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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 oC. 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-2 at -0.466 

V and a selectivity of oxygen reduction to water via hydrogen period pathway (n = 3.24) 
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predominantly via the 4-electron pathway, Tafel slope of 114.650 mVdec-1, and exchange 

current density of 0.459 mAcm-2. OSS1 had a slightly lower kinetic current of 1.609 mA 

cm-2 at -0.433 V. Finally, Graphitic Carbon showed a reduced kinetic current of 1.007 mA 

cm-2 at -0.290 V, selectivity of oxygen reduction to water via peroxide pathway (n = 2.38), 

Tafel slope of 95.920 mVdec-1, and exchange current density of 0.354 mAcm-2. 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. 

 

 



 
 

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 et 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). 
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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 et 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 
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expenses iassociated iwith imaterials iand iproduction iof istack icomponents. iAdditionally, ithe 

iprices iof ihigh-performance imembranes iand icatalysts  imust ibe ireduced i(Cells iet ial., i2016). i 

1.2. iStatement iof ithe iproblem 

Energy iis ia iglobal idomestic iand iindustrial ineed iand iit iis ione iof ithe ibiggest idrivers iof 

idevelopment iand itechnological iadvancement. iThe icurrently imost iused ienergy isource iis ifossil 

ifuels, iwhich ihave iresulted iin iglobal ipollution. iTo inegate ithese ieffects, ithere iis ineed ito idevelop 

isustainable ienergy isystems. iFCs iand iMABs ihave ibeen ideveloped ias ipromising ienergy 

isystems ithat ican isignificantly icontribute ito iabatement iof iproblems iassociated iwith ithe iuse iof 

ifossil ifuels. iFCs, iparticularly ihydrogen ifuel icells, ihave inet izero iCO2 iemissions iwhen ifed iwith 

igreen ihydrogen. iMetal-air ibatteries iexhibit itheoretically ihigher ienergy idensities ithan 

iconventional ibatteries. i 

The imajor idrawback iof ithese itechnologies iis islow ikinetics iof ithe iORR, ia ikey icathodic ireaction 

iin iboth itechnologies. iThe imost ipowerful icatalysts ifor iORR, iare ieither iPt ior iplatinum-based 

icomposites iand iits ialloys. iThe iscarcity iand ihigh icosts iassociated iwith iPt iand iits iderivatives ihas 

imade icommercialization iof iFCs iand iMABs itechnologies iuneconomical. iTransition imetals 

ilike iFe, iCo, iand iNi ias iwell ias itheir icomposites iwith initrogen-doped icarbon imaterials i ihave 

ibeen iexplored ias ipotential ialternatives ito iPt ifor iORR iand iRu iand iIr ifor iOER. iPlatinum icatalysts 

ihave ia itendency iof isuffering iinevitable ideactivation idue ito ithe imigration iand istrong 

iadsorption iof ianions iand imethanol ionto ithe icatalyst. i 

Pure iiron ihas ia icomparatively ihigh ioxygen ibinding ienergy icompared ito iPt. iHowever, ithis 

ifavours iadsorption iof ioxygen ibut inot idesorption iof iproducts icontaining ioxygen iwhich 
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inecessitates iregulation iof ithis ibinding ienergy. iThis ican ibe iachieved iby ideveloping icatalysts iin 

iwhich iFe iis icoordinated ito idopants ilike initrogen i(N), isulphur iand iphosphorus, iamong iothers, 

ito imodulate ithe ibinding ienergy iof ioxygen iand ioxygen ireduction iintermediates ion ithe iFe isites. 

iAdditionally, iiron iis ihighly iabundant iand ireadily iaccessible, iwhich iwould ipotentially isuch 

iFe-based icatalysts icost-effective iand iscalable. iThis iwork isought ito isynthesize iiron iand 

initrogen ico-doped icarbon i(Fe-N-C) icatalysts ifor ielectrocatalytic ioxygen ireduction iusing iegg 

ialbumen iand icaffeine ias ibiomass ibased icarbon iand initrogen isources i 

 i1.3. iObjectives  iof ithe istudy 

1.3.1. iGeneral iobjective 

The igeneral iobjective iof ithis istudy iwas ito isynthesise iand icharacterize iiron initrogen ico-doped 

icatalyst iand iinvestigate itheir ikinetics iof ielectro-catalytic ioxygen ireduction ireaction. 

1.3.2. Specific iobjectives 

i. To iprepare iiron initrogen ico-doped icarbon icatalysts. i 

ii. To icharacterise ithe isynthesised iiron initrogen ico-doped icarbon icatalysts. 

iii. To idetermine ielectrocatalytic iperformance iof ithe isynthesized iiron initrogen ico-doped 

icarbon icatalysts ifor iORR. 

1.4. iJustification 

Iron-based ielectrocatalysts ihave ibeen ishown ito ibe ipromising ialternatives ito iplatinum-based 

icatalysts idue ito itheir ilower icost iand igood iperformance i(Shen iet ial., i2019). iIntroducing iN 

ifunctionalities iin icarbon istructure, ispecifically ipyrrolic, ipyridinic, iand igraphitic iN igroups, 

ialong iwith iiron, iinto icarbon ihas idemonstrated  ithe iability ito icreate ihighly ieffective 
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ielectrocatalysts. iHowever, imost initrogen isources ipyridine i(Xia iet ial., i2011), ipyrrole i(Chen iet 

ial., i2021; iJiménez-Ramírez iet ial., i2017; iLilloja iet ial., i2021) iand imelamine i(Liu iet ial., i2022) 

ireported iare iof ifossil iorigin. iThere iis ineed ito istudy ipossible irenewable ialternatives iThese 

ielectrocatalysts iare inow ithe itop icandidates ifor ireplacing iplatinum i iin iORR iapplications i(Feng 

iet ial., i2013; iWei iet ial., i2015). iAdditionally, icaffeine i(Rameshaiah i& iAshoka, i2015) iand iegg 

ialbumen i(Chiralt iet ial., i2017) iare irich iin initrogen iand icould ibe ia igood isource iof initrogen ias ia 

idopant. 

1.5. iSignificance 

i. This istudy iis iexpected ito icontribute ito ithe idevelopment iof iimproved, icost-effective 

icatalysts ifor imore iefficient iand ieconomical ienergy istorage iand iconversion 

itechnologies. i 

ii. The iresults iobtained ifrom ithis istudy ihas ithe icapacity ito igenerate isignificant iprogress iin 

ithe idomain iof ielectrocatalysis iand ithe idevelopment iof ienvironmentally istable ienergy 

isystems. iThese idevelopments imay ihave ia ipositive iimpact ion iboth ithe ienvironment 

iand isociety ias ia iwhole. 

iii. This iresearch isignificantly iadvances iSustainable iDevelopment iGoal i(SDG) i7 iby 

itackling iessential ihurdles iin iclean ienergy itechnology ithrough ithe icreation iof 

ieffective,  inon-precious imetal ielectrocatalysts ifor ifuel icells. i iOptimising initrogen-

doped icarbon-based icatalysts ifor ithe iOxygen iReduction iReaction i(ORR) 

iimmediately ifacilitates ithe ishift ito icost-effective iand isustainable ienergy isystems. 

1.6. iScope iof ithe istudy 
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The iscope iof ithe istudy iwas ilimited ito isynthesis iof ithe iFe-N-C ielectrocatalyst iusing iwet 

iimpregnation iand ithermal itreatment imethods, iand ito icharacterize ithem iusing ia irange iof 

imethods isuch ias iX-ray idiffraction i(XRD) iand iscanning ielectron imicroscopy i(SEM) 

iintegrated iwith iEnergy iDispersive iX-ray ispectrometry i(EDX). iThe iORR iactivity iof ithe iFe-N-

C ielectrocatalyst iwill ibe istudied iusing ithe irotating idisk ielectrode i(RDE) ivoltammetry 

itechnique iand ilinear isweep ivoltammetry i(LSV) ito idetermine, ithe ionset ipotential, ikinetic 

icurrent, iexchange icurrent idensity, ielectrons itransfer inumber i(n), ireaction irate iconstant iand 

ielectron itransfer icoefficient i(α). iThe ireaction iwas iinvestigated iin ian ialkaline ielectrolyte 

ipotassium ihydroxide i(0.1M) isaturated iwith ioxygen. i iThe iwork iwas iconducted ifrom iOctober 

i2022 ito iJune i2024 iat ithe iDepartment iof iChemistry iresearch ilaboratory, iKyambogo iUniversity 

i(Kampala), iwhile icharacterization iof ithe isynthesized imaterials iwas iconducted iat iMakerere 

iUniversity iin ithe iMaterial iScience iLaboratory. i 
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1.7 iConceptual iframework 

 

Figure i1.1: iThe iconceptual iframework iof ithe istudy 

 

 

  

Independent 
variables

Electrode rotation 
(100, 400, 900 and 1600 RPM)
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Egg albumen and caffeine

Controlled 
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Electrode rotation
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rpm

Carbon and Irone source
▪ Carbon  (Graphite)
▪ Iron (FeCl3)
Electrolyte solution
▪ 0.1 M KOH

Dependent 
variables

Catalytic activity
▪ Electron transfer number (n)
▪ Kinetic current density
▪ Exchange current density
▪ Tafel slope
▪ Reaction constant
▪ Transfer coefficient

Catalyst Characteristics
▪ Morphological structure
▪ Crystal structure
▪ Elemental composition
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CHAPTER iTWO 

LITERATURE iREVIEW 

2.1. iFuel icells 

Fuel icells i(FCs) iare ielectrochemical idevices ithat itransforms ifuel iand ioxidant iinto ielectrical 

ienergy iand iheat ienergy. iHydrogen i(H2) iFCs, iwhich irely ion iH2 ias ithe ifuel iand ioxygen i(O2) ifrom 

ithe iatmosphere ias  ithe ioxidant, iare ithe ipredominant iand iextensively iresearched icategory iof 

ifuel icells. iThe iprocesses ioccurring iin ia ihydrogen iFCs iare ithe iinverse iof iwater ielectrolysis, 

iwhen ian ielectric icurrent idecomposes iwater iinto iits ibasic ielements,  iH2 iand iO2. iHydrogen iFCs 

ifacilitate ia ireaction ibetween iH2 i(fuel) iand ioxidizer i(air ior iO2) iat ithe ianode iand icathode, 

irespectively. iThis iprocess iresults iin ithe iproduction iof ielectricity, iheat, iand iwater i(Shao iet ial., 

i2016). iWhen ithe ifuel iand ioxidant iare icontinually isupplied, iFCs iand iMABs igenerate ielectric 

ienergy icontinuously, iunlike ibatteries iwhich istore ienergy i(Shah, i2007). i 

Fuel icells ioffer ia igreat  iprospect ito iobtain icleaner, igreen iand imore isustainable ienergy isupply iin 

ithe i21st
 icentury iand ibeyond iwith ithe ipotential ito isignificantly ireduce iCO2 iemission ithus iaiding 

itowards iachievement iof ithe iUnited iNations i(UN) iclimatic igoals iof inet-zero iCO2 iemissions iby 

i2050. iThere iexist iseveral iFCs imostly icategorised ibased ion ithe ielectrolyte ior ifuel itype, 

ialthough iall iof ithem irequire iORR ias ithe icathode ireaction i(Wei iet ial., i2015). i 

2.2. iThe ioxygen ireduction ireaction i(ORR) 

The iORR iis ia ichemical iprocess ithat iinvolves ireduction iof ioxygen ito iwater. iIn iFCs iand iMABs, 

iORR iis ithe ihalf-cell ireaction ithat iconverts ioxygen igas iat ithe icathode iinto iwater ias iillustrated iin 

ithe ifollowing ichemical iequations iin ialkaline iand iacidic imedia irespectively. iDepending ion ithe 
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icatalyst iused, ia i4 ior i2 ielectron ipathway imechanism iis iadopted iwith ithe iformer ibeing ifor iperfect 

icatalysts. 

In ialkaline imedia 

O2 + 2H2O + 4e− → 4OH− 

or 

O2 + H2O + 2e− → HO2

−
+OH− 

HO2

−
+H2O + 2e− → 3OH 

In iacidic imedia 

O2 + 4H+ + 4e− → 2H2O 

or 

O2 + 2H+ + 2e− → H2O2 

H2O2 + 2H+ + 2e− → 2H2O 

Many ienergy istorage iand itransformation itechnologies, isuch ias iMABs iand iFCs, idepend ion ithe 

iORR ias ithe icathode ireaction i i(Wang iet ial., i2021b). i 

The iother ihalf-cell ireaction iin ia iFCs i(anodic ireaction) ihinge ion ithe itype ifuel ior iFC. iFor ithe 

ihydrogen iFCs, ithe ianode ireaction iis ithe iHOR. iThe iORR iis ia icritical ireaction iin iFCs, ias iit 

iinfluences ithe ioverall ikinetics, iefficiency iand iperformance iof ithe icell i(He iand iCairns, i2015; 

iMasa iet ial., i2014; iMasa iet ial., i2013). i 

The icathode iof ithe ihydrogen iFC iis itypically icomprised iof ia iporous ior ietched istructure ito ienable 

ioxygen itransport ito ithe iinner icatalyst isurface. iAdditionally, iit iacts ias ithe icurrent icollector 

irelaying ielectrons ibetween ithe icatalyst iand ithe iexternal icircuit. iAt ithe icathode, ithe ielectrons 

iassociate iwith ioxygen iand ihydrogen iions ifrom  ithe ioxidation iof ihydrogen iat ithe ianode, ito iform 

iwater. iThere iare inumerous ipathways iand iprocesses iduring ithe iORR, iincluding idirect iand 
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iindirect imechanisms i(Shah, i2007). iIn ithe idirect  imechanism, ithe iORR itakes iplace iat ithe 

icathode isurface iand iits ikinetics iare idirectly iinfluenced iby ithe ielectrode isurface iproperties. iIn 

ithe iindirect imechanism, ithe iORR ihappens ivia imediation iby isurface ispecies, isuch ias ihydroxyl 

ior ihydroperoxyl igroups i(He iand iCairns, i2015). 

2.2.1. iMechanism  iof ithe iORR 

At iroom itemperature i(20-25oC), iprotons i(H+) iand i2 ior i4 ielectrons ican ireduce ioxygen iwhich iis ia 

igas iin ian iaqueous isolution iresulting iin iproduction iof ihydrogen iperoxide i(H2O2) ior iwater, 

irespectively, ias isummarized iin iTable i2.1. iThe isuperoxide iradical ianion i(O2
•) iis igenerated iafter 

ione ielectron ireduction iof imolecular iO2, ifollowed iby itwo ielectron ireduction ito iform iH2O2 iin 

iacidic ielectrolytes ior ithe ihydroxyl iradical i(OH•) iin ialkaline ielectrolytes, iand ifour ielectron 

ireduction ito iform iwater. i 

Oxygen ireduction ioccurs iin inon-aqueous isolutions iby iaccepting ione ielectron, iand ithe 

ielectrode ipotential iis idetermined iby ithe ikind iof isolvent iutilized i(Wood, i1988). iThe iORR iin 

iMABs iis ivery iappealing idue ito itheir isuperior ienergy idensity iand ispecific icapacity ithan ito 

iconventional ibatteries i(Inamuddin iet ial., i2020). 

Although iboth ithe iORR iand iits icounter-part, ithe iHOR, iare ikinetically ifaster iin iacidic 

ielectrolytes, iin ipart idue ito ithe iideally ihigher iionic iconductivity iof ithe iproton iowing iprimarily 

ito iits icomparatively ismaller isize icompared ito ithe ihydroxide ianion iin ialkaline ielectrolytes, 

ialkaline imedia iare ipreferred idue ito ithe iprospect iof iusing inon-platinum igroup imetal-based 

icatalysts. i 

Table i2.1: iThe imechanism iof iORR iin iacidic iand ialkaline imedia 
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Acidic imedium E i(V) Alkaline imedium E i(V) 

𝑂2 + 4𝐻+ + 4𝑒 → 2𝐻2𝑂 

𝑂2 + 2𝐻+ + 2𝑒 → 𝐻2𝑂2 

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂 

1.23 

0.70 

1.76 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− 

𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐻𝑂2
− + 𝑂𝐻− 

𝐻𝑂2
− + 𝐻2𝑂 + 2𝑒− → 3𝑂𝐻− 

0.401 

-0.065 

0.867 

Despite ithe isluggish ikinetics iof ithe iORR, iit iis ialways inecessary ito ihave ia ihighly iefficient iand 

istable icatalyst ito iexpedite ithe ielectrochemical iphenomena. iPlatinum imetal isupported ion 

icarbon iis inow iconsidered  ithe iexemplary ior icutting-edge iORR ielectrocatalyst iwith iexcellent  

iactivity iand iefficiency. iExpensive iand ilimited iavailability iof iPt imetal imotivate iresearchers ito 

iseek ifor icheaper ialternative icatalysts ifor iORR i(Inamuddin iet ial., i2020). 

For iFC  iapplications, iit iis iessential ito ihave ia icatalyst ithat iproduces inone ior ivery ilittle iH2O2 

iduring ithe iORR. iThe i4-electron iO2 ireduction ipathway ican ioccur iby ieither ia idirect i4e- ior ia 

iconsecutive i2e− ix i2e− imechanism ion ia isingle iactive isite i(Gewirth iet ial., i2018). iSimilarly, ian 

ialternate itheory iinvolves ithe iparticipation iof itwo iactive isites iin ia ibifunctional iprocess ithat 

irequires ithe itransfer iof itwo ielectrons iat ieach iindividual isite. iTherefore, iincluding iadditional 

iactive isites ito ifacilitate ifurther iperoxide ireduction ireaction i(PRR) iis ia ilogical istrategy ito 

iaddress ithe ichallenges irelated ito ithe igeneration iof iH2O2. iFe-N-C icatalysts itend ito iexhibit iORR 

ireactivity itowards iboth ithe i2e-
 iand i4e-

 ipathways ileading ito ithe iformation iof iintermediate iH2O2 

iin ian ialkaline isolution. iHowever, ithe ipresence iof imultiple ipossible iactive isites iin ithe iFe-N-C  

icatalysts, iincluding iFe-N-C icentres, initrogen ifunctional igroups, iand iFe2O3, ican iact 

iconcertedly ito ireduce iH2O2 ifurther ito iwater. iThe ipresence iof iFe2O3, ia ipotent icatalyst ifor iH2O2 

idisproportionation, iparallelly icontributes ito ielimination iof iany iformed iH2O2. iTherefore, iwith 

ia iwell-optimized icomposition, iFe-N-C icatalysts iinherently icontain isecondary iactive isites ito 
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ifurther ireduce iH2O2 iproduced iduring ithe iORR ito iwater ivia ia i2e− i+ i2e− imechanism. 

iConsequently, ia iwell-optimized iFe-N-C icatalyst icomprising ia ihigh idensity iof iFe-N-C  

icentres, ithe imoieties ithat iare ibelieved ito isupport ithe idirect i4e-
 ipathway, iand ithe iadditional isites 

icomprised iof initrogen  ifunctional igroups i(pyridinic, ipyrrolic iand igraphitic),  idefect isites ion 

icarbon, iFe2O3, iand isurface igroups, iis iexpected ito iexhibit iexcellent iefficiency  iin ireducing iO2, 

iwith iimproved iselectivity iand iendurance. i 

2.3. iElectrocatalysis 

A icatalyst iis ia isubstance ithat iaccelerates ia ireaction's irate iwith iitself inot ibeing idestroyed iin ithe 

iprocess. iDepending ion iwhether iit iis iin ithe isame iphase ias ithe ireactant ior inot, ia icatalyst ican ibe 

ihomogeneous ior iheterogeneous irespectively. iHeterogeneous icatalysts ioffer ian ialternative 

ilow ienergy ipathway ifrom ireactants ito iproducts. iThe ifinest icatalytic isurfaces iwill ihave ia 

ireactivity ithat iis iselective iin iterms iof ireactivity ifor ia iparticular ireaction i(Laursen iet ial., i2011). i 

Electrocatalysts iare icatalysts ithat icatalyse ielectrochemical ireactions. iTypically, itransition 

imetal ielements iand itheir iderivatives ilike ialloys, imetal icomplexes, imetal ioxides, isulphides, 

icarbides, initrides, iand iphosphides iare iused ias ielectrocatalysts i(Serhan iet ial., i2019; iWang iet 

ial., i2021; iZhao iet ial., i2019). i 

There iis ineed ito ireplace ifossil ifuels iwith inon-CO2 iemitting irenewable ienergy isuch ias isunlight 

iand iwind, ithere iare ielectrochemical isystems ithat itransforms irenewable ienergy iinto iportable 

ifuels iand ichemicals ias ia imeans ifor ienergy istorage. iConversely, isystems ithat iconvert ifuels 

iback ito ielectricity, iare iexpected ito iplay ia icentral irole iin ireducing inet iCO2 iemissions iin ifuture 

ienergy isystems. iElectrocatalysis iis icrucial iin iboth isystems ithat iinter-convert ielectricity iinto 
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ifuels iand ichemicals, iand ivice iversa, ithat iis, ifuels iback ito ielectricity. iThis icalls ifor ithe idesign iof 

icatalysts ithat ican ifavour idesired iproducts iwith ithe ileast ioverpotential ior ivoltage ipossible 

iwhile iensuring ithe imost idurable iperformance i(Lei iet ial., i2022). iOverpotential iis ithe iadditional 

ivoltage, iabove ithe ithermodynamic iequilibrium ipotential, inecessary ito ifacilitate ian 

ielectrochemical ireaction iat ia ispecific irate i(Appel i& iHelm, i2014). 

The iprinciple ithat igoverns ithe icatalytic iproperties iof isolid isurfaces iis ithe iSabatier iPrinciple 

i(Laursen iet ial., i2011). iAccording ito ithis iprinciple, ithe ireactants imust ihave ia isignificant 

iaffinity ifor ithe icatalyst isurface iin iorder ito iform  ireaction iintermediates. iHowever, ithis iaffinity 

ishould ibe inot ias istrong ias ito iprevent idetachment iof ithe iproducts ifrom ithe icatalyst isurface, 

ithereby ifacilitating isubsequent ireactions iat ithe ireaction isites. i 

The icatalyst iloading ihas ia ihuge iimpact ion ifuel icell icosts. iFuel icell iengineers istrive ito ikeep icell 

iefficiency ihigh iwhile iusing ias ilittle iplatinum ias ipossible i(Alonso-Vante iet ial., i2019). 

Transition imetals iare iwidely iused ias ielectrocatalysts, ihowever, idue ito itheir ivery istrong 

ibinding ienergies ifor ioxygen iand ithe iORR ireaction iintermediates, iO*, iOH*, iand iOOH*, ithey 

iare inot isuitable ifor iORR ielectrocatalysis. iThis iwork ihas ishown ithat imodifying icarbon iwith 

icontrolled iamounts iof itransition imetals iand iN igenerates inovel icatalysts ifor iORR ias ireported 

iby i(Masa iet ial., i2013). 

2.4. iCarbon-based ielectrocatalysts ifor iORR i 

Carbon-based icatalysts iare iwidely iused ibecause ithey iare iversatile, iinexpensive, iand ihave 

iadjustable ichemical istructures. iThis isection iexamines ithe ichemical icompositions iof ivarious 

icarbon-based icatalysts iand itheir ieffect ithe iactivity iand iselectivity iof ithe iORR. i 
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2.4.1. iGraphene-based icatalysts 

Graphene iconsists iof ia imonolayer iof icarbon iorganised iin ia ihexagonal ilattice. iThe iplanar 

iconfiguration ioffers ia igreat isurface iarea iand iexceptional ielectrical iconductivity, iwhich iare 

icrucial ifor ielectrocatalysis iof ithe iORR i(Zhang iet ial., i2021). iNitrogen idoping iis ia iprevalent 

imethod iemployed ito ialter ithe iactive isites iof icarbon-based icatalysts iand ito iincorporate inew 

iactive isites icomprised iof iN ifunctional igroups ifor iORR. iNitrogen iis iintroduced iinto ithe icarbon 

istructure, iresulting iin ithe iformation iof ipyridinic, ipyrrolic iand igraphitic initrogen. iThe 

ipresence iof initrogen ispecies ihas ithe iability ito imodify ithe iinteraction iwith ioxygen imolecules, 

ihence ipromoting ithe iORR ivia ithe i4-electron iO2 ireduction ipathway i(Wang iet ial., i2022). iThe iN-

based ifunctional igroups iaugment ithe ielectron idensity iat ithe iactive isites, ihence ienhancing  

ielectrocatalytic iactivity. 

2.4.2. iCarbon inanotubes i(CNTs) 

Carbon inanotubes iare icarbon istructures iwith ia icylindrical ishape iand iare imade iup iof igraphene 

isheets ithat iare irolled iinto itubes. iCNTs ican iexist iin itwo iforms: isingle-walled ior imulti-walled, 

iand ithey ican ivary iin iterms iof itheir idiameters iand ilengths. iDue ito itheir iexceptionally ihigh 

isurface iarea, iconductivity iand iability ito ibe imodified iwith iheteroatoms, ithey iare iwell-suited 

ifor iapplications iinvolving ithe iORR. iThe iintroduction iof iheteroatoms isuch ias iN iinto iCNTs 

igenerates iactive isites ithat ihave ithe ipossibility iof iincreasing ithe iORR iactivity i(Wei iet ial., 

i2020). iNitrogen-doped iCNTs ican ihave iN iatoms ilocated iat ieither ipyridinic ior ipyrrolic isites i(as 

iillustrated iin ifigure i2.1), iwhich iin iturn iaffects ithe icatalyst's iselectivity itowards ieither ithe i2 ior 

i4e ipathway. iPyridinic iN iis itypically ilinked ito iselectivity ifor ithe i4e ipathway, iwhereas ipyrrolic 

iN iare ireported ito ifavour ithe i2e iselectivity i(Kim iet ial., i2019). i 
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Figure i2.1: iThe itypes iof initrogen idoped ion icarbon. 

Carbon inanofibers iare icomposed iof icarbon iatoms iorganized iin ia ifibrous iarrangement, 

iproviding ia ilarge isurface iarea iand iexcellent ielectrical iconductivity. iHeteroatoms ior isupported 

imetal icomplexes ican ibe iused ito imodify ithe ichemical istructure iof iCNFs i(Chen iet ial., i2019). 

iIntroducing iN iinto iCNFs igenerates ireactive isites ithat ican ienhance ithe iORR, iwith igraphitic iN 

iplaying ia imajor irole iin ipromoting ithe i4e iroute. iCarbon inanofibers iare ifrequently iemployed ias 

isupport imaterials ifor imetal-nitrogen icomplexes. iThe iunique ichemical istructure iof ithe icarbon 

ifibers ifacilitates iefficient ielectron itransfer iduring ithe iORR, ileading ito ienhanced icatalytic 

iactivity iand iselectivity. 

Carbon idots, ioften iabbreviated ias iCDs, iare icarbon iparticles iat ithe inanoscale ithat ipossess 

idistinctive ioptical iand ielectrical icharacteristics.  iTheir istructure iis iapproximately ispherical 

iand ithe isurface ican ibe iadjusted ito imodify itheir ichemical iproperties i(Abbo iet ial., i2021). iCarbon 

idots ican ibe ichemically imodified iby iincluding iheteroatoms ilike initrogen ior isulphur, iwhich 

igenerates iactive isites ifor ithe iORR i(Shen iet ial., i2021; iXu iet ial., i2023). iThe iaddition iof iN ito iCDs 

ipossess ihigh iactivity iand iORR iselectivity i(Miao iet ial., i2020), iby iincreasing ithe ielectron 

idensity iat ithe iactive isites, iresulting iin ipreferential iORR ireduction ivia ithe i4e ipathway. 

N
H N

Pyrrolic N Pyridinic N Graphitic N

N
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Graphene ioxide iis iproduced iby ioxidizing igraphene i(Shilpa iet ial., i2018; iZhou iet ial., i2020; iZou 

iet ial., i2016), ileading ito ithe iformation iof ioxygen-containing ifunctional igroups ilike icarboxyl, 

ihydroxyl, iand iepoxide i(Alam iet ial., i2017). iThese igroups ihave ithe ipotential ito igreatly 

iinfluence ithe iORR iactivity iby iserving ias iactive isites iand ipotential iadsorption isites ifor ioxygen 

i(Wang iet ial., i2021). iHeteroatom idoping ior ireduction iprocedures ican ibe iused ito imodify ithe 

ichemical istructure iof iGO, iresulting iin ithe idevelopment iof iadditional iactive isites. iSulphur iand 

iNitrogen idoping iare ioften iemployed ito iaugment iORR iactivity iand iselectivity ifor ithe i4e 

ipathway iin iGO ibased icatalysts i(Xu iet ial., i2020). iBesides ithe iORR, ithe idistinctive 

iconfiguration iof iGO, icharacterized iby iits ioxygen ifunctional igroups, ienables ia idiverse iarray iof 

iuses iin icatalysis. 

Activated icarbon iis ia iform iof ihigh isurface iarea icarbon, icreated ithrough iphysical ior ichemical  

iactivation iprocesses i(Duan iet ial., i2023). iThe ichemical istructure iof iactivated icarbon ioffers ia 

ilarge inumber iof ipores, iallowing ifor iefficient idiffusion iof ireactants iand iproducts iduring ithe 

iORR i(Wu iet ial., i2015). iAC iis iregularly iused ias ia isupport imaterial ifor iM-N-C icatalysts 

i(Gewirth iet ial., i2018; iMiao iet ial., i2020), iwhere ithe iinteraction ibetween itransition imetals iand iN 

icreates iactive isites ifor ithe iORR. iThe ihigh iporosity iand iconductivity iof iactivated icarbon 

ifacilitate ielectron itransfer iand iincrease ithe iconcentration iof iactive isites iper iunit iarea, ithereby 

icontributing ito ihigh icatalytic iturnover. i 

2.4.3. iCarbon-supported imetal icatalysts 

Carbon-supported imetal icatalysts iconsist iof imetal inanoparticles ithat iare ideposited ionto ia 

icarbon imatrix i(Gewirth iet ial., i2018). iThe icarbon imatrix's ichemical  istructure ioffers istability 
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iand iconductivity, iwhile ithe imetal inanoparticles iact ias iactive isites ifor ithe iORR i(Tohnoe iet ial., 

i1989). iPt-based icatalysts ireinforced ion icarbon iare ifrequently iused ibecause iof itheir ihigh iORR 

iactivity iand itheir ipreference ifor ithe i4e ipathway. iThe iinteraction ibetween ithe imetal iNPs iand ithe 

icarbon imatrix igenerates iadvantageous ielectronic icharacteristics, iresulting iin ienhanced 

icatalytic iefficacy i(Masa iet ial., i2013). i 

In iaddition, inon-precious imetal icatalysts isupported ior iembedded iin icarbon, isuch ias iFe iand iCo, 

ican ialso iexhibit ienhanced  iORR iactivity. iThe ipresence iof ia icarbon imatrix ifurther iimproves ithe 

istability, ilongevity iand icost iof ithese icatalysts i(Yang iet ial., i2021). iThe ichemical icomposition 

iof ithe icarbon isupport iplays ian iimportant irole iin idetermining ithe iactivity iand iselectivity iof 

ithese icatalysts. 

2.5. iHeteroatom-doped icarbon icatalysts ifor ithe iORR 

Doping iheteroatoms iwith ivarious ielectron iconfigurations, iatomic isizes, iand 

ielectronegativities iinto icarbon imodifies ithe isurface iphysicochemical icharacteristics iof 

icarbon iand ihence itheir ielectrocatalytic iproperties. iThree idopants ithat iare ifrequently iused iare 

initrogen i(Masa iet ial., i2013), isulphur i, iand iboron i(Sun iet ial., i2015). iDoping icarbon iwith iany iof 

ithese iatoms iimproves ithe ielectronic iproperties iof ithe i icarbon i(Wiggins-Camacho iand 

iStevenson, i2011). iThe ichange iin ielectronic iproperties ican ibe ielucidated iby iincrease iof ithe 

iID/IG iratio, iwhere iID iand iIG iare ithe ipeak iintensities iof ithe iD iand iG iRaman ibands, irespectively, iof 

icarbon i(Liu iet ial., i2022). iAs ia iresult iof ithe idifference iin ielectronic iconfigurations iand 

ielectronegativities, ithere iis itransfer iof ielectrons ifrom iatom iof ilower ielectronegativity ito ithat 

iof ihigher ielectronegativity iwhich ichanges ithe iadsorption icapacity iof ithe ireaction 
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iintermediates ion ithe ielectrocatalyst ithus iboosting ithe ielectrocatalytic iactivity i(Sun iet ial., 

i2015). 

2.5.1. iNitrogen-doped icarbon icatalysts 

Nitrogen iis ithe ipredominant iheteroatom iemployed ifor idoping icarbon-based icatalysts. 

iNitrogen idoping igenerates iactive isites ithat ienhance ithe iORR iactivity iand ican iimpact ithe 

iselectivity ifor ieither ithe i2-electron ior i4-electron ipathway. iThe initrogen iin iN-doped icarbon 

ican ihave ivarious iN istructures, isuch ias ipyridinic, ipyrrolic, iand igraphitic iN i(Jiménez-Ramírez 

iet ial., i2017). iPyridinic iN i(N iatom ibonded ito itwo icarbon iatoms iinside ithe ihexagonal icarbon 

ilattice), iis ifrequently ilinked ito ienhanced iORR  iactivity ias ia iresult iof iits ielectronic 

icharacteristics i(Xia iet ial., i2011). iResearch ihas iindicated ithat ipyridinic iN ihas ia ipropensity ito 

ifavour ithe i4-electron iORR ipathway, iresulting iin idirect ireduction ito iwater i(Wu iand iZelenay, 

i2013). iThis icharacteristic imakes iit ihighly idesirable ifor iFCs. iGraphitic iN, iwhich irefers ito ithe 

iincorporation iof iN iinto ithe icarbon iplane, ihas ithe iability ito iimprove iconductivity ias iwell ias ithe 

iORR iactivity. 

2.5.2. iSulfur-doped icarbon icatalysts 

Sulphur i(S) idoping iin icarbon-based icatalysts iintroduces idistinct iactive isites iwhich ipotentially 

iinfluence ithe iactivity iof ithe iORR i(Kicin iand iSzala, i2013). iSulphur idoping imodifies ithe 

ielectronic iproperties iof ithe ineighbouring icarbon iatoms ihence iimproving ithe iORR icatalytic 

iactivity i(Zhang iet ial., i2021). iThiophenic istructures ican ibe icreated iby isubstituting icarbon 

iatoms iin ithe ihexagonal ilattice iwith isulphur iatoms. iThe ipresence iof ithese ithiophenic isulphur 

iatoms ican ihave ia iconsiderable iinfluence ion ithe iORR iactivity, itypically ipromoting ithe i4-
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electron ipathway i(Liu iet ial., i2021). iSulphur idoping isignificantly iimproves ithe iORR 

iperformance iin ialkaline ienvironments. iThis iis ibecause ithe iincreased ielectron idensity 

iresulting ifrom isulphur idoping ienhances ithe iefficiency iof ioxygen iadsorption iand ireduction. 

2.5.3. iBoron-doped icarbon icatalysts 

The iunusual ielectrical icharacteristics iof icarbon-based icatalysts ihave iattracted iinterest idue ito 

ithe iuse iof iBoron i(B) ias ia idopant. iBoron iatoms ican igenerate ielectron-deficient iregions iinside 

ithe icarbon ilattice, iwhich ipromote ithe iadsorption iand ireduction iof ioxygen. iBoron's iinclusion 

iin ithe icarbon istructure ican iboost ithe iORR iactivity, itypically ipromoting ithe i4-electron 

ipathway i(Fazio  iet ial., i2014). iThis iis iattributed ito ithe ifavourable iinteraction ibetween iboron-

doped isites iand ioxygen, ias ireported iby iLi iet ial. i(2022). iBoron-doped icarbon icatalysts ihave 

ihigh iefficacy iin iacidic ienvironments, ioffering ia ipromising isubstitute ifor iprecious imetal 

icatalysts iin ifuel icells i(Byeon iet ial., i2023). 

2.5.4. iPhosphorus-doped icarbon icatalysts 

Phosphorus i(P) idoping iintroduces idistinct iactive isites ithat ican iimprove iORR iactivity iin 

icarbon icatalysts i(Wang iet ial., i2021a). iPhosphorus iatoms ihave ithe iability ito isubstitute icarbon 

iatoms iin ithe ihexagonal ilattice, iresulting iin ithe iformation iof istructures isimilar ito iphosphine. 

iThese istructures ihave ia irole iin iinfluencing ithe iORR iselectivity i(Strelko iet ial., i2000). 

iPhosphorus-doped icarbon icatalysts ihave idemonstrated isignificant icatalytic iactivity iand 

iselectivity ifor ithe i4-electron iroute, iparticularly iin ialkaline ienvironments i(Mbokazi iet ial., 

i2024). iPhosphorus ienhances ithe iintrinsic iactivity iand ihence iturns iover ifrequency iof ithe iactive 

isites, iresulting iin ienhanced icatalytic iperformance. 
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2.5.6. iTransition imetal iand initrogen-doped icarbon i(MNC) icatalysts 

Transition iMNC icatalysts ihave ibecome ia ihighly iinteresting icategory iin iORR ielectrocatalysis. 

iThese icatalysts, iwhich iconsist iof icarbon imodified iwith iN iin ia icontrolled iamount, itypically iless 

ithan i5 iwt.%, iof ivarious itransition imetals ilike iCo, iNi, iCu, iand iFe, ihave ivery ipromising icatalytic 

iORR iactivity iand iprovide ia icost-effective isubstitute ifor iprecious imetals isuch ias iplatinum 

i(Dou iet ial., i2020). i 

These icatalysts iare icommonly iobtained ithrough ithe ipyrolysis iof iN irich iorganic icomplexes, 

ilike imetalloporphyrins, imetallophthalocyanines iand imetal-organic iframeworks i(MOFs), 

iamong iothers, isupported ion ihigh isurface iactivated icarbon, ior iby idirectly iimpregnating icarbon 

isupports iwith ia isuitable itransition imetal isalt iand ia iN irich iorganic icompound, isuch ias iurea, 

imelamine, iand isubjecting ithe imixture ito ifast ipyrolysis i(Dou iet ial., i2020). iThe icarbon imatrix 

iensures ihigh iconductivity, iwhile ithe iincorporated itransition imetals iand iN ireact ito igenerate 

inew ikinds iof iORR iactive isites, inamely, itransition imetal icoordinated ito iN iand icarbon i(M-NC), 

imetal icarbide i(MC) iand initrogen-doped icarbon i(NC) ifunctional igroups. 

Metal-nitrogen icoordination iis ia iprevalent istructural icharacteristic iin iwhich itransition imetals 

iform ibonds iwith iN iatoms iwithin ithe icarbon ilattice. iThe iarrangement idescribed ihere igenerates 

ia ihigh idensity iof iORR iactive isites, iwhich ienhances ithe icatalytic iperformance i(Wu iet ial., 

i2021). iMoreover, itransition imetals ihave ithe iability ito igenerate ielectronic istates iinside ithe 

icarbon istructure, iwhich iimprove ithe ielectrons itransfer iand iimprove ithe iORR ikinetics. i i 

Extensive iresearch ihas ibeen iconducted ion ithe iincorporation iof iCo iinto icarbon-based 

imaterials ifor iORR ielectrocatalysis. iThe ipresence iof icobalt-nitrogen icoordination iresults iin 
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ithe iformation iof iCo-NC iactive isites, ileading ito ienhanced iORR iactivity iand iselectivity ifor ithe 

i4-electron ipathway. iThe icatalysts iexhibit ihigh iORR iefficacy iin ialkaline ienvironments, 

ibenefiting ifrom ithe istability iand iconductivity iof icobalt, iwhich ileads ito iimproved iperformance 

i(Shi iet ial., i2022). 

Nickel iand initrogen ico-doping icreates idistinct iactive isites ifor iORR. iThe ipresence iof inickel-

nitrogen icoordination  iinside ithe icarbon imatrix  iincreases ithe iORR iactivity, itypically 

ipromoting ithe i4-electron ipathway i(Liu iet ial., i2021). iNickel iand initrogen ico-doped icarbon 

icatalysts iprovide iexceptional iendurance iand istability, irendering ithem iwell-suited ifor ilong-

term iutilization iin ifuel icells. 

Copper i(Cu) iin icarbon-based icatalysts icreates imore iactive isites ifor ithe iORR. iThe 

iincorporation iof iCu iand initrogen iinto icarbon ihas ibeen ireported ito iform iactive istructures ifor 

iORR iactivity iwith ipreferential iselectivity ifor i4-electron ipathway ibenefitting ifrom ithe 

iinteraction ibetween icopper iatoms iand iN. iCopper-doped icarbon icatalysts iexhibit iefficacy iin 

icatalyzing ithe iORR iin iboth iacidic iand ialkaline ielectrolytes i(Volperts iet ial., i2023). 

Transition imetal-doped icarbon icatalysts idemonstrate isignificant iORR iefficiency iand 

iselectivity ifor ithe i4e ipathway, iwhich iis icrucial ifor iFCs iutilization. iThe idistinctive iactive isites 

iformed iby ithe icoordination iof itransition imetals iand iN iplay ia icrucial irole iin ifacilitating ithe 

iadsorption iand isubsequent ireduction iof ioxygen, ipredominantly ivia ithe i4-electron ireduction 

ipathway i(Masa iet ial., i2015). i 
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2.5.7. iCo-doping iof iheteroatoms iin icarbon icatalysts 

The iincorporation iof inumerous iheteroatoms iin icarbon icatalysts ithrough ico-doping ican iresult  

iin isynergistic ieffects ithat iimprove ithe iORR iactivity iand iselectivity. iResearch ihas 

idemonstrated ithat initrogen-sulphur ico-doping ienhances ithe icreation iof imore iactive isites iand 

iboosts ielectron idensity, ileading ito ienhanced iORR iperformance i(Alom iet ial., i2023; iShen iet ial., 

i2023; iStrelko iet ial., i2000; iZou iet ial., i2019). iThe iinterplay ibetween ivarious iheteroatoms ican 

iimpact ithe ielectrical icharacteristics iof ithe icarbon istructure, iresulting iin ienhanced ioxygen 

iadsorption iand ireduction iefficiency. iCo-doping iis ia ifavourable imethod ito iimprove ithe iORR 

iactivity iand iselectivity iof icarbon ibased ielectrocatalysts iin iboth iacidic iand ialkaline 

ielectrolytes. 

2.6. iIron-nitrogen ico-doped icarbon icatalysts 

Iron iand initrogen ico-doped icarbon i(Fe-N-C) icatalysts ihave iemerged ias ian iimportant iclass iof 

icatalysts, iparticularly  ifor iapplications iin ienergy iconversion iand ienvironmental iprotection. 

iThese icatalysts iare iprimarily iknown ifor itheir ipotential iin iORR ielectrocatalysis, iwhich iis 

icrucial ifor iFCs iand iMABs. iThe idevelopment iof iFe-N-C icatalysts ihas ibeen idriven iby ithe ineed 

ifor imore isustainable iand icost-effective ialternatives ito iprecious imetal icatalysts, isuch ias 

iplatinum i(Gong iet ial., i2009; iMaboya iet ial., i2022; iStrickland iet ial., i2016; iVij iet ial., i2016; iL. 

iZhao iet ial., i2019). i 

The ipractice iof iintroducing iheteroatoms isuch ias iN iand itransition imetals iinto icarbon 

icompounds ihas ibeen iin iexistence ifor iseveral  idecades i(Miao iet ial., i2020). iThe iinitial istudies 

iconducted iin ithe i1970s iand i1980s ihad ia iprimary ifocus ion icomprehending ithe icharacteristics 
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iof ithe icarbon icatalyst ithat iwere idoped iwith initrogen. iYeager i(1984) iexplored ithe ilikelihood iof 

iusing inon-precious imetal icatalysts ifor iORR iin ialkaline ienvironments. iThis iwork ilaid ithe 

ifoundation ifor ifurther iinvestigations ion iFe-N-C icatalysts i(Yeager, i1984). i 

During ithe ilate i1980s iand iearly i1990s, iresearchers-initiated iinvestigations ion ithe icombined 

ieffects iof iiron iand initrogen ico-doping, iaiming ito iuncover iany isynergistic ioutcomes. 

iAccording ito ithe istudies idone iby iYeager iin i1964 iand ilater iby iYeager iand ihis iteam ishowed ithat 

ithe iaddition iof itransition imetals, isuch ias iiron, ito initrogen-doped icarbon imatrices igreatly 

iimproved itheir iability ito icatalyze ithe iORR. 

In ithe i2000s, ithere iwas itremendous iprogress iin ithe icreation iand iexamination iof iFe-N-C 

icatalysts idriven iby iadvances iin imaterial icharacterization iand ibetter iunderstanding iof ithe iORR 

ireaction imechanism. iSeveral isynthesis itechniques, isuch ias ihigh-temperature ipyrolysis iand 

itemplate-assisted imethods, iwere idevised ito iproduce iORR icatalysts ithat iare iboth imore iactive 

iand istable. iLefevre iand icolleagues imade inotable icontributions iduring ithis iperiod, ishowcasing 

ithe isignificance iof iprecursor icomposition iand ipyrolysis iconditions ion icatalytic iperformance 

i(Lefevre iet ial., i2000). i 

Furthermore, iadvanced ianalytical itechniques ihave iprovided ideeper iinsights iinto ithe inature iof 

ithe iactive isites iin iFe-N-C  icatalysts. iThese istudies irevealed ithat ithe icatalytic iactivity iwas ioften 

iassociated iwith iFe-Nx isites iembedded iwithin ithe icarbon imatrix i(Strickland iet ial., i2016). 

Research ion iFe-N-C icatalysts ihas iexperienced ia isurge iin irecent  iyears idue ito ithe iincreasing 

ineed ifor ihigh-performing  iand ilong-lasting icatalysts iin iFCs iand iMABs. iAdvancements iin 

isynthetic imethodologies ihave iresulted iin ithe icreation iof icatalysts ithat iexhibit iimproved 
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ielectrocatalytic iactivity iand istability. iMasa iet ial. i(2015) iinvestigated ithe irole iof itransition 

imetals iin iMNC icatalysts ithrough icareful isynthesis iof imetal ifree initrogen idoped icarbon iand 

iMNC icatalysts iin iwhich ithe ipresence iof itransition imetals iwas iclearly ishown ito iimpart 

isignificant idifferences iin icatalytic iactivity. 

Theoretical iand icomputational imodeling ihave ialso iplayed ia icrucial irole iin iadvancing ithe 

iunderstanding iof iFe-N-C icatalysts. iDensity ifunctional itheory i(DFT) icalculations ihave i 

iinsights iinto ithe ielectronic istructure iand icatalytic imechanisms, iguiding ithe irational idesign iof 

imore ieffective icatalysts i(Tang iet ial., i2024). iMoreover, iefforts ito ienhance ithe ipractical 

iapplication iof iFe-N-C  icatalysts ihave iled ito itheir iincorporation iinto ivarious ielectrochemical 

idevices. iFor iexample, irecent istudies ihave idemonstrated ithe isuccessful iintegration iof iFe-N-C 

icatalysts iinto iPEMFCs iand izinc-air ibatteries, iachieving iperformance imetrics icomparable ito 

ior ieven isurpassing ithose iof iplatinum-based icatalysts i(Tang iet ial., i2024). 

2.6.1. iStructure iof iiron initrogen ico-doped icarbon icatalyst 

Iron-nitrogen ico-doped icarbon icatalysts igenerally icomprise iof iiron icoordinated ito initrogen 

iinside ia icarbon imatrix. iThe ipredominant iarrangement iconsists iof iiron icoordinated iin ia 

ipyridinic ior ipyrrolic iconfiguration, iwherein ithe iiron iform ibonds iwith initrogen iwithin ithe 

icarbon ilattice i(Jiménez-Ramírez iet ial., i2017). iThis iconfiguration iforms idensely ipacked 

iactive isites ifor iORR) ifacilitating ieffective iadsorption iand ireduction iof ioxygen. iThe isynthesis 

iof iFe-N-C icatalysts ioften ientails ithe ithermal idecomposition iof imetal-organic iprecursors ior 

icomposites iof iiron iand initrogen isources isupported ion icarbon i(Jiménez-Ramírez iet ial., i2017). i 
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2.6.2. iORR iactivity iof iFe-N-C icatalysts i 

Iron-nitrogen ico-doped icarbon icatalysts idemonstrate iexceptional iORR iperformance iand 

iselectivity itowards ithe i4e ipathway. iThe iselectivity iis iascribed ito ithe idistinctive iactive isites 

icreated iby ithe iiron-nitrogen icoordination, iwhich ipromote ithe idirect iconversion iof ioxygen 

iinto iwater i(Strickland iet ial., i2016). iThe ieffectiveness  iof ithese icatalysts iis imost ipronounced iin 

ialkaline ienvironments, iwhere ithe istability iand iendurance iof ithe icarbon imatrix iare icrucial 

ifactors iin idetermining icatalytic iefficiency. iFe-N-C icatalysts ihave idemonstrated i ivery 

ipromising iperformance iin iacidic ienvironments, ipresenting ia iviable isubstitute ifor iplatinum-

based icatalysts iin iFCs i(Gewirth iet ial., i2018; iZhao iet ial., i2019). iIncorporating iiron iinto ithe 

icarbon istructure ican ifurther iboost iconductivity, ihence ifurther iincreasing itheir ieffectiveness 

ifor ielectrocatalysis iof ithe iORR. i 

2.6.3. iApplications iof iFe-N-C icatalysts i 

Fe-N-C icatalysts ifind iapplication iin iseveral ienergy iconversion isystems, iincluding iPEMFCs 

iand ialkaline iFCs. iTheir imain iadvantage iis itheir icost-effectiveness, ioffering ia imore iaffordable 

ioption icompared ito iprecious imetals isuch ias iPt. iMoreover, iFe-N-C  icatalysts ihave ipromising 

idurability iand istability, iwhich iare icrucial ifor ithe isustained ioperation iof ifuel icells iover 

iextended iperiods i(Osmieri iet ial., i2020; iWeiss iet ial., i2020). iThe iversatility iand iadaptability iof 

ithe icarbon imatrix ienable ithe iimplementation iof iadditional imodifications, isuch ias ithe 

iintroduction iof iheteroatoms ior ithe iinclusion iof imetal inanoparticles i(Strelko iet ial., i2000). i 
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2.6.4. iSynthesis iof iFe-N-C icatalysts i 

Fe-N-C icatalysts ican ibe iproduced iusing iseveral isynthetic iprocedures ithat iincorporate iiron iand 

initrogen iinto ia icarbon imatrix ias idescribed ibelow. 

2.6.4.1. iPyrolysis iof imetal-organic iprecursors i 

A ifrequently iused itechnique ifor iproducing iFe-N-C icatalysts iinvolves ithe ithermal 

idecomposition iof imetal-organic iprecursors, iconsisting iof icarbon, initrogen,  iand iiron. iThis 

iapproach iinvolves isubjecting iprecursors, isuch ias iiron isalts i(iron ichloride), iorganic ipolymers, 

ior iother initrogen-rich icompounds, ito ielevated itemperatures iin ian ienvironment idevoid iof 

ireactive isubstances. iDuring ipyrolysis, ithe iorganic imolecules ibreakdown iand ireact iwith ithe 

iother ientities, iresulting iin ithe icreation iof ia icarbon imatrix ithat icontains iiron icoordinated ito 

initrogen, ias iwell ias initrogen ifunctional igroups. iThe iproducts imay ialso icontain ielemental iiron, 

ior iiron icarbide, idepending ion ithe ipyrolysis iconditions. iThis isynthetic iapproach iprovides ithe 

iability ito iregulate ithe icatalyst icomposition, ispecifically, ithe iiron-nitrogen  icoordination iand 

idensity iof iFe-N-C isites iby icontrolling ithe iprecursor icomposition iand ithe ipyrolysis iconditions. 

2.6.4.2. iPyrolysis iof imetal-organic iframeworks i(MOFs) i 

The isynthesis iof iFe-N-C icatalysts ioften iutilise iMOFs ias ia icommon istarting imaterial. iMOFs 

iare icomposed iof imetal iions ithat iare icoordinated ito iorganic iligands, iresulting iin ia idistinct 

iporous istructure. iPyrolysis i ileads ito idecomposition iof ithe iorganic iligands, iwhile ithe imetal iions 

icreate iiron-nitrogen icoordination icomplexes iinside ithe icarbon imatrix i(Strelko iet ial., i2000). i 

iThis itechnique igenerates ia iremarkably iporous iformation iwith ia isubstantial isurface iarea, 

iwhich iis iadvantageous ifor iORR iperformance. iMOF-derived iFe-N-C icatalysts iare icommonly 
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iproduced iat ielevated itemperatures, iresulting iin ipartial igraphitization iand ienhanced ielectrical 

iconductivity i(Mehmood iet ial., i2021). 

2.6.4.3. iDirect iimpregnation iand ipyrolysis 

Another itechnique ifor isynthesis iof iFe-N-C  icatalysts iinvolves idirectly iimpregnating icarbon 

icompounds iwith iiron iand initrogen isources, iand ithen isubjecting ithem ito ipyrolysis. iThis 

imethod icommonly iemploys icarbon isupports, isuch ias igraphite, iactivated icarbon, ior icarbon 

inanotubes, ithat iare iinfused iwith iiron isalts iand initrogen-rich imolecules i(Zou iet ial., i2019). 

iSubsequently, ithe imixture iis iexposed ito ihigh itemperatures iin ian ioxygen-free ienvironment 

iresulting iin ithe icreation iof iiron-nitrogen icoordination iwithin ithe icarbon istructure. iThis 

itechnique ienables ithe iuse iof iversatile iprecursor icombinations iand ican igenerate icatalysts iwith 

idifferent ilevels iof iporosity iand igraphitization i(Xia iet ial., i2011). 

2.6.4.4. iSacrificial itemplate imethod i 

The isacrificial itemplate imethod iis iemployed ito ifabricate idistinctive istructures iin iFe-N-C 

icatalysts iby iintegrating itemplates ithat iare isubsequently ieliminated ithroughout ithe isynthesis 

iprocess, iand ipost-synthesis itreatment. iThis iapproach icommonly ientails iincluding ia itemplate 

imaterial, isuch ias isilica ior ipolymer ibeads, iinto ithe icarbon iprecursor, ialong iwith iiron iand 

initrogen isources i(An iet ial., i2022; iYang iet ial., i2022). iThe itemplate imay ibe ieliminated iduring 

ithermal itreatment iprocess, ior ithrough ichemical itreatment iafter ipyrolysis, iresulting iin ithe 

iformation iof ihollow istructures ior iincreased iporosity iin ithe icatalyst. iThis imethod ican ibe 

iemployed ito iproduce iFe-N-C icatalysts iwith idistinct imorphological icharacteristics, iwhich 

iimproves imass itransport iof isubstances iand ithus ithe iturn iover ifrequency iof ithe iORR i(Lee iet ial., 

i2019). 
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2.6.4.5. iHydrothermal isynthesis i 

Hydrothermal isynthesis iinvolves ithe iapplication iof ihigh itemperature iand ipressure iin ia iwater-

based isolution, iusually iin ian iautoclave. iThe iconventional iapproach iinvolves iemploying ia 

ihydrothermal ireactor i(typically ian iautoclave) ito iprocess iprecursor imaterials iusing iiron, 

initrogen, iand icarbon isources i(Shen iet ial., i2021). iUnder ithe ihydrothermal iconditions, iiron-

nitrogen icomplexes iare iformed iwithin ithe icarbon imatrix, iresulting iin ithe icreation iof ia ihigh 

idensity iof iactive isites ifor iORR. iHydrothermal isynthesis iis icommonly iemployed iin itandem 

iwith ipyrolysis iand iother itechniques ito ifurther ioptimise ithe istructure iand iproperties iof ithe 

icatalyst i(He iet ial., i2021). 

2.7. iCharacterization iof iFe-N-C icatalysts 

In-depth icharacterization iof ithe iproperties iof iFe-N-C icatalysts iis iessential ifor icomprehending 

itheir icomposition, istructure, iand istructure–ORR iperformance icorrelation. i iVarious imethods 

iare iused ito ianalyse ithe iproperties iof ithese icatalysts, ieach ioffering idistinct iinformation iabout 

itheir iphysical iand ichemical iattributes. i 

2.7.1. iScanning ielectron imicroscopy i(SEM) 

Scanning ielectron imicroscopy iis ia itechnique ithat iproduces imicro-to inano-scale iimages iof ithe 

isurface istructure iof ia icatalyst iwith igreat iresolution. iThe ipurpose iof iusing iSEM iis ito ivisually 

iexamine ithe imorphological iand isurface iproperties iof icatalysts i, iincluding iporosity, igraphitic 

idomains, iand idistribution iof iiron inanoparticles iin iFe-N-C icatalysts i(Masa iet ial., i2013). iThis 

imethod ialso ienables iscientists ito idetermine ithe ishape, iidentify iand iquantify icavities, iand 

ichemical icomposition iof ithe iconstituent ielements iwhen icoupled iwith iEDS. iAll ithese ihave ian 

iinfluence ion ithe iORR iactivity i(Wiggins-Camacho iand iStevenson, i2011). 
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2.7.2. iTransmission ielectron imicroscopy i(TEM) 

Transmission ielectron imicroscopy iis iemployed ito ianalyse inano–to- iatomic iscale istructural 

iproperties iof imaterials. iTEM ican idetect ithe iexistence iof iiron inanoparticles, idetermine itheir 

isize idistribution, iand iexamine itheir iassociation iwith ithe icarbon imatrix i(Jin iet ial., i2020; iWang 

iet ial., i2022). iThis imethod iis ivery ivaluable ifor iexamining ithe iarrangement iof iiron iand initrogen 

iinside ithe icarbon iframework, iand ifor idetermining ithe icrystalline iform iof ithe ivarious 

icompositional idomains. iHigh-resolution itransmission ielectron imicroscopy  i(HRTEM) iis 

icapable iof idetecting ilattice ifringes, iwhich iserve ias ievidence ifor ithe ipresence iof igraphitization 

iand iother icrystalline icharacteristics. 

2.7.3. iX-ray idiffraction i(XRD) 

X-ray idiffraction i(XRD) iis iemployed ito iascertain ithe icrystal istructure iand iphase icomposition 

iof iFe-N-C icatalysts. iXRD iis icapable iof idetecting igraphitic idomains, iamorphous icarbon, iiron 

icarbide, iand iother ipossible icrystalline iforms ipresent i i(Jin iet ial., i2020; iPark iet ial., i2016; iParvez 

iAhmad iet ial., i2020). iThe iposition iof ithe idiffraction ipeak iand itheir iintensity ican iprovide 

iinformation iabout ithe ilevel iof igraphitization, iand ithe iexistence iof i icrystalline iforms iof iiron 

ibased icompounds, isuch ias iiron icarbide ior iiron ioxides i(Jin iet ial., i2020). i 

2.7.4. iX-ray iphotoelectron ispectroscopy i(XPS) 

 iX-ray iphotoelectron ispectroscopy iis ia isurface isensitive itechnique iused ito ianalyse ithe 

ichemical icomposition iof ia imaterial iand ichemical istates iof ithe ielements ipresent iby imeasuring 

ithe ienergy iof iemitted ielectrons iresulting ifrom ithe iinteraction iof iX-rays iwith ithe imaterial i(Jin iet 

ial., i2020). 
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 iXPS iis icapable iof iascertaining ithe ibinding ienergy iof idifferent ielements, ithereby iunveiling ithe 

ispecific itypes iof ichemical ibonds iand icoordination ipresent iin ithe icatalyst i(Yang iet ial., i2021). 

iFor ithe iFe-N-C icatalyst, ithis imethod iis iespecially ivaluable ifor idetermining ithe ioxidation istate 

iof iiron, inature iof ithe ifunctional igroups ion icarbon, iand ithe ispecific iforms iof initrogen ithat iare 

ipresent, isuch ias ipyridinic, ipyrrolic, ior igraphitic initrogen, iwhich ihave ia isignificant iimpact ion 

ithe iORR iactivity. iXPS ithus ioffers ivaluable icomposition, iand istructure-performance 

iinformation iof iFe-N-C icatalysts, iwhich iis ivaluable ifor ioptimization iand ifurther icatalyst 

idevelopment i(Jin iet ial., i2020). i i 

2.7.5. iBrunauer-Emmett-Teller i(BET) i 

Brunauer-Emmett-Teller iis ia isurface iarea ianalysis imethod iused ito imeasure ithe isurface iarea iof 

imaterials. iBET isurface iarea ianalysis iquantifies ithe ioverall isurface iarea iof icatalysts, iwhich iis 

idirectly icorrelated iwith itheir iporosity i(Jin iet ial., i2020). iNitrogen iadsorption iis iemployed iin 

ithis imethod ito iquantify ithe icatalyst's isurface iarea iand ipore ivolume. iORR icatalysts ibenefit 

ifrom ihaving ia ilarge isurface iarea iand iporosity, ias ithese icharacteristics iincrease ithe inumber iof 

iactive isites iavailable ifor ithe ireaction iand iimprove ithe imass itransport iof ireactants iand iproducts. 

iBET ianalysis ifacilitates ithe icorrelation iof ithe isurface iproperties iof ithe icatalyst ito ithe icatalytic 

iperformance. i 

2.7.6. iFourier itransform iinfrared ispectroscopy i(FTIR) 

Fourier itransform iinfrared ispectroscopy iis iemployed ifor ithe ipurpose iof idiscerning ithe 

ifunctional igroups iand ichemical ibonds ipresent iin ia imaterial i(Sharma iet ial., i2018). iFor ithe iFe-

N-C icatalysts, iFTIR iis ia ivaluable itool ifor iidentifying ithe inature iof ifunctional igroups ipresent, 

iincluding icarbon, ioxygen iand initrogen-containing ibonds, iand iother ichemical icharacteristics 
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ithat iaffect ithe iperformance iof ithe icatalyst i(Kumar iet ial., i2019). iAdditionally, iit ihas ithe 

icapability ito iuncover ialterations iin ithe ichemical icomposition iresulting ifrom ithermal 

itreatment iand ivarious isynthetic iprocedures. 

2.7.7. iElectrochemical itechniques 

The icatalytic iactivity iand iselectivity iof iFe-N-C ifor ithe iORR ican ibe iassessed iusing ivarious 

ielectrochemical imethods. iThe imost icommon imethodologies iinclude icyclic ivoltammetry, 

ilinear isweep ivoltammetry, iand irotating idisc ielectrode ivoltammetry i(He iet ial., i2022). iThese 

itechniques iquantify ikey iperformance iindicators i(KPI) isuch ias ionset ipotential, ihalf-wave 

ipotential i(E1/2), iand icurrent idensity, iwhich ioffer ivaluable iinformation ion ithe iORR  

iperformance iof ithe icatalyst. iElectrochemical imethods ican ialso iascertain ithe iORR iselectivity, 

ithat iis, iwhether ithe ireaction iproceeds ivia ithe i2-electron ior i4-electron ipathway. iThe i4e ielectron 

iORR ipathway iis iparticularly ivital ifor ifuel icell iapplications ito iavoid ior iminimise ithe iformation 

iof ihydrogen iperoxide iwhich iis idetrimental ito ipolymer ielectrolyte imembranes i(Chlistuno, 

i2011). 

2.8. iAssessment iof ithe icatalytic iefficiency iof iORR icatalysts 

Evaluation iof ithe iORR iperformance iof icatalysts  ientails iemploying ia idiverse irange iof 

ielectrochemical itechniques iand imethods ito iglean iinsights iinto iactivity, istability, iand 

iselectivity iof ithe ielectrocatalysts. iThe ielectrochemical iapproaches ithat iare imost icommonly 

iused ifor iassessing ithe iefficacy iof iORR ielectrocatalysts iare ibriefly idescribed. 

Cyclic ivoltammetry i(CV) iis ia icommon imethod iemployed ito iassess ithe ielectrocatalytic 

iperformance iof iORR icatalysts. iThe icyclic isweeping iof ithe ipotential iin ia iCV ianalysis iallows 

ifor ithe iassessment iof iredox iprocesses iand icatalytic ibehaviour, ias idescribed iby iSmith iet ial. 
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i(2020). iThe ionset ipotential ifor iORR iserves ias ia irough imeasure iof icatalytic iactivity, 

ispecifically, iregarding ithe ienergy iefficiency iof ithe ireaction. iFor ithe iORR, ia ihigh ipositive 

ionset ipotential iindicates ia ilower ienergy ibarrier, iand ipotentially, ihigher ikinetic iactivity. iCyclic 

ivoltammetry i(CV) ican ialso ireveal ithe ioccurrence iunderlying iredox iprocesses iin ithe iform iof 

ipeaks, iwhich imay iindicate iprocesses ion ithe ielectrocatalyst ias iwell ias ithe iinteraction ibetween 

ioxygen iand iactive isites ion ithe icatalyst. iThis itechnique iis ibeneficial ifor idoing iqualitative 

iinvestigation iand iinitial iassessment iof icatalytic iactivity. i 

Linear isweep ivoltammetry i(LSV) iis ia itechnique iused ito imeasure ithe icurrent iresponse iof ian 

ielectrochemical isystem ias ia ifunction iof ian iapplied ivoltage ithat iincreases ilinearly iwith itime. iIn 

iLSV, ithe ipotential iof ithe iworking ielectrode iis ilinearly iincreased ior idecreased, iyielding idata ion 

ithe icurrent iresponse iand iother iimportant iunderlying icharacteristics i(Wang iet ial., i2021). iThe 

ihalf-wave ipotential iis ian iimportant imeasure ifor ievaluating ithe ielectrocatalytic iactivity; iwhere 

ihigher ihalf-wave ipotentials iindicate ibetter icatalytic iactivity. iLinear isweep ivoltammetry 

i(LSV), iunder icontrolled ihydrodynamic iconditions, ifor iexample, iusing ithe irotating idisc 

ielectrode i(RDE), ican ialso ibe iemployed ito idetermine ia inumber iof ikinetic iparameters iof ian 

ielectrocatalytic ireaction. i 

The iRDE iis ia idevice iused ifor irotational imotion iin ielectrochemical iexperiments, iwhen ithe 

idependence iof imeasured  icurrent iand ipotential ion icontrolled imass itransport iof ithe ireactants ito 

ithe ielectrode ican ibe iaccurately iexpressed imathematically, ienabling ito istudy ikey ikinetic 

iparameters iof ia ireaction. iThe itechnique iinvolves ithe icontrolled irotation iof ithe ielectrode iat ia 

ispecific ispeed, ienabling ithe iexamination iof imass itransport iand ithe iORR ikinetics i(Li iet ial., 
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i2022). iThe ilimiting icurrent iunder iconditions iof icontrolled iRDE ivoltammetry ican ibe 

idescribed iby ithe iLevich iequation i(2.1). i 

𝑗𝐿  i =  i0.62𝑛𝐹𝐶𝑂2𝐷  i𝑂2
2/3𝑣−1/6𝜔1/2

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  i i i i i i i i i i i i i i i(2.1) 

where; i𝑗𝐿  iis ithe idiffusion ilimited icurrent, in iis ithe inumber iof ielectrons itransferred iduring ithe 

iORR, iF iis iFaraday’s iConstant, iCo2 isolubility iof ioxygen iin ithe ielectrolyte isolution, iDO2 iis 

ioxygen idiffusivity, iѵ iis ithe ikinematic iviscosity iof ithe ielectrolyte, iand iω iis ithe ielectrode 

irotation irate. iThe inumber iof itransferred ielectrons i(n) ican ibe idetermined ifrom ithe islope iof ia iplot 

iof i𝑗𝐿  iagainst i𝜔1/2. 

The iLevich iplot iis ia iplot iof ithe ilimiting icurrent iversus ithe isquare iroot iof ithe irotation ispeed. iThe 

ielectron itransfer inumber iduring ithe iORR ican ibe idetermined iby iRDE istudies. iThis iallows ifor 

idetermination iof iwhether ithe iORR iproceeds ivia ithe i2-electron ior i4-electron ipathway i(Zhang 

iet ial., i2021). iFor iboth iFCs iand iMABs, iit iis ipreferable ito ihave ithe i4-electron ipathway, ias iit 

iresults iin ithe idirect iconversion iof iO2 ito iwater, iwhereas ithe i2-electron ipathway igenerates 

ihydrogen iperoxide, iwhich iis inot ionly idetrimental ito iorganic icomponents i(e.g. ipolymer 

ielectrolyte imembranes), ibut ialso ihas ia ilower ienergy iefficiency. iSome icatalysts iare iaffected iby 

ihydrogen iperoxide iwhich iresults iinto icatalyst ipoisoning i(Jin iet ial., i2020; iLiu iet ial., i2014). 

Electrochemical iimpedance ispectroscopy i(EIS) iis ia imethod iemployed ito iassess ithe icharge 

itransfer iand iresistance icharacteristics iof icatalysts. iElectrochemical iimpedance ispectroscopy 

iquantifies ithe icatalyst's iimpedance iresponse iat ivarious ifrequencies, iyielding ivaluable 

iinsights iinto icharge itransfer iresistance iand idouble-layer icapacitance i(Wang iet ial., i2021). iA 

idecrease iin icharge itransfer iresistance iindicates ibetter ielectron itransfer iduring ithe iORR iand 

ithus ihigher ipossibility ifor ienhanced icatalytic iactivity. i i 
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Chronoamperometry  iis iemployed ito iassess ithe ilong-term istability iand idurability iof icatalysts. 

iThis itechnique iinvolves ithe iapplication iof ia iconsistent ipotential iand imonitoring iof ithe icurrent  

iresponse iwith itime i(Wang iet ial., i2021). iChronoamperometry iis ia ivaluable itechnique ifor 

ievaluating ithe ienduring ieffectiveness iof icatalysts iin ifuel icells iand iother ipractical iuses i(Wang 

iet ial., i2021). i 

The itypical  ifeatures iof ithe iORR ipolarization icurve ion ian iideal icatalyst iunder isteady-state 

ihydrodynamic iconditions i(RDE) iis ishown iin iFigure. i2.2. iThe ipolarisation icurve iis ia igraphical 

irepresentation iof ithe irelationship ibetween icurrent idensity iand iapplied ielectrode ipotential, 

iexhibiting ia idistinctive i"S-shaped" ipattern. iThe iLSV icurve ican ibe idivided iinto ithree iprimary 

isegments, ieach iillustrating ian ielectrocatalytic iprocess icharacterised iby ia iunique iORR 

ireaction iparadigm i(Kulkarni iet ial., i2018). iMore iprecisely, iwithin ithe ihigh-potential izone 

i(shown iby ithe igreen iarea), ithe ioverpotential iis iinsufficient ito isurpass ithe ireaction ibarrier iand 

iefficiently ifacilitate ithe ielectrochemical iprocess. iConsequently, iwithin ithis irange iof 

ipotential, ithe ikinetics iof isurface ireactions iact ias ia iconstraining ielement ion ithe ielectrocatalytic 

iperformance, iso icreating ithe izone iwhere isurface ireactions irule. iWithin ithe ilow-potential izone 

i(pink iregion), ithe icurrent iremains iconstant  ias ithe ioverpotential  iincreases. iThe ielectrode 

ipotential iin ithis ilocation iexhibits ia isubstantial ideviation ifrom ithe iequilibrium ipotential. iIn 

isuch icircumstances, ithe ireaction irate iis isufficiently irapid ithat ithe idiffusion iof ioxygen ito ithe 

isurface iof ithe ielectode ithrough ithe idiffusion ilayer ibecomes ithe ilimiting ifactor, iwhile ithe 

icurrent iremains ialmost iconstant ias ithe ioverpotential iincreases, ileading ito ithe iformation iof ithe 

idiffusion-controlled iregion. iThe iassessment iof ielectrocatalyst iactivity ioften irelies ion ithe ihalf-

wave ipotential iin ithe imixed icontrolled iregion, iwhich iis ia iconsequence iof ithe iconvolution iof 
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isurface ireactions iand imass itransport i(Zhao iet ial., i2019). iThe itotal icurrent iin imixed ikinetic-

diffusion icontrolled isection ias idescribed iby iKoutecky-Levich i(K-L) iin iFigure i2.2, ibelow. 

 

Figure i2.2: iSimulation iof ithe iORR ipolarisation icurve ion ian iideal icatalyst iunder ielectrode 

irotation. 

2.9. iKinetic iparameters ifor iORR icatalytic iactivity 

To igain iinsight iinto ithe iORR iperformance iof ithe isynthesized iFe-N-C icatalyst, ia inumber iof 

iparameters iare irequired. iThese iparameters ican ibe idetermined ifrom ithe ielectrochemical idata  

iobtained ifrom ithe itechniques idiscussed iearlier. i 

2.9.1. iOnset ipotential iand ihalf-wave ipotential 

The ionset ipotential iis ithe ipotential iat iwhich ithe iORR ibegins ito ioccur i(Batchelor-McAuley, 

i2022), iwhile ithe ihalf-wave ipotential iis ithe ipotential iat iwhich ithe icurrent ireaches ihalf iits 

imaximum ivalue. iThese iare icritical ivariables iin ievaluating iORR icatalysts ibecause ithey 

iprovide ia imeasure iof icatalytic iactivity i(Wang iet ial., i2021). iHigh ipositive ionset ipotentials iand 

ihigher ipositive ihalf-wave ipotentials igenerally iindicate ibetter icatalytic iactivity. i 
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However, ithe iproblem iwith ithis imeasurement ican ibe iidentified ithrough ia isimple ianalysis iof 

ithe iE1/2 ias ithe iloading iof ithe iRDE icatalyst iis iincreased. iConsequently, iwhen icomparing 

icatalysts ibased ion itheir ihalf-wave ipotential, ithere iis ia ibias itowards istudies ithat iemploy ilarger 

iloading. iAdditionally, ithe idependence ion iloading ifurther icomplicates ithe icomparison 

ibetween istudies ithat iutilise idifferent iloadings i(Wang iet ial., i2021). 

2.9.2. iNumber iof ielectrons itransferred i(n) 

The iORR ican iproceed ithrough ieither ia i2-electron ior i4-electron ipathway, iwith ithe ilatter ibeing 

imore idesirable idue ito iits idirect iproduction iof iwater iwithout iforming ihydrogen iperoxide. iThe 

ielectrons itransfer inumber iduring iORR iis ia icrucial ivariable ifor iassessing icatalyst iselectivity 

iand iefficiency i(C. iZhang iet ial., i2009). iRotating idisk ielectrode i(RDE) iexperiments iare 

icommonly iused ito idetermine ithis ivariable ifrom ithe ipolarization idata iusing ithe iLevich 

iequation i(2.1). 

2.9.3. iTafel islope 

The iTafel islope iis iobtained ifrom ia iplot iof ipotential ior ioverpotential iagainst ithe ilogarithm iof ithe 

icurrent idensity ibased ion ithe iTafel iequation i(Equation i2.2). iThe iTafel islope ican iprovide 

iinsights iinto ithe ireaction imechanism, ithe irate-determining istep, iand ithe icatalytic iactivity iof 

iORR icatalysts. 

ŋ = 𝛼 + 𝑏𝑙𝑜𝑔(𝑗)         i i i i i i i i i i i i i i(2.2) 

Where iη iis ithe ioverpotential, iwhich iis ithe idifference ibetween ithe ielectrode ipotential iand ithe 

istandard iequilibrium ipotential i(η i= iE i− iE0), ij idenotes ithe icurrent idensity, iand ib iis ithe iTafel 

islope. i 
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The iTafel islope ib iis ian iindication iof ithe ielectrochemical ireaction's ikinetics iand ican ibe iderived 

ifrom ithe ilinear iportion iof ithe iplot iof ioverpotential iversus ithe ilogarithm iof ithe icurrent idensity 

i(Shinagawa iet ial., i2015). iA ilower ioverpotential isuggests ithat ithe icatalyst iis imore iefficient, 

irequiring iless ienergy ito iinitiate ithe iORR i(Wang iet ial., i2019). iThis iis ia icritical ivariable ifor ifuel 

icell iapplications, iwhere ireducing ioverpotential  ican iimprove ienergy iefficiency iand 

iperformance. 

Tafel islope iprovides  iinformation ion ithe irate-determining istep iof ithe iORR iand ithe ielectron 

itransfer imechanism. iA ilower iTafel islope igenerally iindicates imore iefficient icatalytic iactivity, 

ias iit isuggests ithat ithe ireaction irequires iless ioverpotential ito iachieve ia icertain icurrent idensity 

i(Shinagawa iet ial., i2015). iAdditionally, ithe iTafel islope ican iprovide iinsights iinto ithe 

imechanism iby iwhich ithe icatalyst ifacilitates ithe iORR. i 

According ito ithe iliterature, ia islope iof iapproximately i120 imVdec-1
 isuggests ithat ithe irate-

determining istep iinvolves ia isingle-electron itransfer, iwhile ia islope iof iaround i60 imVdec-1
 

iindicates ia imore icomplex imechanism iwith imultiple ielectron itransfers i(Zhao iet ial., i2021). iIn 

iaddition, ithe iTafel islope iis ia imeasure iof ithe ikinetics iof ian ielectrocatalytic ireaction. iIn 

icomparative istudies, ia ilower iTafel islope iindicates ia ihigher irate iof ielectron itransfer, ithereby 

isuggesting ithat ithe icatalyst iis imore iefficient iat ireducing ioxygen. i 

2.9.4. iExchange icurrent idensity i(jo) 

The iexchange icurrent idensity i(jo) iis ithe icurrent idensity iat iwhich ithe iforward iand ireverse irates 

iof ian ielectrochemical ireaction iare iequal, iresulting iin ino inet icurrent iflow. iIt iis itypically 

imeasured iunder iconditions iwhere ithe ioverpotential iis izero, iproviding ia imeasure iof ithe 

icatalyst's iintrinsic iactivity. iA ihigh iexchange icurrent idensity iindicates ia imore iactive icatalyst, 
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isuggesting ithat iit ican iachieve ia ihigher ireaction irate iat ia igiven ioverpotential  i(Conway iand 

iJerkiewicz, i2000). 

The iexchange icurrent idensity iis ian iimportant iparameter ibecause iit iis ian iintrinsic iproperty iof ian 

ielectrocatalyst ithat ireflects iits iability ito ifacilitate ielectron itransfer iduring ithe iORR. iIt iis ia ikey 

iparameter ifor ievaluating ithe ieffectiveness iof ia icatalyst, ias ia ihigher iexchange icurrent idensity 

iindicates ia imore iefficient ielectron itransfer iprocess i(Ficca iet ial., i2023). i 

The iTafel islope iand iexchange icurrent idensity iare iclosely irelated, ias iboth iprovide iinsights iinto 

ithe ireaction ikinetics iof ithe iORR. iThe iTafel iequation ican ibe iused ito idetermine ithe iexchange 

icurrent idensity iby iextrapolating ithe ilinear iportion iof ithe iTafel iplot ito ithe izero-overpotential 

ipoint i(Ficca iet ial., i2023). iCatalysts iwith ia ihigh iexchange icurrent idensity ican iachieve 

icomparatively ihigher icurrent idensities iat ia ispecific ioverpotential ias iopposed ito ithose iwith ilow 

iexchange icurrent idensities, ipointing ito isuperior ioverall ielectrocatalytic iefficiency. i 

2.9.5. iCharge itransfer iresistance 

Charge itransfer iresistance ireflects ithe iease iwith iwhich ielectrons iare itransferred ibetween ia 

icatalyst iand ithe ireactant. iA icomparatively ilower icharge itransfer iresistance iindicates imore 

iefficient ielectron itransfer iand ipotentially ibetter icatalytic iactivity i(Meyer iet ial., i2019). iThis 

ivariable iis ioften ievaluated iusing ielectrochemical iimpedance ispectroscopy i(EIS). 

2.9.6. iSurface iarea iand iactive isites 

The isurface iarea iand idensity iof iactive isites isignificantly iimpact iORR iactivity. iHigher isurface 

iarea iprovides imore isites ifor ithe ireaction, iwhile ia igreater idensity iof iactive isites ileads ito 

iimproved icatalytic iperformance i(Hoshi iet ial., i2013). i 
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2.9.7. iDurability iand istability 

Durability iand istability iare iessential ivariables ifor iORR icatalysts, iespecially ifor ilong-term 

iapplications iin ifuel icells. iChronoamperometry ior ichronopotentiometry iare iamong ithe imost 

icommonly iused itechniques ito iassess ithe istability iof icatalysts i(Hoshi iet ial., i2013). iThe irate iof 

idecay iin ithe icurrent iresponse, ior iincrease iin ipotential ior ioverpotential iprovides iinsights iinto 

ithe icatalyst's iresistance ito idegradation i(Vij iet ial., i2016).  
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CHAPTER iTHREE 

MATERIALS iAND iMETHODS 

3.1. iMaterials iand iequipment 

Natural igraphite i(LR), iEgg ialbumen i(LR), iCaffeine i(LR), iIron i(III) ichloride ihexahydrate, 

iNafion isolution i(5%), iPotassium ihydroxide i(min. iassay i85%), iisopropyl ialcohol i95%, iand 

initrogen, ioxygen igases i(min i99% ipurity). 

Vacuum iquartz itube ifurnace i(SK-2-2-12 iTPA1), iPt iwire ifor ithe icounter ielectrode i(CE), 

iAg/AgCl iin i3M iKCl ireference ielectrode i(RE), isonicator, iScanning ielectron imicroscope 

i(SEM) i(ZEISS  iGeminiSEM  i360), iand i iX-Ray iDiffractometer i(XRD) i(Malvern iPANalytical, 

iWestborough, iMA, iUSA), i ia iglassy icarbon iRotating iDisk iElectrode i(RDE) imodified iwith ia 

ifilm iof ithe icatalyst ias ithe iworking ielectrode i(WE), iand iElectrochemical ianalyser i(CHI 

iInstruments i710e). 

3.2. iMethods 

3.2.1. iSynthesis iof iFe-N-C icatalyst 

The iFe-N-C icatalyst iwas isynthesized ifollowing ia imethod idescribed iby i(Huang iet ial., i2019) 

iwith islight imodification. iNitrogen-doped icarbon i(NC) iwas iprepared iby ithe ipyrolysis iof ia 

icomposite iof ian iegg ialbumen i(0.5089 ig) iand igraphite ipowder i(3.1664 ig) irespectively. iThe iegg 

ialbumen-graphite icomposite iwas ipyrolyzed iin ia ivacuum ioven iat i850 i°C ito iproduce iNC 

i(1.8393 ig), icooled iand ithen imixed iwith i0.0276 ig iof iferric ichloride ihexahydrate iand ipyrolyzed 

iat i850 i°C  ifor i2 ih iunder initrogen igas ito iobtain iiron-nitrogen ico-doped icarbon icatalyst. iTo 

iremove iexcess isalt iand ileach iaway iinsecurely ibound iiron ispecies, ithe iproduced icatalyst 
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isamples iwere itreated iwith i10 imL iof i2M isulphuric iacid ifor i12 ihours, ifollowed iby iwashing iwith 

iexcess ideionized  iwater. iFinally, ithe icatalyst ipowders iwere idried iovernight iin ian ioven iat i70 i

oC 

ifor i12 ihours, ilater iweighed i(1.7418 ig). iThis iprocedure iwas irepeated iwith icaffeine ias ithe 

initrogen isource ito igive icatalyst i2 i(2.4023 ig). iThe isamples iwere ilabelled ias iOSS1 iand iOSS2, 

irespectively. i 

3.2.2. iPhysical ichemical icharacterisation iof ithe icatalyst 

The iX-ray idiffraction i(XRD) ipatterns iof ithe icatalyst ipowers iwere iobtained iusing ian iX-ray 

idiffractometer i(Malvern iPANalytical, iWestborough, iMA, iUSA) iwith ia iCu iKα iradiation 

isource iat ia ivoltage iof i40 ikV iand icurrent  iof i40 imA. iSEM iimages iwere irecorded iusing ia iscanning 

ielectron imicroscope i(ZEISS  iGeminiSEM  i360) iequipped iwith ian iEnergy-Dispersive iX-ray 

i(EDX) ispectrometer i(Smart iEDX). i 

3.2.3. iElectrocatalytic icharacterisation iof ithe isynthesized icatalyst 

3.0 img iof iOSS1 icatalyst iwere idissolved iin iwater i(490 iμL), iisopropyl ialcohol i(490 iμL) iand i20 

iμL iof iNafion i(5%) ifollowed iby iultrasonication ifor i30 imin. i5.3 iμL iof ithe iresulting icatalyst iink 

iwas ipipetted ion ia ipolished iglassy icarbon i(GC) iRDE iand ileft ito idry iin iair. iAll imeasurements 

iwere irecorded iat  iroom itemperature iin iKOH i(0.1M) iusing ian ielectrochemical ianalyser i(CHE 

i710E, iUSA) iin ia i100 imL ivolume i3-electrode ibeaker icell. iThe ielectrolyte iwas ifirst ideaerated iby 

ibubbling ithrough initrogen ifor i10 iminutes. i iElectrode iconditioning iwas icarried iout iby irunning 

i20 icyclic ivoltammograms ibetween i0.2 iand i-0.8 iV i(Ag/AgCl iin i3M iKCl), irespectively, iat ia 

iscan irate iof i0.01 iV/s ito iobtain ireproducible ivoltammograms, ithen ia ilinear isweep 

ivoltammogram ifor ibackground icorrection iwas irecorded iunder ia initrogen ienvironment. iFor 

iORR imeasurements, ithe iconcentration iof ioxygen iin isolution iwas imaintained iby ipurging 
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ihigh-purity ioxygen ithrough ia iseparate ifine iPolytetrafluoroethylene i(PTFE) itubing i(0.8 imm). 

iAfter ithe ipurging, ithe ioxygen iwas ilifted iabove ithe isolution ilevel, iand ithe igas iallowed ito iflow 

iabove ithe isolution ito imaintain ioxygen isaturation iand iinvestigated ifor ithe iORR iby irecording 

iLSV icurves iat ivarious iRDE irotation ispeeds iat iroom itemperature. iThe imeasurements iwere 

itaken iwith ia iAg/AgCl iin i3M iKCl ireference ielectrode, ia iplatinum icoil ias icounter ielectrode iand  

icatalyst isupported ion ia iglassy icarbon iRDE iwith ia iloading iof i0.2 img icm-2
 ias ithe iworking 

ielectrode. iThe istability iof ithe icatalyst iwas iassessed iusing ichronoamperometric itests, iwhere 

ithe icurrent idensity ifor ithe iORR iwas idetermined iat ia iconstant ipotential iof i-0.55 iV ivs. iAg/AgCl 

iin ia i3M iKCl isolution iover ia icertain itime iperiod iin ia i0.1M iKOH ielectrolyte isolution. 

3.2.4. iObtained iresults 

The iFe-N-C ielectrocatalysts iare iexpected ito iexhibit iimproved iORR iperformance icompared ito 

ithe iFe-free, iN-free iand iFe- iand iN-free icarbon icatalysts. iThe ikinetic istudy iprovided iinsight iinto 

ithe imechanism iof ithe iORR ion ithe isynthesized iFe-N-C icatalysts, iwhile ithe iphysical-chemical 

iproperties iof ithe icatalysts iinformed istructure-performance icorrelations iallowing ifor 

ioptimization iof ithe icatalyst isynthesis iconditions. i 

3.2.5. iData ianalysis 

3.2.5.1. iCharacterisation iof ithe isynthesized icatalyst 

SEM ihigh-resolution imicrographs iwere iused ito ianalyze ithe icatalyst isurface iproperties, 

iparticle isize, iand idistinctive imorphological icharacteristics. iEDX imaps iwere iused ito icreate 

icomposition imaps ithat ishow ithe idistribution iof iiron, initrogen, iand icarbon iwithin ithe icatalyst. i 

X-ray idiffraction i(XRD) iwas iused ito idetermine ithe icrystalline istructure iof ithe icatalysts iand 

iprobe ithe ipresence iof ispecific iphases, isuch ias iFe, iFe₃C, iiron ioxides iand igraphitic icarbon 
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istructures, iamong iothers. iAdditionally, ithe iXRD ipeaks iwere iused ito icompute ithe isize iof ithe 

icrystallites iusing iScherrer iequation: i 

𝜏 =  i

𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i3.1 i 

where i iis ithe imean isize iof ithe icrystalline iparticles, iK iis ithe ishape ifactor i(a idimensionless 

inumber), i iis ithe iwavelength iof ithe iX-rays, iβ iis ithe ilight ibroadening iat iFull iWidth iat ihalf 

imaximum i(FWHM) iintensity, iand iθ iis ithe iBragg iangle i(Aguilar, i2013). i 

3.2.5.3. iKinetic ianalysis iof ithe iORR i 

3.2.5.3.2. iDetermination iof ithe ikinetic icurrent idensity i(jk), ielectron itransfer inumber i(n), 

iand ireaction irate iconstant i(k) iof ithe iORR i 

Kinetic ianalysis iof ithe ipolarization icurve iwas ibased ion iKoutecky–Levich itheory iwhich igives 

ithe imeasured icurrent, ij, ias igiven iby iequation i3.2 

1

𝑗
=  i

1

𝑗𝑘
 i +

1

𝑗𝑙
         i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(3.2) 

where ijk iis ikinetic icurrent idensity iand ijl iis ithe idiffusion ilimiting icurrent. iThe ikinetic icurrent iis 

igiven iby, 

𝑗𝑘  i =  i𝑛𝐹𝑘𝐴𝐶𝑂2         i i i i i i i i i i i i i i(3.3) 

where in iis ioverall inumber iof ithe ielectrons iexchanged, iF iis ithe iFaraday’s iconstant i(F i= i96,487 

iC/mol), ik iis ireaction irate iconstant, iA iis ielectrode isurface iarea, i0.1256 icm2
 iand iCO2 iis ithe 

ioxygen isolubility. 

Diffusion ilimiting icurrent i(jl), iwhich ican ibe idirectly iobtained ifrom ithe ipolarization icurve, 

idepends ion irotation irate iand iis igiven iby ithe iLevich iequation ias, 
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𝑗𝑙  i =  i0.62𝑛𝐹𝐶𝑂2𝐷  i𝑂2
2/3𝑣−1/6𝜔1/2      i i i i i i i i i i i i i i i i i i i i i i i i i i(3.4) 

where iF ithe iis iFaraday’s iConstant, iCO2 isolubility iof ioxygen iin ielectrolyte isolution, iDO2 iis ithe 

ioxygen idiffusivity, iѵ iis ikinematic iviscosity iof ithe ielectrolyte, iand iω iis ithe ielectrode irotation 

irate. iIn i0.1M iKOH, ithe isolubility iof ioxygen iis i1.2×10−6
 imol/cm3, ioxygen idiffusivity iis 

i1.9×10−5cm−2s-1, iwhile ikinematic iviscosity iof ithe isolution iis i0.01 icm−2s-1
 i(Jin iet ial., i2020). 

iFrom iEquations i3.2 iand i3.4, ia igeneral iequation, iwhere ithe imeasured icurrent idensity iis 

iexpressed ias ia ifunction iof ithe irotation irate ican ibe iwritten ias: i 

1

𝑗
 i =  i

1

𝑗𝑘
 i +  i

1

0.62𝑛𝐹𝐶𝑂2𝐷  i𝑂2
2/3𝑣−1/6𝜔1/2

      i i i i i i i i i i i i i i(3.5) 

This ican ibe isimplified ias; i 

1

𝑗
 i= i

1

𝑗𝑘
+  i

1

𝐵𝜔
1
2

    i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  i(3.6) 

The iinverse iof ithe icurrent idensity i(1/j) iwas iplotted ias ia ifunction iof iinverse iof ithe isquare iroot iof 

ithe irotation irate i(ω−1/2) ito iobtain ithe iKoutecky–Levich iplots. iFrom ithe iintercept iof ithe iplots 

iobtained ifor ivarious ipotentials, ithe ikinetic icurrent idensity iwas idetermined iby iextrapolating 

ithe idata ito izero irotation irate, iwhile ifrom ithe islope, ithe ioverall inumber iof ielectrons iexchanged 

iwas icalculated ias  ia ifunction iof ithe ipotential. i 

3.2.5.3.3. iDetermination iof ithe iTafel islope, iexchange icurrent idensity i(jo) iand icharge 

itransfer icoefficient i() 

Conventionally, iTafel ianalysis ileads ito itwo iimportant iphysical iparameters, ithat iis: iTafel islope 

iand ithe iexchange icurrent  idensity i(jo). iThe iTafel irelation i(Equation i3.7), ioriginally iempirically 

iderived, ican ibe itheoretically irationalized ias ifollows. i 

ŋ = 𝛼 + 𝑏𝑙𝑜𝑔(𝑗)         i i i i i i i i i i i i i i(3.7) 
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where iη iis ithe ioverpotential, iwhich iis ithe idifference ibetween ithe ielectrode ipotential i(E) iand 

istandard ipotentials i(η i= iE i− iE0), ij idenotes icurrent  idensity, iand ib iis iTafel islope. iTheoretically, 

isimple ielectrochemical iredox ireactions ican ibe idescribed iby ithe iButler-Volmer iequation 

𝑗 = 𝑗0{exp(−𝛼𝑓ŋ) − 𝑒𝑥𝑝[(1 − 𝛼)𝑓ŋ]}      i i i i i i i i i i i i i i(3.8) 

where iα iis itransfer icoefficient, if idenotes iF/RT i(F: iFaraday’s iconstant, iR: ithe iuniversal igas 

iconstant, iT: iis ithe iabsolute itemperature), iand ij0 iis iexchange icurrent idensity. iThe iequation 

irepresents ithe itotal icurrents ifrom iboth ireduction iand ioxidation ireactions i(opposite isigns). 

iFirst, iwe iconsider ionly ithe iforward i(or ibackward) irates ithat iare isignificantly ilarger ithan ithe 

icorresponding ibackward i(or iforward) ireaction irate. iFrom ithe iabove iequation, ithe ifollowing 

iequation ican ibe iderived: 

ŋ =  i

𝑅𝑇

𝛼𝐹
ln(𝑗0) −  i

𝑅𝑇

𝛼𝐹
 iln (𝑗)        i i i i i i i i i i i i i i(3.9) 

where iɑ ias idefined iin iEquation i3.6, ithus ithe iintercept iobtained ifrom ia iplot iof iη ivs. ilog ij ican ibe 

iconverted iinto ithe iexchange icurrent idensity. iThe iTafel islope igives iinsight iinto ithe ireaction 

ikinetics, imechanism iand ithe ipotential irate ilimiting istep, ias iwell ias ithe iexchange icurrent  

idensity, iwhich iis ian iintrinsic icatalytic iparameter i(Conway iand iJerkiewicz, i2000; iPetrii iand 

iTsirlina, i1994). iThus, ifor ianalysing ielectrochemical iperformance, ithe iTafel  ianalysis iwas 

iconjugated iwith ithe iButler-Volmer iequation ias iused iin imany istudies i(Kulkarni iet ial., i2018; 

iShinagawa iet ial., i2015; iStrbac, i2021; iWang iet  ial., i2021a; iZagal iet ial., i1980; iZhao iet ial., i2019). 

i 

All ithe iplots iwere imade iusing ithe iOriginLab i8.00 idata ianalysis isoftware. iThe ihypotheses iwere 

itested iusing ia ione-way iANOVA ito icheck iif ithere iis ia isignificant idifference iin ithe ielectron 

itransfer inumber, ikinetic icurrent ior ireaction irate iconstant ifor ithe isynthesized icatalysts.  
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CHAPTER iFOUR 

RESULTS iAND iDISCUSSIONS 

4.1. iResults 

4.1.1. iSynthesis iof iIron-Nitrogen iCo-doped iCatalyst 

Two idifferent isamples iwere isynthesised ifrom itwo idifferent initrogen isources; iegg ialbumen 

iand icaffeine i(both ianalytical ireagent igrades) iand ithe iresulting icatalysts iare ihereafter idenoted 

ias iOSS1 iand iOSS2, irespectively. iThe ischematic iview iof icatalyst isynthesis iprocedure iis 

ishown iin iFigure i4.1, ibelow. 

 

 

Figure i4.1. iSchematic iillustration ifor isynthesis iof ithe iiron-nitrogen ico-doped icarbon icatalyst 

i(Source: iSelf idesign) 

 

Graphite (C) Nitrogen source (N)

NC FeCl3.5H2O

FeNC

FeNC

2 M H2SO4 (10 ml), 

12 hrs and rinse with 

distilled water
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4.2.2. iCharacterisation iof ithe isynthesized icatalyst 

Characterisation iof ithe icatalysts iwas iperformed iby iXRD, iSEM iwith iintegrated ielemental 

ianalysis iby iEDX ianalysis i(EDX) i(ZEISS iDSM i942). iFigure i4.2 iand i4.3 iare iSEM imicrographs 

ifor iOSS1 iand iOSS2, irespectively. iFor iboth icatalysts, ithe iSEM irevealed iclearly idistinct ilayers 

iof iflakes istacked itogether iwith ievident ipores iat ilower iresolution. iThe iflakes iwere iof iirregular 

imorphologies iwith irough iporous isurfaces. iAt ihigher iresolution, inanoscale igranular 

istructures iwere iobserved  ito ibe idistributed iwithin ithe icatalyst i(see iFigure i4.2. iand i4.3). iof ithe 

iOSS1 iand iOSS2 icatalyst, irespectively. i 

 

Figure i4.2. iCatalyst icharacterization. i(a-f) iSEM imicrographs iat idifferent imagnification ifor 

ithe iOSS1 icatalyst. 
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Figure i4.3. iCatalyst icharacterization. i(a-f) iSEM imicrographs iat idifferent imagnification ifor 

ithe iOSS2 icatalyst. 

Energy idispersive iX-ray ispectroscopy i(EDX) ianalysis irevealed ithe ipredominance iof icarbon 

ias ithe imain ielement iin iboth icatalysts ifollowed iby initrogen iand ilastly iiron, ias ishown iin ifigure 

i4.4, i4.5 iand ifigure i4.5, i4.6 ifor iOSS1and iOSS2, irespectively. iThe itable i4.1 iand i4.2 isummarize 

ithe ielemental icomposition iby iatomic iweight. iEDX ianalysis ialso irevealed ithat ioxygen ias iis ia 

imajor iimpurity iin ithe isamples ifollowed iby ialuminum. iThe ipresence iof ioxygen ion icarbon iis 

icommonly iobserved idue ito isurface ioxidation iof icarbon ito iform ivarious ikinds iof ifunctional 

igroups, isuch ias icarbonyl iand ihydroxyl ispecies, iamong iothers. iThe iorigin iof ialuminum 

iimpurities iis iattributed ito icontamination iof ithe icarbon isource i 
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Figure i4.4. iCatalyst icharacterization. iEDX ielemental-maps ishowing ithe idistribution iof iiron, 

icarbon iand initrogen, ias iwell ias ioverlaid iC, iFe iand iN imaps iin ithe iOSS1 icatalyst. i 

 

Figure i4.5. iEDX ispectrum ishowing ithe ielemental icomposition iof iOSS1 
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C N 
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Table i4. i1 iEDS ielemental icomposition iof iOSS1 

Element i Line Weight i% Atomic i% 

C K 53.23 57.74 

N K 1.30 1.28 

O K 47.01 40.56 

Fe L 1.02 0.25 

 

 

Figure i4.6. iCatalyst icharacterization.  iEDX ielemental-maps ishowing ithe idistribution iof iiron, 

icarbon iand initrogen, ias iwell ias ioverlaid iC, iFe iand iN iintensity imaps iin ithe iOSS2 icatalyst. 
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Figure i4.7. i iEDX ispectrum ishowing ithe ielemental icomposition iof iOSS2 

The iEDS ielemental icomposition ianalysis ias ishown iin iTable i4.2. iindicated ia icarbon-dominant 

isample iwith isubstantial ioxygen icontent iand iminimal iquantities iof initrogen iand iiron. iCarbon 

i(C) iis ithe ipredominant ielement, iat i59.41 iwt% i(68.99 iat%), isuggesting ia icarbon-rich imatrix, 

ipotentially igraphitic ior iorganic iin iorigin. iOxygen i(O) iconstitutes i27.79 iwt% i(24.22 iat%), 

iindicating ipotential ipartial ioxidation ior ithe ipresence iof ifunctional igroups i(e.g., icarbonyl, 

ihydroxyl) ion ithe icarbon isurface. i 

Nitrogen i(N) iwas idetected iin itrace iamounts i(1.09 iwt% iand i1.09 iat%), iindicating inegligible 

idoping ior iresidual initrogen-containing iprecursors. iIron i(Fe) iis ipresent iin itrace iquantities i(0.74 

iwt%, ibut ihardly i0.18 iat%), iindicating ieither ileftover icatalyst iparticles ior iinadvertent 

icontamination. iThe ielevated iC/O iratio i(~2.1 iby iweight) iindicates ia isomewhat ioxidised 

icarbon iframework, iwhilst ithe inearly isimilar iweight iand iatomic ipercentages iof initrogen iimply 

iits ihomogeneous idistribution. iThe ilittle iiron icontent iverifies ithe ieffective isynthesis iof ia 
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ilargely imetal-free icarbon imaterial, iconsistent iwith iobjectives ito ireduce idependence ion 

iprecious imetals iin icatalytic iapplications. 

Table i4.2. iEDS ielemental icomposition iof iOSS2. 

Element i Line Weight i% Atomic i% 

C K 59.41 68.99 

N K 1.09 1.09 

O K 27.79 24.22 

Fe L 0.74 0.18 

    

 

X-ray idiffraction i(XRD) iwas iused ito ianalyze ithe icrystalline iproperties iof ithe isynthesized iFe-

N-C icatalysts. iThe iobtained iXRD ipatterns ifor iboth iOSS1 iand iOSS2 ican ibe iseen iin iFig i4.4. 

iBoth icatalysts iexhibited ia ibroad ipeak iat iapproximately i26.70, iwhich icorresponds ito ithe i(002) 

icrystal iplane iof igraphite icarbon i(Ilkiv iet ial., i2015). iThis iindicates ithat ithe icarbon iwas 

ipredominately ipresent iin ia igraphitic iform, ithat iis idue ito ithe ilow iFe icontent iin ithe icatalysts 

iwhich iwas idemonstrated iby ithe icharacteristic iXRD ipatterns iarising ifrom imetallic iiron, iiron 

icarbide, ior iiron ioxide ispecies i(Krishnan iet ial.,  i2025). iThe ipair iof ilow iangle iduplet ipeaks iat 

iabout i2θ i= i20o
 iare iascribed ito ispecies iwithin ithe igraphitic iinterlayers, ilikely iarising ifrom iFe 

iand initrogen ispecies iembedded iwith ithe igraphitic ilayers, ias iindicated iin ithe iSEM 

imicrographs. iSmall iangle iX-ray iscattering idata iattribute ithese iduplex ipeaks ito ireflections 

ifrom i(2-11) ifacets iof iFe3N i(Chambers iet ial., i2022). iThe iclearly idiscernible idiffraction ipeak iat 

i2θ i i44.5o
 iis iattributed ito ireflections ifrom ithe i(101) iplanes iof igraphitic icarbon. iThe irather iweak 
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idiffraction ipeaks iat i2θ i i50o
 iand i54.5o

 iare iattributed ito ireflections ifrom ithe i(024) iand i(116) 

iplanes iof i-Fe2O3, iwhose ilow iintensity iindicates ia ivery ilow icontent iof ithese ispecies. 

 

Figure i4.8. iX-ray idiffraction ipattern iof ithe iOSS1 iand iOSS2 icatalysts itogether iwith ithe 

idiffraction ipattern iof igraphitic icarbon. i 

The iXRD iresults ithus iunequivocally irevealed ithe ipresence igraphitic icarbon iwith iFe3N ispecies 

iembedded iwithin ithe igraphitic iinterlayers, iand ia ilow iquantity iof icrystallites iof iFe2O3. iThere 

iwas ino iclear ievidence iof idiffraction ipatterns iattributable ito imetallic iiron. iUnder iconditions iof 

ihigh itemperature iannealing, icarbon ihas ithe iability ito ireduce iFe3+
 iions, iresulting iin ithe 

iformation iof iFe inanoparticles. iAdditionally, isome iof ithe iFe3+
 iions imay ireact iwith iN iatoms, 

ileading ito ithe iformation iof iFe3N. iFe2O3 imay ibe ireadily iproduced ithrough ithe ioxidation iof 

imetallic iFe idue ito iair iexposure i(Mi iet ial., i2020). iThe icrystal isizes iof iFe2O3 iand iFe iwere inot 
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idetermined iusing ithe iScherer iequation ibecause ithe idiffraction ipeaks iare itoo iweak ito ireliably 

idetermine ithe iparticle isizes. 

4.2.3. iElectrochemical itests 

All ithe ithree icatalysts irevealed isimilar ipatterns iwith ia icharacteristic ifirst ipeak iat i-0.35 iV iand 

icurrent iintensity iof i1.55 imAcm-2
 ifor iOSS1 iand iOSS2 iwhile ithe iGC ihad ian iirregular ipeak iat i-

0.65 iV iand ilower icurrent idensity iof i0.6 imAcm-2. iThe ipattern ilater istabilised iwith isame isimilar 

ihowever iconsistent iand isignificantly iclose ipeak iintensities. iOSS1 iand iOSS2 istabilised iat 

icurrent idensity iof i0.3 imAcm-2
 iat ithe isame ipotential iof i-0.35 iV. iThe ielectrode iconditioning 

ipolarisation icurves iare ishown iin iFigure i4.9, ibelow. 

 

 

(a) (b)

(c)
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Figure i4.9. iElectrode iconditioning ipolarization icurves iduring ithe iORR ion i(a) iOSS1, i(b) iOSS2 

iand i(c) iGC, iin iO2 isaturated i0.1M iKOH isolution iat iroom itemperature. i 

The ibackground ireactions iin iabsence iof ioxygen iwere iinvestigated ifor iall icatalysts. iIt iwas 

ifound ithat ithe ibackground icurrent idensity iincreased ifrom iGC, iOSS1 iand iOSS2 iand ishown iin 

iFigure i4.9 i(a), ithus ipreliminarily, iactivity iof iOSS2 iwas ihigher ithan ithat iof iOSS1 iand iGC 

irespectively. iThis ibackground icurrent iwas isubtracted ifrom ithe icurrent idensity iof iactual iORR 

itests. 

 

Figure i4.10. iPolarization icurves iduring ithe iORR ion i(a) iBackground ireactions i(b) iOSS1, i(c) 

iOSS2 iand i(d) iGC, iin iO2 isaturated i0.1M iKOH isolution iat iroom itemperature. i 

c

a b

d
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The ielectrocatalytic iperformance iof ithe icatalysts iduring iORR iwas iinvestigated iby ilinear 

isweep ivoltammetry i(LSV) itests iusing iRDE iin ia ithree-electrode icell iin ioxygen isaturated iKOH 

i(0.1M) isolution iat iroom itemperature. iThe ipolarization icurves, iK-L iplots i(Figure i4.10 i(b-d)) 

iand iTafel islopes i(Figure i4.12 i(a-c)) iof ithe isynthesized iOSS1 iand iOSS2 icatalysts, iand ifor ibare 

iglassy icarbon i(GC) ias ireference iare ishown iin iFigure i4.10. iThe ikey iperformance iindicators 

i(KPI) idetermined ifrom iKoutecky- iLevich ianalysis iof ithe idata iis isummarized  iin iTable i4.3, 

ibelow. 

Table i4. i2. iSummary iof iORR icatalytic iparameters ifor ithe iOSS1, iOSS2 icatalysts iand iGC. 

Kinetic iParameter GC OSS1 OSS2 

Eonset i(V) -0.151 -0.142 -0.130 

E1/2 i(V) -0.551 -0.541 -0.530 

n 2.380 2.938 3.238 

jk i(mAcm-2) i 1.007 iat i-0.290 iV 1.609 iat i-0.423 iV 2.189 iat i-0.466 iV 

k i(s-1) 3.621 4.741 5.845 

Tafel islope i(mV idec-1) 95.92 103.61 114.65 

a i(mA icm-2) 0.354 0.349 0.459 

ɑ 0.073 0.073 0.056 

 

The ionset ipotential iwas i-0.151, i-0.142 iand i-0.130 iV ifor iglassy icarbon, iOSS1 iand iOSS2 

irespectively. iThe ihalf iwave ipotential iwas i-0.551, i-0.541 iand i-0.530 iV ifor iOSS1, iOSS2 iand 

iGC, irespectively. i 
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Figure i4.11. iThe ioverlayed ipolarisation icurves iat i1600 irpm ifor iall ithe icatalysts i(a) iand 

iKoutecky-Levich iplots ifor i(b) iOSS1, i(c) iOSS2 iand i(d) iGC. i 

The ihigh ionset iof ithe iORR ion iOSS2 icompared ito ithe iother isamples imeans ithat iOSS2 iwas iable 

ito isurmount ithe iORR ienergy ibarrier iwith icomparatively imore irelative iease ithan ion ithe iother 

isurfaces. iThis ibasically iindicates ithat ithe iinitial iactivation iof ithe iORR iis ikinetically ifaster ion 

iOSS2, ihowever, ithe ionset ipotential iof ithe iORR ialone iis iinsufficient ito ideduce ithe ioverall  

ikinetics iof ithe iORR ion ithe ivarious icatalysts. iA icatalyst iwith ia icomparatively ihigher ionset 

ipotential idoesn’t inecessarily itranslate iinto ifaster iORR ikinetics idue ito iother ifactors ithat icontrol 

ithe ioverall ireaction ikinetics. iAll ithe iKPIs, iincluding ithe ikinetic icurrent  idensity, iTafel islope, 

ielectron itransfer inumber iand iexchange icurrent idensity ihave ito ibe iconsidered iin itandem iin 

iorder ito ideduce ithe icatalyst iwith ithe ifastest iORR ikinetics. 

c

a b

d
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Figure i4.12. iTafel iplots ifor ia) iOSS1; ib), iOSS2; iand ic) iGC iat ivarious irotation ispeeds. i 

The iaverage iTafel islopes ifor ithe icatalysts irecorded iwas i103.61 iand i114.65 ifor iOSS1 iand iOSS2 

irespectively iand i95.92 ifor iGC ias ishown iin iTable i4.3. iThe iindividual iTafel islopes ifor iOSS1 

iranged ifrom i101.12 ito i107.83, i112.16 ito i118.86 iand i95.10 ito i99.24 imVdec-1
 ifor iOSS1, iOSS2 

iand iGC, irespectively. iThe iTafel islope iincreased iwith iincreasing ielectrode irotation ispeed. i 

4.3. iDiscussions i 

4.3.1. iCharacteristics iof ithe iiron-nitrogen ico-doped icatalyst 

Scanning ielectron imicroscopy i(SEM) imicrographs irevealed ian iintricate inetwork iof 

iinterconnected isheets iwith iexposed ipores iwith isizes iranging ifrom imicropores ito imesopores. 

iThe icreation iof ithese ipores iis iascribed ito ithe idisintegration iof iorganic iprecursor imaterials  

c

a b
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iduring ipyrolysis, iwhich iliberates igases ithat igenerate ia iporous iframework. iIron ipromotes 

inucleation iand igraphitization iof icarbon iresulting iin irough isurface imorphology iof ithe 

iobserved icarbon isheets i(Feng iet ial., i2021). iThe iobserved icoarse itextures ior ifibrous 

iconfigurations iwere ialso ireported iby i(Chen iet  ial., i2018). iAt ielevated itemperatures, initrogen 

iprecursors iundergo idecomposition iliberating initrogen iwhich icoordinates ithe icarbon iand iiron 

ispecies. iThe initrogen ican ibe ipyridinic ior ipyrrolic iN idoping idepending ion iwhether ithe 

iresultant istructure iis ia i6 ior i5 iring istructure irespectively. iThe iiron iand initrogen icenters iact ias 

iactive isites iof ithe icatalyst idue ito ihigher icharge idensity iat ithese icenters. iThe icharge idensity iis 

iattributed ito ihigh ielectronegativity idifference ibetween iiron iand initrogen iwith icarbon 

i(Jiménez-Ramírez iet ial., i2017) i 

The iSEM imicrographs ialso irevealed idefects ilike icracks ior ivoids iin ithe icarbon istructure, iwhich 

iare ifrequently iassociated iwith istress icaused iby ihigh itemperatures i(Singh iet ial., i2020). iIn 

iaddition, iintroduction iof iforeign initrogen iatoms ican igenerate idefects iin icarbon istructure, 

ihence iincreasing  icatalytic iactivity iby ioffering ia igreater inumber iof ireactive isites i(Park iand 

iChen, i2018). iThere iwas ino iirrevocable ievidence iof ithe ipresence iof imetallic iiron iparticles ior 

iclusters ineither ifrom ithe iSEM imicrographs inor ifrom ithe iXRD idata. iMetallic iparticles ior 

iclusters ican ibe ieasily idistinguished iin iSEM iimages ias ibright ispots ibecause ithey ihave ia ihigher 

iatomic inumber i(Johnson iand iLi, i2017). iXRD idata irevealed iinterlayer ispecies iin ithe icarbon 

imatrix iascribed ito iFe3N. iThere iwas ievidence iof itrace iamounts iof iFe2O3 iin ithe isamples ifrom ithe 

iXRD ipatterns. iMetallic iiron iparticles ican ibe icreated ifrom iiron iprecursors iduring ipyrolysis idue 

ithe ireductive iconditions. iWhen iexposed ito iair, ithey ireadily iundergo itransformation iinto ioxide 

iforms. i 
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The ipresence iof initrogen iin iSEM imay inot ibe idirectly ivisible, ibut iit iis inot iexpected ito igreatly 

iimpact ithe imorphological iproperties iof ithe isample. iNitrogen idoping iinduces istructural  

idefects iin ithe icarbon imatrix iand imodifies iits ielectrical icharacteristics. iThese imodifications 

iimpact ithe iproperties, ifostering ithe iformation iof idistinct isurface istructures ias ireported iby i(Li 

iet ial., i2021). 

 

Figure i4.13. iEDS ispectra iof ithe iOSS1 iand iOSS2 icatalysts ishowing ivariation iof ithe iintensity 

iagainst ienergy iof ithe iemitted iX-rays. i 

Energy-dispersive iX-ray ispectroscopy i(EDX) iprovided ivaluable iinformation iabout ithe 

ielemental icomposition iand idistribution iof ithe iconstituent ielements iC, iFe iand iN iin ithe iFe-N-C 

icatalysts. iThe ipresence iof ithe iiron i(Fe) ipeak i(L i= i0.705), initrogen i(K i= i0.392), iand icarbon ipeak 

i(0.277), ias iverified iby ithe iEDS ireference isheet, iindicates ithe ieffective isynthesis iof ithe iiron-

nitrogen ico-doped icatalyst. iThe icarbon iintensities iin iboth icatalysts isurpassed ithose iof 
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initrogen iand iiron, ihence iconfirming ia ilarger icomposition iof icarbon iin iboth isamples, ias 

iexpected. iThe icatalytic iactivity iof ithe iFe-N-C icatalysts idepends ion ithe ico-existence iof ian 

iappropriate iquantity iof iboth iiron iand initrogen iin ia ispecific iconfiguration  i i(Feng iet ial., i2013; 

iLiang iet ial., i2014; iOsikoya iet ial., i2015; iPark iet ial., i2016; iWei iet ial., i2015; iWiggins-Camacho 

iand iStevenson, i2011; iZhao iet ial., i2013). i 

4.3.2. iORR iactivity iof ithe isynthesized iFe-N-C icatalysts 

4.3.2.2. iKoutecky-Levich ianalysis 

The ikinetic icurrent idensity ivalues ifor iglassy icarbon, iOSS1, iand iOSS2 iwere i1.0073, i1.6087, 

iand i2.1889 imAcm-2
 iat i-0.423, i-0.466 iand i-0.290 iV irespectively. iThe ioverall ielectron itransfer 

inumber iwas i2.38, i2.94, iand i3.24, iwhile ithe ireaction irate iconstant iwas i3.621, i44.741, iand i5.845 

is-1, irespectively. iOut iof iall ithe icatalysts, iOSS2 ihad ithe ihighest ielectron itransfer inumber i(3.24), 

isignifying ithat iORR iprimarily ifollowed ithe ifour-electron ipathway. iThe ielectron itransfer 

inumber iof iOSS1 iwas i2.94, iindicating ithat iboth ithe ifour-electron ipathway iand ithe itwo-

electron itransfer ipathways ioccur iin iparallel, ibut iwith ia ilittle ihigher itendency itowards ithe 

iproduction iof ihydrogen iperoxide. iGC ihad ithe ilowest ielectrons itransfer inumber iof i2.38, 

isuggesting ia ihigher ipropensity ifor ihydrogen iperoxide iformation i(Zhou iet ial., i2020). iThe 

iKoutecky-Levich ianalysis idata iis isummarized iin ithe ibar igraph iin iFigure i4.14. 



62 

 

 

Figure i4.14. iBar igraphs ishowing inumber iof itransferred ielectrons i(n) iand ikinetic icurrent i(jk) iof 

ithe iORR ion iOSS1, iOSS2 iand ion iGC. i 

4.3.2.3. iComparison iof ithe ielectron itransfer inumber i(n) ifor ithe icatalysts. 

The ielectron itransfer inumber iduring ithe iORR iis ia ikey imetric iindicating ithe ipathway ithrough 

iwhich ithe ireaction iproceeds. iA ivalue iof i4 isignifies ia idirect ireduction iof ioxygen ito iwater, iwhile 

ia ivalue iof i2 isuggests iformation iof ihydrogen iperoxide ias ian iintermediate.  iCombining ithese 

iinsights, iOSS2 iemerged ias ithe ibest-performing icatalyst idue ito iits ihigh iof ielectron itransfer 

inumber, ithe ihighest ikinetic icurrent, iand ithe ifastest ireaction irate iconstant. iThis iindicates ithat 

iOSS2 ihas ithe ihighest iefficiency imaking iit ithe imost isuitable ifor iapplications irequiring 

iefficient i4e- ioxygen ireduction ito iwater iwith inone ior iminimal iproduction iof ihydrogen 

iperoxide. iOSS1 ialso iperformed iwell ibut iwas islightly iless iefficient ithan iOSS2. iGC ishowed ithe 

ileast iefficient icharacteristics, iwith ia imuch ilower ielectron itransfer inumber, ilower ikinetic 

icurrent, iand imuch ilower ireaction irate iconstant. i 
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Figure i4.15. iComparison iof ielectron itransfer inumber i(n) iof isynthesized icatalysts, iOSS1 iand 

iOSS2 iand ithat iof iGC iat i-0.423, i-0.466 iand i-0.290 iV. i 

(a) iPlot iof ielectron itransfer inumber iagainst ithe iapplied ipotential. i(b) iBar igraph ishowing 

iaverage ielectron itransfer inumber ifor ieach icatalyst iand itheir irelationship ito ithe i2 ior i4 ielectron 

itransfer inumber. 

4.3.2.4. i iDependence iof ielctron itransfer inumber ion iapplied ipotential 

As iclearly iillustrated iin iFigure i4.14, iall ithe istudied icatalysts irevealed ia ilinear ia irelationship 

ibetween iapplied  ipotential iand i𝑛 iduring iORR ion iboth ithe iOSS1 iand iOSS2 icatalysts, ias iwell ias 

ion iGC. iThe inumber iof ielectrons itransferred iincreases iwith iincreasing ioverpotential. iThis 

irelationship iis iconsistent iwith iresults ireported iin ithe iliterature i(Shen iet ial., i2019). iAt ihigher 

ioverpotentials, ithe inumber iof ielectrons itransferred iis ihigher, isuggesting ia ipredominance iof 

ithe ifour-electron ipathway, iwhich ileads ito ithe idirect iconversion iof ioxygen ito iwater. iAt ilower 

ioverpotentials, ithe inumber iof ielectrons itransferred igradually idecreases, iindicating ia ishift 

itowards ithe i2e ipathway, iwhich iinvolves ithe iformation iof iH2O2 ias ian iintermediate. iThis itrend, 

iwhere i𝑛 idecreased ifrom i3.00 iat i-0.380 iV ito i2.91 iat i-0.500 iV, ipoints ito ia itransition iin ithe iORR 

(a) (b)
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imechanism, iwith ithe i4e- ibeing ifavoured iat ihigh ioverpotentials iwhile ilow ioverpotentials 

ifavoured ithe i2e- ipathway, iimplying imore igeneration iof iH2O2. 

 

Figure i4.15. iVariation iof ithe inumber iof ielectrons itransferred iagainst ithe iapplied ielectrode 

ipotential ifor iOSS1, iOSS2, iand iGC, irespectively. 

4.3.2.5. iORR ireaction imechanism  ion ithe iOSS1 iand iOSS2 icatalysts. 

Tafel iplots ifor ithe iORR ion ithe ithree icatalysts, inamely iGC, iOSS1, iand iOSS2, ioffered ivaluable 

iinsights iinto ithe iORR ireaction imechanism ion ithe icatalysts. iGC ihad ia iTafel islope iof i95.92 

imV/decade, iindicating ian iintricate iprocess  icontrolled iby iboth ielectron itransport iand 

isubsequent ichemical ireactions. iPlatinum icatalysts iare iknown ito isuccessfully ifacilitate ithe i4-

electron ireduction ipathway iin ialkaline ienvironments, iand ithis imixed icontrol imechanism iis ia 

(a) (b)

(c)
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ifeature iof isuch icatalysts i(Antolini, i2009). iThe ifindings ifor ithe iOSS1 icatalyst, iwhich ihad ia 

iTafel islope iof i103.61 imV/decade, iis inot isignificantly idifferent ifrom ithat iof iGC imeaning ithat 

ithe iORR ion iOSS1 ifollows ia isimilar ipathway ias ion iGC. iHowever, ithe iactivation ibarrier ifor 

ieither ithe ielectron itransfer istep ior ia ilater ichemical istep iis ihigher. iThe iOSS2 icatalyst, iwas 

icharacterized iby ia iTafel islope iof i114.64 imV/decade, isuggesting ithat ia ichemical istep iis ithe 

icontrolling ifactor iin ithe ireaction imechanism. iThis icould ibe iattributed ito ivariations iin isurface 

icharacteristics ior iactive isite iconfigurations icompared ito iOSS1. iThe iobserved idifferences iin 

iTafel islopes iemphasized ithe iimpact iof icatalyst icomposition iand istructure ion ithe iORR 

imechanism. iFrom ithe iTafel islopes iabove, ithe ifollowing iORR imechanisms ihave ibeen 

iproposed ifor ieach icatalyst ias isummarized iin iTable i4.4, ibelow. 

Table i4.4. iORR imechanism ifor ithe isynthesized icatalysts. 

Catalyst Tafel islope i(mVdec-1) ORR imechanism 

OSS1 i 103.61 

O2 i+ ie i i i i i i i i i i i i i iO2
-

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(RDS) i i i i i i i i i i i i i 

O2
-

 i+ iH2O i+ ie i i i i i i i i i i i iHO2
-

 i+OH- 

HO2
-

 i+ iH2O i+ i2e i i i i i i i i i i i i3OH- 

OSS2 i 114.65 

O2 i+ ie i i i i i i i i i iO2
- 

O2
-

 i+ iH2O i+ ie i i i i i i i i i iHO2
-

 i+OH-
 i i i i i i i i i i i i i i i i i i i i i i i i i(RDS) 

HO2
-

 i+ iH2O i+ i2e i i i i i i i i i i i i3OH- 

GC i 96.92 O2 i+ i2H2O i+4e i i i i i i i i i i i4OH- 

 

The iORR ioccurs iby ione iof itwo ipossible imajor ipathways idepending ion ithe ifinal iproduct, ithat iis 

ihydrogen iperoxide ior iwater. iIn iaddition, ithere iare iseveral ifactors ithat iinfluence ithe iORR 

imechanism, iincluding ithe imode iof iadsorption iof ioxygen, ichemical icomposition iand iphysical 

icharacteristics iof ithe icatalyst i(Van iEde iand iAngst, i2023). iOxygen imay iapproach ia isingle 

iactive isite ieither iside-ways ior iend-on. iAt ia idual isite, ithe iside-ways iapproach ileads ito 
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iadsorption iof iO2 ion itwo iactive isites isimultaneously iforming ia ibridge-cis ibond. iDepending ion 

ithe iproximity iof idual isites, ithe iend-on iapproach ito ia idual isite imay ilead ito iO2 ibinding iin ia ibride-

trans iconfiguration. iOn iwell-defined istructures, isuch ias imonocrystalline isurfaces, ithe imode 

iof iO2 iadsorption iis ieasy ito ipredict isince ithe iinter-atomic idistances iin itwo-dimensional ispace 

iare iknown. iAfter ithe iadsorption istep, ithe isubsequent imulti-step iproton-coupled ielectron 

itransfer isteps, iand ichemical isteps, idetermine ithe ivalue iof iTafel islope, idepending ion ithe irate-

determining ielementary ireaction. iIf ithe ifirst ielectron itransfer istep iis irate ilimiting, ithe 

itheoretical ivalue iof ithe iTafel islope iwould ibe iaround i59 imv/decade. iConversely, iif ia ichemical  

istep iis irate idetermining, ithe itheoretical ivalue iof ithe iTafel islope iwould ibe iclose ito i118 imVdec-1. 

i 

From ithe iTafel islope idata iin iTable i4.5, iit ican ibe iconcluded ithat iGC iexhibited ia imixed 

imechanism ithat iis icharacterized iby ia icombination iof ifactors, iwithout ia ispecific isingle istep 

idominating ithe imechanism iand ithe ireaction irate. iSimilarly, iOSS1 ialso iexhibited ia imixed 

icontrol imechanism, ibut iwith iindication iof ia icharge itransfer istep ibeing irate ilimiting. iOn ithe 

iother ihand, iit iis ivery ievident ithat iOSS2 ihad ia ichemical istep iinvolving ithe iintermediate ispecies 

ithat idetermines ithe irate. 

The iobserved iTafel islopes ifor ithese icatalysts iare iconsistent iwith ithe iresults ireported iby iother 

iresearchers. iFor iexample, icatalysts ibased ion iPt iin ialkaline isolutions iusually iexhibit iTafel 

islopes ithat ivary ibetween i60 iand i120 imV/decade. iThe iparticular ivalues idepend ion ihow ithe 

icatalyst iis iprepared iand ithe iconditions iof ithe iexperiment. iThis irange iindicates ithe iprevalence 

iof imechanisms ithat iinvolve iboth ielectron itransport iand ichemical  isteps i(Antolini, i2009). iIron-

nitrogen ico-doped icarbon icatalysts ihave ibeen ifound ito iexhibit iTafel islopes iranging ifrom i80 ito 

i120 imV/decade, isuggesting ia ivariety iof iprocesses iand ifactors iat ithe iactive isites. iAccording ito 
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iLiu iet ial. i(2011), ithey idiscovered ithat iFe-N-C icatalysts iexhibit iTafel islopes iranging ifrom i90 ito 

i110 imV/decade, iwhich ialigns iwith ithe ivalues irecorded ifor iOSS1 iand iOSS2 iin ithis istudy. iThe 

isimilarities iindicate ithat ithe ioxygen ireduction ireaction ion iOSS1 iand iOSS2 iis icontrolled iby 

iboth ielectron itransfer iand isubsequent ichemical ireactions, ihowever, iwith ia ichemical istep 

ibeing iclearly ithe idominant irate ilimiting iin ithe icase iof iOSS2 icompared ito ithe icase iin iOSS1. iThe 

iindividual iTafel islopes ireflect ithe ivariations iin iactivation ienergies iand isurface ifeatures. iThe  

ialignment iof ithese ifindings iwith iexisting iliterature ivalidates ithe ideduced iORR imechanisms iin 

ithese icatalysts iand iemphasizes ithe iinfluence iof icatalyst idesign ion ielectrochemical  

iperformance. i 
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CHAPTER iFIVE: iCONCLUSIONS iAND iRECOMMENDATIONS 

5.1. iConclusions 

Iron-nitrogen ico-doped icarbon icatalysts iwere isuccessfully iprepared iby ithe ipyrolysis iat i850 

i°C iof ia imixture iof igraphite iand iiron ichloride ias ithe icarbon iand iiron isources, irespectively, iand 

itwo idifferent initrogen  isources iwere istudied, ithat iis; iegg ialbumen iand icaffeine. iThe iORR 

iactivity iof ithe isynthesized icatalysts iin ithe iform iof ifilms iadsorbed ion ia iglassy icarbon irotating 

idisc ielectrode i(RDE) iwas idetermined iand icompared iwith ithat iof ia ibare iglassy icarbon i(GC) 

ielectrode. iThe iOSS2 icatalyst, iin iwhich icaffeine iwas iused ias ithe initrogen isource iemerged ithe 

ibest iORR icatalyst iin iterms iof ielectron itransfer inumber i(3.34), ikinetic icurrent idensity i(2.19 

imA icm-2
 iat i-0.466 iV) iand ireaction irate iconstant i(5.85 is-1

 ialso iat i-0.466 iV). iBy icontrast, ithe 

icorresponding ivalues iof in, ijk iand ik ifor iOSS1 iwere: i2.94, i1.61 imA icm-2, i4.74 is-1, iat i-0.433 iV 

irespectively. iOn ithe iother ihand, ithe ielectron itransfer icoefficient iof iOSS2 i(0.056) iwas ilower 

ithan ithat iof iOSS1 i(0.073), iand iits iTafel islope i(114.65 imV idec-1) iwas ialso ilower ithan ithat iof 

iOSS1 i(103.61 imV idec-1), ihowever, ithe idifference iwas inot isignificantly ilarge ithus isuggesting ithat ithe 

iORR imechanism iwas isimilar ion ithe itwo icatalysts. iThe iincorporation iof iiron iand initrogen iinto 

icarbon itherefore iimproved ithe iORR iactivity iof icarbon ias iexpected. i 

5.2. iRecommendations 

i. Utilizing icaffeine ias ia initrogen iprecursor ifor ithe isynthesis iof iIron-Nitrogen ico-doped 

iCarbon i(Fe-N-C) icatalysts iby ithe ipyrolysis iof ia icomposite imixture iof icaffeine iand 

iFeCl3.5H2O i(Fe isource) idispersed ion igraphite ipowder i(carbon isource), iis ievidently 

ivery ipromising. iFuture iefforts ishould ifocus ion ifurther ioptimizing ithe iamount iof iegg 
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ialbumen iand icaffeine iof ithe isynthesis iparameters ito ienhance ithe iORR iperformance. 

iUtilizing icaffeine ias ia iprecursor ipresents ivarious ibenefits, isuch ias icost-effectiveness 

iand isustainability, iamong iothers. 

ii. Future istudies imay ialso iinvestigate ithe iORR icatalytic iactivity iin iacidic iconditions, ias 

iwell ias iits irole iin ihydrogen iand ioxygen ievolution ireactions. iAssessing ithe iORR 

icatalytic iactivity iof ithe isynthesized icatalysts iin iacidic ielectrolytes  iis iessential idue ito 

ithe ipotential ifor ipractical iapplications, isuch ias iin iproton iexchange imembrane ifuel 

icells i(PEMFCs). 

iii. Additional icharacterization iof ithe isynthesized icatalysts iusing iTEM iand iXPS, iamong 

iothers, ito ithoroughly ielucidate ithe iproperties iof ithe icatalyst iis inecessary. iTEM iand 

iXPS iare iadvanced imethods iused ito ianalyse ithe isurface istructure iand ichemical 

icomposition iof imaterials iat ithe inanoscale. iTEM ican ireveal istructural icharacteristics 

iof ithe icatalysts, iincluding iparticle isize, ishape, iand idistribution. iThese iparameters iplay 

ia icrucial irole iin idetermining icatalytic iactivity. iXPS iexamination iprovides 

icomprehensive iinsights iinto ithe ichemical icomposition iand ielectronic iproperties iof 

ithe ielements ipresent iin ithe icatalysts. iThrough ithe iutilisation iof iTEM iand iXPS, imore 

iprofound iunderstanding iof ithe icatalysts' istructural iand ichemical iattributes imay ibe 

ideciphered. iThis ienables ithe irefinement iof isynthesis itechniques iand ithe iimprovement 

iof itheir icatalytic iefficiency.  
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APPENDICES 

Appendix i1. iKoutecky-Levich ianalysis idata ifor iGC, iOSS1 iand iOSS2 ipolarisation icurve. 

Sample iID Potential i(V) n jk i(mAcm-2) k i(s-1) 

OSS1 

-0.380 3.000 1.145 3.295 

-0.400 2.920 1.405 4.156 

-0.450 2.920 1.858 5.496 

-0.500 2.910 2.027 6.017 

-0.433 2.940 1.609 4.741 

Std 0.040 0.406 1.243 

OSS2 

-0.433 3.290 1.998 5.245 

-0.450 3.270 2.139 5.650 

-0.480 3.200 2.283 6.162 

-0.500 3.190 2.335 6.323 

-0.466 3.240 2.189 5.845 

Std 0.043 0.132 0.426 

GC 

-0.300 2.300 0.634 2.380 

-0.295 i 2.290 0.916 3.453 

-0.290 2.300 1.075 4.037 

-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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Appendix i2. iTafel islope ianalysis ifor iGC, iOSS1 iand iOSS2 i 

Sample iID Speed i(rpm) Slope a i(mAcm-2) ɑ 

GC 

100 -99.240 0.361 0.071 

400 -95.340 0.354 0.073 

900 -94.010 0.350 0.073 

1600 -95.100 0.349 0.074 

Mean -95.920 0.354 0.073 

Std i 2.290 0.006 0.001 

OSS1 

100 -107.830 0.357 0.072 

400 -103.530 0.350 0.073 

900 -101.940 0.346 0.074 

1600 -101.120 0.345 0.074 

Mean -103.610 0.350 0.073 

Std 2.990 0.005 0.001 

OSS2 

100 -118.860 0.501 0.051 

400 -114.580 0.467 0.055 

900 -112.990 0.438 0.059 

1600 -112.155 0.428 0.060 

Mean -114.650 0.459 0.0562 i 

Std 2.980 0.033 0.004 

 

 


