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ABSTRACT
Global pollution and global warming (climatic change) predominantly result from over
dependence on fossil fuels. This has been exacerbated by increasing demand for energy
driven by rising global population and industrialization. Renewable energy sources can
reduce the environmental impact of fossil fuels and other non-environmental systems, thus
drawing global interest. Due to their low CO2 emissions, fuel cells and metal-air batteries
are preferred energy systems to replace fossil fuels. But the slow Oxygen Reduction
Reaction and Oxygen Evolution Reaction in fuel cells and metal air batteries during
discharge and charging make these technologies difficult. For fuel cells and metal air
batteries to advance, efficient and cost-effective electrocatalysts are needed for the ORR

half-reaction.

This study developed an efficient and cost-effective iron and nitrogen co-doped carbon
electrocatalyst as an alternative to platinum-based ORR catalysts. The catalyst was
prepared pyrolysing caffeine and egg albumen as the nitrogen-rich biomass source,
graphite powder as a support matrix, and Iron (III) chloride hexahydrate as the Fe source
and pyrolyzing at 850 °C. The catalysts, OSS1 for egg albumen and OSS2 for caffeine,
were characterised using X-ray diffraction and SEM with EDX. The synthesised catalysts'
electrocatalytic characteristics were examined using Rotating Disc Electrode in oxygen
saturated in 0.1 M KOH in a three-electrode cell configuration with silver electrode as the
reference electrode. The catalyst prepared with caffeine as the nitrogen source (OSS2) had
the most promising ORR activity, with a higher kinetic current of 2.189 mA cm™ at -0.466
V and a selectivity of oxygen reduction to water via hydrogen period pathway (n = 3.24)

X1V



predominantly via the 4-electron pathway, Tafel slope of 114.650 mVdec™!, and exchange
current density of 0.459 mAcm™. OSS1 had a slightly lower kinetic current of 1.609 mA
cm at -0.433 V. Finally, Graphitic Carbon showed a reduced kinetic current of 1.007 mA
cm2at -0.290 V, selectivity of oxygen reduction to water via peroxide pathway (n = 2.38),
Tafel slope of 95.920 mVdec™!, and exchange current density of 0.354 mAcm™. The
electron transfer number of the catalysts differed significantly (p = 0.001), indicating that
the nitrogen supply significantly affects ORR activity. Thus, the results demonstrate the
impact of biomass-derived nitrogen precursor characteristics on Fe-N-C catalyst for

oxygen reduction.

Keywords: Oxygen reduction reaction, iron-nitrogen co-doped carbon, rotating ring

electrode.
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CHAPTER ONE
INTRODUCTION
1.1. Background to the study
Due to their environmental friendliness, fuel cells (FCs) and metal-air batteries (MABs)
are very appealing energy systems for reducing global challenges brought on by the use
of non-renewable energy (Kulkarni et al., 2018; Feng et al., 2021). FCs are energy
conversion systems that continually generate power by harnessing the electrons released
from the reaction of a fuel and an oxidant (Shao et al., 2016). Numerous industries, offices

and domestic buildings can benefit from the use of fuel cells (Chadly et al., 2022).

The Oxygen Reduction Reaction (ORR) is a key reaction in FCs and is a limiting reaction
in MABs and FCs (Debe, 2012; Dou et al., 2020). The best ORR catalysts known are Pt
and Pt-based materials (Peng ef al., 2013). Nevertheless, the extensive adoption of these
materials in practical devices has been significantly hindered by their exorbitant expense,
scarce natural availability, inadequate longevity, and limited capacity to tolerate methanol,
among other factors (Li et al., 2019a; Vij et al., 2016; Yang et al., 2022). The presence of
methanol is unwanted due to its tendency to poison catalytic sites when ORR is carried
out on Pt-based and most Pt group catalysts (Amani et al., 2015). For example, Toyota
Mirai, a commercially available hydrogen FC vehicle goes for about 57,000 US dollars in
the North American market. The outrageous cost of the Toyota Mirai is strongly

associated with the substantial platinum loading in the fuel cell (Shao et al., 2016).



It is imperative to guarantee universal access to affordable, dependable, sustainable, and
contemporary energy in accordance with the United Nations Sustainable Development
Goal 7 (Sustainable & Goals, 2021). There have been tremendous efforts undertaken to
lower catalyst costs by alloying Pt with non-noble metals (Shen et al., 2019; Wang et al.,
2022).

There are three requirements that FCs and MABS technologies must satisfy in order to
achieve industrial applications, which include; cost, performance, and durability (Wang
et al., 2021a). The other challenge associated with FCs is that the anode reaction, that is,
Hydrogen Oxidation Reduction (HOR), in the case of hydrogen FCs, is six times faster
than the cathode reaction, the ORR, which limits the FCs performance. Most of the
research and development efforts are directed at enhancing the performance of cathode
catalysts and electrodes (Dincer, 2007).

In Uganda, Platinum is found in Nakiloro, located 16 km northeast of Moroto town and
Nakiloro is considered as a significant area for potential platinum deposits. This platinum
deposit is associated with chromite prospects in chlorite schists. But this chromite has not
been produced to date (MEMD, 2020).

Non-Pt nano-hybrids, on the other hand, have garnered increased attention due to their
encouraging ORR activity and lower costs. Metal-Nitrogen-doped carbon (MNC)
nanostructures have been identified as one of the most promising potential alternatives to
Pt-based ORR catalysts (Jiang ef al., 2016; Masa et al., 2015; Masa et al., 2013). For fuel
cell devices to become commercially feasible, a substantial decrease in cost is required.

In order to enhance the competitiveness of FCs stacks, it is imperative to decrease the



expenses associated with materials and production of stack components. Additionally, the

pricesofhigh-performance membranesandcatalystsmustbereduced(Cellsetal.,2016).

1.2.Statementoftheproblem

Energy is a global domestic and industrial need and it is one of the biggest drivers of
developmentandtechnologicaladvancement. The currentlymostused energy sourceis fossil
fuels, which haveresulted in global pollution. Tonegate these effects, there isneed todevelop
sustainable energy systems. FCs and MABs have been developed as promising energy
systems that can significantly contribute to abatement of problems associated with the use of
fossil fuels. FCs, particularly hydrogen fuel cells, have net zero CO2 emissions when fed with
green hydrogen. Metal-air batteries exhibit theoretically higher energy densities than

conventional batteries..

Themajordrawback ofthesetechnologiesisslow kinetics ofthe ORR, akey cathodicreaction
in both technologies. The most powerful catalysts for ORR, are either Pt or platinum-based
compositesanditsalloys. Thescarcity and high costsassociated with Ptandits derivativeshas
made commercialization of FCs and MABs technologies uneconomical. Transition metals
like Fe, Co, and Ni as well as their composites with nitrogen-doped carbon materials have
beenexploredaspotential alternativestoPtforORR and RuandIrfor OER. Platinum catalysts
have a tendency of suffering inevitable deactivation due to the migration and strong

adsorptionofanionsand methanol ontothe catalyst.

Pure iron has a comparatively high oxygen binding energy compared to Pt. However, this

favours adsorption of oxygen but not desorption of products containing oxygen which



necessitatesregulationofthisbindingenergy. Thiscanbeachieved by developing catalystsin
which Feis coordinated to dopants like nitrogen (N), sulphur and phosphorus, among others,
tomodulate the binding energy of oxygenand oxygen reduction intermediates on the Fe sites.
Additionally, iron is highly abundant and readily accessible, which would potentially such
Fe-based catalysts cost-effective and scalable. This work sought to synthesize iron and
nitrogen co-doped carbon (Fe-N-C) catalysts forelectrocatalytic oxygenreductionusing egg

albumenand caffeineasbiomassbased carbonandnitrogen sources
1.3.0bjectives of thestudy

1.3.1.Generalobjective
The general objective ofthis study was to synthesise and characterize iron nitrogen co-doped
catalystandinvestigate theirkinetics ofelectro-catalyticoxygenreductionreaction.
1.3.2. Specificobjectives
1.  Toprepareironnitrogenco-dopedcarboncatalysts.
i1.  Tocharacterisethesynthesisedironnitrogenco-dopedcarbon catalysts.
1.  Todetermineelectrocatalytic performance ofthe synthesized ironnitrogen co-doped

carboncatalystsforORR.

1.4.Justification

Iron-based electrocatalysts have been shown to be promising alternatives to platinum-based
catalysts due to their lower cost and good performance (Shen et al., 2019). Introducing N
functionalities in carbon structure, specifically pyrrolic, pyridinic, and graphitic N groups,

along with iron, into carbon has demonstrated the ability to create highly effective



electrocatalysts. However, mostnitrogen sources pyridine(Xiaetal.,2011), pyrrole (Chen et
al.,2021; Jiménez-Ramirez et al.,2017; Lilloja et al.,2021) and melamine (Liu et al., 2022)
reported are of fossil origin. There is need to study possible renewable alternatives These
electrocatalysts arenow the top candidates forreplacing platinum in ORR applications (Feng
etal.,2013; Weietal.,2015). Additionally, caffeine (Rameshaiah & Ashoka, 2015)and egg
albumen (Chiralt etal., 2017) are rich in nitrogen and could be a good source of nitrogen as a
dopant.
1.5.Significance
1. This study is expected to contribute to the development of improved, cost-effective
catalysts for more efficient and economical energy storage and conversion
technologies..
i1.  Theresultsobtained fromthisstudyhasthecapacitytogeneratesignificantprogressin
thedomain ofelectrocatalysis and the development of environmentally stable energy
systems. These developments may have a positive impact on both the environment
andsocietyasawhole.

1. This research significantly advances Sustainable Development Goal (SDG) 7 by
tackling essential hurdles in clean energy technology through the creation of
effective, non-precious metal electrocatalysts for fuel cells. Optimising nitrogen-
doped carbon-based catalysts for the Oxygen Reduction Reaction (ORR)
immediately facilitates the shiftto cost-effectiveand sustainable energy systems.

1.6.Scopeofthestudy



The scope of the study was limited to synthesis of the Fe-N-C electrocatalyst using wet
impregnation and thermal treatment methods, and to characterize them using a range of
methods such as X-ray diffraction (XRD) and scanning electron microscopy (SEM)
integrated with Energy Dispersive X-ray spectrometry (EDX). The ORR activity of the Fe-N-
C electrocatalyst will be studied using the rotating disk electrode (RDE) voltammetry
technique and linear sweep voltammetry (LSV) to determine, the onset potential, kinetic
current, exchange current density, electrons transfer number (n), reaction rate constant and
electron transfer coefficient (o). The reaction was investigated in an alkaline electrolyte
potassium hydroxide (0.1M) saturated with oxygen. The work was conducted from October
2022toJune2024 atthe Departmentof Chemistryresearch laboratory, Kyambogo University
(Kampala), while characterization of the synthesized materials was conducted at Makerere

University inthe Material Science Laboratory.



1.7 Conceptual framework

Figure1.1: Theconceptual framework ofthe study




CHAPTERTWO
LITERATUREREVIEW

2.1.Fuelcells

Fuel cells (FCs) are electrochemical devices that transforms fuel and oxidant into electrical
energyandheatenergy. Hydrogen (H>) FCs, whichrely on Hyas the fuel and oxygen (O2) from
the atmosphere as the oxidant, are the predominant and extensively researched category of
fuel cells. The processes occurring in a hydrogen FCs are the inverse of water electrolysis,
when an electric current decomposes water into its basic elements, H>and O2. Hydrogen FCs
facilitate a reaction between H» (fuel) and oxidizer (air or Oy) at the anode and cathode,
respectively. This process results in the production of electricity, heat, and water (Shao et al.,
2016). When the fuel and oxidant are continually supplied, FCs and MABs generate electric

energy continuously, unlike batteries whichstore energy (Shah,2007)..

Fuel cellsofferagreat prospectto.obtaincleaner, greenand more sustainable energy supply in
the2 1% centuryand beyond withthe potential tosignificantly reduce CO2emissionthusaiding
towardsachievementofthe United Nations (UN)climatic goals ofnet-zero COz emissions by
2050. There exist several FCs mostly categorised based on the electrolyte or fuel type,

althoughall ofthemrequire ORR asthe cathodereaction(Weietal.,2015).

2.2.Theoxygenreductionreaction(ORR)
The ORR isachemical process thatinvolves reduction of oxygen towater. In FCs and MABs,
ORRisthehalf-cellreactionthatconvertsoxygen gas atthe cathodeinto water asillustrated in

the following chemical equationsinalkaline and acidicmediarespectively. Depending on the



catalystused,a4or2electronpathwaymechanismisadopted withthe formerbeing forperfect

catalysts.
Inalkalinemedia

0, + 2H,0 + 4e™ - 40H™

or _
0, + H,0 + 2¢e” - HO, +OH"™

HO, +H,0+ 2e™ —» 30H
Inacidicmedia

0, + 4H* + 4e~ - 2H,0
or

0, + 2H* + 2e~ - H,0,
H,0, + 2H* + 2e~ - 2H,0

Many energy storage and transformation technologies, suchasMABsand FCs, depend on the

ORR asthecathodereaction (Wangetal.,2021b).

The other half-cell reaction in a FCs (anodic reaction) hinge on the type fuel or FC. For the
hydrogen FCs, the anode reaction is the HOR. The ORR is a critical reaction in FCs, as it
influences the overall kinetics, efficiency and performance of the cell (He and Cairns, 2015;

Masaetal.,2014;Masaetal.,2013).

ThecathodeofthehydrogenFCistypically comprisedofaporousoretchedstructuretoenable
oxygen transport to the inner catalyst surface. Additionally, it acts as the current collector
relaying electrons between the catalyst and the external circuit. At the cathode, the electrons
associate withoxygen and hydrogenions fromthe oxidation ofhydrogen atthe anode, to form

water. There are numerous pathways and processes during the ORR, including direct and



indirect mechanisms (Shah, 2007). In the direct mechanism, the ORR takes place at the
cathode surface and its kinetics are directly influenced by the electrode surface properties. In
theindirectmechanism, the ORR happens viamediation by surface species, suchas hydroxyl
orhydroperoxyl groups (Heand Cairns,2015).

2.2.1.Mechanismofthe ORR

Atroomtemperature (20-25°C), protons(H")and2 or4 electrons canreduce oxygenwhichisa
gas in an aqueous solution resulting in production of hydrogen peroxide (H202) or water,
respectively,assummarizedinTable2.1. Thesuperoxideradicalanion(O2")is generated after
one electron reduction of molecular Oz, followed by two electron reduction to form H>Oz in
acidic electrolytes or the hydroxyl radical (OH") in alkaline electrolytes, and four electron
reductiontoformwater.

Oxygen reduction occurs in non-aqueous solutions by accepting one electron, and the
electrode potential is determined by the kind of solvent utilized (Wood, 1988). The ORR in
MABES is very appealing due to their superior energy density and specific capacity than to

conventional batteries (Inamuddinezal.,2020).

Although both the ORR and its counter-part, the HOR, are kinetically faster in acidic
electrolytes, in part due to the ideally higher ionic conductivity of the proton owing primarily
to its comparatively smaller size compared to the hydroxide anion in alkaline electrolytes,
alkaline media are preferred due to the prospect of using non-platinum group metal-based
catalysts.

Table2.1: Themechanismof ORRinacidicandalkalinemedia

10



Acidicmedium EV) Alkalinemedium E(V)

0, + 4H* + 4e - 2H,0 1.23 0, + 2H,0 + 4e~ —» 40H~ 0.401
0, + 2H* + 2e > H,0, 0.70  0,+ H,0+2e~ > HO,” + OH-  -0.065
H,0, + 2H* + 2e~ - 2H,0 1.76 HO,” + H,0 + 2e”~ - 30H~ 0.867

Despite the sluggish kinetics of the ORR, it is always necessary to havea highly efficient and
stable catalyst to expedite the electrochemical phenomena. Platinum metal supported on
carbon is now considered the exemplary or cutting-edge ORR electrocatalyst with excellent
activity and efficiency. Expensive and limited availability of Pt metal motivateresearchers to
seek forcheaperalternative catalysts forORR (Inamuddinezal.,2020).

For FC applications, it is essential to have a catalyst that produces none or very little H>O»
during the ORR. The 4-electron O; reduction pathway can occur by either a direct 4e- or a
consecutive 2e—x 2e—mechanism on asingle active site (Gewirth e al.,2018). Similarly, an
alternate theory involves the participation of two active sites in a bifunctional process that
requires the transfer of two electrons at each individual site. Therefore, including additional
active sites to facilitate further peroxide reduction reaction (PRR) is a logical strategy to
addressthechallengesrelatedtothe generationof H2O». Fe-N-C catalysts tend toexhibit ORR
reactivitytowardsboththe2e and4e” pathways leadingtothe formation ofintermediate H,O»
inan alkaline solution. However, the presence of multiple possible active sites in the Fe-N-C
catalysts, including Fe-N-C centres, nitrogen functional groups, and Fe;Os, can act
concertedly toreduce H>O» further to water. The presence of Fe2O3 apotent catalyst for H>O»
disproportionation, parallelly contributesto elimination ofany formed H>O». Therefore, with

awell-optimized composition, Fe-N-C catalysts inherently contain secondary active sites to
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further reduce H>O> produced during the ORR to water via a 2e— + 2e— mechanism.
Consequently, a well-optimized Fe-N-C catalyst comprising a high density of Fe-N-C
centres, themoietiesthatarebelieved tosupportthe direct4e pathway,and theadditional sites
comprised of nitrogen functional groups (pyridinic, pyrrolic and graphitic), defect sites on
carbon, Fe;Os, and surface groups, is expected to exhibit excellent efficiency in reducing Oo,

withimprovedselectivityand endurance..

2.3.Electrocatalysis

A catalystisasubstance thataccelerates areaction's rate with itselfnot being destroyed in the
process. Depending on whether it is in the same phase as the reactant or not, a catalyst can be
homogeneous or heterogeneous respectively. Heterogeneous catalysts offer an alternative
low energy pathway from reactants to products. The finest catalytic surfaces will have a

reactivity thatisselectiveintermsofreactivity foraparticularreaction(Laursenetal.,2011)..

Electrocatalysts are catalysts that catalyse electrochemical reactions. Typically, transition
metal elements and their derivatives like alloys, metal complexes, metal oxides, sulphides,
carbides, nitrides, and phosphides are used as electrocatalysts (Serhan et al., 2019; Wang et

al.,2021;Zhaoetal.,2019).

Thereisneed toreplace fossil fuels with non-CO; emitting renewable energy such as sunlight
and wind, there are electrochemical systems that transforms renewable energy into portable
fuels and chemicals as a means for energy storage. Conversely, systems that convert fuels
back to electricity, are expected to play a central role in reducing net CO» emissions in future

energy systems. Electrocatalysis is crucial in both systems that inter-convert electricity into
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fuelsand chemicals, and vice versa, thatis, fuels back to electricity. This calls for the design of
catalysts that can favour desired products with the least overpotential or voltage possible
whileensuringthemostdurable performance(Leietal.,2022). Overpotential istheadditional
voltage, above the thermodynamic equilibrium potential, necessary to facilitate an
electrochemicalreactionataspecificrate (Appel & Helm,2014).

The principle that governs the catalytic properties of solid surfaces is the Sabatier Principle
(Laursen et al., 2011). According to this principle, the reactants must have a significant
affinity for the catalyst surface in order to form reaction intermediates. However, this affinity
should be not as strong as to prevent detachment of the products from the catalyst surface,
thereby facilitating subsequentreactionsatthereactionsites..

The catalystloading has ahuge impact on fuel cell costs. Fuel cell engineers strive to keep cell
efficiency highwhileusingaslittleplatinumaspossible (Alonso-Vanteetal.,2019).
Transition metals are widely used as electrocatalysts, however, due to their very strong
binding energies for oxygen and the ORR reaction intermediates, 0", OH", and OOH", they
are not suitable for ORR electrocatalysis. This work has shown that modifying carbon with
controlled amounts of transition metals and N generates novel catalysts for ORR as reported
by(Masaetal.,2013).

2.4.Carbon-based electrocatalystsfor ORR

Carbon-based catalysts are widely used because they are versatile, inexpensive, and have
adjustable chemical structures. This section examines the chemical compositions of various

carbon-based catalysts and theireffecttheactivity andselectivity ofthe ORR..
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2.4.1.Graphene-based catalysts

Graphene consists of a monolayer of carbon organised in a hexagonal lattice. The planar
configuration offers a great surface area and exceptional electrical conductivity, which are
crucial for electrocatalysis of the ORR (Zhang et al., 2021). Nitrogen doping is a prevalent
method employed to alter the active sites of carbon-based catalysts and to incorporate new
activesites comprised of N functional groups for ORR. Nitrogenisintroduced into the carbon
structure, resulting in the formation of pyridinic, pyrrolic and graphitic nitrogen. The
presence ofnitrogen species has the ability to modify the interaction with oxygen molecules,
hencepromotingthe ORR viathe4-electron Oz reductionpathway (Wangetal.,2022). TheN-
based functional groups augment the electron density at the active sites, hence enhancing

electrocatalyticactivity.

2.4.2.Carbonnanotubes(CNTs)

Carbonnanotubes are carbon structures with acylindrical shape and are made up of graphene
sheets that are rolled into tubes. CNTs can exist in two forms: single-walled or multi-walled,
and they can vary in terms of their diameters and lengths. Due to their exceptionally high
surface area, conductivity and ability to be modified with heteroatoms, they are well-suited
for applications involving the ORR. The introduction of heteroatoms such as N into CNTs
generates active sites that have the possibility of increasing the ORR activity (Wei et al.,
2020). Nitrogen-doped CNTs canhave N atoms located at either pyridinic or pyrrolic sites (as
illustrated in figure 2.1), which in turn affects the catalyst's selectivity towards either the 2 or
4epathway. Pyridinic Nistypically linked to selectivity for the 4e pathway, whereas pyrrolic
Narereportedtofavourthe2eselectivity (Kimetal.,2019).
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Figure2.1: Thetypesofnitrogendopedoncarbon.

Carbon nanofibers are composed of carbon atoms organized in a fibrous arrangement,
providingalargesurfaceareaand excellentelectrical conductivity. Heteroatoms orsupported
metal complexes can be used to modify the chemical structure of CNFs (Chen et al.,2019).
Introducing N into CNFs generates reactive sites that can enhance the ORR, with graphitic N
playingamajorrolein promoting the 4e route. Carbonnanofibers are frequently employed as
supportmaterials formetal-nitrogen complexes. The unique chemical structure ofthe carbon
fibers facilitates efficient electron transfer during the ORR, leading to enhanced catalytic

activity andselectivity.

Carbon dots, often abbreviated as CDs, are carbon particles at the nanoscale that possess
distinctive optical and electrical characteristics. Their structure is approximately spherical
andthesurfacecanbeadjustedtomodifytheirchemical properties (Abboeral.,2021).Carbon
dots can be chemically modified by including heteroatoms like nitrogen or sulphur, which
generatesactivesites forthe ORR (Shenetal.,2021; Xuetal.,2023). Theaddition of N to CDs
possess high activity and ORR selectivity (Miao ef al., 2020), by increasing the electron

densityattheactivesites,resultinginpreferential ORR reductionviathe4epathway.
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Graphene oxideis produced by oxidizing graphene (Shilpaeral.,2018; Zhouetal.,2020; Zou
etal.,2016), leading to the formation of oxygen-containing functional groups like carboxyl,
hydroxyl, and epoxide (Alam et al., 2017). These groups have the potential to greatly
influence the ORR activity by serving as active sites and potential adsorption sites for oxygen
(Wang et al.,2021). Heteroatom doping or reduction procedures can be used to modify the
chemical structure of GO, resulting in the development of additional active sites. Sulphurand
Nitrogen doping are often employed to augment ORR activity and selectivity for the 4e
pathway in GO based catalysts (Xu et al., 2020). Besides the ORR, the distinctive
configurationof GO, characterized by its oxygen functional groups, enables adiversearray of

usesincatalysis.

Activated carbon is a form of high surface area carbon, created through physical or chemical
activation processes (Duan et al., 2023). The chemical structure of activated carbon offers a
large number of pores, allowing for efficient diffusion of reactants and products during the
ORR (Wu et al., 2015). AC is regularly used as a support material for M-N-C catalysts
(Gewirthetal.,2018;Miaoetal.,2020), wheretheinteractionbetweentransitionmetalsand N
creates active sites for the ORR. The high porosity and conductivity of activated carbon
facilitate electron transfer and increase the concentration of active sites per unitarea, thereby

contributingtohighcatalyticturnover.

2.4.3.Carbon-supported metal catalysts
Carbon-supported metal catalysts consist of metal nanoparticles that are deposited onto a

carbon matrix (Gewirth et al., 2018). The carbon matrix's chemical structure offers stability
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and conductivity, while the metal nanoparticles act as active sites for the ORR (Tohnoe ez al.,
1989). Pt-based catalysts reinforced on carbon are frequently used because of theirhigh ORR
activityandtheirpreference forthe4epathway. Theinteractionbetweenthemetal NPsandthe
carbon matrix generates advantageous electronic characteristics, resulting in enhanced

catalyticefficacy(Masaetal.,2013).

Inaddition,non-precious metal catalysts supported orembedded incarbon,suchas Feand Co,
canalsoexhibitenhanced ORR activity. The presence ofacarbon matrix furtherimproves the
stability, longevity and cost of these catalysts (Yang et al.,2021). The chemical composition
of'the carbon support plays an important role in determining the activity and selectivity of

thesecatalysts.

2.5.Heteroatom-doped carbon catalysts forthe ORR

Doping heteroatoms with various electron configurations, atomic sizes, and
electronegativities into carbon modifies the surface physicochemical characteristics of
carbonand hence their electrocatalytic properties. Three dopants that are frequently used are
nitrogen(Masaetal.,2013),sulphur,and boron (Sunetal.,2015). Doping carbon with any of
these atoms improves the electronic properties of the carbon (Wiggins-Camacho and
Stevenson, 2011). The change in electronic properties can be elucidated by increase of the
Ip/Igratio,whereIpandlgarethepeakintensitiesofthe Dand GRamanbands, respectively, of
carbon (Liu et al., 2022). As a result of the difference in electronic configurations and
electronegativities, there is transfer of electrons from atom of lower electronegativity to that

of higher electronegativity which changes the adsorption capacity of the reaction
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intermediates on the electrocatalyst thus boosting the electrocatalytic activity (Sun et al.,

2015).

2.5.1.Nitrogen-doped carbon catalysts

Nitrogen is the predominant heteroatom employed for doping carbon-based catalysts.
Nitrogen doping generates active sites that enhance the ORR activity and can impact the
selectivity for either the 2-electron or 4-electron pathway. The nitrogen in N-doped carbon
canhave various N structures, such as pyridinic, pyrrolic, and graphitic N (Jiménez-Ramirez
etal.,2017). Pyridinic N (N atom bonded to two carbon atoms inside the hexagonal carbon
lattice), is frequently linked to enhanced ORR activity as a result of its electronic
characteristics (Xiaetal.,2011). Research has indicated that pyridinic N has a propensity to
favour the 4-electron ORR pathway, resulting in direct reduction to water (Wu and Zelenay,
2013). This characteristic makes it highly desirable for FCs. Graphitic N, which refers to the
incorporation of N into the carbon plane, has the ability toimprove conductivity as well as the

ORR activity.

2.5.2.Sulfur-doped carbon catalysts

Sulphur(S)dopingincarbon-based catalystsintroducesdistinctactivesiteswhichpotentially
influence the activity of the ORR (Kicin and Szala, 2013). Sulphur doping modifies the
electronic properties of the neighbouring carbon atoms hence improving the ORR catalytic
activity (Zhang et al., 2021). Thiophenic structures can be created by substituting carbon
atoms in the hexagonal lattice with sulphur atoms. The presence of these thiophenic sulphur

atoms can have a considerable influence on the ORR activity, typically promoting the 4-
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electron pathway (Liu ef al., 2021). Sulphur doping significantly improves the ORR
performance in alkaline environments. This is because the increased electron density

resulting from sulphurdoping enhances the efficiency ofoxygenadsorptionandreduction.

2.5.3.Boron-doped.carboncatalysts

Theunusual electrical characteristics of carbon-based catalysts have attracted interest due to
the use of Boron (B) as a dopant. Boron atoms can generate electron-deficient regions inside
the carbon lattice, which promote the adsorption and reduction of oxygen. Boron's inclusion
in the carbon structure can boost the ORR activity, typically promoting the 4-electron
pathway (Fazio et al.,2014). This is attributed to the favourable interaction between boron-
doped sites and oxygen, as reported by Li et al. (2022). Boron-doped carbon catalysts have
high efficacy in acidic environments, offering a promising substitute for precious metal

catalystsinfuelcells(Byeonetal.,2023).

2.5.4.Phosphorus-doped carbon catalysts

Phosphorus (P) doping introduces distinct active sites that can improve ORR activity in
carbon catalysts (Wanget al.,2021a). Phosphorus atoms have the ability to substitute carbon
atoms in the hexagonal lattice, resulting in the formation of structures similar to phosphine.
These structures have a role in influencing the ORR selectivity (Strelko et al., 2000).
Phosphorus-doped carbon catalysts have demonstrated significant catalytic activity and
selectivity for the 4-electron route, particularly in alkaline environments (Mbokazi ef al.,
2024).Phosphorusenhancestheintrinsicactivity and hence turns over frequency ofthe active

sites, resultinginenhanced catalytic performance.
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2.5.6.Transitionmetaland nitrogen-doped carbon (MNC)catalysts

Transition MNC catalystshavebecomeahighlyinteresting category in ORR electrocatalysis.
Thesecatalysts, whichconsistofcarbonmodified withNinacontrolledamount, typicallyless
than 5 wt.%,of varioustransitionmetals like Co, Ni, Cu,and Fe, have very promising catalytic
ORR activity and provide a cost-effective substitute for precious metals such as platinum

(Douetal.,2020).

These catalysts are commonly obtained through the pyrolysis of N rich organic complexes,
like metalloporphyrins, metallophthalocyanines and metal-organic frameworks (MOFs),
amongothers, supported onhighsurfaceactivated carbon, orbydirectly impregnating carbon
supports with a suitable transition metal salt and a N rich organic compound, such as urea,
melamine, and subjecting the mixture to fast pyrolysis (Dou et al.,2020). The carbon matrix
ensures high conductivity, while the incorporated transition metals and N react to generate
newkinds of ORR activesites, namely, transitionmetal coordinated to N and carbon (M-NC),

metal carbide (MC)andnitrogen-doped carbon (NC) functional groups.

Metal-nitrogen coordinationisaprevalentstructural characteristicin which transition metals
formbonds with N atoms withinthe carbonlattice. Thearrangementdescribed here generates
a high density of ORR active sites, which enhances the catalytic performance (Wu et al.,
2021). Moreover, transition metals have the ability to generate electronic states inside the

carbonstructure, whichimprovetheelectronstransferand improvethe ORR kinetics..

Extensive research has been conducted on the incorporation of Co into carbon-based

materials for ORR electrocatalysis. The presence of cobalt-nitrogen coordination results in
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the formation of Co-NC active sites, leading to enhanced ORR activity and selectivity for the
4-electron pathway. The catalysts exhibit high ORR efficacy in alkaline environments,
benefiting fromthe stability and conductivity of cobalt, whichleads toimproved performance

(Shietal.,2022).

Nickel and nitrogen co-doping creates distinct active sites for ORR. The presence of nickel-
nitrogen coordination inside the carbon matrix increases the ORR activity, typically
promoting the 4-electron pathway (Liu et al., 2021). Nickel and nitrogen co-doped carbon
catalysts provide exceptional endurance and stability, rendering them well-suited for long-

termutilizationinfuelcells.

Copper (Cu) in carbon-based catalysts creates more active sites for the ORR. The
incorporation of Cu and nitrogen into carbon has been reported to form active structures for
ORR activity with preferential selectivity for 4-electron pathway benefitting from the
interaction between copper atoms and N. Copper-doped carbon catalysts exhibit efficacy in

catalyzingthe ORR inbothacidicandalkalineelectrolytes(Volpertsetal.,2023).

Transition metal-doped carbon catalysts demonstrate significant ORR efficiency and
selectivity for the 4e pathway, which s crucial for FCsutilization. The distinctive active sites
formed by the coordination of transition metals and N play a crucial role in facilitating the
adsorption and subsequent reduction of oxygen, predominantly via the 4-electron reduction

pathway(Masaetal.,2015).
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2.5.7.Co-dopingofheteroatomsincarbon catalysts

Theincorporation of numerous heteroatoms in carbon catalysts through co-doping can result
in synergistic effects that improve the ORR activity and selectivity. Research has
demonstrated that nitrogen-sulphur co-doping enhances the creation of more active sites and
boostselectrondensity,leadingtoenhanced ORR performance (Alometal.,2023; Shenetal.,
2023; Strelko et al., 2000; Zou et al.,2019). The interplay between various heteroatoms can
impact the electrical characteristics of the carbon structure, resulting in enhanced oxygen
adsorption and reduction efficiency. Co-doping is a favourable method to improve the ORR
activity and selectivity of carbon based electrocatalysts in both acidic and alkaline

electrolytes.

2.6.Iron-nitrogen co-doped carbon catalysts

Iron and nitrogen co-doped carbon (Fe-N-C) catalysts have emerged as an important class of
catalysts, particularly for applications in energy conversion and environmental protection.
These catalysts are primarily known for their potential in ORR electrocatalysis, which is
crucial for FCsand MABs. The development of Fe-N-C catalysts has been driven by theneed
for more sustainable and cost-effective alternatives to precious metal catalysts, such as
platinum (Gong et al.,2009; Maboya et al.,2022; Strickland et al., 2016; Vij et al.,2016; L.

Zhaoetal.,2019).

The practice of introducing heteroatoms such as N and transition metals into carbon
compounds has been in existence for several decades (Miao et al.,2020). The initial studies

conducted inthe 1970s and 1980s had a primary focus on comprehending the characteristics
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ofthecarbon catalyst thatwere doped withnitrogen. Yeager (1984) explored the likelihood of
using non-precious metal catalysts for ORR in alkaline environments. This work laid the

foundation for furtherinvestigationsonFe-N-C catalysts (Yeager, 1984)..

During the late 1980s and early 1990s, researchers-initiated investigations on the combined
effects of iron and nitrogen co-doping, aiming to uncover any synergistic outcomes.
According to the studies done by Yeagerin 1964 and later by Yeager and his team showed that
the addition of transition metals, such as iron, to nitrogen-doped carbon matrices greatly

improvedtheirabilitytocatalyzethe ORR.

In the 2000s, there was tremendous progress in the creation and examination of Fe-N-C
catalystsdrivenbyadvancesinmaterial characterizationand betterunderstanding ofthe ORR
reaction mechanism. Several synthesis techniques, such as high-temperature pyrolysis and
template-assisted methods, were devised to produce ORR catalysts thatare both more active
andstable. Lefevreandcolleaguesmadenotable contributions duringthis period,showcasing
the significance of precursor composition and pyrolysis. conditions on catalytic performance

(Lefevreetal.,2000)..

Furthermore, advanced analytical techniques have provided deeper insights into the nature of
theactivesitesinFe-N-C catalysts. These studiesrevealed thatthe catalyticactivity wasoften

associated with Fe-Nxsites embedded withinthe carbon matrix (Stricklandetal.,2016).

Research on Fe-N-C catalysts has experienced a surge in recent years due to the increasing
need for high-performing and long-lasting catalysts in FCs and MABs. Advancements in

synthetic methodologies have resulted in the creation of catalysts that exhibit improved
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electrocatalytic activity and stability. Masa et al. (2015) investigated the role of transition
metals in MNC catalysts through careful synthesis of metal free nitrogen doped carbon and
MNC catalysts in which the presence of transition metals was clearly shown to impart

significantdifferencesincatalyticactivity.

Theoretical and computational modeling have also played a crucial role in advancing the
understanding of Fe-N-C catalysts. Density functional theory (DFT) calculations have .
insights into the electronic structure and catalytic mechanisms, guiding the rational design of
more effective catalysts (Tang et al., 2024). Moreover, efforts to enhance the practical
application of Fe-N-C catalysts have led to their incorporation into various electrochemical
devices. Forexample, recent studies have demonstrated the successful integration of Fe-N-C
catalysts into PEMFCs and zinc-air batteries, achieving performance metrics comparable to

orevensurpassingthose ofplatinum-basedcatalysts(Tangetal.,2024).

2.6.1.Structureofironnitrogenco-doped carbon catalyst

Iron-nitrogen co-doped carbon catalysts generally comprise of iron coordinated to nitrogen
inside a carbon matrix. The predominant arrangement consists of iron coordinated in a
pyridinic or pyrrolic configuration, wherein the iron form bonds with nitrogen within the
carbon lattice (Jiménez-Ramirez et al., 2017). This configuration forms densely packed
activesites for ORR) facilitating effective adsorption and reduction of oxygen. The synthesis
of Fe-N-C catalysts often entails the thermal decomposition of metal-organic precursors or

compositesofironandnitrogensources supported oncarbon (Jiménez-Ramirezetal.,2017).
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2.6.2. ORRactivity of Fe-N-C catalysts.

Iron-nitrogen co-doped carbon catalysts demonstrate exceptional ORR performance and
selectivity towards the 4e pathway. The selectivity is ascribed to the distinctive active sites
created by the iron-nitrogen coordination, which promote the direct conversion of oxygen
intowater (Strickland ez al.,2016). The effectiveness of these catalysts is most pronounced in
alkaline environments, where the stability and endurance of the carbon matrix are crucial
factors in determining catalytic efficiency. Fe-N-C catalysts have demonstrated = very
promising performance in acidic environments, presenting a viable substitute for platinum-
based catalysts in FCs (Gewirth et al., 2018; Zhao et al., 2019). Incorporating iron into the
carbon structure can further boost conductivity, hence further increasing their effectiveness

forelectrocatalysisofthe ORR..

2.6.3. Applicationsof Fe-N-C catalysts.

Fe-N-C catalysts find application in several energy conversion systems, including PEMFCs
andalkaline FCs. Theirmainadvantageis their cost-effectiveness, offeringamore affordable
option compared to precious metals such as Pt. Moreover, Fe-N-C catalysts have promising
durability and stability, which are crucial for the sustained operation of fuel cells over
extended periods (Osmierietal.,2020; Weiss etal.,2020). The versatility and adaptability of
the carbon matrix enable the implementation of additional modifications, such as the

introduction ofheteroatoms ortheinclusionofmetalnanoparticles(Strelkoetal.,2000)..
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2.6.4.Synthesisof Fe-N-C catalysts.
Fe-N-C catalysts can be produced using several synthetic procedures thatincorporate iron and

nitrogenintoacarbonmatrixasdescribed below.

2.6.4.1.Pyrolysisofmetal-organicprecursors.

A frequently used technique for producing Fe-N-C catalysts involves the thermal
decomposition of metal-organic precursors, consisting of carbon, nitrogen, and iron. This
approachinvolves subjecting precursors, such as ironsalts (ironchloride), organic polymers,
or other nitrogen-rich compounds, to elevated temperatures in an environment devoid of
reactive substances. During pyrolysis, the organic molecules breakdown and react with the
other entities, resulting in the creation of a carbon matrix that contains iron coordinated to
nitrogen,as well asnitrogen functional groups. The products may also contain elemental iron,
oriron carbide, depending on the pyrolysis conditions. This synthetic approach provides the
ability to regulate the catalyst composition, specifically, the iron-nitrogen coordination and
density of Fe-N-Csitesby controllingthe precursorcompositionand the pyrolysis conditions.
2.6.4.2. Pyrolysisof metal-organic frameworks (MOFs).

The synthesis of Fe-N-C catalysts often utilise MOFs as a common starting material. MOFs
are composed of metal ions that are coordinated to organic ligands, resulting in a distinct
porousstructure. Pyrolysis leadstodecomposition ofthe organicligands, whilethemetal ions
create iron-nitrogen coordination complexes inside the carbon matrix (Strelko ez al., 2000)..
This technique generates a remarkably porous formation with a substantial surface area,

whichisadvantageous for ORR performance. MOF-derived Fe-N-C catalysts are commonly
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produced atelevated temperatures, resulting in partial graphitization and enhanced electrical
conductivity (Mehmoodetal.,2021).

2.6.4.3.Directimpregnation and pyrolysis

Another technique for synthesis of Fe-N-C catalysts involves directly impregnating carbon
compounds with iron and nitrogen sources, and then subjecting them to pyrolysis. This
method commonly employs carbon supports, such as graphite, activated carbon, or carbon
nanotubes, that are infused with iron salts and nitrogen-rich molecules (Zou et al., 2019).
Subsequently, the mixture is exposed to high temperatures in an oxygen-free environment
resulting in the creation of iron-nitrogen coordination within the carbon structure. This
technique enables theuse of versatile precursor combinations and can generate catalysts with
differentlevels ofporosity and graphitization (Xiaetal.,2011).
2.6.4.4.Sacrificial template method.

The sacrificial template method is employed to fabricate distinctive structures in Fe-N-C
catalysts by integrating templates that are subsequently eliminated throughout the synthesis
process, and post-synthesis treatment. This approach commonly entails including a template
material, such as silica or polymer beads, into the carbon precursor, along with iron and
nitrogen sources (Anet al.,2022; Yang et al.,2022). The template may be eliminated during
thermal treatment process, or through chemical treatment after pyrolysis, resulting in the
formation of hollow structures or increased porosity in the catalyst. This method can be
employed to produce Fe-N-C catalysts with distinct morphological characteristics, which
improves mass transportofsubstances and thus the turn over frequency ofthe ORR (Leeetal.,

2019).
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2.6.4.5.Hydrothermalsynthesis.

Hydrothermal synthesis involves the application ofhigh temperature and pressure in a water-
based solution, usually in an autoclave. The conventional approach involves employing a
hydrothermal reactor (typically an autoclave) to process precursor materials using iron,
nitrogen, and carbon sources (Shen et al., 2021). Under the hydrothermal conditions, iron-
nitrogen complexes are formed within the carbon matrix, resulting in the creation of a high
density of active sites for ORR. Hydrothermal synthesis is commonly employed in tandem
with pyrolysis and other techniques to further optimise the structure and properties of the
catalyst(Heetal.,2021).

2.7.Characterization of Fe-N-C catalysts

In-depth characterizationofthe properties of Fe-N-C catalystsis essential forcomprehending
their composition, structure, and structure—ORR performance correlation. Various methods
are used to analyse the properties of these catalysts, each offering distinct information about

theirphysical and chemical attributes.

2.7.1.Scanningelectron microscopy (SEM)

Scanning electron microscopy is atechnique that produces micro-tonano-scaleimages of the
surface structure of a catalyst with great resolution. The purpose of using SEM is to visually
examine the morphological and surface properties of catalysts,, including porosity, graphitic
domains, and distribution of iron nanoparticles in Fe-N-C catalysts (Masa et al., 2013). This
method also enables scientists to determine the shape, identify and quantify cavities, and
chemical composition of the constituent elements when coupled with EDS. All these have an

influenceonthe ORR activity (Wiggins-Camachoand Stevenson,2011).
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2.7.2. Transmission electronmicroscopy(TEM)

Transmission electron microscopy is employed to analyse nano—to- atomic scale structural
properties of materials. TEM can detect the existence of iron nanoparticles, determine their
sizedistribution, and examine their association with the carbon matrix (Jinet al.,2020; Wang
etal.,2022). Thismethodis very valuable for examining the arrangement ofiron and nitrogen
inside the carbon framework, and for determining the crystalline form of the various
compositional domains. High-resolution transmission electron microscopy (HRTEM) is
capable of detecting lattice fringes, which serve as evidence for the presence of graphitization

andothercrystalline characteristics.

2.7.3.X-raydiffraction(XRD)

X-ray diffraction (XRD)is employed to ascertain the crystal structure and phase composition
ofFe-N-C catalysts. XRD is capable of detecting graphitic domains, amorphous.carbon, iron
carbide, and other possible crystalline forms present (Jinetal.,2020; Parketal.,2016; Parvez
Ahmad et al., 2020). The position of the diffraction peak and their intensity can provide
information about the level of graphitization, and the existence of crystalline forms of iron
basedcompounds,suchasironcarbideorironoxides(Jinezal.,2020).
2.7.4.X-rayphotoelectronspectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface sensitive technique used to analyse the
chemical composition of amaterial and chemical states ofthe elements present by measuring

theenergy ofemitted electronsresulting fromtheinteraction of X-rays withthe material (Jine?

al.,2020).
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XPSiscapableofascertaining the binding energy of different elements, therebyunveiling the
specific types of chemical bonds and coordination present in the catalyst (Yang et al.,2021).
Forthe Fe-N-C catalyst, thismethodis especially valuable for determining the oxidation state
ofiron, nature of the functional groups on carbon, and the specific forms of nitrogen that are
present, such as pyridinic, pyrrolic, or graphitic nitrogen, which have a significant impact on
the ORR activity. XPS thus offers valuable composition, and structure-performance
information of Fe-N-C catalysts, which is valuable for optimization and further catalyst
development(Jinetal.,2020)..

2.7.5.Brunauer-Emmett-Teller (BET).

Brunauer-Emmett-Tellerisasurfaceareaanalysis method used tomeasure the surfacearea of
materials. BET surface area analysis quantifies the overall surface area of catalysts, which is
directly correlated with their porosity (Jin et al., 2020). Nitrogen adsorption is employed in
this method to quantify the catalyst's surface area and pore volume. ORR catalysts benefit
from having a large surface area and porosity, as these characteristics increase the number of
activesitesavailable forthereactionand improvethe masstransportofreactants and products.
BET analysis facilitates the correlation of the surface properties of the catalyst to the catalytic

performance.

2.7.6.Fourier transforminfraredspectroscopy (FTIR)

Fourier transform infrared spectroscopy is employed for the purpose of discerning the
functional groups and chemical bonds present in amaterial (Sharma et al.,2018). For the Fe-
N-C catalysts, FTIR is.a valuable tool for identifying the nature of functional groups present,

including carbon, oxygen and nitrogen-containing bonds, and other chemical characteristics
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that affect the performance of the catalyst (Kumar et al., 2019). Additionally, it has the
capability to uncover alterations in the chemical composition resulting from thermal

treatmentand various synthetic procedures.

2.7.7.Electrochemical techniques

The catalytic activity and selectivity of Fe-N-C for the ORR can be assessed using various
electrochemical methods. The most common methodologies include cyclic voltammetry,
linear sweep voltammetry, and rotating disc electrode voltammetry (He et al., 2022). These
techniques quantify key performance indicators (KPI) such as onset potential, half-wave
potential (Ei»), and current density, which offer valuable information on the ORR
performance ofthe catalyst. Electrochemical methods canalsoascertainthe ORR selectivity,
thatis, whetherthereactionproceedsviathe2-electron or4-electron pathway. The4eelectron
ORR pathway is particularly vital for fuel cell applications to avoid orminimise the formation
of hydrogen peroxide which is detrimental to polymer electrolyte membranes (Chlistuno,

2011).

2.8. Assessmentofthecatalyticefficiency of ORR catalysts

Evaluation of the ORR performance of catalysts entails employing a diverse range of
electrochemical techniques and methods to glean insights into activity, stability, and
selectivity of the electrocatalysts. The electrochemical approaches that are most commonly
used forassessingtheefficacy of ORR electrocatalystsarebriefly described.

Cyclic voltammetry (CV) is a common method employed to assess the electrocatalytic
performance of ORR catalysts. The cyclic sweeping of the potential in a CV analysis allows

for the assessment of redox processes and catalytic behaviour, as described by Smith ez al.
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(2020). The onset potential for ORR serves as a rough measure of catalytic activity,
specifically, regarding the energy efficiency of the reaction. For the ORR, a high positive
onsetpotentialindicatesalowerenergybarrier,and potentially, higherkineticactivity.Cyclic
voltammetry (CV) can also reveal the occurrence underlying redox processes in the form of
peaks, whichmay indicate processes on the electrocatalyst as well as the interaction between
oxygen and active sites on the catalyst. This technique is beneficial for doing qualitative
investigationandinitial assessmentofcatalyticactivity.

Linear sweep voltammetry (LSV) is a technique used to measure the current response of an
electrochemical systemasafunctionofanapplied voltage thatincreases linearly withtime. In
LSV, thepotential ofthe workingelectrodeislinearly increased ordecreased, yieldingdataon
the current response and other important underlying characteristics (Wang et al.,2021). The
half-wavepotentialisanimportantmeasure forevaluatingtheelectrocatalyticactivity; where
higher half-wave potentials indicate better catalytic activity. Linear sweep voltammetry
(LSV), under controlled hydrodynamic conditions, for example, using the rotating disc
electrode (RDE), can also be employed to determine a number of kinetic parameters of an
electrocatalyticreaction.

The RDE is a device used for rotational motion in electrochemical experiments, when the
dependence of measured currentand potential on controlled mass transportofthe reactants to
the electrode can be accurately expressed mathematically, enabling to study key kinetic
parameters of a reaction. The technique involves the controlled rotation of the electrode at a

specific speed, enabling the examination of mass transport and the ORR kinetics (Li et al.,
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2022). The limiting current under conditions of controlled RDE voltammetry can be

describedbythe Levichequation(2.1).

ji = 0.62nF CpyD o, 2P v~16w1/2 (2.1)

where; j; is the diffusion limited current, n is the number of electrons transferred during the
ORR, F is Faraday’s Constant, Co2 solubility of oxygen in the electrolyte solution, Do> is
oxygen diffusivity, v is the kinematic viscosity of the electrolyte, and  is the electrode
rotationrate. Thenumber oftransferred electrons (n) canbedetermined fromtheslopeofaplot

ofj againstw?/2,

TheLevichplotisaplotofthelimiting currentversusthe squarerootoftherotationspeed. The
electron transfer number during the ORR can be determined by RDE studies. This allows for
determination of whether the ORR proceeds via the 2-electron or 4-electron pathway (Zhang
etal.,2021). For both FCs and MABEs, it is preferable to have the 4-electron pathway, as it
results in the direct conversion of O; to water, whereas the 2-electron pathway generates
hydrogen peroxide, which is not only detrimental to organic components (e.g. polymer
electrolytemembranes), butalsohasalowerenergy efficiency. Somecatalystsareaffected by
hydrogenperoxide whichresultsintocatalystpoisoning (Jinetal.,2020; Liuetal.,2014).

Electrochemical impedance spectroscopy (EIS) is a method employed to assess the charge
transferandresistance characteristics of catalysts. Electrochemical impedance spectroscopy
quantifies the catalyst's impedance response at various frequencies, yielding valuable
insights into charge transfer resistance and double-layer capacitance (Wang et al.,2021). A
decrease in charge transfer resistance indicates better electron transfer during the ORR and

thushigherpossibility forenhanced catalyticactivity..
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Chronoamperometry isemployed toassess the long-term stability and durability of catalysts.
Thistechniqueinvolves theapplication ofaconsistent potential and monitoring ofthe current
response with time (Wang et al., 2021). Chronoamperometry is a valuable technique for
evaluating the enduring effectiveness of catalysts in fuel cells and other practical uses (Wang
etal.,2021).

The typical features of the ORR polarization curve on an ideal catalyst under steady-state
hydrodynamicconditions (RDE)isshowninFigure.2.2. The polarisation curveisagraphical
representation of the relationship between current density and applied electrode potential,
exhibiting adistinctive "S-shaped" pattern. The LSV curve can be divided into three primary
segments, each illustrating an electrocatalytic process characterised by a unique ORR
reaction paradigm (Kulkarni et al., 2018). More precisely, within the high-potential zone
(shown by the green area), the overpotential is insufficient to surpass the reaction barrier and
efficiently facilitate the electrochemical process. Consequently, within this range of
potential, thekinetics of surfacereactionsactasaconstraining elementontheelectrocatalytic
performance, socreatingthe zone where surfacereactionsrule. Withinthelow-potential zone
(pink region), the current remains constant as the overpotential increases. The electrode
potential in this location exhibits a substantial deviation from the equilibrium potential. In
such circumstances, the reaction rate is sufficiently rapid that the diffusion of oxygen to the
surface of the electode through the diffusion layer becomes the limiting factor, while the
currentremains almost constantas the overpotential increases, leading to the formation of the
diffusion-controlledregion. Theassessmentofelectrocatalystactivity oftenreliesonthe half-

wave potential in the mixed controlled region, which is a consequence of the convolution of
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surface reactions and mass transport (Zhao et al., 2019). The total current in mixed kinetic-

diffusioncontrolledsectionasdescribed by Koutecky-Levich(K-L)inFigure2.2,below.
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Figure 2.2: Simulation of the ORR polarisation curve on an ideal catalyst under electrode
rotation.

2.9.Kineticparametersfor ORR catalyticactivity

To gain insight into the ORR performance of the synthesized Fe-N-C catalyst, a number of
parameters are required. These parameters can be determined from the electrochemical data
obtained fromthetechniquesdiscussedearlier..
2.9.1.Onsetpotentialand half-wave potential

The onset potential is the potential at which the ORR begins to occur (Batchelor-McAuley,
2022), while the half-wave potential is the potential at which the current reaches half its
maximum value. These are critical variables in evaluating ORR catalysts because they
provideameasure of catalyticactivity (Wangetal.,2021). High positive onset potentials.and

higherpositivehalf-wavepotentials generally indicate better catalyticactivity.
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However, the problem with this measurement can be identified through a simple analysis of
the E1/2 as the loading of the RDE catalyst is increased. Consequently, when comparing
catalysts based on their half-wave potential, there is a bias towards studies thatemploy larger
loading. Additionally, the dependence on loading further complicates the comparison

betweenstudiesthatutilise differentloadings (Wangetal.,2021).

2.9.2.Numberofelectronstransferred.(n)

The ORR can proceed through eithera 2-electron or 4-electron pathway, with the latter being
more desirable due to its direct production of water without forming hydrogen peroxide. The
electrons transfer number during ORR is a crucial variable for assessing catalyst selectivity
and efficiency (C. Zhang et al., 2009). Rotating disk electrode (RDE) experiments are
commonly used to determine this variable from the polarization data using the Levich
equation(2.1).

2.9.3.Tafelslope

TheTafelslopeisobtained fromaplotofpotential oroverpotential againstthelogarithmofthe
current density based on the Tafel equation (Equation 2.2). The Tafel slope can provide
insights into the reaction mechanism, the rate-determining step, and the catalytic activity of
ORR catalysts.

n =a + blog(j) l(2.2)
Where n is the overpotential, which is the difference between the electrode potential and the
standard equilibrium potential (n = E — E°), j denotes the current density, and b is the Tafel

slope..
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The Tafel slope bis anindication ofthe electrochemical reaction's kinetics and can be derived
from the linear portion of the plot of overpotential versus the logarithm of the current density
(Shinagawa et al., 2015). A lower overpotential suggests that the catalyst is more efficient,
requiring less energy toinitiate the ORR (Wangetal.,2019). Thisisacritical variable for fuel
cell applications, where reducing overpotential can improve energy efficiency and
performance.

Tafel slope provides information on the rate-determining step of the ORR and the electron
transfermechanism. A lower Tafel slope generally indicates more efficient catalytic activity,
as itsuggests that the reaction requires less overpotential to achieve a certain current density
(Shinagawa et al., 2015). Additionally, the Tafel slope can provide insights into the
mechanismby whichthecatalystfacilitatesthe ORR.

According to the literature, a slope of approximately 120 mVdec™! suggests that the rate-
determining step involves a single-electron transfer, while a slope of around 60 mVdec'!
indicates amore complex mechanism with multiple electron transfers (Zhao et al.,2021). In
addition, the Tafel slope is a measure of the kinetics of an electrocatalytic reaction. In
comparative studies, a lower Tafel slope indicates a higher rate of electron transfer, thereby
suggesting thatthe catalystismoreefficientatreducingoxygen.
2.9.4.Exchangecurrentdensity (jo)

The exchange current density (jo) is the current density at which the forward and reverse rates
of an electrochemical reaction are equal, resulting in no net current flow. It is typically
measured under conditions where the overpotential is zero, providing a measure of the

catalyst's intrinsic activity. A high exchange current density indicates a more active catalyst,
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suggesting that it can achieve a higher reaction rate at a given overpotential (Conway and
Jerkiewicz,2000).

Theexchangecurrentdensity isanimportantparameterbecauseitisanintrinsicproperty ofan
electrocatalyst that reflects its ability to facilitate electron transfer during the ORR. Itis akey
parameter for evaluating the effectiveness of a catalyst, as a higher exchange current density
indicatesamoreefficientelectrontransferprocess(Ficcaetal.,2023).

The Tafel slope and exchange current density are closely related, asboth provide insights into
the reaction kinetics of the ORR. The Tafel equation can be used to determine the exchange
current density by extrapolating the linear portion of the Tafel plot to the zero-overpotential
point (Ficca et al., 2023). Catalysts with a high exchange current density can achieve
comparativelyhighercurrentdensitiesataspecificoverpotential asopposed tothose with low
exchange currentdensities, pointing tosuperioroverall electrocatalyticefficiency.
2.9.5.Chargetransferresistance

Charge transfer resistance reflects the ease with which electrons are transferred between a
catalyst and the reactant. A comparatively lower charge transfer resistance indicates more
efficient electron transfer and potentially better catalytic activity (Meyer et al., 2019). This
variableisoftenevaluated usingelectrochemical impedance spectroscopy (EIS).
2.9.6.Surfaceareaandactivesites

The surface areaand density of active sites significantly impact ORR activity. Higher surface
area provides more sites for the reaction, while a greater density of active sites leads to

improvedcatalyticperformance(Hoshiezal.,2013).
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2.9.7.Durability andstability

Durability and stability are essential variables for ORR catalysts, especially for long-term
applications in fuel cells. Chronoamperometry or chronopotentiometry are among the most
commonly used techniques to assess the stability of catalysts (Hoshi ez al.,2013). The rate of
decay in the current response, or increase in potential or overpotential provides insights into

thecatalyst'sresistancetodegradation(Vijetal.,2016).
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CHAPTERTHREE
MATERIALSANDMETHODS
3.1.Materialsand equipment
Natural graphite (LR), Egg albumen (LR), Caffeine (LR), Iron (III) chloride hexahydrate,
Nafion solution (5%), Potassium hydroxide (min. assay 85%), isopropyl alcohol 95%, and

nitrogen, oxygen gases (min99%purity).

Vacuum quartz tube furnace (SK-2-2-12 TPA1), Pt wire for the counter electrode (CE),
Ag/AgCl in 3M KCI reference electrode (RE), sonicator, Scanning electron microscope
(SEM)(ZEISS GeminiSEM 360),and X-Ray Diffractometer(XRD)(MalvernPANalytical,
Westborough, MA, USA), a glassy carbon Rotating Disk Electrode (RDE) modified with a
film of the catalyst as the working electrode (WE), and Electrochemical analyser (CHI

Instruments 710e).

3.2.Methods

3.2.1.Synthesis of Fe-N-C catalyst

The Fe-N-C catalyst was synthesized following a method described by (Huang et al.,2019)
with slight modification. Nitrogen-doped carbon (NC) was prepared by the pyrolysis of a
compositeofaneggalbumen (0.5089.g)and graphite powder(3.1664 g)respectively. Theegg
albumen-graphite composite was pyrolyzed in a vacuum oven at 850 °C to produce NC
(1.8393 g), cooled and thenmixed with 0.0276 g of ferric chloride hexahydrate and pyrolyzed
at 850 °C for 2 h under nitrogen gas to obtain iron-nitrogen co-doped carbon catalyst. To

remove excess salt and leach away insecurely bound iron species, the produced catalyst
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samples weretreated with 10 mL of2M sulphuric acid for 12 hours, followed by washing with
excessdeionized water. Finally, the catalyst powders were dried overnightinanovenat 70 °C
for 12 hours, later weighed (1.7418 g). This procedure was repeated with caffeine as the
nitrogen source to give catalyst 2 (2.4023 g). The samples were labelled as OSS; and OSS,,

respectively..

3.2.2.Physicalchemicalcharacterisation ofthecatalyst

The X-ray diffraction (XRD) patterns of the catalyst powers were obtained using an X-ray
diffractometer (Malvern PANalytical, Westborough, MA, USA) with a Cu Ka radiation
sourceatavoltageof40kVandcurrentof40mA.SEMimages wererecorded usingascanning
electron microscope (ZEISS GeminiSEM 360) equipped with an Energy-Dispersive X-ray

(EDX)spectrometer (Smart EDX)..

3.2.3.Electrocatalyticcharacterisation ofthesynthesized catalyst

3.0mgofOSSI1 catalyst were dissolved in water (490 pL), isopropyl alcohol (490 uL) and 20
pL of Nafion (5%) followed by ultrasonication for 30 min. 5.3 pL of the resulting catalyst ink
was pipetted on a polished glassy carbon (GC) RDE and left to dry in air. All measurements
wererecorded at room temperature in KOH (0.1M) using an electrochemical analyser (CHE
710E,USA)inal00mLvolume3-electrodebeakercell. Theelectrolyte was firstdeaerated by
bubbling through nitrogen for 10 minutes. Electrode conditioning was carried outby running
20 cyclic voltammograms between 0.2 and -0.8 V (Ag/AgCl in 3M KCl), respectively, at a
scan rate of 0.01 V/s to obtain reproducible voltammograms, then a linear sweep
voltammogram for background correction was recorded under a nitrogen environment. For

ORR measurements, the concentration of oxygen in solution was maintained by purging
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high-purity oxygen through aseparate fine Polytetrafluoroethylene (PTFE) tubing (0.8 mm).
Afterthe purging, the oxygen was lifted above the solution level, and the gas allowed to flow
above the solution to maintain oxygen saturation and investigated for the ORR by recording
LSV curves at various RDE rotation speeds at room temperature. The measurements were
takenwitha Ag/AgClin3M K Clreference electrode, aplatinum coil as counter electrode and
catalyst supported on a glassy carbon RDE with a loading of 0.2 mg cm™ as the working
electrode. The stability of the catalyst was assessed using chronoamperometric tests, where
the current density forthe ORR was determined ata constant potential of-0.55Vvs. Ag/AgCl

ina3MKClsolutionoveracertaintimeperiodina0.1MKOH electrolytesolution.

3.2.4.0Obtained results

TheFe-N-Celectrocatalystsareexpected toexhibitimproved ORR performance comparedto
theFe-free,N-freeand Fe-and N-free carbon catalysts. Thekinetic study providedinsightinto
the mechanismofthe ORR onthe synthesized Fe-N-C catalysts, while the physical-chemical
properties of the catalysts informed structure-performance correlations allowing for

optimizationofthe catalystsynthesisconditions..
3.2.5.Dataanalysis

3.2.5.1.Characterisation ofthesynthesized catalyst

SEM high-resolution micrographs were used to analyze the catalyst surface properties,
particle size, and distinctive morphological characteristics. EDX maps were used to create
compositionmapsthatshowthedistribution ofiron,nitrogen,and carbon withinthe catalyst.
X-ray diffraction (XRD) was used to determine the crystalline structure of the catalysts and
probe the presence of specific phases, such as Fe, FesC, iron oxides and graphitic carbon
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structures, among others. Additionally, the XRD peaks were used to compute the size of the
crystallitesusing Scherrerequation:

K2
te BcosO

3.1

where 7 is the mean size of the crystalline particles, K is the shape factor (a dimensionless
number), A is the wavelength of the X-rays, f is the light broadening at Full Width at half
maximum(FWHM)intensity,and Oisthe Braggangle (Aguilar,2013)..
3.2.5.3.Kineticanalysisofthe ORR
3.2.5.3.2.Determination of the kinetic currentdensity (ji),electrontransfer number (n),
andreactionrateconstant(k)ofthe ORR

Kinetic analysis ofthe polarization curve was based on Koutecky—Levich theory which gives

themeasuredcurrent,j,as givenbyequation3.2

1 1
1= 242 62

where jris kinetic current density and j;is the diffusion limiting current. The kinetic currentis
givenby,

jk = nFkAC,, .(33)

wherenis overall number of the electrons exchanged, F is the Faraday’s constant (F = 96,487
C/mol), k is reaction rate constant, A is electrode surface area, 0.1256 cm? and Co; is the
oxygensolubility.

Diffusion limiting current (ji), which can be directly obtained from the polarization curve,

dependsonrotationrateandisgivenbythe Levichequationas,
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ji = 0.62nF CpyD 0,23 v=1/641/2 e (3.4)

where F the is Faraday’s Constant, Coz solubility of oxygen in electrolyte solution, Doz is the
oxygen diffusivity, v is kinematic viscosity of the electrolyte, and  is the electrode rotation
rate. In 0.1M KOH, the solubility of oxygen is 1.2x107® mol/cm?, oxygen diffusivity is
1.9x107%cm 2s!, while kinematic viscosity of the solution is 0.01 cm2s™! (Jin et al., 2020).
From Equations 3.2 and 3.4, a general equation, where the measured current density is

expressedasafunctionoftherotationrate canbe writtenas:

1 1 1
- = -+ (3.5
j Jk 0.62NFCpyD 922/ 3v=1/6w1/2 (3.5)
Thiscanbesimplifiedas;

1 1 1

J ok gz (3.6)

Theinverse of the currentdensity (1/j) was plotted as a function ofinverse of the squareroot of
the rotation rate (') to obtain the Koutecky—Levich plots. From the intercept of the plots
obtained for various potentials, the kinetic current density was determined by extrapolating
the datato zerorotation rate, while from the slope, the overall number of electrons exchanged

was calculatedasafunctionofthepotential..

transfer coefficient (o)

Conventionally, Tafel analysisleadstotwoimportant physical parameters, thatis: Tafel slope
andtheexchangecurrentdensity (j,). The Tafelrelation(Equation3.7),originally empirically
derived,canbetheoreticallyrationalizedas follows..

N = a+blog(j) (3.7)
44



where 1 is the overpotential, which is the difference between the electrode potential (£) and
standard potentials (7 = E — E), j denotes current density, and b is Tafel slope. Theoretically,
simpleelectrochemical redoxreactions canbe described by the Butler-Volmerequation

J = jofexp(—afn) — exp[(1 — a)fn]} ..(3.8)
where a is transfer coefficient, f denotes F/RT (F: Faraday’s constant, R: the universal gas
constant, T: is the absolute temperature), and jy is exchange current density. The equation
represents the total currents from both reduction and oxidation reactions (opposite signs).
First, we consider only the forward (or backward) rates that are significantly larger than the
corresponding backward (or forward) reaction rate. From the above equation, the following

equationcanbederived:

g = ;nGo) — L2 In () (9

where a as defined in Equation 3.6, thus the intercept obtained from a plot ofn vs. log j can be
converted into the exchange current density. The Tafel slope gives insight into the reaction
kinetics, mechanism and the potential rate limiting step, as well as the exchange current
density, which is an intrinsic catalytic parameter (Conway and Jerkiewicz, 2000; Petrii and
Tsirlina, 1994). Thus, for analysing electrochemical performance, the Tafel analysis was
conjugated with the Butler-Volmer equation as used in many studies (Kulkarni ez al., 2018;

Shinagawaetal.,2015; Strbac,2021; Wangetal.,2021a;Zagaletal.,1980;Zhaoetal.,2019).

Alltheplots weremadeusingthe OriginLab 8.00 dataanalysissoftware. Thehypotheses were
tested using a one-way ANOVA to check if there is a significant difference in the electron

transfernumber, kinetic currentorreactionrate constant forthe synthesized catalysts.
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CHAPTERFOUR
RESULTSANDDISCUSSIONS

4.1.Results

4.1.1.Synthesis of Iron-Nitrogen Co-doped Catalyst
Two different samples were synthesised from two different nitrogen sources; egg albumen
and caffeine (both analytical reagent grades) and the resulting catalysts are hereafter denoted

as OSS1 and OSS2, respectively. The schematic view of catalyst synthesis procedure is

showninFigure4.1,below.

diliy: <

A .

Graphite (C) l Nitrogen source (N)

Bt > FeasHO
a

NC

P FeNC

2 M H,SO, (10 ml),
12 hrs and rinse with
distilled water

FeNC

Figure4.1. Schematic illustration for synthesis of the iron-nitrogen co-doped carbon catalyst
(Source: Selfdesign)
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4.2.2.Characterisation of thesynthesized catalyst

Characterisation of the catalysts was performed by XRD, SEM with integrated elemental
analysisby EDX analysis (EDX)(ZEISSDSM 942).Figure4.2 and4.3 are SEM micrographs
forOSS1and OSS2, respectively. Forboth catalysts, the SEM revealed clearly distinctlayers
offlakes stacked together with evident pores at lower resolution. The flakes were of irregular
morphologies with rough porous surfaces. At higher resolution, nanoscale granular
structures were observed to be distributed within the catalyst (see Figure 4.2. and 4.3). of the

OSS1andOSS2 catalyst,respectively..

Figure 4.2. Catalyst characterization. (a-f) SEM micrographs at different magnification for

the OSS1 catalyst.
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Figure 4.3. Catalyst characterization. (a-f) SEM micrographs at different magnification for

the OSS2 catalyst.

Energy dispersive X-ray spectroscopy (EDX) analysis revealed the predominance of carbon
as the main element in both catalysts followed by nitrogen and lastly iron, as shown in figure
4.4,4.5and figure4.5,4.6 forOSS1and OSS2, respectively. Thetable 4.1 and 4.2 summarize
the elemental composition by atomic weight. EDX analysis also revealed that oxygen asisa
major impurity in the samples followed by aluminum. The presence of oxygen on carbon is
commonly observed due to surface oxidation of carbon to form various kinds of functional
groups, such as carbonyl and hydroxyl species, among others. The origin of aluminum

impuritiesisattributed tocontamination ofthe carbonsource
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Figure4.4. Catalystcharacterization. EDX elemental-maps showing the distribution ofiron,

carbonandnitrogen,aswellasoverlaid C,Feand Nmapsinthe OSS1 catalyst.
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Figure4.5. EDX spectrumshowingtheelemental compositionofOSS1
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Table4.1EDS elemental compositionof OSS1

Element Line Weight% Atomic%
C K 53.23 57.74

N K 1.30 1.28

O K 47.01 40.56

Fe L 1.02 0.25

i Overlayed

Figure 4.6. Catalyst characterization. EDX elemental-maps showing the distribution ofiron,

carbonandnitrogen,aswellasoverlaid C,Feand N intensity mapsinthe OSS2 catalyst.
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Figure4.7. EDX spectrum showingthe elemental compositionofOSS2

The EDS elemental compositionanalysisasshownin Table4.2.indicated acarbon-dominant
sample with substantial oxygen content and minimal quantities of nitrogen and iron. Carbon
(C) is the predominant element, at 59.41 wt% (68.99 at%), suggesting a carbon-rich matrix,
potentially graphitic or organic in origin. Oxygen (O) constitutes 27.79 wt% (24.22 at%,),
indicating potential partial oxidation or the presence of functional groups (e.g., carbonyl,

hydroxyl)onthecarbonsurface.

Nitrogen (N) was detected in trace amounts (1.09 wt% and 1.09 at%), indicating negligible
dopingorresidualnitrogen-containing precursors. [ron(Fe)ispresentintracequantities (0.74
wt%, but hardly 0.18 at%), indicating either leftover catalyst particles or inadvertent
contamination. The elevated C/O ratio (~2.1 by weight) indicates a somewhat oxidised
carbon framework, whilstthenearly similar weightand atomic percentages ofnitrogenimply

its homogeneous distribution. The little iron content verifies the effective synthesis of a
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largely metal-free carbon material, consistent with objectives to reduce dependence on
preciousmetalsincatalyticapplications.

Table4.2. EDS elemental composition of OSS2.

Element. Line Weight % Atomic %
C K 59.41 68.99

N K 1.09 1.09

0] K 27.79 24.22

Fe L 0.74 0.18

X-ray diffraction (XRD) was used to analyze the crystalline properties of the synthesized Fe-
N-C catalysts. The obtained XRD patterns for both OSS1 and OSS2 can be seen in Fig 4.4.
Both catalysts exhibited abroad peak at approximately 26.7°, which corresponds to the (002)
crystal plane of graphite carbon (Ilkiv ef al., 2015). This indicates that the carbon was
predominately present in a graphitic form, that is due to the low Fe content in the catalysts
which was demonstrated by the characteristic XRD patterns arising from metallic iron, iron
carbide, or iron oxide species (Krishnan et al., 2025). The pair of low angle duplet peaks at
about 20 =20° are ascribed to species within the graphitic interlayers, likely arising from Fe
and nitrogen species embedded with the graphitic layers, as indicated in the SEM
micrographs. Small angle X-ray scattering data attribute these duplex peaks to reflections
from(2-11)facetsof FesN (Chambersetal.,2022). The clearly discernible diffraction peak at

20~44.5%1sattributedtoreflections fromthe(101)planesofgraphiticcarbon. Theratherweak
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diffraction peaks at 20 ~ 50° and 54.5° are attributed to reflections from the (024) and (116)

planesofa-Fe;O3, whoselow intensity indicatesaverylow contentofthesespecies.

—O0SS1 0SS2 GC

Intensity (a.u)

" (111)

__M\,,}’AV,"" \-«‘«'-M‘}'_-A__,,f.,\ U A _/,'._f -

WGPV RS |

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degress)

Figure 4.8. X-ray diffraction pattern of the OSS1 and OSS2 catalysts together with the

diffractionpatternofgraphiticcarbon..

The XRDresultsthusunequivocallyrevealed the presencegraphiticcarbonwith FesNspecies
embedded within the graphitic interlayers, and a low quantity of crystallites of Fe2O3. There
wasnoclearevidence of diffraction patterns attributable to metalliciron. Under conditions of
high temperature annealing, carbon has the ability to reduce Fe*" ions, resulting in the
formation of Fe nanoparticles. Additionally, some of the Fe** ions may react with N atoms,
leading to the formation of Fe;N. Fe;O3; may be readily produced through the oxidation of

metallic Fe due to air exposure (Mi et al., 2020). The crystal sizes of FeoO3 and Fe were not
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determined using the Scherer equation because the diffraction peaks are too weak to reliably
determinetheparticlesizes.

4.2.3.Electrochemical tests

All the three catalysts revealed similar patterns with a characteristic first peak at -0.35 V and
current intensity of 1.55 mAcm™ for OSS1 and OSS2 while the GC had an irregular peak at -
0.65V and lower current density of 0.6 mAcm™. The pattern later stabilised with same similar
however consistent and significantly close peak intensities. OSS1 and OSS2 stabilised at
current density of 0.3 mAcm at the same potential of -0.35 V. The electrode conditioning

polarisationcurvesareshowninFigure4.9,below.
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Figure4.9. Electrode conditioning polarization curves duringthe ORR on(a) OSS1, (b) OSS2

and(c)GC,inOzsaturated 0.1 M KOH solutionatroomtemperature..

The background reactions in absence of oxygen were investigated for all catalysts. It was
found that the background current density increased from GC, OSS1 and OSS2 and shown in
Figure 4.9 (a), thus preliminarily, activity of OSS2 was higher than that of OSS1 and GC

respectively. This background current was subtracted from the current density ofactual ORR

tests.
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Figure 4.10. Polarization curves during the ORR on (a) Background reactions (b) OSS1, (c)

0SS2and(d)GC,inOssaturated 0. 1M KOH solutionatroom temperature..
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The electrocatalytic performance of the catalysts during ORR was investigated by linear
sweep.voltammetry (LSV)testsusingRDEinathree-electrode cell in oxygen saturated KOH
(0.1M) solution at room temperature. The polarization curves, K-L plots (Figure 4.10 (b-d))
and Tafel slopes (Figure4.12 (a-c)) ofthe synthesized OSS 1 and OSS2 catalysts, and for bare
glassy carbon (GC) as reference are shown in Figure 4.10. The key performance indicators
(KPI) determined from Koutecky- Levich analysis of the data is summarized in Table 4.3,

below.

Tabled.2.Summaryof ORR catalyticparameters forthe OSS1,08S2 catalystsand GC.

Kinetic Parameter GC 0SS1 0SS2
Eonset(V) -0.151 -0.142 -0.130
Ein(V) -0.551 -0.541 -0.530
n 2.380 2.938 3.238
jk(mAcm™) 1.007at-0.290V 1.609at-0.423V 2.189at-0.466V
k(s 3.621 4.741 5.845
Tafelslope(mVdec™) 95.92 103.61 114.65
a(mAcm) 0.354 0.349 0.459
a 0.073 0.073 0.056

The onset potential was -0.151, -0.142 and -0.130 V for glassy carbon, OSS1 and OSS2
respectively. The half wave potential was -0.551, -0.541 and -0.530 V for OSS1, OSS2 and

GC,respectively.
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Figure 4.11. The overlayed polarisation curves at 1600 rpm for all the catalysts (a) and
Koutecky-Levichplots for(b)OSS1,(c)OSS2and(d)GC.

Thehigh onsetofthe ORR on OSS2 compared to the other samples means that OSS2 wasable
to surmount the ORR energy barrier with comparatively more relative ease than on the other
surfaces. This basically indicates that the initial activation of the ORR is kinetically faster on
0OSS2, however, the onset potential of the ORR alone is insufficient to deduce the overall
kinetics of the ORR on the various catalysts. A catalyst with a comparatively higher onset
potentialdoesn’tnecessarilytranslateinto faster ORR kinetics dueto other factorsthatcontrol
the overall reaction kinetics. All the KPIs, including the kinetic current density, Tafel slope,
electron transfer number and exchange current density have to be considered in tandem in

ordertodeducethecatalystwiththe fastest ORR kinetics.
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Figure4.12. Tafelplotsfora) OSS1;b), 0SS2;andc) GCatvariousrotationspeeds..
Theaverage Tafel slopes forthecatalystsrecordedwas 103.61and 114.65 for OSS1and OSS2
respectively and 95.92 for GC as shown in Table 4.3. The individual Tafel slopes for OSS1
ranged from 101.12t0107.83,112.16to 118.86and 95.10t0 99.24 mVdec™! for OSS1, 0SS2
and GC,respectively. The Tafel slopeincreased with increasingelectroderotationspeed..

4.3.Discussions.

4.3.1.Characteristics oftheiron-nitrogen co-doped catalyst
Scanning electron microscopy (SEM) micrographs revealed an intricate network of
interconnected sheets with exposed pores with sizes ranging from micropores to mesopores.

The creation of these pores is ascribed to the disintegration of organic precursor materials
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during pyrolysis, which liberates gases that generate a porous framework. Iron promotes
nucleation and graphitization of carbon resulting in rough surface morphology of the
observed carbon sheets (Feng et al., 2021). The observed coarse textures or fibrous
configurations were also reported by (Chen et al.,2018). At elevated temperatures, nitrogen
precursors undergo decomposition liberating nitrogen which coordinates the carbon and iron
species. The nitrogen can be pyridinic or pyrrolic N doping depending on whether the
resultant structure is a 6 or 5 ring structure respectively. The iron and nitrogen centers act as
active sites of the catalyst due to higher charge density at these centers. The charge density is
attributed to high electronegativity difference between iron and nitrogen with carbon

(Jiménez-Ramirezetal.,2017)

The SEMmicrographsalsorevealed defectslike cracks orvoidsinthe carbonstructure, which
are frequently associated with stress caused by high temperatures (Singh et al., 2020). In
addition, introduction of foreign nitrogen atoms can generate defects in carbon structure,
hence increasing catalytic activity by offering a greater number of reactive sites (Park and
Chen, 2018). There was no irrevocable evidence of the presence of metallic iron particles or
clusters neither from the SEM micrographs nor from the XRD data. Metallic particles or
clusters can be easily distinguished in SEM images as bright spots because they have ahigher
atomic number (Johnson and L1, 2017). XRD data revealed interlayer species in the carbon
matrixascribedtoFesN. Therewasevidence oftraceamounts ofFe;Oz inthesamples fromthe
XRDpatterns. Metallicironparticles canbe created fromironprecursors during pyrolysisdue
thereductiveconditions. Whenexposedtoair, they readilyundergo transformationinto oxide
forms.

59



The presence of nitrogen in SEM may not be directly visible, but it is not expected to greatly
impact the morphological properties of the sample. Nitrogen doping induces structural
defects in the carbon matrix and modifies its electrical characteristics. These modifications

impact the properties, fostering the formation of distinct surface structures as reported by (L1

etal.,2021).
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Figure 4.13. EDS spectra of the OSS1 and OSS2 catalysts showing variation of the intensity

againstenergy oftheemitted X-rays.

Energy-dispersive X-ray spectroscopy (EDX) provided valuable information about the
elemental composition and distribution ofthe constituentelements C, Fe and N inthe Fe-N-C
catalysts. Thepresence oftheiron(Fe)peak (L=0.705),nitrogen(K=0.392),and carbonpeak
(0.277), as verified by the EDS reference sheet, indicates the effective synthesis of the iron-

nitrogen co-doped catalyst. The carbon intensities in both catalysts surpassed those of
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nitrogen and iron, hence confirming a larger composition of carbon in both samples, as
expected. The catalytic activity of the Fe-N-C catalysts depends on the co-existence of an
appropriate quantity of both iron and nitrogen in a specific configuration (Feng et al.,2013;
Liangetal.,2014; Osikoyaetal.,2015;Parketal.,2016; Weietal.,2015; Wiggins-Camacho

andStevenson,2011;Zhaoetal.,2013).

4.3.2. ORRactivity of thesynthesized Fe-N-C catalysts

4.3.2.2. Koutecky-Levich analysis

The kinetic current density values for glassy carbon, OSS1, and OSS2 were 1.0073, 1.6087,
and2.1889mAcm2at-0.423,-0.466and-0.290 V respectively. The overall electron transfer
numberwas?2.38,2.94,and 3.24, whilethereactionrate constantwas3.621,44.741,and 5.845
s, respectively. Outofall the catalysts, 0SS2 had the highest electron transfernumber (3.24),
signifying that ORR primarily followed the four-electron pathway. The electron transfer
number of OSS1 was 2.94, indicating that both the four-electron pathway and the two-
electron transfer pathways occur in parallel, but with a little higher tendency towards the
production of hydrogen peroxide. GC had the lowest electrons transfer number of 2.38,
suggesting a higher propensity for hydrogen peroxide formation (Zhou et al., 2020). The

Koutecky-LevichanalysisdataissummarizedinthebargraphinFigure4.14.
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Figure4.14. Bar graphs showing number oftransferred electrons (n) and kinetic current (jx) of

the ORRonOSS1,0SS2andonGC..

4.3.2.3.Comparisonoftheelectron transfernumber (n) for the catalysts.

The electron transfer number during the ORR is akey metric indicating the pathway through
whichthereactionproceeds. A value of4 signifies adirectreduction of oxygentowater, while
avalue of 2 suggests formation of hydrogen peroxide as an intermediate. Combining these
insights, OSS2 emerged as the best-performing catalyst due to its high of electron transfer
number, the highest kinetic current, and the fastest reaction rate constant. This indicates that
OSS2 has the highest efficiency making it the most suitable for applications requiring
efficient 4e- oxygen reduction to water with none or minimal production of hydrogen
peroxide. OSS1 also performed well but was slightly less efficient than OSS2. GCshowed the
least efficient characteristics, with a much lower electron transfer number, lower kinetic

current,andmuch lowerreactionrate constant..
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Figure 4.15. Comparison of electron transfer number (n) of synthesized catalysts, OSS1 and
0OSS2andthatofGCat-0.423,-0.466and-0.290 V.

(a) Plot of electron transfer number against the applied potential. (b) Bar graph showing
average electron transfer number for each catalyst and their relationship to the 2 or 4 electron

transfernumber.

4.3.2.4. Dependenceofelctron transfernumber on applied potential

As clearly illustrated in Figure 4.14, all the studied catalysts revealed a linear a relationship
between applied potential and n during ORR on both the OSS1and OSS2 catalysts,as well as
on GC. The number of electrons transferred increases with increasing overpotential. This
relationship is consistent with results reported in the literature (Shen et al., 2019). At higher
overpotentials, the number of electrons transferred is higher, suggesting a predominance of
the four-electron pathway, which leads to the direct conversion of oxygen to water. Atlower
overpotentials, the number of electrons transferred gradually decreases, indicating a shift
towards the 2e pathway, which involves the formation of H>O» as an intermediate. This trend,

where ndecreased from 3.00 at-0.380 Vt02.91 at-0.500 V, points to atransition in the ORR
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mechanism, with the 4e- being favoured at high overpotentials while low overpotentials

favouredthe2e-pathway, implyingmore generation ofH>O».
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Figure 4.15. Variation of the number of electrons transferred against the applied electrode

potential forOSS1,0SS2,and GC, respectively.

4.3.2.5.0RRreactionmechanismonthe OSS1and OSS2 catalysts.

Tafel plots forthe ORR onthe three catalysts, namely GC, OSS1,and OSS2, offered valuable

insights into the ORR reaction mechanism on the catalysts. GC had a Tafel slope of 95.92

mV/decade, indicating an intricate process controlled by both electron transport and

subsequent chemical reactions. Platinum catalysts are known to successfully facilitate the 4-

electron reduction pathway in alkaline environments, and this mixed control mechanism s a
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feature of such catalysts (Antolini, 2009). The findings for the OSS1 catalyst, which had a
Tafelslope of 103.61 mV/decade, is not significantly different from that of GC meaning that
the ORR on OSS1 follows a similar pathway as on GC. However, the activation barrier for
either the electron transfer step or a later chemical step is higher. The OSS2 catalyst, was
characterized by a Tafel slope of 114.64 mV/decade, suggesting that a chemical step is the
controlling factor in the reaction mechanism. This could be attributed to variations in surface
characteristics or active site configurations compared to OSS1. The observed differences in
Tafel slopes emphasized the impact of catalyst composition and structure on the ORR
mechanism. From the Tafel slopes above, the following ORR mechanisms have been
proposed foreachcatalystassummarizedin Table4.4,below.

Table4.4. ORR mechanism forthesynthesized catalysts.

Catalyst Tafelslope(mVdec™) ORR mechanism

Ox+e.. O ... (RDS). .
OSS1 103.61 Oy +H,O+e.. -HO» +OH
HO, +H,0+2e... 308
Oyt+e. =0
0SS2  114.65 0, +H,0+e. HOw+OH ... (RDS)
HO; +H,O+2e... 308
GC 96.92 0,+2H,0+4e.. 4O

The ORR occurs by one of two possible major pathways depending on the final product, thatis
hydrogen peroxide or water. In addition, there are several factors that influence the ORR
mechanism, including themode ofadsorption of oxygen, chemical composition and physical
characteristics of the catalyst (Van Ede and Angst, 2023). Oxygen may approach a single

active site either side-ways or end-on. At a dual site, the side-ways approach leads to
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adsorptionof Oz ontwo activesites simultaneously forming abridge-cis bond. Depending on
the proximity of dualsites, the end-onapproach to.adual site may lead to Oz binding inabride-
trans configuration. On well-defined structures, such as monocrystalline surfaces, the mode
of Oz adsorption is easy to predict since the inter-atomic distances in two-dimensional space
are known. After the adsorption step, the subsequent multi-step proton-coupled electron
transfer steps, and chemical steps, determine the value of Tafel slope, depending on the rate-
determining elementary reaction. If the first electron transfer step is rate limiting, the
theoretical value of the Tafel slope would be around 59 mv/decade. Conversely, ifachemical

stepisrate determining, the theoretical value of the Tafel slope wouldbecloseto 118 mVdec™.

From the Tafel slope data in Table 4.5, it can be concluded that GC exhibited a mixed
mechanism that is characterized by a combination of factors, without a specific single step
dominating the mechanism and the reaction rate. Similarly, OSS1 also exhibited a mixed
control mechanism, but with indication of a charge transfer step being rate limiting. On the
otherhand, itisvery evidentthat OSS2 hadachemical step involving the intermediate species
thatdeterminestherate.

The observed Tafel slopes for these catalysts are consistent with the results reported by other
researchers. For example, catalysts based on Pt in alkaline solutions usually exhibit Tafel
slopes that vary between 60 and 120 mV/decade. The particular values depend on how the
catalystis prepared and the conditions of the experiment. This range indicates the prevalence
ofmechanismsthatinvolvebothelectron transportand chemical steps (Antolini, 2009). Iron-
nitrogen co-doped carbon catalysts have been found to exhibit Tafel slopesranging from 80 to

120mV/decade, suggesting a variety of processes and factors at the active sites. According to
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Liuetal.(2011),theydiscoveredthatFe-N-C catalysts exhibit Tafel slopesranging from 90to
110mV/decade, which aligns with the values recorded for OSS1 and OSS2 in this study. The
similarities indicate that the oxygen reduction reaction on OSS1 and OSS2 is controlled by
both electron transfer and subsequent chemical reactions, however, with a chemical step
beingclearly the dominantratelimitinginthe case of OSS2 comparedtothecaseinOSS1.The
individual Tafel slopes reflect the variations in activation energies and surface features. The
alignmentofthesefindingswithexistingliteraturevalidatesthededuced ORR mechanismsin
these catalysts and emphasizes the influence of catalyst design on electrochemical

performance.
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CHAPTERFIVE: CONCLUSIONSANDRECOMMENDATIONS

5.1.Conclusions

Iron-nitrogen co-doped carbon catalysts were successfully prepared by the pyrolysis at 850
°C of amixture of graphite and iron chloride as the carbon and iron sources, respectively, and
two different nitrogen sources were studied, that is; egg albumen and caffeine. The ORR
activity ofthe synthesized catalysts in the form of films adsorbed on a glassy carbon rotating
disc electrode (RDE) was determined and compared with that of a bare glassy carbon (GC)
electrode. The OSS2 catalyst, in which caffeine was used as the nitrogen source emerged the
best ORR catalyst in terms of electron transfer number (3.34), kinetic current density (2.19
mA cm? at -0.466 V) and reaction rate constant (5.85 s™! also at -0.466 V). By contrast, the
corresponding values of n, jx and k for OSS1 were: 2.94, 1.61 mA cm?,4.74 s} at-0.433 V
respectively. On the other hand, the electron transfer coefficient of OSS2 (0.056) was lower
than that of OSS1 (0.073), and its Tafel slope (114.65 mV dec™!) was also lower than that of
0OSS1(103.61mV dec), however, the difference was not significantly large thus suggesting that the
ORR mechanism was similar on the two catalysts. The incorporation of iron and nitrogen into

carbontherefore improvedthe ORR activity of carbonasexpected..

5.2.Recommendations
i.  Utilizing caffeine asanitrogen precursor for the synthesis of Iron-Nitrogen co-doped
Carbon (Fe-N-C) catalysts by the pyrolysis of a composite mixture of caffeine and
FeCl3.5H20 (Fe source) dispersed on graphite powder (carbon source), is evidently

very promising. Future efforts should focus on further optimizing the amount of egg
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ii.

iil.

albumen and caffeine of the synthesis parameters to enhance the ORR performance.
Utilizing caffeine as a precursor presents various benefits, such as cost-effectiveness
andsustainability,amongothers.

Future studies may also investigate the ORR catalytic activity in acidic conditions, as
well as its role in hydrogen and oxygen evolution reactions. Assessing the ORR
catalytic activity of the synthesized catalysts in acidic electrolytes is essential due to
the potential for practical applications, such as in proton exchange membrane fuel
cells(PEMFCs).

Additional characterization of the synthesized catalysts using TEM and XPS, among
others, to thoroughly elucidate the properties of the catalyst is necessary. TEM and
XPS are advanced methods used to analyse the surface structure and chemical
composition of materials at the nanoscale. TEM can reveal structural characteristics
ofthecatalysts,includingparticlesize, shape,and distribution. These parameters play
a crucial role in determining catalytic activity. XPS examination provides
comprehensive insights into the chemical composition and electronic properties of
the elements present in the catalysts. Through the utilisation of TEM and XPS, more
profound understanding of the catalysts' structural and chemical attributes may be
deciphered. Thisenablestherefinement of synthesistechniques and the improvement

oftheircatalyticefficiency.
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APPENDICES

Appendix 1.Koutecky-Levichanalysisdatafor GC,OSS1and OSS2 polarisationcurve.

SamplelID Potential (V) n jx(mAcm™) k(s™)
-0.380 3.000 1.145 3.295
-0.400 2.920 1.405 4.156
-0.450 2.920 1.858 5.496
OSS1
-0.500 2.910 2.027 6.017
-0.433 2.940 1.609 4.741
Std 0.040 0.406 1.243
-0.433 3.290 1.998 5.245
-0.450 3.270 2.139 5.650
-0.480 3.200 2.283 6.162
OS52 -0.500 3.190 2.335 6.323
-0.466 3.240 2.189 5.845
Std 0.043 0.132 0.426
-0.300 2.300 0.634 2.380
-0.295 2.290 0.916 3.453
-0.290 2.300 1.075 4.037
ac -0.280 2.630 1.405 4.614
-0.290 2.380 1.007 3.621
Std 0.170 0.322 0.953
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Appendix2.Tafelslopeanalysis forGC,0SS1and OSS2

SampleID Speed (rpm) Slope a(mAcm-2) a

100 -99.240 0.361 0.071

400 -95.340 0.354 0.073

900 -94.010 0.350 0.073

ac 1600 -95.100 0.349 0.074

Mean -95.920 0.354 0.073

Std 2.290 0.006 0.001

100 -107.830 0.357 0.072

400 -103.530 0.350 0.073

900 -101.940 0.346 0.074

OSS1

1600 -101.120 0.345 0.074

Mean -103.610 0.350 0.073

Std 2.990 0.005 0.001

100 -118.860 0.501 0.051

400 -114.580 0.467 0.055

900 -112.990 0.438 0.059

0S52 1600 -112.155 0.428 0.060
Mean -114.650 0.459 0.0562

Std 2.980 0.033 0.004
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