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Introduction 
Recent geopolitical developments in the world have intensified the focus of the world 
leaders to find solutions for emerging energy crisis. The need for fossil fuels have already 
decreased from 82% in 2013 to 80% in 2023 in global energy mix [1]. This transition is 
largely driven by the growing deployment of renewable energy technologies—such as 
wind and solar power. Supported by advancements in usage of energy storage and 
carrier technologies, such as Li-ion batteries (LIBs) and fuel cell systems [1]. Among these 
developments, the rapid growth in the production and use of LIBs has been particularly 
noteworthy. LIBs have become the most common energy carrier used in everyday 
portable electronics as well as in larger scale in electric vehicles and in energy storage 
systems. Although the market for LIBs has experienced exponential growth in recent 
years, recent data suggests that the pace of expansion is beginning to stabilise [2]. This 
enormous rise in LIB market size will lead to shortage of critical raw materials like Li, Co, 
Ni, Mn, Cu, and natural graphite, all of which are essential components of LIBs [3]. 
In addition, the extraction and processing of critical raw materials for Li-ion batteries are 
geographically concentrated, raising concerns about supply chain vulnerability. 
For instance, approximately 33% of the world’s lithium is mined in Australia, yet 57% of 
its global refining takes place in China. Similarly, 66% of cobalt is mined in Congo DR, 
while 74% is refined in China. In the case of graphite, China dominates both mining (82%) 
and the production of battery-grade material (93%) [4]. This data highlights China’s 
dominant role in refining of battery grade materials. Together with the popularity of 
LIBs has been the development and growth of battery recycling industry to increase 
the circularity of materials, which reduces the environmental effect of mining and 
secures the supply chain by reusing secondary materials again for LIBs or finding new 
applications for them [5,6]. While some of the LIB battery materials are already 
industrially recycled, the graphite which comprises approximately 10–24 wt% of LIBs is 
still discarded [7].  

This thesis explores the potential of utilising graphite and impurity metals within 
LIB black mass leach residues for electrocatalyst synthesis. These metals are 
conventionally incorporated into electrocatalysts by using pure metal salts; however, 
this study investigates their direct integration from recycling waste to reduce the need 
for pure materials. To achieve this, two different black mass leach residues were 
employed as precursors for electrocatalyst synthesis—an approach that, to the best of 
our knowledge, has not been previously explored for oxygen electrocatalyst production. 
In this work, a combination of ball milling and pyrolysis was used to incorporate  
metals from the leach residue into a carbon matrix, along with nitrogen from 
dicyandiamide as a heteroatom dopant. The synthesised electrocatalysts were 
electrochemically evaluated for their performance towards oxygen reduction reaction 
and oxygen evolution reaction using the rotating disc electrode method, as well as  
their practical application in zinc-air batteries to increase their activity and stability. 
Comprehensive physicochemical characterisation was conducted to connect the 
electrochemical activity with the catalyst materials structural and compositional 
properties. This thesis, along with the associated published research, demonstrates 
that instead of discarding leach residue by burning, it can be repurposed as a precursor 
for active and stable bifunctional oxygen electrocatalysts whichis comparable with 
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state-of-the-art catalyst materials reported in the literature as well as with the commercial 
20% PtRu/C catalyst material. This work serves as a prime example of circular economy 
principles, transforming recycling waste into high-value functional materials. 

The thesis is based on three published research papers, and the findings have been 
presented at different conferences.  
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 Abbreviations 
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AAS Atomic absorption spectroscopy 
AEM Adsorbate evolution mechanism 
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EOER Oxygen evolution reaction potential where 10 mA cm–2 is 
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Eonset Oxygen reduction reaction onset potential, where current 
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Esp Specific energy density 
EV Electric vehicle 
FC Fuel cell 
FWHM Full-width half-maximum 
GDL Gas diffusion layer 
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HRTEM High-resolution transmission electron microscopy 
j Current density 
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LFP Lithium Iron Phosphate 
LIB Lithium-ion battery 
LMNO Lithium Manganese Nickel oxide 
LMO Lithium Manganese oxide 
LNCO Lithium Nickel Cobalt oxide 
LSV Linear-sweep voltammetry 
LSV Linear sweep voltammetry 
MAB Metal-air battery 
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NCA Lithium Nickel Cobalt Aluminium oxide 
NMC Lithium Nickel Manganese Cobalt oxide 
OCP Open-circuit potential 
OER Oxygen evolution reaction 
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PSD Pore size distribution 
PVDF Polyvinylidene fluoride 
PVP Polyvinylpyrrolidone 
RDE Rotating disk electrode 
rGO Reduced graphene oxide 
RHE Reversible hydrogen electrode 
SE Secondary electron 
SEI Solid electrolyte interphase 
SEM-SE Scanning electron microscope equipped with secondary 

electron detection 
SEM-EDS Scanning electron microscopy and energy dispersive X-ray 

spectroscopy 
SHE Standard hydrogen electrode 
SSA Specific surface area 
TEM-EDS Transmission electron microscopy and energy dispersive X-ray 

spectroscopy 
ZAB Zinc-air battery 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction analysis 
ΔE Bifunctionality parameter 
ΔEZAB Potential window of charge-discharge cycling in zinc-air 

battery testing 
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1 Literature overview 
1.1 Li-ion batteries recycling 

1.1.1 Overview of Li-ion batteries 
Since their commercialisation in 1991, the production and utilisation of Li-ion batteries 
(LIBs) have grown exponentially [8,9]. A typical LIB cell consists of several key 
components: a cathode, an anode, a separator, current collectors, an electrolyte, and an 
external casing made of plastic or metal as demonstrated on Figure 1.1 The cathode 
serves as a positive electrode and is typically composed of Li-transition metal oxides as 
an active material coated onto Al current collector. Originally the LIB cathode active 
material was made of lithium cobalt oxide (LCO), but nowadays many different variants 
are used such as lithium nickel manganese oxide (LNMO), lithium manganese oxide 
(LMO), lithium nickel manganese cobalt oxide (NMC), lithium nickel cobalt aluminium 
oxide (NCA), lithium nickel cobalt oxide (LNCO) or lithium iron phosphate (LFP) [10,11]. 
While having differences in chemical composition, crystal structure and electrochemical 
properties their working principle is similar. The cathode active material determines 
the key parameters of LIBs—energy density, durability and thermal stability. The anode, 
acting as the negative electrode, is made of graphite—natural, synthetic, or a mixture of 
both, which is coated onto Cu current collector. Graphite, thanks to its layered structure 
and weak van der Waals forces in between the layers allows Li+ to intercalate between 
the graphene sheets during charging and de-intercalate when discharged. The binder, 
typically polyvinylidene fluoride (PVDF), is combined with a conductive carbon additive 
to bind the active material to the current collector while enhancing the electrical 
conductivity of the electrode. The separator is a non-conductive porous polymer 
material, such as polypropylene or polyethylene, which physically separates the cathode 
and anode to prevent short circuits, while enabling Li+ to flow freely between the 
electrodes during charge and discharge cycles. The electrolyte, which helps the Li+ to 
move more efficiently, consists of lithium salt, such as lithium hexafluorophosphate 
(LiPF₆), dissolved in a mixture of organic solvents (e.g., ethylene carbonate and dimethyl 
carbonate). To ensure structural integrity and safety under various operating conditions 
the components are enclosed in a protective plastic or metal casing [8]. In summary, the 
composition of a lithium-ion battery cell is as follows: cathode active material 23–41 wt%, 
graphite for 10–24 wt%, electrolyte for 10–18 wt%, copper for 10–17 wt%, aluminum for 
3–8 wt%, separator for 2–5 wt%, and binder with conductive carbon for 2–5 wt% 
[12–14]. By connecting multiple LIB cells in series, parallel, or a combination of both, the 
overall voltage and capacity of the battery pack can be adjusted to meet specific 
requirements. This approach enables the design of larger battery modules and packs, 
making LIBs suitable for a wide range of portable and stationary applications: starting 
from portable everyday electronics like laptops and smart phones to EVs and larger 
stationary energy storage modules making LIBs currently the most popular and steady 
energy storage option in the world [1,8]. In 2023, the global production capacity of EV 
batteries reached 2.2 TWh, while the demand was only 0.75 TWh. Although this excess 
capacity may seem sufficient, projections suggest that demand will increase 4 to 7 times 
by 2030, depending on the model used [1]. The increasing demand for critical battery 
minerals has already surpassed the current supply capabilities, resulting in a resource 
deficit. This shortage highlights the necessity for developing alternative ways to acquire 
battery materials beyond those obtained from known deposits [5]. In addition, mining 
and refining of the minerals have significant environmental impacts: they produce large 
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CO2 emissions, which contribute to global warming and, consequently, affect wildlife, 
groundwater, landscapes, and finally have issues with bad working conditions and child 
labour [5,15]. Addressing this challenge is crucial for ensuring the long-term sustainability 
of battery production and mitigating supply chain vulnerabilities. 

1.1.2 Current state of Li-ion battery recycling 
The rapid expansion in production of LIBs is directly linked to the growing number of 
end-of-life (EoL) LIBs, which must be efficiently recycled to recover critical and strategic 
materials such as Li, Co, Ni, Mn, Al, Cu, and graphite, which are essential for sustainable 
battery manufacturing [3,5,16]. The improper disposal of EoL LIBs poses a substantial 
environmental risk. Due to the presence of heavy metals and organic electrolytes, these 
batteries can contaminate wildlife, groundwater, and the broader ecosystem if not 
properly managed [17]. Moreover, the loss of already mined resources compounds the 
environmental hazards associated with LIBs, highlighting the need for sustainable 
recycling and disposal practices. Data on the production, mining, and recycling of LIBs 
and critical raw materials indicate that these activities are heavily concentrated in 
specific geographical regions, particularly in China. For example, in 2023, China held 
about 66% of worlds 380 000 tons recycling capacity, while Europe had only a share of 
16% [15]. This concentration poses a risk to the supply chains stability of battery 
resources in other regions, such as Europe and the America [16]. To mitigate this issue, 
one potential solution is to advance and expand LIB recycling technologies, reducing 

Figure 1.1 A scheme of Li-ion battery cell. 
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dependence on primary resource extraction and enhancing supply chain resilience. 
However, recycling LIBs presents significant challenges due to their complex structure 
and the diverse chemistry, particularly in cathode active materials [17]. Recycling 
facilities typically receive batteries of varying shapes, sizes, and chemistries, resulting in 
highly heterogeneous waste streams. This variability necessitates complex recycling 
processes capable of handling all battery types, further complicating the recycling process 
for industrial facilities [7]. Currently, LIB recycling methods are classified into three main 
categories: direct recycling, pyrometallurgical processing, and hydrometallurgical 
processing with mechanical pre-treatment  [6,16–19]. 

Direct recycling is a process in which anode and cathode materials are separated from 
each other and processed individually. Li-transition metal oxides are directly treated for 
reuse, eliminating the need to recover each metal separately. Solid-state sintering and 
various re-lithiation methods are employed to regenerate cathode active materials, 
restoring their electrochemical performance and structural properties [20]. Direct recycling 
also aims to recover graphite, separator and electrolyte, however achieving this at large 
scale remains challenging. This approach is considered the most environmentally 
friendly, as it requires fewer chemicals, and less energy compared to other recycling 
methods [21]. However, manual disassembly of batteries is labour-intensive and time 
consuming, significantly increasing operational costs. While promising, this recycling 
method is currently under development and is primarily utilised in the lab scale [20,21]. 

Mechanical pre-treatment serves as a preliminary step for hydrometallurgical or 
pyrometallurgical treatment. For the pretreatment of pyrometallurgical processing, the 
batteries are first collected, sorted, and larger packs are manually dismantled, but the 
whole battery cells can be directly sent to smelting furnaces [15]. The goal of mechanical 
processing before hydrometallurgical recycling is to prepare the black mass for the 
leaching of metals from cathode active material. LIBs are first collected and fully passivated, 
either with physical or chemical methods e.g. thermal treatment, using external circuits, 
salt-water baths, cryogenic methods, or crushing in inert gas or liquid media to ensure 
safe handling [6,22]. The discharged batteries are then shredded into smaller pieces in 
two steps. Initial crushing leaves larger particles, while secondary crushing produces 
battery cell powder, after which various physical separation techniques, such as sieving, 
eddy current separation, flotation, ultrasonic cleaning, pneumatic, and/or magnetic 
separation, as well as heat-treatment are employed to remove plastics, casings and 
current collectors (Cu and Al) from the battery active materials [19]. The remaining 
smallest fraction, concentrated of cathode and anode active materials, is referred to as 
black mass. This mechanical pre-treatment significantly enhances recycling efficiency by 
removing some of the materials before further hydrometallurgical processing [15]. 

Pyrometallurgical processing utilises high-temperature treatment to recover selected 
metals from EoL LIBs, primarily Co, Ni, and Cu, while electrolyte, plastic and graphite are 
lost during the process and Li, Al and Mn will produce the leftover slag, which needs 
additional hydrometallurgical treatment to recover Li from it, while Al and Mn will go to 
waste [6,19]. In this process, black mass or whole battery cells are fed into a smelting 
furnace, where two distinct thermal stages occur. In the first stage called calcination (up 
to 500 °C), electrolytes and organic solvents decompose and evaporate. In the second 
stage (1400–1700 °C), the remaining materials undergo high-temperature smelting, 
leading to the formation of metal alloys containing Co, Ni, and Cu, while the graphite is 
burned off and other remaining components are incorporated into a slag byproduct [23]. 
Compared to hydrometallurgical processing, pyrometallurgy is less chemically intensive 
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and generates less wastewater. However, it has several drawbacks, including the release 
of toxic gases, the loss of valuable materials such as Li, Mn, Al and graphite, and high 
energy consumption, making it a less sustainable recycling approach [17,19]. 

Hydrometallurgical processing is a solution-based recycling method in which black 
mass, the product of mechanical pre-treatment, is subjected to acid leaching [19,24]. This 
approach is currently the most widely adopted method for LIB recycling due to its high 
recovery efficiency and the ability to obtain metal compounds with high purity [6]. 
It is efficient for recovering metals such as Li, Co, Ni, and Mn, while offering less 
energy-intensive and lower capital cost alternative compared to pyrometallurgy 
[16,17,19]. For efficient leaching various inorganic acids (e.g., H₂SO₄, HCl, and HNO₃) and 
reducing agent (e.g. H2O2), are used to dissolve the metal components from black mass, 
forming a pregnant leach solution. The efficiency of the leaching process is affected by 
different factors, including concentration of acid, leaching temperature, solid-liquid ratio 
and the content of reduction agent [6,25]. These dissolved metals are subsequently 
purified and separated using different techniques to obtain high-purity metal salts for 
battery, or other applications [25]. This process begins with the impurity (Cu, Al, Fe, F, 
and P) removal, e.g. by using H3PO4 and continues by the separation of Co, Ni, and Mn 
using solvent extraction or ion-exchange. Finally, the metallic salts are precipitated by 
crystallisation techniques [18]. Despite its advantages regarding the metal recovery 
efficiency and capital cost, it still has some drawbacks. The process is complex and 
produces a high amount of wastewater, which leads to higher operational costs and 
requires additional treatment to reduce the risk of environmental pollution and leaching 
produces some toxic gases [19]. Furthermore, a significant drawback common for all 
current industrial recycling methods is the loss of graphite, which is typically discarded 
or burned rather than recovered for reuse or repurposed for other applications [12,26]. 

1.1.3 Recycling graphite from Li-ion batteries 
Due to its unique combination of metallic and non-metallic properties, graphite has been 
utilised for nearly a thousand years. In modern times, it has high demand and applications 
across various industries [12]. Naturally occurring graphite is found in the Earth's crust, 
primarily within metamorphic and igneous rocks, with its formation conditions 
influencing its distinctive structure [27]. Synthetic graphite, in contrast, is produced from 
petroleum coke or pitch coke tar through a high-temperature graphitisation process 
> 2800 °C. This process is highly energy-intensive, making synthetic graphite production
costly. As an allotrope of carbon, graphite is typically gray in color, extremely soft
(1–2 on the Mohs hardness scale), and has a density of 2.26 g cm⁻³. It exhibits excellent
thermal and electrical conductivity, along with high stiffness, strength, chemical
inertness, and its structure stays stable at temperatures up to 3600 °C [28]. The structure 
of graphite consists of graphene sheets arranged in a layered configuration, held
together by weak van der Waals forces, which arise due to the delocalised π-orbitals.
Each graphene layer is composed of sp²-hybridised carbon atoms arranged in a
hexagonal lattice. The weak van der Waals interactions between these layers enable
them to slightly slide, making graphite an excellent lubricant [29]. Additionally, natural
graphite is classified into three categories based on its crystalline and structural
characteristics: flake (crystalline), vein (lump), and microcrystalline (amorphous). Among
these, modified flake graphite (called spherical graphite) is predominantly used in LIB
anode materials due to its superior electrochemical properties thanks to more dense
lattice packing [27,28].
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The demand for graphite is increasing in parallel with the growth of LIB production, 
necessitating a higher supply of graphite. Currently, most natural graphite is extracted in 
a few key countries, including China, Mozambique, India, and Brazil, with China accounting 
for 93% of the global mining and production of spherical graphite (battery-grade 
graphite) [4]. In contrast, synthetic graphite is more costly and energy-intensive to 
produce, making natural graphite the preferred choice for the LIB industry [12]. Due to 
its critical role in battery production, natural graphite has been classified as a critical raw 
material (CRM) by both the United States and the European Union [4,30,31]. Given the 
rising demand for LIB anode materials, ensuring a stable supply of battery-grade graphite 
is essential. One promising solution to mitigate supply chain risks and enhance 
sustainability is the recycling of EoL LIBs, which enables the recovery of graphite that has 
already been mined or synthesised, as graphite accounts for about 15% of total LIB cost 
[32]. Graphite recycling has received significantly less attention compared to cathode 
active material recycling, primarily due to its lower value compared to battery metals and 
the challenges associated with purifying and restoring it to the required level [33]. 
However, research on graphite recycling from spent LIBs has been steadily increasing.  
In current industrial recycling processes, graphite is largely treated as a waste fraction. 
In hydrometallurgical recycling, it is either landfilled or incinerated [34], while in 
pyrometallurgical recycling, it serves as a reductant in carbothermic reduction [32]. Both 
approaches result in significant material losses and are not considered sustainable 
solutions. The waste of hydrometallurgical recycling, black mass leach residue consists 
primarily of graphite, but also contains various impurities, including residual  
cathode metals, current collector materials, plastics and organic compounds [34,35].  
The composition of this residue varies depending on the specific hydrometallurgical 
process and the chemistry of the batteries being used. Additionally, recycling of spent 
graphite is affected by solid electrolyte interphase (SEI) formation on the anode, which 
inhibits Li intercalation, and Li trapped within the graphite layers in the form of LiCx 
compounds [36]. At the laboratory scale, several strategies have been explored for 
graphite recycling. One of the options is direct recycling where the graphite is 
reconditioned for reuse as LIB anode active material [37–39]. For direct recycling, manual 
disassembly of batteries is required to achieve the highest graphite purity among all 
recycling methods. Though effective, this method is not easily scalable due to the 
workforce needed for manual dismantling and material separation. Additionally, current 
industrial-scale recycling strategies typically involve shredding batteries, resulting in a 
mixture of all battery components [16]. The presence of impurities in the regenerated 
graphite anode poses significant safety concerns, as they can negatively impact  
battery performance and stability [40]. One such impurity is the PVDF binder,  
which can be removed by dissolution in N,N-dimethylformamide or high-temperature 
thermal treatment. However, both techniques present notable drawbacks:  
N,N-dimethylformamide is a toxic solvent posing environmental and health risks, while 
thermal treatment releases harmful gases and increases the overall energy demand of 
the recycling process [41]. To address the removal of the SEI and trapped Li, a simple 
water-washing method has been developed at the laboratory scale. This process 
converts most of the Li into Li₂CO₃, facilitating its removal [42,43]. Despite these 
advancements, the purity and scalability of recycled graphite may still be insufficient for 
direct reuse in LIB anodes [33].  

An alternative approach to utilising recycled graphite involves its application as an 
potential anode material in other electrochemical energy storage systems, such as  
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Na-ion [44], K-ion [45] or Li-S batteries [46]. Beyond direct reuse, another promising 
strategy is upcycling, wherein Spent graphite is transformed into high-value functional 
materials. One such method is chemical oxidation to produce graphene oxide (GO), 
which has potential applications in energy storage, electronics, and composite materials 
[47]. Furthermore, recycled graphite has been explored for use in supercapacitors [48,49], 
electrochemical sensors [50], adsorption materials for heavy metal pollutants [51], 
gas storage [52,53], and as catalyst materials [54–58]. This work aims to develop a 
sustainable approach for repurposing waste graphite from hydrometallurgical LIB 
recycling, contributing to a more circular and resource-efficient battery industry. 

1.2 Oxygen reduction and oxygen evolution reactions 

1.2.1 Oxygen reduction reaction 
The oxygen reduction reaction (ORR) is a fundamental electrochemical process utilised 
in energy conversion devices such as fuel cells (FCs) and metal-air batteries (MABs) for 
electrical energy generation, as well as in the industrial production of H₂O₂. The ORR 
mechanism is inherently complex due to the high energy barrier associated with O₂ 
reduction, necessitating the use of highly efficient catalyst materials to facilitate rapid 
reaction kinetics. In an alkaline environment, the ORR proceeds via two primary reaction 
pathways [59]: 
Direct 4-electron reduction: 

O2 + 2H2O +  4e− → 4OH−   Eo = 0.401 V vs SHE            (1) 

Or via 2 step 2-electron reduction: 

O2 + H2O +  2e− → HO2
− + OH− Eo = -0.065 V vs SHE       (2) 

HO2
− + H2O +  2e− → 3OH− Eo = 0.876 V vs SHE            (3) 

Or catalytic decomposition 

 2HO2
− → 2OH− + O2 

In electrochemical energy conversion devices, the 4-electron (4e⁻) pathway is 
preferred, as the formation of HO₂⁻ intermediates in the 2-electron (2e⁻) pathway can 
reduce overall efficiency and contribute to the degradation of both the catalyst material 
and the structural components of FCs and MABs. However, the 2-electron pathway plays 
a crucial role in the selective electrochemical production of H₂O₂, where controlled 
formation of O₂⁻ and HO₂⁻ intermediates is desirable for high-yield H₂O₂ generation 
[60,61]. 

1.2.2 Oxygen evolution reaction 
The oxygen evolution reaction (OER) plays a crucial role in the advancement of green 
energy technologies, including electrolysers and reversible MABs [62–64]. Due to its 
multi-step nature involving various reaction intermediates, OER is inherently slow, 
presenting a significant challenge for researchers aiming to enhance its efficiency. 
A fundamental approach to understanding and accelerating this reaction is the adsorbate 
evolution mechanism (AEM), which is the most widely accepted reaction pathway 
involving four sequential electron transfer steps. For the AEM, a theoretical overpotential 
of 370 ± 100 mV vs. RHE has been proposed at a current density of 10 mA cm⁻². 
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The mechanism follows four consecutive proton-coupled electron transfer steps, 
as described in Equations (4)–(7) [65]: 
Step 1  ̶  Formation of adsorbed hydroxyl species: 

 OH− → OH∗ + e−   Eo = 0.86 V vs SHE  (4) 

Step 2 – oxidation of adsorbed hydroxyl to adsorbed oxygen: 

OH∗ + OH− → O∗ + H2O + e−  Eo = 1.11 V vs SHE  (5) 

Step 3 – formation of hydroperoxide intermediate: 

O∗ + OH− → OOH∗ + e− Eo = 1.46 V vs SHE  (6) 

Step 4 – oxygen molecule formation and desorption: 

OOH∗ + OH− → O2 + H2O + e−  Eo = 1.76 V vs SHE  (7) 

Reaction equations (4) – (7) make up the overall reaction (8). 

4OH− → O2 + 2H2O +  4e− Eo = 1.23 V vs SHE    (8) 

This mechanism is also proposed for the metal-nitrogen-carbon (M-N-C) type catalyst 
materials [65–67] as is studied in this thesis. 

1.3 Metal-air batteries from zinc-air battery perspective 
Although LIBs are currently the most widely used electrochemical energy storage 
devices, several challenges associated with their performance, resource availability, and 
sustainability, as discussed in previous chapters, highlight the need for alternative 
technologies. One promising approach to mitigate these issues is the development of 
next-generation electrochemical storage systems. Among these, MABs present a 
compelling alternative due to their exceptionally high theoretical energy density 
(1353–11429 Wh kg–1), environmental sustainability, and relatively simple design and 
fabrication process [61]. Unlike LIBs, MABs do not rely on CRMs as much, making them a 
more sustainable option [68]. MABs function as a hybrid between conventional batteries 
and fuel cells. A typical MAB consists of a metal anode (e.g., Fe, Zn, Mg, Al, Li, Na, or K), 
an air cathode (comprising a gas-diffusion layer, oxygen electrocatalyst, and current 
collector), and a liquid electrolyte (which can be aqueous or non-aqueous) and a 
separator. The presence of an air cathode, which enables oxygen intake from the 
atmosphere, significantly reduces the overall weight of the battery while increasing its 
energy storage capacity compared to LIBs [61]. As this thesis focuses on zinc-air batteries 
(ZABs), Figure 1.2 illustrates a typical ZAB cell configuration and reaction equations (1) 
(or (2) and (3)), and (9)–(12) demonstrate the reactions happening in ZAB during discharge 
in alkaline medium [68].  

Zn → Zn2+ + 2e−    (9) 

Zn + 4OH− →  Zn(OH)42−           (10) 

Zn(OH)42− →  ZnO + H2O +  2OH−          (11) 

Overall reaction: 2Zn +  O2 →  2ZnO (12)
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During discharging a Zn anode is oxidised to Zn(II) as per equation (9) and electrons 
are transferred via external circuit to air cathode where oxygen is reduced into OH– as 
per equation (1) or via (2) and (3). During the charging process, these reactions are 
reversed, where ZnO is electrochemically reduced to metallic Zn, depositing onto the Zn 
electrode, while OER by equation (8) facilitates the release of O₂ at the electrolyte-
electrode interface [61,68]. The ZAB has a theoretical energy density of 1353 Wh kg–1 
with an open-circuit potential (OCP) of 1.65 V. However, in practical applications, the 
energy density reaches up to 800 Wh kg–1, with OCP values typically below 1.65 V [61]. 
Several challenges hinder the performance of ZABs, both on the Zn electrode and air 
electrode side. The challenges on the Zn electrode include Zn corrosion due to the 
hydrogen evolution as a parasitic side reaction, the formation of zinc dendrites, which 
can cause short circuits, and the accumulation of a ZnO layer, which impedes the 
charging process [69]. Another major challenge for ZABs is the sluggish oxygen reduction 
and evolution kinetics at the air electrode, which is largely due to the low stability and 
activity of bifunctional oxygen electrocatalysts. These challenges contribute to the 
reduced efficiency and stability of ZABs [61,68,70]. To overcome these limitations, 
the development of more active and durable bifunctional oxygen electrocatalysts is 
essential to ensure long-term performance in the demanding ZAB environment to 
mitigate the global energy storage issues for green energy technologies. 

1.4 Bifunctional oxygen electrocatalysts 
As discussed in the previous chapter, one of the major challenges hindering the 
commercialisation of rechargeable ZABs is the sluggish kinetics of the ORR during 
discharge and the OER during charge at the air electrode [68,71]. These kinetic limitations 
can be addressed by developing cost-effective, highly active, and durable bifunctional 
oxygen electrocatalysts that can efficiently facilitate both reactions. The ORR and OER 
proceed through multiple sequential steps, including the adsorption of reactants, 
the surface reaction, and the desorption of products which follow the Sabatier principle 
—an optimal binding strength for reaction intermediates should be neither too strong 

Figure 1.2 A scheme of typical zinc-air battery. 
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nor too weak [72]. Each of these steps is critical in determining the overall efficiency and 
catalytic performance of the electrocatalyst. The processes begin with the adsorption of 
oxygen-containing species onto the active sites of the catalyst. This step requires energy 
consumption to form bonds between the reactants and the catalyst surface. The strength 
of this adsorption plays a crucial role, as excessively strong binding can hinder product 
desorption and block active sites, whereas weak binding may prevent the effective 
activation of reaction intermediates, reducing catalytic efficiency [73–75]. Following 
adsorption, the surface reaction occurs, where the adsorbed reactants undergo 
electrochemical transformations facilitated by the catalyst’s active centres. The reaction 
kinetics in this step are strongly influenced by the electronic structure of the catalyst, as 
well as its surface area and porosity, which control reactant accessibility and mass 
transport [76]. A highly efficient catalyst must be capable of stabilising key reaction 
intermediates, such as *O, *OH, and *OOH, while maintaining a balanced interaction that 
minimises energy losses and overpotentials [76,77]. Once the reaction is complete, 
the final product must be desorbed from the catalyst surface to free up active sites for 
subsequent catalytic cycles. Efficient desorption ensures that the catalyst is sustaining 
long-term activity [76]. The overall electrocatalytic performance of a material can be 
significantly enhanced by optimising its active site density, electronic properties, and 
structural features.  

Currently, noble metal-based catalysts serve as the benchmark for individual ORR and 
OER processes. For instance, Pt/C is an excellent catalyst for ORR but exhibits negligible 
OER activity [78]. Conversely, RuO₂ demonstrates outstanding OER activity but performs 
poorly in ORR [79–81]. Although combining these two types of catalysts can enhance 
bifunctional activity, such an approach introduces significant challenges. The harsh 
electrochemical environment of ZABs, including high electrode potentials and the 
presence of reactive oxygen species, can lead to oxidation and corrosion of the active 
sites, thereby compromising catalyst activity and stability [61,82]. Furthermore, the 
reliance on noble metals remains a fundamental drawback due to their high cost and 
scarce availability in the Earth’s crust [82]. Therefore, for practical and scalable ZAB 
applications, developing noble-metal-free, bifunctional oxygen electrocatalysts for the air 
electrode is essential. To address this need, a variety of noble-metal-free electrocatalysts 
have been explored, including carbon-based composites [83], modified carbon materials 
[84–87], and non-carbon materials such as transition metal oxides [88–90], nitrides 
[91,92], and sulfides [93].  

Historically, carbon-supported noble-metal-free electrocatalysts were primarily 
investigated for ORR applications. However, with the emergence of rechargeable MABs 
and water electrolysers, these materials are increasingly being evaluated for OER as well 
[71,87,94–96]. The development of noble-metal-free electrocatalysts for oxygen-related 
reactions began with the pioneering work of Jasinski in 1964, who first demonstrated 
the electrocatalytic activity of cobalt phthalocyanine (CoPc) for ORR [97]. Initially, CoPc 
was deposited on a nickel substrate, but subsequent work revealed improved catalytic 
performance when supported on carbon black, thus laying the foundation for 
carbon-supported metal-based electrocatalysts [98]. A significant milestone was 
achieved in 1989, when Yeager and co-workers introduced a novel approach that moved 
beyond the use of well-defined MN₄ macrocyclic complexes like CoPc. Instead, they 
utilised polyacrylonitrile as a nitrogen and carbon source, combined with cobalt and iron 
acetates as metal precursors, to synthesise Co/Fe-N-C catalysts [99]. This marked a major 
shift toward flexible and scalable synthesis strategies for preparing M-N-C type 
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electrocatalysts. Since these foundational studies, extensive research has focused on 
both advancing synthesis methods and unravelling the reaction mechanisms of ORR and 
OER in non-precious metal catalysts [65,74,94,100–104]. Although the ORR and OER 
share certain mechanistic similarities, OER generally requires significantly higher 
overpotentials and involves more complex reaction intermediates, which impose greater 
energetic and structural demands on the catalyst, necessitating materials capable of 
stabilising high-valent metal-oxo species throughout the reaction pathway [65,74].  
For this reason, metals and metal oxides are commonly employed as OER catalysts 
[65,74]. This thesis focuses on carbon-supported, nitrogen- and metal-doped (M-N-C) 
materials, therefore the following section will provide a detailed overview of the 
development and design of these bifunctional oxygen electrocatalysts. 

1.4.1 Metal-nitrogen-carbon materials as bifunctional oxygen electrocatalysts 
To enhance bifunctionality, various synthesis strategies have been developed, targeting 
both carbon-based and non-carbon-based materials, as well as their hybrid composites, 
to harness synergistic effects [61,105]. Among these, M–N–C catalysts have garnered 
significant research attention, as their efficient metal utilisation and nitrogen doping 
contribute to a more uniform distribution of active sites, thereby enhancing reaction 
kinetics and ensuring long-term stability under electrochemical conditions [76,106].  
The synthesis of M–N–C catalysts typically involve various doping strategies, most of 
which begin with the preparation of a precursor mixture, where the precursors are mixed 
by either sonication or mechanical stirring in liquid phase or through grinding and dry 
mixing if the synthesis is conducted in the solid phase [76,107]. The main challenges 
associated with M–N–C catalysts are the migration of metal species during electrochemical 
operation and metal agglomeration during synthesis if the metal content is too high, both 
of which lead to a decline in catalytic activity [106,108]. The rational control of the metal 
species and the choice of carbon support material is crucial to avoid agglomeration [109]. 
To mitigate the migration issue, high-temperature pyrolysis under inert gas environment 
can promote the binding to the carbon matrix or encapsulation of metal species within 
carbon shells or micropores, thereby preventing their mobility [110–113]. However, 
while micropore encapsulation can improve stability of active species, it is not always 
desirable, as oxygen molecules may flood the pores, therefore hindering the mass 
transportation of reactant species [114]. Additional acid leaching step can be incorporated 
into the synthesis process to address this issue. Acid leaching removes less stable metal 
species while simultaneously opening pores, thereby improving mass transport and 
enhancing the accessibility of active sites [115,116]. This step is often followed by a 
second pyrolysis stage, which effectively removes excess oxygen species, further refining 
the catalyst’s structure and electrocatalytic performance [115]. 

A carbon support (e.g., graphite [117–119], graphene [120–124], CNTs [92,125–129], 
carbon aerogels [130–134], metal-organic frameworks (MOFs)) [112,135] plays a crucial 
role in the final catalyst structure and performance. One of the main functions of carbon 
support material is providing a high surface area and porosity for the uniform dispersion 
and anchoring of active sites, especially within micropores and efficient transportation 
of reactants to catalytic sites by meso- and macropores. Secondly, the carbon support 
offers high electrical conductivity to promote efficient electron transfer during 
electrochemical reactions as well as structural stability and corrosion resistance, which 
are essential to withstand the harsh electrochemical environment encountered during 
ZAB operation [114,136,137].  
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Graphite and graphitic carbon serve as carbon support materials due to their highly 
crystalline structure, which provides excellent electrical conductivity and stability in 
oxidising environments. These properties enhance electron transfer for redox reactions 
while ensuring long-term durability in electrochemical applications. However, one of the 
primary limitations of using graphite as a support material is its low surface area and 
porosity, with minimal defect density, which restricts the number of accessible catalytic 
sites and hinders mass transport within the carbon matrix [119,138]. 

Carbon nanotubes (CNTs) are one-dimensional, tubular-shaped carbon nanostructures 
that serve as effective support materials for oxygen electrocatalyst synthesis. CNTs are 
particularly valued for their exceptional electrical conductivity, enabling efficient 
electron transfer during redox reactions, even at low catalyst loadings. Thanks to their 
mesoporosity, CNTs facilitate efficient reactant transport to and from active sites, 
improving catalyst’s performance [139]. Defect sites at the tube ends and outer walls 
provide anchoring points for metal nanoparticles and heteroatom dopants, preventing 
particle agglomeration and ensuring a highly dispersed distribution of active sites. Since 
CNT synthesis typically involves the use of metal catalysts, residual metal impurities are 
often present in the final product [140]. To eliminate these impurities and enhance the 
material's suitability for electrocatalytic applications, an acid purification step is required 
[115,116]. This treatment not only removes residual metals but also introduces oxidative 
functional groups on the CNT surface, facilitating further surface modifications and 
improving the interaction with catalytic species [139,141–143]. 

Reduced graphene oxide (rGO) is a two-dimensional carbon support material derived 
from graphite through chemical oxidation methods [144,145]. During oxidation, 
oxygen-containing functional groups are introduced onto graphene sheets, creating a 
high density of defects that could serve as anchoring sites for active centres. This 
tunability makes rGO an attractive candidate for oxygen electrocatalysts, as it allows for 
heteroatom doping and enhanced metal-support interactions. Additionally, rGO offers 
an increased surface area and improved porosity, facilitating a higher density of active 
sites and more efficient mass transport of reactants within the catalyst structure [146]. 
However, a major drawback of rGO is its tendency for graphene sheets to restack due to 
van der Waals interactions, which reduces the effective surface area and hinders mass 
transport [57,147]. 

Among the various strategies to enhance the performance of electrocatalysts, 
heteroatom doping has proven to be an effective approach for tuning the electronic 
structure of carbon-based materials and generating active sites. Common heteroatoms 
used for doping include N [127,148–150], S [151–153], P [154,155], and B [156,157]. 
However, as nitrogen is the most widely used heteroatom in electrocatalyst design and 
is employed throughout this thesis, the following overview focuses on nitrogen 
doping. Although nitrogen atoms have a similar atomic radius to carbon, their higher 
electronegativity allows them to form strong C–N bonds by attracting electrons from 
neighbouring carbon atoms [158]. This electron redistribution induces local charge and 
spin density variations, which are critical for creating active sites, generating structural 
defects, and improving both ionic and mass transport properties of the material [159]. 
Moreover, nitrogen doping enhances the electrical conductivity of carbon frameworks 
and promotes the adsorption of O₂ molecules to carbon atoms which are bonded with N 
atoms, both of which are essential for reducing the energy input for efficient oxygen 
reactions [159]. In the electrocatalyst research community, four main nitrogen species 
are typically identified within nitrogen-doped carbon materials: pyridinic-N, pyrrolic-N, 
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graphitic-N, and oxidised nitrogen (N–O) [159]. Among these, pyridinic-N is generally 
regarded as the most active site for the ORR [156,160], and more recently, it has also 
been suggested to play a key role in the OER [149]. Despite this knowledge, the exact 
mechanisms by which different nitrogen species contribute to catalytic activity remain 
under debate. This uncertainty is partly due to the difficulty in controlling the formation 
and distribution of specific nitrogen functionalities during synthesis [161]. As a result, 
electrocatalysts often feature a mixture of nitrogen species, as it is well-established that 
nitrogen doping significantly improves the electrocatalytic performance of carbon-based 
materials [158,159,161].  

Doping with transition metals, typically first-row transition metals such as Fe [133, 
162–164], Co [86,102,104,122,165–167], Ni [168–171], and Mn [126,172,173], is a widely 
adopted strategy for enhancing the electrocatalytic performance of carbon-based 
materials as well as they are more cost-effective and have more abundance on Earth 
than noble metals. Transition metals are incorporated into electrocatalysts primarily due 
to their ability to modify the electronic structure of carbon supports, thereby facilitating 
the adsorption and activation of oxygen-containing intermediates [106]. One of the main 
reasons for employing Fe, Co, Ni, and Mn is their partially filled d-orbitals, which 
influence the charge distribution within the carbon framework and therefore help to 
optimise the binding energy of oxygen intermediates (*O, *OH, and *OOH), facilitating a 
more favourable reaction pathway with reduced overpotentials [76,174]. Transition 
metals typically coordinate with nitrogen atoms embedded within the carbon matrix, 
forming metal-nitrogen coordination complexes (M–Nₓ sites), which are recognised as 
one of the primary active sites for ORR and OER [106,175]. A linear correlation exists 
between the O₂ binding energy on M–N₄ clusters and the electronic structure of the 
d-orbitals of the transition metals. The spin-up and spin-down electron channels are
balanced in Ni–N₄ clusters, unlike in Co–N₄ and Fe–N₄, resulting in differences in oxygen
adsorption behaviour. While Ni–N₄ clusters exhibit weak oxygen adsorption, Co–N₄ and
Fe–N₄ clusters demonstrate superior oxygen-binding capabilities, making them more
active for oxygen electrocatalysis [175]. Additionally, among the nitrogen coordination
configurations, Co–N₄ complexes are considered the most efficient for bifunctional
oxygen electrocatalysis. In terms of catalytic selectivity, Fe- and Co-based transition
metal catalysts are the most effective for ORR, whereas OER activity is predominantly
catalysed by Co-based active sites [76]. This distinction highlights the importance
of transition metal selection in designing highly efficient bifunctional oxygen
electrocatalysts. Interestingly, metals such as Co and Ni have also been shown to catalyse
the formation of CNTs and onion-like carbon structures during high-temperature
pyrolysis [66,167,168,176]. These nanostructures often encapsulate metal nanoparticles, 
which introduce structural defects within the carbon matrix and generate additional
active sites and enhance the efficiency of heteroatom doping (e.g., nitrogen incorporation)
[66,176]. They also contribute to greater catalyst stability by physically confining metal
active sites within carbon shells, effectively preventing metal leaching and nanoparticle
agglomeration under electrochemical conditions [177]. Furthermore, electrocatalysts
containing Co–N₄ clusters in combination with metallic Co nanoparticles have been
shown to exhibit enhanced ORR activity, as the presence of metallic Co facilitates
modulation of the electron distribution within the Co–N₄ sites, thereby optimising
oxygen adsorption and catalytic performance [178]. Thus, the incorporation of transition 
metals not only creates highly active catalytic sites but also contributes to the structural
and electronic optimisation of the overall catalyst material.
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1.4.2 Oxygen electrocatalysts from end-of-life Li-ion batteries 
While a wide range of applications—such as supercapacitors, Zn-ion batteries, and 
catalysts for water purification—have been explored for graphite-based materials 
recovered from EoL LIBs, one particularly promising route is their upcycling into  
oxygen electrocatalysts [12,47,179,180]. This chapter provides an overview of oxygen 
electrocatalysts derived from EoL LIB anode materials, focusing on their application in 
enhancing the ORR, OER, or as bifunctional oxygen catalysts. Graphite is a highly suitable 
carbon support material and an effective precursor for the synthesis of GO, which can be 
further utilised as a carbon matrix in oxygen electrocatalyst synthesis. Liivand and Kazemi 
demonstrated that nitrogen-doped rGO, derived from graphite, exhibited superior ORR 
performance compared to commercial N–rGO, with Eonset of 0.867 V vs RHE and 0.797 V 
vs RHE, respectively [58]. When combined with cobalt sourced from the cathode active 
material, the electrocatalytic activity can be further enhanced due to the incorporation 
of Co and the formation of Co nanoparticle-catalysed bamboo carbon nanotubes, which 
contribute to improved catalyst stability [117]. Ruan et al. recovered graphite from EoL 
LIBs to synthesise an Fe- and N-doped graphite catalyst (G–PANI–Fe), which exhibited a 
half-wave potential (E1/2) of 0.800 V vs RHE in 0.1 M KOH [181]. While their approach 
involved introducing an external Fe source, a more sustainable strategy would be to 
exploit transition metals already present in the LIB cathodes, thereby minimising the 
need for additional resources. In further work, they prepared N-doped rGO from EoL LIB-
derived graphite, which showed comparable ORR activity and stability to commercial 
Pt/C in 0.1 M KOH [182]. Bejigo et al. recycled both cathode and anode materials from 
EoL LIBs for ORR electrocatalyst synthesis. After manual dismantling, the cathode was 
leached using citric or tartaric acid and H₂O₂, while the anode graphite was purified via 
sonication and water washing. The graphite was then converted to GO using a modified 
Hummer’s method. In one study, a Co₃O₄/rGO nanocomposite was obtained by mixing 
Co leachate with GO and pyrolyzing the mixture, yielding an E1/2 of 0.865 V vs RHE in 1 M 
KOH [183]. In a second study, Co leachate, GO, and a nitrogen source were combined to 
synthesise a catalyst with an E1/2 of 0.888 V vs RHE, confirming strong ORR activity [184]. 

In addition to ORR catalysts, cathode active materials from EoL LIBs have been 
explored as precursors for OER catalysts. Bian et al. developed a porous Co-based catalyst 
from LiCoO₂, achieving an EOER at 10 mA cm−2 of 1.504 V vs RHE and 20-hour stability at 
an overpotential of 0.300 V [185]. A similar M-   CoO-based catalyst exhibited EOER at  
10 mA cm−2 of 1.569 V vs RHE with 12-hour stability in 1 M KOH, attributed to CoO surface 
sites promoting OH⁻ adsorption [186]. Cui et al. used a mixture of NCM111 and graphite, 
yielding a EOER at 10 mA cm–2 of 1.550 V vs RHE, demonstrating the suitability of mixed 
cathode/anode materials as both active and support components [187]. While these 
studies confirm that LiCoO₂ can be repurposed into effective OER catalysts, this practice 
raises economic concerns. High-value cathode active materials are typically targeted for 
recovery and reuse in battery manufacturing, rather than diverted into new applications. 
Nevertheless, alternatives like LiNi0.5Co0.2Mn0.3O2 and LiNi0.8Co0.1Mn0.1O2 have also been 
studied. Chen et al. synthesised a borided electrocatalyst (NCMB) from cathode leachate, 
achieving EOER at 10 mA cm–2 of 1.482 V vs RHE, with in situ formation of CoOOH and 
NiOOH active sites during operation [188]. Kotkar et al. used microwave-assisted 
leaching of mixed anode and cathode materials to recover metals and prepare  
r–Co(OH)₂, which showed remarkable OER performance with EOER at 10 mA cm–2 of  
1.361 V vs RHE, outperforming commercial IrO₂ [189]. 
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Beyond monofunctional catalysts, bifunctional oxygen electrocatalysts have also 
been synthesised from EoL LIB materials. A notable example includes a Co–N–C catalyst 
derived from LCO and wood chips, synthesised via NH₃-assisted calcination, which achieved 
a peak power density of 225 mW cm−2 and operated for 160 hours at 10 mA cm−2, aided by 
its multichannel anisotropic structure and abundant Co–Nₓ sites [190]. In another study, 
plasma-treated leach residue from cathode active material served as the ZAB air electrode, 
reaching a peak power density of 92 mW cm−2. Despite lower performance than 
commercial catalysts, the material showed successful metal (Ni, Mn, Co) and heteroatom 
(C, N) incorporation into the carbon matrix [191]. One of the best-performing ZAB 
catalysts was reported by Zheng et al., who synthesised a Ni/Ni–Co–Mn–Ox (N/NMCO) 
electrocatalyst using EoL NMC cathode material and carbothermal shock treatment. 
Their catalyst achieved a peak power density of 137 mW cm–2, approximately 30% higher 
than the commercial Pt/C + IrO2 catalyst [192]. Liivand et al. [57] developed a bifunctional 
oxygen catalyst using industrial hydrometallurgical LIB recycling residue as a precursor 
for GO synthesis. They also utilised the residual transition metals in the leachate and 
incorporated nitrogen doping, resulting in a ZAB air electrode that reached a peak power 
density of 112.8 mW cm–2 and remained stable for 66 hours. This strategy demonstrates 
a sustainable, scalable route by avoiding additional purification steps and reusing 
heterogeneous recycling waste. Finally, a metal-free, nitrogen-doped graphene oxide 
catalyst was synthesised from manually extracted LIB graphite, achieving a ZAB peak 
power density of approximately 120 mW cm–2. In addition to oxygen electro reactions, 
they utilised their NG7 material for lithium storage applications [193]. 
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2 Aims of the study 
The growing volume of end-of-life lithium-ion batteries underscores the urgent need for 
efficient and sustainable recycling strategies to recover critical and strategic raw 
materials, underutilised graphite among them. Simultaneously, the development of 
alternative energy storage systems, like metal-air batteries, is essential to reduce the CO2 
emission as well as the dependence on traditional Li-ion batteries and improve overall 
resource sustainability. 

Based on these challenges the objectives of this PhD work are formulated as follows: 
• To develop an upcycling pathway to the graphite rich black mass leach residue

from hydrometallurgical Li-ion battery recycling, thereby reducing recycling
waste, supporting circular economy principles, and promoting the responsible
use of strategic resources.

• To design and synthesise sustainable bifunctional oxygen electrocatalysts for
zinc-air battery applications, contributing to the advancement of alternative
energy storage solution.

Based on the literature overview and research aims, the following focused hypotheses 
are proposed: 

• The graphite-rich leach residue from Li-ion battery recycling can be directly
reused as a carbon matrix for the synthesis of functional materials, eliminating
the need for additional purification steps.

• The residual transition metals present in the leach residue can serve as
precursors for the formation of electrocatalytically active sites, reducing reliance
on pure metals salts and increasing cost competitiveness and the sustainability
of electrocatalysts, while enabling the production of efficient bifunctional
oxygen electrocatalysts for both the oxygen reduction reaction and oxygen
evolution reaction.

• The activity and stability of the electrocatalysts can be improved by increasing
the specific surface area and porosity through the incorporation of an additional
carbon source alongside the graphite-rich leach residue.

• The synthesised battery-derived bifunctional oxygen electrocatalysts will
exhibit good electrochemical performance in next-generation energy storage
devices, such as zinc-air batteries.
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3 Experimental 
This chapter provides detailed descriptions of the materials synthesis procedures, along 
with the physicochemical and electrochemical characterisation methods used, as described 
in the associated publications [I-III]. The block flow scheme of the catalyst materials 
synthesis studied within this thesis is visualised on Figure 3.1.  

3.1 Preparation of black mass leach residue 
In this thesis, two different black mass leach residues (Raw Materials) were used for the 
synthesis of battery-derived catalyst materials. Both Raw Materials originated from the 
same black mass, which was obtained through an industrial pre-treatment process— 
combination of crushing, magnetic separation, and sieving processes of pre-sorted LIBs. 
The < 500 µm fraction, enriched in Co and containing Ni, Mn, Cu, and Al, was used for 
leaching. All leaching experiments were conducted under same conditions: 2 M H₂SO₄ as 
the lixiviant, at 60 °C, with a solid-to-liquid ratio of 200 g L⁻¹ for a duration of 3 hours. 
The only variable was the reductant used: for Raw Material 1 (used in [I] and [II]), both 
Cu and Al were added to enhance leaching, whereas for Raw Material 2 (used in [III]), 
only Cu was used. During both treatments, most cathode metals were leached out, 
leaving behind a graphite-rich waste fraction [34]. In addition, both Raw Materials 
contained impurities such as plastics, separator, binder and traces of undissolved metals 
(Co, Ni, Al, Mn, Cu), albeit in different concentrations. 

3.2 Purification of carbon nanotubes 
CNTs (>95%, XFM13, XFANO, China) were utilised in the synthesis of composite catalyst 
material in [II] to enhance its conductivity and structure. Prior to use, the CNTs 
underwent a well-established purification process as described by [116]. The purification 
involved treating the CNTs with a 1:1 mixture of 0.5 M H₂SO₄ and 0.5 M HNO₃ for 2 hours 

Figure 3.1. Flowsheet of the synthesis of catalyst materials studied in this thesis. 
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at 50 °C, followed by an additional 3 hours at 80 °C. After treatment, the CNTs were 
washed with Milli-Q water until a neutral pH (pH = 7) was reached and then dried under 
vacuum.  

3.3 Synthesis of reduced graphene oxide 
Graphene oxide (GO) in [III] was synthesised using manually extracted spent graphite 
from EoL LIBs. For that used iPhone batteries (APN: 616-00036, LiCoO2 as cathode active 
material), were collected from local repair shops and submerged in a 5% NaCl solution 
to ensure complete discharge, allowing for safe dismantling. During dismantling the 
anode, cathode and separator were separated, after which the anodes were immersed 
in water to enhance the detachment of graphite from the copper foil. The recovered 
graphite was subsequently filtered, dried, and used as a precursor for graphene oxide 
synthesis via chemical oxidation process (classical Hummer’s method) [57]. First, 4 g of 
graphite was weighed into a 1 L three-neck flask, followed by the addition of 100 mL of 
concentrated H₂SO₄ (95%, VWR, USA). The mixture was sonicated in an ultrasonic bath 
for 1 hour. The flask was then placed in an ice bath on a magnetic stirrer to maintain a 
low temperature, while 2 g of NaNO₃ (> 99.5%, Merck, Germany) was added, followed 
by the gradual addition of 12 g of KMnO₄ (> 98%, Stanlab, Poland). After adding KMnO₄, 
the reaction mixture was heated to 35 °C and maintained at this temperature for 
18 hours. Once the reaction was complete, the flask was placed back in an ice bath, and 
160 mL of Milli-Q water along with 40 mL of 30% H₂O₂ (VWR, USA) were carefully added. 
To remove metal impurities, the mixture was treated with 10% HCl (VWR, USA) and 
subsequently washed with water using centrifugation until a nearly neutral pH was 
achieved. The resulting GO was collected and dried. For the reduction of GO to rGO,  
the dried GO was weighed into a pyrolysis boat and reduced at 800 °C under an Ar 
atmosphere for 1 hour. 

3.4 Synthesis of nitrogen doped black mass leach residue 
In [I], Raw Material 1 was used either directly or after undergoing a heat treatment 
process to remove organic impurities and binder for synthesis of the catalyst material. 
For the heat treatment, the Raw Material 1 underwent flash pyrolysis at 800 °C for one 
hour in an Ar atmosphere (99.999%, Elme Messer), resulting in a material designated as 
RM1. To introduce nitrogen into the Raw Material 1 or RM1 (referred as HT-Bat-res in 
[I]), dicyandiamide (DCDA, Sigma-Aldrich, Germany) and polyvinylpyrrolidone (PVP, 
Sigma-Aldrich, Germany, Mw: 40,000) in a ratio of 1:20:0.1, respectively, were used. 
A homogeneous Raw Material 1:DCDA:PVP mixture in ethanol was achieved through 
sonication for two hours. Secondly, a mixture of RM1:DCDA:PVP was subjected to ball 
milling for two rounds of 30 minutes each, using 4 grams of 0.5 mm ZrO2 balls in a 
mixture of ethanol and water (2:1) as the medium. Subsequently, the dried mixtures 
were subjected to flash pyrolysis for two hours at 800 °C under an Ar atmosphere, 
resulting in a catalyst named as Bat-res-N (N-doped Raw material 1) or HT-Bat-res-BM-N 
(ball-milled and N-doped RM1). Emphasis was placed on ensuring the repeatability of the 
synthesis process, therefore, at least three distinct syntheses per catalyst material were 
performed, demonstrating good repeatability. 
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3.5 Synthesis of nitrogen doped black mass leach residue/carbon 
nanotubes composite materials  
In [II], two different carbon materials: Raw Material 1 and commercially available multi-
walled CNTs were used for the synthesis of catalysts and preparation of the final 
composite materials. Both starting materials underwent a different pre-treatment step 
prior to their combination. The Raw Material 1 went through the same pyrolysis step as 
described in chapter 3.4 (referred as BR within [II]), while the CNTs pre-treatment was 
described in chapter 3.3. A mixture of carbon materials (RM1 + CNT), nitrogen source 
dicyandiamide (DCDA, Sigma-Aldrich, Germany) and polyvinylpyrrolidone (PVP, Sigma 
Aldrich, Germany, Mw: 40,000), in a weight ratio of 1:20:0.1, in 3 ml of ethanol/water 
(2:1) was prepared. This mixture was then ball-milled with 5 mm ZrO2 balls at 400 rpm 
for a total of one hour (in two separate 30-minute sessions with a 5-minute pause in 
between them). The resultant homogeneous material was then dried before being 
pyrolyzed at 800 °C for 2 hours under an Ar atmosphere. The ratio between carbon 
materials (RM1 to CNT) was varied: 25–75 wt%, 50–50 wt%, and 75–25 wt%. The acquired 
catalysts were named BR25–CNT75-N, BR50–CNT50-N, and BR75–CNT25-N, respectively. 
For comparison, a nitrogen-doped CNT reference material (CNT-N) was prepared by 
mixing CNTs with DCDA and PVP in the same weight ratio as previously used. The mixture 
was sonicated for 2 hours and subsequently pyrolyzed under identical conditions. 

3.6 Synthesis of nitrogen doped black mass leach residue/reduced 
graphene oxide composite materials 
In [III], firstly the Raw Material 2 was heat-treated at 800 °C for one hour in an Ar 
atmosphere (99.999%, Elme Messer), resulting in a material designated as RM2. This was 
done similarly to Raw Material 1 to remove organic impurities and binder from the Raw 
Material 2. For the catalyst synthesis, a mixture consisting of RM2, a nitrogen source 
(dicyandiamide, DCDA, Sigma-Aldrich, Germany), and polyvinylpyrrolidone (PVP, 
Sigma-Aldrich, Germany, Mw: 40,000) in a weight ratio of 1:20:0.1 was prepared using 
3 ml of an ethanol/water solution (2:1). This mixture was ball-milled with 5 mm ZrO₂ balls 
at 400 rpm for one hour, divided into two 30-minute sessions with a 5-minute pause in 
between. Afterward, a specific amount of rGO was added to the mixture, which was then 
placed in an ultrasonic bath for 2 hours. The resulting homogeneous material was dried 
and pyrolyzed at 800 °C for 2 hours under an Ar atmosphere. The ratio of RM2 to rGO 
was varied, with compositions of 25 wt%-75 wt%, 50 wt%-50 wt%, and 75 wt%-25 wt%, 
respectively. The resulting nitrogen doped RM2/reduced graphene oxide (RM2/rGO) 
catalysts were named Comp 25/75, Comp 50/50, and Comp 75/25. For comparison, 
N-rGO and N-RM2 reference materials were also prepared by mixing either rGO or RM2
with DCDA and PVP in the same weight ratio. The mixtures were sonicated for 2 hours
and subsequently pyrolyzed under identical conditions as those used for the composite
catalysts. Additionally, Comp 25/75, Comp 50/50, and Comp 75/25 underwent acid
treatment with a 1:1 solution of 0.5 M H2SO4 and 0.5 M HNO3, first at 50 °C for 2 hours,
then at 80 °C for 3 hours. The catalyst materials were subsequently washed with Milli-Q
water until a neutral pH (pH = 7) was reached and dried under vacuum. Finally, the catalyst
materials were pyrolyzed again at 800 °C for 1 hour under an Ar atmosphere to remove
excess oxygen groups from acid treatment. The final catalysts were named AT-Comp
25/75, AT-Comp 50/50, and AT-Comp 75/25.
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3.7 Details of electrochemical experiments 

3.7.1 Preparation of electrodes and details of the rotating disc electrode 
measurements 
The ORR and OER were analysed utilising the rotating disc electrode (RDE) technique with 
a Gamry 1010E potentiostat/galvanostat, within a three-electrode system. The reference 
electrode employed was Ag/AgCl (3M KCl), while a graphite rod acted as the counter 
electrode for ORR and a platinum wire for OER. A glassy carbon (GC, S = 0.2 cm²) 
electrode, coated with the catalyst material, functioned as the working electrode. 
The RDE setup incorporated an Origalys speed control unit and rotator, with rotation 
speeds ranging from 3600 to 400 rpm. 

The catalyst ink was prepared at concentrations of either 4 mg ml⁻¹ ([I] and [III]) or 
2 mg ml⁻¹ ([II]) in ethanol, with either 1 μl ([I] and [II]) or 4 μl ([III]) of 5 wt% Nafion™ 
solution per milligram of catalyst serving as an ionomer. Five 4 μl aliquots of the catalyst 
ink were applied to the cleaned GC electrodes, resulting in a catalyst loading of 
0.4 mg cm–2 ([I] and [III]) or 0.2 mg cm–2 ([II]). In [II], for better comparison, the loading 
of CNT-N was set to 0.1 mg cm⁻². All recorded potentials were converted to reversible 
hydrogen electrode values using the Nernst equation for the OER potential: 

𝐸𝐸(𝑅𝑅𝑅𝑅𝑅𝑅) = 𝐸𝐸𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 0.059 𝑝𝑝𝑝𝑝 + 𝐸𝐸0𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴           (13) 

ORR tests were conducted in an oxygen-saturated 0.1 M KOH solution (Elme Messer 
Gaas, 99.999%) at room temperature, with a continuous O2 gas flow over the solution. 
All experiments were controlled using Gamry Instruments Framework software. OER 
measurements were performed in a N2-saturated 1 M KOH solution (Elme Messer Gaas, 
99.999%) at room temperature, under similar constant gas flow conditions as the ORR 
tests. 

To account for system ohmic resistance, iR-drop compensation was applied to the 
OER polarisation curves. The resistance was determined from electrochemical impedance 
spectroscopy data collected over a frequency range of 100 kHz to 0.1 Hz at open circuit 
potential. The real part of the impedance, derived from the Nyquist plot at the point 
where the imaginary component was zero, was used as the resistance value. To evaluate 
electrocatalytic activity, at least three sets of RDE measurements were performed for 
each synthesised catalyst material, with each set employing three electrodes. 

The bifunctionality parameter ∆E was calculated by using equation (14): 

∆𝐸𝐸 = E𝑂𝑂𝑂𝑂𝑂𝑂 −  𝐸𝐸1/2         (14), 

where ∆E is the calculated bifunctionality parameter, EOER is the potential value where 
the OER polarisation curves exhibits 10 mA cm-2, and E1/2 is the ORR polarisation curve 
half-wave potential. 

3.7.2 Details of zinc-air battery measurements 
The bifunctionality of all synthesised catalyst materials was evaluated using a 
custom-made zinc-air battery test cell. The air electrode, with an active surface area of 
0.79 cm² ([I]) or 1.038 cm² ([II] and [III]), comprised a gas diffusion layer (GDL, Sigracet 
28BC by SGLCarbon, Germany) and a catalyst layer, with a loading of 1 mg cm⁻², coated 
on the GDL. In [II], for better comparison, the CNT-N material had a final loading of 
0.5 mg cm⁻², matching the CNT loading used in the studies of the composite material. 
A titanium mesh served as the air electrode current collector. A commercial catalyst 
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consisting of 20% PtRu (1:1 ratio) on carbon support (20% PtRu/C, FuelCellstore, USA) 
was utilised as a benchmark catalyst material for the air electrode. The ZAB cell employed 
an electrolyte solution of 6 M KOH + 0.2 M Zn(Ac)₂ and a polished zinc plate (1 mm, 
99.9%) as the counter electrode. ZAB tests were conducted at room temperature using 
a PGSTAT30 potentiostat/galvanostat (Metrohm Autolab, The Netherlands) controlled 
by NOVA 2.1.5 software. The charge-discharge cycling involved alternating 30-minute 
charge and discharge processes at a current density of 10 mA cm–2 ([I] and [II]) or  
5 mA cm–2 ([III]). Specific energy density (Esp) and capacity were determined through 
complete discharge tests with a current density of either 10 mA cm–2 ([I]) or 5 mA cm–2 
([II] and [III]), calculated based on the consumed zinc mass using equation (15) for specific 
capacity and (16) for specific energy density. At least three separate ZAB cells were tested 
for each catalyst material to evaluate the maximum discharge power density. 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚𝑚𝑚ℎ 𝑔𝑔−1) =  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚𝑚𝑚)∗𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (ℎ)

𝑚𝑚 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑍𝑍𝑍𝑍 (𝑔𝑔)
            (15) 

𝐸𝐸𝑠𝑠𝑠𝑠(𝑊𝑊ℎ 𝑘𝑘𝑘𝑘−1) =  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚𝑚𝑚)∗𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (ℎ)∗𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑉𝑉)
𝑚𝑚 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑍𝑍𝑍𝑍 (𝑔𝑔)

            (16) 

 

3.8 Physicochemical characterisation methods 
Microstructural analysis for studies [I] and [II] was conducted using a MIRA3 scanning 
electron microscope (SEM, Tescan, Czech Republic) equipped with secondary electron 
(SE) detection, operated at an acceleration voltage of 5 kV. Elemental mapping was 
performed using an UltraDry Silicon Drift Energy-Dispersive Spectrometer (EDS) (Thermo 
Fisher Scientific, USA) at an acceleration voltage of 10 kV. For study [III], microstructural 
imaging was carried out using a JSM-IT800HL scanning electron microscope (JEOL, Japan) 
under SE mode at 5 kV and a beam current of 54 pA. Elemental mapping was performed 
using an Aztec Live Premium Ultim Max 100 EDS system (Oxford Instruments, UK) at  
15 kV and 1.4 nA beam current. The beam was calibrated using a pure copper cathode 
as a reference. Quantitative EDS maps were acquired at 400× magnification with a  
512-pixel resolution, scanning each region eight times with a 200 µs dwell time per pixel. 

Atomic Absorption Spectroscopy (AAS) (iCE 3000, Thermo Fisher Scientific Inc., 
Germany) was used to quantify the concentrations of residual battery metals (mg g⁻¹) in 
Raw Material 1 and Raw Material 2. Each sample was leached in aqua regia prior to 
analysis and the leaching procedure was repeated three times per material to ensure 
reproducibility. The reported values represent the mean of the three independent 
measurements, with the standard deviation (± mg g–1) used to reflect the reproducibility 
of the leaching process. 

The crystallinity and phase composition of the materials were analyzed using powder 
X-ray diffraction (XRD) with a PANalytical X'Pert³ Powder XRD system (Malvern Panalytical, 
UK). The measurements were conducted with Cu Kα radiation (λ = 1.54182 Å), applying a 
step size of 0.04° at 45 kV and 40 mA.  

High-resolution transmission electron microscopy (HRTEM) images were obtained 
with a double aberration-corrected microscope equipped with a 200 kV field-emission 
gun and X-ray EDS detector (JEOL JEM-2200FS, JEOL Ltd, Japan). 

Raman spectroscopy was performed using a Renishaw inVia™ Confocal Raman 
Microscope (Renishaw, UK) with a 532 nm excitation laser focused through a 50× Leica 
microscope objective. Scattered light was collected in 180° backscattering geometry,  
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and a 2400 L mm⁻¹ diffraction grating was used for spectral dispersion, detected via a 
CCD detector. Spectra were deconvoluted using OriginPro software, applying the Voigt 
function for peak fitting. 

Nitrogen adsorption-desorption isotherms were obtained using an Anton Paar 
NovaTouch LX4 system (Austria) at 77 K to evaluate the specific surface area (SSA) and 
porosity. SSA was calculated using the Brunauer–Emmett–Teller (BET) method over a 
relative pressure (P/P₀) range of 0.05–0.3. In study [III], density functional theory 
(DFT) surface area (SDFT) was determined using the Quenched Solid DFT model for 
slit/cylindrical/spherical pores via Quantachrome TouchWin software. Pore size 
distribution (PSD) was analysed using the Non-Local DFT method via SAIEUS software 
(Micromeritics, USA). 

X-ray photoelectron spectroscopy (XPS) was carried out with a Kratos Axis Ultra
spectrometer with monochromate Al Kα-radiation using a pass energy of 40 eV, X-ray 
power of 150 W ([I] and [II]) or 195 W ([III]) and an analysis area of approximately 
700 µm * 300 µm. The C 1s sp² peak at 284.5 eV served as the reference for binding 
energy calibration. Elemental composition was calculated from high-resolution 
core-level spectra after Shirley background subtraction, using instrument-specific 
sensitivity factors. Spectral fitting was carried out in CasaXPS software using a 
Gaussian-Lorentzian (GL 30) peak shape, with the exception of the sp² carbon, which was 
modeled with an asymmetric line shape. Full width at half maximum (FWHM) values 
were constrained to be equal for most peaks within a fit, excluding those for sp² carbon 
and N-oxide peaks. 
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4 Results and discussion 
4.1 Physicochemical characterisation of battery derived precursor 
materials 
The leach residue generated from hydrometallurgical recycling of black mass is highly 
heterogeneous, as it retains a variety of residual additives even after the leaching 
process. This chapter presents the physicochemical characterisation of precursor materials 
from LIBs used in papers [I–III]. The same precursor was employed in papers [I] and [II] 
(Raw Material 1), while paper [III] utilised two different graphite-based precursors 
derived from EoL LIBs (Raw Material 2 and manually separated spent graphite from 
EoL LIBs). The characterisation of the resulting nitrogen-doped bifunctional oxygen 
electrocatalyst materials is described in subsequent chapters. 

The compositional heterogeneity of metal residues in both Raw Materials was 
confirmed by the AAS analysis, presented in Table 4.1 These values represent the 
average of three independent aqua regia leaching experiments. Among the analysed 
metals, Co showed the highest concentration for both, Raw Material 1 being at 
120.5 ± 13.6 mg g–1 and Raw Material 2 at 185.7 ± 19.6 mg g–1. The concentration for 
Cu was 48.4 ± 13.2 mg g–1 for Raw Material 1 and 2.2 ± 0.2 mg g–1 for Raw Material 2 while 
for the other metals the concentrations had similar values as presented in Table 4.1. These 
compositional differences are attributed to the distinct hydrometallurgical recycling 
processes used to obtain these two residues, as detailed in reference [34]. The key 
distinction in the leaching conditions lies in the use of current collectors as reductants. 
In the preparation of Raw Material 1, both Cu (2 g/100 g of black mass) and Al 
(2.5 g/100 g) were added as reductants, replacing the commonly used H₂O₂ to enhance 
Co leaching efficiency. In contrast, the preparation of Raw Material 2 involved only Cu 
(2 g/100 g), which proved less effective in enhancing Co leaching kinetics. This variation 
in reductant species accounts for the observed differences in Co and Cu concentrations 
between the two residues. 

The Raw Material 1 ([I] and [II]) and Raw Material 2 ([III]) were also analysed using 
SEM-EDS (Figure 4.1 and Figure 4.2, Table 4.2). Both precursor materials were found to 
be primarily composed of carbon, along with metal residues from cathode active 
materials—namely Co, Ni, and Mn—as well as Cu and Al from current collectors, F from 
the PVDF binder and traces of Si commonly used as conductive additive for LIB anodes.  

Table 4.1. Metal content of Raw Material 1 and Raw Material 2 based on AAS measurements. 

Element 
Li 

(mg g–1) 

Co 

(mg g–1) 

Mn 

(mg g–1) 

Ni 

(mg g–1) 

Cu 

(mg g–1) 

Fe 

(mg g–1) 

Raw 
Material 1 

11.0 ±3.6 120.5 ±13.6 12.0 ±1.8 8.4 ±1.5 48.4 ±13.2 1.8 ±0.9 

Raw 
Material 2 

8.9 ±0.4 185.7 ±19.6 13.2 ±0.5 7.7 ±0.3 2.2 ±0.2 1.2 ±0.2 
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Figure 4.1. SEM-EDS map of Raw Material 1. The elemental composition data is acquired from the 
whole area shown on the figure above. 

Figure 4.2. SEM-EDS map of Raw Material 2. The elemental composition data is acquired from the 
whole area shown on the figure above. 
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Elemental mapping revealed notable differences in the distribution and morphology 
of these elements between the two samples. Raw Material 1 displayed a more 
homogeneous elemental distribution, with Co appearing in more dispersed regions. 
In contrast, Raw Material 2 exhibited more concentrated Co agglomerates, showing the 
higher Co concentration, as determined also by AAS analysis. Similarly, a distinct Al₂O₃ 
agglomerate was observed in Raw Material 2, whereas Al and O were less prominent and 
more dispersed in case of Raw Material 1. Cu was only found in Raw Material 1, being 
consistent with the AAS results, where the Cu concentration for Raw Material 2 was 
much lower. Overall, the SEM-EDS analysis confirmed that both Raw Materials have 
heterogeneous nature with most prominent metal specie being Co. These findings are 
consistent with the compositional differences and leaching efficiencies discussed in the 
AAS results, highlighting the impact of differing leaching conditions on the final 
composition of the residues. 

The corresponding XRD diffractograms (Figure 4.3a) confirmed the presence of the 
heterogeneity of both Raw Materials. The XRD analysis identified graphite as the 
predominant carbon phase in both samples, evidenced by a sharp peak at 26.5° 2θ, 
corresponding to the (002) plane of highly ordered graphitic carbon (ICDD: 96-900-8570). 
For Raw Material 1, additional peak was detected for the de-lithiated form of 
LiCoO₂, namely Li1.44Co3O6 (ICDD: 96-155-0393), as well as peaks for LiMn2O3 
(ICDD: 96-151-3968), and Co4O4 (ICDD: 96-900-8619), Cu (ICDD: 96-901-2044) and Al2O3 
(ICDD: 00-010-0173). A peak for SiO2 (ICDD: 96-900-5033), often used as an anode 
additive to enhance cell stability and energy density, was also detected [24]. For Raw 
Material 2 reflections suggested the presence of residual cathode active materials, 
including LiCoO₂ (ICDD: 98-016-4323), metallic cobalt (Co(0)) (ICDD: 98-062-2443), and 
manganese oxide (MnO) (ICDD: 96-101-0899). As was discussed by Chernyaev et al. [34], 
Cu is a more effective reductant for LiCoO₂ than Al, as evidenced by the appearance of 
Co(0) in the XRD pattern. However, the Cu content in Raw Material 2 was insufficient to 
fully reduce LiCoO₂, which remained partially unreacted. In contrast, the leaching process 
that produced Raw Material 1 involved both Cu and Al as reductants. Although Al 
contributed to unwanted side reactions—reflected in the broader variety of residual 

Table 4.2. Elemental composition of Raw Material 1 and Raw Material 2 based on SEM-EDS 
mappings. Data acquired from Figure 4.2. 

Element Raw Material 1 (wt%) Raw Material 2 (wt%) 

C 79.6 81.4 
O 15.1 5.4 
Co 0.8 8.5 
Mn 0.1 0.6 
Ni - 0.4 
Al 0.4 1.4 
Cu 0.4 - 
Si 0.3 0.1 
F 3.1 2.0 
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species detected—the combination of Cu and Al proved more effective overall in extracting 
Co, resulting in a lower Co concentration in the Raw Material 1, as shown in Table 4.1.  

To facilitate comparison, Raw Material 2 was further processed via heat-treatment, 
followed by nitrogen doping and pyrolysis at 800 °C to produce N-RM2. The XRD 
diffractogram of N-RM2 (N-doped RM2) retained similar features. However, the LiCoO₂ 
peak was no longer present, having been reduced to metallic Co during thermal 
treatment. This transformation likely occurred via a carbothermic reduction mechanism, 
facilitated by the high carbon content of the precursor [194]. Additionally, 
aluminothermic reduction may have contributed due to the presence of residual Al from 
the current collector, although in lower concentrations [195]. The heterogeneous 
composition is representative of typical black mass leach residues produced by 
hydrometallurgical recycling, as complete extraction of active materials from the black 
mass is rarely achieved [34,57]. From an electrocatalyst synthesis perspective, 
the presence of these residual metals can be advantageous, as they can serve as in situ 
dopants. Although doping via pure metal salts allows for more precise control over 
composition, the use of EoL LIB-derived precursors offers a more sustainable and  
cost-effective alternative, allowing direct incorporation of functional elements without 
additional chemical inputs. Figure 4.3b presents the XRD diffractograms of the manually 
extracted EoL graphite (experimental data described in section 3.3), as well as the 
synthesised GO, rGO, and N–rGO. The recovered graphite exhibited no detectable 
crystalline impurities, showing only sharp peaks associated with pure graphite. 
In contrast, the GO sample displayed a characteristic (001) diffraction peak between 
10–12°, along with broad peaks near 20–30°, both indicative of increased interlayer 
spacing due to the introduction of oxygen-containing functional groups. The rGO and 
N–rGO samples showed weakened (001) peaks and intensified broad peaks in the  
20–30° range, suggesting partial restacking of graphene sheets following reduction.  

Figure 4.3 XRD diffractograms of (a) Raw Material 1, Raw material 2, and N-RM2 with standard 
cards; (b) EoL LIB graphite, GO, rGO and N-rGO with standard card. 
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4.2 Investigation of transition metal and nitrogen co-doped black mass 
leach residue for ORR/OER applications 
The leach residue from industrially produced black mass, obtained after hydrometallurgical 
treatment of EoL LIBs, was selected as a carbon and metal precursor for the synthesis of 
a nitrogen-doped ORR/OER electrocatalyst. The detailed synthesis procedure for the 
catalyst materials discussed in this section are described in sections 3.1 and 3.4. 
The inspiration to this work came from our work groups previous study, in which EoL LIB 
recycling residue was successfully used as a precursor for in situ metal doping and GO 
synthesis, yielding an active Bat-N–rGO oxygen electrocatalyst [57].  

Figure 4.4 shows SEM micrographs of the studied catalyst materials. The Raw 
Material 1 (Figure 4.4a) exhibits roundish particles with sizes ranging from approximately 
25 to 50 µm, consistent with the spherical graphite typically used in LIB anodes [27]. After 
heat treatment (RM1, Figure 4.4b), the particles appear smaller and more uniformly 
distributed. This is attributed to the decomposition and removal of the polymeric binder, 
previously holding the graphite particles together. The nitrogen-doped samples 
(Bat-res-N, Figure 4.4c, and HT-Bat-res-BM-N, Figure 4.4d) display a distinctly more 
compact and rougher surface structure, confirming successful incorporation of nitrogen 
into the carbon matrix. Additionally, ball-milling in the preparation of HT-Bat-res-BM-N 
has significantly reduced particle size and improved particle uniformity compared to 
Bat-res-N. Both nitrogen-doped materials exhibit flatter, thinner, and less spherical 
morphologies compared to the initial Raw Material 1, indicating notable changes in 
surface structure due to doping and mechanical treatment. Table 4.3 shows that the 
highest relative increase in metal content was observed for the HT-Bat-res-BM-N 
material. This indicates the successful incorporation of Co-N-C species into the carbon 
framework, facilitating the stabilisation of metallic Co within the bulk [165].  

Table 4.3 Elemental composition of RM1, Bat-res-N and HT-Bat-res-BM-N based on SEM-EDX 
mapping. 

Element RM1 
(Wt%) 

Bat-res-N 
(Wt%) 

HT-Bat-res-BM-N 
(Wt%) 

C 82.9 80.8 75.8 
O 13.4 15.3 18.6 
Co 2.0 2.3 3.4 
Mn 0.2 0.3 0.4 
Ni - 0.2 0.2 
Al 0.4 0.5 0.5 
Cu 0.5 0.5 0.5 



39 

This observation aligns well with the results obtained from XRD diffractograms 
(Figure 4.5a), which showed an increase in the intensity of metallic cobalt (Co(0), 
ICDD: 96-901-1624) peaks following nitrogen doping, while for the RM1 the Co was either 
in Co4O4 (ICDD: 96-900-8619) or Co(0) form. This further confirms that the nitrogen 
doping step promotes the reduction of Co and its effective incorporation into the carbon 
matrix. Additionally, the XRD diffractograms reveal the presence of cobalt carbide (C0.01Co, 
ICDD: 98-061-7394), suggesting the formation of CNTs. The growth of CNTs typically 
occurs in the presence of Co nanoparticles, which subsequently become encapsulated 
within these CNT structures [57,168,176]. Furthermore, a distinct peak corresponding to 
Cu (ICDD: 96-901-2044) was identified in the diffractograms of the RM1, Bat-res-N, and 
HT-Bat-res-BM-N samples, confirming residual Cu content in these materials.  

Figure 4.4. SEM micrographs of (a) Raw material 1, (b) RM1, (c) Bat-res-N and (d) HT-Bat-res-BM-N 
catalyst materials using 1000x magnification. 
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The carbon lattice structure was analysed using Raman spectroscopy (Figure 4.5b) 
to evaluate structural changes in the carbon framework. Two prominent peaks were 
observed: the first-order G-band (∼1580 cm⁻¹), indicative of ordered sp² carbon structures, 
and the D-band (∼1350 cm⁻¹), which arises from structural defects [196]. The intensity 
ratio (ID/IG) serves as a primary metric for assessing the relative degree of order or 
disorder in carbon-based materials [143]. In this study, each step of the synthesis 
progressively increased the degree of graphitisation and reduced the level of surface 
defects in the carbon lattice. However, it is important to note that the D-band intensity 
is influenced not only by topological defects and vacancies but also by the presence of 
impurities within the carbon matrix [197]. Therefore, the observed reduction in the 
D-band intensity during this study is likely due to the removal of impurities such as binder 
residues, organic contaminants, and oxygen-containing functional groups. Specifically,
the heat treatment of the Raw Material 1 decreased the ID/IG ratio from 0.72 to 0.50 in
the RM1 sample. Further decreases in the ID/IG ratio were observed for the nitrogen-doped
materials, attributed primarily to the incorporation of graphitic nitrogen into the carbon
lattice. This doping promotes a more ordered and crystalline structure [160]. Additionally,
the presence of Co and CoO species can act as catalytic active sites, further facilitating
the formation of well-ordered graphitic structures [198].

The N2 physisorption was used to calculate the SSA of the catalyst materials by using 
BET theory. The observed trend in SSA is closely connected by the structural differences 
noted in the Raman spectroscopy results. Each successive synthesis step led to a 
significant increase in SSA, indicating a progressive enhancement in material porosity. 
The Raw material 1 exhibited a low SSA of 2.4 m² g⁻¹, which increased to 9.9 m² g⁻¹ after 
heat treatment (RM1). Further increases were observed following nitrogen doping, with 
Bat-res-N reaching 36.9 m² g⁻¹, and the highest SSA of 46.8 m² g⁻¹ obtained for the 
HT-Bat-res-BM-N sample. This increase in surface area and porosity is highly beneficial 
for electrocatalyst performance, as it provides a greater number of accessible sites for 

Figure 4.5. (a) XRD diffractograms of RM1, Bat-res-N and HT-Bat-res-BM-N, (b) Raman spectra of 
Raw material 1, RM1, Bat-res-N and HT-Bat-res-BM-N. 
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anchoring catalytically active species and promotes more efficient mass transport of 
reactants and products throughout the catalyst structure. Such improvements are 
particularly important for oxygen electrocatalysis, where high surface accessibility and 
porosity are critical for enhancing overall catalytic activity and stability [136].  

The extent of nitrogen doping in the Bat-res-N and HT-Bat-res-BM-N materials was 
evaluated using XPS. In addition to the primary elements—carbon, nitrogen, and oxygen 
—various residual elements originating from the LIBs were also detected, including Co, 
Li, Mn, Ni, Al, and Cu. Figure 4.6 presents the deconvoluted C 1s, N 1s, and Co 2p spectra. 

The C 1s spectrum (Figure 4.6a) exhibits a main asymmetric peak at 284.5 eV, 
attributed to sp²-hybridised carbon, with additional contributions from C–C, C–O, and 
C–N bonding. The surface nitrogen content and detailed peak fitting results are 
summarised in Table 4.4. Among the samples, HT-Bat-res-BM-N displayed a higher 
nitrogen content, which is attributed to its increased SSA and smaller graphite particle 
size, both of which facilitate enhanced nitrogen incorporation during doping. The N 1s 
spectrum (Figure 4.6b) was deconvoluted into four distinct nitrogen configurations: 
pyridinic-N/N–Co, pyrrolic-N, graphitic-N, and N-oxide, based on established fitting 
parameters [57]. Pyridinic-N accounted for 50% of the total nitrogen in Bat-res-N and 
55% in HT-Bat-res-BM-N. The Co 2p spectrum (Figure 4.6c) was fitted to two main 
oxidation states: metallic Co and Co(II). The Co(II) signal likely represents contributions 
from both CoO and Co–N coordination environments [169,199]. A comparison between 
surface metal concentrations determined by XPS (Table 4.4) and bulk elemental 
composition obtained from SEM-EDX (Table 4.3) revealed notable differences. 
For instance, in HT-Bat-res-BM-N, Co was present at 0.4 at% on the surface (XPS) 
compared to 0.8 at% (3.4 wt%) in the bulk (SEM-EDX), whereas Al showed the opposite 
trend, with 2.1 at% (XPS) versus 0.2 at% (0.5 wt%, SEM-EDX). These differences suggest 
that elements such as Al, Mn, and Li are more concentrated on the material surface, 
while Co is more uniformly incorporated into the carbon matrix forming Co-N-C sites. 

Figure 4.6. X-ray photoelectron spectra of the Bat-res-N and HT-Bat-res-BM-N samples: (a) C 1s 
region, (b) N 1s region and (c) Co 2p region. 
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Table 4.4. The atomic percentages (at%) of the elements for Bat-res-N and HT-Bat-res-BM-N 
samples including peak fitting results based on XPS data. The error associated with each value is 
roughly ±10% of the value. 

Element Bat-res-N HT-Bat-res-BM-N 
C - of which 77.1 74.2 

sp2 C 57 % 55 % 
sp3 C/ sp2 C−N 21 % 24 % 

C−O−C/C−OH/ sp3 C−N 9 % 10 % 
C=O 4 % 4 % 

O−C=O 3 % 2 % 
π−π* 6 % 5 % 

O 12.4 13.9 
N -  of which 5.6 6.4 

Pyridinic-N  50 % 55 % 
Pyrrolic-N  29 % 24 % 

Graphitic-N  11 % 11 % 
N-oxide  10 % 9 % 

Al 2.1 2.1 
Mn 0.5 0.9 
Li 1.4 0.6 
Co -  of which 0.1 0.4 

Co(0) 6 % 8 % 
CoO / Co-N 94 % 92 % 

Zr - 0.2 
Cu 0.3 0.2 
Ni 0.1 0.1 
F 0.3 0.9 
S 0.1 0.1 
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The electrochemical characterisation of the synthesised catalyst materials was 
performed using the RDE technique to evaluate both ORR and OER activities. 
The experimental details are provided in Section 3.7.1. The linear sweep voltammetry 
(LSV) curves for ORR are presented in Figure 4.7a, and the corresponding electrochemical 
performance parameters are summarised in Table 4.5. A progressive improvement in 
ORR activity was observed with each synthesis step, as indicated by increasing onset 
potentials (Eonset). Among the nitrogen-doped catalysts, HT-Bat-res-BM-N exhibited 
superior performance compared to Bat-res-N, with an Eₒₙₛₑₜ of 0.890 V vs RHE, which is 
15 mV higher than that of Bat-res-N. The same material also achieved a half-wave 
potential (E1/2) of 0.795 V vs RHE and a limiting current density (j) of 4.81 mA cm⁻², 
highlighting its improved electrocatalytic activity.  

The number of electrons transferred per oxygen molecule (n)—presented in Table 
4.5—was calculated to evaluate the ORR mechanism. For Bat-res-N, the n value at the 
end of the plateau area of ORR polarisation curve was 3.6, indicating that the ORR 
followed a mixed 2 + 2 e– transfer pathway. In contrast, HT-Bat-res-BM-N exhibited an 
n value of 4.1, suggesting that the ORR proceeded predominantly via a direct 4 e– transfer 
mechanism. The corresponding calculations and data supporting these values are 
provided in the supplementary information of paper [I]. The Tafel slopes presented in 
Figure 4.7b indicate that HT-Bat-Res-BM-N and Bat-res-N exhibit similar values of 
–52 mV dec⁻¹ and –60 mV dec⁻¹, respectively. Notably, these values are comparable to
those typically reported for Pt-based catalysts, suggesting that the rate-determining step
in the oxygen reduction reaction is likely associated with the initial O₂ adsorption and
reduction process [200]. The enhanced ORR performance of the nitrogen-doped
materials is primarily attributed to the increased surface area and effective nitrogen
doping, particularly the formation of pyridinic-N species during pyrolysis, which are
known to serve as highly active sites for ORR. Additionally, the ball-milling step,
performed using 0.5 mm ZrO₂ balls, further reduced the graphite particle size, improving
the dispersion of active sites and enhancing surface area, which increased the ORR
activity of HT-Bat-res-BM-N over Bat-res-N.

Figure 4.7. (a) ORR polarisation curves at 1600 rpm in O2 saturated 0.1 M KOH solution for 
catalysts studied in section 4.2, (b) ORR Tafel slopes for Bat-res-N and HT-Bat-res-BM-N.  
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Figure 4.8a and Table 4.5 present a comparison of the OER activity for the synthesised 
catalyst materials. Among the tested samples, the HT-Bat-res-BM-N catalyst exhibited 
the highest performance, with an EOER = 1.648 V vs RHE at 10 mA cm⁻². In contrast, RM1 
and Bat-res-N required higher potentials of 1.675 V and 1.759 V vs RHE, respectively, 
to reach the same current density. Interestingly, the Raw material 1 also demonstrated 
relatively good OER activity, achieving EOER = 1.648 V vs RHE at 10 mA cm⁻². This activity 
is attributed to its higher content of residual metals and metal oxides, as confirmed by 
the XRD diffractogram shown in Figure 4.3a. In particular, the presence of Co₄O₄, which 
contains cobalt in mixed oxidation states (Co(II) and Co(III)), which is often associated 
with enhanced OER activity [127]. The OER Tafel slope (Figure 4.8b) for Bat-res-N and 
HT-Bat-res-BM-N was 140 mV dec –1 and 119 mV dec –1, respectively. For the Raw 
Material 1 and RM1 the Tafel slope values were of 71 mV dec –1 and 97 mV dec –1, 
respectively.  The increase of Tafel slopes for N-doped materials could indicate that 
mass-transfer is the rate limiting step and the effective electrode surface area is lower [75]. 

Table 4.5. Electrochemical characteristics for Raw material 1, RM1, Bat-res-N and HT-Bat-res-BM-N. 

Catalyst 

ORR OER 

∆E (V) Eonset 
(V vs. 
RHE) 

E1/2 
(V vs. 
RHE) 

j 
(mA cm–2) n EOER (V) @ 

10 mA cm–2 

Raw 
material 1 

0.745 0.327 2.98 - 1.648 1.321 

RM1 0.767 0.370 2.92 - 1.675 1.305 
Bat-res-N 0.875 0.755 4.53 3.6 1.759 1.004 

HT-Bat-res-
BM-N 

0.890 0.795 4.81 4.1 1.648 0.853 

Figure 4.8. RDE electrochemical characteristics for materials studied in section 4.2: (a) OER 
polarisation curves at 1600 rpm in N2 saturated 1 M KOH solution and (b) OER Tafel slopes for Raw 
Material 1, RM1, Bat-res-N and HT-Bat-res-BM-N. 
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The bifunctionality parameter ∆E for HT-Bat-res-BM-N was determined to be 0.853 V, 
which is significantly lower than that of all other catalysts investigated in this study as 
presented in table 4.5. The superior bifunctional oxygen electrocatalytic activity of 
HT-Bat-res-BM-N is likely due to the formation of electrochemically active Co–N–C sites 
and metallic Co(0) during synthesis. The presence of multiple transition metals within the 
catalyst may also contribute to a synergistic effect, enhancing both ORR and OER 
performance. However, the specific mechanisms underlying these synergistic interactions 
in multi-metallic electrocatalysts remain the subject of ongoing investigations [126,201]. 

4.3 Investigation of transition metal and nitrogen co-doped black mass 
leach residue and CNT composites for ORR/OER applications 
In this study, the same Raw Material 1 was used as precursor as in section 4.2.  
The objective was to enhance the electrocatalytic activity of the material by improving 
its electron transfer efficiency, porosity, and SSA. To achieve this, CNTs were 
incorporated as spacers between the graphitic structures of RM1. This approach is 
intended to increase surface area and porosity, while simultaneously enhancing the 
overall electrical conductivity of the composite. It is well established that the 
combination of CNTs with other carbon-based materials can significantly improve both 
the bifunctional oxygen electrocatalytic activity and the stability of the resulting 
catalysts. Within the composite, CNTs function as electron-conducting bridges, 
facilitating charge transport across the surface and promoting better interaction with the 
catalytic active sites [129]. The synthesis procedure followed a similar approach to that 
used in the previous study in paper [I]; however, the mass ratio of RM1 to CNT was varied, 
as detailed in Section 3.5 and illustrated in Figure 3.1 

The synthesised materials were first analysed using XRD to investigate their 
crystallographic structure. The diffractograms of the RM1/CNT composite materials and 
the CNT-N sample are presented in Figure 4.9.  
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The most prominent peak, observed at 2θ = 26.5°, corresponds to the (002) plane of 
graphitic carbon. A progressive decrease in the intensity of this peak with increasing CNT 
content indicates that the (002) peak is primarily associated with the graphitic content 
of the RM1. Therefore, a lower intensity suggests a reduced proportion of RM1 in the 
composite. The XRD pattern of pure CNT-N did not exhibit any detectable metal-related 
peaks, indicating the absence of crystalline metallic or metal oxide phases, due to the 
acid purification step of CNT before the synthesis of composite materials as described in 
section 3.2. In contrast, the composite materials revealed distinct peaks corresponding 
to metallic Co(0), while no signals associated with Co₄O₄ were observed as it was for 
RM1 (Figure 4.5). This suggests that cobalt-containing compounds such as LiCoO₂ and 
Co₄O₄ were successfully reduced to metallic cobalt during the nitrogen doping and  
high-temperature treatment, consistent with the carbothermic and aluminothermic 
reduction processes discussed previously in Section 4.2 (paper [I]) for the Bat-res-N and 
HT-Bat-res-BM-N materials. 

Figure 4.9. XRD diffractograms of CNT-N, and RM1/CNT composites. 
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SEM-SE micrographs in Figure 4.10 provide insight into the surface morphology of the 
synthesised materials.  

The CNT-N sample (Figure 4.10a) exhibits a uniform and extensive network of carbon 
nanotubes, as expected. In the BR25-CNT75-N composite (Figure 4.10b), a similarly 
well-developed CNT network is visible, although larger embedded particles—attributable 
to the RM1—can also be observed. In contrast, the BR50-CNT50-N (Figure 4.10c) and 
BR75-CNT25-N (Figure 4.10d) samples display a less pronounced CNT network, while 
lighter particles dispersed on the surface become increasingly evident on the surface. 
The Co nanoparticles (lighter dots) in BR50-CNT50-N are uniformly dispersed as can be 
seen in Figure 4.10c. Elemental analysis using SEM-EDS (Table 4.6) confirmed the 
presence of several metal species within the composites. Among these, Co exhibited the 
highest surface concentration across all composite samples. Additionally, trace amounts 
of Ni, Mn, Al, Cu, and Zr were detected. While the former four elements originate from 
the leach residue used as the precursor, the presence of Zr is attributed to the use of 
ZrO₂ milling balls during the ball-milling stage of synthesis. The incorporation of small 

Figure 4.10. SEM-SE micrographs of (a) CNT-N, (b) BR25-CNT75-N, (c) BR50-CNT50-N, and (d) BR75-
CNT25-N. 
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quantities of Zr is unavoidable, as the mechanical forces exerted during milling inevitably 
lead to abrasion of the milling media. However, previous studies—such as by Ratso et al.—
have shown that this minor contamination does not significantly affect the electrocatalytic 
activity of the resulting material [107]. The metal content—particularly Co—was higher 
in the composite materials compared to the N-doped materials discussed in the previous 
section. This enhancement is attributed to the presence of the CNT network, which likely 
facilitated more effective dispersion and incorporation of Co nanoparticles. Additionally, 
the CNT network contributed to the formation of a more porous structure compared to 
Bat-res-N and HT-Bat-res-BM-N, further supporting metal integration. Overall, the metal 
concentration based on SEM-EDS mapping is very approximate as it only scans very small 
surface area of the material, therefore other methods are needed for better metal 
content analysis. 

The surface morphology and elemental composition of the catalyst materials were 
further investigated using TEM-EDS. The TEM micrographs presented in Figure 4.11 
confirm the observations made from SEM analysis: a uniformly distributed CNT network 
is clearly visible in CNT-N, while the composite materials exhibit larger agglomerates 
(50–100 nm) of metal-containing particles and graphitic carbon structures, most 
prominently in BR75-CNT25-N. Further analysis of BR25-CNT75-N using TEM-EDS 
(Figure 4.12) reveals a mixture of smaller (10–30 nm) and larger (50–100 nm) particles. 
Elemental mapping indicates the presence of C, O, Cu, Co, and Fe—all originating from 
the RM1. In the case of BR50-CNT50-N TEM-EDS on Figure 4.13 shows regions with a high 
concentration of Co and C. Notably, EDS1 shows a Co nanoparticle encapsulated within 
a CNT, while EDS2 reveals a broader region enriched with both C and Co. Cobalt is well 
known to catalyse the formation of bamboo carbon nanotubes, with Co nanoparticles 
becoming encapsulated during the growth process [66]. This encapsulation significantly 

enhances the stability of the metal species under electrochemical conditions, due to 
favourable charge redistribution in the carbon matrix, thereby promoting the adsorption 
of oxygen intermediates during ORR and OER [76]. Some bamboo carbon nanotubes with 
encapsulated Co nanoparticles were also observed in BR75-CNT25-N (Figure 4.14); 

Table 4.6 Elemental composition for the RM1/CNT composite materials and CNT-N based on SEM-EDX 
mapping. 

Element CNT-N 
(Wt%) 

BR25-CNT75-N 
(Wt%) 

BR50-CNT50-N (Wt%) BR75-CNT25-N 
(Wt%) 

C 98.9 92.3 80.5 81.2 
O - - 2.5 2.5 
Co - 5.5 11.2 8.4 
Mn 0.1 0.7 1.8 3.3 
Ni - - 1.3 0.9 
Al 1.0 1.2 1.3 1.6 
Cu - - 1.1 1.6 
Zr - - 0.3 0.5 
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however, the material was dominated by larger, irregular RM1 particles containing both 
carbon and metal species. These findings suggest that the BR50-CNT50-N composition 
provides the most optimal balance in terms of uniform surface morphology and Co 
nanoparticle encapsulation, resulting in enhanced stability and catalytic site preservation 
within the electrocatalyst. 

Figure 4.11. TEM micrographs of (a) CNT-N, (b) BR25-CNT75-N, (c) BR50-CNT50-N, and (d) BR75-
CNT25-N. 
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Figure 4.12. TEM-EDS of locations (a) EDS1 and (b) EDS2 as indicated on the TEM micrograph (c) of BR25-
CNT75-N sample. 
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Figure 4.13. TEM-EDS of locations (a) EDS1 and (b) EDS2 as indicated on the TEM micrograph (c) of 
BR50-CNT50-N sample. 
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Figure 4.14. TEM-EDS of locations (a) EDS1 as indicated on the TEM micrograph (b); (c) EDS2 as indicated 
on the TEM micrograph (d) of BR75-CNT25-N sample. 
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In addition, to characteristic G-band (∼1580 cm–1) and D-band (∼1350 cm–1) typically 
observed in Raman spectra of carbon materials, the G’-band at 2700 cm–1 is seen 
(Figure 4.15a), which is an overtone of D-band. Furthermore, a shoulder for G-band at 
1620 cm–1 associated with D’-band and broad combination mode of D+D’ band at around 
2950 cm–1 are also present. Chemical purification step of CNTs usually leads to defects, 
therefore the ID/IG ratio increases, while the following heat-treatment and modification 
steps partially restore the structural order and the ID/IG ratio decreases [143]. CNT had 
ID/IG ratio of 0.89, while for CNT-N it was 0.67, indication improved structural ordering. 
Nitrogen doping results in slight downshifts of G and D’-bands from 1580 cm–1 to 
1575 cm–1 and from 1620 cm–1 to 1615 cm–1, respectively. The degree of graphitisation 
was slightly higher in materials with greater RM1 content, while no significant shifts in 
Raman peak positions were observed among the RM1/CNT composites. When compared 
to the HT-Bat-res-BM-N material, the composites exhibited a higher ID/IG ratio, indicating 
a more defect-rich structure, which is attributed to the CNT incorporation, with higher 
CNT content further contributing to the formation of structural defects. 

The SSA of the composite materials showed a notable increase compared to the Raw 
Material 1. Among the composites, the SSA exhibited a positive correlation with CNT 
content, as detailed in Table 4.7. Similar trend was observed for the pore size distribution 
(PSD, Figure 4.15b), which shows that the materials containing higher concentration of 
CNT had gradually increasing mesoporosity, especially on the 10 nm pore size range. 
Overall, the pore sizes were similar to all composites with differences only in the 
concentration of the pores. The SSA of BR50-CNT50-N and HT-Bat-res-BM-N (discussed 
in Section 4.2 and paper [I]) are comparable, at 42.1 m² g⁻¹ and 46.8 m² g⁻¹, respectively. 
In contrast, the CNT-N sample exhibited the highest SSA, reaching 63.2 m² g⁻¹. The CNT 
before nitrogen doping had a SSA of 92.6 m² g⁻¹, showing that the nitrogen doping can 
reduce the SSA by increasing the material density, blocking of the pores or due to 
graphitisation at high temperatures. While BR50-CNT50-N and HT-Bat-res-BM-N show 
similar SSA values, the incorporation of CNTs in the BR50-CNT50-N plays an important 
role as spacers between graphitic layers, which improves structural integrity [202]. 
Furthermore, SEM-EDS mapping revealed that Co integration was more pronounced in 
the CNT-containing composites than in HT-Bat-res-BM-N. This higher metal content can 
also reduce the overall SSA in composites [115]. 

Table 4.7. BET specific suface areas for the Raw material 1, CNT, CNT-N, and RM1/CNT composites. 

Name of 
the 

sample 

Raw 
material 

1 
CNT CNT-N BR25-

CNT75-N 
BR50-

CNT50-N 
BR75-

CNT25-N 

SBET 
(m2/g) 

2.9 92.6 63.2 52.9 42.1 27.1 
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The XPS analysis was used for the study of chemical composition of the materials  
(Figure 4.16). The fitting of the data was done similarly to section 4.2. Elemental 
composition derived from XPS is presented in Table 4.8, which shows that the composites 
contained C, O, N, Co, Mn, Ni, Al and Cu. Analysis of the XPS N 1s spectra (Figure 4.16a) 
revealed that the predominant nitrogen configuration across all samples was pyridinic-N. 
The relative distribution of nitrogen species was largely consistent among the materials, 
with the exception of BR50-CNT50-N, which exhibited a slightly higher proportion of 
graphitic-N and N-oxide, and a lower content of pyrrolic-N compared to the other 
samples. The N-doping level of materials was quite different. In general, higher SSA and 
a greater number of defects facilitate enhanced nitrogen incorporation during pyrolysis. 
However, it is important to note that total nitrogen content does not directly correlate 
with electrocatalytic performance. Instead, the nature and distribution of specific 
nitrogen species, particularly pyridinic-N and graphitic-N, are more critical in determining 
the oxygen reduction and evolution activity of the electrocatalysts [139,159]. Overall, 
the nitrogen doping levels decreases and oxygen doping level increases when going from 
CNT-N to BR75-CNT25-N. Compared to HT-Bat-res-BM-N, the CNT-containing composites 
exhibited higher carbon content and lower oxygen content. Although BR50-CNT50-N and 
BR75-CNT25-N had lower total nitrogen content than HT-Bat-res-BM-N, the relative 
distribution of nitrogen species remained comparable, with pyridinic-N being the most 
abundant in each case. The Co 2p spectra Figure 4.16b, can be solely explained by the 
presence of Co-N peak. Among the composite materials, BR50-CNT50-N exhibited the 
highest Co content, consistent with results from SEM-EDS and TEM-EDS. Overall, 
the incorporation of Co-species were higher for the RM1/CNT composite catalysts, while 
the other metals had lower concentrations compared to the HT-Bat-res-BM-N. These 
findings indicate that a balanced ratio of RM1 and CNTs facilitates a more uniform 
dispersion of Co species, while higher RM1 content leads to larger agglomerates due to 
poorer metal distribution. A more homogeneous distribution of Co nanoparticles 
increases the electrochemically active surface area and is beneficial for enhancing the 
overall electrocatalytic performance of the material [164]. 

Figure 4.15. (a) Raman spectra and (b) N2 adsorption–desorption isotherms of RM1/CNT 
composites and CNT-N.  
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Figure 4.16. X-ray photoelectron spectra (a) N1 s region and (b) Co 2p region of the RM1/CNT 
composite materials. 

Table 4.8.The atomic percentages (at%) of the elements for the RM1/CNT composites and CNT-N 
with the peak fitting results based on the XPS data. 

Element 

 

CNT-N BR25-CNT75-N BR50-CNT50-N BR75-CNT25-N 

C - of which 88.0 86.5 87.2 88.7 
sp2 C 65 % 

 

61 % 60 % 74 % 

sp3 C/ sp2 C−N 15 % 18 % 20 % 11 % 

C−O−C/C−OH/ 
sp3 C−N 

8 % 7 % 8 % 6 % 

C=O 5 % 6 % 4 % 2 % 
O−C=O 2 % 3 % 2 % 2 % 

π−π* 5 % 5 % 6 % 6 % 
O 3.2 3.9 5.6 6.2 
N -  of which 8.1 7.8 4.7 2.2 

pyridinic-N  55 % 53 % 58 % 54 % 

Pyrrolic-N  32 % 37 % 19 % 32 % 
Graphitic-N  8 % 5 % 12 % 7 % 

N-oxide  5 % 5 % 11 % 7 % 
Co 0.3 0.5 0.8 0.2 
Mn - 0.2 0.3 0.3 
Al 0.2 0.6 0.8 1.8 
Cu - 0.2 0.3 0.3 
Ni - 0.1 0.1 0.1 

Na 0.2 0.2 0.2 0.2 
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The ORR activity of composite catalysts was tested in 0.1 M KOH solution with Raw 
Material 1 and CNT-N used for comparison, (Figure 4.17a). The highest Eonset = 0.914 V vs 
RHE was demonstrated by the BR50-CNT50-N, while others showed lower values as can 
be seen from Table 4.9. CNT-N and Raw Material 1 showed Eonset of 0.884 and 0.757 V vs 
RHE, respectively, demonstrating that the unique structure of composites and  
nitrogen doping has had positive effect on the onset values. Similarly, the E1/2 values for 
BR50-CNT50-N were the highest recording at 0.830 V vs RHE. The ORR polarization curves 
revealed similar profiles for CNT-N and BR25-CNT75-N, both of which failed to achieve a 
distinct diffusion-limited plateau. The N-doped materials in section 4.2 also exhibited 
similar gradually increasing current density values. In contrast, BR50-CNT50-N reached 
its maximum j value at approximately 0.7 V vs RHE, indicating a more efficient ORR 
process compared to other composite catalysts and HT-Bat-res-BM-N. Out of the 
composites the BR75-CNT25-N showed the lowest ORR activity due to the insufficient 
amount of CNT spacer which reduced the SSA compared to other composites, as well as 
higher concentration Al, which is electrocatalytically less active than transition metals 
like Co, Ni and Fe [121,203]. The influence of CNT addition to the composite conductivity 
was measured using EIS (details shown in paper [II]). From the fitted and calculated 
charge transfer values it is possible to conclude that the addition of CNT produces a 
composite catalyst material which has a much better conductivity than the initial Raw 
Material 1. 

Figure 4.17b presents the E vs n plots for the RM1/CNT and CNT-N catalyst materials. 
The polarisation curves at varying rotating speeds and corresponding Koutecky-Levich 
plots can be seen in paper [II]. The n values for BR50-CNT50-N material were around 3.6 
over the studied potential range, therefore the oxygen was reduced either via direct 4 e– 
or 2+2 e– mechanism. For the other materials the n values were gradually decreasing at 
higher potentials which indicates ORR mechanisms which lead to more H2O2 formation. 
This behavior may be influenced by the presence of defects in the carbon matrix, like 
ether or carboxylic acid sites, which could promote the formation of hydrogen peroxide 
[204,205]. The enhanced electrocatalytic activity of BR50-CNT50-N is attributed to the 
synergistic formation of catalytically active sites, including pyridinic-N functionalities and 
transition metal-based active sites derived from Co, Ni, and Mn [148,160]. 

Figure 4.17. Comparative (a) ORR polarisation at 1600 rpm in O2 saturated 0.1 M KOH solution, and 
(b) E vs n plot calculated derived from Koutecky-Levich plot for the RM1/CNT composites and CNT-N 
materials.
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The highest electrocatalytic activity towards OER was observed for the BR50-CNT50-N 
catalyst, which exhibited an EOER = 1.628 V at 10 mA cm⁻², as presented in Figure 4.18 
and Table 4.9. A similar potential was also recorded for BR75-CNT25-N, while all other 
samples displayed higher potentials, indicating lower OER performance. The improved 
OER activity in the BR50-CNT50-N and BR75-CNT25-N composites can be attributed to 
their higher RM1 content, which provides a greater abundance of transition metals and 
metal oxides (primarily Co,, but also Ni, and Mn). These species are effectively incorporated 
into the carbon matrix, where they act as additional active sites alongside pyridinic-N 
functionalities, thus enhancing the OER performance. The encapsulation and integration 
of Co nanoparticles within the carbon matrix in the composite materials protect the 
active sites from leaching, thereby enhancing catalyst durability. The Raw Material 1 also 
demonstrated relatively good OER activity; however, its EOER value was notably higher 
than that of the composites. This performance is likely due to the presence of metal 
species in the Raw Material 1, but unlike in the composites, these are not embedded in 
or stabilised by the carbon lattice. As a result, the metal species in the Raw Material 1 
are more susceptible to leaching under harsh electrochemical conditions, leading to 
reduced stability and catalytic longevity. Furthermore, the lower SSA and absence of 
N-containing functional groups also contribute to its inferior OER performance.

The bifunctionality parameter ∆E was the lowest for the BR50-CNT50-N (∆E = 0.799 V).
This represents a 54 mV improvement compared to the HT-Bat-res-BM-N catalyst 
discussed in the previous section (∆E = 0.853 V), while having lower loading of the catalyst 
on the working electrode (0.2 mg cm–2 vs 0.4 mg cm–2, respectively). The reduced ∆E 
value for BR50-CNT50-N clearly indicates a more efficient overall oxygen electrocatalytic 
performance. These results demonstrate that the incorporation of CNTs into the graphite 
matrix enhances the bifunctional electrocatalytic activity, likely due to improved 
electronic conductivity, structural stability, and more efficient dispersion of active sites. 

Table 4.9. Electrochemical characteristics of Raw Material 1, CNT-N and their corresponding 
composite materials. 

Catalyst 
ORR OER ∆E (V) 

Eonset (V 
vs. RHE) 

E1/2 (V vs. 
RHE) j (mA cm–2) EOER  @ 10 mA 

cm–2 
Raw material 

1 
0.757 0.342 2.96 1.660 1.318 

CNT-N 0.884 0.797 4.76 - - 
BR75‐CNT25-

N 
0.888 0.811 4.23 1.628 0.817 

BR50‐CNT50-
N 

0.914 0.830 5.02 1.629 0.799 

BR25‐CNT75-
N 

0.898 0.816 5.41 1.643 0.827 
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4.4 Investigation of transition metal and nitrogen co-doped black mass 
leach residue and rGO composites for ORR/OER applications 
The incorporation of CNTs into N-doped leach residue/CNT composite materials was 
found to enhance both the electrical conductivity and electrocatalytic activity of the 
catalysts. However, the improvement in SSA was relatively modest, and it is important 
to note that CNTs are not derived from LIB waste, thereby limiting the overall 
sustainability of the material. To address this limitation, study [III] focuses on the use of 
a more sustainable approach by utilising Raw Material 2, a leach residue with a higher Co 
content, as described in Section 4.1. In addition, a manually extracted spent graphite 
from EoL LIBs was employed as the precursor for reduced graphene oxide (rGO) synthesis, 
which was subsequently combined with Raw Material 2 to form a nitrogen-doped 
RM2/rGO composite catalyst. The primary objective of this work was to enhance the 
sustainability of the electrocatalyst by increasing the proportion of LIB-derived 
components, while simultaneously improving the bifunctional oxygen electrocatalytic 
activity. Detailed procedures for the synthesis and the naming of the RM2/rGO catalyst 
materials are provided in Sections 3.3 and 3.6 and illustrated in Figure 3.1.  

XRD diffractograms (Figure 4.19) indicated that in addition to the graphitic carbon 
(002) plane, a broad peak around 20 to 25o implies that more amorphous carbon species
are present. This is indicative of amorphous carbon species and is attributed to the
incorporation of rGO into the composites, as it was absent in the materials discussed in
earlier sections of this work.  Notably, this peak was not visible in the Comp 75/25 but
became apparent after acid treatment in AT-Comp 75/25, suggesting that the rGO
structure has a greater influence following this process. Furthermore, LiCoO₂ from Raw

Figure 4.18. OER polarisation curves of Raw Material 1 and the RM1/CNT composite materials at 
1600 rpm in N2 saturated 1 M KOH solution. 
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Material 2 was successfully reduced into metallic Co(0), with peaks at 44.2°, 51.5°, and 
75.8°, demonstrating a successful incorporation of Co(0) species into the composites. 
When comparing the Comp-series catalysts to their AT-Comp counterparts, the Co(0) 
(002) and (001) peaks demonstrate a noticeable decrease in the intensity due to the
removal of less stable species during the acid treatment, especially evident comparing
Comp 75/25 and AT-Comp 75/25.

The SEM micrograph in Figure 4.20a for the Comp 25/75 show a rough surface with 
layered structure, characteristic to rGO. The acid treated counterpart AT-Comp 25/75 
(Figure 28d) showed similar layered structure, but with less heterogeneity on the surface 
structure. SEM micrographs of Comp 50/50 (Figure 4.20b) and AT-Comp 50/50 (Figure 
28e) have more heterogeneous surface structure. Tubular structures, identified as CNTs, 
are visible in both samples, suggesting that the Co and Ni nanoparticles present in the 
system acted as catalysts for CNT formation during the pyrolysis process. Similar structures 
are observed for the Comp 75/25 (Figure 4.20c) and AT-Comp 75/25 (Figure 4.21f), 
although with much less tubular structures. This indicates that for the synthesis of CNT 
the optimal concentration of Co and Ni was in Comp 50/50. SEM-EDS mapping (Table 4.10) 
identified various elements present in the composites, which include Co, Ni, Mn, Al and 
Si, with Co being the most abundant metal within the catalysts. In the Comp-series the 
Co content was in relation with the RM2 content within the material, as expected. 
For the acid treated catalysts, the highest Co content was for the AT-Comp 50/50, which 
is an indication that the Co was encapsulated into the carbon structures within the 
material, increasing the resistance to leaching. Overall, these results underscore the 
beneficial role of acid treatment in improving the structural integrity and stability of the 
electrocatalyst materials. 

Figure 4.19. XRD diffractogram of RM2/rGO composites. 
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Figure 4.20. SEM micrographs of (a) Comp 25/75, (b) Comp 50/50, (c) Comp 75/25, (d) AT-Comp 
25/75, (e) AT-Comp 50/50, and (f) AT-Comp 75/25.  
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HR-TEM micrographs on Figure 4.21a and 4.21d for the Comp 25/75 and AT-Comp 
25/75, respectively, show rGO sheets with minimal incorporation of other species. Figure 
4.21b for Comp 50/50 and 4.21e for AT-Comp 50/50 show the bamboo carbon nanotubes 
and other spherical carbonaceous areas.  

Table 4.10. Elemental compositions RM2/rGO composite materials based on quantitative SEM-EDS 
mapping (wt%). Elements with concentrations below 0.1 wt% are not shown. 

Sample 
name 

Comp 
25/75 

Comp 
50/50 

Comp 
75/25 

AT-Comp 
25/75 

AT-Comp 
50/50 

AT-Comp 
75/25 

C 88.6 87.6 83.9 91.7 90.6 89.1 
O 6.8 7.1 4.0 5.3 4.9 7.8 
Al 0.2 0.2 0.4 0.1 0.4 0.2 
Si 0.2 0.5 0.4 0.3 0.3 0.2 

Mn 0.3 0.5 1.4 0.2 0.4 0.4 
Co 1.9 2.6 8.2 1.0 2.2 1.0 
Ni 0.2 0.2 0.7 0.2 0.2 0.2 
F - - - - - - 

Na 0.6 0.4 0.2 0.3 0.2 0.3 
S 0.2 0.4 0.2 0.5 0.2 0.4 

Figure 4.21. TEM micrographs of (a) Comp 25/75, (b) Comp 50/50, (c) Comp 75/25, (d) AT-Comp 
25/75, (e) AT-Comp 50/50, and (f) AT-Comp 75/25.  
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In Figure 4.22 the TEM micrograph with EDS data for AT-Comp 50/50 confirms the 
structure and composition of the composites. EDS 1 identifies a Co nanoparticle positioned 
at the tip of a bamboo carbon nanotubes, while EDS 2 shows a Co nanoparticle fully 
encapsulated within a CNT. Additionally, EDS 3 and 4 highlight onion-like spherical 
carbonaceous regions surrounding Co and Cu particles. Similar structures are seen for 
the Comp 75/25 (Figure 4.21c, locations 1 and 2) and AT-Comp 75/25 (Figure 4.21f, 
locations 1 and 2), though with less CNTs and higher abundance of spherical carbon 
structures. Both encapsulation methods form the protective shells around Co 
nanoparticles, therefore making them more resistant to leaching under harsh conditions. 
Based on the TEM micrographs these structures are missing from the Comp 25/75 and 
AT-Comp 25/75. While acid treatment refined the morphology of all treated composites, 
its impact was most pronounced in AT-Comp 75/25, where the removal of less stable 
species is evident from both TEM micrographs and SEM-EDS analyses. This refinement 
not only enhances structural uniformity but is also likely to contribute to improved 
long-term stability in electrocatalytic applications. 

Figure 4.22. HR-TEM (a) micrograph with (b) EDS spectra of selected locations for the AT-Comp 
50/50. 
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Raman spectroscopy was employed to assess the structural properties of the Raw 
Material 2, rGO, and composite materials (Figure 4.23), with particular attention to the 
effects of rGO incorporation and acid treatment on defect density and graphitic ordering. 
The Raman spectra of the composite samples exhibit characteristic peaks corresponding 
to the D-band (1350 cm⁻¹), G-band (1580 cm⁻¹), as well as indications to G’ band (2700 cm⁻¹) 
and D + D′ band (2950 cm⁻¹), reflecting various structural irregularities and carbon 
hybridisations [196]. In rGO and composites the G-band has shifted to a slightly higher 
wavenumber, indicating to the oxygenation of sp2 carbons which leads to the formation 
of sp3 carbons [206]. The ID/IG ratio of Raw Material 2 has lower value compared to the 
rGO and composites, indicating a higher degree of structural order, common for graphitic 
structures. The rGO sample, in contrast, displayed a higher ID/IG ratio, indicating to a 
more defect rich structure due to the presence of oxygen containing functional groups 
introduced during the synthesis of the material. This also contributes to the overall 
defect density of the composites. The ID/IG ratio of acid-treated composites have seen a 
slight reduction compared to their non-acid treated counterparts, which indicates that 
some of the structural ordering has been restored during the synthesis processes, by 
removing of oxygenated groups and non-stable forms of metals [116]. Compared to 
materials studied in previous sections, the composites exhibited much higher ID/IG ratio, 
due to the incorporation of defect rich rGO. The HT-Bat-res-BM-N was composed only 
graphite as carbon matrix, while the RM1/CNT materials were composites of graphite 
and CNTs as carbon matrix, both of which have higher structural ordering than rGO 
[196,207]. 

Figure 4.23. Raman analysis of the Raw Material 2, rGO and RM2/rGO composites. 
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One of the objectives of incorporating the rGO was to increase its SSA and porosity, 
thereby increasing the ability to host more active sites and improving mass transport 
properties. Table 4.11 contains the SSA data from the N2 adsorption-desorption 
isotherms (Figure 4.24a and 4.24b) of RM2/rGO composites as well as for the Raw 
Material 2, N-RM2, rGO and N-rGO. The isotherms show a type IV(a) and II characteristics 
with H3 type hysteresis loop, indicating to a presence of meso- and macroporous 
structures (PSD data on Figure 4.24c and 4.24d) composed of finer mesopores and 
slit-like pores, which have been formed from layered structures and plate-like particles 
[202]. N-RM2 and Comp 75/25 display type II isotherms, which suggests that these 
materials are primarily macroporous. Across the composite series, an increase in rGO 
content led to a corresponding increase in SSA, which was further enhanced by acid 
treatment. The post acid-treatment increase is attributed to the unbonded metal 
species, which opens additional surface area and pore volume. The difference between 
the DFT and BET surface areas suggest that the adsorption of N2 occurs in meso- and 
macropores rather than micropores. Moreover, PSD data indicate an increase in the 
volume of smaller mesopores in the AT-Comp series compared to their Comp-series 
counterparts. In addition, the increase in SSA and volume of smaller mesopores indicates 
to the pore opening without the degradation of the pores, thereby preserving the 
structural integrity of the material [110]. Compared to the materials discussed in 
previous sections, the RM2/rGO composites demonstrate significantly higher SSA, 
primarily due to the inherently higher SSA of rGO used as one of the carbon precursors. 
Furthermore, this incorporation notably shifted the pore size distribution toward smaller 
mesopores (4–13 nm), whereas RM1/CNT composites exhibited most mesopores in the 
10–20 nm range. This refinement in pore structure contributes to a more well-defined 
porous network that facilitates efficient mass transport of reactant gases to active sites. 
Additionally, as discussed previously, higher surface area enables the incorporation of a 
greater number of catalytically active sites, which is expected to enhance the overall 
electrocatalytic activity of the materials. 

Table 4.11. BET and DFT specific surface areas for Raw material 2, N-RM2, rGO, N-rGO and 
RM2/rGO composites. 

Sample name SBET (m2/g) SDFT (m2/g) 
Raw Material 2 1.9 2.7 

N-RM2 51.3 37.9 
rGO 280.5 239.8 

N-rGO 211.7 188.5 
Comp 25/75 149 126.5 
Comp 50/50 77.7 64.5 
Comp 75/25 63.5 52.9 

AT-Comp 25/75 183.3 156 
AT-Comp 50/50 124.6 105.6 
AT-Comp 75/25 90.1 75.0 
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Figure 4.25 presents the XPS spectra of C 1s, N 1s and Co 2p region. The C 1s spectra 
(Figure 4.25a), upon deconvolution, reveal the presence of various carbon bonding 
environments, with the sp2-hybridised carbon contributing the dominant peak, indicating 
a high degree of graphitic character in the composites. According to the fitting of N 1s 
spectra (Figure 4.25b), the majority of N is in pyridinic form for all the composites, 
consistent with the trends observed for HT-Bat-res-BM-N and BR50-CNT50-N, which 
were previously identified as the most active bifunctional electrocatalysts in their 
respective studies. There were much larger differences in the doping level of N, probably 
due to the addition of defect rich and higher SSA rGO, where nitrogen species can 
incorporate. For the Comp-series catalysts, the at% of N increases relative to the increase 
of rGO in the composites, a trend that correlates with the increase in SSA, providing more 
sites for nitrogen incorporation. For the AT-Comp series the doping level decreased for 
all the composites due to the removal of less stable N-species, with the AT-Comp 50/50 
having the smallest decrease. This enhanced stability is likely due to the encapsulated 
Co-species which change the electronic structure of surrounding carbon matrix and 
thereby mitigating the removal of N-species. The BR50-CNT50-N catalyst exhibited 
4.7 at% nitrogen, which is comparable to the levels observed across the AT-Comp series. 
As observed in previous analyses (Sections 4.2 and 4.3 and papers [I] and [II]), Co was 
identified in two chemical states: metallic Co(0) and Co–N coordination species (Figure 
4.25c). The relative proportions of these states varied across the samples, with Co(0) 

Figure 4.24. N2 adsorption-desorption isotherms for the (a) RM2/rGO composites, (b) Raw Material 
2, N-RM2, rGO and N-rGO; Pore size distribution data for the (c) RM2/rGO composites, (d) Raw 
Material 2, N-RM2, rGO and N-rGO. 



66 

comprising 25–44% of the total cobalt content. Acid treatment generally reduced the 
proportion of Co(0), with the most significant decrease observed for AT-Comp 75/25. 
Compared to samples studied in previous sections the RM2/rGO composites had higher 
Co(0) content, which has increased probably due to the encapsulation and better 
distribution of metallic species in the smaller mesopores provided by the RM2/rGO 
composites. Detailed peak fitting results for the C 1s, N 1s, and Co 2p spectra and at% of 
the elements found in the composites are summarised in Table 4.12.  

Table 4.12. Elemental composition (at%) of RM2/rGO composite samples measured with XPS, 
including peak fitting results. 

Element Comp 
25/75 

Comp 
50/50 

Comp 
75/25 

AT-Comp 
25/75 

AT-Comp 
50/50 

AT-Comp 
75/25 

C -  of which 86.8 86.0 86.9 89.2 88.1 89.9 
sp2 C 62 % 

 
58 % 

 
62 % 

 
56 % 57 % 60 % 

sp3 C / sp2 C−N 12 % 20 % 17 % 21 % 17 % 19 % 
C−O−C / C−OH / 

sp3 C−N 
15 % 13 % 9 % 12 % 17 % 11 % 

C=O 5 % 3 % 4 % 4 % 4 % 3 % 
O−C=O 1 % 2 % 2 % 3 % 2 % 2 % 
π−π* 5 % 4 % 6 % 4 % 3 % 5 % 

O 5.0 5.7 4.9 5.0 5.7 4.2 
N -  of which 7.2 

 
6.4 

 
6.2 

 
5.0 5.4 4.8 

Pyridinic-N 59 % 
 

55 % 
 

55 % 
 

52 % 53 % 52 % 
Pyrrolic-N 20 % 18 % 20 % 21 % 19 % 19 % 

Graphitic-N 11 % 13 % 11 % 13 % 14 % 14 % 
N-oxide 10 % 14 % 14 % 14 % 14 % 15 % 

Co -  of which 0.3 0.3 0.2 0.3 0.3 0.2 
 Co(0) 28 % 35 % 44 % 25 % 33 % 32 % 

Co-N / CoOX 72 % 65 % 56 % 75 % 67 % 68 % 
Mn 0.2 0.4 0.7 0.2 0.2 0.5 
Al - - 0.3 - - - 
Cu - 0.1 0.1 - - - 
Ni 0.1 0.1 0.2 0.1 0.1 0.2 
Si 0.1 0.7 0.2 0.1 0.1 0.1 
F - 0.1 0.1 - - - 
Na 0.3 0.2 0.2 0.1 0.1 0.1 
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The initial electrochemical characterisation was done using RDE method towards the 
ORR in O2 saturated 0.1 M KOH solution (Figure 4.26a). As a baseline comparison,  
the performance of N-RM2 and N-rGO was first evaluated. N-RM2 exhibited the lowest 
activity towards the ORR with Eonset = 0.852 V vs. RHE and E1/2= 0.727 V vs. RHE, while the 
addition of rGO increased all performance metrics significantly as can be seen from table 
4.13. N-RM2 lower ORR catalytic ability comes from the lower surface area than all other 
catalysts, which restrict the number of active sites as well as hinders the mass transport 
efficiency. Conversely, N-rGO, with its higher SSA and enhanced porosity, provided a 
larger number of accessible active sites, leading to improved ORR activity, with Eonset of 
0.897 V vs. RHE and E1/2 of 0.780 V vs. RHE. Out of the composites studied in this section, 
the AT-Comp 50/50 had the best ORR activity with the Eonset of 0.912 V vs. RHE and an 
E1/2 of 0.820 V vs. RHE, accompanied by a limiting current density of 4.63 mA cm⁻². 
The non-acid treated counterpart had slightly lower ORR activity with Eonset of 0.895 V vs. 
RHE, E1/2 of 0.792 V vs. RHE and j = 4.45 mA cm⁻², which demonstrates the beneficial 
effect of acid treatment for this catalyst. Polarisation curves at different rotating speeds 
and Koutecky-Levich plots of RM2/rGO composites can be found from the supporting 
info of paper [III]. The value of n (Table 4.13) for all RM2/rGO composites were in 
between 3.2 and 3.9 which indicates that the ORR mechanism is 2+2 e– with some 
formation of H2O2, which is undesirable for efficient ORR performance. Comp 25/75, 
AT-Comp 25/75, Comp 75/25 and AT-Comp 75/25 had very similar Eonset and E1/2 values, 
although the limiting current density varied. Regarding the N- and Co-doped carbon 
materials ORR activity, the pyridinic-N and Co-N coordination sites are considered as the 
most effective active sites. As per XPS, the ratio of N-species was similar to all 
composites, while the doping level varied. In the AT-Comp series catalysts, the AT-Comp 
50/50 retained the most nitrogen while also containing the most Co and Co-N sites. 

Figure 4.25. XPS spectra of the RM2/rGO composite samples a) C 1s region, b) N 1s region and  
c) Co 2p region.
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According to TEM (Figure 4.21) and SEM (Figure 4.20) micrographs this catalyst contained 
the most bamboo carbon nanotubes and onion-like carbon species, which encapsulated 
the metal nanoparticles, thereby enhancing the stability of active sites. This structural 
stability translated into the highest ORR electrocatalytic performance. In contrast, 
Comp 25/75 showed a reduction in ORR activity after acid treatment, likely due to the 
loss of unprotected metal and nitrogen species, as the active sites were not 
sufficiently encapsulated. On the other hand, Comp 75/25 exhibited improved ORR 
performance following acid treatment, which can be attributed to the removal of excess, 
non-contributing metal species and the presence of partially encapsulated Co, which 
provided some protection against leaching and degradation of the active sites. 

To demonstrate the catalyst materials bifunctional abilities towards oxygen 
reactions, the OER was also studied in N2 saturated 1 M KOH solution (Figure 4.26b). 
EOER (V) @ 10 mA cm–2 served as the primary metric. As can be seen from the Table 4.13, 
the Comp-series catalysts had better OER activity compared to their AT-Comp 
counterparts. Among the Comp-series catalysts, the Comp 50/50 achieved EOER = 1.621 V 
vs RHE, slightly better than Comp 75/25 (EOER = 1.624 V vs RHE) and Comp 25/75 
(EOER = 1.631 V vs RHE). Within the AT-Comp series, AT-Comp 75/25 had the lowest 
EOER = 1.632 V vs RHE. AT-Comp 50/50 and AT-Comp 25/75 also performed well, with 
EOER = 1.639 V vs RHE and EOER = 1.634 V vs RHE, respectively. It is well established that 
the dominant active sites for OER are transition metals and metal oxides, particularly in 
combination with better porosity and higher SSA to host active sites. As described before, 
the Comp-series catalysts had greater concentration of transition metal sites in them, 
therefore increasing their OER activity, while within the AT-Comp some of the metal 
species were leached out, slightly diminishing the OER activity. Specifically, the superior 
OER activity of Comp 50/50 can be attributed to the presence of Co and Mn species, 
some of which were partially removed in AT-Comp 50/50. Furthermore, a portion of the 
metal species in both series may be encapsulated within graphitic or carbon shell 
structures, reducing their accessibility and availability for catalysing the OER. Despite 
this, the overall OER activity of the composite catalysts remained significantly better than 
that of the individual N-RM2 and N-rGO materials. This underscores the importance of 
metal incorporation and the formation of synergistic nitrogen–metal active sites within 
the composite structures.  

Figure 4.26. (a) ORR polarisation curves at 1600 rpm in O2 saturated 0.1 M KOH solution, (b) OER 
curves at 1600 rpm in N2 saturated 1 M KOH solution for the N-RM2, N-rGO and RM2/rGO 
composites. 
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The bifunctionality parameter ∆E value for these materials was the lowest for the  
AT-Comp 50/50 ∆E=0.818 V, indicating the best overall bifunctional electrocatalytic 
performance out of the RM2/rGO materials. While the performance is slightly lower 
compared to the BR50-CNT50-N (∆E = 0.799 V) material discussed in the previous section, 
the substitution of CNTs with battery-derived rGO offers a more sustainable alternative, 
thereby aligning this approach with the principles of circular economy and resource 
efficiency. Table 4.14 compares the catalyst materials developed in this thesis with the 
best-performing SLIB-derived catalysts reported in the literature, as previously discussed 
in Section 1.4.2. While direct comparisons are affected by differences in catalyst loading, 
catalytic activity values nonetheless provide a useful benchmark for performance 
comparison. The monofunctional ORR catalysts reported in the literature do not always 
outperform the bifunctional oxygen electrocatalysts developed in this thesis. For instance, 
the best-performing ORR catalyst, Co@NG-800, achieved an E1/2 of 0.880 V vs RHE, 
whereas BR50‐CNT50-N from this work exhibited an E1/2 of 0.830 V vs RHE—only a 
difference of 50 mV—despite BR50‐CNT50-N being tested with a lower catalyst loading. 
In the case of OER performance, the top-performing SLIB-derived material, r-Co(OH)₂, 
exhibited an EOER of 1.361 V vs RHE, but this was achieved using an unusually high catalyst 
loading of 15 mg cm⁻², far above the typical 0.2–0.5 mg cm⁻² used in most electrochemical 
studies. Furthermore, r-Co(OH)₂ was synthesised from manually extracted cathode 
material (LiCoO₂), a valuable resource typically prioritised for reuse in new LIB production 
—posing limitations to its industrial scalability and sustainability. Most reported  
SLIB-derived catalysts, particularly for OER, are based on cathode active materials. Their 
use on larger scale could potentially compete with LIB recyclers, particularly for high-value 
metals like cobalt and lithium. In contrast, the materials developed in this thesis utilise 
the graphite-rich leach residue—an industrial waste byproduct of hydrometallurgical LIB 
recycling that is otherwise discarded. While the bifunctional activity of these materials is 

Table 4.13. Electrochemical properties for RM2/rGO composite catalysts, N-RM2 and N-rGO. 

Catalyst 

ORR OER 

Eonset (V 
vs. RHE) 

E1/2 (V vs. 
RHE) 

j (mA 
cm–2) n 

EOER (V) @ 
10 mA 
cm–2 

∆E 

N-RM2 0.852 0.727 4.25 - 1.674 0.885 

N-rGO 0.897 0.780 3.52 - - - 

Comp 25/75 0.887 0.777 4.67 3.6 1.631 0.853 

Comp 50/50 0.895 0.792 4.45 3.9 1.621 0.828 
Comp 75/25 0.875 0.777 4.05 3.4 1.624 0.846 

AT-Comp 
25/75 0.895 0.790 4.06 3.2 1.634 0.842 

AT-Comp 
50/50 0.912 0.820 4.63 3.6 1.639 0.818 

AT-Comp 
75/25 0.887 0.797 4.22 3.5 1.632 0.834 
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somewhat lower than that of the best-performing literature example (N/NMCO, 
ΔE = 0.705 V), our approach offers a more sustainable and circular solution by valorising 
a waste stream rather than consuming critical raw materials. The catalyst materials 
which demonstrated the best catalytic activity in each of the studies were chosen to 
further evaluate in the practical zinc-air battery applications. 

Table 4.14. The electrochemical characteristics of ORR, OER and bifunctional oxygen electrocatalysts 
based on EoL LIBs reported in the literature.  

Catalyst material Catalyst 
loading 

(mg cm–2) 

ORR E1/2

(V vs 
RHE) 

EOER (V vs RHE @ 
j = 10 mA cm–2) 

∆E 
(V) 

Reference 

HT-Bat-res-BM-N 0.4 0.795 1.648 0.853 This work 
BR25‐CNT75-N 0.2 0.811 1.628 0.817 This work 
BR50‐CNT50-N 0.2 0.830 1.629 0.799 This work 
AT-Comp 50/50 0.4 0.820 1.632 0.818 This work 

NG-Bat 0.4 ∼0.710 - - [58] 
N-Co/rGO-AT 0.4 0.860 - - [117] 

Co3O4/rGO 0.5 0.865 - - [183] 
Co@NG-800 0.5 0.880 - - [184] 
LNCM-G/CC - - 1.550 - [187] 
G–PANI–Fe 0.5 0.800 - - [181] 

ND-rGO - 0.810 - - [182] 
Co9S8/Co3O4 1.0 - 1.504 - [185] 

M−CoO 0.255 - 1.569 - [186] 
NCMB-2 - - 1.482 - [188] 

r-Co(OH)2 ∼15 - 1.361 - [189] 
Co@NCW-4 0.2 (ORR) / 

0.4 (OER) 
0.823 1.580 0.757 [190] 

RCA-30 ∼0.3 0.740 1.610 0.870 [191] 
N/NMCO 0.35 (ORR) 

/ 
2.1 (OER) 

0.810 1.515 0.705 [192] 

Ni–Co–Mn 
oxides 

0.4 0.740 1.597 0.857 [208] 

Bat-N-rGO 0.4 0.849 1.666 0.812 [57] 
NG7 0.25 0.840 1.640 0.800 [193]
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4.5 Black mass leach residue derived oxygen electrocatalysts for 
zinc-air battery applications 
To evaluate the practical applicability of the catalyst materials developed in this thesis 
[I–III], they were employed as air electrode catalysts in zinc–air batteries. This allowed 
for direct assessment of their bifunctional oxygen electrocatalytic performance under 
realistic device conditions. For benchmarking purposes, a commercial catalyst composed 
of 20 wt% PtRu/C was used as a reference air electrode material. While the half-cell 
reactions will offer a valuable insight into the catalyst materials performance towards 
ORR and OER, their performance in practical application might not be completely 
inter-changeable. Figure 4.27 shows the OCP values for the catalyst materials studied in 
this thesis. OCP is an indicator of ORR activity under equilibrium conditions, whereas the 
ideal OCP value for ZABs is approximately 1.65 V, representing the theoretical cell 
voltage. In practical systems, however, lower OCP values are typically observed due to 
overpotentials and kinetic losses. The catalysts with poor ORR activity generally exhibit 
an OCP value under 1.4 V [61]. The RM2/rGO composite catalysts maintained an average 
OCP values exceeding 1.45 V (except for Comp 75/25) for at least 1800 s, while the 
materials studied in [I] and [II] had OCP value in between 1.40 V and 1.42 V. This shows 
an improved ORR activity of RM2/rGO composite catalyst materials, even though they 
did not outperform the RM1/CNT composites in ORR half-cell reactions. 

Figure 4.27. OCP values for (a) HT-Bat-res-BM-N, Bat-res-N and Raw Material 1, (b) RM1/CNT 
composites and CNT-N, and (c) RM2/rGO composites, N-RM2 and N-rGO catalysts. The numerical 
values given are an average value of 1800 s. 
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The charge and discharge polarisation curves were recorded to further assess the 
bifunctional performance of the catalyst materials (Figure 4.28). While the charge 
polarisation curves exhibited relatively small differences among catalysts studied, more 
pronounced variations were observed in the discharge polarisation curves. On Figure 
4.28a, the HT-Bat-res-BM-N exhibited the highest potential values from discharge 
polarisation curves, showing superior ORR activity over other studied materials. 
On Figure 4.28b for the CNT composite materials similar discharge polarisation curve 
values were shown for BR50-CNT50-N, BR25-CNT75-N and for CNT-N, while in charge 
polarisation curves the BR50-CNT50-N and BR75-CNT25-N demonstrated the best values. 
Finally, for the RM2/rGO (Figure 4.28c) composite catalysts the best polarisation curve 
values were shown by the AT-Comp 50/50 catalyst material. Overall, these results are 
consistent half-cell reactions (results presented in Tables 4.6, 4.9, 4.13 and 4.14), where 
the same catalyst materials exhibited the highest electrocatalytic activity. 

One of the key indicators of ZAB efficiency is the power density (Pd) generated by the 
assembled ZAB. For benchmarking purposes, ZABs assembled with commercially 
available 20% PtRu/C catalysts were used for comparison. In the first study [I] (Figure 
4.29a), the battery-derived catalyst HT-Bat-res-BM-N achieved a maximum Pd of 
104 mW cm⁻², surpassing the 95 mW cm⁻² obtained with the 20% PtRu/C benchmark. 
In the second study [II] (Figure 4.29b), the highest Pd was recorded for BR50-CNT50-N 

Figure 4.28. ZAB charge and discharge polarisation curves for (a) HT-Bat-res-BM-N, Bat-res-N and 
Raw Material 1, (b) RM1/CNT composites and CNT-N, and (c) RM2/rGO composites, N-RM2 and  
N-rGO catalysts.
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(97 mW cm⁻²), closely followed by BR25-CNT75-N and CNT-N, whereas BR75-CNT25-N 
exhibited lower power output. These results highlight the importance of porosity and 
with the optimal RM1 to CNT ratio being at 50:50 wt%. Nonetheless, all composites 
exceeded the maximum Pd of 20% PtRu/C material which achieved Pd of 70 mW cm-2. 
Similarly, in the third study [III] (Figure 4.29c), all composites composed of RM2 and rGO 
exceeded the benchmark catalyst, with Comp 25/75, AT-Comp 25/75, and AT-Comp 
50/50 each achieving Pd values of 100 mW cm⁻². Comp 75/25 and AT-Comp 75/25 
showed slightly lower performance. Acid treatment had a beneficial effect for composites 
with higher RM2 content (Comp 75/25 and Comp 50/50), likely due to the removal of 
inactive species that otherwise blocked access to the catalytic sites. In contrast, 
the structure of Comp 25/75 remained largely unchanged after acid treatment, which 
aligns with the negligible change in its Pd. When comparing the maximum Pd values 
across the three studies, the variations are relatively modest: HT-Bat-res-BM-N 
(104 mW cm⁻²), BR50-CNT50-N (97 mW cm⁻²), and Comp 25/75, AT-Comp 25/75 and 
AT-Comp 50/50 (100 mW cm⁻²). 

However, direct comparisons of absolute Pd values can be misleading due to 
variations in experimental setup. To allow for more meaningful comparison, the relative 
improvement over the commercial catalyst (20% PtRu/C) was calculated for each study. 
This normalisation revealed that Comp 25/75, AT-Comp 25/75, and AT-Comp 50/50 

Figure 4.29. ZAB power density values for (a) HT-Bat-res-BM-N and 20% PtRu/C (b) RM1/CNT 
composites, CNT-N, and 20% PtRu/C, and (c) RM2/rGO composites, N-RM2, N-rGO, and 20% 
PtRu/C catalysts.  
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outperformed the commercial benchmark by 43%, BR50-CNT50-N by 38.5%, and  
HT-Bat-res-BM-N by 9.5%. These findings indicate that the RM2/rGO composites are the 
most effective bifunctional electrocatalysts among the materials studied in this thesis. 
Table 4.15 summarises the performance data of LIB-derived ZAB catalysts reported in the 
literature and those developed in this work. Relative improvement over the commercial 
catalyst was used to account for differences in testing conditions, providing a more 
consistent basis for comparison. When benchmarked against other SLIB-derived 
bifunctional oxygen catalysts—such as N/NMCO [192], Bat-N-rGO [57], and NG7 [193] 
the RM2/rGO composites similarly surpass the power density of commercial catalyst, 
while RCA-30 [191] and Ni-Co-Mn oxides [208] have lower Pd values than for the 
commercial catalysts. Only the Bat-N-rGO was synthesised from a similar waste fraction 
than catalysts developed in this thesis, while all the other benchmark catalyst materials 
were derived from manually extracted LIB-materials. This comparative assessment 
further highlights the superior performance and sustainability potential of the RM2/rGO 
composites, which are synthesised from industrial waste fractions of LIB recycling. 

For the evaluation of specific capacity and specific energy the complete discharge 
tests were conducted for selection of catalysts from each study (Figure 4.30). Specific 
capacity (mAh g–1) reflects how long the battery can operate before complete oxidation 
of the zinc anode, while specific energy (Wh kg–1) indicates the total amount of usable 
energy delivered per kilogram of zinc. Both parameters are key indicators of the 
electrochemical efficiency of the catalyst materials, with higher values signifying superior 
performance. For the materials studied in section 4.2 the complete discharge tests were 
conducted at 25 mA cm–2 shown at Figure 4.30a. HT-Bat-res-BM-N exhibited the highest 
specific capacity of 765 mAh g–1, surpassing the commercial 20% PtRu/C benchmark by 
77 mAh g–1. The Bat-res-N and Raw Material 1 achieved specific capacities of 729 mAh g–1 

and 762 mAh g–1, respectively. HT-Bat-res-BM-N also recorded the highest values, with 
Esp = 780 Wh kg–1. The complete discharge tests for BR50-CNT-50-N (Figure 4.30b, 
conducted at 5 mA cm–2) showed that it delivered a specific capacity of 684 mAh g–1 and 
Esp = 817 Wh kg–1, both exceeding the corresponding values obtained with 20% PtRu/C 
(650 mAh g–1 and 759 Wh kg–1, respectively). Finally, the AT-Comp 50/50 was chosen for 

Table 4.15. The catalyst loading and power density values of zinc-air batteries for bifunctional 
oxygen electrocatalysts based on EoL LIBs studied in this thesis and reported in the literature.  

Catalyst material Catalyst 
loading 

(mg cm–2) 

ZAB Pd 
(mW cm–2) 

Power density in % 
vs commercial 

catalyst 

Reference 

HT-Bat-res-BM-N 1.0 104 9.5 % This work 
BR50‐CNT50-N 1.0 97 38.5 % This work 
AT-Comp 50/50 1.0 100 43 % This work 

Co@NCW-4 2.0 225 7.5 % [190] 
RCA-30 0.4 92 -20 % [191] 

N/NMCO - 137 30 % [192] 
Ni–Co–Mn oxides 6.37 85 -25 % [208] 

Bat-N-rGO 1.0 112.8 21 % [57] 
NG7 5.0 120 ∼20 % [193]
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complete discharge tests in the [III] study (section 4.4) shown on Figure 4.30c. Even 
though the Pd values (Figure 4.29c) were same for Comp 25/75 and AT-Comp 25/75, 
the AT-Comp 50/50 was chosen for complete discharge tests in the [III] study section 4.4 
due to it having higher concentration of RM2, therefore enhancing the sustainability and 
having more unique structure which could enhance the stability of catalyst. The AT-Comp 
50/50 had a specific capacity of 679 mAh g–1 and Esp = 806 Wh kg–1, similarly to catalysts 
in other studies it exceeded the benchmark values for 20% PtRu/C. Overall, the highest 
specific capacity and specific energy were achieved by the BR50-CNT50-N catalyst, 
closely followed by AT-Comp 50/50, demonstrating the efficient utilisation of zinc and 
effective delivery of stored energy in both systems. 

Finally, the stability of the catalyst materials was tested using the charge-discharge 
cycling method with 30-minute charge and 30-minute discharge time, each benchmarked 
against the 20% PtRu/C catalyst material (Figure 4.31). The discharge currents were 
10 mA cm–2 in studies [I] and [II]. Testing at lower current densities simulates low-load 
applications and helps evaluate catalyst longevity under mild conditions, while higher 
current densities impose greater oxidative and reductive stress on the test system [61]. 
Therefore, for the [III] study the current density was lowered to 5 mA cm–2 to focus more 
specifically on the intrinsic stability of the catalyst material, minimising the influence of 
other components in the cell, such as zinc reversibility, which may also limit overall 
system performance. Under these conditions, the battery-derived HT-Bat-res-BM-N 
catalyst demonstrated superior cycling stability compared to the commercial 20% PtRu/C 

Figure 4.30. ZAB complete discharge test results for (a) HT-Bat-res-BM-N, Bat-res-N, Raw Material 
1, and 20% PtRu/C (b) BR50-CNT50-N and 20% PtRu/C, and (c) AT-Comp 50/50 and and 20% PtRu/C 
catalysts. 
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(Figure 4.31a), remaining stable for approximately 80 hours at 10 mA cm–2. The initial 
potential window of charge-discharge cycling (∆EZAB) for HT-Bat-res-BM-N was 0.94 V, 
while at 60 hours mark it had only decayed 0.03 V to 0.97 V. Similarly, BR50-CNT50-N 
(Figure 3.31b) exhibited good durability with 70 hours of stable cycling under the same 
conditions. The initial ∆EZAB value for the same material was 0.86 V, while at 60 hour mark 
it had decayed to 1.18 V, showing lower stability than HT-Bat-res-BM-N. In study [III] 
(Figure 4.31c), the comparison was further evaluated using other catalyst materials 
demonstrating similar Pd values. There the AT-Comp 50/50 catalyst outperformed all 
others, maintaining stable operation for over 120 hours with initial ∆EZAB value of 0.75 V, 
while at 60 hours mark it had decayed to 0.9 V, while still showing lower values than all 
other studied catalysts at the same time. This demonstrates an exceptional performance 
of AT-Comp 50/50, which is attributed to its unique structural features—specifically, 
the encapsulation of metal species within graphitic carbon shells, which protect the 
active sites from leaching under harsh alkaline conditions. Although the best-performing 
LIB-derived catalyst reported in the literature (Table 4.15)—based on LCO and  
wood-derived Co–N–C [190]—achieved 160 hours of stable operation at 10 mA cm⁻² 
while having higher loading than the LIB-derived catalysts developed in this thesis. 
HT-Bat-res-BM-N, BR50-CNT50-N, and AT-Comp 50/50, nonetheless demonstrated 
outstanding cycling performance and durability. These results highlight the robustness 
and viability of hydrometallurgical LIB recycling leach residue-derived bifunctional 
oxygen electrocatalysts for zinc–air batteries. However, further optimisation and 
exploration of alternative leach residues remain necessary, as the use of industrial LIB 
recycling waste as a catalyst precursor is still in the early stages of research and 
development. 
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Figure 4.31. ZAB charge-discharge cycling stability test results for (a) HT-Bat-res-BM-N and 20% 
PtRu/C at 10 mA cm–2, (b) BR50-CNT50-N and 20%PtRu/C at 10 mA cm–2, and (c) Comp 25/75, Comp 
50/50, AT-Comp 25/75, AT-Comp 50/50 and 20% PtRu/C at 5 mA cm–2. 
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Conclusions 
This thesis presents an innovative and sustainable approach to valorise industrial process 
waste generated during the hydrometallurgical recycling of Li-ion battery black mass. 
High-value bifunctional oxygen electrocatalysts were developed from a heterogeneous 
leach residue – an underutilised byproduct from hydrometallurgical recycling process. 
Two different leach residues (Raw material 1 and Raw material 2) were investigated, 
differentiated by their residual Co content. The nitrogen doped materials structure, and 
chemical composition was analysed using different physical characterisation methods 
while their electrochemical activity was investigated by utilising a rotating disc electrode 
method and practical application in zinc-air batteries. 

In the first study, the direct nitrogen doping of Raw Material 1 was performed using 
ball-milling and pyrolysis. The resulting catalyst, HT-Bat-res-BM-N, demonstrated 
promising bifunctional oxygen electrocatalytic activity, with a bifunctionality parameter 
∆E of 0.853 V. The in-situ Co doping from the Raw Material 1 and the formation of 
bamboo carbon nanotubes was proved by physical characterisation. Furthermore, 
X-ray photoelectron spectroscopy analysis revealed that 55% of the nitrogen was in
the electrochemically active pyridinic-N form, which is known to enhance oxygen
electroreactions.

The second study focused on improving the electrical conductivity and porosity of the 
catalyst by integrating Raw material 1 with carbon nanotubes. Following a similar 
synthesis protocol, including ball-milling and pyrolysis, various heat-treated Raw material 
1 to carbon nanotubes ratios were tested. The optimal composition was demonstrated 
by BR50-CNT50-N, which exhibited a bifunctionality parameter ∆E of 0.799 V. This 
improvement in electrocatalytic performance was attributed to enhanced conductivity 
and porosity, as well as to the formation of additional Co-catalysed bamboo carbon 
nanotubes, which increased the stability of the active sites. 

The third and final study adopted a fully circular approach by combining a second 
leach residue (Raw material 2), containing a higher residual Co content, with reduced 
graphene oxide synthesised from manually extracted spent graphite from end-of-life 
Li-ion batteries. The synthesis route remained consistent, employing ball-milling and 
pyrolysis, but was further enhanced with an acid leaching step to remove excess, less 
active metal species and refine the catalyst structure. By varying the ratio of heat-treated 
Raw material 2 to reduced graphene oxide, the AT-Comp 50/50 composite was identified 
as the most promising bifunctional electrocatalyst, achieving a ∆E of 0.818 V. 
Characterisation results showed that the addition of rGO significantly improved the 
specific surface area and porosity, facilitating more efficient mass transport and active 
site formation. As with the previous studies, bamboo carbon nanotubes and onion-like 
carbon structures encapsulating Co nanoparticles were observed by transmission 
electron microscopy with energy dispersive spectroscopy, enhancing the stability and 
performance of the catalyst under harsh electrochemical conditions. 

All catalyst materials developed in this work were subsequently tested in zinc-air 
battery application. While the BR50-CNT50-N catalyst demonstrated the best bifunctional 
activity in rotating disc electrode tests, the AT-Comp 50/50 outperformed all others in 
zinc-air battery testing. It achieved a 43% higher power density than the commercial 20% 
PtRu/C benchmark catalyst. BR50-CNT50-N also showed excellent performance, 
exceeding the commercial benchmark by 38.5%. In terms of stability, the AT-Comp 50/50 
catalyst demonstrated the most extended operation, maintaining stable charge-discharge 
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cycling for over 120 hours with an initial potential window of 0.75 V. The results obtained 
in zinc-air battery testing showed very good activity and excellent stability compared to 
the other Li-ion battery derived bifunctional oxygen electrocatalysts.  

In conclusion, the aims of the studies were achieved by demonstrating, that the Raw 
Material 1 and 2 both were suitable for the in-situ metal doping of the carbon materials 
to produce active sites for the oxygen reduction and oxygen evolution reactions. Thanks 
to the encapsulation of metallic Co into the carbon shells, the stability of the catalyst 
materials was improved, which was proved by the zinc-air battery testing results. Overall, 
this research demonstrates a novel and effective method for converting the waste stream 
of hydrometallurgical Li-ion battery recycling into functional and high-performance 
bifunctional electrocatalysts. The work not only adds value to materials that would 
otherwise be discarded or incinerated but also aligns with the broader principles of 
circular economy and critical raw material circularity. These findings highlight the 
potential of leach residues as sustainable precursors for advanced energy materials and 
provide a foundation for future studies on scalable waste-to-resource technologies in 
battery recycling. 
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Novelty and further research 
Novelty: 

• This work demonstrates that the metal content present in the leach residue
of industrially processed black mass from hydrometallurgical LIB recycling
can be effectively repurposed for in situ Co doping of carbon-based
electrocatalyst materials.

• It was shown that cobalt nanoparticles present in the leach residue can
catalyse the formation of bamboo and onion-like carbon nanostructures,
which encapsulate the metal species, thereby enhancing the structural
stability and electrochemical performance of the catalyst materials.

• The valorisation of hydrometallurgical recycling waste not only adds
functional value to an underutilised industrial byproduct but also supports
circular economy principles, by reducing waste and enhancing the circularity 
of critical raw materials.

Future research directions: 
• Further studies are required to systematically investigate how variations in

leach residue composition influence the in situ metal doping, the type and
distribution of active sites, and the electrocatalytic performance.

• The potential of black mass leach residue should also be explored for
alternative applications, such as catalysts for environmental applications
(e.g. water purification), or as a feedstock for reduced graphene oxide
synthesis and its related applications (e.g. in sensors, composites, or
capacitors).

• A comprehensive life-cycle assessment is necessary to evaluate the
environmental impact and sustainability of catalyst synthesis (or any other
material synthesis) using leach residues. Such analysis will provide a clearer
understanding of the ecological and economic benefits of using waste-derived
materials in comparison to conventional methods relying on pure materials.
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Abstract 

Upcycling Li-ion battery waste into sustainable 
electrocatalysts for Zinc-air battery application 
The global energy crisis and growing environmental concerns have intensified the need 
for sustainable energy technologies as alternatives to fossil fuel-based systems. Among 
these, Li-ion batteries (LIBs) have experienced rapid growth in both research and 
commercial deployment. However, the increasing volume of end-of-life LIBs presents 
significant environmental and resource challenges. While industrial-scale LIB recycling 
processes have made progress in recovering valuable metals such as cobalt and nickel, 
other components—particularly graphite, the primary anode material—are commonly 
discarded or incinerated. 

 This thesis presents a novel upcycling approach that repurposes the leach residue 
generated from the hydrometallurgical recycling of industrial black mass. This residue, 
which is typically treated as waste, contains a mixture of graphite and impurities of 
materials still present from previous recycling steps. Instead of attempting to purify the 
graphite, this work exploits the heterogeneous composition of the residue to synthesize 
bifunctional oxygen electrocatalysts, which are essential components in emerging 
electrochemical energy devices.  By introducing nitrogen as a heteroatom, catalytically 
active nitrogen species—such as pyridinic-N—were incorporated into the carbon matrix. 
Concurrently, residual metals from the leach residue, particularly cobalt, facilitated the 
formation of nanostructured carbon species such as bamboo and onion-like carbon 
nanotubes. These structures encapsulated cobalt nanoparticles, improving the stability 
and activity of the resulting catalysts. 

The intial electrocatalytic performance of the synthesized materials was evaluated 
for both the oxygen reduction reaction and oxygen evolution reaction using rotating 
disc-electrode method. To demonstrate practical viability, the catalysts were further 
tested in zinc–air batteries—a promising energy storage technology. Compared to the 
commercial benchmark catalyst (20% PtRu/C), the top-performing waste-derived 
catalysts exceeded the power density by 43% and 38.5%, respectively, while also 
demonstrating excellent specific capacity and cycling stability. 

This work establishes a sustainable route for converting hydrometallurgical LIB 
recycling waste into value-added, high-performance bifunctional electrocatalysts. 
By doing so, it not only reduces the environmental effect of battery recycling but also 
contributes to critical raw material circularity and supports the transition toward a 
circular energy economy. 
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Lühikokkuvõte 

Liitiumioonakude jäätmete väärindamine ressursitõhusateks 
katalüsaatormaterjalideks tsink-õhk akude tarvis 

Globaalne energiakriis ja süvenevad keskkonnaprobleemid on suurendanud vajadust 
jätkusuutlike energiatehnoloogiate järele, mis pakuksid alternatiivi traditsioonilistele 
fossiilkütustel põhinevatele lahendustele. Üheks selliseks alternatiiviks  on Li-ioonakud, 
mis tänaseks päevaks on enimkasutatud energiasalvestustehnoloogia. Seetõttu tõstatab 
oma elutsükli lõppu jõudnud akude kasvav maht olulist keskkonna- ja ressursiprobleemi. 
Kuigi tööstuslikud Li-ioonakude ümbertöötlemise protsessid on võimaldanud edukalt 
taaskasutusse suunata väärtuslikke metalle nagu koobalt ja nikkel, siis teised komponendid 
– eriti grafiit, mis on aku anoodimaterjal – sageli kas ladustatakse prügilates või põletatakse. 

Käesolevas doktoritöös esitati uudset lähenemist, mille käigus väärindatakse  
Li-ioonakude hüdrometallurgilisel ümbertöötlemisel tekkinud musta massi leostamisjääki, 
mida seni on käsitletud vaid väärindamata lõppjäätmena.  Must mass sisaldab grafiiti, 
kuid ka muid ebapuhtusi eelnevatest ümbertöötlemise protsessidest. Selle asemel, et 
keskenduda grafiidi puhastamisele, kasutati antud töös selle heterogeenset koostist ära 
kahefunktsionaalsete hapniku elektrokatalüsaatorite sünteesiks, mida saab rakendada 
uutes elektrokeemilistes energiasüsteemides. 

Lämmastiku lisamine katalüsaatormaterialide sünteesis võimaldas süsinikstruktuuri 
sisse viia elektrokeemiliselt aktiivseid lämmastiku vorme, nagu püriidiinne lämmastik. 
Samal ajal soodustasid leostamise jäägis leiduvad metallid (eriti koobalt) bambusekujuliste 
süsiniknanotorude ja sibulakujuliste süsinikstruktuuride teket, mis koos süsinikstruktuuri 
kapseldunud koobalti nanoosakestega tõstis elektrokatalüsaatorite stabiilsust ja aktiivsust.  

Sünteesitud materjalide elektrokatalüütilist aktiivsust hinnati hapniku 
redutseerimisreaktsiooni ja hapniku eraldumise reaktsiooni suhtes, kasutades pöörleva 
ketaselektroodi meetodit. Lisaks testiti neid katalüsaatormaterjale uudse 
energiasalvestustehnoloogia Zn-õhk aku õhk elektroodi katalüsaatormaterjalina. 
Võrreldes kommertsiaalse 20% PtRu/C katalüsaatoriga saavutasid parimad Li-ioonakude 
ümbertöötlemise jääkidest valmistatud katalüsaatorid vastavalt 43% ja 38,5% kõrgema 
võimsustiheduse. Lisaks demonstreerisid need materjalid ka kõrget mahutavust ja head 
tsüklilist stabiilsust. 

Käesolevas doktoritöös tutvustati uudset meetodit liitiumioonakude jäätmete 
vähendamiseks, sünteesides neist jäätmetest kahefunktsionaalseid hapniku 
elektrokatalüsaatormaterjale ja edendades samal ajal ka uudseid 
energiasalvestustehnoloogiaid metall-õhk akude näol. Käesolev doktoritöö aitab 
vähendada Li-ioonakude kasutamisest tulenevat keskkonnamõju, edendab kriitiliste 
toorainete taaskasutust ning seega soodustab üleminekut ringmajandusele. 
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Appendix 1 

Publication I 
R. Praats, A. Chernyaev, J. Sainio, M. Lundström, I. Kruusenberg, K. Liivand, Supporting
critical raw material circularity – upcycling graphite from waste LIBs to Zn–air batteries,
Green Chemistry 26 (2024) 2874–2883.
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Publication II 
R. Praats, J. Sainio, M. Vikberg, L. Klemettinen, B.P. Wilson, M. Lundström, I. Kruusenberg, 
K. Liivand, Utilizing waste lithium-ion batteries for the production of graphite-carbon 
nanotube composites as oxygen electrocatalysts in zinc–air batteries, RSC Sustainability 
3 (2025) 546–556. 
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QRSTU VWXYZ[\]̂]_̀_âX]bc[_âXY]d̂\_cYe[̀_cfgYhijcX_kl]bYbmgnho]p[X_kl]bq
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¹º»¼½ ¾¿À¿ÁÂÃºÄÅºÆÄÇÄÃÈ
ÉÊËÌÍÎÏÏËÐÐÍÎÑÒÓÏÔËÕÍÖ×Ø

ÔÓÐÙËÚÍÛÌÍÜÝÍÞËÏËßØËÑÍÜà
ÜáÕÍÞÛâÌÔÛãÚËÚÍÛÌÍäåáåÜ

àÜæÍçèáÝèÝÝÍÎéÕÍ
ÍêÙÓÐÍãÑÒÓÏÔËÍÓÐÍÔÓÏËÌÐËÚÍ×Ì

ÚËÑÍãÍëÑËãÒÓìËÍëÛßßÛÌÐ
ÍÎÒÒÑÓØ×ÒÓÛÌíîÛÌëÛßßËÑ

ÏÓãÔÍÝÕàÍïÌÊÛÑÒËÚÍðÓÏËÌÏË
Õ ñòóôÍõö÷òøùóÍúûùòûó



����������		
�����
�
�	�
�
��	����	�
��
�����
������������������������ ���!������"��������#"���� �$ #%&�� "&�� ���"!����"'�(�&���%�� "&�&��)"�%� "&����*� "&$� &�"��"��� "&���&� �������"��������������� �� &�+ &�,� �$������-."��"���� �"&/��"����� ��$�&�����01234�5%67��������!�����"%������&� �������"��������������� ��-8�����9*�"���������������� ����'�� &�����"&*������� �%��� "�� �����(��"!��� & �"���� �"& �"����"����� ����������:. (-;�<-���� (�����"!����&� ��"#=>�? ��@1��ABC;C�8��@1!����"!&$�DEFGHIJKFGLJ/!� ��!���'������$����"&������#*�����������%���-M"��*")��/�����' �%��"!����&� �����"�'����������"����*� ����������N����#"���&��$�1O�? ��@1%&�����������"&� � "&�-����"!����&� ��"#���& ��"(�&*�"�������� ������"&������� &"��$�� ���#"���&��/ � (�� (�� &( ����&��&� &(����$ � ��"#& ��"(�&��&����-8�� � "&����/����!"�"��"� �� ��������� :DEFGHIJKFGLJ �&� DEPFHIJKQFLJ<�'� $ ����&�)�&� (����"!����&� �����&IJKLJ/� (�*� (�� &(�����&��(�$��!��&������&�& ��"(�&��� )���&����-���"��&� ��% ��"��&� ��:R74<!���"&� ���&���"&(������ &)��� (��������� ���/! ��"&��DEQFHIJKPFLJ �'� $ � &(��� (�����"!��)��%�/�� ��%������� &. (-SC;-T. (-;$ ��%�*����������"��� +�� "&�%�)��#"�$"��� �����(��&�����(���"������-8���'�� &������� ����'� $ ���&����� ��&� ���� �����(��"��� +�� "&�%�)��/�'����EUVWUXYZ[U\!� ������"!��� �����(��"��&� ��-9�)���������/�����!����� (��� ������&�� &�������(��"��� +�� "&�%�)��/! ��IJKLJ�&����EUVWUXYZ[U\� ����� &(���( &����� (�������(�)"���(�����&����"��"� ����������-�� �� (�������(��"��&� ��#"����EUVWUXYZ[U\��&$����� $%����"��������&��"#&"&*���$�������� &��������������"�����&) �"&��&�/ &�"&�������������&"����������� &���IJKLJ����� ��/�����#"��&� ����"#���������� �������% ��$��#"������"�"� "&"#R]5��� ) ��-̂_������� ̀������ ���&��&��(�!��������� &��#"�$"������"����� �����������&�DEFGHIJKFGLJ��������$����"&����"$�� &���%� &(����"������� �����(������:. (-;�<-abZDEFGHIJKFGLJ/��� ���� ̀� ����� �� �&� �&��(� !���;Oc�8�(@C�&�OC>?�0(@C/������� )���-d&�"���� �"&/���1234�5%67���������'� $ ������� ̀������ ���&��&��(�"#;e2�8�(@C�&�>e=? �0(@C-DEFGHIJKFGLJ��"!��"%����&� &(���$ � ���%� &((��)�&"���� �����(�,� �����(����� &(����#"�>2�"%��/�"�������"����"����� ����������/!� ������ &����� ) ��#"�f%��")��C2�"%��"#�"&� &%"%����� &(�� ���"!& &. (-;�-�� �� (& ̀��&�� g���&�� &���"$���)�����$ � ���&����"������� ) ��$��!��&DEFGHIJKFGLJ�&����1234�5%67�����������%���#�"���������&��"#����&����%�����7"���� �����&�7",9h��� )���&����! �� &����"��"� ��������������� ��-ijklmnopjkod&�� ���%��/�����"�"�"(��"���%��"��� �� %�* "&$����������"������%�( ��������� &(��� �%����������&����$"&����%��"�#"������&���� �"#��� )�$ *#%&�� "&��"'�(�&����*��"��������� �"%�� &��-����������� �%�� &��������� &(!����#���� "&���%� � ����"��� �)�[qr[Xs�����*�"� &("#���

���������%��"������� ��-�"��� �)��� �/���(���� ��� ��EUVWUXYZ[U\!���"�$ &��! �����$"&&�&"�%$���&�& ��"(�&*�"��� ���"%(� $���*� �� &( �&� ���"��� � ��"������/�"�&��&��������"������� ���� ) ���&����$ � ��$� &����� &(�%�#��������&����"%(����#"���� "&"#���$"&,& ��"(�&�&��������� )���&����! �� &������%���&��"��"� ������� ���-������ g���&���� "�"�$ &�� "&�"#EUVWUXYZ[U\�&�79��!��� &)��� (����/! �����DEFGHIJKFGLJ������������� �����"&����� &(���� (����������"������� ���� ) ��-���&"��$��R55��� ) �� ����� $%����"���#"���� "&"#��� � & �& ��"(�&(�"%�� &��������! ������(���%�#�������/!� ����&�"���� (����"&��&���� "&"#�������� )���&����-]&��&������ ) ���"!������R]5!�����"��� ����$� &��*(��� &(������ &�"������$"&#����!"�0/���� �%�����7"&�&"���� �����&����%�����! �� & $��$""*� 0�79���&����"%(�#"���� "&"#7",9h��� )���&����-�� � ���")�������� ) ���&�/&"��$��/������$ � ��"#���������������� ���/���� �%�����%&�������������0�� &��"&� � "&��&�"%&������%� &(������"���� ������� &(-8�� � "&����/�������� ������� ��$ � ��"#�����&���� +��������������� ���!�����"&*�������$���� �%����� �*������"����������� &�������(��$��t&,� �$������-���DEFGHIJKFGLJ���������'� $ ������� (�*������0�"!����&� ��"#=>�?��@1�&��'���� "&�����$ � ���%� &(����(�,� �����(����� &(���C2�8��@1����#"�����"' ������ >2 �"%��/� (& ̀��&��� "%����#"�� &( ����"����� ��123 4�5%67��������-�����������!"�0���� �������#%������'� $ �����)��%�"#u * "&$������������ &(��� �%�������"%���#"������������ "&"#��� )�M,9,7������������� ���-v�%� � + &( &�%��� �������� &(!�����&���"�"� &(����"&� $�����"%���%� � +�� "&/�� �����"��� &��"�%����& &&")�� )��&��"��*�g��� )�����"�������&���%��"�����(���� ��*� ���������� �%�#���� "&#�"� � �� %�* "&$������������ &(��"����#"������)��"���&�"#(���&�&��(��"&)��*� "&�&���"��(���) ���-wxyxxzxpmx{pmpy|��������%��"�� &(�� ���� ������$��& &��%���������"#���]Sd-T}ny~j�ljky�p{nypjko5-4-��"&����%�� +�� "&/ &)��� (�� "&/�&�!� � &(-�-S-� &)��� (�� "&:�4S<�&�!� � &(-M-�-� &)��� (�� "&:5���&<�&�!� � &(-u-�-� &)��� (�� "&:S]M*]�S<�&�!� � &(-v-4-?-����"%�����&�!� � &(-M-u-����"%�����&�!� � &(-d-�-��%���) � "&-�-u-��"&����%�� +�� "&/���"%����/ &)��� (�� "&/�%���) � "&/�&�!� � &(-ijk�plyoj�pky���oy��������&"�"&� ����"�������-}l�kj�m������kyo�� ���������!���%��"����$����]��"& �&5�������7"%&� �:4S�=1;/]8�1cO</�&����v%� &���. &��&�v��7 �����-2��������������������� ¡¢¡£ ¤ £¥¦§££¦ ¨¡¢¡£©ª«¬­®ª̄°±²³́µ­¶·̧²ª«¹¶º®ª«»̄ º¼·½̄ ¾̧«®º ¿̄Àª«Á²̧®°º

ÂÃÄÃÅÆÇÈÉÊÈËÉÌÉÇÍ ÎÈÏÐÑ
ÒÓÔÕÖ×ØØÔÙÙÖ×ÚÛÜØÝÔÞÖßàá

ÝÜÙâÔãÖäÕÖåæÖçÔØÔèáÔÚÖåé
åêÞÖçäëÕÝäìãÔãÖäÕÖíîêîå

éåïÖðñêæñææÖ×òÞÖ
ÖóâÜÙÖìÚÛÜØÝÔÖÜÙÖÝÜØÔÕÙÔãÖàÕ

ãÔÚÖìÖôÚÔìÛÜõÔÖôäèèäÕÙ
Ö×ÛÛÚÜáàÛÜäÕö÷äÕôäèèÔÚ

ØÜìÝÖæÞéÖøÕÓäÚÛÔãÖùÜØÔÕØÔ
Þ úûüýÖþ��û��üÖ���û�ü



��������	�
���
��������������������
������������ ��! 
�"
�����#���$������#�"%�
�
����
��&���
�������
'����(������"%)��**������(���
*
�%�����#"��+��
��'��$����
*
��(
����&���
���������������,�����������-.��/��0���"���"
��*��������1�����#2
*��0��1�����#3�4�
�
��,�
�����������#(������2
*��5�$(�
��&
 $
�����&���
�����"�
���
��
���&2$��"
�����#���&���
���(�
���*�"6��5*
��
��
*��
�!�� *��'��
���7

8�
�'"�������
�����
��� ������-%$��
�
��������9:;:<:=>:?��%2�@ABCDAEFGHIABBJKLKM�N
�����������%2�OPQRBAQBSTUVIVWDAXVYQUDAZVYTAQDYEYQU[\OUDYZVIVBYZ�N
����������8���
�
���$�N���
��!�1
�$�$��
��8�]�	
�
��
�&�̂ �
�����$�_�����
��+��� 
!�̀ abcEYQU[\XDIQUc������de�����f����4�g�*h
ij
�i5$
��hk��i�8�g
*���2�+
��
�
*�52
�����$�&�
���
��&�+���
5	
�������lDIIQUVQZ����f�m�n/��2�(����#
�1�o�N�_�*���
��$�p
�����q��rWVcRQsc������dd�����,/�n.�p��1
���8�+
�����o�N�_�*������.�

������'
��$�p
�����q��̀ssAcTDIDActl������uue�����n���2�(����#
�1�8�N
�������p�.*����������o�N�_�*����2�8�!�*

!��
��$�p
�����q��v\aUBwQIDAAHU[\������exu����n�/�/rIHa\BYIPQTUVIVWDARDyXDIQUVDAZSBUIPQEzKLKM{|VYDARQsBUI�o�
���*�������f0�+�	��*�'��
*+
�1�#�KLKK|VYDA}VZIBSTUVIVWDAXVYQUDAZ�&������g2��������TUVIVWDARDyXDIQUVDAZRQZVQAVQYWQ~TPDUIVY[D�DIPIByDUaZ@UQDIQUrQWHUVI\DYarHZIDVYDCVAVI\�o�
���*���������8�2����

���-�%�����
���$�.
��i�*�2�.
ii
i����(���
��]�o�������rHZIDVYcEYQU[\|HQAZ����������/�,���n���N�%�'�*��6�(���
��-�]�������(�6��#�8�7�������*�(�7����
���-�$��"
���!�!
�
��$�+��
�*����cTAQDYQU�UBac������uu�����������_�6
�'�8���
��_���
�'�N�(������o
�
��$�_
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$
$5"1�����"������)'��1�����50��/0��0��!�0����a'�!����"�0��!�0�b�!��'��!"�+0��/0��0��!�0�����' cde[�' cd�fg��0�+�0:��0�� /��'4hij�'��1���(k�4/0�7
��<�'7/++����'!�01��!�0���*$8"�hij+�!!�0'�'k�4/0�7
�0�2���� !"�!!"�i����!�0������+0���0��1���+��� ��40�+"�!���' ���!� <1!"�+0���'�'!(##%*+��,�!%�$�l$)  �!��'���1�!0������/'0���!� ��!"� ���!�2���!�0���(m�@��%*���!�������<��!(@�(#**��' ��'4�'������ �(�'�*��0�+0���'!�"�4"��4"!�'4�!�"�!�0�4�'��/�'�!/0�$8"�+0���'����!"�����!�����+�'�'!��'!"�i����!�0����+�0!��/��0�1��<��!��"���!"���4'�C��'!+�!�'!�����0/�����+0��/0��0��0����!0���!��1�!�1'!"����$8"� ���0��!��'+�!!�0'��0cde[��'!��'� +��,��!������0%n+���!��'���!"�i����!�0��������+!!"�!���o�0�!1��!"�m�@��%+��,���0�'���'4�0+0���'!$8"���/44��!�!"�!��� ����<��!"� ���!�10� /�� !���!�����@� /0�'4!"�+10��1���!0��!��'!�!�##l@$8"�0� /�!��'������!��,��1��0<�!"�0���p9�q /�!�!"�"�4"��'��'!0�!��'����0<�'+0���'!(8�<���7
�' 7%*�</!������/��'�!"�0���0� /�!��'��1����"�2�!�,�'+���� /�!�!"�+0���'����)��/00�'!������!�00��� /���'!"�i����!�0���(8�<��7
*p9�q$a'�  �!��'�!"�"�!�0�4�'��/�'�!/0���!"�i����!�0��������'C0�� <1!"�))70��/�!�+0���'!� �'8�<��
$)��'4!"��'��1b� ��!����@��"��� !"�"�4"��!��'��'!0�!��'�!
�$�r
$
9�!.�������� <1�'�!
$9r#$#9�!.$8"���'��'!0�!��'�������!"�0 �!��!� �����'!���0�<����
�!.$8"���2��/��0�+0�:��'!!"��2�0�4���!"0���' �+�' �'!�s/�0�4������"�'4��+�0���'!�����"��!"%$�4��i����!�0���$)�!"�/4"!"�i����!�0������'"�0�'!�1"�!�0�4�'��/��!"�����!�' �0 �00�0��!"����'2��/���' ���!��4�� 0�+0� /��<���!1�' ���+���!��'���!�<���!1��!"�����"0��� /�/�� �'!"���!/ 1$k�4/0�7
<+0���'!�!"�hij ���0��!�40�����+0��/0��040�+"�!��6��06���' >:06���!�0����$8"� ���0��!��'+�!!�0'��40�+"�!��"��� '� �!��!�<����!����+/0�!�������! ��+��1��'�1�"�0��!�0��!��40�+"�!�+��,�$a'!"�6����+���!"� ���++��0�'����!"�40�+"�!��(##%*+��,�' !"��++��0�'����!"�!1+����6�(##
*+��,�0�/' 
#A
%l��0��<��02� ����'4��!"����:�'!�'��!1<0�� +��,<�!���'%#l�' 9#l��"��"���' ���!�2����'�'�0���� �'!�0��1�0�+���'4 /�!���� �!��'p9tq$7�����0+��,���0�+0���'!�'!"�06����+���</!��!"���0�+0�'�/'�� %#A9#l+��,��/44��!�'4+�0!���0�:�!��,�'4��40�+"�'���� ��"��!�$8"�>:06����+����"�<�!� ���+�0�<��+��,�!�6��' 06��</!�  �!��'���1�� ��!�'�!+��,�!%�$�l��00��+�' �'4!�!"�40�+"�!��(##%*+��'�����<��02� ���'C0��'4!"�+�0!���0�:�!��,�'4��40�+"�'��"��!��������'4'�!0�4�' �+�'4$uLvJGwE��!����'!�'!��!"�i����!�0���(�!.*$xJGyGMK zP {R |M }P {I ~G@�'��'!0�!��'�'i����!�0���(�!.* #$- 
�$� 
$9 #$� #$% #$
7!�' �0 �00�0�����'(�;B�!.* r#$#% r
$
9 r#$#9 r#$#% r#$#
 r#$#




����������	�
����
�� ���
���
����������������� !������"��#$%&%��'�()�%&*+%!,+-�()�%&*+-�*�#$%*%.+/+�#%�-,�/�-*+/&0+ 1$���23&45/+�6�"##-�()�%&*+%�()#+%+7,&1&*+ �,&4,&�*+�%&*$)+�8�*����9�-,�/�-*+/&%*&-��*,+2::�6)#��+��4/�),&*&--�/1���!,&%%544+%*%*,�*4/�),&*&--�/1��-��*/&15*+%%&4�&;-��*#$*�*,+-�/1��(�*/&7.&*,&�*,+-�()�%&*+%���/+�<+/�*,+1/�� )+�8�/�(�:*���9&()#&+%*,�*�#%�(�/+�(�/),�5%),�%+%��-�/1���/+)/+%+�*��%�/+%5#*��*,+/=>.&*,&�*,+-�()�%&*+(�*+/&�#%��&%*&�-*)+�8%�*??��9��
��9��� ����9-�//+%)�� &�4*�*,+2
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