Stability Window
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1 Introduction

The world is transitioning towards more intermittent renewable energy
sources, and hence they require an energy storage option to provide con-
sistent power. The most common source of electrochemical energy storage
that is being used is batteries [1]. Lithium-ion batteries are the prevailing
choice due to their extensive energy capacity and extended lifespan, making
them highly popular for various applications such as portable electronic de-
vices and electric mobility. [2]. It’s been estimated that the global Lithium-
ion battery demand is expected to rise from 300 GWh to 2000 GWh per year
over the next decade, with a significant contribution from electric passenger
vehicles [3]. The increasing demand for lithium-ion batteries necessitates the
increased use of various battery materials such as copper, aluminium, lith-
ium, manganese, cobalt, and nickel. These materials are projected to experi-
ence a significant surge of over five times in demand, while phosphorus is
expected to grow by more than six times, along with iron, throughout the
current decade [4]. The recent battery directives from the EU (2006/66/EC;
2008/98/EC) also emphasise that batteries shouldn’t be sent to landfills due
to their high levels of high metal content that could pollute and damage both
groundwater and land [5].
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Figure 1 Batteries by chemistry reaching the end of life in Europe[6]

1.1 Recycling as a Secondary Source of raw material

To address the increasing demand, recycling has become a valuable source of
secondary raw materials. By 2030, over 250 million tonnes of Li-ion batteries
are expected to reach their end of life [5]. Different effective recycling tech-
nologies have been developed for spent lithium-ion batteries (LIBs), includ-
ing hydrometallurgy, pyrometallurgy, and direct recycling. The pre-process
involves battery pack collection, discharging, dismantling, and shredding.
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The shredded material is then classified or sieved to separate materials based
on their size [7]. This separation eliminates the larger components consisting
of plastic, steel, aluminium, and copper.

Conversely, the combination of smaller components results in the formation
of a mixture called the "black mass," which holds substantial quantities of
lithium, manganese, cobalt, and nickel metals. These metals can be extracted
from the black mass and recycled for the manufacturing of fresh batteries [8].
By extracting metals from the black mass, the dependence on new materials
is diminished, thereby reducing the carbon footprint linked to additional
mining operations. A critical stage in acquiring pure metal salts essential to
produce cathode active materials is the purification of the leachate derived
from the black mass, which involves the removal of impurities[9]. However,
conventional methods like chemical addition or ion exchange have proven
ineffective in meeting the required purity standards due to the complex com-
position of the water matrix, which contains high levels of interfering metals
[10]. Therefore, it is crucial to identify a process that efficiently reduce impu-
rities during the pre-processing or refining stages to achieve a profitable and
scalable outcome in electric vehicle (EV) battery recycling.

This research explores the potential of Ultrasonication to separate Active ma-
terial from Electrode sheets obtained for battery recycling. This method
could provide an efficient and sustainable solution for metal reclamation
from battery waste at a higher purity, with significant environmental and
economic benefits. Utilizing ultrasonic waves with frequencies exceeding 20
kHz enables the agitation of a liquid sample. As these sound waves propagate
through the liquid, they generate alternating cycles of high pressure (com-
pression) and low pressure (rarefaction)[11]. During the low-pressure phase,
intense sonic waves generate small vacuum bubbles or voids within the lig-
uid. These bubbles collapse forcefully during the high-pressure phase, a phe-
nomenon known as cavitation, resulting in the generation of extremely high
local temperatures[12]. The thesis focuses on three primary objectives.
Firstly, it aims to utilize ultrasonication to effectively remove the active ma-
terials from the electrode sheets. Secondly, it aims to identify and optimize
the key parameters involved in the process, determining their ideal values for
maximum efficiency. Lastly, the thesis aims to identify any potential chal-
lenges or bottlenecks that may hinder the implementation and scalability of
the process.



1.2 Research Questions

Some of the potential research questions for this project, ultrasonication for
active material removal from electrode sheets include:

1. Whether Ultrasonication can be used as a potential prepro-
cessing step in Battery recycling?

2. What would be the optimised parameters and efficiency of
ultrasonication in removing the active material from the
electrode sheets?

3. Identification of various hindrances and potential bottle-
necks in the implementation methods and scalability of the
process.

Answering these research questions could help to provide insights into the
potential use of Ultrasonication in the black mass separation process from
electrode and the proposed method's economic, environmental, and social
implications. The positive results could provide a sustainable and energy-ef-
ficient solution in the lithium-ion batteries recycling and help in the effective
recovery of critical materials from recycling and reduce environmental pol-
lution, thereby providing a path for a circular economy.
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2 Literature review

2.1 Lithium-lon Batteries

Batteries have played a crucial role in portable energy storage devices since
the introduction of the first commercial primary battery in the 1800s [13].
With advancements, primary batteries were replaced by rechargeable or sec-
ondary batteries, with the lead-acid battery being the first successful exam-
ple. However, the emergence of lithium-ion battery (LIB) technology in the
1980s revolutionized portable energy storage[14]. LIBs are rechargeable bat-
teries that employ a specialized lithium-ion insertion material in both the
positive and negative electrodes. This arrangement enables the exchange of
lightweight Li-ions between the electrodes during cycling. This distinctive at-
tribute allows LIBs to attain superior energy density and extended cycle life
in comparison to other battery types, making them well-suited for portable
electronic devices [14]. The first commercial implementation of lithium-ion
batteries occurred in 1991 when Sony incorporated them into their mobile
telephones, the predecessors of modern smartphones[15]. Today, LIBs dom-
inate the battery market, with a global market value estimated at approxi-
mately 45 billion USD [16].
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Figure 2 A brief history of the batteries[17]

2.1.1 Basic working and Intercalation

Battery systems consist of several essential components: anode, cathode,
separator, electrolyte, and two current collectors (positive and negative). The
anode and cathode serve as reservoirs for lithium, while the electrolyte facil-
itates the movement of positively charged lithium ions between the terminals
by means of the separator. This ion migration generates free electrons within
the anode, leading to a positive charge at the positive current collector.

11



Subsequently, the electric charge flows through the powered device, such as
a cell phone or computer, and reaches the negative current collector. The sep-
arator acts as a barrier to prevent electron flow within the battery [15]. In
conventional electrochemical cells, the charging and discharging process in-
volves a redox reaction, which requires significant energy for charging and
can lead to heat dissipation. Whittingham, at Exxon Corporation in the US,
showcased the initial rechargeable lithium battery. This battery featured a
cathode composed of TiS2, a lithium-metal anode, and a liquid electrolyte
that included a dissolved lithium salt within an organic solvent. However,
safety concerns arose due to limited cell voltage (<2.5 V) and during cycling,
dendrites grew on lithium-metal anodes which posed a significant obstacle
to the widespread adoption of cells utilizing sulphide cathodes and lithium-
metal anodes. [18]. However, lithium-ion (Li-Ion) batteries employed today
uses an intercalation mechanism rather than a redox reaction to address
these challenges.

| o ]

Li*

Cathode Elect| 'olyte Anode

Separator

Figure 3 The basic components of a Li-ion battery cell during discharge [19]

Intercalation chemistry has been known for nearly two centuries and in-
volves the interaction between guest molecules or ions and solid hosts. Inter-
calation is a fundamental process in which a mobile ion or molecule is in-
serted into available spaces within a crystal lattice and can be reversibly ex-
tracted. While it may have limited capacity, intercalation offers advantages
such as minimizing volume changes and mechanical strain during the re-
peated insertion and extraction of alkali ions. Irrespective of the specific
chemistry employed, this mechanism plays a vital role in determining the cy-
cling performance of modern Li-ion battery electrodes. [20]. Understanding
the intercalation process is essential for optimizing battery performance and
exploring new electrode materials.
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Li2TiOs [19]
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The reversible insertion and extraction of lithium ions during charging and
discharging are facilitated by the structures of the anode and cathode, ena-
bling the intercalation mechanism. The energy density of a Li-Ion battery re-
lies on the storage capacity and potential, which are influenced by the space
available for the anode and cathode to accommodate lithium ions and the
extent to which the intercalation reaction can be reversed.

2.1.2 Materials of the Li-ion batteries

Lithium-ion batteries (LIBs) comprise four crucial components: anode, cath-
ode, separator, and electrolyte, enabling the movement of lithium ions dur-
ing charging and discharging. Recent advancements have explored various
materials for anode fabrication, including metallic lithium, graphitic carbon,
synthetic graphite, lithium titanate, tin-based alloys, and silicon-based ma-
terials [21]. Similarly, commonly employed cathode materials encompass
lithium nickel cobalt aluminium oxide (NCA), lithium cobalt oxide (LCO),
Lithium Manganese Nickel Oxide (LMNO), lithium nickel manganese cobalt
oxide (NMC), and lithium iron phosphate (LFP) [18], [22].

To facilitate ion movement, different electrolytes like LiPF6, LiClO4, LiAsF6,
and LiCF3S03, combined with binders, flame retardants, and electrolyte sol-
vents, are utilized [23]. Ongoing research efforts are dedicated to enhancing
the electrochemical performance of electrode materials. Challenges persist in
the advancement of both cathode and anode materials, as well as electrolyte
solutions. [24], [25].

The future of LIBs lies in advanced energy storage technology, with efforts
directed towards addressing limitations associated with nanomaterials. Or-
ganic electrode materials have been explored, considering parameters such
as energy and power density, cycle life, gravimetric density, electronic con-
ductivity, energy efficiency, cost, and resource availability. Additionally,
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researchers have explored the modification and synthesis of graphene-based
materials derived from diverse carbon sources for the purpose of energy stor-
age applications in lithium-ion battery (LIB) electrodes [23].

A comprehensive examination has been conducted on the progress made in
electrode materials and their characterisation methods, with a particular fo-
cus on lithium-ion batteries (LIBs) used in smart grids at large scale and EVs.
The primary objective is to identify materials with superior attributes such as
lower cost, cycle life, higher energy density, and enhanced safety, surpassing
conventional LIBs that employ intercalation electrodes.[26].

Table 1: An Li-Ion battery Component, their weightage and commonly used
materials [27]

Wt(%) | Most Commonly Used Material

Casing 25 Steel/plastics

Cathode 27 LiCoO2 , LiNiXMnyCoZO2 , LiMn2O4 , LiNiO2 ,
LiFePO4

Anode 17 Graphite/ Li4T15012

Copper & Al current 13 Cu/Al

collectors

Electrolyte 10 Electrolytic solutions such as LiPF,

LiClO4 and LiSO, dissolved in propylene car-
bonate, ethylene carbonate, or dimethyl sulfox-

ide
Separator 4 Polypropylene (Microporous)
Binder 4 Polivinylidene Difluoride (PVDF)

2.1.2.1 Cathode materials

The global lithium-ion battery market is experiencing growth propelled by
the advancement of novel materials targeting the reduction of production
costs. A crucial factor in enhancing safety, performance, and cost-effective-
ness is the customisation of cathode materials, primarily by adjusting cobalt
levels.[25]. Cathodes, the positive electrodes in lithium-ion batteries, have a
crucial impact on voltage and overall battery performance. Currently, various
cathode materials are being utilised in different applications, which include
LCO for EVs, NMC for smartphones, and LFP for power tools[19], [21], [26].
NMC cathodes are particularly advantageous for large-size batteries as they
reduce cobalt usage while maintaining higher safety and output [19]. On the
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other hand, LFP offers increased power and packing density without relying
on rare metals like cobalt[27]. Additionally, high nickel-layered oxide cath-
odes like NCM are expected to gain popularity, enabling longer-range electric

vehicles at more affordable prices [19].
(a) (b) i {c)

o apiety energy NCM Safety EnErgy NCA

safet deFpEEE
LMo RN BTy LFP

Figure 5 I:\;adar plots were used t\o'c;c')-r"npare the qualities of various cathode
materials, including LiCoOz2 (LCO), Li [Ni, Co, Mn]O2 (NMC), Li[Ni, Co, Al]O2
(NCA), LiMn204 (LMO), and LiFePOa4 (LFP) [28]

Since 1980, lithium cobalt oxide (LCO) has been utilised as a cathode mate-
rial in lithium-ion batteries (LIBs). It provides consistent capacity and ther-
mal stability, although it carries the risk of thermal runaway when exposed
to high temperatures or overcharging. At elevated temperatures, LCO de-
composition produces oxygen, presenting a potential combustion haz-
ard.[29]. To improve the stability of cycles, lithium cobalt oxide (LCO) is
commonly charged in a delithiated state at approximately 4.2 V vs Li+/Li.
However, operating within the range of 3-4.5 V leads to a reduction in capac-
ity due to irreversible structural modifications or fluctuations in volume.[30].
The presence of higher voltages above 4.5 V leads to an increase in imped-
ance, negatively impacting the cycle performance of LCO. To enhance the
stability of LCO cycles at higher voltages, methods such as applying metal
oxide coatings or employing surface cleaning techniques have been explored.
The utilisation of LiBOB electrolyte instead of LiPF6 allows for the develop-
ment of high-voltage LCO cells with a capacity of 180 mA h g-1, but it comes
at the cost of compromising thermal stability.[31]-[34].

The high capacity of around 200 mAh/g exhibited by lithium nickel oxide
(LiNiO2) and its derivatives makes them highly promising as positive cath-
ode materials for lithium-ion batteries. However, synthesising stoichiometric
LiNiO: is challenging due to lithium vaporisation at high temperatures, lead-
ing to lithium loss. LiNiO: also experiences capacity fading when charged to
high voltages, impacting its cycling stability. Despite the difficulties, LiNiO»
was extensively studied as a potential alternative to LCO in the 1990s due to
the abundance and lower cost of nickel [35]-[37]. The synthesis of LiNiO2
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depends on various parameters and cation mixing, where nickel can occupy
vacant lithium sites, leading to capacity loss[38] and structural changes dur-
ing charge and discharge cycles contribute to capacity loss. Doping tech-
niques involving Mg, Al, Co, and Ga have been explored to improve LiNiO2
properties [29].

NCM (lithium, nickel, cobalt, and manganese) cathode materials offer higher
power ratings and energy density compared to conventional batteries. They
provide structural stability without directly participating in the charge and
discharge process. Pristine LiMnO2 (LMO) has garnered interest as an eco-
nomical and eco-friendly substitute for LCO and LNO. Nevertheless, achiev-
ing the desired orthorhombic phase of LMO directly during synthesis poses
challenges, leading to unstable voltage plateaus in the resulting material.
Combining LMO and LNO has resulted in viable solid solutions, but main-
taining stable capacity remains a challenge. Lithium iron phosphate
(LiFePOg4) was the first phosphate cathode material introduced in 1997. Re-
search in phosphate materials and polyanionic chemistry has focused on in-
trinsic and extrinsic properties, transportation control, electrode synthesis,
and structural behaviour. The capacity loss can be linked to the development
of distorted Li-deficient phases, which disrupt the process of Li-ion insertion
and extraction. The discharge process has revealed the occurrence of two-
phase reactions that influence the electrochemical stability of phosphate ma-
terials. Studies have also explored fluorinated cyclic phosphate solvents to
enhance stability and prevent combustion [23].

2.1.2.2 Anode Materials

The selection of anode materials is a critical factor in the advancement of
high-performance LIBs. Currently, graphite is extensively utilized as the pri-
mary anode material due to its low operating potential, practical capacity,
and dependable discharge performance [39]. However, there is ongoing re-
search on alternative anode candidates to overcome the limitations of graph-
ite's energy density. Lithium metal is highly regarded as an excellent choice
for anode material due to its impressive theoretical capacity and low redox
potential [40]. As alternative anodes for LIBs, transition-metal compounds,
including phosphides, oxides, and sulphides, with conversion-type reaction
mechanisms, have demonstrated considerable potential. Transition-metal
phosphides, in particular, exhibit reduced polarisation, enhanced lithium
storage capabilities, and higher specific capacity [41]. Zinc anodes are fre-
quently employed as sacrificial anodes for cathodic protection purposes;
however, they suffer from stability issues. To address this, a synergistic ap-
proach has been developed, which involves a Cu-Zn solid solution interface
along with a copper mesh skeleton. This innovative approach enables den-
drite-free plating even across a broad range of current densities [42].
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Micro-sized particles of silicon, aluminium, or bismuth offer high capacity
and cost-effectiveness, but their rapid degradation and poor Coulombic effi-
ciency are concerns [43]. Silicon has been extensively studied for its high ca-
pacity, but its substantial volume change during lithium insertion and extrac-
tion hinders its practical implementation. Graphite continues to be the pri-
mary anode material in commercial lithium-ion batteries (LIBs). However,
incorporating high-capacity compounds like silicon-metal alloys, sub-stoi-
chiometric silicon oxide, or elemental silicon with graphite can substantially

enhance energy density and tackle volume change concerns [44], [45].
Table 2 Different Anode materials in Lithium-ion batteries[29]

Anode Materials | Capacity Merits Remarks
(mAhg)
Hard carbon 200—-600 Excellent working Less columbic effi-
potential ciency
Carbon Nanotubes | 1115 Cost-effective Greater hysteresis
voltage
Graphene 770/1115 Safe to operate More irreversible ca-
pacity
LiTi4O5 176 Safer, Low cost Lower capacities
TiO2 320 Greater power ca- Lower energy densi-
pability, good ties
lifecycle
Germanium 1623 Greater Specific Ca- | Lower irreversible
aF pacities, Greater capacity, more fading
Silicon 4213 Energy densities, capacity, less life cy-
Silicon oxide 1562 Excellent safety cle
Antimony 661
Tin 992
Tin oxide 793
Metal Oxides 500—1200 | Large capacity, en- | Lower Columbic effi-
(Co30,,Co0, M00O, ergy, Minimal cost, | ciency, Unstable SEI
/03 ,NiO, RuO, eco-friendly formation, not good
,Cr,03) lifecycle, more hyste-
resis potential.
Metal phos- 500—-1800 | Greater capacities, | Weak rate capability,
phides/nitrides lower potential, the | short lifespan, and
and sulphides lower polarisation high production cost
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Lithium metal anodes, renowned for their elevated gravimetric and volumet-

ric energy densities, are considered the optimal option for high-energy bat-
teries [46]. Layered black phosphorus offers desirable properties such as
high theoretical capacity, inherent layered structure, and excellent electrical
conductivity, making it suitable for high rate, capacity and storage [47]. A
disordered rock salt Li3V205 anode has been found to yield higher cell volt-
age compared to batteries with commercially available alternatives [48]. Ad-
ditionally, Porous carbon-based anode materials, when coated with MoO2
nanoparticles, have shown impressive cycling performance even under high
current densities. These materials have demonstrated the ability to retain
their reversible capacity after undergoing numerous cycles, indicating signif-
icant potential for future applications in lithium-ion batteries [49].
When considering specific capacity rankings, it is evident that alloys, transi-
tion metal oxides, and silicon-based materials possess the highest values. In
contrast, carbon or graphene-based materials demonstrate comparatively
lower capacities. While silicon and graphene may be more cost-effective
based on weight, their drawback lies in experiencing substantial volume
changes during cycling. Anode materials based on alloys are recognized for
their enhanced safety, while transition metal oxides exhibit superior stability.
While graphene has been widely studied as an anode material, silicon holds
promise as a future candidate. Ongoing research focuses on novel approaches
to enhance anode material performance, including the utilization of nitro-
gen-doped graphene matrices or porous carbon coated with MoO2 nanopar-
ticles, yielding promising results [49], [50].

2.1.2.3 Electrolytes

Lithium-ion batteries (LIBs) rely on electrolytes that contain liquid organic
solvents, which must fulfil multiple criteria such as high dielectric constants,
low viscosity, wide electrochemical stability windows (ESW), chemical inert-
ness, thermal stability, suitable interfacial properties, and environmental
safety. In advanced LIBs, cyclic and linear carbonates, including Ethylene
carbonate, propylene carbonate (PC), DMC, DEC, and EMC, are widely uti-
lized as the most commonly employed electrolyte solvents. However, re-
search is focused on developing alternative solvents with improved thermal
stability and safety features by incorporating electronegative substituents.
LiPF6 is the typical lithium salt used, but alternative salts like LiFAP and
LiBF4 are being explored due to limitations associated with LiPF6 [51].
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Figure 6 Types of electrolyte materials.[23]

Within the category of solid-to-liquid electrolytes, a diverse range of electro-
lyte types can be found, including aqueous and non-aqueous electrolytes, dry
solid and gel polymers, ionic liquids, as well as organic and inorganic elec-
trolytes. Solid-state electrolytes are being developed as high-performance
materials due to their safety, energy density, and reversible electrochemical
energy storage [52]. Different types of solid electrolytes, such as fluorinated
orthoformate solvent-based electrolytes [53], garnet-type solid-state electro-
lytes [54], and LiF-rich solid electrolytes, show promise in improving battery
capacity [43].

Polymer electrolytes have garnered significant interest in the realm of next-
generation LIBs due to their remarkable energy density and enhanced safety
features. To improve the stability of zinc deposition, techniques such as the
utilization of Cu-Zn solid solution interfaces and the incorporation of poly-
acrylamide electrolyte additives have been employed in the modification of
zinc anodes [42], [55]. Stability-wise, garnet and NASICON are considered
the most stable electrolyte materials, with NASICON being chemically stable
but less stable compared to lithium. Despite their lower physical stability,
garnet and NASICON demonstrate superior electrochemical stability. Liquid
electrolytes exhibit the highest ionic conductivity [23].

In the pursuit of high safety, energy density, and environmental friendliness,
researchers are actively investigating diverse avenues to enhance lithium-ion
battery (LIB) electrolytes and develop novel materials. Solid-state electro-
lytes and polymer electrolytes are emerging as particularly promising areas
of research for the next generation of LIBs.

2.1.2.4 Binders

The main function of binders in battery electrodes is to establish a connection
between the active material and conductive additives, while also securing the
electrode materials to current collectors. This crucial role prevents the active
material from disintegrating when subjected to the chemical and mechanical
stresses encountered during its cycles of charging and discharging. Binders
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accomplish this binding function through either direct or indirect meth-
ods[56]

Direct binding involves the strong adsorption of binder materials onto active
materials, creating bridges between them. For the polymeric binder to fulfill
this requirement, it needs to possess reactive functional groups, such as car-
boxylic acid and alcoholic groups, capable of forming bonds with the surface
of the active materials. Examples of binders that enable direct binding are
gelatin, polyacrylic acid, and carboxymethyl cellulose [57].

Conversely, indirect binding takes place when non-fluorinated polymers
such as polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF)
adhere mechanically or physically to the active material’s surface. This pro-
cess forms a network structure, where the particles of the active material are
effectively captured[56].

The selection of binder material can have a significant impact on fabrication
requirements and costs. There is ongoing research and development focused
on innovative binder materials that offer improved cost-effectiveness and en-
vironmental friendliness compared to traditional PVDF binders.

non-aqueous (organic Flucrinated binders
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Figure 7 Binder classification based on Solubility and fluorine functional
group[57]

The progress made in polymer technology has resulted in the identification
of environmentally friendly and economically viable binders that can effec-
tively accommodate diverse electrode materials. Aqueous-based binders pre-
sent numerous advantages in terms of cost-effectiveness, environmental im-
pact, and processing requirements related to air and humidity. Additionally,
they facilitate rapid solvent evaporation. When compared to conventional
PVDF-based binders, aqueous binders require a lower quantity (approxi-
mately 5%) while simultaneously enhancing the energy density of the cell
[571.

Aqueous binders offer a significant advantage over PVDF binders as they ex-
hibit reduced swelling tendencies in carbonate-based electrolytes. Moreover,
they prove to be a more cost-effective option during the fabrication process.
These aqueous binders have been employed since the 1990s, with gelatin
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between the electrode and current collector, playing a dual role as both a pas-
sivating layer and a binder for graphite particles[58]. Over the past few years,
extensive research has been conducted on various polymers, hydrocolloids,
and copolymers as potential aqueous binders for anodes containing graphite
and Silicon and Li-rich metal oxide cathodes. Prominent battery companies,
including Apple, Everyday Battery, and General Motors, have successfully
showcased the electrochemical performance achieved using these aqueous
binders. Well-known aqueous binders include the sodium salt of CMC, SBR,
PAA, chitosan, and alginates [57].

2.2 Recycling of Li-ion batteries

A European study has identified lithium, cobalt, and natural graphite as po-
tential critical materials for batteries due to limited supply and risks in the
supply chain [59]. Chinese companies dominate the supply of anode and
cathode materials, while Japanese companies supply a specific cathode ma-
terial such as the nickel-cobalt aluminum oxide cathode material[59]. The
majority of processed materials and components utilized in lithium-ion bat-
teries are sourced from Asia, with China serving as the largest producer [60].
Among the key players in primary lithium production, three countries stand
out: Australia, Chile, and China. Additionally, the Republic of Congo holds a
significant position as the primary source of cobalt about 73% [61]. Accu-
rately predicting future demand for these raw materials is crucial to avoid
supply risks. Accurately anticipating the future demand for these raw mate-
rials is of utmost importance to mitigate potential supply risks. Furthermore,
the imperative to recover materials from batteries has gained prominence,
particularly due to the classification of lithium, cobalt, and phosphorus as
critical raw materials by the European Union [62]. Presently, the recycling
rate of lithium-ion batteries remains relatively low, underscoring the un-
tapped potential of recycling as a valuable source for battery manufacturing
materials [27]. To comply with EU regulations, the recycling efficiency needs
to improve, aiming for a target of 65% by 2025 and 70% by 2030 [63]. The
important aspects of the Proposed amendments for the Directive
2006/66/EC — Battery Directive can be found in Table 3
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Table 3 Proposed amendments for the Directive 2006/66/EC — Battery
Directive latest draft[64].

Time pe- Actions to be followed Article
riod
January Rolling out of the battery directive and Additional mark- | 13
2023 ing for cadmium (>0.002%) and lead (>0.004%)
July 2024 | Carbon footprint declaration for batteries 7
January Battery passport for batteries with a capacity greater 64,65
2026 than 2 kWh and an electronic exchange system that
holds the online battery database, which links to the bat-
tery passport, has to be rolled out
Performance classes set for portable and rechargeable 7,9,10
batteries
Jan 2027 Percentage of recycled Li, Co, Pb and Ni in active mate- 8
rial to be displayed in the industrial and electric-vehicle
batteries with internal storage
Jan 2027 Detailed labelling of the battery is made necessary for 13
the identification of batteries and their main characteris-
tics
Jan 2030 minimum recycled active material: 12% cobalt; 85% 8
lead, 4% lithium and 4% nickel
Jan 2035 minimum recycled active material: 20% cobalt, 10% lith- | 8
ium and 12% nickel and lead, 85%

Without pre-treatment, metal recovery leads to non-functional recycling,
where the extracted alloys are not used for battery production. On the other
hand, pre-treatment followed by metallurgical processes enables functional
recycling, where the recovered metals can be reintroduced into battery man-
ufacturing as shown in Figure 8. The technology of biometallurgy, depicted
in grey, is currently not implemented on an industrial scale.
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Figure 8 The diagram illustrates different recycling pathways for lithium-ion
batteries [23].

The recycling of lithium-ion batteries (LIBs) presents both challenges and
opportunities. Recycling methods for lithium-ion batteries can be broadly
classified into three main categories: pyrometallurgical, hydrometallurgical,
and physical processes. Among these, pyrometallurgy, followed by
hydrometallurgical recovery, is often preferred due to its straightforward
implementation and the capability to handle diverse feedstocks with limited
pre-processing requirements. However, this method results in the
consumption of several components, and only certain metals can be
recovered as alloys, requiring additional separation steps [65].
Hydrometallurgical processes, on the other hand, allow for greater recovery
of materials in terms of quantity and value. These processes offer the
advantage of extracting metals in the initial phase and the potential to
recover materials as precursors for LIB production [66]. Despite its potential,
the full effectiveness of hydrometallurgical recycling methods for lithium-ion
batteries has not been fully realized. To optimize recovery rates, further
advancements in pre-treatment and disassembly techniques are necessary.
This is particularly crucial in light of the decreasing prices of lithium-ion
batteries and the growing efficiency of primary supply chains. By
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implementing improved hydrometallurgical processes, the establishment of
a circular supply chain for lithium-ion batteries (LIBs) can be achieved. This
approach not only preserves valuable materials but also reduces the energy
and resources needed for their production. As a result, the overall
sustainability of LIB manufacturing is enhanced[67].

2.2.1 Waste Collection and Transportation

The European Union (EU) has implemented regulatory measures to ensure
the responsible management and recycling of lithium-ion batteries (LIBs) at
the end of their life cycle. In accordance with the EU Battery Directive, man-
ufacturers are obligated to provide a cost-free collection system for industrial
and automotive batteries. Concerning electric vehicle (EV) LIBs, the End-of-
Life Vehicle Directive stipulates that original equipment manufacturers
(OEMs) are responsible for the retrieval of EVs, including their batteries.
OEMs have the option to collaborate with third-party recycling firms or car
workshops to facilitate the recycling procedures.

Safety is a critical aspect in dealing with end-of-life LIBs, as improper han-
dling or storage conditions can result in leakage, outgassing, or thermal run-
away, leading to significant damage and the release of hazardous substances.
The International Carriage of Dangerous Goods by Road (ADR) agreement
establishes comprehensive safety guidelines for the international transporta-
tion, storage, and packaging of goods. When it comes to lithium-ion batteries
(LIBs), it is crucial to safeguard them against adverse weather conditions,
mechanical impacts, and short circuits. Therefore, LIBs should be appropri-
ately packaged in approved containers to ensure their secure transportation
and storage [68].

For high-performance traction lithium-ion batteries (LIBs) extracted from
electric vehicles (EVs), it is necessary to have a separate collection system in
place to ensure their proper handling. It is of utmost importance to enforce
stringent safety measures not only during the collection and storage of these
batteries but also throughout the pre-treatment and recycling processes. By
doing so, potential financial and health risks can be effectively minimized
and mitigated [69].

2.2.2 The Need for Preprocessing

In the recycling of lithium-ion batteries (LIBs), preprocessing is a vital stage
encompassing sorting, stabilisation, disassembly, and separation. Research
has demonstrated that the integration of preprocessing techniques can result
in improved material recovery efficiency and reduced energy consumption,
outweighing the initial investment costs. Notably, studies have indicated that
the implementation of a recycling process incorporating preprocessing is the
most efficient approach to minimize GHG emissions and overall energy us-
age in LIB recycling[70].
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The selection of preprocessing techniques significantly influences the life cy-
cle assessment of lithium-ion batteries (LIBs). Multiple research studies have
provided evidence that preprocessing, particularly methods such as disas-
sembly and separation, has a beneficial impact in terms of reducing environ-
mental footprints and minimizing overall environmental impacts. Safety is
another important consideration, as LIBs can pose hazards such as electrical,
chemical, thermal, and explosive risks. Thermal runaway, in particular, is a
significant safety concern that can result from external mistreatment or in-
ternal malfunctioning of the batteries. Discharging LIBs during disassembly
is recommended to reduce the risk of thermal runaways and potential
fires[71].

However, there is no one-size-fits-all preprocessing method due to the di-
verse chemistries and non-standardised packaging of LIBs. Researchers have
extensively investigated various strategies to enhance material recovery effi-
ciency in the preprocessing stage of lithium-ion battery (LIB) recycling.
These approaches encompass a wide range of techniques, including sorting
methods[72], novel stabilisation methodologies[73], [74], and automated
dismantling processes[75]. Each of these preprocessing techniques offers
distinct technological, economic, and environmental advantages, alongside
their inherent limitations.

The existing research on preprocessing focuses on specific aspects but lacks
comprehensive consideration of commercial perspectives and standardiza-
tion. Recycling companies use various methods based on material interests
and regional laws, resulting in a lack of global standards[67].
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Figure 9 Different stages of most widely used preprocessing techniques[67]
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2.2.3 Battery sorting

Sorting plays a vital role in the recycling of lithium-ion batteries (LIBs) by
separating non-battery waste and categorizing batteries based on their chem-
istries, shapes, sizes, and condition. Both manual and automated sorting
methods are employed, and multistage sorting approaches have been pro-
posed to maximize efficiency[76], [77].

The sorting process typically involves a series of steps. Initially, a crane
dumps battery barrels into large containers, and then manual pre-sorting
takes place on a conveyor belt. Workers manually remove larger non-battery
items, such as batteries from various electronic devices. Magnetic sorting is
employed to capture any remaining batteries on the belt, followed by me-
chanical sorting using a shaker screen to further separate batteries based on
size and shape. While manual sorting is commonly used in recycling compa-
nies, research suggests the use of machine learning and X-ray techniques for
improved sorting accuracy, each with their own advantages and disad-
vantages[78]—-[80].

Direct parameter measurement is a straightforward sorting method used in
the recycling process of lithium-ion batteries (LIBs). It involves measuring
various static and dynamic parameters of the batteries, including voltage, in-
ternal resistance, discharge capacity, and self-discharge rate. These measure-
ments provide valuable information about the condition and performance of
the batteries. However, some dynamic parameters are difficult to measure
accurately. To overcome this challenge, alternative techniques such as com-
puted tomography (CT), X-ray, or ultrasound scanning are being explored.
These non-destructive imaging methods allow for the assessment of battery
characteristics without causing damage. Although these techniques are still
under development, they hold potential for enhancing the sorting process in
LIB recycling[76].

Chemistry-based sorting is another approach used by many recycling firms
to enhance the efficiency of hydrometallurgical processes. It involves identi-
fying the battery's chemistry or cathode material type based on its operating
principle and electrochemical parameters. Obtaining comprehensive infor-
mation about the internal processes of a battery without causing any damage
presents challenges, particularly when quantifying electrochemical charac-
teristics. While basic estimation methods based on the battery's size, weight,
and magnetic properties can provide some insights, accurately determining
electrochemical parameters remains challenging. Recent advancements in
research have focused on leveraging machine learning and deep learning al-
gorithms to predict and analyse these parameters. However, further investi-
gations are required to assess the accuracy and efficiency of the overall pro-
cedure[67].
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2.2.4 Stabilization

To ensure safety and reduce the risk of fires, stabilisation techniques are im-
plemented before opening a lithium-ion battery (LIB). These techniques aim
to prevent thermal runaway, which is a highly undesirable event that can re-
sult in the generation of excessive heat, the loss of valuable components like
electrolytes, polymers, separators due to combustion, and the release of toxic
and corrosive substances[71]. By employing effective stabilisation methods,
the potential hazards associated with LIBs can be mitigated, safeguarding
both personnel and the environment.

Stabilization

Thermal Electrolyte

2 BEITE B deactivation extraction

Through Through the Through Through . Organic Supercritical
R " : Cryogenic Heat
metal electronic aqueous inductive s . solvent Cco2
. deactivation | deactivation . )
powder load solutions effect extraction extraction

Figure 10 Stablisation classification and common methods[67]
2.2.4.1 Electric discharge

When disassembling spent lithium-ion batteries (LIBs), there is a potential
danger of a short-circuit occurring between the anodes and cathodes. This
short-circuit can result in the flow of a high-current current, which generates
heat and can ignite the volatile electrolyte solvent, leading to a battery fire.
To mitigate this risk, it is crucial to discharge the LIB before initiating the
disassembly process. Discharging the battery is a standard procedure in LIB
recycling as it stabilizes the battery and reduces the likelihood of self-ignition
or a short circuit. By discharging the battery prior to disassembly, the poten-
tial hazards associated with short-circuits and thermal runaway can be min-
imized, ensuring the safety of personnel and the recycling facility[81]—[83].
Common methods of electric discharge are achieved by:

e Metal powder
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e Electronic Load
e Electrochemical/ aqueous Solutions
¢ Inductive effect

2.2.4.2 Thermal Deactivation

Thermal deactivation is an essential process in the recycling of lithium-ion
batteries (LIBs) to ensure their safe handling and deactivation. It involves
carefully removing the chemical and energy rich components present in
spent batteries to prevent any potential thermal events or hazards. Cryogenic
freezing and heat deactivation are two commonly employed methods for
achieving this objective[67].

Cryogenic freezing involves freezing and crystallising the electrolyte of spent
LIBs at extremely low temperatures using liquid nitrogen, rendering the bat-
teries nonconductive and reducing the risk of fire. While cryogenic freezing
allows for processing large quantities of batteries simultaneously, it has lim-
ited adoption due to high capital and equipment costs[67].

Another method involves heating discharged LIBs prior to shredding and
disassembling them, effectively removing the electrolyte and preventing
thermal runaway. This controlled heating process ensures the safe elimina-
tion of combustible organic material and prevents the release of hazardous
gases or metals during mechanical processing. These techniques contribute
to the safe and regulated deactivation of LIBs during the recycling pro-
cess[67].

2.2.4.3 Electrolyte Extraction

Extracting electrolytes from LIBs poses challenges because of the reactivity
of lithium salts and the generation of toxic compounds when in contact with
air or water. Aged LIBs complicate the process further as the electrolyte dif-
fuses into the electrodes. The confidentiality of materials used in LIBs and
complex pre-treatment processes also increase recycling costs. Traditional
methods like calcination and evaporation release toxic gases, while a com-
bined pyrometallurgical and hydrometallurgical process has limitations. Sol-
vent extraction methods offer a more environmentally friendly approach. De-
veloping effective recycling methods for aged electrolytes is crucial to mini-
mise waste and environmental risks. The major technologies in Electrolyte
extraction are Organic solvent extraction and Supercritical CO2 extrac-
tion[84]-[87].

2.2.5 Comminution

Comminution is a mechanical process used to break down battery packs into
smaller pieces, resulting in a black material enriched in metals. It involves
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various methods such as ripping, shredding, crushing, and milling[88], [89].
Comminution can occur before or after manual disassembly of the batteries.
There are three main processes of comminution: shredding, hammer milling,
and granulating, each producing materials of different sizes and shapes. The
size and morphology of the materials resulting from comminution have a
substantial impact on the effectiveness of subsequent separation methods.
To concentrate the valuable elements, the fragmented battery components
undergo sorting using different separation methods. Comminution technol-
ogies, particularly mechanical crushing, offer higher processing efficiency
and capacity compared to manual disassembly. The classification of commi-
nution is typically done in stages to ensure a homogeneous size distribution
and content of the battery fragments. Multiple stage crushing helps in the
optimal segregation of battery elements, preventing entanglement of current
collector particles in the black mass[88]-[90].

—~o

(A) Shredder (B) Hammer mill (C) Granulator
Figure 11 Comminution sequences of shredding followed by Hammer mill
and lastly by granulating[67]

2.2.6 Dismantling
Manual dismantling of individual used batteries is a common practice, often
done without proper safety precautions. Studies have shown that organic ma-
terial leakage occurs during the dismantling process, with dimethyl car-
bonate (DMC) and tert-amylbenzene being the major organic vapor compo-
nents. Specialized approaches, such as Z-folded separators, are required to
validate acceptable levels of dimethyl carbonate. The concept of the Battery
Identity Global Passport promotes the adoption of Z-folded approaches and
dismantling methods that are automated, which utilize RFID tags and QR
codes for battery identification. However, the diverse range of LIBs currently
available poses challenges for achieving fully automated disassembly. Fur-
thermore, during the end-of-life (EOL) stage, the degradation of bolts and
screws in LIBs adds further complexities to automated disassembly pro-
cesses[91]-[94].
Dismantling process progresses in the following way:

I.  Removal of module and cells
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II. Removal of casing
III. Removal of wire
IV. Removal of glue

Both Comminution and Dismantling has their own advantages and disad-
vantages, so which should be preferred? To shred the battery or not to Shred
the battery ?

2.2.7 To Shred or Not to Shred

The decision between shredding and disassembly when recycling lithium-ion
batteries (LIBs) involves trade-offs. The process of shredding provides the
advantage of simplicity and the capability to handle various products without
the requirement of opening them. However, it leads to a more intricate sep-
aration process and produces product streams that have low purity in the
downstream stage. In contrast, disassembly offers the benefit of facilitating
simpler separation processes and yielding purer products. However, it entails
a more intricate and potentially hazardous procedure, particularly when it
comes to opening battery cells. The complexity of disassembly is further com-
pounded by the design of battery packs and modules, necessitating multiple
steps and labour-intensive manual work, which can be time-consuming[93].
While shredding is commonly used in LIB recycling processes, it often fo-
cuses on recovering high-value materials such as cobalt while losing or not
recovering other materials. Molten alloys are utilized to collect valuable met-
als, while the slag contains lithium, along with other oxides and gases, result-
ing in its loss. The advent of new cathode cells employing mixed metal cath-
odes highlights the importance of establishing efficient recycling methods for
all types of lithium-ion batteries[93].

The primary objective of disassembly is to extract valuable materials and
components for reuse or recycling, leading to the generation of material
streams with high levels of purity. However, the process needs to be well-
understood, safe, and potentially automated to reduce operational costs and
time. Ensuring a secure and efficient dismantling process for lithium-ion bat-
teries (LIBs) is crucial in the pursuit of a circular economy, where materials
are recovered in waste streams of high purity for subsequent reuse and recy-
cling. Disassembly presents notable advantages over shredding, particularly
in terms of product purity, yield, and process simplicity, resulting in signifi-
cant cost savings[93].

Fast delamination is important in disassembly to enable continuous flow pro-
cessing and the recycling of lixiviant. Implementing measures to prevent the
dissolution of the current collector in the recycling process brings about sev-
eral benefits, including improved purity of the resulting products, increased
reusability of the lixiviant, and enhanced process kinetics. In contrast, shred-
ding the battery pack results in a blend of all the materials contained within
it, necessitating additional steps to separate the various components[93].
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Innovative recycling processes such as the Lithorec process employ a range
of techniques, including electrical, mechanical, mild thermal, and hydromet-
allurgical methods, to extract valuable materials from lithium-ion batteries
(LIBs). However, the intricate compositions and configurations of anode and
cathode materials present inherent difficulties, leading to the contamination
of material reservoirs and the depletion of resources such as plastics and lith-
ium in mixed waste streams. Consequently, supplementary recovery ap-
proaches are necessary to address these challenges and enhance the overall
efficiency of material retrieval[93].

In summary, the choice between shredding and disassembly for LIB recycling
involves considering factors such as simplicity, purity of products, process
complexity, and material recovery. Disassembly offers advantages in terms
of product purity and value retention, but it requires careful optimization and
automation to achieve economic feasibility.

2.2.8 Material Separation

After dismantling or comminution, further processing is carried out to obtain
higher-quality materials. Physical separation techniques are employed to
separate different components for subsequent reclamation processes. In the
seperation process, various components are segregated, resulting in separate
material streams such as plastic, separator and pouch material, metals (in-
cluding steel casing, Ni and Al tabs), as well as Al and Cu current collectors.
Additionally, there is a mixture of miscellaneous materials, encompassing
components from both the negative and positive electrodes. This composite
material plays a vital role in subsequent processing stages, such as metal dis-
solution and deposition. To ensure efficiency and cost-effectiveness, it is im-
perative to achieve effective physical separation, thereby minimizing the
presence of contaminants and reducing the requirement for additional puri-
fication steps[95]-[98].

The general methods that are commonly used are[67]:
e Sieving/particle size separation
¢ Electrostatic separation
e Eddy current separation
e Magnetic separation
e Froth flotation
e Gravity/density separation
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Figure 12 Separation techniques (a) Sieving/particle size separation, (b)
Magnetic separation, (c) Electrostatic separation, (d) Eddy current
separation, (e) Gravity/ density separation, and (f) Froth flotation.[67]

2.2.9 Material Refining Process

In the recycling of EoL LIBs, pre-treatment is an important step, where the
black matter generated is used as the starting material for metal recovery.
Metals like lithium, nickel, cobalt, and manganese present in the cathode ma-
terials are economically valuable but can have harmful environmental effects
if released during recycling. The most common recycling routes involve py-
rometallurgical methods followed by hydrometallurgical separation and re-
fining processes. These methods aim to recover a Ni-Co alloy but often re-
quire further hydrometallurgical steps for purification. Hydrometallurgical
processes achieve high recycling rates exceeding 90% and enable direct lith-
ium recovery. In order to attain high selectivity and efficiency, chemical pro-
cesses like leaching, extraction, precipitation, and crystallization are utilized.
Although there is ongoing research on upstream lithium recovery, its com-
mercial implementation is yet to be realized[99].
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2.2.9.1 Hydrometallurgy

In the hydrometallurgical recovery of lithium-ion batteries (LIBs), post pre-
treatment, separate treatment of battery cases, electrodes, and membranes
is commonly employed to enhance safety and recovery rates while reducing
energy consumption. Acid and biological leaching are the two main methods
used in hydrometallurgy. Acid leaching involves the use of inorganic and or-
ganic acids such as hydrochloric acid, sulfuric acid, nitric acid, and phos-
phoric acid. Factors like acid type, temperature, pH, reaction time, and addi-
tives influence the leaching performance. Hydrochloric acid is effective for
leaching cobalt (Co) but produces toxic chlorine gas. Nitric acid is useful for
hydrolyzing cathode materials and recovering Li and manganese (Mn). Sul-
furic acid with hydrogen peroxide (H202) reduces Co3+ to Co2+ for efficient
recovery. Phosphoric acid has also shown promising results. Mild organic ac-
ids like oxalic acid, acetic acid, citric acid, and tartaric acid have gained at-
tention. Oxalic acid facilitates simultaneous leaching and precipitation, re-
sulting in the direct separation of CoC204 without additional treatment. Ace-
tic acid, citric acid, and tartaric acid have demonstrated high recovery rates
for Li, Co, Ni, and Mn through leaching studies. Ultrasonic and microwave
techniques have been explored to enhance the leaching process [99].

Bioleaching is a hydrometallurgical process that utilizes microorganisms like
bacteria and fungi to dissolve spent electrode materials. In one study, chem-
otrophic and acidophilic bacteria were used to treat LiCoO2, while another
study explored the leaching performance of Alicyclobacillus SP for Li and Co
at different concentrations. The recovery rates for Li and Co decreased as the
ore slurry concentration increased. The survival of Aspergillus Niger
fungi/bacteria was considered in another study, which also highlighted the
impact of slurry concentration on bioleaching. The effects of electrolytes in
the slurry on biological activity were investigated in a separate study involv-
ing Aspergillus Niger[100]-[102].
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2.2.9.2 Pyrometallurgy

Pyrometallurgical techniques are commonly employed for metal extraction
in various industries, including the recycling of LIBs. Calcination, a process
involving high temperatures in oxygen-poor environment, is used to
decompose lithium metal oxides found in LIBs, such as LiCoO2. This leads
to the release of oxygen and the formation of metal oxide and lithium
carbonate. In contrast, the process of roasting takes place in an environment
with an abundance of oxygen and is commonly employed in the treatment of
sulfide minerals. Reduction processes, such as carbo-thermal reduction, aim
to recover metals from metal oxides by converting them into metal alloys
using a reducing agent like carbon. The effectiveness of reduction processes
is determined by the oxygen level present in the metal oxide. The Umicore,
Inmetco, Glencore, and Accurec processes are examples of pyrometallurgical
methods used in LIB recycling. These processes involve a combination of
steps such as pre-treatment, smelting, reducing, and leaching to separate and
recover components like metals and lithium carbonate. Each process has its
specific advantages and requirements, such as the utilization of C-rich
compounds, pre-treatment steps, or the generation of slag for alternative
applications in construction materials [99].

34



2.3 Ultrasonication as Preprocessing method
2.3.1 Ultrasonication — overview

Ultrasonication is a widely adopted mechanical method employed to disinte-
grate sludge. It utilizes the transmission of ultrasound waves through a me-
dium, leading to compression and rarefaction of the medium. This process
leads to the formation of microbubbles that violently collapse when they
reach a critical size, resulting in cavitation. As the bubbles collapse, they gen-
erate intense conditions characterized by high temperatures and pressures of
the range of 5000K and 500 bars. These conditions are accompanied by
strong hydro-mechanical shear forces and reactive radicals. The hydro-me-
chanical shear forces and radicals play a significant role in breaking up clus-
ters within the sludge and releasing material trapped between cells. It is
worth noting that hydro-mechanical shear forces are more efficient in caus-
ing sludge rupture compared to radicals[11], [12].

2.3.2 Types of ultrasonication

Indirect

Direct

Probe Bath Cup

Figure 14 Types of Ultrasonication methods - Direct (left) and Indirect
(middle and right) [103]

During indirect sonication, such as with a sonication bath or cup horn soni-
cator, the ultrasound waves before reaching the suspension (particle under
ultrasonication), must pass through both the liquid in the bath and the wall
of the sample container. Using an indirect sonication method, such as a son-
ication bath or cup horn sonicator, results in reduced energy being trans-
ferred to the suspension compared to direct sonication, where the probe di-
rectly contacts the suspension. Sonication baths usually operate at lower en-
ergy levels because the transducer is attached to the exterior of a metal tank.
The ultrasonic waves are then transmitted to the tank surface and subse-
quently into the bath liquid[103].
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Sonication, particularly at ultrasound frequencies, induces the formation,
growth, and subsequent collapse of bubbles, leading to the generation of
shock waves and extreme conditions. These conditions occur at the interface
of the collapsing bubbles and include localized temperatures reaching up to
10,000 K, rapid temperature changes, pressure bursts of several MPa, and
high-speed liquid jet streams. These effects, known as cavitation, are inher-
ent to sonication and are independent of factors such as container cooling or
the type of sonicator utilized[103].

2.3.3 Ultrasonication in battery recycling:

The study done by Lei et al demonstrates the effectiveness of high-powered
ultrasound in rapidly delaminating the active material from the current col-
lector in LIB. Through investigation, it was discovered that cavitation was
responsible for the rapid breakage of the adhesive bond between the active
layer and current collector within a mere 0.5 seconds upon entering the high-
power ultrasound region. The efficiency of this delamination process relies
on the type of polymer binder used, as water-soluable binders like SBR/CMC
exhibit faster stripping tendencies. The delamination process can be further
optimized by incorporating wetting agents and adjusting the pH. Simplifying
the recycling of production scrap involves saturating the mixture of active
material and binder with an organic solvent. This approach offers several ad-
vantages, including achieving high material recovery rates, enhancing
throughput, and ensuring scalability of the process. As a result, high-powered
ultrasonic delamination emerges as a noteworthy advancement in the field
of battery recycling[104].

In a separate investigation[105], the utilization of sonication proved to be
pivotal in the extraction of the black mass from lithium-ion batteries. The
black mass, which encompasses active materials, a conductive additive, and
binder, underwent sonication within an oxalic acid solution. Sonication
proved to be a highly effective method, as it enabled the rapid and efficient
delamination of the black mass from the current collectors. The cavitation
induced by the sonication process disrupted the adhesive bond between the
black mass and the metal foils, allowing for easy separation. Within a rela-
tively short duration of 30 minutes for the anodic black mass and 5 minutes
for the cathodic black mass, the sonication process successfully released the
black mass components. Throughout the entire black mass extraction pro-
cess, sonication played a crucial role in achieving efficient delamination of
the black mass from the current collectors. The application of high-frequency
sound waves during sonication facilitated the breakdown of the adhesive
bond, enabling the successful separation of the black mass components for
further recycling or reclamation purposes[104], [105].
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3 Research material and methods

In this study, the focus was on the preparation and handling of the cathode
and anode sheets, as well as the experimental setup for ultrasonication bath
and the generation of black mass. The effects of ultrasonication on the cath-
ode and anode sheets were analysed. The experimental setup involved the
preparation of cathode and anode sheets from lithium-ion batteries. The
sheets were then subjected to ultrasonication in a bath to generate the black
mass. The ultrasonication process utilized high-frequency sound waves to
disrupt the adhesive bond between the black mass and the sheets, facilitating
its separation. The study examined the effects of ultrasonication on the cath-
ode and anode sheets.

However, certain aspects were outside the scope of this study. These included
battery dismantling and discharge, safe removal of the electrode sheets, elec-
trolyte recovery, black mass purification, hydro metallurgical processes, and
the recovery of battery materials from the black mass. Additionally, the spe-
cific effects of ultrasonication on the binder molecules were not analyzed in
this study.

3.1 Electrode Composition

The electrode preparation process involves three key components: the active
material, a conductive additive, and a binder. These components are applied
onto a current collector, dried, and calendared. For the anode, a battery-
grade copper current collector is used, while for the cathode, a battery-grade
aluminium current collector is used.

In this study, various components and binder additives were used for both
the anode and cathode electrodes. The specific details of these components
and additives can be found in the provided table.
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Table 4 Anode and cathode Material composition and their weightage

Material Anode Weightage (%) | Cathode Weightage
(%)
Active mate- | Graphite 95% Lithium 90%
rial manganese
nickel oxide
(LMNO)
Conductive Carbon Black 0.5-1% Carbon black | 5%
additive
Binder + sol- | CMC/SBR +134% PVDF + | 5%
vent Water NMP

Graphite

Cathode Anode

Figure 15 Anode and cathode components under the study and their major
components

3.1.1 Electrode Preparation

The production of batteries begins with the crucial step of electrode fabrica-
tion, encompassing the creation of both the anode and cathode. The cathode
material selected for this study is Lithium manganese nickel oxide (LMNO)
(NANOMYTE SP-10), characterized by its chemical formula
LiMn1.5Ni0.504. To ensure efficient electron conduction within the cathode,
carbon black (CB) (Sigma Aldrich) is blended with the LMNO powder. How-
ever, since LMNO and CB are in powder form, a binder is necessary to bind
them together in a gel-like consistency. In this particular study, polyvinyli-
dene fluoride (PVDF) (HSV 900 +ADX 160 Arkema) is employed as the
binder for the cathode.

To prepare the cathode, a precise weight percentage of LMNO nanopowder
and CB powder (90% and 5% respectively) is meticulously mixed using a
mortar and pestle. The remaining 5% by weight, comprising PVDF, is added
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to a sealed Eppendorf vial. The exact compositions of the slurry are docu-
mented and can be referred to in Table 4 of this thesis.

In order to create a homogeneous slurry, the LMNO/CB mixture within the
Eppendorf vial is combined with 200uL of N-methyl-2-pyrrolidone (NMP),
a solvent chosen for its compatibility with PVDF. To achieve thorough mix-
ing, a zirconium ball is added to the vial, which is then placed in a mechanical
mixer. The vibrating motion of the mixer, maintained at a frequency of 150
Hz for a duration of 30 minutes, ensures that the slurry attains uniformity in
composition and consistency.

Solvent
(« Mixing and Stirring Evaporation (+ To reduce the
process electrode’s porosity.

« Spread the slurry on * Drying the Slurry « Reducing its
the current collector covered Current thickness and
Collector in an Oven increasing its density

\ Electrode Slurry N \ ,

Figure 16 Electrode Preparation Process[106]

Subsequently, the cathodic slurry is carefully applied onto a meticulously
cleaned Aluminium foil, which serves as the current collector for the cathode.
To facilitate smooth spreading of the slurry, the Aluminium foil is first
cleaned with ethanol and then pre-wetted with NMP. Using an Automatic
Film Applicator equipped with a doctor blade, the slurry is evenly spread over
the surface of the foil.

To complete the electrode fabrication process, the coated Aluminium foil is
subjected to a drying stage. This entails placing the foil in an oven set at a
temperature of 50°C for a duration of one hour. This drying step ensures that
the solvent evaporates, leaving behind a solidified cathode layer adhering to
the Aluminium foil.

For the anode preparation, a similar procedure is followed, albeit with some
variations. The anode material used is graphite, combined with carbon black
to enable electron conduction. However, instead of PVDF, a water-soluble
SBR/CMC binder is utilized in this case. As a result, the solvent employed is
water instead of NMP. The specific compositions of the anodic slurry can be
found in the accompanying Table 4.
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Cathode Anode

Figure 17 The cathode and the anode made for the study with cathode
produced in the form of coin cell and the anode in the form of a pouch cell

Once the drying process is completed, the resulting electrodes undergo cal-
endaring. This step involves applying pressure to the electrodes to enhance
their density and mechanical properties. For coin cell-sized electrodes, a hy-
draulic press is utilized, while mechanized techniques are employed for
pouch cell-sized electrodes. These calendaring processes aid in achieving
electrodes with the desired characteristics for subsequent battery assembly.
These meticulous steps in electrode preparation are essential in ensuring the
quality and performance of the resulting batteries.

3.2 Experimental setup:

The experimental setup for ultrasonication involved the utilization of an
Elmasonic P 180H ultrasonicator. This particular model is equipped with two
frequencies, namely 37kHz and 80kHz, providing flexibility in ultrasonic
wave generation. The ultrasonicator has a generous operating volume capac-
ity of 12.9 liters, allowing for the treatment of sizable samples. Notably, it
incorporates a heating system to facilitate temperature control during the ex-
periments.

In terms of power consumption, the total power draw of the Elmasonic P
180H can reach up to 1330 W. The ultrasonic power consumption, specifi-
cally at its maximum working capacity, is approximately 330 W, with a peak
power output of around 1000 W. The integrated heater operates at 1000 W
and offers a temperature range spanning from 30°C to 80°C. Additionally,
the ultrasonicator possesses an IP rating of 20, indicating its degree of pro-
tection against solid objects, and generates an ultrasonic noise level of 105
dB.

The Elmasonic P 180H ultrasonicator was chosen for its capabilities to de-
liver efficient and controlled ultrasonic energy for the experimental
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procedures conducted. Its combination of power, frequency options, volume
capacity, and temperature control features makes it well-suited for the re-
quired applications and contributes to the overall success of the research.

N . Weighing the Immerse the Set the required Inspect the
C“ttf‘rngn:ﬁ?;ple” samples and beaker in the frequency, Remove weigh sample for
e placing them in ultrasonication temperature, the sample damage and

S = Bl a beaker bath time and power residue

Figure 18 experimental procedure and setup

In order to conduct the experiment, the electrode sheets were meticulously
cut into appropriate sizes that could fit inside a 50ml beaker. Prior to placing
the samples in the beaker, their weights were accurately measured to estab-
lish the initial mass. Subsequently, the beaker setup was carefully covered
with a layer of parafilm to ensure the prevention of dust contamination. To
release any pressure that might build up during the sonication process, a few
small holes were made in the film.

To proceed with the experimental setup, the beaker containing the electrode
samples, mounted on a fixture, was submerged into an ultrasonicator bath.
It is important to note that the water level in the bath was maintained higher
than the water level inside the beaker to facilitate efficient sonication. The
ultrasonicator was equipped with various adjustable parameters such as fre-
quency, temperature, time, and power, which were set according to the ex-
perimental requirements.

Once all the necessary parameters were configured, the experiment was ini-
tiated and carried out for the designated duration as per the experimental
plan. After the specified duration, the electrode samples were carefully re-
moved from the beaker. Visual examination was performed to detect any
signs of damage or observable changes in the samples. Additionally, the sam-
ples were weighed again to determine their post-sonication mass. Through-
out the experiment, all relevant experimental conditions, including the pa-
rameter settings, duration, and any additional observations, were diligently
recorded for future analysis and reference.

This comprehensive experimental setup and procedure were employed in or-
der to investigate and analyse the effects of ultrasonication on the electrode
samples, providing valuable insights for the Thesis research.
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3.3 Parameters

The experimental setup included several key parameters or variables that
were carefully controlled and manipulated to investigate the effects of
ultrasonication on the electrode samples. These variables consisted of
frequency, power, temperature, liquid medium, liquid quantity, and time
duration.

Frequency ow: 37 kHz_| | High: 80 kHz |

& Ppower (330W) (%)

& Temperature

@ Water Quantity (ml)

Time (min)

Figure 19 Parameters for the experiment and their value limits

The frequency parameter was determined by the ultrasonicator device used
in the experiment, which offered two available frequencies of 37kHz and
80kHz. While the literature commonly reported the use of frequencies
around 40kHz and 20kHz, our experimental setup allowed for comparing a
slightly lower frequency of 37kHz and a higher frequency of 80okHz. This
allowed us to explore the effects of ultrasonication within this range and
assess any potential variations in outcomes.

Regarding power, the ultrasonicator device provided a wide range of power
options, expressed as a percentage, ranging from a minimum of 30% to a
maximum of 100%. The maximum power setting corresponded to a power
output of 330W. By adjusting the power setting, we could control the
intensity of the ultrasonic energy applied during the experiment and examine
its influence on the electrode samples.

Temperature is an important parameter to consider, as it can impact the
delamination process. While adhering to the principles of green chemistry
that advocate for ambient temperature usage, we also aimed to investigate
the effects of increased temperature. Based on our literature review, a higher
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temperature of 50°C was chosen to study the potential effects of elevated
temperatures on the electrode samples.

In terms of the liquid medium used during ultrasonication, previous studies
have utilized various solutions such as oxalic acid, sodium hydroxide, citric
acid, and N-methyl-2-pyrrolidone (NMP). However, to align with the
principles of green chemistry, our experiment employed deionized water as
the liquid medium. This choice adheres to the principles of reducing
derivatives and employing safer solvents and auxiliaries.

The quantity of the liquid medium used was dependent on the beaker setup
and was sufficient to cover the electrode samples adequately. By using a
standardized quantity of deionized water, we ensured consistent
experimental conditions throughout the study.

The time duration for ultrasonication varied in the literature, ranging from 5
minutes to 60 minutes. To assess the effect of different exposure times, we
selected specific time intervals of 10, 15, 30, and 60 minutes. This allowed us
to investigate the impact of ultrasonic treatment duration on the electrode
samples and assess the efficiency of material removal.

Based on these variables, a total of 32 experiments were conducted,
systematically varying the frequency, power, temperature, liquid medium,
and time duration. After the ultrasonication process, the electrode samples
were evaluated for changes in their state, such as delamination or damage,
and the removal efficiency of the materials of interest was analyzed.

The meticulous consideration and systematic variation of these experimental
parameters contribute to the robustness and reliability of the research
conducted for this thesis.
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4 Results
4.1 Effect of frequency

The given box plot in the Figure 20 illustrates the impact of frequency on the
cathode and anode sheets. It focuses on the percentage of mass loss, which is
depicted on the y-axis, and various frequencies, which are represented on the
x-axis. Additionally, the color shading within the plot signifies the density of
points within specific regions. Darker shades indicate higher point densities,
while lighter shades indicate lower densities.

90%

80% —‘7

Mass Loss in wt percentage

m 80 kHz =37 kHz w37 kHz (Anode)
Figure 20 Mass Loss V/s Frequency

It was observed that increasing the frequency of ultrasonication to 8okHz
had a noticeable effect on the cathode samples. Interestingly, this higher fre-
quency appeared to reduce the overall impact of ultrasonication while simul-
taneously protecting the integrity of the aluminium current collector leading
to a lower mass loss percentage as shown in Figure 20. This finding suggests
that the use of a higher frequency may be advantageous in terms of minimiz-
ing potential damage to the current collector while still achieving the desired
effects of ultrasonication on the cathode material.

On the other hand, when a lower frequency (37kHz) was employed, a more
significant rate of material removal was observed. However, it was also ob-
served that the lower frequency led to the generation of particulate contami-
nation from broken aluminium particles, which had an adverse effect on the
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cathode material mixture. This contamination is likely a result of the more
intense mechanical forces induced by the lower frequency ultrasonication,
leading to a higher likelihood of damage to the aluminium current collector
and subsequent release of aluminium particles into the mixture. Conse-
quently, caution must be exercised when selecting the frequency parameter
to ensure the preservation of the cathode material's quality and purity.
Interestingly, the anode current collector did not exhibit significant damage
when subjected to ultrasonication at a frequency of 37kHz. It is speculated
that this resistance to damage may be attributed to the anode current collec-
tor's double-coated structure, which provides a higher density and enhanced
structural integrity. The dual coating likely contributes to maintaining the
shape and integrity of the anode current collector under the pressure gener-
ated during ultrasonication, preventing significant damage and preserving
its functionality.

These observations highlight the importance of selecting an appropriate fre-
quency parameter for ultrasonication, taking into consideration both the de-
sired material removal rate and the potential risks of damage or contamina-
tion.

4.2 Power Significance

The impact of altering the power percentage applied to the cathode can be
examined using a box plot, accompanied by visual representations of before
and aftereffects as shown in Figure 21. The box plot graphically displays the
mass loss on the y-axis, while the x-axis represents various power levels
measured in percentages. The maximum power level of 100% corresponds to
330W. The graph specifically showcases the power levels of 100%, 80%, and
30%, providing a clear comparison of their effects.

In addition other plots are available to visually represent the impact of power
changes on the cathode at 80kHz (Figure 22) and anode at 37 kHz (Figure
23). These plots follow a similar format, with the y-axis representing the per-
centage of mass loss, and the x-axis displaying different power levels ex-
pressed in percentages. The figures demonstrate the effects of power changes
at different frequencies.

For instance, there is Figure 22 illustrating the before and after effect of
power changes on the cathode at a frequency of 80kHz. This figure provides
a visual representation of the mass loss percentages associated with various
power levels. Similarly, Figure 23 focuses on the impact of power variations
on the anode, displaying the corresponding mass loss percentages.
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Figure 21 Effect of Power on Cathode at 37kHz and the damagind effect of
higher power at a lower frequency

During the experimental investigation, it was observed that increasing the
power at a frequency of 37kHz had a notable effect on the material loss of the
cathode. Specifically, higher power levels resulted in a greater amount of ma-
terial being removed. This observation can be attributed to the formation of
an increased number of sonication bubbles in the water medium, leading to
more frequent bursts of high-temperature and pressure microbubbles within
the mixture. Consequently, this intense microbubble activity caused greater
damage to the aluminium sheet, resulting in higher material loss.
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Figure 22 Effect of Power on Cathode at 80kHz and minimised material loss
at higher frequency even at a higher power .

On the other hand, when the higher frequency of 80kHz was utilized, increas-
ing the power did not exhibit a significant impact on the material loss. This
phenomenon can be explained by the fact that the microbursts generated in
the higher frequency range do not significantly affect the aluminium mate-
rial. The observed variations in material loss at this frequency were primarily
influenced by the thickness of the coating applied to the aluminium sheet.
Thicker coatings offered better protection and reduced the susceptibility of
the aluminium sheet to damage during ultrasonication.
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Figure 23 Effect of Power on anode at 37kHz and the optimal removal rate
observed at a lower frequency

In contrast to aluminium, copper demonstrated a higher density and inher-
ent resilience, making it more resistant to damage. Additionally, the copper
current collector was double coated, further enhancing its ability to with-
stand the effects of ultrasonication. Consequently, the same impact observed
in the aluminium sheet, where an increase in power led to higher material
loss, was not observed in the case of copper. The unique properties of copper,
including its density and double-coated structure, contributed to its greater
resistance to damage and material loss during the ultrasonication process.
These findings underscore the importance of considering the interplay be-
tween frequency, power, and material properties when utilizing ultrasoni-
cation in electrode preparation. Further investigation and characterization of
the effects of power and frequency on different materials used in electrode
manufacturing would provide valuable insights for refining and optimizing
the ultrasonication technique in battery production and recycling applica-
tions.
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4.3 Effect of water quantity

The effect of water quantity on the material removal capability was studying
at a single frequency of 37 kHz, which has the most material removal effect.
The water quantity studied were 20, 30 and 40 ml. Their impacts were sum-
marized in the form of box plot as shown in Figure 24, where the mass loss
in weight percentage is tabulated in the y axis and the quantity of water is
tabulated in a descending manner in the x-axis.
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Figure 24 Effect of water quantity on Cathode at 37kHz

The experiment revealed that reducing the water volume led to a noticeable
intensification of the sonication process. This intensified sonication resulted
in higher levels of damage to the aluminium foil and increased mass loss in
the electrode sheet. The higher mechanical stress caused by the intensified
sonication led to the formation of microbubbles and subsequent bursts
within the mixture, causing damage to the aluminium foil. Additionally, the
increased intensity of the sonication process resulted in more vigorous agita-
tion and erosion of the electrode material, leading to higher mass loss. How-
ever, to strike a balance between efficiency and minimizing the impact, sub-
sequent experiments were conducted using a reduced volume of 30 ml.
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4.4 Effect of temperature

To better understand how temperature affects a scenario, it's been found that
a visual representation of the data is more effective than a chart. This is es-
pecially true when comparing the operating conditions of 80 kHz and 30 ml
of water for 30 minutes, while changing the temperature between 50°C and
room temperature as shown in Figure 25 and Figure 26.

Frequency = 80kHz &Temperature @ 50'C

Figure 25 Improved removal rate visually observed at an elevated
temperature of 50 C

The results indicate that an increase in temperature has a significant impact
on the efficiency of material removal during ultrasonication. Specifically,
higher temperatures were found to enhance the material removal efficiency
when using the 80kHz frequency. This observation can be attributed to the
beneficial effects of increased temperature on molecular diffusion.

The higher temperatures facilitate the mobility of molecules within the sys-
tem, enabling them to diffuse more rapidly. This enhanced molecular diffu-
sion plays a crucial role in the removal of materials from the electrode sur-
face. As the molecules move more freely, they can effectively interact with the
electrode material, leading to a more efficient removal process.
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Figure 26 Presence of active material visually observed at ambient
temperature

The improved material removal efficiency associated with higher tempera-
tures is particularly pronounced when utilizing the 80kHz frequency. This
finding suggests that the combination of a higher frequency and elevated
temperature creates favorable conditions for enhanced molecular diffusion
and subsequent material removal.

Overall, the results highlight the importance of considering temperature as a
crucial parameter in ultrasonication processes. By optimizing the tempera-
ture in conjunction with the appropriate frequency, researchers can effec-
tively enhance the material removal efficiency and promote the overall effec-
tiveness of ultrasonication in electrode preparation.

4.5 Time effect
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Figure 27 Effect of time on copper anodes (Left) , the visual effect of time in
the anodes (Right) for the varing time of 30 and 15 mins

The impact of timing on the ultrasonication process was investigated by
keeping the frequency and power constant. Interestingly, altering the timing
had limited effects on the aluminium current collector. It was observed that
either the collector remained intact without significant damage or the mate-
rial removal reached a saturation point within a certain time limit. The time
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duration for these experiments ranged from 5 minutes as the minimum to 60
minutes as the maximum.

In contrast, the effect of timing on the anode material was more pronounced.
Increasing the time duration at the same power and frequency resulted in
enhanced material removal from the anode. This suggests that longer expo-
sure to ultrasonication positively influenced the removal efficiency. However,
it is worth noting that as the timing increased, visible damage started to ap-
pear at the edges of the anode, indicating that extended sonication periods
may have adverse effects on the structural integrity of the anode material.
These findings highlight the delicate balance that needs to be maintained
when determining the optimal timing for ultrasonication. While longer du-
rations can improve material removal, there is a risk of compromising the
integrity of the electrode material. Therefore, careful consideration of the de-
sired level of material removal and the potential damage to the electrode
structure is crucial in determining the appropriate timing for ultrasonication.

4.6 Optimised parameters and further explorations

The experimental results reveal that optimizing different parameters is cru-
cial for achieving minimal damage to the current collectors and optimal ma-
terial removal rates. In the case of the cathode, a high frequency of 80kHz, a
maximum power of 330 watts, and an elevated temperature of 50C are re-
quired to attain the desired material removal rate. These parameters provide
the necessary energy and agitation to effectively remove the cathode mate-
rial. Conversely, for the anode, a lower frequency of 37kHz, a power of 115W,
and ambient temperature are sufficient to achieve optimal material removal.
The use of a water-soluble binder in the anode formulation facilitates its ef-
ficient removal.

CATHODE ANODE
-
& Temperature 50°C
& Water Level (ml)
Time (min)

Figure 28 Optimised parameters for minimised damage to the current
collector
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In the optimized conditions, the water level and timing remain constant for
both the anode and cathode. However, it is worth noting that further explo-
ration is needed to study the effects of frequencies within the intermediate
range. This would enable the identification of a single optimum frequency
that can be applied to both the anode and cathode, thereby streamlining the
process. The experimental results suggest that increasing the frequency re-
duces damage to the cathode current collector. Additionally, the double coat-
ing on the anode contributes to reduced damage, further enhancing its dura-
bility.

To gain a deeper understanding of the effects of ultrasonication at a molecu-
lar level, it is essential to conduct further studies. Quantifying these effects
would be instrumental in reducing or eliminating additional purification
steps and improving the efficiency and sustainability of the recycling process.
Such investigations would provide valuable insights into the mechanisms un-
derlying material removal and pave the way for enhancing the recycling pro-
cess for batteries.

Overall, the findings from this study underscore the importance of optimiz-
ing various parameters for different electrode materials, highlighting the
need for tailored approaches to achieve minimal damage and optimal mate-
rial removal rates. These insights contribute to the advancement of battery
recycling techniques, ultimately promoting a more sustainable and efficient
circular economy for battery materials.

4.7 Industrial approach and bottle necks in Ultrasonication

The increasing demand for lithium-ion battery components has created a
need for viable recycling options. However, Europe's current recycling capac-
ity falls short, as it can only recycle 22% of the batteries produced or sold in
2020[107]. The existing recycling infrastructure in Europe is primarily fo-
cused on pyrometallurgical processes, which involve high-temperature oper-
ations such as smelting. While this method can recover some valuable mate-
rials, it has limitations in terms of recovery efficiency. Specifically, the infra-
structural recovery efficiency for lithium in Europe is approximately 42%
[107]. To address these challenges and improve recycling efficiency, there is
aneed to invest in the development of hydrometallurgical process plants. Hy-
drometallurgy involves the use of aqueous solutions to extract metals from
their ores or recycled materials. However, to achieve higher purity levels, a
pre-processing step is often necessary. This has led to the exploration of ul-
trasonication as a potential solution.

Ultrasonication offers several advantages that align with the requirements of
sustainability, efficiency, and cost-effectiveness. By using water as the base
liquid, ultrasonication adheres to the principles of green chemistry, minimis-
ing environmental impact. Additionally, the energy efficiency of ultrasoni-
cation is notable, with a wattage requirement of only 115W for a duration of
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30 minutes to achieve anode removal. This energy efficiency is in contrast to
traditional methods like shredding, which often incur recycling cost savings
of approximately 20-50% less than disassembly[93].

The integration of ultrasonication into the pre-processing stage, specifically
after the disassembly of lithium-ion batteries, holds the potential for enhanc-
ing recovery efficiency. Experimental findings from a master thesis suggest
two approaches for incorporating ultrasonication: the single-frequency ap-
proach (SFA) and the dual-frequency approach (DFA).

Single Yy 37kHz for A

frequential Anode and
setup Cathode - ey

Two different
frequential
setups

80 kHz for 37kHz for
Cathode Anode

Figure 29 Single Fregiency Approach (top) and Dural Frequency Approach
(bottom)

In the single frequency approach (SFA) of ultrasonication for the recycling of
lithium-ion batteries, a single ultrasonic frequency is employed for both the
anode and cathode in the ultrasonication bath setup. Experimental findings
have shown that utilizing a frequency of 37kHz is effective in removing ma-
terials from dismantled electrode sheets.

However, it is crucial to exercise caution when including the anodes and cath-
odes in the same ultrasonication bath simultaneously. This precaution is nec-
essary to prevent the potential electrolysis of water, which could lead to un-
wanted reactions and compromises in the recycling process.

To address the issue of aluminum contamination in the Blackmass and min-
imize the need for additional purification steps for the cathode, it is advisable
to explore separate frequency setups for the anode and cathode during ultra-
sonication. The experiment conducted suggests that using a frequency of
80kHz for the cathode and 37kHz for the anode could yield favorable results.
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Implementing different frequency setups for the anode and cathode helps re-
duce damage to the electrodes and minimize the introduction of aluminum
contaminants. This reduction in aluminum contamination can potentially
lessen the extent of purification steps required specifically for the cathode
material, streamlining the recycling process.

By carefully selecting and applying the appropriate frequency setups for ul-
trasonication, focusing on separate frequencies for the anode and cathode,
the efficiency of material removal can be enhanced. Furthermore, this ap-
proach helps mitigate contamination concerns, particularly aluminum con-
tamination, and potentially reduces the need for additional purification
steps, making the recycling process more efficient and cost-effective.

When evaluating the industrial adaptability of both the single frequency ap-
proach (SFA) and the dual frequency approach (DFA) for ultrasonication in
battery recycling, it is important to consider potential bottlenecks and con-
straints.

The implementation of the dual frequency approach (DFA) may require sig-
nificant capital investment to set up a two-frequency ultrasonication bath.
Moreover, the need to adjust frequencies for each operation could pose prac-
tical challenges, as industries generally prefer single-purpose machines
(SPMs) for streamlined processes. It is crucial to carefully assess the poten-
tial obstacles that incorporating a DFA system might present in existing pro-
duction setups.

Preserving the integrity of electrodes is a critical consideration. Understand-
ing the specific roles and requirements of the electrodes, as well as estimating
the costs associated with purification methods, is essential to determine the
feasibility of each ultrasonication approach.

Conducting a thorough cost-benefit analysis is crucial for both the single fre-
quency approach (SFA) and the dual frequency approach (DFA). Factors
such as volume, setup conditions, and scalability should be carefully evalu-
ated to determine their impact on overall efficiency and economic viability.
Optimisation of the process based on these considerations is key.

It is also important to acknowledge that there can be variations between la-
boratory-scale experiments and large-scale industrial implementations.
Therefore, a systematic evaluation of proposed conditions is necessary. By
addressing these considerations in a structured manner, the implementation
of ultrasonication as a preprocessing step in battery recycling has the poten-
tial to be a valuable, beneficial, and sustainable addition to the overall pro-
cess.

A comprehensive analysis of operational constraints, capital costs, electrode
preservation, purification requirements, scalability, and cost-benefit consid-
erations is essential to determine the suitability and industrial adaptability
of ultrasonication approaches for battery recycling. By carefully assessing
these factors, informed decisions can be made to ensure the effective and suc-
cessful integration of ultrasonication into the recycling process.
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5 Conclusions

This thesis delves into the potential of utilizing ultrasonication as a prelimi-
nary step in battery recycling and aims to identify the most effective param-
eters for its use. Our research also tackles the challenges surrounding its
adoption in the industry. Our experimental findings indicate that ultrasoni-
cation holds great promise as a preprocessing technique.

Our research primarily focuses on assessing the efficiency of material re-
moval through ultrasonication, as well as identifying the key factors that in-
fluence this process. These factors include frequency, power, temperature,
water quantity, and time. By systematically varying these parameters, we
were able to observe their distinct effects on both the anode and cathode elec-
trodes. We found that optimal conditions varied for each electrode type and
that different factors played a significant role in their damage or removal.
To ensure industrial scalability, we proposed the use of indirect ultrasoni-
cation, which improves operational efficiency and mitigates potential chal-
lenges associated with large-scale implementation. We also put forth two dis-
tinct approaches for industrial integration: the single-frequency approach
(SFA) and the dual-frequency approach (DFA). We discussed the implemen-
tation issues and the necessity of cost analysis for both approaches.

In conclusion, our study highlights the importance of parameter optimisa-
tion in ultrasonication for efficient and damage-free material removal in bat-
tery recycling. Our proposed optimisation strategies and industrial imple-
mentation approaches, along with the utilisation of ultrasonication as a sus-
tainable separation technique, contribute to the advancement of battery re-
cycling practices. By addressing the pressing need for environmentally
friendly and resource-efficient methodologies in this field, our research con-
tributes to the development of a more sustainable future.
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