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Abstract 

Atomic Fe in Nitrogen-doped Carbon (Fe-N-C) is investigated for the O2 reduction reaction in 

proton exchange membrane fuel cells (PEMFCs). Chapter 1 introduces the research motivation. 

Chapter 2 provides a literature review, scoping out gaps in the literature and thus the aims and 

objectives for the thesis. Chapter 3 covers the methods and characterisation techniques used in 

this thesis. 

Chapter 4 focusses on the development and characterisation of a novel Fe-N-C with high surface 

area and porosity, produced by an Mg-templating approach. It is found this synthesis leads to 

record in situ electrochemical active site (FeNx) utilisation in a rotating disc electrode. The FeNx 

sites exhibit an axial coordination with low turnover frequency . Therefore, the impact of axial and 

N-coordination is investigated via DFT.  

Chapter 5 investigates the operando Fe dissolution mechanism under inert (Ar) and active (O2) 

conditions of the Fe-N-C developed in Chapter 4, using both flow-cell and gas diffusion electrode 

(GDE) coupled to an online ICP-MS. During O2 reduction at 20oC in GDE, a mechanism of Fe 

dissolution and reprecipitation into FexOy occurs due to pH increasing in the catalyst layer. This is 

supported by post-mortem characterization and kinetic modelling. 

Chapter 6 examines the impacts of increasing the ionomer to catalyst ratio in H2-O2 fed PEMFCs. 

The Fe-N-C optimisation is probed using in situ electrochemical techniques. A uniquely high 

ionomer:Fe-N-C content is required for maximum performance due to the Fe-N-C’s high 

mesoporosity. 

Chapter 7 investigates the life cycle and techno-economic analysis of Fe-N-C versus Pt/C for 

PEMFCs. Fe-N-C production leads to lower predicted endpoint environmental impacts. Monetized 

environmental impacts are found to provide higher cost than the catalyst production. Based on 

the techno-economic analysis, the power density for Fe-N-C to compete with Pt/C is calculated. 

Chapter 8 provides conclusions and research directions.
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Thesis Outline 

The chapters of this thesis are summarized below: 

Chapter 1 provides the motivation and requirements for sustainable electrochemical energy 

conversion technologies. 

Chapter 2 explores the non-precious metal-based oxygen reduction literature and identifies 

possible research gaps and directions. 

Chapter 3 covers the materials and methods used in this thesis and discusses principles and 

operation of characterisation techniques personally carried out. 

Chapter 4 reports the synthesis and characterisation of a highly porous Fe-N-C based on Mg 

templating, highlighting active site utilisation and impact of penta-coordination.   

Chapter 5 investigates the degradation and impact of Fe demetallation in a highly porous Fe-

N-C using on-line flow cell and GDE ICP-MS. With microkinetic modelling results the 

degradation mechanism in GDE is elucidated. 

Chapter 6 studies the impact of ionomer content on PEMFC performance of a highly porous 

Fe-N-C using a combination of electrochemical and ex-situ techniques.  

Chapter 7 carries out a comparative LCA and TEA of Fe-N-C and Pt/C-based cathodes in 

PEMFCs based on several scenarios.  

Chapter 8 provides conclusions of this PhD and perspectives for future work and research 

directions
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Chapter 1:  Introduction and Motivation 

1.1 The Case for Renewable Energy 

Since the mid-20th century, is there compelling evidence of essential alterations in the 

condition and operation of the Earth that surpass the scope of variability observed during the 

Holocene, and are primarily influenced by human activities.1 In this new epoch, known as the 

Anthropocene, there is unequivocal evidence the sixth great mass extinction event in the 

history of life on Earth is underway.2 This is in part caused by the rising anthropogenic global 

warming emissions such as CO2, as shown by the Keeling curve (Figure 1.1).  

 

Figure 1.1. CO2 concentration measured at Law Dome Ice Core (1700-1958) and Mauna Loa 
Observatory, Hawaii (1958-Present). Data obtained from refs.3–5 

To prevent the global mean temperature rise exceeding 2°C compared to pre-industrial levels, 

under the 2015 Paris Agreement,6 countries worldwide have established commitments for 

significant emission reductions, ultimately targeting net zero greenhouse gas emissions. 

Notably, in 2019, the UK government was the first major economy to enshrine in law a 

commitment to reduce greenhouse gas emissions to net zero by 2050. Accomplishing these 

commitments, particularly with the persistent growth in energy demands and populations, 

necessitates the substitution of unsustainable fossil fuel-based processes and precursors with 

renewable, clean energy methods and resources.7 Currently, transport relies on 91% of its 

final energy coming from oil products, which is only 3.5% less than in the early 1970s.8 

Positively, according to the 2023 World Energy Outlook from the International Energy Agency 

(IEA), the world is currently on track to see fossil fuel consumption peak before 2030.9 To 

realise this scenario in hard to abate industries, where direct electrification is not feasible 

(steel, petrochemical, long distance and heavy transport), requires significant ramp up of 
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Power-to-X, where X is an energy carrier, such as hydrogen, which can be derived and 

subsequently converted by electrochemical technologies (Figure 1.2).10  

 

Figure 1.2. Simplified representation of future energy model. 

1.2 Electrochemical Energy Conversion and Proton Exchange Membrane 
Fuel Cells 

To achieve a fully sustainable approach in the case of H2, its production must stem from water 

splitting in electrolyzers, encompassing H2 and O2 evolution processes, as opposed to relying 

on methane reforming (referred to as grey hydrogen production).11,12 Subsequently, the 

generated green H2 can be employed in commodity chemical production, or as a fuel along 

with an oxidant (O2) to generate electricity within fuel cells.13,14  

The IEA has projected that in order to achieve a global scenario of net zero emissions by 2050, 

approximately 60 Mt of H2 will be utilized for electricity generation.9 In the 2030 net zero 

scenario, almost 8 Mt of H2 will be used directly in transport (50% road and 45% shipping).15 

Hydrogen-powered fuel cells, specifically low-temperature (80oC) polymer electrolyte 

membrane fuel cells (PEMFCs), represent a highly promising technology with a high 

technology readiness level for achieving zero CO2 emissions in certain sectors of power 

generation.16 This is primarily attributed to the adaptability and broad range of applications 

that PEMFCs offer in stationary and portable power generation, particularly in the field of 

transportation.16 The increasing prominence of PEMFCs in transportation applications is 

supported, for instance, by the ambitious targets set by governments worldwide, aiming for 

the deployment of 2.5 million fuel cell electric vehicles (FCEVs) on the roads by 2030.17 
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1.2.1 Platinum-based Cathodes - The Crux of PEMFCs 

PEMFCs typically employ nanoparticle platinum group metals (PGM), such as Pt, as catalysts 

for these reactions.18 PEMFCs reactions can be broken into the anodic H2 oxidation reaction, 

which is kinetically facile, being five-six times faster than the cathodic O2 reduction reaction. 

Consequently, significantly higher amounts of Pt nanoparticle-based catalyst are required for 

cathodic O2 reduction (historically 0.4 mgPt cm-2 at cathode versus 0.05 mgPt cm-2 at anode).19 

Additionally, breaking down the components and processes contributing to inefficiencies in 

PEMFCs, the most significant loss occurs from the large overpotential of the O2 reduction 

reaction, labelled as ηORR in Figure 1.3a. This clearly signifies the importance of developing 

efficient O2 reduction electrocatalysts for PEMFCs.   

Considering the economics, the estimated cost of PEMFCs in light-duty vehicles was 

approximately $42.80/kWnet in 2020, considering a production volume of 500,000 units per 

year.20 The US DOE has targeted a cost of $30/kWnet at the same production rate for PEMFCs 

to be economically competitive.21 This objective can be realized through significant reduction, 

or the complete elimination of PGM catalysts at the cathode, which are predicted by US DOE 

to account for nearly half of the cost of a PEMFC stack in light duty FCEVs (Figure 1.3b).22 

Significant reduction or elimination of Pt at PEMFC cathode has also been concluded as 

essential by the UK Advanced Propulsion Centre.23 

 

Figure 1.3. H2/Air feed 80oC and 50 cm2 PEMFC polarisation curve of Pt-based catalysts, with 
breakdown of losses highlighted and labelled. ηORR represents the O2 reduction overpotential, ΔEohmic 
represents ohmic losses and ηtransport represents transport losses. The purple line represents the 
measured cell potential. Figure adapted from references, with experimental measurement details 
provided therein.19,24 b.) Calculated breakdown of component costs in 2017 of Pt-based PEMFC stack 
at 500,000 stacks year-1. Values from ref.25 



Chapter 1: Introduction and Motivation 

  

18 

1.2.2 An Alternative? 

A transition to PGM-free materials with lower costs, as well as greater accessibility, and higher 

production capacity is necessary, which can be facilitated by the utilization of Earth-abundant 

metals (Figure 1.4a).26 However, the widespread adoption of such devices faces challenges 

related to the growing global demand for PGMs, limited recycling efforts, and the high costs 

associated with PGMs.27 PGM-free consisting of atomically dispersed transition metal atoms 

coordinated to N-doped C (M-N-C, where M = Fe, Cu, Ni, Co, Mn28 and recently Sn29) present 

a possibly cheaper27 and more environmentally alternative to Pt-based PEMFC cathodes. 

However, the escalating demand for Co and Ni in energy applications may diminish their 

appeal in catalyst applications.30 Fortunately, Fe-N-C has been shown to exhibit the greatest 

performance of M-N-C to date, rivaling that of Pt/C (Figure 1.4b).31–33 

 

Figure 1.4. a.) Annual kg production and USD price per kg (in 2010) of Group VIII metals. Adapted from 
refs.34,35 b.) Basic illustration of PEMFC operation with catalyst candidates at cathode depicted. 

There has been tremendous progress in the performance of Fe-N-C-based catalysts over the 

past 15 years,36–38 and particularly over the duration of my PhD, driven in part by consortium 

projects in the US DOE (Electrocat39) and EU (PEGASUS40 and CRESCENDO41). The status of Fe-

N-C and 2025 US DOE targets for PGM-free catalysts is provided in Figure 1.5a. There has 

recently been a significant leap in stability of Fe-N-C by Liu et al., reaching the durability target 

of 30 mV loss in performance at 0.8 A cm-2 after 30,000 cycles (H2-air).33 Although, the same 

target at 1.5 A cm-2 remains distant. The activity target at 0.9 ViR-free (H2-O2, 1 bar O2) has been 

met, granted with high loadings of Fe-N-C (~4 mgFeNC cm-2). Meanwhile, the performance of 

PEMFC operating under practical conditions for transportation applications (H2–air at 1 bar) 
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still needs to double (151 vs. 300 mA cm-2 at 0.8 V). Ultimately, power density needs to 

improve to >1000 mW cm-2 to compete with Pt-based catalysts.  

Increasing electrochemical performance of a catalyst generally entails two approaches: either 

increasing the quantity of available catalytic sites or increasing the inherent reactivity of these 

catalytic sites.42 These two approaches can be deconvoluted by considering reactivity 

descriptor plots. To the best of my knowledge, these have so far been based on gravimetric 

or areal site density,31,43,44 although these plots do not account for varying catalyst densities 

and the limited catalyst thickness available before PEMFC performance would become 

debilitated by mass transport.19 Instead, it is worth considering the volumetric site density, as 

initially proposed in the seminal work by Gasteiger et al.19 Here, Gasteiger concluded that a 

cost-less catalyst could compete with 47 wt.% Pt/C in PEMFCs if it displayed an activity of 130 

A cmcat
 -3 at 0.8 ViR-free (Figure 1.5b). One can see that state-of-the-art Fe-N-Cs show volumetric 

activity of 21-45 A cmcat
-3 (0.8 ViR-free, 1 bar H2-O2),31–33 signaling there is still a way to go to 

compete with Pt. 

 

Figure 1.5 a.) Current performance status of state-of-the art Fe-N-C catalyst33 and US DOE 2025 PEMFC 
Targets operating at 80oC.27 b.) Volumetric site density and TOF of state-of-the-art Fe-N-C (Jiao et al.,32 
Liu et al.33 and Mehmood et al.31) and commercial (PMF-011904)45 Fe-N-C compared to enzyme 
Cytochrome c oxidase (based in values calculated in refs46,47), 47 wt.% Pt/C19 and US DOE targets. Site 
density was based on nitrite stripping results. For PMF-011904, nitrite stripping values were obtained 
from Primbs et al.44 while PEMFC performance obtained from Zhang et al.45 The density (mg cm-3) of 
plotted Fe-N-Cs was obtained from loading and thickness of catalyst layer in MEAs from refs. Fe-N-C 
performance based on H2-O2 1 bar. US DOE 2010 target derived from cost-less catalyst in Gasteiger et 
al.19 and 2017-2020 Target from ref.48 Single atom site density limit based on calculations by Mehmood 
et al.,31 with assumed 100 µm thick cathode catalyst layer. The TOF limit is assumed to be equivalent 
to that of cytochrome c oxidase.  
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Chapter 2:  Literature review 

This chapter describes the operation of PEMFCs and the theory of O2 reduction in acid 

environments. This is proceeded by synthesis strategies of M-N-Cs, and their activity and 

degradation mechanisms. Finally, considerations of translating performance from RDE to PEMFC are 

discussed. 

2.1 PEMFCs  

2.1.1.1 Design and Operation 

Fuel Cells are electrochemical devices that can convert the chemical energy of fuel directly into DC 

electricity.49 PEMFCs are equipped with a membrane electrode assembly (MEA), which includes a 

polymer electrolyte membrane situated between the anode and cathode, as illustrated in Figure 

2.1. H2 is oxidised at the anode to H+ (Equation 2.1), with the membrane facilitating the flow of H+ 

to react with O2 at the cathode (Equation 2.2). The membrane obstructs the passage of electrons 

and unreacted fuel. This compels electrons to follow an alternative pathway through the external 

circuit, thereby providing power for an external load.50  

 Anode: 𝐻2 ⇌ 2𝐻+ + 2𝑒− Equation 2.1 

 Cathode: 𝑂2 + 4𝐻+ + 4𝑒− ⇌ 2𝐻2𝑂 Equation 2.2 

The on both the cathode and anode side the MEA typically contains a gas diffusion and microporous 

layer, with the catalyst situated between the microporous layer and membrane. Meanwhile the 

single cell also contains gaskets, flow field plates and current collectors. A fuel cell stack is then 

simply made up of single cells sandwiched between cooling plates.  

 

Figure 2.1 Illustration of PEMFC and its components.  
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2.1.1.2 History and Applications 

Due to their fast response and high power density, PEMFCs are most suited to transport applications 

and backup power supplies.21 Fuel Cells piqued scientific interest since their inception in 1839.51 In 

terms of practical applications, notably they were initially used by NASA in space missions in the 

1960s,52 however it was not until the 1990s that fuel cells began to garner greater industrial 

attention, particularly in the transportation and back-up applications. This attention was especially 

prominent within the automotive industry with the advent of electrically driven vehicles.53 Several 

commercial PEMFC-based cars have since been developed by BMW (iX5 Hydrogen),54 and Hyundai 

(All-New Nexo),55 and most notably by Toyota (Mirai).56 PEMFC have also been employed in buses, 

trains and boats, among others.57 

2.2 O2 Reduction Theory 

The standard potential of O2 electrocatalyst is 1.23 VRHE under standard conditions (25oC and 1 bar 

H2 or O2, Table 2.1) and 1.168 VRHE at the typical operational temperature of PEMFCs (80oC).58 The 

O2 reduction can also proceed via two-electron pathway to H2O2 at 0.67 VRHE; however, this is 

undesired in fuel cells since it halves the power density that can be delivered compared to the four-

electron pathway to H2O and can lead to generation of radicals when in contact with Fe. Still, H2O2 

is an important industrial commodity chemical for industry.59 

Table 2.1. Thermodynamic electrode potentials of O2 reduction in acidic environment.60,61 

Pathway Thermodynamic electrode potential at 

standard conditions, E0 (VSHE) 

Equation 

O2 + 2H+ + 2e- 
→ H2O2 0.67 Equation 2.3 

H2O2+ 2H+ + 2e- 
→ 2H2O 1.77 Equation 2.4 

O2 + 4H+ + 4e- 
→ 2H2O 1.23 Equation 2.5 

 

The direct four-electron process for the O2 reduction reaction in an acidic environment can take on 

either a dissociative or associative pathway. This distinction hinges on the energy barrier associated 

with oxygen activation on the catalyst surface, a barrier that arises due to the relatively weak 

bonding of atomic oxygen.62 On multiple catalyst surfaces, the dissociative pathway for O2 reduction 

has been deemed unlikely, primarily due to the elevated dissociative barrier associated with the 

O−O bond.62,63 The associative mechanism, in which O2 does not undergo dissociation prior to 

hydrogenation, is shown by Equation 2.6-Equation 2.10, along with the free energies pertinent to 

Pt(111) displayed in Figure 4b.62 This mechanism entails the sequential addition of an electron and 
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proton in each step, and the activity is contingent on the transfer of a proton and electron to O2*. 

During this process, the O-O bond within OOH* is broken by the active site.  

 𝑂2 +  ∗ → 𝑂2
∗ Equation 2.6 

 𝑂2
∗ + 𝐻+ + 𝑒− → 𝑂𝑂𝐻∗ Equation 2.7 

 𝑂𝑂𝐻∗ + 𝐻+ + 𝑒− → 𝑂∗ + 𝐻2𝑂 Equation 2.8 

 𝑂∗ + 𝐻+ + 𝑒− → 𝑂𝐻∗ Equation 2.9 

 𝑂𝐻∗ + 𝐻+ + 𝑒− → 𝐻2𝑂 +  ∗ Equation 2.10 

In acidic environments it has been proposed that O2 reduction occurs through an “inner-sphere” 

mechanism, where reaction intermediates are adsorbed on the active site throughout the entire 

reaction.64 

2.2.1 Density Functional Theory  

Numerous metals have been subject to investigation regarding their O2 reduction activity, 

employing density functional theory (DFT) calculations to construct volcano plots that correlate ORR 

activity with the adsorption energies of critical intermediates. Among the metal surfaces explored, 

the Pt metal surface exhibits the highest catalytic performance in ORR. This heightened catalytic 

activity arises from the intermediate adsorption of O* and HO*, aligning with the predictions of the 

Sabatier principle, which states that an ideal catalyst does not bind too weakly or strongly to 

reaction intermediates.65 Utilising DFT, Nørskov, Rossmeisl and co-workers unveiled the correlation 

between catalytic performance and O2 reduction reaction intermediate binding affinity to a catalyst, 

yielding the characteristic “volcano” plot.66 This relationships has since been experimentally proven 

for O2 reduction on both molecular catalysts67 and platinum single crystals.68–70 Additionally, DFT 

calculations reveal a robust linear scaling relationship among the adsorption energies of key 

intermediates in O2 reduction, preventing their independent variation.71 This scaling relationship is 

primarily attributed to the comparable binding energy of the oxygen atom within these 

intermediates.  

These scaling relationships limit metal surfaces like Pt(111) and single atom catalysts to exhibit a 

required overpotential of approximately 0.3 to 0.4 V at a minimum, as shown by the free energy 

diagrams in Figure 2.2. Various approaches have been suggested to break scaling relations 72 and 

decrease overpotential, including inducing tensile lattice strain on the catalyst surface, introducing 

transient conditions through resonance oscillations, employing confinement and three-dimensional 

catalytic sites. Some of these strategies are analogous to the mechanisms utilized by the naturally 

occurring enzyme cytochrome c oxidase.63,73–76 
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Figure 2.2 Free energy diagrams for O2 reduction are shown at both limiting potential (UL, red lines) and 
equilibrium potential (U, blue lines), with "*" indicating the active site. a.) Associative mechanism on Pt(111). 
Adapted from reference.66 b.) Associative mechanism on CoN4C12 porphyrin. c.) Dissociative mechanism on 
in-plane adjacent Co2N5/graphene, with O adsorbed behind the dual metal atom site (Ob) reacting with O2. 
The grey dashed line represents the surrounding graphene sheet. Values for CoN4C12 and Co2N5/graphene 
were calculated using the VASP solvent model. Figure originally adapted from reference.77 Reproduced from 
reference47 with permission. 

The use of DFT allows for the modelling of the binding energy of reaction intermediates to Pt 

nanoparticles with a degree of precision, owing to their crystalline nature, which can be replicated 

in single crystal studies. Presently, the most effective model M-N-C systems comprise of 

macrocycles, such as metal phthalocyanines or metal porphyrins, as they possess a well-defined 

structure in experiments and can be precisely imitated atom by atom in quantum chemistry 

simulations.78 Although, these macrocycles typically exhibit rapid degradation or deactivation when 

exposed to acidic electrolytes, rendering them unsuitable as model M-N-C systems. Furthermore, 

the conventional pyrolysis techniques employed in the production of M-N-C catalysts generate a 

range of potential active sites characterized by diverse local carbon structures (defects, edges, 

oxygen groups), thereby altering the electron density. An approach is to acknowledge the variety of 

sites in a pyrolyzed catalyst and instead establish trends using a single model, such as an M-N4-C 

site. 

2.3 Single metal atoms catalysts and Bio-Inspiration 

As catalyst metal clusters diminish in size to just a few metal atoms, discrete energy band structures 

become intricately linked with the number of metal atoms in the cluster. Consequently, the addition 

or removal of a single metal atom at this stage can significantly influence the electronic 

configuration and, consequently, the catalytic characteristics.79 By reducing catalytic sites to the 

level of well-dispersed single-metal atom catalysts, it effectively boosts the fraction of metal centres 

with minimal coordination, thereby enabling utilisation of each individual metal atom.80 When these 
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single atom catalysts are precisely defined, they can be fine-tuned to selectively drive specific 

chemical reactions by changing the metal atom or local ligand environment. 

Jasinski first reported in 1964 O2 reduction activity of macrocycles containing an M-N4 core,81 and 

in the 1970s Jahnke et al. discovered serendipitously that thermal decomposition of macrocycles to 

M-N-C led to improved activity.82 O2 reduction activity of transition metal M-N-C is ranked from 

highest to lowest in the following order: Fe > Co > Cu > Mn > Ni.28 Recently, Sn-N-C has been 

discovered an active P-block catalyst, with equivalent TOF to Fe.29 

Single atom M-N-C present remarkable similarity to active sites in biological systems.46 In terms of 

Fe-N-C, the FeNx active site in Fe-N-C resemble the Fe site in hemoglobin (Figure 2.3a), used for 

transporting binding and transporting Oxygen around the body.83 Hemoglobin can even be used as 

a precursor to synthesise Fe-N-C catalysts, as we have previously reported.84 Other single metal 

atom centres coordinated to nitrogen within a carbon framework exist in nature, such as Vitamin 

B12 with Co-N5 centre (Figure 2.3b) and chlorophyll a with Mg-N4 centre (Figure 2.3c), with the 

former being used successfully as a catalyst for O2 reduction in PEMFCs, following pyrolysis.85 

 

Figure 2.3. Structure of metal centres in a.) Hemoglobin. b.) Vitamin B12 c.) Chlorophyll a. 

In the quest for inspiration from nature, some of the most challenging multi-electron reactions 

entail the involvement of two readily available metal atoms at the active site.86   For instance, in the 

case of cytochrome c oxidase (CcO), a single CuB is positioned above the heme a3 site, as depicted 

in Figure 2.4a. This enzyme facilitates an exceptionally efficient and specific four-electron reduction 

of dioxygen to water, all the while preventing the generation of hydrogen peroxide.74,87,88 The 

comparison in TOF of CcO to a commercial single atom Fe-N-C (PMF-011904) is provided in Figure 

2.4b, where CcO present well over an order of magnitude higher TOF than PMF-011904, and 

comparable TOF to Pt(111) based on extension of the Tafel slope. Interestingly, back in the 1979-

1980, Collman et al. synthesized a macrocyclic cofacial dicobalt porphyrin (Co2FTF, for structure see 
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inset Figure 2.4b), which almost exclusively formed water, unlike its single site analogue.89,90 Co2FTF 

also presented an impressively high TOF, exceeding that of Pt(111) (Figure 2.4b). 

While enzymes and macrocycles can be affixed to electrodes to facilitate effective electrocatalytic 

reactions,91 their stability poses a significant challenge in harsh fuel cell environments (enzyme 

activity declines within hours).92 Additionally, their extensive preparation and purification, and 

enzymes large electrode surface area/volumetric site density contribute to their limitations.93  

 

Figure 2.4. a.) Structure of in cytochrome c oxidase (CcO) where CuB site sites heme a3. Adapted from 
reference.94 b.) Calculated TOF at varying potentials for dual-metal atom active site in molecular (Co2FTF), 
enzyme (CcO), plus Pt(111), a commercial single atom electrocatalyst (PMF-011904, Pajarito Powder LLC). 
Co2FTF (blue dash-dot line) in 0.5 M CF3CO2H at 250 rpm.89 CcO (green star): A. ferrooxidans CcO with 
ferrocenecarboxylic acid redox mediator.91 Pajarito: PMF-011904 catalyst in 0.5 M H2SO4 at 1600 rpm. Orange 
dotted line represents ex-situ cryo CO chemisorption, orange squares represent in-situ electrochemical 
nitrite- stripping results.95 Pt(111): black dashed line in 0.1 M HClO4 at 1600 rpm.70  Figure reproduced with 
permission.47 Copyright 2021, Wiley-VCH. See ref 47 for calculations on TOF of catalysts. 

To the best of my knowledge, there has not been experimentally rigorously confirmed 

heterogeneous dual metal atom active site with O2 reduction activity superior to single atom M-N-

C active site in acidic environment. This may be due to the unfavourable formation energy for many 

types of dual metal atom catalysts, as we 96 and Karmodak and Nørskov 97 have recently shown via 

DFT.  For this reason, the next Section (Synthesis) and the remainder of this thesis focuses on the 

development of Fe-N-C. 

2.4 Synthesis 

2.4.1 N-C Support 

Optimising the N-C support is critical to providing sufficient surface area and porosity, electrical 

conductivity, resistance to corrosion, and N sites.98 99 To produce a high density of M-Nx sites, a 
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carbon material consisting of high numbers of nitrogen sites with vacancies is required, along too 

high N content would lead to semi-conductor behaviour. Meanwhile, porosity is critical to mass 

transport and high micropore volume is essential to host Fe-Nx sites.44,100 

The N-C support can be obtained from a variety of precursors, such as organic monomers (e.g. 

aniline and cyanamide),101 aerogels,102,103 nitrogen-doped carbon nanotubes and graphene,98,104 

biomass (e.g. chitosan),105,106 and metal organic frameworks (most commonly zeolitic imidazolate 

frameworks (ZIFs)),107,108 as illustrated in Figure 2.5a. A huge library of organic building blocks is 

available for selection with varying types and quantity of N sites and properties (melting and boiling 

points). Biomass serves as a more sustainable approaches, although its properties are harder to tune 

and there is a limited number of biomasses containing N moieties.46 Carbonaceous aerogels are a 

rising class of substrates for preparation of Fe-N-C due to their high specific surface area, tuneable 

pore size distribution and high electrical conductivity.109 ZIFs are easy to prepare and can serve as 

sacrificial templates, molecular-scale cages, or porous metal-containing N-doped carbon materials, 

although most are not stable at relevant pyrolysis temperature which are required to obtain 

conductivity.110  

 

Figure 2.5. Representation of some of the options for a.) N-C precursors b.) Metal Precursors c.) Templates 
d.) Processing steps used to produce Fe-N-C catalysts. Figure adapted and reproduced from ref with 
permission.47 
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2.4.2 Metal Precursors 

A very of Fe metal precursors can be used. Pre-defined Fe-N4 macrocyclic precursors such as 

porphyrins, phthalocyanines, and corroles (Figure 2.5b) can be used.111 These cannot be directly 

used for O2 reduction in acidic medium due to their rapid degradation, and instead require a 

pyrolysis step, which causes disintegration of most Fe-Nx sites.112 

Anhydrous and hydrated Fe salts (e.g., FeCl2, FeCl3, FeCl2.4H2O) can be used.32,113 It has been found 

some of these Fe salt precursors transform to Fe oxides during pyrolysis (discussed further in Section 

2.4.4.1 and 2.4.4.4).113 To avoid pyrolysis, eutectics of two metal salts at specified ratios can also be 

used to substantially lower the melting point of the constituent metal salts (e.g., FeCl3:LiCl), enabling 

their direct use for loading into N-C.114 

2.4.3 Template 

Templates are often used to assist creating increased surface area and hierarchal structure for 

improved mass transport and active site accessbility of single atom sites. Ordered mesoporous 

carbon (Figure 2.5c) has been used to produce FeCo-N-C based on SBA-15 templates and Fe/Co 

macrocycles (FeTMPP, CoTMPP).115 Silica templating is also commonly used.116,117 However, these 

hard templating methods typically require harsh HF treatment for the silica template removal, 

which has environmental and safety concerns. Although there have been recent developments in 

removal of Silica via more environmentally benign and safer means.118 Instead, ionothermal 

templates can be used which are more facile to remove since they typically based mixtures organic 

precursors with inorganic salt melts containing Lewis-acid metal cations. The Lewis-acid metal 

cations are suspected to help enable the beneficial formation of Nx sites during 

carbonisation(2≤x≤4).119 The salt template can be easily washed out after carbonisation with mild 

acid washing to generate a hierarchal pore structure with high surface area.119,120  

2.4.4 Processing Methods 

2.4.4.1 Deposition 

Chemical vapour deposition (CVD) is commonly used for the industrial production of carbon 

nanotubes, by heating carbonaceous gases (e.g., acetylene) over metal catalyst nanoparticles such 

as Fe, Co, or Ni, depositing graphitic carbon on the surface of the catalyst.121 For M-N-C it has been 

developed as a non-contact pyrolysis method to deposit active metals113 or coatings from the gas 

phase.33 Considering the Fe-O phase diagram at oxygen-deficient concentrations, as present during 

pyrolysis (Figure 2.6a), some Fe precursors, such as FeCl2·4H2O form iron oxides at intermediate 

temperatures (300-600oC), and Fe at >600oC, which has been experimentally confirmed.113 Wu and 
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coworkers demonstrated the ability of CVD to produce different M-N-C (where M = Fe, Co, Ni or 

Mn) for O2 reduction.122 Improved O2 reduction activity with Fe-N-C was subsequently achieved by 

Jiao et al with CVD.32 CVD has most recently been used to improve stability by depositing an 

atomically thin N layer33 and scalable processes are being developed based on fluidised bed 

reactors.123  

Another non-contact method is atomic layer deposition (ALD), which facilitates the precise and 

reproducible formation of atomic layers on materials with high surface areas. The deposition in ALD 

occurs via sequential self-limiting surface reactions, interspersed with inert gas purging to ensure 

layer separation. ALD methodology finds applicability in high surface area substrates. Drawbacks of 

ALD include its high equipment costs, slow deposition rates, and restrictions on reagents for self-

limiting reactions, often involving highly toxic precursors (e.g., H2S). Nevertheless, efforts to 

broaden the range of more sustainable and cost-effective precursors, including base metals, are 

ongoing.124–128 These limitations contribute to the limited adoption of ALD in typical chemistry 

laboratories and hinder its transition from laboratory-scale research to industrial use in catalysis. 

Additionally, ALD is notably temperature-sensitive, often necessitating a trial-and-error approach 

for successful synthesis. 

Other deposition methods also exist such as electrochemical deposition. Hu and colleagues 

serendipitously observed that iron impurities in their KOH electrolyte underwent electrochemical 

deposition on their Co-N/C single (Figure 2.5d), leading to the formation of a Fe-Co-N/C dual metal 

atom catalyst, where oxygen atoms bridged the Fe-Co.129 This approach outlines a straightforward 

method for generating well-defined and electrochemically active dual metal atom sites, which could 

potentially be extended to other elements of interest, similar to achievements in other types of 

catalytic sites.130 Moreover, precise control during synthesis can be achieved by optimizing the 

concentration of the metal precursor and the deposition time. The work conducted by Hu and 

coworkers emphasizes the significance of employing high-purity electrolytes and rigorous 

electrochemical testing protocols 131 to prevent the potential contamination of catalytic sites. 

2.4.4.2 Wet Chemical 

Wet chemical approaches are accessible for common chemistry laboratories, typically employing 

low temperatures and solvents (e.g., water, ethanol, methanol), enabling flexible, quick and large 

scale synthesis of a library of single atoms catalysts.132,133 Although, the use of large volumes of non-

aqueous solvents can be economically problematic for scale-up if recycling of solvents cannot be 

easily implemented. Also, pyrolysis of precursors is still required if using non-conductive precursors. 



Chapter 2: Literature Review 

  

29 

2.4.4.3 Other methods 

Electrospinning is a versatile and scalable method to produce nano-structure fibres with controlled 

morphology, enabling a hierarchal structure for electrocatalysts with efficient mass transport for 

PEMFCs.134–136 Although, preparation of the electrospinning solution needs to be carefully fine-

tuned and is restricted in properties (viscosity) to ensure facile and smooth spraying. Additionally, 

if used to prepare M-N-Cs, a significant portion of the catalyst layer would consist of fibres which 

are inactive to O2 reduction, thereby reducing the maximum achievable volumetric active site 

density.  

3D printing can be used to create structures in a controlled manor, having recently been 

demonstrated as an approach that can produce single atom catalysts.137 However, controllably 

introducing nano-porosity during printing is beyond the capability of such a technique. 

Hydrothermal carbonisation is an environmentally benign, cheap, and scalable way to prepare M-

N-C derived from waste or bio-derived precursors,138,139 or graphene oxide.140 However, these M-N-

C particles are bulky and still require a pyrolysis step to become active towards O2 reduction. 

Additionally, they have not led to state-of-the-art performance to date.138,139  

2.4.4.4 Pyrolysis 

A high temperature pyrolysis step is necessary to generate activity towards O2 reduction, by creating 

a delocalised pi-electrons with the carbon support creating an electron withdrawing 

environment.141 Naturally, the pyrolysis step is also required to create sufficient conductivity 

(discussed further in Section 2.7.5.1). The pyrolysis temperatures usually range from ~700-1,000°C, 

with selection of atmosphere (N2, Ar, H2, NH3 or mixtures), being crucial in controlling the catalyst 

composition and morphology and therefore its activity and stability.142 For instance, NH3 pyrolysis 

leads to very active but unstable Fe-N-C in acid due to the basicity of the N groups created.142 The 

pyrolysis step has often been considered as a “black box”, although recent work has begun to 

understand Fe-Nx formation in situ.143–145 The production is often a mixture of species, such as N-

doped carbon defects or edges, Fe-Nx sites, and inorganic metal particles, metal oxides and 

carbides.146 Having such a mixture makes it difficult to deconvolute catalyst properties with activity, 

although it is still possible with a combination of techniques including 57Fe Mössbauer 

spectroscopy.147 

Around 650oC, the formation of iron carbide (Equation 2.11) is experimentally known to become 

dominant.148 This is unsurprising since on the Fe-C phase diagram, beyond 6.7 wt.% Carbon, Fe3C is 

the stable Fe phase149 and from the Fe-N-C phase diagram at 580oC, a mix of Fe3C and  iron carbo-
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nitrides (Fe3(C,N)1-x) is expected (Figure 2.6b). It has been previously established that iron carbide 

and iron nitride phases exhibit much lower or no appreciable direct O2 reduction activity compared 

to Fe-Nx sites.147,150 However, Fe3C has been shown to enhance TOF of nearby FeNx sites,95,151 

although excessive Fe3C formation causes reduction in the number of FeNx active sites.148 Dopants 

such as S can be used to suppress Fe carbide formation.148 

 
3𝐹𝑒𝑂 + 𝐶 → 𝐹𝑒3𝐶 +

2

3
𝑂2 

Equation 2.11 

 

Figure 2.6. Phase diagrams of a.) binary Fe-O system at low O pressure/concentration. Data plotted from 
ref.152 b.) Ternary Fe-N-C system at 580oC. Data plotted from ref.153 

2.4.5 Decoupled Processing and Active Metal Loading 

The difficulties of forming undesirable side phases during direct pyrolysis of Fe, N and C precursors 

directly has been discussed above and can be summarized by the lefthand side of Figure 2.7. 

Alternatively, the N-C precursor could be directly pyrolysed and the Fe precursor loaded at low 

temperatures (middle scheme in Figure 2.7), however this still leads to a distribution of active sites 

with poor performance. Instead, an active site templating method, using a metal that does not 

undergo carbothermal reduction reactions during pyrolysis, can coordinated to Nx sites, and be 

replaced by Fe at low temperature, would solve these pertinent problems. This process is depicted 

by the right-hand scheme of Figure 2.7. The idea of a decoupled pyrolysis and active metal loading 

was already floated by Yeager and coworkers in 1989 154 and recently developed by Fellinger and 

colleagues.32,114,119,155 It should be noted that this approach may not be applicable to all metals. For 

instance, coordination of Sn after formation of N-C does not appear to lead to atomically dispersed 

Sn-N-C.156 
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Figure 2.7. Schematic representation of typical synthetic approaches employed. Left: One pot pyrolysis with 
Fe, N and C precursors. Right: Active site templating. 

To determine potential suitable candidates as an active site template it is worth consulting 

Ellingham diagrams of metal oxides (Figure 2.8). These depict a species stability with temperature 

(under varying conditions), based on thermodynamics, using the change in Gibbs Free Energy (∆G, 

Equation 2.14-Equation 2.15). A reaction will proceed if the total free energy is negative, although 

the reaction can be very slow if the activation energy is high. 

 ∆𝐺 = 𝐻 − 𝑇∆𝑆 Equation 2.12 

 ∆𝐺 = 𝑅𝑇𝑙𝑛𝑘𝑒𝑞 Equation 2.13 

Where ∆S is the change in entropy and H is the enthalpy of the system. keq is the equilibrium 

constant. 
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Figure 2.8. Ellingham diagram for different metal oxides. Replotted from ref.157 

From Ellingham diagrams (Figure 2.8) it is clear C can act as a sufficient reductant for metal oxides, 

which is problematic for M-N-C synthesis. Zn ions undergo carbothermal reduction at higher 

temperature compared to Fe ions and begin evaporating at 907oC.157 Additionally, metallic Zn does 

not catalyse graphitization.158 Tetrahedral ZnN4 sites can be found in Zeolitic framework-8 (ZIF-8), 

which has proven to be an excellent template for creating catalysts with high-density active sites 

with state-of-the-art activity 31–33 due to its stable structure (Figure 2.9). One issue with ZIF-8 is its 

inherent purely microporous structure, which could lead to issues of mass transport and active site 

accessibility, discussed further in Section 2.5.1. 

 

Figure 2.9. (Top) atomic structure of ZIF-8 with (produced from CrystalMaker software). Bottom – schematic 
representation of ZIF-8 decoupled pyrolysis (1) and metal loading (2). Reproduced from reference 96 under 
Creative Commons CC BY 3.0. 
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Mg can also serve as a suitable MgN4 active site template, known to exist in chlorophyll, as 

mentioned earlier (Figure 2.3c). Additionally, based on Ellingham diagrams (Figure 2.8), Mg would 

not undergo carbothermal reduction until exceedingly high temperatures (1,800oC). Mg also 

possesses the added benefit of Mg decomposing into solid MgO during the carbonisation process, 

which can generate high micro and mesoporosity.119,120 Mg-based ZIF with high micro and 

mesoporosity to ZIF-8 can even be synthesized, although under more strictly controlled 

conditions.159 Other metals such as Ca can also be candidates for active site templates since they 

form stable phthalocyanines120 and do not undergo carbothermal reduction within relevant 

pyrolysis temperatures (Figure 2.8).  

2.4.6 Acid leaching 

Acid leaching steps are commonly carried out to remove templates and/or undesirable Fe phases, 

with the removal of the latter improving the durability of the Fe-N-C.160,161 This typically comes at a 

cost of reduced activity, owing to the increase in surface oxygen groups which reduces TOF by 

modulating electron delocalisation.162–164 Jaouen and coworkers determined that acid washing 

steps could be avoided with purely atomic Fe-Nx sites by adopting a purely dry synthetic 

procedure.142  

2.4.7 Ball Milling and Ultra Sonication 

Ball milling involves rotating a jar and jar (typically ZrO) between 100-800 rpm. It can be used to 

prepare N-C carbons165 and ZIFs166,167 without the need for solvents, presenting an environmental 

benign and scalable approach. Ball milling is also used to break down M-N-C particles for improved 

mass transport and improved O2 reduction performance, with reduced H2O2 production (three 

times less than wet-phase synthesis).168,169  

Ultrasonication is another method to break down particles within catalyst inks. Direction sonication 

from probe/horn tips should be avoided where possible due to contamination from erosion of the 

tip.170 Ice-water baths should be used to prevent heating of the catalyst ink which can degrade the 

catalyst prior to electrochemical testing.171  

Pt-based catalyst show significant decrease in PEMFC performance when prepared by sonication 

rather than ball milling or cavitation due to Pt agglomeration and dissolution.172 Differences 

between the Fe-N-C electrocatalyst powder and its electrode due to ink processing steps has been 

recently been investigated.173 
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2.4.8 Environmental Impact 

As can be seen from above, M-N-Cs can be prepared from a variety of different routes, each with 

their own environmental impacts. M-N-Cs have been suggested to have a low environmental 

footprint compared to Pt-based catalysts,174 despite lacking demonstrated or quantified evidence 

via life cycle assessments. The intricacies of the synthesis process for advanced M-N-C catalysts, 

involving multiple steps (as discussed above), might contribute to increased waste generation. Also, 

at the device level, the larger quantity of PEMFC components required by Fe-N-C compared to Pt/C 

for equivalent performance would create increased environmental impacts, in particular Nafion, 

which is known for its environmental implications.175 The environmental impact of critical materials, 

including Pt, in PEMFCs has been conducted via life cycle analysis.176 A life cycle analysis as part of 

the PEGASUS research programme comparing Fe-N-C and Pt/C found that Fe-N-C could potentially 

exhibit higher impacts on global warming potential, human toxicity, abiotic depletion, and 

eutrophication.175 Although, the Fe-N-C in this case was based on carbon nanotubes which were 

poorly performing in PEMFC and did not consider the current lifetime of the catalyst, where 

advanced M-N-C catalysts remains notably inferior to that of Pt-based counterparts, with 

replacement of catalyst and membrane creating a larger environmental impact.  

2.5 Active Site Quantification 

A range of techniques, both ex situ and in situ, have been developed for quantifying active sites in 

M-N-Cs (Figure 2.10). Established ex situ methods include CO cryo adsorption177 and acid 

leaching.178 In half cells, in situ techniques include cyanide179 and nitrite stripping,180 while in 

PEMFCs, Fourier-transform alternating current voltammetry (FTacV) has been employed.181 These 

methods collectively allow for the quantification of active sites within M-N-Cs. By applying these 

techniques, researchers have been able to compare turnover frequencies (TOF) and establish 

reactivity descriptors among various reported catalysts from cross laboratory studies.43,44 This 

enables a deeper understanding of catalyst performance and facilitates the identification of 

catalysts with superior active sites from specific synthesis methods. 
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Figure 2.10. Establishment of reactivity descriptors (TOF vs Site Density) in M-N-Cs based on ex situ and/or 
in situ probes. Reproduced from reference96 under Creative Commons CC BY 3.0. 

The most established and commonly implemented techniques are ex situ CO cryo adsorption, 

developed by Strasser and coworkers,177 and in situ nitrite stripping, developed by Kucernak and 

coworkers.180 Both techniques possess benefits and drawbacks. CO cryo adsorption only provides 

quantification of gas accessible active sites under ex-situ conditions. In the case of in situ nitrite 

stripping, there have been conflicting claims regarding the number of electrons transferred during 

the electrochemical process, with reports ranging from 3 to 5 electrons transferred (Figure 

2.11).180,182 Recently, an Fe-N-C was found to exhibit 100% faradaic efficiency of nitrite reduction to 

ammonia.183 This variability could be attributed to the presence of different M-Nx sites within the 

catalyst, which may produce different reaction products (such as hydroxylamine or ammonium) and 

consequently involve a varying number of electrons in the process. Further research is needed to 

investigate this variation and understand the specific mechanisms at play. Also worth noting is that 

nitrite stripping has been reported to probe not only single metal atom species, but also other 

components, such as the N/C framework184 and FexOy.185 FexOy commonly forms during accelerated 

stress tests of Fe-N-Cs, which can make post-mortem active site quantification using probe 

molecules more complex and challenging to interpret. Recently, Bae et al. developed an acid 

washing technique, which could be used to quantify the amount of iron oxides over a stability test, 

therefore enabling quantification of active sites via nitrite stripping over the same test.186 
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Figure 2.11. Proposed five electron reaction scheme of NO2
- to NH4

+ by Malko et al.180 Reproduced under 
Creative Commons CC BY 4.0. 

The reversible redox couple identified in certain Fe-N-C catalysts, occurring at approximately 0.76 

VRHE in an acidic environment, has been extensively verified as the transition between FeII and FeIII 

states originating from Fe-Nx sites,187–189 in particular those high spin FeIIINx sites.188 This FeII/FeIII 

redox can therefore be used to quantify the number of FeNx active sites, although over time this 

redox becomes convoluted with broad redox from quinone/hydroquinone species and the low 

FeIIINx site density can be difficult to accurately determine directly from the redox peak. To solve this 

issue, FTacV has been recently developed which allows precise quantification of FeII/FeIII by 

deconvoluting faradaic and non-faradaic processes.181  

2.5.1 Active Site Density and Site Utilisation 

The ideal configuration of high-density active sites necessitates accessibility to reactants to enhance 

overall performance. The concept of M-Nx active site utilisation was first introduced by Strasser and 

coworkers.190 Several studies have reported achieving 100% active site utilization based on ex situ 

CO cryo adsorption;32 however, quantifications from electrochemical methods reveal lower site 

numbers, typically below 10%.44 

Wan et al. emphasized that electrochemically active utilization, based on nitrite stripping, in ZIF-8 

derived Fe-N-C could reach 40% at the minimum site density of 1.3×1019 sites gM-N-C
-1, facilitated by 

silica templating. Notably, the utilization declined with increasing site density.191 Recent research 

efforts have focused on augmenting the electrochemically active site utilization and mass transport 

properties while maintaining a high site density, achieved by introducing more mesoporosity within 

the electrocatalyst, as demonstrated in our recent work and that of others.192,193 Alternative metal-

organic frameworks (MOFs) like MIL-101 and MOF-5 have also exhibited improved mesoporosity 

compared to ZIF-8 after pyrolysis, leading to the creation of active M-N-Cs.194,195 
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Figure 2.12. a.) Site density and utilisation determined from nitrite stripping and Mössbauer (D1+D2 sites) 
for benchmark single atom FeNC catalysts of; Zitolo et al. (zeolitic imidazolate framework-8 (ZIF-8) 
derived),160 Malko et al.,196 University New Mexico (UNM) and Pajarito Powder Inc. commercial catalyst PMF-
011904,197 Mehmood et al.,31 and Jiao et al..32 All Fe-N-C nitrite site density electrochemical measurements 
with assumed 5 e- nitrite stripping process in 0.5 M sodium acetate buffer (pH 5.2) in a rotating disk electrode 
with 0.2 mgFeNC cm-2 loading except Wan et al. who used 0.27 mgFeNC cm-2. b.) Utilisation of Fe-N-C for their 
site density with the theoretical active site density limit represented by the green dashed lines, as calculated 
by Mehmood et al. 31 Pt/C utilisation limit guided by gold dashed line. Pt/C SD based on 100 m2 gPt

-1 
electrochemical surface area in a fuel cell, as calculated by Mehmood et al.,31 while Pt utilisation assume 3 
nm particles with 25% electrochemical utilisation. Figures reproduced from ref 192 under Creative Commons 
CC BY 3.0. 

2.6 Degradation  

2.6.1 Degradation Mechanisms 

While “volcano” type relationships are effective for optimizing catalyst activity within a group of 

materials by identifying activity descriptors, they are not suitable for evaluating other crucial factors, 

such as stability.72 

A thorough review on the degradation of M-N-Cs for O2 reduction has recently been provided by 

Kumar et al.198 and Bae et al.199 Here, a summary of these different pathways is represented in 

Figure 2.13. These processes include demetallation,200 protonation of N-groups, 201 202 

electrochemical carbon corrosion 203 204 and chemical carbon oxidation via hydrogen peroxide,201 

which is generated in situ.  

Decoupling of degradation mechanisms has recently been attempted.205 The main initial 

degradation mechanism of Fe-N-C has been identified as Fe active site dissolution.206–208 This has 

been identified from operando techniques such as flow cell and recently GDE coupled to ICP-

MS.161,186,209 Although, the GDE ICP-MS only displayed a maximum current density of 10 mA cm-2,186 

which is not comparable or relevant to PEMFCs, therefore warranting further investigation. The 
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change in active site density and rate constant in situ can be easily monitored in PEMFCs with 

FTacV,188 although this method does not reveal the fate of demetallized Fe. The mechanism has also 

been deconvoluted using in situ distribution of relation times (DRT).206,207  

While carbon corrosion thermodynamic potentials occur within the O2 reduction potential window 

(Equation 2.14-Equation 2.15), in reality a large overpotential is required, with carbon corrosion 

only beginning between 0.8-1.0 VRHE.208,209 These potentials can occur in PEMFCs during start-up and 

shutdown or fuel starvation, therefore leading to carbon corrosion.161 Although high voltages (>0.9 

VRHE) are avoided in commercialised FCEVs such as the Toyota Mirai.210 

 𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒−    Eo = 0.207 VSHE Equation 2.14 

 𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 2𝐻+ + 2𝑒−        Eo = 0.518 VSHE Equation 2.15 

Where Eo is the thermodynamic potential. 

The reaction kinetics of carbon oxidation are increased with increasing temperature,204,209 which 

impacts electron delocalization, subsequently affecting the turnover frequency of M-N-Cs.162–164 

A particular concern of long-term Fe-N-C stability is their potential degradation through the Fenton 

reaction, where Fe2+ reacts with the hydrogen peroxide, generating hydroxide and hydroperoxyl radicals:
 

 Fe
2+

 + H
2
O

2
 → Fe

3+
 + HO

•
 + HO

-
 Equation 2.16 

These radicals are known for their highly corrosive nature towards various materials, including 

Nafion, commonly employed as the membrane in PEMFCs. Other transition metals such as Co 

presents the potential for a more stable catalyst, owing to its less harmful Fenton effect when 

compared to catalysts containing Fe.201,211 

 

Figure 2.13. Illustration of different degradation mechanisms identified and proposed to date. Reproduced 
from reference 96 under Creative Commons CC BY 3.0. 
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2.6.2 Methods to Reduce Degradation  

Fe-N-C catalysts derived from poly-aniline have shown no clear degradation for 500 h operation in 

PEMFC under potentiostatic conditions (at 0.3 A cm-2),212 however these catalyst could not deliver 

high power density. Notably, a recent breakthrough has resulted in enhancing the stability of a 

highly active Fe-N-C catalyst in PEMFCs, extending its operational lifetime to over 300 hours, a 

performance on par with Pt/C. This advancement was achieved by applying an atomically thin layer 

of N-C onto the highly active Fe-N-C.33 Additionally, the incorporation of well-dispersed 

nanoparticles (CeOx, TaOx) and single-atom radical scavengers has proven effective in mitigating the 

degradation of Fe-N-C caused by reactive oxygen species.213–215 Atomically dispersed Pt has also 

been shown to improve Fe-N-C stability, which can serve as inspiration to explore other 

stabilisers.186 

Furthermore, the reactivation of Fe-N-C to prolong its catalyst lifespan has been successfully 

demonstrated through in situ electrochemical reduction, which effectively reduces the 

concentration of O species, resulting in a transient yet improved turnover frequency.162,163    

Following Fe-N-C, the next most active M-N-C candidates are Co-N-C and Mn-N-C, and they have an 

advantage in terms of lower reactivity towards Fenton's reaction compared to Fe-N-C. This reduced 

reactivity means they experience less deactivation when exposed to H2O2. Consequently, Co-N-C 

and Mn-N-C show 30-56% less degradation over stability tests in PEMFCs lasting from 16 to 100 

hours, compared to equivalently synthesized Fe-N-C. 174,216 

For instance, the degradation rate of Co-N-C from Chen et al. is 0.23 mA cm⁻² h⁻¹ after 100 hours at 

0.7 V, whereas equivalently synthesized Fe-N-C exhibits a degradation rate of 0.60 mA cm⁻² h⁻¹ 

under the same conditions (Figure 2.14). However, it is important to note that the degradation rate 

of Co-N-C and Mn-N-C is still higher than the recent state-of-the-art Fe-N-C developed by Liu et al., 

which exhibited a degradation rate of 0.13 mA cm⁻² h⁻¹ after 300 hours at 0.67 V. 
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Figure 2.14. Degradation rate at different PEMFC potentials (vs anode), time intervals and accelerated stress 
test protocols for Fe-N-Cs and Pt/XC-72 (all PEMFC at 80oC). Liu et al.33 N-C(FeNC) 300 h at 0.67 V (H2/air 200 
cm3 min-1) and 0.6 to ~0.92 V with 3 s holds (30k cycles (50 h), H2/air 200 cm3 min-1 , 1 bara). Bae et al.186 
Fe0.5NC 2 h potential hold at 0.6 Vvs anode and 50 h at 0.5 Vvs anode. Li et al.188  Fe0.5NC-950 (H2/O2 60 cm3 min-1, 
1 barg). Chen et al.174 Mn-N-C degradation rate between 140-160 h and 0-20 h holds at 0.65 Vvs anode (H2/air, 
200  cm3 min-1, 1 barg). Xie et al.216 Co-N-C and Fe-N-C (H2/air, 1 barg). Reproduced from reference 96 under 
Creative Commons CC BY 3.0 

2.7 Translating RDE to PEMFC  

2.7.1 Activity 

Various studies have underscored the remarkable activity of different Pt nanoparticle shapes in RDE 

testing. However, this heightened activity has not translated effectively to enhanced performance 

in PEMFCs.217 Notably, with regard to Fe-N-C catalysts, some investigations have indicated elevated 

RDE activity compared to that in PEMFCs, taking into consideration the influence of 

temperature.169,218 Contrarily, Jaouen et al. demonstrated a nearly fivefold increase in activity for a 

specific Fe-N-C catalyst in PEMFCs relative to RDE, with temperature effects taken into account.219 

Conversely, a distinct Fe-N-C synthesized via an alternate method did not exhibit such disparities. 

This dissimilarity was attributed to anion adsorption on to protonated N from the H2SO4 electrolyte 

in RDE.219 

Moreover, their research emphasized the critical nature of optimizing the catalyst ink formulation 

to achieve comparable O2 reduction activities between RDE and PEMFCs.219 Methods for optimizing 

the catalyst layer in PEMFCs have been developed for M-N-Cs,220 although the optimization process 

remains time-consuming and reliant on trial-and-error methods. It is pertinent to note that the 

electrode preparation step can influence the properties of M-N-C and subsequent structure-activity-

stability relationships.173 The transition from a double to a triple phase boundary from half-cell to 
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PEMFC can also affect properties such as active site utilization and limitations in mass transport. 

Microenvironmental changes significantly influence the reaction kinetics as well.221 

2.7.2 Stability 

RDEs do not accurately represent degradation rates or conditions in PEMFCs. This is due to the 

completely different operating conditions and principles of each device. Of note is the fact that the 

mass activity and hence charge passed, is at least an order of magnitude lower in PEMFC compared 

to RDE. To demonstrate, a high-performance M-N-C on an RDE at 0.6 VRHE in O2-saturated 0.1 M 

HClO4 with 1600 rpm can expect a current density around 5 mA cm-2, equivalent to a mass activity 

of 25 A g-1
M-N-C at 0.2 mgM-N-C cm-2. Meanwhile, the same M-N-C under H2-O2 operation in PEMFC 

can show (assuming sufficient catalyst properties) current density of 1 A cm-2, equal to 250 A g-1
M-N-

C for a loading of 4 mgM-N-C cm-2. Another key parameter is temperature, where RDE studies typically 

operate at 25oC, rather than 80oC, which is used in PEMFCs.222 

2.7.3 Gas Diffusion Electrode 

Various gas diffusion electrode (GDE) structures have been designed, enabling the examination of 

catalyst performance and stability under high current conditions relevant to device operations, with 

lower system complexities compared to PEMFCs. It is noteworthy that there has been an increasing 

trend in studies employing GDEs with M-N-Cs in alkaline conditions, yet relatively few studies have 

integrated M-N-Cs into acidic GDE environments. Anticipatedly, the more frequent adoption of GDE 

tests will expedite the development of electrocatalysts and aid in traversing the "valley of death" in 

research and development.223 Nonetheless, the utilization of electrolyte in GDEs still presents 

challenges in accurately simulating the behaviour of PEMFCs. The presence of electrolyte may lead 

to pH variations across the catalyst layer, necessitating further investigation through modelling 

approaches which has not been considered to date. 

2.7.4 Microenvironment and pH 

Although PEMFCs function within a strongly acidic bulk environment, it has been modelled that the 

pH increases along small mesopore channels, which remain isolated from direct contact with Nafion 

and are instead filled with water.224 The active sites of M-N-Cs are believed to reside within 

micropores,44,100,225 inaccessible to direct Nafion contact, and instead occupied by water during 

PEMFC operation (Figure 2.15a). It is pertinent to note that high surface area microporous M-N-C 

materials contain 10-20 wt.% water under standard atmospheric conditions.226 

Consequently, the consumption of protons and O2 at high current densities could potentially induce 

local pH variations at active sites, as recently examined during O2 reduction down to pH 2 in RDE 
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tests.227 If local pH changes do occur, it could have implications for the O2 reduction pathway, 

activity, and degradation process. M-N-C are known to be more active under alkaline O2 

reduction.184 Considering degradation pathway, it is essential to acknowledge Pourbaix 

diagrams.228,229 Pourbaix diagrams have been developed for metal surfaces (at specific 

temperatures and concentrations) rather than single atoms species, however they may still broadly 

describe stable regions. For Fe surfaces (Figure 2.15a), at certain potentials with increased pH, Fe3+ 

and Fe2+ may form Fe2O3 species, commonly observed following stability assessments.185,188 

Moreover, concerning activity, at pH 7, the concentration of H+ is 10-7 M, exerting a detrimental 

effect on kinetics.116  

 

Figure 2.15. a.) Schematic representation of Fe-N-C particle with inset showing possible microenvironments 
around M-N4 active site. b.) Pourbaix diagram of Fe metal at 25oC at concentration of 10-6 M. Figure a.) 
reproduced from reference 96 under Creative Commons CC BY 3.0. Fe pourbaix adapted from ref.230  

2.7.5 PEMFC Device Considerations 

2.7.5.1 Electronic Conductivity 

Despite the acknowledged significance of electrical conductivity in electrocatalysis, only a limited 

number of studies have focused on measuring the conductivity of electrocatalysts in their prepared 

state or when integrated into electrodes. Boettcher and colleagues have extensively explored the 

impact of conductivity on the performance of oxygen evolution catalysts derived from abundant 

earth materials.231 However, there remains a notable dearth of research specifically addressing the 

conductivity of M-N-Cs.232–234 Notably, experimental measurements have indicated through-plane 

electron conductivity to be approximately three orders of magnitude lower than in-plane 

conductivity.235 Moreover, given that the thickness of M-N-Cs is typically around ten times greater 

than that of Pt/C, the influence of electrical conductivity becomes more pronounced. For example, 

with a carbon support electron conductivity of 20 S m-1 and a catalyst layer thickness of 100 µm, a 

loss of 50 mV has been observed, as highlighted by Kulikovsky.232 Similarly, Jaouen et al. modelled 

various proton and electron conductivity values, finding an 80 mV loss for an electron conductivity 
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of 20 S m-1 under the same catalyst thickness.212 Their findings underscored the necessity of an 

electronic conductivity of 100 S m-1 to mitigate losses at high current densities.212 

Jaouen and colleagues have referenced the potential influence of surface and local active site 

conductivity in other work.164 They proposed that the generation of H2O2 in situ, leading to the 

exfoliation of graphene sheets or the oxidation of edges, might result in reduced conductivity 

specifically at the edges of graphene sheets. As these edges are typically the preferred locations for 

active sites, this phenomenon could significantly affect the turnover frequency, according to their 

findings.164 

2.7.5.2 Ionomer and Protonic Conductivity 

In RDE ionomer serves as a binder for the catalyst to adhere to the electrode, with protons supplied 

by the electrolyte. Meanwhile, in PEMFC the amount and distribution of the ionomer becomes 

pivotal to facilitating the O2 reduction reaction. For instance the catalyst/ionomer interaction is 

dependent on catalyst properties (e.g. amount and type of O and N groups).236 While PEMFC 

performance is dependent on many factors (preparation route e.g. hot pressing, electrode 

morphology, electrical conductivity), commonly one of the most crucial influences for optimum 

performance is the ionomer:Fe-N-C ratio.220,237,238 Modelling from Jaouen and coworkers identified 

that proton conductivity of 5 S m-1 is required to prevent restriction of proton supply (and losses) at 

high current density in Fe-N-C based PEMFC.212 

2.7.5.3 Hydrophobicity 

The surface hydrophobic characteristics of the carbon support at M-Nx sites significantly impact 

water management and subsequently influence the performance of PEMFCs. Nevertheless, there is 

a notable lack of water vapor physisorption measurements within the M-N-C field, with some 

limited exploration observed for electrochemical CO2 reduction by Strasser and co-workers.239 

2.8 Commercialisation and Techno-economics 

In 2015 James et al. conducted a techno-economic analysis of a polyaniline-based Fe-N-C, finding a 

low material production cost of 74-129 USD kg-1, compared to ~41,000 USD kg-1 for a Pt-based 

alloys.240 They further found that a power density of 475 mW cm-2 at 0.5 V was required to compete 

with the Pt cathode in PEMFCs. Since then, to the best of my knowledge, no other Fe-N-C techno-

economic assessment has been publicly undertaken. Additionally, there has not been a 

consideration of how the technoeconomic assessment would be affected by the different 

monetized environmental impacts of Fe-N-C and Pt/C systems. 
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PGM-free cathodes in PEMFCs were first commercially demonstrated in 2017 by Ballard Power and 

Nisshinbo Holders.241 This commercialised M-N-C has been reported to operate >500 h in PEMFC,242 

although the reported activity was not comparable to Pt-based catalysts. Here, they suggested that 

the M-N-C-based cathodes would be suitable for a low power emergency backup. This application 

is well-suited to the benefits of M-N-C which are remarkably poison tolerant to impurities and 

contaminants when compared to Pt-based catalysts.196 Poor air quality and contamination can be 

likely scenarios in an emergency situation such as fires or volcanic eruptions. Since Nisshinbo’s 

efforts, commercialisation efforts of M-N-Cs for fuel cells has been undertaken by Pajarito Powder, 

LLC (USA)243,244  and lately Celcibus AB (Sweden).245 
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2.9 Novelty, Thesis Aims and Objectives 

Based on the introduction, motivation and literature review, the novelty and aims of this thesis can 

be broken down into three parts. The objectives then proceed, detailing how these aims will be 

achieved.  

Novelty and Aim: 1. Fe-N-C catalysts to date have typically possessed a mixture of active (FeNx) and 

in-active sites (e.g. FexOy, Fe3C), with electrochemical active site utilisation <10% (based on five 

electron nitrite stripping). Therefore, this thesis aims to synthesise and characterise a novel Fe-N-C 

containing purely Fe-Nx sites, with >>10% electrochemical active site utilisation. The Fe-N-C will be 

tested and optimised for O2 reduction performance from RDE to PEMFC.  

Objectives 1. The Fe-N-C will be synthesized based on a decoupled pyrolysis and low 

temperature Fe loading method which will prevent formation of Fe3C and other undesirable 

side phase from direct Fe-N-C pyrolysis. Confirmation of purely FeNx will be provided by a 

combination of characterisation techniques (HAADF-STEM, XAS and Mossbauer). The 

accessibility and utilisation of FeNx sites and high site density will be granted by using Mg as 

an active site template and porogen. These electrochemical metrics and the catalyst TOF will 

be evaluated based on in situ electrochemical techniques of nitrite stripping and FTacV. 

Optimisation of PEMFC testing will be based on electrochemical techniques including EIS, 

DRT and FTacV.  

Novelty and Aim: 2. Previous operando and post-mortem ICP-MS studies have only considered low 

active site utilisation Fe-N-C under low current density conditions (<50 mA cm-2). Additionally, 

kinetic degradation models of Fe-N-C have only been based on electrochemical data in PEMFC. 

Consequently, this thesis aims to monitor and kinetically model Fe dissolution of a high utilisation 

Fe-N-C under different operating regimes, including testing under device relevant operation (>50 

mA cm-2).  

Objectives 2. The Fe-N-C developed from Aim 1. will serve as a model catalyst to understand 

degradation due to its high active utilisation. Operation of online flow cell and GDE coupled 

to ICP-MS will enable operando tracking of Fe dissolution from FeNx under active (O2) and 

inert (Ar) conditions. RDE and GDE will run at both 25oC and close to 80oC to mimic real 

PEMFC operation. GDE O2 reduction will exceed >50 mA cm-2 to represent PEMFC current 

densities. The pH/microenvironment and catalyst layer properties will be evaluated based 

on kinetic modelling with parameters based on experimental results. Post-mortem 
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characterisation will identify the fate of Fe (TEM, HAADF-STEM, XAS) and the contribution of 

Fe dissolution to performance degradation. 

Novelty and Aim: 3. It has been assumed in the literature that Fe-N-C possess lower environmental 

impacts and manufacturing costs compared to Pt-based cathodes in PEMFCs. This assumption will 

be tested for the first time in this thesis via a comparative life cycle and techno-economic analysis 

of Fe-N-C versus Pt/C in PEMFCs. The techno-economic results will be used to determine the 

required performance of Fe-N-C to compete with Pt/C in PEMFCs. 

Objectives 3. The analysis will be based on the amount of catalyst required to produce 80 

kW (without considering durability). The Fe-N-C economic and environmental assessment 

will be based on commercial performance and synthesis to ensure the assessment is based 

on a scalable and commercially relevant production method. Pt/C values will be based on US 

DOE targets and inputs material and energy inputs obtained from literature. The 

environmental impact will be explored using different future scenarios. The environmental 

impacts will be monetized to understand the environmental cost compared to the direct 

production cost. Costs of material inputs will be obtained from quotes from industrial 

manufacturers. The techno-economic assessment will use dynamic learning curves to 

estimate PEMFC production costs at different scales. 
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Chapter 3:  Materials and Methodology 

In this chapter I outline the protocols used to produce the materials which are studied 

hereafter. Brief and relevant background theory and experimental techniques which are used 

are then presented and discussed. Preparation, measurement, and equipment details are 

provided where the conditions and protocol remain consistent in subsequent chapters. 

Otherwise, the details are provided within the relevant chapter.  

3.1 Catalyst Preparation 

Chapters 3, 4 and 5 in this thesis entail the preparation of novel Fe-N-Cs, which are detailed 

below. 

3.1.1 TAP X 

The N-C precursor was formed from 2,4,6-triaminopyrimidine (97% Sigma Aldrich), denoted 

as TAP. TAP and magnesium chloride hexahydrate (99% Sigma Aldrich) in a weight ratio of 1:8 

using a mortar and pestle. The resulting mixture was pyrolyzed in a ceramic crucible, filled to 

one-third of its capacity with the material, at temperatures ranging from 800 to 1000oC for 

one hour under a N2 atmosphere with a flow rate of 300 mL min-1 and a heating rate of 5oC 

min-1. The resulting materials were then collected, ground to a fine powder with a pestle and 

mortar and subjected to an overnight wash with 2 M HCl (prepared by diluting fuming 37% 

HCl, Merck) to eliminate any remaining MgCl2 and MgO species. Following the washing 

process, the powders were filtered thoroughly with distilled water, dried at 80oC under 

vacuum, and labelled as TAP X (where X represents the pyrolysis temperature). 

3.1.2 TAP X@Fe 

Fe was incorporated into the nitrogen moieties of the prepared TAP materials using a low-

temperature wet impregnation method in methanol reflux. In this procedure, 60 mg of TAP X 

material was placed in a 250 mL round-bottom flask along with 75 mL of methanol (VWR, 

AnalaR NORMAPUR Reag. Ph. Eur., ACS) and stirred vigorously until a uniform dispersion was 

achieved. Subsequently, 75 mL of a methanol solution containing FeCl2 (98% purity, Sigma 

Aldrich) at a concentration of 25×10-3 M was added to the mixture, which was then refluxed 

at 90°C for 24 hours. Following Fe coordination, the resulting product was filtered, rinsed with 

methanol, and washed with 0.5 M H2SO4 (Sigma Aldrich, 95-98%) overnight to eliminate any 
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aggregated Fe species. Lastly, the obtained TAP X@Fe materials were filtered, thoroughly 

rinsed with distilled water, and dried under vacuum at 80°C. 

3.1.2.1 TAP 900@57Fe 

The iron precursor, 57FeCl2, was prepared through several steps, as reported by Kramm and 

coworkers.1 First, 57Fe (250 mg, Iron-57, 99.9% purity with 95.5% 57Fe, Cambridge Isotope 

Laboratories) was added to a solution containing 1:1 ratio of 37% HCl (Fisher Chemical, 

analytical reagent grade) and H2O (50 mL). The solution was then subjected to reflux at 115oC 

for 3 hours until complete dissolution. Subsequently, 57FeCl2 was obtained by allowing the 

solution to evaporate under vacuum at 60°C for 3 hours, followed by overnight drying at 80°C 

and freeze drying overnight. TAP 900@57Fe was then prepared in the same manner as TAP 

900@Fe, but with 57FeCl2 precursor. 

3.2 Characterisation Techniques 

The probing region of these techniques and others are summarised in Figure 3.1. 

 

Figure 3.1. Different regions probed by characterisation techniques. Adapted from reference.2  

3.2.1 XPS 

XPS is a surface sensitive technique based on the principle of the photoelectric effect to 

determine elemental composition and their chemical states, which is critical for catalysis. 

Samples under analysis are irradiated with a monochromatic X-ray beam of specific energy, 

with the kinetic energy of the emitted secondary photoelectron (Ek) measured.3 There is also 

the work function of the spectrometer (𝝋), which can be determined from calibration, e.g., 
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with the binding energy of C 1s (284.8 eV).3 The difference between the measured incident 

photon energy (hv) and the sum Ek and 𝝋 provides the binding energy, EB:3 

 𝑬𝑩 = 𝒉𝒗 − 𝑬𝑲 − 𝝋  Equation 3.1 

Where hv represents the energy of the x-ray beam, Ek is the kinetic energy of the secondary 

photoelectron, represents the work function of the detector. 

The type of local coordination of the analysed atom can result in a shift in the binding energy, 

which can then be resolved with fitting based on known values. For example, N1s spectra can 

displays a distribution of different N environments (e.g., pyridinic, pyrrolic, graphitic, M-N). 

XPS peak intensity is related to the concentration of the analysed element, thus also providing 

quantitative information. 

3.2.1.1 XPS Measurements 

XPS was carried out using the Thermo Fisher K-Alpha XPS system, and subsequent spectral 

analysis was performed using the Avantage software. To account for charging effects, all 

spectra were calibrated using the carbon C1s peak at 284.8 eV as a reference point. 

3.2.2 XAS 

X-ray Absorption Spectroscopy (XAS) is a bulk method which is typically conducted at 

synchrotron facilities, offering insights into the electronic structure of materials.4 As is the 

case in XPS, every element has a unique specific energy to excite core electrons, however, 

with XAS bulk information is obtained, rather than surface. Specifically, it can provide details 

about the oxidation states of catalyst atoms, the occupancy of d-orbitals, and the local 

symmetry through X-ray Absorption Near-Edge Spectroscopy (XANES).4 Meanwhile, Extended 

X-ray Absorption Fine Structure (EXAFS) analysis, which usually involved Fourier transformed 

data, allows for the determination of coordination numbers and atomic bond distances within 

the material, based on fitting.4 In the case of M-N-C, this information is critical to confirming 

atomically dispersed transition metals with N-coordination. It should be noted structures 

determined from XAS data are defined by a best-fit model, with the presented best-fit model 

not always having physical grounding. It is also difficult to resolve between certain elements 

such as N and O. Additionally, XAS provides sample-averaged information and from its nature 

as a bulk method, recognizes both electrochemically accessible and inaccessible sites. This 

implies that the identified sites may not necessarily contribute to the electrochemical activity. 
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3.2.3 Raman Spectroscopy 

Raman spectroscopy is based on the principle of non-destructive Raman scattering 

phenomena,5 which entails a laser (monochromatic light) interacting with a sample, causing 

some photons to be inelastically scattered at higher or lower wavelengths, known as Stokes 

or anti-Stokes, respectively. This is owing to the interaction of the light with molecular 

vibrations in the sample, where the energy shift to proportional to the sample’s vibrational 

frequency. For the vibration to be Raman active it must induce a change in polarizability in 

the probed molecule. Raman spectroscopy can probe the hybridization of carbon on the 

sample surface, which can then determine the degree of graphitisation. In graphitic samples, 

prominent peaks include the G band (around 1580 cm-1), which corresponds to carbon atoms 

in-plane vibrations (sp2 carbon atoms).6 The D band (around 1355 cm-1) arises from out-of-

plane breathing mode from disordered carbon atoms.6 Meanwhile, the 2D band (around 2700 

cm-1) indicates graphene layer stacking. A common approach to interpretating Raman spectra 

in carbon is comparing the intensity ratio of the D to G bands (Id/Ig) based on either the peak 

height or peak area, where an increase in Id/Ig demonstrates an increase in defects in the 

carbon surface.  

3.2.3.1 Raman Spectroscopy Measurement Details 

Raman spectra were acquired utilizing an inVia Renishaw confocal Raman microscope, where 

a LASER (Light Amplification by Stimulated Emission of Radiation) beam with a wavelength of 

532 nm was employed. This LASER beam was focused through a 50× objective lens from Leica. 

To prevent any damage or burning of the samples, the intensity of the LASER was kept at 2.5 

mW. 

3.2.4 N2 sorption 

N2 sorption is another non-destructive technique which can determine the pore volume and 

specific surface area based on N2 interactions. Quantities of N2 gas are dosed which adsorb 

on the sample surface, causing an increase in the relative pressure P/P0 up until the saturation 

pressure. Desorption follows the reverse with removal of N2 gas from the sample. The 

International Union of Pure and Applied Chemistry (IUPAC) defined six general classifications 

of isotherms, which result from certain material properties.7  

The Brunauer-Emmett-Teller (BET) is a commonly applied method to determine the specific 

surface area of a sample, based on a monolayer of N2 physisorption. It is based on the 
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assumptions that: (1) Gaseous molecules adsorb physically on a solid infinitely. (2) Gaseous 

molecules interact only with the neighbouring layer. (3) All adsorption sites are energetically 

identical. (4) Only adsorbate-adsorbent interactions are considered, with no lateral 

adsorbate-adsorbate interactions with the same layer. (5) Langmuir theory is applicable to 

each layer. (6) Adsorption enthalpy for the first layer of adsorption is constant and higher than 

subsequent layers. (7) Adsorption enthalpy for the second layer and above is equivalent to 

the enthalpy of liquefaction. 

The specific surface area is calculated based on transforming the isotherm into a linear plot 

using Equation 3.2 and deriving a monolayer capacity value, nm: 

 
 

𝑷/𝑷𝟎

𝒏(𝟏 − (𝑷/𝑷𝟎)
=  

𝟏

𝒏𝒎𝑪
+

𝑪 − 𝟏

𝒏𝒎𝑪
(

𝑷

𝑷𝟎
)  Equation 3.2 

Where C is a constant and n is the specific amount of adsorbed gas at the relative pressure. 

The BET surface area, SBET, can then be found using molecular cross-sectional area of the gas 

molecule, σ, e.g., 0.162 nm2 for N2 at 77 K. 

 
𝑺𝑩𝑬𝑻 =  

𝒏𝒎 𝝈𝑵𝑨

𝒎𝒔𝒂𝒎𝒑𝒍𝒆
  Equation 3.3 

Where NA is Avogadro’s number and msample is the sample mass. 

Rouquerol developed a procedure to reduce the subjectivity in the monolayer capacity 

assessment in microporous materials, based on two criteria:8 

1. C must be positive. A negative value is non-physical. 

2. The range selection of P/P0 should increase linearly with V(1-P/P0), up to a maximum 

point. 

To reduce human error, this process has recently been automated with BET Surface 

Identification software.9 However, error from N2 sorption still arises due to the quadrupole 

moments of nitrogen, which makes its orientation dependent on the adsorbents surface 

chemistry. Another method from Barrett, Joyner and Halenda (BJH), based on the Kelvin 

model of pore filling, can accurately calculate values for purely meso- and macro-porous 

material, however it cannot be applied to microporous materials. This is due to the BJH not 

accounting for interactions between the pore surface and sorption fluid, which are significant 

in the micropore region. This can leads to underestimate between 20-30% for <10 nm pore 
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size.7 These limitations can be avoided by applying methods based on DFT. Non-local density 

functional theory (NLDFT) models have been developed to determine the pore size and 

distribution based on the gas adsorption isotherms and its fluid density under the conditions. 

Based on the model used, the results can generate theoretical isotherms which an account 

for porosity across the entire micro-, meso- and macropore distribution.10 For graphene-like 

carbon, the heterogeneous surface carbon 2D NLDFT method incorporates appropriate 

energetical heterogeneity and geometrical corrugation of the carbon surface, thus avoiding 

artefacts.11  

3.2.4.1 N2 Sorption Measurement Details 

Isotherms were obtained at a temperature of -196°C within a pressure range spanning from 

10-5 to 0.99, utilizing a Micromeritics 3Flex system. The samples were subjected to a degassing 

process, lasting for a duration of 16 hours, at a temperature of 200°C. The BET specific surface 

area was determined using BET Surface Identification software.9 This calculation was based 

on the adsorption isotherm within the relative pressure range of <0.3, employing the optimal 

region for a linear fit comprising 10 data points (with an R-squared value exceeding 0.995), 

based on the Rouquerol method.10 The pore size distribution was derived from the adsorption 

isotherm using a heterogeneous surface carbon 2D-non-local density functional theory 

(NLDFT) approach. The resulting pore size distribution was plotted over a range spanning from 

0.3 to 50.0 nm, utilising SAIEUS software version 3.06. 

3.2.5 XRD 

During X-ray diffraction (XRD) measurements, X-rays are directed towards the sample, and 

depending on the crystalline structure of the sample, X-ray will be diffracted at certain angles, 

according to the spacing between atomic planes, as described by Bragg’s law: 

 𝒏λ = 𝟐𝒅𝒔𝒊𝒏𝜽  Equation 3.4 

Where d Is the interplanar spacing, 2θ is the diffracted angle of the beam relative to the 

incident x-ray beam, λ represents the wavelength of the incident x-rays and n is an integer. 

When measuring powder samples all diffraction directions need to be measured to the 

random orientation. The intensity of specific peak depends on the number of moieties with 

that particular crystallographic phase, and if the concentration of a particular crystalline 

domain is too low it a diffraction peak will not appear. The width is inversely proportional to 
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the crystal size. A broad peak is indicative of a small crystal domain or an amorphous phase 

such as carbon. 

3.2.5.1 XRD Measurement Details 

XRD patterns were acquired utilizing a PANanalytical X’PERT PRO powder X-ray 

diffractometer, employing a Cu Kα source, which was operated at 45 kV and 30 mA, with a 

scan step size of 0.033o. 

3.2.6 ICP-MS 

ICP-MS is a sensitive technique which can quantitatively detect (dissolved) metals and some 

non-metals down to parts-per-trillion, 10-12.12  The main components of an ICP-MS system 

include the torch assembly, nebulizer, spray chamber, ion deflector, mass filter and finally 

detector (Figure 3.2). First the nebulizer creates a fine aerosol from the sample solution with 

Ar gas, for introduction into the plasma. However, before that, the spray chamber filters 

droplets to <10 µm diameter. The plasma is created by an intense magnetic field tangential 

to the flow of gas, causing the gas to ionise, which forms a high temperature (around 103 K) 

plasma after introduction of a high voltage spark. The plasma torch generates positively 

charged ions which are then guided to the mass spectrometer interface under 1-2 torr 

vacuum via a sampler and skimmer cone. Ions then pass into the mass spectrometer analyser 

with a vacuum pressure of 10-6 torr. Mass separation is based on allowing ions of interest with 

a particular mass to charge ratio (m/z) to pass through the detector, typically using a 

quadrupole separator. Finally, ions are converted to an electric signal by a detector.12  

In 2011, the first successful demonstration of coupling electrochemical measurements to on-

line ICP-MS was conducted by Mayrhofer and coworkers.13 This allowed measurements of 

metals, typically the active centre, under dynamic conditions, providing a wealth of 

information on degradation mechanisms.14  
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Figure 3.2 Simplified illustration of ICP-MS operation.  

3.2.6.1 Ex-Situ ICP-MS Measurement Details 

ICP-MS data were obtained using an Agilent 7900 spectrometer manufactured by Agilent 

Technologies. To prepare the samples for ICP-MS analysis, material was initially digested in 

aqua regia. Aqua regia was made up of 25% volume/volume (v/v%) nitric acid (HNO3, 70%, 

Certified AR, Eur.Ph., Fisher Chemical, Fisher Scientific) and 75% v/v% hydrochloric acid (HCl, 

37%, Certified AR, Eur.Ph., Fisher Chemical, Fisher Scientific). The digestion process was 

carried out using a MARS 6 microwave at a power level of 1,500 watts for a duration of 15 

minutes at a temperature of 215°C. Subsequently, the resulting solutions were diluted and 

analysed. The analysis was performed against calibration standards, specifically containing 

concentrations of 0, 2, 50, 100, 200, and 500 parts ppb. 

3.2.7 TGA-MS 

Thermal gravimetric analysis coupled to mass spectrometry (TGA-MS) is a powerful technique 

to determine rection pathways during pyrolysis.15 In this setup, the mass of the sample is 

monitored while being heated and evolved gases are detected by MS. 

3.2.8 EPR 

Electron Paramagnetic Resonance (EPR) spectroscopy probes unpaired electrons within 

materials, such as radicals or transition metal ions, using a magnetic field. Paramagnetic 

species in samples under a magnetic field and with microwave radiation will experience a 
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change in the energy level of the electrons at certain frequencies. X-band EPR uses a 

microwave frequency around 9.5 GHz and an applied magnetic field of around 0.3 T.16 

Continuous wave EPR involves sample irradiation from low intensity monochromatic 

microwaves. Absorption occurs when the energy of the electromagnetic wave (hv) equals the 

energy difference of the two energy states of the electron. The interaction between the 

unpaired electron(s) and the magnetic field is described by g values according to the 

following: 

 ∆𝑬 = 𝒉𝒗 = 𝒈 𝝁𝑩𝑩𝟎  Equation 3.5 

Where h is Planck’s Constant (6.63 × 10 -34 J s-1), v is the microwave frequency, µB is the Bohr 

Magneton (9.27 × 10 -24 J T-1) and Bo is the magnetic field strength (T). 

The g value depends on the molecular environment and the spin-orbit interaction, which 

scales with the atomic number. Therefore, the g value provides a fingerprint for identifying 

compounds. From this, information on the oxidation and spin state can be obtained, as well 

as possible quantitative information. The fast relaxation times of transition metal complexes 

can lead to extensive broadening of EPR spectrum. To combat this, cryogenic temperature 

(e.g. 5 K) can be used slow the relaxation times.16  For Fe, the most common oxidation states 

are FeII or FeIII, which have 6 and 5 e- in their d-orbitals. FeIII can contain unpaired electrons in 

any of its spin states with half integer spin (S=1/2, 3/2 or 5/2), which are all detectable by EPR. 

However, X-band EPR is not sensitive towards FeII (states of S=1 and S=2) due to large field 

splitting only has unpaired electrons in spin  

3.2.8.1 EPR Measurement Details 

Continuous-wave electron paramagnetic resonance (EPR) measurements using an X-band CW 

ELEXSYS E500 EPR spectrometer manufactured by Bruker. The spectrometer was equipped 

with a cryogen-free variable temperature cryostat from Oxford Instruments. Materials were 

placed in a 3 mm Wilmad quartz (CFQ) EPR tube obtained from Sigma Aldrich. The EPR spectra 

were recorded at a temperature of 5 K and a frequency of 9.71 GHz. The experimental setup 

utilized 20 milliwatts (mW) of incident microwave power, a modulation frequency of 100 

kilohertz (kHz), a modulation amplitude of 1 Gauss (G), a power attenuation of 10 decibels 

(dB), and a magnetic field sweeping increment of 0.5 Gauss, ranging from 50 to 7000 Gauss. 
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3.2.9 Mössbauer Spectroscopy 

Mössbauer spectroscopy is based on the recoilless nuclear resonance absorption of gamma 

rays in solid samples and relies on detection of isotopes of elements. For Fe-N-C, it can offer 

characterisation of 57Fe sites oxidation and spin states through fingerprints on their local 

electronic configuration and coordination.17,18 There are three parameters, composed of 

three separated interactions: isomer shift, quadrupole splitting and magnetic interaction. 

Isomer shift depends on electric monopole interaction. 19  Quadrupole splitting is caused by 

an electric field gradient at the iron nucleus and defines the deviation from cubic symmetry.19 

Magnetic interactions are based on selection rules, which for Fe can lead to six different 

transitions (for ferro-, ferri-, and antiferromagnetic moieties), which form sextets in 

Mössbauer spectra.19  To resolve between superparamagnetic species (e.g., nanometric 

FexOy
) and atomic FeNx sites, cryogenic conditions are required.20,19  This is because the 

probability of recoilless nuclear resonance increases with decreasing temperature.19  

3.2.9.1 Mössbauer Spectroscopy Measurement Details 

Mössbauer spectra were recorded at a temperature of 5 K using a strong-field Mössbauer 

spectrometer that featured an Oxford Instruments Spectromag 4000 cryostat housing an 8 T 

split-pair superconducting magnet. The spectrometer operated in a constant acceleration 

mode and utilized a transmission geometry setup. To reference the isomer shifts, a room-

temperature metallic Fe foil was employed as the standard. Data analysis was carried out 

using the Python software package easyMoss previously developed by Garcia-Serres.21 

3.2.10 Electron Microscopy  

3.2.10.1 SEM 

Scanning electron microscopy (SEM) is useful for imaging the bulk structure and morphology 

of conductive catalyst particles and layers, based on an electron beam interacting with the 

sample, causing secondary electrons, and backscattered to be emitted, which are detected 

for imaging.22 

3.2.10.2 TEM 

Transmission electron microscopy (TEM) operates in a different fashion to SEM. In TEM the 

electron beam transmits through the sample to form an image on the detector, thus requiring 

atomically thin (~100 nm) samples.23 The benefit to this operation is the higher resolution 
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that can be achieved, providing information on crystalline, although information on the 3D 

structure and samples is restricted. 

3.2.10.3 HAADF-STEM 

Aberration-corrected Scanning Transmission Electron Microscopy (STEM) is a technique 

capable of producing images with atomic resolution, by using a convergent beam on the 

sample (unlike TEM which uses a parallel beam). This technique is particularly useful for 

visualizing the distribution and arrangement of transition metal atoms in the catalyst.  

Various imaging modes are available, depending on the angle at which the detector is placed. 

High-Angle Annular Dark-Field (HAADF)-STEM is a specific imaging mode where the detector 

is placed at a high angle (>50 mrads) relative to the incident beam. In HAADF-STEM, transition 

metal atoms in catalytic sites appear brighter in the images due to their higher atomic 

numbers compared to the catalyst support (N and C).24 HAADF-STEM has conclusively shown 

the atomic structure in Fe-N4 sites.25 Although beam damage needs to be considered when 

imaging metallic single atoms, which can be unstable.26 

3.2.10.4 EELS 

Electron Energy-Loss Spectroscopy (EELS) measures the loss of energy an electron 

experiences as it interacts with a sample.27 It can be combined with microscopy techniques 

to, however beam damage is even more problematic in STEM-EELS owing to inefficiencies in 

inelastic core-loss scattering, but can be reduced by advanced data collection and analysis 

methods.28 

3.2.10.5 EDX 

Energy dispersive X-ray spectroscopy (EDX) can also be coupled to the microscopy techniques 

above, enabling elemental mapping of samples. Here, a primary high energy electron beam 

causes electrons in the sample to reach a higher energy level excited state. This electron 

eventually relaxes to its ground state, emitting an x-ray. The energy of this x-ray is 

characteristic of each element and transition, allowing its identification and quantification.22 

The drawbacks to EDX is the lower reduced sensitivity and spatial resolution compared to 

STEM-EELS.27 
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3.2.11 DFT 

DFT is a mathematical method which can be used to determine an approximate solution of 

the Schrödinger equation for a multi-bodied system. This solution is a probability function, 

known as a wave function, describing the likelihood of locating an electron at a certain energy 

level. Consequently, solving Schrödinger’s equation with relatively low computational costs 

can provide properties and structure of solids, liquids, and gases. DFT can be used to identify 

trends and explain help predict or explain experimental results.  

3.3 Electrochemical Techniques 

3.3.1 RDE 

Membrane Electrode Assemblies (MEAs) offer the most accurate representation of catalyst 

performance in PEMFCs. However, utilizing MEAs involves relatively high catalyst quantities 

and materials and a time-consuming measurement process for screening catalysts.29 Instead, 

RDEs are the most commonly used initial screening tool due to their rapid testing, low catalyst 

amounts and wealth of information they can provide. Initial electrochemical activity 

assessments evaluate cyclic voltammetry and electrochemical impedance spectroscopy (EIS). 

RDE tests can determine critical electrochemical properties such as the kinetic current density 

and mass activity, reaction mechanism, product selectivity and the turnover frequency (TOF) 

of catalysts. Trends in activity between RDE and fuel cells have been shown, demonstrating 

RDEs as a sufficient screening tool.29 

RDEs can function either in a stationary or rotating mode. In the rotating mode, forced 

convection is introduced to the system, significantly enhancing mass transport by drawing 

reactants toward the electrode surface and expelling reacted species outward in a laminar 

flow pattern. Even in the rotating mode, a small stagnant diffusion layer exists on the 

electrode surface. In contrast, stationary RDE operation primarily relies on mass transport via 

diffusion.30 

An illustration of a typical three-electrode cell used for O2 reduction is shown in Figure 3.3a, 

with labels indicating the working electrode (5 mm glassy carbon where catalyst is deposited), 

counter electrode (graphite rod), reference electrode (Ag/AgCl), gas inlet and electrolyte. 

Perchloric acid (HClO4) is selected as the electrolyte for RDE measurements since it is known 

ClO4
- adsorbs weaker than SO4

- which is the other commonly used anion.31 The O2 reduction 

current density in RDE is limited to ~6 mA cm-2 at 1,600 rpm due to the very low solubility of 
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O2 in aqueous electrolyte solutions.29  For instance, the solubility of O2 is 1.1x10-3 mol dm-3 in 

0.1 M H2SO4 at standard temperature and pressure.32  

3.3.1.1 CV and LSV 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are the common approaches to 

assess the electrochemical response and activity of catalysts. As the names suggest, CVs 

sweep the potential at a certain scan rate between two set potentials and the sweep is then 

conducted in the reverse direction, while LSV only sweeps the potential in one direction.33 

These measurements result in a voltammogram, which is a plot of current versus potential.  

A typical O2 reduction curve is depicted in Figure 3.3b, with the labelled regions of kinetic, 

mixed kinetic-diffusion and diffusion controlled. 

 

Figure 3.3. a.) Illustration of three-electrode cell used in this thesis with labelled components. b.) RDE 
O2 reduction linear sweep voltammetry. Figure b.) Reproduced from reference 34 with permission. 
Copyright 2016, Wiley-VCH.  

3.3.1.2 iR-correction 

The resistance of the electrolyte between the reference and working electrode (R) in RDE i-V 

measurements causes an ohmic potential drop (iR) which can be accounted for by Equation 

3.6.  

 𝐸𝑅𝐻𝐸,𝑖𝑅−𝑓𝑟𝑒𝑒 = 𝐸𝑅𝐻𝐸 − 𝑖𝑅 Equation 3.6 

Where 𝐸𝑅𝐻𝐸 is potential versus RHE, 𝑖 is measured current (A) and R is the electrolyte solution 

resistance (Ω). 

The resistance mainly arises from the low electrolyte concentration and distance between the 

reference and working electrode. For 0.1 M HClO4 at 293 K with a distance between the 
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working and reference electrode of 10-20 mm, the resistance will be around 20-30 Ω.35 R in 

can be determined using the “current interrupt” technique or from electrochemical 

impedance spectroscopy (EIS – See Section 3.3.4).36  

3.3.1.3 Capacitance Correction 

When conducting O2 reduction measurements, background capacitive current is observed 

from the electric double layer on the electrode and catalysts, which linearly depends on the 

scan rate: 

 
𝑗 = 𝐶𝐷𝐿

𝑑𝐸

𝑑𝑡
 

Equation 3.7 

Where j is the current, CDL is the double layer capacitance and dE/dt is the scan rate.  

To minimize capacitive currents, it is advised to utilize scan rates of 20 mV s-1 or lower, with 

5 mV s-1 removing the need for capacitive correction.37 However, there is evidence suggesting 

that employing a scan rate of 20 mV s-1 enhances the reproducibility of CV outcomes and 

demonstrates greater stability, particularly in the presence of elevated contaminant 

concentrations.38 

3.3.1.4 Reference Electrode Calibration 

To convert between the potential of the reference electrode to that of the reference 

hydrogen electrode (RHE), the Nernst equation can be used:  

 𝐸𝑅𝐻𝐸 =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°  Equation 3.8 

Where 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 is the potential versus the Ag/AgCl reference and 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°  = 0.21 V at 20 °C.  

However, it is critical to calibrate non-RHE reference electrode regularly since the 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°  of 

the reference electrode likely varies and also drifts over time due to change in the 

concentration of Ag/AgCl over time to check for drift and ensure correct potential are 

reported, rather than those calculated from Nernst-based equations.  

Ag/AgCl calibration was carried out as reported by Wei et al.39 Prior to each electrochemical 

test, the reference electrode was calibrated in a separate cell with 0.1 M HClO4 purged with 

hydrogen (1 bar) for at least 10 minutes. During calibration, a 3 mm Pt RDE tip (Metrohm) 

working electrode was rotated at 1,600 rpm for 5 cyclic voltammograms at a scan rate of 10 

mV s-1 between -0.26 to -0.28 VAg/AgCl, using a Pt rod (Metrohm) as the counter electrode and 

Ag/AgCl as the reference electrode. The conversion factor between Ag/AgCl and RHE was 
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determined from the average values obtained from the forward and backward scans at zero 

current.39 An example of the reference electrode calibration is provided below in Figure 3.4, and 

the conversion is given below: 

 𝐸𝑅𝐻𝐸 =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 +  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
𝑐𝑎𝑙  

 

Equation 3.9 

 

Figure 3.4. Example calibration of Ag/AgClsat electrode in 0.1 M HClO4. Cyclic voltammetry (10 mV s-1) 
under 1 bar hydrogen purging with a 3 mm Pt RDE at 1600 rpm with Ag/AgCl (reference electrode) 
and Pt rod (counter electrode). Data adapted from reference.40 

3.3.1.5 Koutecky-Levich Analysis and Mass Activity 

The measured current density in RDE, j, can be determined using the Koutecky-Levich 

equation (Equation 3.10). It is important to mention that the Koutecky-Levich equation is 

applicable only to reactions that exhibit a first-order dependence on the reactant in the gas 

phase.41 To find the diffusion-limited current, jd, one can identify the plateau current, e.g. at 

0.2 VRHE, where the overpotential is sufficiently large to assume that the reaction rate is 

primarily influenced by mass transport alone. Subsequently, the kinetic current, jk, can be 

derived from Equation 3.11. This calculation which removes transport limiting currents that 

come from differing oxygen concentrations between the bulk and electrode surface. 

 1

𝑗
=

1

𝑗𝑘
+

1

𝑗𝑑
 

 

Equation 3.10 

 
𝑗𝑘 =  

𝑗𝑚𝑗𝑑

𝑗𝑑 − 𝑗𝑚
 

Equation 3.11 

 

Subsequently, the kinetic mass activity, mkin, at a particular potential can be found: 
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𝑚𝑘𝑖𝑛 =  

𝑗𝑘𝑖𝑛 

𝐿𝐹𝑒𝑁𝐶
 Equation 3.12 

Where mkin is the kinetic mass activity at e.g. 0.80 or 0.85 VRHE (A gFeNC
-1) and LFeNC is the 

catalyst loading on the RDE (mgFeNC cm-2). 

3.3.1.6 RRDE 

A rotating ring disc electrode (RRDE) operates similarly to an RDE, but with the inclusion of a 

ring electrode encircling the disk electrode on the working electrode. The presence of the ring 

electrode in an RRDE enables the determination of the reaction pathway and selectively in 

the O2 reduction mechanism based on the number of electrons involved and the quantity of 

H2O2 generated.42 This analysis is depicted in Figure 3.5. To achieve this, the voltage applied 

to the ring electrode is set sufficiently high to induce an immediate reaction of the product 

leaving the disk electrode, e.g., 1.27 VRHE.43 

 

Figure 3.5. Left: illustration of glass carbon disc and Pt ring in RRDE system and Right: reaction 
pathways at each electrode. 

The number of electrons transferred (n) was calculated based on the disk and ring current 

using the subsequent equation:43  

 𝒏 = 𝟒 ×  
𝒋𝒅

𝒋𝒅+ 
𝒋𝒓
𝑵𝒄

  Equation 3.13 

Where jr is the ring current and Nc is the measured collection efficiency (21.67%). Nc 

calibration was obtained according to the protocol of Zhou et al.43 Briefly, 

chronoamperometric measurement over 60 s in the same conditions as above under N2 

saturated conditions, with additional 0.004 M K3Fe(CN)6 (EMSURE® ACS, Reag. Ph Eur, Sigma 

Aldrich) and the disk and ring set to 0.1 V and 1.27 VRHE, respectively. The last 10 s of 

chronoamperometry were averaged to obtain jr and jd and Nc calculated via the following: 
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 𝑵𝒄 =  
𝒋𝒓−𝒋𝒓𝟎

𝒋𝒅
  Equation 3.14 

Where jr0 includes anodic current not arising from reduced Fe(CN)6
4- on the disk. 

Additionally, the H2O2% was obtained from: 

 
𝑯𝟐𝑶𝟐 % = 𝟐 ×  

𝒋𝒓
𝑵𝒄

𝒋𝒅+ 
𝒋𝒓
𝑵𝒄

 ×  𝟏𝟎𝟎  Equation 3.15 

3.3.1.7 Electrode Preparation and Measurement Protocol 

A 5 mm glassy carbon rotating disk electrode (RDE, Metrohm) was prepared by polishing with 

a micropolish cloth and 0.05 µm alumina suspension (Buehler) in a figure of eight pattern.33 

The catalysts derived from TAP were drop-casted onto the freshly polished RDE using an ink 

comprising 4 mg of the catalyst, 480 µL of 18.2 MΩ cm deionized water, 480 µL of isopropanol 

(≥99.5% Honeywell, Fisher Scientific), and 40 µL of 5wt% Nafion® D-521 (5% w/w in water and 

1-propanol, Alfa Aesar). This ink was freshly sonicated for 30 minutes in an ice-cooled bath 

sonicator (132 kHz ultrasonic cleaner, VWR). The drop-cast ink was dried at 700 rpm for 30 

minutes under ambient air conditions, resulting in a catalyst loading of 0.26 mgFeNC cm-2. 

Cyclic voltammograms were recorded after purging the electrolyte with the analyte gas (N2 

or O2) for at least 15 minutes. For N2-saturated conditions (measurements at the 10th cycle 

displayed), scans were conducted at a scan rate of 50 mV s-1 at 0 rpm. In the case of O2 or N2-

saturated electrolytes (measurements at the 3rd cycle displayed), scans were performed at a 

scan rate of 10 mV s-1 at 1,600 rpm. To correct for pseudocapacitance, N2-saturated 

measurements were subtracted from the O2-saturated results (for the same scan rate). 

3.3.2 GDE 

Several alternative electrochemical screening methods have been developed to circumvent 

the oxygen mass transport constraints associated RDEs, enabling device relevant current 

densities. These include innovations such as the floating electrode 44 and the gas diffusion 

electrode.45 One issue of GDE operation is correctly and precisely compensating for iR, since 

the large R of the electrolyte causes significant iR drop at high current densities in polarisation 

curves.46 This can be done by a recommended combination of in situ and post-mortem 

correction.46 
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3.3.3 PEMFC 

Real catalyst performance ultimately needs to be evaluated in MEA configuration in a PEMFC. 

However, due to the time and material consuming nature of PEMFC testing, only the most 

promising electrocatalysts from RDE and GDE level are typically tested. The amount of 

material used can be minimized by minimising the surface area of the MEA. The general 

operation and setup of PEMFCs has been discussed in Section 2.1.1.1. The setup used for 

PEMFC testing in this Thesis is depicted in Figure 3.6, with components labelled.  

 

Figure 3.6. Images of PEMFC cell and components with 1 cm2 working area of MEA. 

3.3.4 EIS 

Electrochemical Impedance Spectroscopy (EIS) is a potent yet frequently misconstrued 

method for assessing processes (mass transport, kinetic, charge transfer) within 

electrochemical cells. EIS is an alternating current technique which involves applying a small 

amplitude sinusoidal wave to the working electrode (voltage or current) and measuring the 

resulting wave perturbation as a function of the frequency. Impedance signifies the overall 

resistance to the flow of current in an electrical circuit encompassing resistors, capacitors, 

and inductors. EIS data can thus be analysed by employing these components to construct 

equivalent circuits, as illustrated in Figure 3.7a. Resistance offered by the electrolyte to ion 

flow can be straightforwardly represented as a resistor. Additionally, the electrical double 

layer formed by ion adsorption on electrode surfaces can be modelled as a capacitor. Another 

form of resistance encountered in electrochemical systems is the charge transfer resistance, 

influenced by factors like catalyst properties, applied potential, interfacial oxygen 

concentration, and temperature. 

EIS data can be presented using Nyquist plots, which represent impedance as a vector with Z' 

(real impedance) and Z'' (imaginary impedance) on the x- and y-axis, respectively, at each 

excitation frequency (as shown in Figure 3.7b). The first intercept of the real axis is the ohmic 
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resistance, which in an RDE system can arise from the solution resistance. The distance of a 

data point from the origin corresponds to the magnitude of the vector, denoted as |Z|, while 

the angle from the x-axis signifies the phase shift. Nyquist plots, however, do not enable 

sufficient interpretation of the high frequency data as the axes scale is determined by low 

frequency data.47 Plus, direct matching of frequency-impedance is not possible. Instead Bode 

plots can be used which show log|Z| = f(logf) and -phase = f(logf), making impedance data 

clear over a wide frequency range and matching of excitation frequency with modulus of 

impedance. The validity of EIS data to an equivalent circuit can be tested by the Kramers-

Kronig test which evaluates the linearity, causality, stability and finiteness.48 

 

Figure 3.7 a.) Example of an equivalence circuit. b.) Example Nyquist plot with labelled system 
properties. Reproduced from reference with perimision.49 Copyright 2001, Wiley. 

3.3.5 FTacV 

Alternating current voltammetry can be used to deconvolute the faradaic and non-faradaic 

processes with exceptionally high quantitative precision.49 This non-linear Faradaic current 

enables study of electron transfer in Faradaic processes, such as the FeII/FeIII redox couple 

present in some Fe-N-C. Faradaic signals are intrinsically non-linear and thus produce 

harmonic components at f, 2f, 3f, …, nf. Each harmonic can be detected using lock-in 

amplifiers tuned to the frequency of interest. Fast Fourier transforms can convert from time 

to frequency domain. This allows higher-order harmonics to be filtered with relative ease 

(Figure 3.8b). Harmonics greater or equal to four are typically composed of purely Faradaic 

process, with the non-Faradaic contribution removed.50 These harmonics are sensitive to 

reaction kinetics on the surface of the electrode, which can represent Fe sites in Fe-N-C. An 

inverse of the fast Fourier Transform can select individual harmonics in the time domain 

(Figure 3.8c). From here the number of redox species can be extracted using a representative 

model based on the Nernst equation.  
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Figure 3.8. Process of FTacV data treatment for fourth harmonic. a.) Raw FTacV measurements. b.) 
fast Fourier transform converts the current from time to frequency domain, producing a power 
spectrum. Reproduced from ref 51 with permission. Copyright 2024, Nature Research. 

3.4 Life Cycle Analysis 

LCA stands as a notable approach for assessing the environmental impacts linked with goods, 

procedures, or actions throughout their entire life cycle, spanning from the acquisition and 

processing of basic materials to recycling and ultimate disposal.52 By consolidating the 

environmental pressures into a range of impact groups and benchmarks, the outcomes of LCA 

can be comprehensively interpreted and employed to steer the development of eco-friendly 

products and procedures. LCA has been broadly utilized to contrast the manufacturing 

methods of chemicals and fuels, encompassing initial technologies,53 yet its usage in the 

production of catalysts has been limited.54 

LCA comprise of four phases:55 

1. Goal and Scope Definition 

2. Inventory Analysis 

3. Impact Assessment 

4. Interpretation
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Chapter 4:  Synthesis of a Porous and High Active Site 
Utilisation Fe-N-C with Penta Coordination via Mg 
templating 

4.1 Introduction 

One common approach to enhance the catalytic performance of Fe-N-C materials involves 

the modulation of their intrinsic activity, through the manipulation of the local coordination 

environment. This can be achieved through techniques such as the creation of dual metal 

atom catalysts1,2 or the introduction of axial ligands.3,4 The selection of appropriate axial 

ligands has been guided by insights obtained from various analytical techniques, including in 

situ Mössbauer spectroscopy, x-ray absorption spectroscopy, nuclear inelastic scattering, and 

electron paramagnetic resonance.5,6 Notably, some of these axial ligands bear a striking 

resemblance to biological systems,7 with N axially coordinated FeN4 sites resembling the well-

known heme structure.8 However, it is important to note that the spectroscopic discernibility 

of these axial ligands is often challenging in the typically heterogeneous Fe-N-C catalysts,9 

making it difficult to draw conclusive experimental structure-activity correlations. To 

overcome these experimental limitations, computational methods, particularly density 

functional theory, have been employed to investigate the effects of axial ligands on model Fe-

N-C systems.10,11 Nevertheless, a comprehensive exploration of the impact of various possible 

axial ligands on different Fe sites, including pyridinic and pyrrolic configurations, remains an 

open research question.12 

An alternative avenue for improving the catalytic performance of Fe-N-C materials involves 

increasing the number of active sites. Mehmood et al. have notably demonstrated substantial 

progress in this regard. Their work has showcased the achievement of a bulk FeNx site density 

(SDMössbauer, Equation 4.3) reaching an impressive 7.4×1020 sites gFe-N-C
-1. Furthermore, they 

reported a high in situ nitrite stripping site density (SDnitrite, according to Equation 4.4) of 

4.67×1019 sites gFe-N-C
-1. However, it is noteworthy that the electrochemical utilization of FeNx 

compared to the bulk Fe and FeNx, stood at a modest 6% (UtilisationNitrite/ICP, Equation 4.6, 

and UtilisationNitrite/Mössbauer, Equation 4.5).13 This implies there remains ample room for 

enhancing the surface, accessible, FeNx site density.13 

To provide a meaningful perspective, it is worth noting that 3 nm diameter Pt nanoparticles, 

which are representative of commercial Pt/C catalysts, are geometrically constrained, 
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resulting in only approximately 35% of the Pt atoms being exposed on the nanoparticle 

surface.14 Furthermore, in the cathodes of PEMFCs, the ratio of specific Pt surface area (m2 

gPt
-1) to that of the Pt catalyst (m2 gPt

-1) is typically in the range of approximately 70-90%, 

depending on the preparation method. As a result, the electrochemical utilization of the total 

Pt content at the PEMFC cathode is anticipated to be approximately 25-32% for 3 nm Pt 

nanoparticles.15 This utilization corresponds to a Pt surface site density of 1.31×1021 sites gFt
-

1, assuming electrochemical surface areas of 100 m2 gPt
-1 in PEMFCs employing 2.8 nm Pt 

nanoparticles.13  

This comparison underscores the need for significant enhancements in the accessibility and 

surface density of FeNx active sites to compete with the site densities achieved by Pt/C 

catalysts. While it is noteworthy that the gas accessibility of FeNx sites has reached 100%, as 

evidenced by ex situ cryo CO sorption measurements,16 In terms of in situ electrochemical 

FeNx utilisation, Wan et al. found that mesoporous structures play a critical role in achieving 

record UtilisationNitrite/ICP and UtilisationNitrite/Mössbauer values, reaching an impressive 43%, 

albeit at a relatively low SDnitrite of 1.32 ×1019 sites gFe-N-C
-1. Notably, their study also revealed 

a notable decrease in utilisation as the SDnitrite increased.17 Furthermore, in situ nitrite 

stripping have frequently reported utilisation values below 10%.18  

In this chapter, I present a method for the preparation of Fe-N-C materials that exhibit a high 

level of electrochemical utilization of FeNx active sites. The approach leverages the unique 

properties of a Mg salt, which serves as both an active site template and a porogen, along 

with an alternative organic precursor, 2,4,6-Triaminopyrimidine (TAP). This combination 

allows the creation of a highly porous, nitrogen-doped carbon host that is well-suited for 

coordinating Fe. DFT is then employed to examine the impact of axial ligands on model FeN4 

pyridinic and pyrrolic sites, providing insights into their influence on O2 reduction activity. 

4.2 Experimental 

4.2.1 Catalyst Preparation 

N-C, Fe-N-C and 57Fe-N-C catalysts were prepared according to Chapters 3.2.1-3.2.3.  

To summarise, the N-C precursor is prepared by grinding together 2,4,6-triaminopyrimidine 

(TAP) with MgCl2.6H2O in a 1:8 weight ratio. The N-C is TAP X (where X denotes the 1 h 

pyrolysis temperature of 800, 900, or 1000oC, with 5oC/min heating rate), which is washed 
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with 2 M HCl. The Fe-N-C is TAP X@Fe, where @Fe represents the catalyst loaded with Fe 

through a 24 h low temperature (90oC) methanol reflux method, and subsequent acid wash 

with 0.5 M H2SO4.  

4.2.2 RDE O2 reduction  

Electrochemical tests for oxygen reduction were conducted using an AUTOLAB PGSTAT302N 

in an electrolyte comprising 0.1 M HClO4 (Suprapur®, Merck) saturated with N2 (≥99.99998% 

BIP® Plus, Air Products) and O2 (≥99.9998% Ultrapure Plus, Air Products). These tests were 

carried out in a glass cell featuring a three-electrode configuration. The reference electrode 

used was Ag/AgClsat (3M KCl), while a glassy carbon rod served as the counter electrode. To 

account for the solution ohmic drop (R = 23 Ω), iR correction was applied post-

electrochemistry. R was determined from the intercept of the real impedance axis in the 

Nyquist plot, obtained via electrochemical impedance measurement in the frequency range 

of 10-5 – 10 Hz while at open circuit potential. 

For the best-performing material (observed in the cathodic scans of the cyclic 

voltammograms under O2 at 1600 rpm), electrochemical measurements were repeated five 

times. 

The kinetic current density (jkin) at potentials of 0.80 and 0.85 VRHE was determined using the 

Koutecký–Levich (Equation 3.11). Subsequently, the kinetic mass activity can be found from 

Equation 3.12. 

Electrochemical measurements were conducted in a Rotating Ring-Disk Electrode (RRDE) 

setup to determine the number of electrons transferred. The platinum (Pt) ring electrode was 

set at 1.27 VRHE. The ink composition, preparation, and catalyst loading matched those 

employed in the RDE measurements. The number of electrons transferred and H2O2 % was 

calculated according to Equation 3.13 and Equation 3.15. 

Accelerated stress test cyclic voltammetry cycles were conducted between 0.8-0.4 VRHE at 100 

mV s-1 under O2-saturation, with Pt ring applied at 1.27 VRHE throughout. 

4.2.3 In situ Nitrite Stripping 

Following an updated protocol,13 in situ nitrite stripping was conducted to assess site density 

and turnover frequency (TOF). To prepare the catalyst ink, 5 mg of Fe-N-C was mixed with 519 
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µL of isopropanol, 519 µL of H2O, and 54 µL of Nafion® (5wt% solution, Sigma-Aldrich). After 

30 minutes of bath sonication, the catalyst ink was drop-casted onto a 5 mm glassy carbon 

disk of a rotating disk electrode (Pine Instruments, model AFE6R1AU, and rotator model 

AFMSRCE) and left to air-dry at room temperature, while rotating at approximately 200-300 

rpm. This was repeated until achieving a catalyst loading of 0.2 mgFe-N-C cm-2. All 

electrochemical measurements were conducted in a 0.5 M sodium acetate buffer (comprising 

sodium acetate (99% purity Sigma-Aldrich), glacial acetic acid, and ultrapure water (18.2 MΩ 

cm, MilliQ) as the electrolyte (pH 5.2). The catalyst cleaning protocol consisted of the 

following steps: two cyclic voltammetry cycles were performed in an O2-saturated electrolyte 

at a scan rate of 5 mV s−1 within the potential range of 1.0-0.3 VRHE, followed by ten cyclic 

voltammetry cycles in an N2-saturated electrolyte at a scan rate of 100 mV s−1 within the same 

potential range. Subsequently, five cyclic voltammetry cycles were performed at a scan rate 

of 10 mV s−1. This entire cleaning sequence was repeated twice. For precise determination of 

the stripping charge during the nitrite stripping cyclic voltammetry scans, a current integrator 

was utilized. 

The catalyst poisoning step, measurement conditions for O2 reduction activities, and nitrite 

stripping cyclic voltammetry scans at fresh, poisoned, and recovered stages were consistent 

with previous protocols.19 Notably, a second nitrite poisoning step was introduced during the 

recovered catalyst phase to minimize potential variations in the baseline cyclic voltammetry 

current due to O2 reduction steps. It is worth mentioning that O2 reduction measurements 

were not taken between the fresh, poisoned, and recovered stages during the second 

poisoning measurements. 

TOF values were determined from in situ nitrite stripping in the range of 0.80-0.85 VRHE based 

on the following equation: 

  𝑻𝑶𝑭 =  
(𝒋𝒌(𝒖𝒏𝒑𝒐𝒊𝒔𝒐𝒏𝒆𝒅)−𝒋𝒌(𝒑𝒐𝒊𝒔𝒐𝒏𝒆𝒅))×𝑵𝑨

𝑺𝑫𝑵𝒊𝒕𝒓𝒊𝒕𝒆×𝑭
  Equation 4.1 

Where jk(unpoisoned) is the unpoisoned kinetic mass activity and jk(unpoisoned) is the poisoned kinetic 

mass activity. 



Chapter 4:  Synthesis of a Porous and High Active Site Utilisation Fe-N-C with Penta 
Coordination via Mg templating 

83 
 

4.2.4 Bulk Site Density and Utilisation 

The total Fe site density of the bulk catalyst can be found from the Fe content based on ICP-

MS measurement, SDICP (sites gFe-N-C
-1), according to: 

 𝑺𝑫𝑰𝑪𝑷 =
(𝑭𝒆𝑰𝑪𝑷/𝟏𝟎𝟎)× 𝑵𝑨

𝑴𝑭𝒆
  Equation 4.2 

FeICP is Fe wt.% determined by ICP-MS and MFe is the molar mass of Fe (55.845 g mol-1). 

The FeNx site density of the bulk catalyst based on cryo Mössbauer spectroscopy, SDMössbauer 

(sites gFe-N-C
-1) can be found from the percentage of doublet species assigned to FeNx sites, 

FeNx (Mössbauer) (%): 

  𝑺𝑫𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟 = (𝑭𝒆𝑵𝒙(𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟)/𝟏𝟎𝟎) × 𝑺𝑫𝑰𝑪𝑷  Equation 4.3 

In situ nitrite stripping site density was determined using the following equation: 

 
𝑺𝑫𝑵𝒊𝒕𝒓𝒊𝒕𝒆 =

𝑸𝒔𝒕𝒓𝒊𝒑 ×  𝑵𝑨

𝑭 × 𝒏𝒔𝒕𝒓𝒊𝒑
  Equation 4.4 

Where SDNitrite is the site density according to nitrite stripping (sites gFe-N-C
-1), Qstrip (C gFe-N-C

–1) 

is the nitrite reductive stripping charge determined from the stripping peak, nstrip is the 

number of electrons associated with the reduction of one adsorbed nitrosyl per site and its 

value is assumed as five, NA is Avogadro’s constant (6.023×1023 mol–1) and F is Faraday’s 

constant (96,485 C mol–1). 

Two utilisation percentages of FeNx sites can be calculated according to the following: 

 𝑼𝒕𝒊𝒍𝒊𝒔𝒂𝒕𝒊𝒐𝒏𝑵𝒊𝒕𝒓𝒊𝒕𝒆/(𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟) =  
𝑺𝑫𝑵𝒊𝒕𝒓𝒊𝒕𝒆

𝑺𝑫(𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟)
×  𝟏𝟎𝟎(%)  Equation 4.5 

 

 𝑼𝒕𝒊𝒍𝒊𝒔𝒂𝒕𝒊𝒐𝒏𝑵𝒊𝒕𝒓𝒊𝒕𝒆/𝑰𝑪𝑷 =  
𝑺𝑫𝑵𝒊𝒕𝒓𝒊𝒕𝒆

𝑺𝑫𝑰𝑪𝑷
×  𝟏𝟎𝟎(%)  Equation 4.6 

Where UtilisationNitrite/(Mössbauer) is the number of electrochemically accessible FeNx sites to 

number of bulk FeNx sites and UtilisationNitrite/ICP is the number of electrochemically accessible 

FeNx sites to number of bulk Fe atoms. 

4.2.5 DFT Simulations 

The atomic structures used in this chapter were generated employing the Atomic Simulation 

Environment package.20 Ground state DFT calculations were conducted at the Generalized 

Gradient Approximation level, utilizing the Grid-based Projected Augmented Wave 
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program.21 Calculations employed a finite difference approach with the BEEF-vdW exchange 

and correlation functional.22 Brillouin zone was sampled using a 2 × 2 × 1 Monkhorst-Pack k-

point set and a grid spacing of h = 0.18 Å. For structural optimization, all configurations 

underwent relaxation until the forces on the atoms were reduced to less than 0.05 eV per 

Ångström. It is important to note that the unit cell used for all structures is periodic in the x 

and y directions, and appropriate vacuum regions were included on each side of the catalyst 

plane along the z-axis to avoid artificial interactions between periodic images. To determine 

the Gibbs free energy contributions, entropy and zero-point energy corrections were 

accounted for, which were added to the DFT energies.23 

4.2.6 Characterisation 

4.2.6.1 HAADF-STEM and EDX 

HAADF-STEM images, with aberrations effectively corrected, were captured using a FEI Titan 

Cubic Themis G2 300 transmission electron microscope. This microscope was outfitted with 

double spherical aberration correctors and a HAADF detector, featuring a convergence angle 

of 24 mrad and a collection angle spanning from 90 to 240 mrad. The operating voltage 

employed was 300 kV. Elemental mapping through EDX was performed using an Oxford 

Instruments X-ray spectrometer. 

4.2.6.2 NMR 

Solid-state 13C nuclear magnetic resonance (NMR) spectroscopy was conducted using a 

Bruker Avance III HD 600MHz spectrometer. The sample was placed in a 3.2 mm rotor and 

spun at a rate of 15,000 revolutions per second (Hz). The NMR sequence utilized was hpdec 

(1-dimensional 13C NMR with decoupling). 

4.2.6.3 TGA-MS 

TGA was conducted using a Perkin-Elmer TGA8000 instrument. These tests were carried out 

in a N2 atmosphere with a flow rate of 40 mL min-1 (standard temperature and pressure). The 

temperature range for these tests spanned from 30°C to 1000°C, with a gradual heating rate 

of 5°C min-1. 

For TGA-MS (Thermogravimetric Analysis coupled with Mass Spectrometry) measurements, 

a Netzsch thermal analyzer (TG 209 F1 Libra) was employed, along with a Netzsch quadrupole 

mass spectrometer (QMS 403 D Aeolos). In all experiments, a nitrogen flow rate of 40 mL min-

1 was maintained. The samples were heated from an initial temperature of 25°C to a final 
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temperature of 800°C, with a controlled heating rate of 2°C min-1. Approximately 15 

milligrams of the sample material were used for each measurement. The choice of a low 

heating rate and sample quantity was deliberate, aimed at preventing heat transfer 

limitations and minimizing the sublimation of TAP. The mass spectrometry data were 

acquired within a mass-to-charge ratio (m/z) range spanning from 2 to 100. 

4.2.6.4 DSC 

Differential scanning calorimetry (DSC) was employed to ascertain the melting point of TAP. 

The sample was placed within an aluminium pan, cooled to -100°C, allowed to reach thermal 

equilibrium for a duration of 10 minutes, and then heated up to 400°C. This heating process 

was conducted at a rate of 5°C min-1, all under 40 mL min-1 N2 flowrate. 

4.2.6.5 XAS 

XAS measurements were conducted at beamline I20 of Diamond Light Source under 

fluorescence mode. The acquired data underwent normalization to the incident intensity and 

were processed using Athena.24 A standard Fe foil served as the reference to calibrate the 

beam energy, yielding a derivative (E0) value of 7112.0 eV, corresponding to the first inflection 

point of the absorption K-edge. For the XAS analysis, approximately 7 mg of the sample were 

mixed with 10 milligrams of cellulose and compacted into a pellet measuring 5 mm in 

diameter with a thickness ranging from 0.5 to 1 mm. XANES spectra were generated after 

background corrections were applied both before and after the edge region, and then they 

were normalized with respect to the edge step. EXAFS data for the catalyst materials were 

Fourier transformed within the range of 3 to 10.5 Å-1. These transformed data were 

subsequently plotted in R-space and subjected to analysis. 

4.3 Results and Discussion 

4.3.1 N-C Structural Evolution with Pyrolysis 

Nitrogen-doped carbon materials were synthesized by subjecting TAP to pyrolysis in the 

presence of MgCl2·6H2O at temperatures ranging from 800 to 1000°C. TAP has previously 

been recognized for its utility as a carbon dopant in polymeric semiconductors and covalent 

organic materials, where it enhances electronic conductivity and photocatalytic 

performance.25,26 However, its application as a foundational building block for the creation of 

conductive carbon-based electrocatalysts has remained relatively unexplored.27 
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Furthermore, the precise mechanism governing the polymerization pathway of TAP during 

pyrolysis has, until now, eluded comprehensive elucidation. 

The choice of TAP as the precursor is motivated by its structural resemblance to melamine 

(Figure A1). Melamine serves as a precursor to the polymeric semiconductor known as 

graphitic carbon nitride,28 a material that has gained considerable attention as a platform for 

single and dual atom catalysts.1,29,30 However, graphitic carbon nitride presents inherent 

limitations, notably its wide band gap of 2.7 eV and its susceptibility to decomposition at 

elevated temperatures (above 700°C), rendering it unsuitable for serving as a conductive 

scaffold for electrochemical devices.31 In contrast, TAP can act as a versatile building block, 

enabling the creation of a conductive, nitrogen-doped carbon material that offers an 

advantageous coordination environment for metallic ions. 

The hypothesis revolves around the thermal condensation of TAP, leading to the liberation of 

NH3 and the formation of reaction intermediates akin to melem, which resembles a 

heptazine-like unit. Such intermediates have been identified in the pyrolysis of melamine and 

other triazine-based compounds.32 As temperatures rise, within the range of 400-500°C, it is 

likely that a polymeric material similar to graphitic carbon nitride begins to take shape. 

Subsequently, this material undergoes decomposition, releasing C-N based radicals and 

ultimately yielding a nitrogen-doped carbon material (Scheme 4.1). 

Moreover, the incorporation of MgCl2·6H2O as a porogen in the synthesis methodology 

facilitates the self-assembly of TAP via N-H…O hydrogen bonds with water molecules. This is 

followed by polymerization in a completely molten state (Figure 4.1a). It is noteworthy that 

TAP exhibits a melting point at 235°C. The use of a molten intermediate in the pyrolysis of 

triazine-based molecules has consistently proven highly effective for the synthesis of carbon-

based materials.33 This approach not only offers a homogeneous environment for 

polymerization, but also facilitates the optimal dispersion of Mg. This results in the creation 

of materials characterized by exceptional levels of porosity at elevated temperatures.34,35  
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Scheme 4.1. Suggested polymerization pathway of 2,4,6-Triaminopyrimidine. Reproduced from ref 36 
under Creative Commons CC BY 3.0. 

The conversion of TAP into a conductive carbon framework was comprehensively studied 

using thermogravimetric analysis coupled to mass spectrometry (TGA-MS). The TGA curves 

reveal distinct thermal decomposition stages that shed light on the transformation of TAP 

into a conductive carbon material. Between 200 and 320°C, a significant mass loss of 

approximately 66% is observed. This mass loss is primarily attributed to the release of 

ammonia (NH3) as evidenced by the mass spectrometry data (m/z = 17). Additionally, low 

molecular weight molecules such as ethynamine (C2H3N, m/z = 41) and cyanamide (CN2H2, 

m/z = 42), among others, are detected (Figure 4.1b and Figure A2). The liberation of 

ammonia, cyanamide, and ethynamine suggests the formation of reaction intermediates 

during this temperature range. These intermediates contribute to the creation of a carbon 

nitride-like polymer structure, akin to the proposed structure by May (Scheme 4.1).37 Notably, 

while melamine decomposes into three cyanamide fragments, TAP exhibits a different 

decomposition pattern, yielding a mixture of cyanamide and ethynamine. These compounds 

are involved in reactions with pristine TAP, resulting in the formation of conductive melem-

like scaffolds characterized by direct C-C bonds. 

Subsequently, in the temperature range from 320 to 700°C, there is a much more gradual 

decrease in mass, accounting for only a 14% loss (Figure 4.1b). The mass spectrometry data 
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in this range indicate the presence of heavier species compared to those detected at lower 

temperatures. Notable species include cyanogen (CN)2 (m/z = 52), ammonium cyanide CH4N2 

(m/z = 44), isocyanoethene C3H2N (m/z = 52), and others. This observation suggests that 

tertiary amine bonds, which connect heptazine-like units in the polymeric material, undergo 

decomposition through the release of radicals. This decomposition process ultimately leads 

to the formation of a nitrogen-doped carbon material, with a yield of approximately 12% 

achieved at 800°C.38 

 

Figure 4.1. a.) Representation of the self-assembly between 2,4,6-Triaminopyrimidine and MgCl2.6H2O 
b.) TGA curve of TAP. Reproduced from ref 36 under Creative Commons CC BY 3.0. 

In pursuit of optimizing the nitrogen content, conductivity, and porosity of TAP-based 

materials, pyrolysis experiments in the presence of MgCl2.6H2O at elevated temperatures 

(800-1000°C) were performed. TGA-MS unveiled a consistent polymerization pathway when 

MgCl2 was introduced (Figure A3-4). The TGA curve displayed a stepwise mass loss occurring 

below 250°C, coinciding with the gradual removal of crystal water from MgCl2⸱6H2O, 

resulting in the formation of MgCl2.4H2O (at 65°C-120°C), MgCl2.2H2O (at 120°C-160°C), 

MgCl2.H2O (at 160°C-195°C), and eventually MgCl2 (at 195°C-245°C) (Figure A3). TGA-MS data 

demonstrates the release of water ((m/z) = 18) at each dehydration step, along with the 

liberation of HCl ((m/z) = 36) during the final dehydration and above 450°C, indicative of the 

transformation of MgCl2 to MgOHCl, as suggested in a previous study.34 Importantly, the 

onset temperature for TAP decomposition was higher in the presence of MgCl2.6H2O 

compared to the absence of this compound. Nonetheless, the decomposition products of TAP 

remained consistent, encompassing ammonia, amine-based molecules, and low-molecular-
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weight cyanides. This indicates that the presence of MgCl2.6H2O did not alter the 

polymerization pathway of TAP. 

Subsequent to pyrolysis at temperatures ranging from 800 to 1000°C, the resulting materials 

exhibited a highly amorphous structure, attributed to the increased surface area in 

comparison to pyrolysis without a porogen (Figure A5). A faint diffraction peak at 2θ = 26.4°, 

corresponding to the (002) interlayer stacking peak, was observed in TAP 800. Notably, N2 

sorption measurements revealed specific surface areas reaching up to 3,293 m2 g-1 for TAP 

900, as determined by Brunauer-Emmett-Teller (BET) analysis (Figure 4.2a, Figure A6). These 

materials exhibited micro- and mesoporous characteristics, consistent with previous findings 

in analogous materials prepared via ionothermal methods.34,39 

The pore size distribution in all pyrolyzed TAP materials displayed a bimodal pore size 

distribution. The smaller pores, centered around 0.7-1 nm, indicated the presence of suitable 

micropores for the coordination of metal-based species (Figure 4.2b). Moreover, larger 

micropores to small mesopores (1-4 nm) were evident, accompanied by a minor fraction of 

large mesopores around 40 nm, contributing to the overall pore volume (Figure 4.2b). The 

total micropore volume exhibited a gradual decrease from TAP 800 (0.91 cm3 g-1) to TAP 1000 

(0.58 cm3 g-1), possibly attributed to micropore collapse at higher pyrolysis temperatures. 

Conversely, total mesopore volumes displayed a significant increase from 0.90 cm3 g-1 to 1.95 

cm3 g-1 as the pyrolysis temperature elevated from 800°C to 900°C (Figure A7). 

Notably, TEM images of TAP 900 confirmed the formation of a highly porous amorphous 

material (Figure A8). Raman spectroscopy revealed a lower D/G band intensity ratio (ID/IG) at 

higher pyrolysis temperatures, indicating a higher degree of dopants and defects in TAP 800. 

At 1000°C, a graphene-like material with low nitrogen content and a higher degree of 

graphitization was evident (Figure A9). 

In summary, the remarkable porosity observed in the materials derived from TAP can be 

attributed to a combination of two effects. Firstly, the bubble templating effect arises from 

the release of C/N fragments, including ammonia, amine-based molecules, and low-

molecular-weight cyanides, during the pyrolysis process. Secondly, the hard templating effect 

is induced by MgO. A notable distinction in surface area compared to prior studies employing 

MgCl2.6H2O as a porogen can be attributed to two key factors. Firstly, TAP possesses a higher 
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number of hydrogen bond donors, primarily in the form of amine moieties (3 amines versus 

1 in the case of adenine, a previously employed precursor34,35,40). This increased presence of 

hydrogen bond donors enables a more significant release of ammonia and other nitrogen-

based fragments during pyrolysis. Secondly, TAP exhibits a lower melting point than adenine, 

a previously used precursor. This lower melting point facilitates the complete dissolution of 

unreacted, pristine TAP molecules within the ionothermal medium, consequently promoting 

its polymerization process. These factors collectively contribute to the distinctive 

characteristics observed in TAP-derived materials, further enhancing their porosity, and 

rendering them promising candidates for various applications in materials science and 

beyond. 

 

Figure 4.2. TAP-derived materials a.) N2 sorption isotherms with BET specific surface areas and b.) 
Corresponding pore size distributions and cumulative pore volumes, determined by 2D-NLDFT 
heterogeneous surface carbon model. Reproduced from ref 36 under Creative Commons CC BY 3.0. 

The decline in nitrogen content at elevated pyrolysis temperatures was substantiated through 

XPS measurements (Figure 4.3b and Table A1). TAP 800 exhibited a nitrogen content of 23.5 

atomic percent (at.%), which potentially hampers its electrical conductivity. In contrast, TAP 

900 and TAP 1000 displayed lower nitrogen contents of 4.5 at.% and 1.8 at.%, respectively. 

These reduced nitrogen contents are deemed suitable as they still provide a significant 

amount of N with lone electron pairs that can coordinate with Fe species, thus enabling the 

formation of single-atom catalysts, without compromising the material's conductivity, as 

previously reported.28 

Both the C1s and N1s spectra of the TAP-derived materials exhibited highly similar profiles. 

The C1s spectrum featured chemical binding energies indicative of C-C, C-N, and C=O bonds 

(Figure A10), while the N1s spectrum presented three primary contributions representing 



Chapter 4:  Synthesis of a Porous and High Active Site Utilisation Fe-N-C with Penta 
Coordination via Mg templating 

91 
 

pyridinic, pyrrolic, and graphitic nitrogen. Intriguingly, in TAP 900, a new contribution 

emerged, suggesting coordination with residual Mg species. The persistence of small 

quantities of Mg was verified by inductively coupled plasma mass spectrometry (ICP-MS) 

(Figure A11). While some Mg may also be coordinated in TAP 800, the low nitrogen content 

and signal-to-noise ratio in TAP 900 allowed for the detection of minority nitrogen chemical 

states. Furthermore, at 1000°C, the band corresponding to pyrrolic nitrogen (at 401.2 eV) 

became predominant, indicating either the degradation of pyridine-like moieties or their 

conversion into pyrrolic motifs.41 

4.3.2 Fe-N-C Characterisation 

To introduce Fe coordination into TAP 800-1000, a low-temperature methanol reflux method 

with FeCl2 was employed(Figure 4.3a).40 XPS and ICP-MS confirmed the successful 

incorporation of Fe into TAP 900@Fe, with Fe content measured at 0.70 wt.% and 0.52 wt.%, 

respectively. According to ICP-MS, TAP 900 contained 0.39 wt.% Mg and 0.18 wt.% Fe (with 

Fe likely originating from contaminants in the TAP precursor), whereas only 0.02 wt.% Mg 

remained in TAP 900@Fe (Figure A11). The increase of 0.34 wt.% (0.073 at.%) in Fe and the 

decrease of 0.37 wt.% (0.183 at.%) in Mg from TAP 900 to TAP 900@Fe suggest that low-

temperature Fe coordination facilitates the transmetalation of Mg for Fe. Similar trends were 

observed for TAP 1000 to TAP 1000@Fe, though not for TAP 800 to TAP 800@Fe (Figure A11). 

For further detailed characterization, focus is made on TAP 900@Fe due to its superior 

electrocatalytic activity, as shown later. In the N1s XPS spectra of TAP 900@Fe, a peak at 

399.5 eV emerged, which could be attributed to N-Fe coordination, constituting 34.5 at.% 

(Figure A12). In comparison to TAP 900, the overall contribution of pyridinic moieties 

decreased from 29.2% to 16.9%, while the contribution related to nitrogen coordinated to 

metals (Mg in the case of TAP 900 and Fe in the case of TAP 900@Fe) increased from 18% to 

34.5%. The pyrrolic components remained relatively consistent (Figure 4.3c and Table A2). 

These observations suggest that Fe coordinates primarily via pyridinic nitrogen rather than 

pyrrolic nitrogen. XRD patterns indicated the absence of large, aggregated Fe-based 

nanoparticles, as no diffraction peaks corresponding to Fe oxides, nitrides, carbides, or 

metallic Fe were observed (Figure A13). Such species have been shown to exhibit 

considerably lower electrochemical activity for O2 reduction compared to Fe-N-C 
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materials,42,43  and their presence could hinder the electrochemical accessibility of FeNx active 

sites. 

 

Figure 4.3. a.) Diagram illustrating proposed Fe coordination within TAP 900. B.) Elemental surface 
composition of TAP 800-1000 according to XPS. c.) Breakdown of contributions of XPS N1s species 
identified in TAP 900 and TAP 900@Fe. Reproduced from ref 36 under Creative Commons CC BY 3.0. 

Examination of the Fe within TAP 900@Fe at the atomic level was probed using high angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM). HAADF-STEM 

images show distinct luminous spots embedded within an amorphous matrix. These luminous 

spots correspond to isolated Fe sites within nitrogen-doped carbon (Figure 4.4a-c). Notably, 

the images revealed the complete absence of clustered or aggregated Fe species (Figure A14). 

Moreover, from atomic resolution energy dispersive X-ray spectroscopy (EDX) mapping 

(Figure 4.4d-f, Figure A15), the homogenesis and uniform dispersion of C, N, Fe, and O 

throughout the material is confirmed. The presence of O originates from surface 

functionalities, which aligns with earlier findings from XPS (Table A1). 
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Figure 4.4. TAP 900@Fe a-c.) HAADF-STEM in different location with single atoms distributed 
homogeneously, as highlighted. EDX elemental mapping for d.) C e.) Fe and f.) N. Reproduced from ref 
36 under Creative Commons CC BY 3.0. 

Through the use of ex situ X-ray absorption spectroscopy, an in-depth assessment of the 

oxidation state and coordination environment of Fe in TAP 900@Fe is conducted. Figure 4.5a 

illustrates the comparison of Fe-K edge X-ray absorption near-edge structure (XANES) spectra 

for TAP 900@Fe in relation to reference samples (Fe foil, Fe2O3, FeIIPc, and Cl-FeIIIPc). Notably, 

the absorption edge for TAP 900@Fe is the highest, slightly exceeding that of Fe2O3, which 

suggests an average Fe oxidation state of +3. Significant alterations are also observed in the 

pre-edge region. In the case of FeIIPc, a characteristic peak at 7118 eV corresponds to the 

FeN4 moiety, displaying preserved D4h symmetry around Fe and resulting from a 1s → 4pz 

electronic transition. However, TAP 900@Fe exhibits a peak at 7113 eV instead of 7118 eV, 

indicating a distorted square planar geometry. This distortion likely arises from axial 

coordination involving -N/-O or Cl- originating from the Mg templating agent. Figure 4.5b 

presents a Fourier-transformed extended X-ray absorption fine structure (EXAFS) 

comparison, demonstrating the absence of a Fe-Fe peak and confirming the presence of single 

Fe atoms within TAP 900@Fe, consistent with the HAADF-STEM findings (Figure 4.4a-c). 
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To explore unpaired electrons within TAP 900 and TAP900@Fe, ex situ cryogenic electron 

paramagnetic resonance (EPR) spectroscopy at 5 K (Figure 4.5c). The small, sharp signal at g 

~2 in TAP 900@Fe is attributed to background signals from the EPR resonator or the empty 

EPR tube. Conversely, the substantial and sharp g ~2 signal in TAP 900 likely originates from 

organic radicals associated with defects in the carbon matrix, which appear to have been 

eliminated during subsequent metalation or acid washing processes. Interestingly, the signal 

observed in TAP 900@Fe closely resembles EPR results from a Fe-doped CaBi2Nb2O9 

material.44 The g ~ 4.3 value is assigned to high-spin Fe3+ with rhombic zero-field splitting (E/D 

= 1/3),5,44 while the weak shoulder at g ~ 9.6 has been previously linked to Fe3+ exhibiting 

lower rhombicity (E/D ≤ 1/3).44 Furthermore, a broad axial signal spanning from g = 6 to g = 2 

is observed in TAP 900@Fe, which has previously been characterized as high-spin FeIII with 

significant axial zero-field splitting due to a square pyramidal or quasi-octahedral 

coordination environment.5,45 

To gain a better understanding of the Fe sites, Mössbauer spectroscopy was conducted at low 

temperature (5.3 K) under both low (60 mT) and high (7 T) external magnetic fields on TAP 

900@57Fe. The spectral data were analysed through fitting simulations, resulting in the 

identification of five distinct Fe assignments (Figure 4.5d and Table A3). It is worth noting that 

the low-field spectrum revealed a small percentage (≤10%) of slow-relaxing paramagnetic 

entities, which were attributed to aggregates of ferric oxide, which have also been observed 

in low temperature methanol reflux.13 These aggregates were not detected during 

characterisation (XRD, HAADF-STEM, XANES) of TAP 900@Fe, indicating the bulk sensitivity 

of Mössbauer to these nanometric Fe aggregates. While they do introduce some distortion to 

the spectral baseline, their contribution was too minor to generate discernible features above 

the noise level. As such, these oxide phases were excluded from both spectra, allowing the 

baseline to shift accordingly. 

Among the identified species, a distinct FeIII high-spin (HS) component labelled D1 (comprising 

41% of the total) was prominent, coinciding with the broad axial signal observed in EPR 

spectroscopy (g = 2 and g = 6). Minority species D2 (17%), D3 (13%), D4 (18%), and D5 (11%) 

were also discerned and are further elaborated on in Supplementary Note A1. The primary 

focus in the discussion centres on the signal corresponding to D1, primarily due to its 

prevalence and its typically inferred higher reactivity.6 
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Component D1 exhibits an isomer shift of 0.47 mm s-1 and a quadrupole splitting of 1.05 mm 

s-1. These values closely align with those of a penta-coordinated FeN4 configuration featuring 

an axial nitrogen ligand, closely resembling a heme moiety.8 This arrangement was previously 

identified using nuclear inelastic scattering and EPR.8 Additionally, a similar D1 component 

has been ascribed to a penta-coordinated FeIIIN4C12 configuration with an axial oxygen ligand, 

based on  DFT calculations and Mössbauer spectroscopy.6,46 

 

Figure 4.5. a.) Fe K-edge XANES spectra of the freshly prepared TAP 900@Fe compared with Fe foil, 
Fe2O3, FeIIPc and FeIIIPcCl, confirming average Fe oxidation state in the synthesized sample is +3. b.) 
Fourier Transform of TAP 900@Fe, Fe foil and FeIIIPcCl demonstrating the lack ofFe-Fe bond in TAP 
900@Fe. c.) Low-temperature (5 K) X-band EPR signals of TAP 900, TAP 900@Fe and empty quartz EPR 
tube. d.) Low-temperature (5.3 K) Mössbauer spectrum of TAP 900@57Fe in a weak (60 mT, upper) or 
a strong magnetic field (7 T, lower) applied parallel to the gamma rays. Five distinct Fe components 
identified as FeIII HS (D1, green), FeII IS (D2, blue), FeII HS (D3, red), FeII LS (D4, orange) and FeIII HS (D5, 
turquoise). The solid black line represents the composite spectrum, while the vertical black lines 
indicate the error bars associated with the measured spectrum. Reproduced from ref 36 under Creative 
Commons CC BY 3.0. 
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4.3.3 RDE O2 Reduction Performance and Activity Descriptors 

To assess the electrochemical oxygen reduction activity of the prepared materials, a three-

electrode RDE system with O2-saturated 0.1 M HClO4 electrolyte was employed. The metal-

free TAP materials displayed no activity for O2 reduction (Figure 4.6a and Figure A16). After 

the addition of Fe, TAP 900@Fe exhibited the highest activity, with a kinetic current density 

(Jkin) of -1.04 ± 0.12 mA cm-2 at 0.8 VRHE and a corresponding kinetic mass activity (mkin) of 4.0 

± 0.46 A gFe-N-C
-1. In contrast, TAP 800@Fe remained inactive, possibly due to its high nitrogen 

content, which limited its conductivity. Meanwhile, TAP 1000@Fe displayed only slightly 

lower mass activity than TAP 900@Fe, reaching Jkin = -0.76 mA cm-2 at 0.8 VRHE and a 

corresponding mass activity of 2.9 A gFe-N-C
-1. A comparison of the kinetic mass activity of TAP 

900@Fe with reported high-performing Fe-N-C oxygen reduction electrocatalysts in the 

literature can be found in Figure A17. 

Initially, the selectivity for 2-electron H2O2 formation was negligible across the potential range 

(<3%, Figure 4.6b, Figure A18a, b). To assess the stability and performance of TAP 900@Fe, 

an accelerated stress test was conducted under O2-saturation in a narrow cyclic voltammetry 

potential window of 0.4-0.8 VRHE at 100 mV s-1. This allowed us to focus on the carbon 

oxidation effect associated with local H2O2 production47  and Fe demetallation on TAP 

900@Fe performance, while avoiding direct carbon oxidation at high potentials (>1.0-1.1 VRHE 

at room temperature) on FeNx sites.48 During the accelerated stress test, the Pt ring was held 

at 1.27 VRHE to minimize H2O2 accumulation in the electrolyte. 

Even after 8,000 cycles, TAP 900@Fe remained selective for the 4-electron process, with H2O2 

production increasing only slightly but remaining below 10% between 0.2-0.75 VRHE (Figure 

4.6b, Figure A18a, b). Under O2-saturated accelerated stress test conditions, TAP 900@Fe 

experienced a 15% drop of kinetic mass activity at 0.8 VRHE after 1,500 cycles (3.40 A gFe-N-C
-1). 

The relatively low H2O2 production, even after 1,500 cycles, may explain the high relative 

stability of TAP 900@Fe. However, the initial kinetic mass activity decreased by 46% after 

8,000 cycles (2.15 A gFe-N-C
-1, Figure A19), possibly due to ongoing carbon oxidation by local 

H2O2.47 

Post-electrochemistry assessments using HAADF-STEM after 8,000 accelerated stress testing 

cycles revealed that Fe single atoms remained within the material, with no Fe aggregation 
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observed (Figure A20). Elemental mapping through EDX also confirmed the distribution of 

nitrogen (N) and Fe within the TAP 900@Fe (Figure A21). 

 

Figure 4.6. a.) Cathodic scan of the cyclic voltammogram in room temperature O2-saturated 0.1 M 
HClO4 at 1600 rpm and 10 mV s-1 with 0.26 mgFe-N-C cm-2. Capacitance correction applied by subtracting 
N2-saturated measurement. iR correction applied (R = 23 Ω). For TAP 900@Fe, five independent 
measurements were carried out with the average value plotted with error bars representing the 
standard deviation. b.) H2O2 % and O2 reduction current density from cathodic scan RRDE 
measurements for fresh TAP 900@Fe and post 1,500 and 8,000 accelerated stress test cyclic 
voltammetry cycles (0.8-0.4 VRHE at 100 mV s-1 under O2-saturation with Pt ring applied at 1.27 VRHE 
throughout). c.) Comparison of SDnitrite and TOF with corresponding mass isoactivity at 0.85 VRHE of 
benchmark Fe-N-C of; Zitolo et al. (zeolitic imidazolate framework-8 (ZIF-8) derived),49 Malko et al. 
(polymerized di-amino naphthalene based),50 University New Mexico and Pajarito Powder Inc. 
commercial catalyst PMF-011904 (both silica-templating-based),51 Mehmood et al. (ZIF-8 derived),13 
and Jiao et al. (ZIF-8 derived).16 Part of data obtained is replotted from ref.52 All SDNitrite electrochemical 
measurements with assumed 5 e- nitrite stripping process in 0.5 M sodium acetate buffer (pH 5.2) in 
a RDE with 0.2 mgFe-N-C cm-2, except Wan et al. who used 0.27 mgFe-N-C cm-2 and did not present data at 
0.85 VRHE (see Fig A23e for 0.80 VRHE data). d.) Different SD and Utilisation metrics for Fe-N-Cs, with the 
theoretical active SD limit represented by the red dashed line, as calculated by Mehmood et al.13 
Reproduced from ref 36 under Creative Commons CC BY 3.0. 
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Active site density (SDnitrite) for TAP 900@Fe was probed using in situ nitrite stripping, 

assuming a complete five-electron reduction of NO to NH4+. This provides a lower-bound 

estimate of the active site density compared to CO cryo-chemisorption, which can probe sites 

that are electrochemically inaccessible and can also yield another utilization factor. 

TAP 900@Fe exhibits a high initial SDnitrite of 2.54×1019 sites gFe-N-C
-1 (Figure 4.6c). Kumar et al. 

recently found in situ nitrite stripping also probes iron oxides that formed in situ as a result of 

degradation of FeNx sites.53,54 No Fe oxides (or other phases) were detected in TAP900@Fe 

pre- and post-electrochemical testing from HAADF-STEM and elemental mapping EDX (Figure 

A20, A25), while pre-electrochemical testing low-temperature Mössbauer measurements 

suggested Fe oxides could exist in a small minority of ≤10% (Figure 4.5d). It should also be 

noted, Gong et al. recently found nitrite stripping also probes N-C sites.55 

The SDnitrite for TAP 900@Fe surpasses previous benchmark Fe-N-C catalysts;18 however 

recent progress with zeolitic imidazolate framework-8 derived catalysts have achieved 

remarkable SDNitrite values of 4.7 and 6.0 ×1019 sites gFe-N-C
-1.13,16 Still, it is important to consider 

that even in high SDnitrite catalysts, the vast majority (>70%) of the loaded FeNx is not utilized 

(Figure 4.6d). This raises questions about the electrochemical utilization of FeNx in fuel cells, 

particularly when thick Fe-N-C layers (around 100 µm) are used, and achieving uniform 

ionomer distribution is challenging. 

It is noteworthy that some reports have claimed exceptionally high SDnitrite values, but with 

lower SDICP values, suggesting potential artifacts in nitrite or ICP measurements. The 

UtilisationNitrite/ICP and UtilisationNitrite/Mössbauer values for TAP 900@Fe are remarkably high at 

45% and 52%, respectively, surpassing previous records. It's worth mentioning that recent 

studies have proposed a 3-electron pathway for nitrite stripping, which would imply even 

higher utilization values (75% and 87%) if considered. 

In summary, the high electrocatalytic activity of TAP 900@Fe can be attributed to its high FeNx 

active site density and utilization, which is likely influenced by its high mesoporosity. The 

interaction between TAP and Mg salt during pyrolysis plays a crucial role in enabling this 

mesoporosity, as TAP self-assembles around the water molecules in the Mg salt through 

hydrogen bonding, leading to a homogeneous liquid-state polymerization without grain 

boundaries and, consequently, sufficient porosity after acid washing. 
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In comparing the Fe-N-C catalyst to Pt/C (Figure A23f), it becomes apparent that even with 

significant advancements in achieving a 100% FeNx utilization rate, the theoretical limit for 

accessible active sites SD in FeNx falls short of that observed in Pt sites within Pt/C. 

Consequently, based solely on site density considerations, the catalytic activity of Fe-N-C 

appears inadequate to compete with Pt/C. Therefore, it becomes imperative to consider the 

TOF of FeNx sites. 

Although the TAP 900@Fe catalyst exhibits a high FeNx utilization, it yields relatively low TOF 

values, specifically 0.087 and 0.015 e- sites-1 s-1 at electrode potentials of 0.80 and 0.85 VRHE, 

respectively (Figure 4.6c and Figure A23e). Analysis of low-temperature Mössbauer 

spectroscopy (Figure 4.5d) reveals that the dominant component in the catalyst is D1 FeIII 

high-spin (HS). Notably, it has been previously associated with penta-coordinated FeIIIN4C12 

sites with axial oxygen (O) ligands, which have exhibited high TOF values.6 

For example, Jiao et al. reported a catalyst that was predominantly composed of FeIIIN4C12 

sites with axial O ligands (D1 = 90%) and demonstrated state-of-the-art catalytic activity with 

a TOF of 0.8 e- site-1 s-1 at 0.80 and 0.85 VRHE. In contrast, a catalyst containing D1 sites with a 

penta-coordinated FeIIIN4 configuration and N axial ligands (TOF approximately zero at 0.8 

VRHE) displayed activity more comparable to that observed with TAP 900@Fe.8 It is worth 

noting that the presence of an N ligand may induce an undesirable shift in the binding energy 

of Fe, thereby resulting in the observed lower TOF values. As observed in this study, 

determining the specific active site coordination environment ex situ in these materials is a 

challenging task. Fe-N-C catalysts, even those composed entirely of FeNx sites, typically 

comprise a range of different active site configurations. 

4.3.4 DFT 

To gain a fundamental understanding of how different axial ligands influence electrocatalytic 

activity, DFT simulations were conducted, focusing on the *OH intermediate in the O2 

reduction reaction volcano (Figure 4.7). While TAP 900@Fe primarily contains pyridine 

moieties (as shown in Figure 4.3c), both pyridine and pyrrole motifs were employed in the 

DFT calculations (Figure A24 and Figure 4.7b) to account for the varied activity of these two 

types of sites. 
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Figure 4.7. a.) ORR activity volcano represented by O2 reduction potential (RHE), URHE, on y-axis and 
binding energy of *OH intermediate (∆G*OH) on the x-axis. This indicates how O2 reduction activity 
varies across a series of FeN4 pyridine and pyrrole sites with different axial ligands, and compared to 
Pt(111) as reference. b.) Schematic representations depict the axial coordination in FeN4-Pyridine (left) 
and FeN4-Pyrrole (right) configurations. “X” denotes the axial ligand and * denotes the pristine FeN4 
structure. Reproduced from ref 36 under Creative Commons CC BY 3.0. 

From DFT, various axial ligands were systematically tested, including -Pyrrole, -Pyridine, -NH3, 

-NH2, -CH3, -OH, -O, and the pristine structure (-*), through simulations of *OH binding energy 

on FeN4 sites. These simulations allowed us to compare the binding energies with those 

observed on Pt(111), as illustrated in Figure 4.7a-b. These different axial ligands represent an 

exploration of how the *OH binding energy on FeN4 sites changes when various axial ligands 

are introduced. For example, the presence of a nitrogen axial bond is represented by -NH2, 

while an oxygen axial bond is represented by -OH, and so on. It is worth noting that there is 

not a widely accepted consensus in the literature on modelling metal-nitrogen-carbon (M-N-

C) systems,56,57  and as such, water solvation was not applied to the *OH binding energies on 

the FeN4 sites. However, for Pt(111), -0.3 eV solvation stabilization was applied, as per 

previous literature.23 In Figure A25, an ORR volcano with a -0.3 eV solvation stabilisation is 

applied to all binding energies. This demonstrates that while the DFT axial trend study remains 

robust in terms of the order of *OH binding, the absolute water solvation may cause the data 

points to shift up or down on the volcano. Unfortunately, the exact water solvation in M-N-C 

systems is not well-known, underscoring the challenge in precisely predicting these 

properties. 

Figure 4.7a highlights an interesting trend for pyridine FeN4 sites. The introduction of an axial 

-OH ligand weakens the *OH binding energy, pushing the pyridine FeN4 site closer to the top 

of the volcano. Conversely, the axial -NH2 ligand deactivates the pyridine FeN4 site. In 
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contrast, pyrrolic FeN4 sites exhibit a different trend. The -OH and -NH2 ligands strengthen the 

*OH binding energy, positioning the pyrrolic FeN4 site with an -NH2 axial ligand close to the 

top of the volcano. Notably, recent research has suggested that pyrrolic Fe sites may exhibit 

low catalytic activity.58 DFT results here suggests that the activity of pyrrolic sites could be 

enhanced through axial ligand coordination, such as pyrrole or -NH2. 

This represents a significant finding, as it reveals for the first time that the type or absence of 

axial ligands has a substantial impact on *OH binding energy for both pyridinic and pyrrolic 

sites. Consequently, discussions comparing pyridinic versus pyrrolic sites should consider the 

influential role of axial ligands in the catalytic activity of these sites. 

4.4 Conclusion  

In summary, a highly porous Fe-N-C material with exceptional Fe utilisation efficiency for O2 

reduction reaction in acidic environments was achieved, according to in situ nitrite stripping. 

This material was prepared using a two-step synthesis approach, involving the coordination 

of Fe within a highly porous nitrogen-doped carbon framework. The nitrogen-doped carbon 

framework was synthesized using 2,4,6-Triaminopyrimidine as the foundational C-N building 

block, with MgCl2.6H2O serving as a templating agent to create active site templates and 

porosity. 

The substantial mesoporosity of the substrate facilitated the formation of electrochemically 

accessible FeNx sites. This was corroborated by achieving a remarkable electrochemical FeNx 

utilization rate of 52%, with a high density of electrochemically active sites amounting to 

2.54×1019 sites gFe-N-C
-1, as determined through in situ nitrite stripping analysis. Further 

characterization using ex situ XAS and low-temperature Mössbauer spectroscopy revealed 

that the predominant active site configuration in TAP 900@57Fe was a penta-coordinated 

FeNx site with an axial ligand. 

To gain deeper insights into the influence of axial ligands on pyridinic and pyrrolic FeN4 sites, 

DFT calculations were conducted. These computations unveiled the varying effects of axial 

ligands on the binding energy of the OH intermediate, highlighting that axial ligands can either 

enhance or diminish the catalytic activity of pyridinic and pyrrolic FeN4 catalysts. 
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Chapter 5:  Fe Dissolution in Fe-N-C Electrocatalysts during 
Acidic Oxygen Reduction: Impact of Local pH 

5.1 Introduction 

Fe-N-C durability is still far below commercial realization for transport applications (>5,000 

h)1, with demetallation of FeNx active sites suggested as the primary irreversible performance 

degradation mechanism in PEMFCs 2–4 and the first step in aggregation scenario.5 Inductively-

coupled plasma mass spectrometry (ICP-MS) is a highly sensitive technique which can provide 

time- and potential-resolved Fe dissolution profiles from Fe-N-C catalysts. Monitoring Fe 

dissolution from ex situ ICP-MS, in tandem with other characterization techniques, in rotating 

disc electrode (RDE)6 and PEMFC has revealed significant dissolution of Fe,7 although probing 

the mechanism requires operando measurements. In the first online flow cell ICP-MS study, 

Choi et al. suggested formation of insoluble ferric (FeIII) species, which dissolve under PEMFC 

operating conditions (Ecathode < 0.7 VRHE) due to operando reduction to soluble ferrous (FeII) 

cations.8 This is in line with former ex situ ICP-MS findings of Zelenay and coworkers6 who 

suggested higher solubility of FeII species in acid solutions compared to FeIII species. Previous 

online flow cell ICP-MS studies also provided critical information on the effects of pyrolysis 

atmosphere, bulk electrolyte pH, and catalyst modification on the extent of Fe dissolution.8–

10  

Nonetheless, flow cell ICP-MS studies are limited to low current densities, and cannot 

reproduce all the practical conditions occurring in an operating PEMFC device (O2 partial 

pressure and current density, lower relative humidity).11 In this respect, online gas diffusion 

electrode (GDE) ICP-MS is an adequate tool to simulate the environment of a PEMFC cathode 

more realistically, and gain PEMFC-relevant durability trends. For instance, Ehelebe et al. first 

demonstrated significantly lower dissolution of Pt/C catalysts in GDE configuration compared 

to flow cell systems due to varying mass transport conditions of Pt species,12 as previously 

proposed.13 Very recently, Choi and coworkers14 monitored in situ changes in active site 

density and operando Fe dissolution of a Fe-N-C under Ar and O2 at different temperatures 

using GDE ICP-MS cell in acidic conditions. From site density monitoring, the reduced turnover 

frequency also confirmed the reactive oxygen species catalyzed carbon corrosion 

scenario.15,16 However, despite using a GDE, Choi and coworkers current densities at 0.6 V 

chronoamperometric holds (<10 mA cm-2) were comparable to values achievable in flow cell 
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(~1 mA cm-2), and not practical PEMFCs. They observed from post-mortem transmission 

electron microscopy (TEM) and energy dispersive x-ray spectroscopy (EDX) elemental 

mapping that Fe deposited as FexOy nanoparticles after O2 reduction in their Fe-N-C derived 

from microporous zeolitic imidazolate framework-8 (ZIF-8), confirming earlier findings from 

Kumar et al.15 Evidence of FexOy nanoparticle formation in PEMFC-relevant conditions has 

previously been ascribed to highly active but unstable high-spin FeN4C12 moieties, via 

Mössbauer spectroscopy.17  

Temperature is also a critical parameter for durability of Fe-N-C catalysts. Goellner et al. first 

evidenced that the rate of corrosion of a N-C matrix (square wave cycling between 0.9-1.4 

VRHE) increases 14-fold when temperatures increase from 20 to 80 oC. This resulted in 18× 

larger O2 reduction activity decay (at 0.8 VRHE) due to increased Fe demetallation.18 Carbon 

corrosion can be avoided at 25 oC in RDE by keeping potential <0.9 VRHE,9 although some 

carbon corrosion (<7 mA cm-2) is reported in PEMFC at 80 oC.19 Kumar et al. reported Fe cluster 

formation under load cycling (Ar-saturated 0.1 M H2SO4, 0.6-1.0 VRHE) at 80 oC, but did not 

observe Fe clusters at 60 oC, providing strong evidence of the effect of temperature on the 

fate of Fe species.5 Finally, it is noted that Osmieri et al. reported greater performance loss 

under air-fed vs. N2-fed PEMFC cathode (3 s holds at 0.95 and 0.6 Vvs anode, 80 0C), although 

with no nanoparticle formation.20 There are thus conflicting results in literature, which is 

could be due to operation conditions, (temperature, gas atmosphere, Nafion content, current 

densities, potential etc.), storage conditions,21 electrode preparation22 and synthesized Fe-N-

C properties.17 Moreover, Fe-N-C catalysts studied by operando ICP-MS have consisted of low 

active site utilization Fe-N-C derived from ZIF-8. As I have highlighted in Chapter 4, such 

catalysts display a predominantly or purely microporous structure. This limits the mass 

transport and electrochemical active site utilization (number of electrochemically accessible 

FeNx sites to the total number of FeNx sites) to typically <10%.23–25 This prompted me to revisit 

Fe dissolution and the fate of Fe in FeNx active sites from the high FeNx utilisation (>50%) TAP 

900@Fe with high micro- and meso-porosity (Figure 4.2). This pore structure can facilitate 

mass transport of reactants for improved activity, while also enabling transport of dissolved 

Fe ions for operando ICP-MS detection. 

The impact on Fe-N-C activity from changes in the (micro-) environment from RDE to 

GDE/PEMFC has been discussed.26–28 Local pH is one value which could vary between 
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electrocatalysts and testing conditions, and is recognized to influence Fe-N-C activity.29–31 

Meanwhile, the influence of pH on degradation is beginning to receive greater attention in 

modelling reaction mechanisms and dissolution trends.32 Local  pH (at the interface between 

the working electrode and the bulk of the electrolyte) and its effects has been investigated 

and discussed quite extensively in electrochemical CO2 reduction;33,34 however, so far it has 

garnered limited experimental and theoretical evidence for ORR.35–37 Meanwhile, kinetic 

modelling work by Zenyuk and Litster found increased pH deeper within Pt mesopore 

channels, which was not infiltrated with Nafion and instead filled with water.38 It is worth 

considering that FeNx active sites are proposed to be located within micropores,19,24,39 which 

are expected to be filled with water.19 Although, micropore flooding has been suggested to 

not be a critical mechanism contributing to PEMFC performance decay.40 Instead, kinetic 

models of Fe-N-C activity decay under different potentiostatic conditions in PEMFCs have 

been previously proposed,19,41,42 which has led to some debate.43,44 Still, to date these kinetic 

models of Fe-N-C have not factored in pH change and conditions in GDEs have not been 

considered.  

In this Chapter, I monitor Fe dissolution of the developed high electrochemical utilization Fe-

N-C catalyst using operando flow cell and GDE ICP-MS. The fate of Fe-N-C catalysts is 

determined by combined Fe demetallation, reactive oxygen species action (magnifying Fe 

demetallation) and local pH changes caused by O2 reduction. A suite of complimentary pre- 

and post-mortem characterization techniques (SEM, TEM, STEM, EDX, Raman spectroscopy, 

XRD, XPS, XANES) illustrate changes in structure and chemistry. Local pH change from O2 

reduction is supported by microkinetic modelling.  
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5.2 Experimental 

5.2.1 Catalyst Preparation 

Fe-N-C and 57Fe-N-C catalysts were prepared according to Chapters 3.2.1-3.2.3.  

5.2.2 RDE Electrode Preparation 

a 5 mm glassy carbon disc enclosed in a custom polyether ether ketone (PEEK) shroud. To 

prepare the rotating disk electrode (RDE) tips, they were subjected to cleaning in caro acid, 

which was created by mixing 30% H2O2 with 96% H2SO4 in a 1:1 ratio for a minimum of 5 hours. 

Subsequently, the tips were boiled in milli-Q water twice and then dried in an oven at 60oC to 

ensure the complete removal of any remaining water. The RDE tips were further polished 

using 3 µm and then 1 µm diamond paste on a polishing pad to achieve a polished and 

reflective surface. Due to the hydrophobic nature of the catalyst, a droplet of deionized (DI) 

water was placed over the RDE tip and transferred to a desiccator, which was then evacuated 

to create a vacuum. After removing the RDE tip from the desiccator, the catalyst was wetted, 

and any visible air bubbles were eliminated. With the droplet still present on the catalyst, the 

RDE tip was placed in the custom-made flow cell or RDE cell. 

5.2.3 Online Flow Cell ICP-MS 

The experimental setup employed a custom-made PEEK cell (Figure 5.1) featuring a three-

electrode configuration. This configuration utilized a glassy carbon rod as the counter 

electrode (SIGRADUR, HTW GmbH) and an airtight Ag/AgCl (ET072, eDAQ) reference 

electrode. The Ag/AgCl electrode underwent calibration against the RHE using both a 

Hydroflex (Gaskatel) and a self-made Pt wire RHE. To prevent interference from ArO+, the 

online flow cell ICP-MS measurement utilized 57Fe in TAP 900@57Fe. The flow rate of the 

electrolyte was regularly monitored each day, typically ranging from 430 to 480 µL/min. Prior 

to and following the completion of the electrochemical measurement protocol, calibration of 

the inductively coupled plasma mass spectrometer (ICP-MS) was conducted. Calibration 

involved the use of a blank and five standard solutions of 56Fe and 24Mg at concentrations of 

0, 5, 10, 20, and 50 ppb. The calibration factor for 57Fe was adjusted to account for its natural 

abundance of 2.12%. Calibration curves were generated both before and after online ICP-MS 

measurements, and appropriate corrections were applied to account for any drift. Analysis of 

57Fe and 24Mg was carried out using a PerkinElmer NexION 2000c spectrometer coupled with 

the custom-made electrochemical flow cell, and data was recorded using Syngistix software. 
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Figure 5.1. Schematic of flow cell setup with RDE disk electrode tip, Ag/AgCl reference electrode and 
glassy carbon counter electrode coupled to online ICP-MS.  

Ar or O2 was continuously passed through the feed electrolyte (0.1 M HClO4 or 0.05 M H2SO) 

for a minimum of 20 mins before initiating measurements. The potential was stabilized at 0.9 

VRHE for 200 seconds before and after each measurement to ensure a consistent background 

for the ICP-MS measurement. The Ohmic drop (R) in the cell was determined initially through 

electrochemical impedance measurements at open circuit potential (OCP), obtained from the 

intercept of the real impedance axis. R was observed to vary between 5 and 25 Ω, and if it 

exceeded 25 Ω, the cell was reinstalled after checking for any bubbles or leaks. 

The experimental procedure began with 50 CV scans under Ar-saturation, ranging from 0.925 

to 0.2 VRHE at 50 mV s-1, followed by 6 CVs under Ar-saturation within the same potential range 

at 10 mV s-1. An additional 6 CVs were performed under O2-saturation, following the same 

potential range and scan rate. Subsequently, either an AST under O2-saturation was 

conducted for 1 hour, involving potential holds at 0.9 and 0.6 VRHE for 3 s intervals, or 

chronoamperometry (CA) was performed at 0.2 or 0.6 VRHE for 1 h under O2-saturation. In 

instances where Ar AST was conducted, O2-saturated measurements were omitted 

beforehand to prevent any residual O2 from impacting the results. Finally, 6 CVs were 

recorded under O2-saturation, covering the range from 0.925 to 0.2 VRHE at 10 mV s-1. At the 

conclusion of each measurement, a synchronization step from 0.9 to 0.2 to 0.9 VRHE was 

implemented to align the ICP-MS and electrochemical data. An overview of the protocol is 

provided in Figure 5.2. 
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Figure 5.2. Protocol followed during flow cell ICP-MS electrochemical testing. 

5.2.4 80oC RDE Accelerated Stress Test 

The RDE measurements were performed in a three-electrode setup using an AUTOLAB 

PGSTAT302N in an electrolyte of 0.1 M HClO4, which was saturated with either Ar (99.999%, 

Messer) or O2 (99.999%, Messer). A custom-designed sealed RDE cell was utilized to prevent 

the evaporation of electrolyte, as previously documented. This cell design is known for its 

ability to retain the electrolyte within the system. The 80°C accelerated stress test (AST) was 

conducted without rotation due to limitations associated with the specialized high-

temperature cell structure. The AST procedure included 3-second intervals at 0.9 and 0.6 VRHE 

under both Ar and O2-saturated conditions in 0.1 M HClO4, maintained at 80°C (Suprapur, Carl 

Roth). Initial O2 reduction performance (1,600 rpm, 10 mV s-1) and Ar cyclic voltammetry (CV) 

(50 mV s-1) were recorded, as well as subsequent measurements after 1,000 and 8,000 cycles. 

An 85% iR correction was implemented during the O2 reduction measurement. The 

capacitance correction for O2 reduction was carried out by subtracting the current under 

equivalent measurement conditions, under Ar saturation. Postmortem ICP-MS was 

conducted after 8,000 AST cycles at 80°C, involving the withdrawal of 10 mL of electrolyte 

from the cell immediately and after a 2 h hold at open circuit potential. 
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5.2.5 GDE 

5.2.5.1 Electrode Manufacture 

The gas diffusion electrodes (GDEs) were created by applying an Fe-N-C ink onto a gas 

diffusion layer (GDL) that included a microporous layer (Freudenberg, H23C8, 218±5 µm) 

using a doctor-blade coating method. During the doctor-blade coating, the temperature of 

the plate of the automated film applicator (Zehntner, ZAA 2300) was maintained at room 

temperature (25°C). The ink consisted of 12 wt.% solids in isopropanol (Supelco, EMSURE, ACS 

ISO), with the solid fraction comprising 41.3 wt. % of TAP 900@Fe material and 58.7 wt. % of 

Nafion (Fuel Cell Store, D2021). To ensure the effective utilization of the catalyst layer due to 

the high mesopore volume of TAP 900@Fe, a relatively high ionomer to FeNC weight ratio of 

1.42:1 was employed. The ink was stirred for 30 minutes and sonicated for 1 hour (100 W 

VWR Ultrasonic Cleaner USC 500 THD) at a temperature below 30°C, followed by continuous 

stirring until deposition. After the ink was applied onto the GDL, the samples were dried at 

60°C for 1 hour under atmospheric pressure and an additional hour under reduced pressure. 

The catalyst layer loading was determined to be 0.9±0.1 mgFeNC cm-2 by weighing the GDE 

before and after the Fe-N-C coating. The catalyst layer thickness was measured to be 58±4 

µm using a micrometer (Helios Preisser, 0912501). 

5.2.5.2 Online GDE ICP-MS 

The online Fe dissolution was measured using the previously reported GDE-ICP-MS setup, as 

illustrated in Figure 5.3. Before conducting electrochemical tests, the GDEs underwent a one-

hour immersion in ultrapure water. The electrolyte, reference electrode, and counter 

electrodes used were 0.1 M HClO4 (Suprapur, Sigma Aldrich), Ag/AgCl (Metrohm), and Ti/Ir 

mixed oxide grid (METAKEM), respectively. The Ag/AgCl electrode was calibrated daily at the 

specific temperature of interest (EAg/AgCl = 0.316 ± 0.011 VRHE at 20°C and EAg/AgCl = 0.297 ± 

0.013 VRHE at 75°C). During O2 measurements in the GDE, a 100% post iR correction was 

applied, while for Ar measurements, 50% was applied in-situ and 50% was applied post the 

Ar experiment.  
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Figure 5.3. Schematic representing GDE coupled to ICP-MS. Adapted from ref. 12 

Depending on the gas atmosphere under examination, two distinct electrochemical 

techniques were utilized. Potentiostatic methods were employed in an Ar atmosphere, while 

galvanostatic techniques were applied in an O2 atmosphere. This decision was made because 

unpredictable uncompensated resistance was observed at varying current densities in the O2 

atmosphere during potentiostatic holds, and the iR-compensated potential would not be 

directly comparable under the two different gas conditions. 

To simulate the recently standardized PEMFC AST conditions under an O2 environment in the 

GDE, the current was held for 3-second intervals, repeated 200 times, at -0.05 and -50 mA 

cm-2, corresponding to approximately 0.85 and 0.6 VRHE, iR-free, respectively. In the case of an 

Ar atmosphere, the potential was held for 3-second intervals, 200 times, between 0.9 and 0.6 

VRHE, iR-free. Prior to and following the AST, 240 s of potentiostatic and galvanostatic holds were 

implemented between (-1 and -100 mA cm-2) and (0.85 and 0.50 VRHE, iR-free), respectively, as 

depicted in Figure 5.4. 
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Figure 5.4. Protocol followed during GDE-ICP-MS testing. 

An ICP-MS from Perkin Elmer (NexION 350 model) was utilized in dynamic reaction cell mode 

with methane (99.9995%, Air Liquide) to limit the potential impact of polyatomic interference 

between 56Fe and 40Ar16O+. To account for any instrument drift during measurements, 2.5 ppb 

of Ge in 1 wt.% nitric acid HNO3 was employed as an internal standard. For calibration 

purposes, four-point calibration curves were generated using a blank and three standard 

solutions of Fe, with concentrations of 0, 1, 5, and 25 ppb prepared daily. 

To facilitate continuous extraction of the electrolyte to the ICP-MS, a flow rate of 0.203-0.226 

mL min-1 was maintained via a capillary. The collection efficiency (CE) was determined using 

Equation 5.1: 

 𝐶𝐸 =  
𝑚𝐹𝑒,𝐼𝐶𝑃−𝑀𝑆

𝑚𝐹𝑒,𝑏𝑢𝑙𝑘,𝑒𝑛𝑑 − 𝑚𝐹𝑒,𝑏𝑢𝑙𝑘,𝑠𝑡𝑎𝑟𝑡 + 𝑚𝐹𝑒,𝐼𝐶𝑃−𝑀𝑆
 Equation 5.1 

Where mFe,ICP-MS is the total Fe amount collected in the ICP-MS, mFe,bulk,start and mFe,bulk,end are 

the quantity of Fe in the bulk electrolyte before and after the analysis, respectively. The CE 

values obtained are presented in Table 5.1. 

Before each measurement, 50 cycles at 50 mV s-1 in an Ar atmosphere were conducted 

between 0.20 and 0.925 VRHE, as illustrated in Figure 5.4. The calculated Fe dissolution (based 

on catalyst loadings, flow rate, and collection efficiencies, as outlined in Table S1) was 

smoothed by employing adjacent averaging over 30 neighbouring data points. 

The rate of Fe dissolution is given by Equation 5.2:45 
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 𝒅𝑭𝒆

𝒅𝒕
=  

[𝑭𝒆] × 𝑸

𝒎𝑭𝒆𝑵𝑪 × 𝑨 × 𝑪𝑬
 Equation 5.2 

Where dFe/dt is the rate of Fe dissolution normalised to catalyst loading (ngFe s-1 gFeNC
-1), [Fe] 

is the concentration of Fe (ngFe L-1), Q is flowrate (L s-1), mFeNC is catalyst loading of Fe-N-C on 

RDE or GDE (gFeNC cm-2), and A is the area of the RDE tip (0.19635 cm2) or GDE electrode (2.01 

cm2). CE is the collection efficiency. CE is assumed 100% in flow cell ICP-MS and is calculated 

in GDE ICP-MS (see Table 5.1 for values). 

Table 5.1. Loading, flow rate and collection efficiency for GDE ICP-MS experiments. 

Conditions 
Loading  

(mgFeNC cm-2) 
Flow rate  
(mL min-1) 

Collection efficiency  
(%) 

Ar 20 oC 
0.93 0.207 26.5 

0.93 0.207 35.5 

O2 20 oC 
0.87 0.214 23.5 

1.03 0.203 28.7 

O2 75 oC 
0.71 0.214 32.8 

0.82 0.226 29.4 

 

5.2.6 Kinetic Modelling Simulations 

5.2.7 Characterisation 

5.2.7.1 HAADF-STEM and EDX 

HAADF-STEM was performed with a Talos F200i (ThermoFisher Scientific) operated at an 

acceleration voltage of 200 kV, a beam current of ca 40 pA, and a convergence angle of 10.5 

mrad. EDX employed a Dual Bruker XFlash 6T-100 EDS detector. 

5.2.7.2 XANES 

Fe Kβ high energy-resolution fluorescence-detected-XANES experiments were conducted at 

beamline ID26, European Synchrotron Radiation Facility (ESRF). The storage ring operated in 

7/8 multibunch mode with an electron current of 200 mA. The pristine catalyst powder and 

thin films of catalytic suspensions were analyzed, utilizing three undulators (u35) to produce 

incoming photons. A pair of cryogenically cooled Si(111) crystals then monochromatized the 

radiation. To calibrate the incident beam energy, a reference metallic iron foil set the first 

inflection point of the Fe K edge at 7112 eV. In the experimental setup, Germanium (Ge) 

crystal analyzers (Ge(620) for Kβ and Ge(440) for Kα) in Rowland geometry were employed. 

Si avalanche photodiode (APD) with 200 μm thickness and 10 x 10 mm2 active area was used 
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as a detector. The dead time correction was performed using a nonparalyzable model with τ 

= 3.83 ∙ 10-8. Kβ XANES spectra were collected in a continuous scan mode by varying the 

incident energy from 7090 to 7200 over Fe K edge with an energy step 0.1 eV and duration 

50 seconds. The stability of the catalyst under the beam was controlled via short XANES 

spectra of 5 seconds collected at the same spot during at least 10 minutes. 

The TAP 900@Fe powder was blended with BN3 (Aldrich®) at a mass ratio of 1:3 and 

subsequently compressed into pellets using a 1-ton force. This identical procedure was 

applied to both FeO (Aldrich®) and Fe2O3 (Aldrich®). These pellets, along with GDE and glassy 

carbon rods carrying fresh ink or post-mortem catalyst samples were positioned in a sample 

holder. XANES spectra were normalized by the incoming flux recorded by detecting the 

scattering from a Kapton foil with a photo diode and then were normalized in area using the 

full measured energy range. All the data treatment was performed in python-based scripts. 

The data were collected in the presence of air at room temperature.  
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5.3 Results  

5.3.1 Comparing TAP 900@Fe and TAP 900@57Fe RDE O2 Reduction Activity 

Considering O2 reduction, reduced activity has previously been reported for 57Fe enriched Fe-

N-C samples compared to Fe-N-C prepared in the same manner but with natural abundance 

Fe precursor.46 The RDE O2 reduction activity for TAP 900@57Fe and TAP 900@Fe can be found 

in Figure B1a-b. The kinetic region and mass activity at 0.8 VRHE, iR-free in O2-saturated RDE is 

lower in TAP 900@57Fe compared to previously reported TAP 900@Fe, with 3.77±0.54 and 

5.01±0.79 A gFeNC
-1, respectively (Figure B1a). The lower activity with 57Fe enrichment follows 

the previous report.46 

5.3.2 Online Flow Cell ICP-MS 

Moving to operando flow cell ICP-MS measurements in 0.1 M HClO4, TAP 900@57Fe was used 

to avoid polyatomic interference from ArO+ and maximize spectrometric signal. The setup and 

experimental protocol are depicted in Figure 5.1 and Figure 5.2, respectively. First, ICP-MS 

calibration, electrochemical impedance spectroscopy and open circuit potential (OCP) were 

conducted to ensure correct installation and operation. Next, 50 fast (50 mV s-1) cyclic 

voltammograms (CV) between 0.925-0.200 VRHE were measured in Ar-saturated electrolyte to 

allow the catalyst to reach a stable electrochemical and dissolution measurement (Figure 5.5a 

a, 0.2 mgFeNC cm-2). Mg was also monitored during the initial 50 cycles due to its use as a 

template during synthesis, with 0.06 wt.% detected from ex situ ICP-MS (Figure A11). Mg 

dissolution did not vary with potential (Figure 5.5a) and so is not considered further. 

Meanwhile, the rate of Fe dissolution followed an exponential decay. It is also worth noting 

that there is a constant 130 ngFe gFeNC
-1 s-1 57Fe concentration observed when held at 0.9 VRHE 

(Figure 5.5a-c), which was also the OCP of the catalyst.  

Considering the effect of increased Fe-N-C loading, the amount of 57Fe dissolution follows a 

linear trend over the initial 50 CVs (Figure B2a). The percentage of total 57Fe detected 

increases from 7.5±2.9% to 15.2±3.3% as catalyst loading increases from 0.05 to 0.40 mgFe-N-

C cm-2, with 11.3±5.6% at 0.20 mgFe-N-C cm-2 (Figure B2b). This finding appears counterintuitive 

as one would expect either an equivalent percentage of Fe detected relative to the loading, 

or even a reduced percentage of detected Fe due to blocking of active sites with increasing 

thickness of the catalyst layer. 
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After the initial 50 CVs at 50 mV s-1, six CVs were conducted at 10 mV s-1 under Ar and then 

O2-saturation. With increasing TAP 900@57Fe loading under O2-saturation, the limiting 

current density (below 0.65 VRHE) only incrementally increases. This slight increase can be 

explained by the increasing thickness of the catalyst layer with loading, which penetrates 

deeper into the flowing O2-saturated electrolyte. Meanwhile, between 0.65-0.80 VRHE there 

is an increasing O2 reduction peak in the cathodic direction (Figure B3a). This is caused by a 

build-up of O2 concentration locally in the catalyst layer while scanning the potential region 

of 0.80-0.925 VRHE, where very little ORR is observed. Under Ar-saturated conditions the 

current density increases proportional to the catalyst loading, although an increasing O2 

reduction peak on the cathodic scan is noted (Figure B3b). This is thought to occur due to air 

ingress at the junction of the Kalrez O-ring and cell (or cavitation from the peristaltic pump), 

which leads to trace amounts of O2 entering the flow cell system during most Ar-saturated 

measurements. Still, the amount of O2 appears negligible. Normalizing the 57Fe detected to 

charge passed and catalyst loading shows the amount of 57Fe detected is constant under O2 

but increases with reduced catalyst loading under Ar (Figure B3c-d). Meanwhile, the amount 

of 57Fe detected is equivalent under either gas saturation, with 1.3-2.0% of total 57Fe 

detected, and linear dependence with Fe-N-C loading (Figure B3e-f). Focusing on the 

dissolution at 0.2 mgFeNC cm-2, similar profiles are observed under Ar and O2-saturation (Figure 

5.5b). To better distinguish the Fe dissolution features, slow CVs (1 mV s-1) were conducted 

under O2-saturation (Figure 5.5c). The slow scans show two onsets of 57Fe dissolution above 

background levels on the cathodic scan at ca. 0.72 and 0.33 VRHE (Figure 5.5c).  
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Figure 5.5. Online flow cell ICP-MS metal dissolution during a.) Initial 50 CVs at 50 mV s-1 under Ar-
saturated 0.1 M HClO4 with 0.2 mgFeNC cm-2. Blue line represents fitted exponential decay. b.) Six CV at 
10 mV s-1 under Ar- (green) and O2 (red)-saturated conditions. c.) Two slow CV scans at 1 mV s-1 under 
O2-saturated 0.1 M HClO4 with 0.2 mgFeNC cm-2. Dark red line represents fast Fourier transform 
smoothed data. 

To evaluate differences in Fe detection and profiles over a longer period, 1 h AST or 

chronoamperometry (CA) were recorded in 0.1 M HClO4 (Figure 5.6a-b) or 0.05 M H2SO4 

(Figure 5.6c). Greater 57Fe loading-normalized concentration is observed over the course of 

the AST under O2 than Ar. 57Fe concentration follows a slow decline under O2 and rapid 

plateau above baseline under Ar (Figure 5.6a). 2.7±0.1% of total 57Fe is detected during O2 

AST (Figure 5.6d), with a charge normalized Fe dissolution of 503±3 ngFe mgFeNC
-1 C-1 (Figure 

5.6e). Meanwhile, half 57Fe concentration is observed under Ar AST (Figure 5.6d, Figure B4); 

however, normalizing to the total charge passed shows approximately double, with 1022 ngFe 

mgFeNC
-1 C-1 (Figure 5.6e). Pre- and post-mortem bright-field TEM of these samples shows no 

formation of detectable nanoparticles under Ar or O2 (Figure B5), indicating all Fe 

demetallation leads to dissolution at 25 oC, in agreement with former findings of Kumar et 

al.15 

CA under O2 at 0.2 VRHE shows a large initial 57Fe dissolution, which then decays over time, 

while CA at 0.6 VRHE shows a small spike and lower overall dissolution (Figure 5.6b). After 30 

mins, the current density and Fe dissolution are equivalent at 0.2 and 0.6 VRHE CA. CA at 0.2 

VRHE ends with 4.6±0.4% of total 57Fe and 686±166 ngFe mgFeNC
-1 C-1. This is approximately 
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double the values at 0.6 VRHE, with 2.2±0.1% 57Fe and 358±61 ngFe mgFeNC
-1 C-1 (Figure 5.6e). 

This correlates with the observations from Figure 5.5c, where greatest Fe dissolution occurs 

around 0.20 VRHE.  

At the same pH in 0.05 M H2SO4 instead of 0.1 M HClO4, O2 AST shows a similar dissolution 

profile, with lower Fe detection but higher O2 current densities (Figure 5.6c). This current is 

unexpected as O2 solubility is higher in HClO4 than H2SO4. Meanwhile the total 57Fe loss is 

2.3±0.1% in 0.05 M H4SO4 and slightly higher in 0.1 M HClO4 with 2.7±0.1% (Figure 5.6Figure 

5.6d). However, the charge normalized Fe dissolution is less than half in 0.05 M H2SO4, at 

231±63 ngFe mgFeNC
-1 C-1 (Figure 5.6e).  

 

Figure 5.6. Online flow cell ICP-MS of TAP 900@57Fe a.) AST under Ar and O2-saturated 0.1 M HClO4. 
b.) 0.2 and 0.6 VRHE CA in O2-saturated 0.1 M HClO4 c.) AST under O2-saturated 0.05 M H2SO4. Lighter 
and darker orange represent current density from two measurements. d.) Cumulative Fe loss. e.) Fe 
dissolution over varying stability test conditions. All tests over 1 h with 0.2 mgFeNC cm-2. Error in figures 
represent two repeat measurements. 
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5.3.3 80oC RDE AST 

To mimic operational temperatures in a PEMFC, AST cycling (square potential steps between 

0.9-0.6 VRHE, iR-free with 3 s holds) were conducted at 80 oC in an RDE cell (without rotation) in 

0.1 M HClO4. Figure 5.7a shows the initial O2 reduction RDE performance and after 80 oC AST 

in O2 and Ar-saturated conditions for TAP 90057Fe. After 1,000 AST cycles the normalized 

kinetic activity at 0.75 VRHE, iR-free is comparable at 0.50±0.04 and 0.53±0.05 in Ar and O2 

conditions, respectively (Figure 5.7b). The similar degradation in activity can be explained by 

the limited charge passed over this time and improved hydrophobicity of the catalyst layer 

initially. After 8,000 cycles in 80 oC Ar-saturated electrolyte, the normalized kinetic current 

density falls to 0.26±0.06.  

Ar-saturated CV following 80 oC Ar-saturated 8,000 AST cycles remains unchanged compared 

to fresh TAP 900@57Fe (Figure 5.7c) and no large Fe particles are observed from post-mortem 

TEM (Figure B6a-b). Following 80 oC O2-saturated 8,000 AST cycles, there is only 0.04±0.02 

normalized activity remaining at 0.75 VRHE, iR-free (Figure 5.7b), while the limiting current 

density value appears only slightly impacted (Figure 5.7a). After 1000 O2 AST cycles at 80 oC 

an increase in capacitive current is observed, which increases further after 8,000 cycles.  

Figure 5.7c also shows the formation of two new reversible redox peaks after 8,000 O2 AST 

cycles, suggesting a modified degradation process and a change in Fe speciation. One redox 

is centered at ca. 0.55 VRHE and the second reversible and well-defined symmetric redox is 

centered at ca. 0.29 VRHE (Figure 5.7c). See the Discussion section for further dialogue. 

Post-mortem TEM after 80oC O2 AST shows Fe nanoparticles (Figure 5.7d, Figure B6c) with 

shells or trails, remarkably similar to structures of Fe-catalyzed graphitization of carbon.47 

Encased Fe oxides particles were observed by Bae et al. following O2 reduction at 80oC GDE 

with 2 h hold at 0.6 VRHE.14 Comparing normalized Fe Kβ XANES spectra (Figure 5.7e and Figure 

S11b), post-mortem 80oC O2 AST TAP 900@Fe spectra confirms the presence of Fe2O3 

particles, demonstrating the fate of remaining Fe in TAP 900@Fe after 80oC O2 AST in RDE. 

Meanwhile, Fe Kβ XANES of TAP 900@Fe RDE ink shows a positive shift of the main edge, 

compared to TAP 900@Fe powder, which indicates an increase in the Fe oxidation state 

and/or coordination change. This signifies the inherent difference between the 

electrocatalyst and its electrode, as recently highlighted.22 
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Following 8,000 AST cycles at 80oC in Ar- and O2-saturated conditions, electrolyte samples 

were withdrawn immediately and after 2 h holds under the gas saturated conditions for ex 

situ ICP-MS analysis. Following Ar and O2-saturated cycling, 18% and 46% of total 57Fe was 

detected in the liquid electrolyte, respectively (Table B1, Supporting Note B1, Figure B8). This 

corroborates with the online flow cell ICP-MS AST results (Figure B4), where greater Fe 

dissolution under O2-saturated conditions is observed. Furthermore, online flow cell ICP-MS 

on TAP 900@57Fe after 8,000 AST cycles in 80oC O2-saturated electrolyte shows negligible 57Fe 

dissolution (Figure B9). Fe dissolution was also not observed after 5,000 AST cycles (100 mV 

s-1, 0.6-1.0 VRHE, N2-saturation) by Santori et al. for their NH3 pyrolysed Fe-N-C.  

 

Figure 5.7. a.) Fresh and post AST TAP 900@57Fe O2 reduction with rotating disc electrode at 1600 rpm 
and 10 mV s-1 in 0.1 M HClO4 thermostated at 25°C. O2 -Ar applied along with iR correction. 3rd cathodic 
scan shown. b.) Kinetic mass activity for the ORR measured at 25°C and normalised to initial value over 
varying 80oC AST cycles (3 s holds at 0.9 and 0.6 VRHE). Error bars represent two repeat measurements. 
c.) 20th CV under Ar-saturated conditions (50 mV s-1). All measurements in 0.1 M HClO4 with 0.2 mgFeNC 
cm-2. d.) TEM of TAP900@57Fe post 80oC O2-saturated 8,000 cycle AST. e.) XANES of TAP 900@Fe and 
its ink, and post 8,000 AST cycles at 80oC in O2, plus reference spectra of FeO and Fe2O3. 

5.3.4 GDE O2 Reduction and Degradation 

While flow cell and high temperature RDE measurements proved insightful, the degradation 

rate in real PEMFCs may be different due to higher ORR rates and therefore ORR charge 

passed. To reach higher current densities and conditions comparable to PEMFCs, TAP 900@Fe 
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was tested in a GDE coupled to online ICP-MS in 0.1 M HClO4 at 21±1 oC (referred to as 20 oC) 

and 74±1 oC (referred to as 75 oC).  

Based on flow cell results, 50 CVs under Ar-saturation (50 mV s-1, 0.9-0.2 VRHE) were initially 

carried out to remove loosely bound Fe (Figure B10a). Interestingly, the CVs in GDE clearly 

show redox peaks centered at ca. 0.76 VRHE which decrease with cycling. These peaks 

correspond to previously identified FeIII/FeII redox from certain FeNx sites.17,48 These redox 

peaks were not visible under RDE (Figure B10b) and are further discussed in Supplementary 

Note 3.  

O2 reduction was measured in GDE before and after AST tests (Figure 5.8a-b,). Catalyst 

loadings varied between 0.7 to 1.0 mgFeNC cm-2, consequently corresponding mass activity 

plots are shown in Figure B11a-b. Compared to initial 20 oC O2 reduction, after 20 oC Ar AST 

there is an apparent improvement in O2 reduction performance at current densities up to 50 

mA cm-2 (Figure 5.8a). This is assigned to improved wetting of TAP 900@Fe during the 20 oC 

Ar AST. Meanwhile, 20 oC O2 AST shows noticeable performance degradation after only 200 

cycles, with potential shift at 50 mA cm-2 of -50±30 mV (from 0.61±0.03 to 0.56±0.00 VRHE, iR-

free) compared to pristine 20 oC TAP 900@Fe (Figure 5.8a). At 50 mA cm-2, 75 oC GDE pristine 

TAP 900@Fe shows an improved O2 reduction potential of 0.68±0.01 VRHE, iR-free. Although, 

after 75 oC O2 200 AST cycles results in severe degradation to 0.58±0.03 VRHE, iR-free (Figure 

5.8b). 

5.3.5 Pre- and Post- GDE Protocol Characterisation 

XPS peak fitting of fresh GDE C1s and O1s spectra is provided in Figure B12a-b with 

comparison of O1s between pre and post GDE protocol in Figure 5.8Figure 5.8c. Comparison 

of O1s XPS spectra for fresh GDE and after 20 oC Ar and O2 protocols show comparable total 

O1s of 8.9-8.1 at.% (Figure B12c, Table B3), with slight reductions in C=O and C-O peaks for 

AST samples (Figure 5.8c). Meanwhile O1s after 75 oC O2 protocol show a clear overall O1s 

increase, which results in 12.2 at.% O1s (Figure B12c). There is less discernible change in the 

C1s spectra, aside from reduction in C-N and C-C and increase in CF2 in all AST samples 

compared to the pristine TAP 900@Fe GDE (Figure B13). Raman spectra (Figure B14) for 

pristine and post Ar and O2 20 oC GDE protocols show no discernable difference (Id/Ig = 1.02-

1.03), while there is a slight increase after 75 oC O2 protocol (Id/Ig = 1.05), indicating a minor 

increase in defects in the carbon structure. 
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Within the prepared TAP 900@Fe GDE no visible nanoparticles are detected using HAADF-

STEM and STEM-EDX spectrum imaging (Figure 5.8d, Figure B15a). After 20 oC Ar protocol, 

one large FexOy nanoparticle is detected in the spectrum image, while at higher resolution 

HAADF-STEM small clusters are observed (Figure 5.8e, Figure B15b). Numerous Fe 

nanoparticles are observed following 20 oC O2 protocol in GDE, which are assigned to FexOy 

based on overlaying the Fe and O EDX mapping (Figure 5.8f, Figure B15c).  

Post 75 oC O2 200 protocol no large FexOy particles are seen from EDX and limited Fe clusters 

from HAADF-STEM (Figure 5.8g, Figure B15d). No significant change from the pristine TAP 

900@Fe structure is observed after 20 oC O2 and Ar protocols, (Figure B16a-c); however, after 

75 oC O2 protocol a denser particle structure is observed (Figure B16d).  

XRD on post-mortem GDE AST samples was conducted to try and deduce the type of FexOy, 

however either the lack of crystallinity, small particle size and/or low concentration meant no 

sharp peaks relating to Fe particles could be identified (Figure B17). The peak at 18.0o is 

assigned to polytetrafluoroethylene, which arises from the Nafion backbone. It is worth 

mentioning that pristine TAP 900@Fe does not show a graphite peak at ~25.6o (002), 

suggesting its amorphous or graphene-like structure, as confirmed from previous Raman 

analysis.49  
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Figure 5.8. GDE current density in 0.1 M HClO4 with 0.7-1.0 mgFeNC cm-2 for a.) 25 oC O2 reduction in 
GDE for pristine TAP 900@Fe, and after O2 and Ar AST. b.) 75 oC O2 reduction in GDE for pristine TAP 
900@Fe and after 75 oC O2 AST. Error represents two repeat measurements. 100% post iR correction 
was applied for O2 measurements, while 50% was applied in situ and 50% post Ar measurements. 
Comparison of pristine and post protocol GDEs c.) O1s XPS d-g.) HAADF-STEM and STEM-EDX. 

5.3.6 Online GDE ICP-MS 

To elucidate the Fe dissolution mechanisms, online GDE ICP-MS was measured before, during 

and after the AST (Figure 5.9) for each of the conditions. For initial 20oC Ar (Figure 5.9a), Fe 

concentration above baseline occurs at 0.83 VRHE, iR-free and reaches a maximum concentration 

between 0.64-0.48 VRHE, iR-free. Returning to 0.83 VRHE, iR-free, Fe concentration returns to 

baseline levels. Initial 20 oC O2 current step holds (Figure 5.9a) show a lower baseline Fe 
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concentration than 20oC Ar. A fall in Fe concentration below baseline levels is observed when 

increasing current density from -0.6 to -15 mA cm-2, corresponding to 0.85±0.02 to 0.80±0.01 

VRHE, iR-free, respectively. When returning anodically to hold at -0.6 mA cm-2, Fe concentration 

increases and only begins falling back to baseline once returning to hold at -0.05 mA cm-2. 

Initial 75 oC O2 current hold measurements show a higher baseline Fe concentration, with 

increased Fe concentration during holds at -0.6 to -15 mA cm-2. Fe concentration then returns 

to approximate baseline values during holds at -50 and -100 mA cm-2, corresponding to 

0.66±0.04 and 0.62±0.04 VRHE, iR-free, respectively. Returning anodically to holds at -15 and -0.6 

mA cm-2 results in increased Fe concentration.  

Moving to online AST monitoring (Figure 5.9b), 20 oC Ar shows increased Fe concentration at 

the beginning of the AST. Fe concentration then gradually decreases over time and falls back 

to baseline levels after the AST. To note, AST O2 have the same number of cycles (200) in 

protocol as Ar (3 s holds at each potential), but O2 ASTs took a longer duration because of the 

additional time to switch the applied current ranges between 3 s holds, which is not required 

in Ar AST protocol. During the AST, 20 oC O2 shows a similar Fe concentration profile to current 

hold prior to AST (Figure 5.9a), with an initial Fe concentration spike, followed by reduced Fe 

concentration below baseline levels. Fe concentration then returns to baseline levels post 

AST, without displaying a dissolution spike. 75 oC O2 also shows an initial spike in Fe 

concentration at the beginning of the AST, but then maintains baseline Fe concentration 

values during and post AST with no discernable change.   

Post AST (Figure 5.9c), 20 oC Ar show Fe concentration significantly decreases across the 

whole potential range compared to prior to AST (Figure 5.9a). This suggests unstable Fe 

species have been depleted over the AST. Current step holds after 20 oC O2 AST show a similar 

Fe concentration profile to measurements prior to AST, although a higher Fe concentration 

spike is observed post AST when stepping from -0.6 to -15 mA cm-2 (Figure 5.9c). Post AST 75 

oC O2 shows a symmetric Fe concentration profile when increasing and decreasing current. 75 

oC O2 GDE ICP-MS results correlate with HAADF-STEM and STEM-EDX observations (Figure 

B15d), where more Fe has dissolved rather than redeposited as particles, as is the case from 

20 oC O2.  
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Figure 5.9. Fe dissolution under Ar and O2 at 20 oC and O2 at 75 oC in online GDE ICP-MS with 0.1 M 
HClO4 and 0.7-1.0 mgFeNC cm-2 a.) prior to AST (note y-axis is log-scale only in a). b.) 200 AST cycles. 
Under O2, the current was held for 3 s intervals 200 times at -0.05 and -50 mA cm-2, corresponding to 
ca. 0.85 and 0.6 VRHE, iR-free, respectively. Under Ar, the potential was held for 3 s intervals 200 times 
between 0.9 and 0.6 VRHE, iR-free. c.) Post AST. Error represents two repeat measurements. 
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5.4 Discussion 

5.4.1 Flow Cell ICP-MS and RDE 

Experiments in flow cell ICP-MS and RDE first confirm that the dissolution of Fe atoms is 

indeed the predominant degradation mechanism in this type of catalyst. In CV, two well-

defined Fe dissolution peaks can be observed, with onset of 0.73 and 0.33 VRHE on the cathodic 

scan (Figure 5.5c). The two 57Fe concentration peaks could represent two different Fe species 

dissolving at different potentials, or different dissolution process with different formal 

potentials. Only one Fe concentration peak was resolved by Santori et al., with an onset of Fe 

concentration at ca. 0.75 VRHE for their Ar-pyrolysed Fe-N-C in O2-saturated 0.1 M H2SO4 at 2 

mV s-1.10 Meanwhile Choi et al. observed the onset of increased Fe concentration at 0.77 VRHE, 

with two distinguishable Fe dissolution peaks,9 as observed here. The potential at which peak 

Fe concentration occurs is not discussed as this depends on mass transport, which changes 

with the electrochemical cell design and operating conditions. 

It is noted that the onset of increased 57Fe concentration at ca. 0.73 VRHE on the cathodic scan  

(Figure 5.5c) coincides with the onset of the quinone-hydroquinone redox on the cathodic 

scan post 8,000 O2 AST at 80oC (Figure 5.7c), and the second peak onset of increased 57Fe 

concentration at 0.33 VRHE on the cathodic scan coincides with the onset of the second 

reversible redox on the cathodic scan. While some publications have suggested that the 

dissolution of Fe atoms is caused by a change in their oxidation state, these experimental 

results would suggest that the stability of the FeNx moieties is linked to the delocalization of 

electrons within the N-C matrix. This hypothesis relates to the seminal work of Ramaswamy 

et al., which showed that the electron-donating/attracting properties of the N-C matrix 

modulate the redox potential and the ORR activity of atomically dispersed Fe sites.50 Choi et 

al. later demonstrated that hydroxyl and epoxy groups attract electrons from the N-C matrix 

and also lower the d-orbitals of Fe atoms, both effects contributing to lower the turnover 

frequency of Fe atoms.16 

An initial exponential decay in Fe concentration in TAP 900@57Fe was noted (Figure 5.5a), 

which was also observed by Choi et al. for their Fe-N-C catalyst.8,9 In the case of TAP 

900@Fe57Fe, maximum Fe concentration is observed instantaneously upon potential cycling 

in Ar, whereas in the report of Choi et al. maximum Fe concentration is reached after 2-3 

CVs.8,9 This could be due to the vastly different catalyst structures between highly micro- and 
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mesoporous TAP 900@57Fe with high active site utilization, and the bulky particle and 

predominantly microporous ZIF-8 derived Fe-N-C of Choi et al.8,9 Alternatively, it could arise 

from mass transport effects from slow residence time in their flow cell. The structure of 

unmodified microporous ZIF-8 derived materials will have impeded mass transport, low active 

site utilization and therefore delayed detection of Fe dissolution. Differences in experimental 

setup and residence time calibration in this work and that of Choi et al. could also contribute 

to the observed time difference in Fe concentration detection.  

Choi et al.8 detected ~3% of total Fe detected over their initial 20 CVs in Ar-saturation (100 

mV s-1, 0.8 mgFe-N-C cm-2) for their purely microporous ZIF-derived Fe-N-C. While after 50 CVs 

(50 mV s-1, 0.4 mgFe-N-C cm-2), TAP 900@57Fe shows 15.2 ± 3.3% Fe detected. This again points 

to the different porosity and structure in TAP- and ZIF-derived materials, leading to different 

accessibility of Fe sites. Although, it should be noted, according to previous ex situ 

TAP900@57Fe Mössbauer assignments (Figure 4.5d), ca. 11% of the Fe existed as inactive 

FeCl2·4H2O. This species may represent some or all of the initially dissolved Fe species. 

Results from Figure 5.5b (and Figure B3e-f) suggest that Fe concentration is independent of 

O2 reduction under cyclic voltammetry (0.9-0.2 VRHE at 10 mV s-1) in flow cell. This is contrary 

to what is observed in Figure 5.6a, where Fe concentration is greater under O2 than Ar under 

AST (step from 0.9 to 0.6 VRHE with 3 s potential holds) flow cell conditions. This may be due 

to either the different potentials scanned (0.925-0.2 and 0.9-0.6 VRHE), 6 CVs not providing 

enough cycles to distinguish changes in Fe concentration, or the AST protocol induces a 

change in Fe dissolution mechanism. 

Considering Figure 5.6e and Figure B4, Zelenay and coworkers also observed from ex situ ICP-

MS that HClO4 dissolved more Fe from their polyaniline-derived Fe-N-C than H2SO4, which 

they attributed to differences in solubility of Fe perchlorates and sulfates.6 This observation 

could also be attributed to the stronger SO4
2- binding on the Fe site,51 which reduces Fe 

dissolution. ClO4
- is has been proposed to mimic non-specifically adsorbing properties of 

perfluoro sulfonic acid ionomers used in PEMFCs.52 If true, this would imply AST 

measurements in H2SO4 in RDE and GDE would lead to slower FeNC degradation than in HClO4 

(at the same pH), when Fe dissolution is the main degradation mechanism.  
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The 74% activity loss after 8,000 cycles (0.9-0.6 VRHE, 3 s holds) in Ar RDE at 80 oC for TAP 

900@57Fe (Figure 5.7b) is markedly greater than the ZIF-8 derived Fe-N-C of Kumar et al., 

which showed only 25% of initial mass activity lost after 10,000 cycling (0.6-1.0 VRHE) at 80 oC 

in Ar-saturated 0.1 M H2SO4.53 This difference could be attributed to the difference in carbon 

structure and accessibility of active sites between the highly micro- and meso-porous TAP 

900@Fe and purely microporous ZIF-derived Fe-N-C. 

Fe dissolution in Ar-purged acidic electrolyte has previously been assigned to leaching of 

inactive Fe sites.8,9 Here, the decrease in O2 reduction performance following 80 oC Ar AST is 

attributed to active site dissolution, without redeposition into particles. This is because no 

particles are observed from TEM in Figure B5b and no change in CV in Figure 5.7c. The greater 

loss in activity after 80 oC O2 AST (Figure 3b) is attributed to the combination of increased 

(>2x) active site demetallation (Figure B8) and oxidation of the carbon support (Figure 5.7c), 

which reduces turnover frequency of remaining active sites.9,54 

Previous ex-situ Mössbauer of TAP 900@57Fe found 41% of Fe as high spin FeIIINx (Figure 4.5d), 

which has been identified as the more active but less durable FeNx sites.17 The amount of Fe 

detected from ex situ ICP-MS after 80 oC O2 8,000 AST (46%) matches the percentage of high 

spin FeIIINx sites (41±10%). These results indicate the Fe species contributing to O2 reduction 

activity at high potentials (≥0.75 VRHE) represent unstable Fe sites, which dissolved during the 

AST. Dissolved Fe will then precipitate into Fe2O3 under O2 saturation, with some redeposited 

into the catalyst layer. 

5.4.2 GDE ICP-MS 

Under initial Ar in GDE ICP-MS (Figure 5.9a), the most significant increase in Fe concentration 

occurs when the potential drops from 0.83 to 0.74 VRHE. This can be explained by the FeIII/FeII 

redox transition at 0.76 VRHE (Figure B10). It is worth noting that with a Fe-N-C, Fe atoms 

possess different formal redox and dissolution potentials depending on their coordinating 

ligands and extended local environment (number and size of graphene sheets,55 oxygen 

functional groups16,56). This broad FeIII/FeII redox range is also initially observed in Figure B10. 

Moreover, after the increases of Fe concentration during cathodic potential shifts, gradual 

declines in the Fe concentration are frequently observed. This is related to the fact that the 

location of the Fe within the Fe-N-C structure (outer catalyst layer surface or deeper within) 
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affects the transfer function and hence residence time. It should also be mentioned that the 

Fe concentration is remarkably high even after the preliminary 50 CVs in Ar (50 mV s-1). 

As mentioned in the RDE discussion section, O-containing groups on the carbon surface 

reduce the turnover frequency of Fe-N-Cs by modifying electron delocalization and 

weakening O2-binding on FeNx sites.16 The limited change in XPS O1s spectra between pristine 

and 20 oC O2 GDE protocol (Figure 5.8c) suggests performance degradation from 20 oC O2 

protocol (Figure 5.8a) is mainly attributed to active site demetallation. Meanwhile, the 

increase in O1s after 75 oC O2 protocol (Figure 5.8c) causes reductions in TOF and FeNx site 

density and the increased observation degradation. Reduction in TOF occurs due to reactive 

oxygen species catalyzing mild carbon corrosion.15,16 

The high rate of degradation and Fe dissolution/redeposition can be attributed to the high 

percentage of unstable high spin FeIIINx present (assuming the same type of sites are present 

between TAP 900@57Fe and TAP 900@Fe). Additionally, according to density functional 

theory of Fe-N-C, the number and size of graphene sheets affects the dissolution potential.55 

Previous Raman analysis of TAP 900 determined an atomically thin carbon structure,49 which 

therefore leads itself to possess less stable FeNx sites. 

This GDE ICP-MS concentration profile under 20 oC O2 (Figure 5.9a and c) suggests Fe 

dissolution and subsequent detection by ICP-MS at low current density (-0.6 mA cm-2). 

Meanwhile at higher current density (-15, -50 and -100 mA cm-2) a process of Fe dissolution 

and redeposition locally into FexOy in the catalyst layer is proposed. This is supported by the 

increased observation of FexOy after O2 GDE protocol from HAADF-STEM and EDX (Figure 5.8f 

and Figure B15c). Some FexOy is then dissolved at reduced current density at higher 

potentials. The observation of FexOy corroborates previous findings from post-mortem O2 AST 

protocols.15,17 

For equivalent O2 current density, the potential is higher under 75 oC than 20 oC O2 (Figure 

5.9a and c), owing to higher intrinsic rates towards O2 reduction (Arrhenius-like behaviour),28 

increased O2 solubility and increased H+ transport. Also, at 75 oC, increased H+ causes the 

FexOy/Fe equilibrium to shift according to Le Chatelier’s principle. The increased Fe 

concentration detected when stepping down in potential (cathodic direction) after post AST 

(Figure 5.9c) for O2 GDE at 20 oC and 75 oC supports the hypothesis that FexOy builds up in the 
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catalyst layer at current densities of -50 mA cm-2 during the AST and is only released at lower 

current density holds (-1 mA cm-2 at 20 oC and 75 oC). 

5.4.3 Kinetic Modelling 

A microkinetic model of the system (Figure 5.10a, see Appendix B for equations) was 

developed to replicate the observations from GDE ICP-MS prior to AST at 20 oC in 0.1 M HClO4 

and evidence the hypothesis of the pivotal role of interfacial pH. Focus is made on the Fe 

concentration observed in GDE ICP-MS at 0.75 VRHE, iR-free, corresponding to a current density 

of -15 and 0 mA cm-2
geo under O2 and Ar supply, respectively. Under these conditions, only 

the acidic O2 reduction mechanism occurs, due to the shift in potential versus RHE with pH. 

For example, at 0.75 VRHE in pH = 1, an increase to pH = 8 results in a potential of 1.16 VRHE, 

where no O2 reduction would occur. Therefore, there is no change of mechanism from acidic 

to alkaline O2 reduction. The values of the Fe dissolution rate constant (kdis) and the tortuosity 

factor (τ) in the catalyst layer were adjusted to semi-quantitatively simulate the time 

evolution of the Fe concentration signal monitored by GDE ICP-MS in Ar-saturated electrolyte. 

It was assumed the proton concentration in the catalyst layer is homogeneously distributed. 

The value of the proton consumption rate constant (kr) and void volume (ε) were then varied 

to replicate the Fe concentration signal measured (Figure 5.10b-d). Good agreement between 

experiment and simulation are reached for the range of values considered (0.2≤ ε ≤0.4 and 

100≤ kr  ≤400 s-1). Values for τ (1.8 ≤ τ ≤2.2) were within previously reported ranges.57,58 

Figure 5.10e displays the corresponding simulated pH profile in the catalyst layer. The 

simulations predict a significantly lower concentration of detected Fe cations during O2 

reduction. This phenomenon is attributed to the precipitation of Fe3+ cations under the local 

conditions in the catalyst layer, with the Fe concentration resulting from the balance between 

Fe precipitation and redissolution. Indeed, simulations indicate that at -15 mA cm-2
geo, the 

local pH at the interface between the Fe-N-C layer and the electrolyte solution is 

approximately 1.5 (Figure 5.10e). There is then a substantial and rapid increase in pH moving 

into the bulk catalyst layer (far from the liquid electrolyte), reaching pH values ca. 8-9. 

Consequently, only the region of the catalyst layer near the solution contributes to O2 

reduction. These conditions on the Fe Pourbaix diagram are depicted in Figure 5.10f. For the 

parameter values considered, >90% of the Fe-N-C layer experiences pH > 2.4, which would 

result in formation of Fe2O3. Pourbaix diagrams are dependent on temperature and 
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concentration of species. While it appears [Fe] is in order of 10-6 M, the Pourbaix diagram for 

[Fe] = 10-8 M at 25 oC can be found for comparison in Figure B18. Additionally, Pourbaix 

diagrams were developed from metal surfaces rather than single atoms, where DFT-based 

models have instead been developed,55 although here it is appears the Fe-N-C system is 

sufficiently represented by the Pourbaix diagram for Fe surface. 

 

Figure 5.10. a.) Schematic depicting kinetically modelled system. b.) Initial GDE-ICP-MS data in terms 
of [Fe]. Simulated Fe concentration over c.) Time and d.) Catalyst Layer. e.) pH distribution across 
catalyst layer. kr is the proton consumption rate constant and ε is the void volume. f.) Pourbaix diagram 
of Fe surface at 25 oC and [Fe] = 10-6 M with labelled points under O2 (-15 mA cm-2

geo) and Ar (0 mA 
cm-2

geo) conditions. The error bar for O2 represents variation of pH from different ε and kr in Figure 5c. 
Fe Pourbaix diagram replotted from reference.59 
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5.5 Conclusion  

The impact on the Fe concentration profile obtained with online flow cell and GDE ICP-MS 

setup was investigated in this study under inert (Ar) or active (O2) conditions in 0.1 M HClO4. 

The influence of temperature was also investigated in RDE (80 oC) and online GDE ICP-MS (75 

oC). A microkinetic model was developed, which sufficiently represented the experimental 

conditions in the GDE ICP-MS system at 20 oC in Ar and O2 (at -15 mA cm-2), demonstrating a 

significant pH increase within the Fe-N-C layer under O2 at -15 mA cm-2. This pH increase 

results in formation of Fe2O3 species, which were experimentally confirmed from post-

mortem characterization. Faster mass transport at 75 oC under O2 supply resulted in higher Fe 

concentration detected by GDE ICP-MS and no observation of FexOy post-mortem. Future 

work will explore further kinetic modelling of the 75 oC system. Measured Fe dissolution 

under both Ar and O2-saturated conditions in flow cell ICP-MS is proposed to arise from a lack 

of pH change from the limited current density (~1 mA cm-2) and therefore low H+ 

consumption. Observation of Fe2O3 after O2-saturated 80 oC RDE AST are attributed to 

precipitation of dissolved Fe species from local O2 concentration. These findings have 

important implications for PEMFC and GDE testing of thick catalyst layers. 
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Chapter 6:  Fe-N-C PEMFC Optimisation: The Effect of Ionomer 
Loading 

6.1 Introduction 

There has been significant progress in Fe-N-C PEMFC performance, approaching that of Pt-

based systems.1,2 Still, there is ample room for Fe-N-C PEMFC improvement due to challenging 

catalyst layer optimisation.3 This challenge arises from the lower volumetric activity of Fe-N-

C compared to Pt-based cathodes, which necessitates the manufacture of ~10× thicker Fe-N-

C layers (typically 60-150 µmFe-N-C vs. 10-20 µmPt/C
3). Therefore, cathodes require engineering 

and optimisation of inks, electrode preparation and properties of 3D catalyst layers for 

effective catalyst utilisation and maximised PEMFC performance.4–6 These parameters require 

adaptation for each Fe-N-C catalyst owing to the vastly different catalyst properties, which 

arise from the diverse range of preparation routes.7 

Of particular importance in PEMFCs is the amount of proton conducting ionomer, commonly 

Nafion, which consists of a side chain terminated with sulfonic acid groups and a main chain 

perfluorinated polymer backbone.8 The ionomer loading should provide sufficient percolation 

into and between catalyst particles for suitable proton conduction, at the same time 

maintaining void space for efficient gas transport and stable catalyst layers.4 The amount of 

Nafion infiltration in carbon agglomerates is dependent on the pore size distribution, ionomer 

loading and the amount of aggregation in solution.9 Nafion micelle size depends on ionomer 

concentration, temperature, catalyst layer treatment, humidity, material properties of the 

carbon and potentially the electric field.10 Micelles of Nafion have been observed from 

diameters of 2-20 nm, depending on the conditions and measurement technique.11–15  

The optimal ionomer content is dependent on its distribution, which is affected by the 

deposition method, how the material is treated and the catalyst properties and surface 

chemistry.4,16 Optimal I/C in Pt/C based cathodes can simply be determined by measuring the 

electrochemical surface area of Pt from the H adsorption/desorption area in cyclic 

voltammetry (CV) under inert conditions;17 however, this optimisation method is not directly 

applicable to Fe-N-C. This is because the electrochemical surface area of Fe-N-C is not 

equivalent to the FeNx active site density (sites gFeNC
-1 or sites cmFeNC

-3), which is the relevant 

descriptor for Fe-N-C performance.18 The FeNx active site density can be quantified in-situ 
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from the FeIII/FeII redox (0.76 VRHE), which has previously been confirmed as arising from FeNx 

active sites,19–21 in particular high spin FeIIINx sites.20 However, quantification can be skewed 

by contributions from overlapping quinone/hydroquinone redox.22 To this end, Fourier 

transform alternating current voltammetry (FTacV) has recently been developed as a new tool 

to precisely quantify the number of FeNx sites and reaction kinetics from the FeIII/FeII 

redox.23,24 Using FTacV, it should follow that PEMFC performance correlates to active site 

density, assuming resistances do not significantly contribute. Nonetheless, some Fe-N-C do 

not exhibit FeIII/FeII redox. For this, an in-situ electrochemical impedance spectroscopy (EIS)-

based method was developed by Kucernak and co-workers to quickly identify ideal I/C for M-

N-C-based PEMFC.25 While EIS is a powerful tool to deconvolute contributions of different 

processes in a fuel cell (H+ transport, kinetics, and O2 and H2O diffusion), understanding and 

correctly fitting EIS data is non-trivial. Recently, in-situ distribution of relaxation times (DRT) 

has evolved as a complimentary tool to deconvolute different processes and resistances 

within PEMFCs, using a model-free approach.26 Even so, DRT analysis is complex, time-

consuming and open to interpretation. DRT has been used recently in Fe-N-C-based PEMFCs 

to calculate and monitor the evolution in O2 diffusion, H+ transport and O2 reduction kinetics 

over time and at different current densities.27,28  

In this chapter, the previously developed TAP 900@Fe is incorporated into a PEMFC, with 

focus on optimising the I/C ratio. The catalyst and its electrode are characterised with a 

variety of ex situ measurements (N2 sorption, scanning transmission electron microscopy and 

energy dispersive x-rays, X-ray diffraction, ICP-MS, electronic conductivity). PEMFC 

performance is evaluated based on a series of I/C ratios. The contributions of proton and 

electron resistance and active site density on PEMFC performance is based on advanced 

electrochemical methods (EIS, DRT and FTacV). 
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6.2 Experimental 

6.2.1 Catalyst Preparation 

The Fe-N-C catalyst (TAP 900@Fe) was prepared according to Section 3.2.1-3.2.2. In this 

Chapter, an additional pyrolysis was performed on TAP 900@Fe. 50-60 mg of TAP 900@Fe 

was placed in a quartz crucible, without a lid, inside a glass-tube oven (Thermo Scientific-

Lindberg Blue M) under a flow of 300 mL min-1 5% H2/Ar (MAXIMA). The temperature was 

increased gradually from 25°C to 900°C at a rate of 20°C min-1 and maintained at 900°C for 1 

hour before allowing it to cool naturally. The resulting product, TAP 900@Fe-900, exhibited a 

yield of approximately 60%.  

6.2.2 RDE  

Electrochemical oxygen reduction tests were carried out employing a Biologic VSP in Ar or O2 

(99.999% MAXIMA) saturated 0.1 M HClO4 (Suprapur) electrolyte in a glass cell with a three-

electrode configuration. A Pt wire saturated in H2 purged electrolyte within a glass capillary 

served as the reference electrode and a glassy carbon rod as counter electrode. iR correction 

was applied post electrochemistry by determining the solution ohmic drop R (14 Ω) using the 

current interrupt technique with 50 kHz filter. A 5 mm glassy carbon rotating disk electrode 

(Pine) was polished with a micropolish cloth and 0.05 µm alumina suspension. 12.7 µL catalyst 

ink was drop-casted on to a freshly polished RDE; comprising 4 mg of the catalyst, 480 µL of 

18.2 MW cm-1 deionised water, 480 µL of isopropanol and 40 µL of 5 wt.% Nafion prepared 

from diluting D-2021 (Ion Power). The ink was freshly sonicated for 30 mins in an ice-cooled 

bath sonicator (45 kHz, 50 W ultrasonic cleaner, MRC). The drop-cast ink was dried under 

rotation for 30 min under ambient air, leading to a catalyst loading of 0.26 mgFe-N-C cm-2. Cyclic 

voltammograms were obtained after purging the electrolyte for at least 15 min and recorded 

at 50 mV s-1 at 0 rpm for N2 saturated (measurements at 10th cycle displayed), and 10 mV s-1 

at 1,600 rpm when the electrolyte was saturated with O2 or N2 (measurements at 3rd cycle 

displayed). The capacitance was corrected in O2 reduction performance by subtracting Ar 

saturated measurements from the O2 saturated results. Measurements were repeated twice. 

6.2.3 PEMFC 

6.2.3.1 Electrode Manufacture 

To prevent contamination, no tools or equipment containing Pt were utilized during the 

construction of the cathode. Inks for fuel cell testing were prepared at a concentration of 2 
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mg ml-1, using a solution comprising a 1:1 mixture of isopropanol and water, with the addition 

of Nafion® solution (D2021, Ion Power) to achieve an I/C ratio ranging from 0.7 to 4.9 (wt. 

ratio). The mixture was subjected to ultrasonic treatment in an ice-cooled bath sonicator (45 

kHz, 50 W ultrasonic cleaner, MRC) for 1 h, followed by stirring for 12-16 h. Subsequently, the 

cathode ink was applied automatically via spraying (Sono-Tek ExactaCoat, Sono-Tek 

Corporation) at a rate of 0.15 mL min-1, employing an offset serpentine spray pattern on a 5 

cm2 gas diffusion layer (BC29, SGL Group) while maintaining a temperature of 95°C on a 

vacuum plate with an air shaping flow of 0.3 L min-1. The gas diffusion layer was weighed both 

before and after the application of the cathode catalyst to determine the cathode catalyst 

loading (1.31±0.05 mgFe-N-C cm-2). The thickness of the catalyst layer was gauged using a 

micrometer (Insize). Additionally, 0.2 mg cm-2 of Nafion solution (1 mg Nafion ml-1 IPA) was 

sprayed onto the cathode subsequent to the application of the catalyst layer. Finally, the 5 

cm2 electrode was sectioned into 1 cm2 pieces.  

The anode was comprised of commercial 0.2 mgPt cm−2 on 22BB (Fuel Cells Etc), while the 

membrane used was Nafion® 212 (Ion Power). To assemble the components, the anode, 

N212, and cathode were hot-pressed (Auto Series, Carver) at 125°C for 5 mins under a 

pressure of 4,000 lbs (given the glass transition temperature of Nafion 212 at 123°C). The 

thickness of the MEA gaskets was selected to achieve 20-30% compression on the Gas 

Diffusion Layer (GDL), with the anode gasket measuring 170 µm and the cathode gasket 

measuring 220 µm. The PEMFC structure encompassed, on both the cathode and anode sides 

(from the outside to the centre), one gasket, one current collector, one graphite plate 

featuring a single serpentine flow field and a single channel, along with one 170 µm PTFE 

gasket for the anode and one 220 µm PTFE gasket for the cathode. Furthermore, 8 bolts in 

the PEMFC hardware were tightened with a torque of 4.5 Nm. The cell was heated to 80°C, 

and humidified gases were passed at 60°C and subsequently at 80°C for 20 minutes to hydrate 

the membrane. 

6.2.3.2 Operation 

Fuel cell testing was carried out utilizing a Scribner 850e system (Scribner Associates Inc.). 

Polarization curves were recorded under H2-O2 (where H2, N2, and air were 99.999% pure, 

from MAXIMA) at a back pressure of 1 barg, 100% relative humidity, and an operating 

temperature of 80°C, with gas flow rates set at 0.7 and 1.7 standard cm3 min-1 (sccm) for both 
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the anode and cathode. The polarization curves were measured at a rate of 50 mV s-1, ranging 

from the open circuit potential to 0.2 V vs the anode and back to the open circuit potential. 

The results represent an average of two scans from repeated measurements. Cyclic 

voltammetry was performed under N2-H2 (cathode-anode) with a flow rate of 0.3 sccm at 50 

mV s-1 between 1.0-0.1 V, with 10 scans conducted to ensure a stable response. 

Electrochemical impedance spectroscopy was conducted using a Biologic SP-300, covering a 

frequency range of 200,000–0.1 kHz with 20 points per decade and a perturbation amplitude 

of 10 mV. Before each EIS measurement, the cell was held at 0.3 V vs the anode for 30 

seconds. The flow rates and conditions for this test were identical to those used in the 

polarization and cyclic voltammetry tests. Additionally, measurements were taken at 0.3 V vs 

the anode under N2-H2 (cathode-anode) and at 50 and 100 mA cm-2 under O2-H2 (cathode-

anode) using the same cell conditions as described above. 

6.2.3.3 FTacV 

The measurements followed a previously reported method.23 Fourier-Transformed 

alternating current voltammetry were conducted using a Biologic SP-300 potentiostat. Cells 

conditions were same as above under H2-N2. Initial voltage, Ei, was 0.55 V; final 

voltage, Ef, was 0.95 V; sine wave frequency, f, of 0.119 Hz; d.c. scan rate, v, of 0.476 mV s–1; 

amplitude of sine wave, ΔE, of 130 mV; and time step for data acquisition, dt, of 0.8 ms. 

Modelling was conducted on Matlab. Only one site was considered in FTacV simulations. 

The scan rate is determined by: 

 
𝒗 =

 𝒇𝒔∆𝑬

𝟐𝑵
  Equation 6.1 

Where fs is the sampling rate (Hz), ΔE the potential window of the measurement and N is an 

integer (between 16-19). 

The frequency is based on: 

 
𝒇 =

 𝒇𝒔𝑱

𝟐𝑵
  Equation 6.2 

Where J is the number of complete sine wave cycles (0-2π) employed. 

6.2.3.4 Equations 

The geometric site density (SDgeo, site g-1) from FeIII/FeII redox was calculated on the following:  
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𝑺𝑫𝒈𝒆𝒐 =  

𝑸𝑭𝒆

𝑭
 

Equation 6.3 

Where QFe is the FeIII/FeII redox charge (C cm-2), F is Faraday’s constant (96485 C mol-1). 

TOF values in PEMFC at 0.80 V were based: 

 
𝑻𝑶𝑭 =  

𝒊𝒈𝒆𝒐

𝒆− × 𝑺𝑫𝒈𝒆𝒐
 

Equation 6.4 

Where igeo is the current density at 0.8 V (mA cm-2) and e- is the charge of one electron (1.6×10-

19 C). 

High frequency resistance (HFR) corrected cell potential (EHFR-free) is applied via: 

 𝑬𝑯𝑭𝑹−𝒇𝒓𝒆𝒆 = 𝑬𝒄𝒆𝒍𝒍 + (𝒊𝒈𝒆𝒐 × 𝑯𝑭𝑹) Equation 6.5 

6.2.3.5 DRT 

All EIS measurements were confirmed for linearity, causality and stability by the Kramers-

Kronig relations using the LIN-KK software developed by Ivers-Tiffée et al.29, the residuals did 

not exceed 1%, and thus were concluded to be valid. The DRT analysis was performed using 

the DRT Tools software developed by Ciucci and Chen.30 The regularization parameter was 

selected to be in the order of 10-3, which is a typical value for fuel cells.31 The resistance of 

the processes was calculated by integrating the area under the corresponding peaks. 

The impedance can be described by Equation 6.6: 

 
𝒁(𝒇) = 𝑹∞ + ∫

𝜸(𝐥𝐧 𝝉)

𝟏 + 𝒊𝟐𝝅𝒇𝝉

∞

−∞

𝒅 𝐥𝐧 𝝉 
Equation 6.6 

where 𝑍 is the impedance, 𝑓 is the frequency, 𝑅∞ is the high frequency resistance, τ is the 

relaxation time, and 𝛾(ln 𝜏) is the DRT function.  

6.2.4 Characterisation 

6.2.4.1 SEM 

For the creation of SEM cross-sections of the MEA, the MEA underwent initial placement in 

liquid nitrogen for a duration of 30 seconds, following which it was cut using a scalpel. The 

thicknesses of the MEA components were assessed utilizing ImageJ software. The SEM 

analysis was conducted employing Quanta FEG 250 at 15 kV and 5,500 magnification. 
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6.2.4.2 HAADF-STEM and EDX 

The structure and chemical makeup of TAP 900@Fe900 were analysed via scanning 

transmission electron microscopy (HR-STEM) and energy-dispersive X-ray spectroscopy (EDX) 

utilizing a Thermo Fisher Titan STEM (G2 80–200) equipped with a Cs probe corrector (CEOS) 

and a high-angle annual dark-field (HAADF) detector, operating at 200 kV. To prepare the TEM 

samples, the catalyst powders were dispersed into a methanol solution, which was 

subsequently drop-cast onto a copper grid coated with an amorphous holey carbon film. 

6.2.4.3 Ex-Situ Electronic Conductivity 

The comparative electronic conductivity of the powders was assessed through a two-point 

method, as detailed in a previously documented procedure.32,33 The powders were positioned 

within a Teflon die (0.25" diameter) and compacted using a micrometer (INSIZE 3109 

micrometer) which served a dual purpose: firstly, to gauge the thickness of the compacted 

powder, and secondly, to apply an identical compacting force to the various samples utilizing 

the instrument's friction thimble. Electrical clips were then inserted into two apertures 

located at either end of the Teflon die, enabling resistivity measurements to be taken with a 

multimeter. 

The resistivity of the spray-coated catalyst layers (ρres) was determined employing the four-

point probe technique, as specified in Equation 6.7, subsequently allowing the computation 

of electronic conductivity (σe) according to Equation 6.8: 

 ρres = 
𝜋

𝑙𝑛2
 (

𝑉

𝐼
) t               Equation 6.7 

 σe = 
1

𝜌𝑟𝑒𝑠 
 Equation 6.8 

Where t represents the thickness of the spray-coated catalyst layer, V denotes the recorded 

potential drop, and I refers to the designated current during the measurement. This equation 

is used when the sample thickness is less than half of the probe spacing (1 mm).34 It is assumed 

that the catalyst layers behave as semi-infinite two-dimensional sheets, enabling the applied 

currents to distribute across the surface of the catalyst layer. The multimeter (Agilent 34401A) 

was employed to capture both the voltage and current data, with the reported error 

encompassing four repeated measurements. 
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6.3 Results and Discussion  

6.3.1 Catalyst Powder Characterisation 

Prior to PEMFC implementation, critical catalyst properties are determined. The initial 

catalyst was synthesized as previously reported, via Mg ionothermal templating and pyrolysis 

with 2,4,6–Triaminopyrimidine (TAP), followed by Fe-Mg cation exchange and acid washing 

steps, creating TAP 900@Fe.35 The relative electronic conductivity (Supporting Note C1) of 

TAP 900@Fe powder from two probe pellet measurements was found to be insufficient when 

compared to PMF-011904 and commercial carbons (Figure C1). To increase the electronic 

conductivity of TAP 900@Fe, a second pyrolysis at 900oC (20oC min heating rate with 1 h hold) 

under 5% H2/95% Ar (300 mL min-1) was conducted. The over two orders of magnitude 

increase in electronic conductivity from TAP 900@Fe to TAP 900@Fe900 (Figure S2) can be 

explained by the reduction in N content from 11.6 to 2.6 at.% (Figure S2, Supporting Note 

C2). The high amount of surface oxygen groups in TAP 900@Fe900 (O = 11.5 wt.%) is expected 

to help enable an even ionomer distribution and favourable ionomer/Fe-N-C interaction in 

PEMFC.16 The surface Fe content (XPS) in TAP 900@Fe900 is 1.0 wt.%, while the bulk (ICP-MS) 

is 1.2±0.1 wt.% (Table C1). The near equivalent Fe content from ICP-MS and XPS demonstrate 

the bulk properties of TAP 900@Fe900 are equivalent to the surface properties, indicating a 

highly porous and accessible structure. 

High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) of 

TAP 900@Fe900 particles (Figure 6.1a and C4) confirms the accessible and anisotropic carbon 

structure created by the Mg templating method. Higher magnification images (Figure 6.1a 

and S4) show a combination of homogeneously dispersed atomic metal atoms and small 

metallic clusters (<5 nm). Meanwhile in some locations larger metallic particles (20-40 nm) 

are observed in TAP 900@Fe900. However, there was no observation of sharp and well-

defined peaks relating to metal particles from XRD measurements of TAP 900@Fe900 (Figure 

C5). This suggests these particles are either non-crystalline or their size is below the detection 

limit of the XRD equipment. Energy dispersive x-ray spectroscopy on one of the 40 nm 

diameter metallic particles (Figure C6a) shows a core-shell structure with an Fe core (30 nm 

diameter) and FexOy shell (5 nm radius). Similar Fe/Fe-O core/shell nanoparticles have been 

reported under reductive pyrolysis of Fe.36 The nanometric metallic clusters (<5 nm) appear 

to be FexOy (Figure C6b), which can spontaneously form in contact with air.37 Cryo 57Fe 
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Mössbauer would be required for conclusive FexOy confirmation.1,38 EDX spectra (Figure C7) 

also show Si and Ca contamination, while Cl and S detected could arise from the acid washing 

steps (2 M HCl and 0.5 M H2SO4).  

From N2 sorption (Figure 6.1b), TAP 900@Fe900 shows a BET specific surface area of 3,506±48 

m2 g-1, which is even greater than previously reported value for TAP 900 (3,293 m2 g-1, Chapter 

3). This is also significantly higher than other Fe-N-C materials to date (typically 450-1,600 m2 

g-1),18,39,40 and greater than previous reports based on Mg-templating (1,514-2,780 m2 g-1).41–

44 No hysteresis is observed across the sorption curve, indicating an open pore structure. 

Considering the pore size distribution, regions of N2 adsorption have previously been 

differentiated into micropores (P/P0<0.2, <2 nm) in primary carbon particles, mesopores from 

the void space inside agglomerates (2−20 nm), and meso- and macro-porous void space inside 

aggregates of agglomerates (>50 nm).45 TAP 900@Fe900 pore size distribution from the 

NLDFT 2D heterogeneous surface model (Figure 6.1c) is primarily bimodal, centred at pore 

diameters of 0.6 and 1.9 nm, with significant pore volume across the entire mesopore range. 

This pore size distribution is similar to previously reported TAP 900 (Figure 4.2b),35 with 

slightly reduced micropore volume in TAP 900@Fe900 (0.55 versus 0.75 cm3 g-1, Figure C8). 

Meanwhile a significant increase in the mesopore volume is observed in TAP 900@Fe900 

(2.78 versus 1.95 cm3 g-1, Figure C8). These changes are attributed to the collapse of 

micropores into mesopores during the second pyrolysis. The high total pore volume of TAP 

900@Fe900 (3.33 cm3 g-1) is similar to the Mg-templated approach with adenine initially 

reported by Fellinger and coworkers (up to 3.86 cm3 g-1),41 although adenine led to a tubular 

carbon structure, while TAP leads to an open carbon structure. 

The high mesopore volume is expected to provide a large volume for Nafion accessibility and 

filling.46 Considering this point further, Gasteiger and coworkers 47 suggested the amount of 

Nafion required to fill up that volume can be simply calculated, based on the ionomer density 

(ρNafion = 1.75 g cm-3 at 100% relative humidity with Nafion EW 1100,48 Equation 6.9).  

 
𝑰/𝑪 =

𝑽𝒄𝒖𝒎 ×  𝝆𝒊𝒐𝒏𝒐𝒎𝒆𝒓

𝒙𝒄𝒂𝒓𝒃𝒐𝒏
 

Equation 6.9 

Where Vcum is the cumulative pore volume (cm3 gFe-N-C
-1) and ρionomer is the density of ionomer 

(Nafion = 1.75 g cm-3 at water content of 15 H2O/SO3 48). 𝑥𝑐𝑎𝑟𝑏𝑜𝑛 is assumed ~ 1.  
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Based on this, a second lefthand y-axis is shown in Figure 6.1c which calculates the I/C ratio 

required to fill pore volumes. On the basis that, micelles of Nafion have shown diameters 

between 2-20 nm,11–15 I assume that pore sizes below 2 nm would be inaccessible, as 

demarcated in Figure 6.1c. Nonetheless, an Fe-N-C consisting of shallow micropores in a 

graphene-like carbon structure could allow Nafion penetration into micropores. To entirely 

fill the mesopore volume would require an of I/C = 5.3. Of course, complete pore filling would 

be detrimental to O2 accessibility and therefore PEMFC performance. Additionally, this 

calculation does not account for filling the macropores (>50 nm); it does however provide an 

early indication that a high I/C may be required for TAP 900@Fe900 to sufficiently cover the 

surface and fill the pores. 

Screening the electrochemical activity in O2-saturated 0.1 M HClO4 in RDE (0.26 mgFe-N-C cm-2, 

10 mV s-1), the second pyrolysis in TAP 900@Fe900 leads to an improved O2 reduction activity 

(Figure 6.1d). The kinetic mass activity is 12.2±1.1 A gFe-N-C
-1 at 0.8 VRHE, iR-free, which is nearly 

twice that of TAP 900@Fe (6.6±1.7 A gFe-N-C
-1). The improved performance of TAP 900@Fe900 

may be attributed to an increase in FeNx active site density compared to TAP 900@Fe 

(discussed later).  

Rather than investigating the effect of I/C at RDE level, where performance does not translate 

directly to PEMFC,39,49,50 focus is instead made directly on TAP 900@Fe900 in PEMFC 

 

Figure 6.1. TAP 900@Fe900 a.) HAADF-STEM at different length scales showing particle structure, 
metallic particles, and single metal atoms. b.) N2 sorption c.) corresponding pore size distribution and 
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cumulative pore volume from 2D-NLDFT heterogenous surface model. d.) O2 reduction activity from 
3rd cathodic scan in RDE at 1,600 rpm in O2-saturated 0.1 M HClO4 with 10 mV s-1 scan rate and 0.26 
mgFe-N-C cm-2. Capacitance correction applied by subtraction of Ar-saturated conditions. Inset of kinetic 
mass activity, with error in TAP 900@Fe900 representing two repeat measurements. 

6.3.2 I/C Ratio 

Fe-N-C inks (1:1 wt. ratio of isopropanol:H2O) with a range of I/C ratios (0.7, 1.4, 2.1, 2.8, 3.5, 

4.2 and 4.9) were prepared, where I/C of 0.7 is in the range commonly used for Fe-N-

C.20,38,49,51 I/C was increased until PEMFC performance decreased. It is known that the Nafion 

morphology can significantly change depending on the catalyst to solvent mass ratio.9 As I/C 

increases, the mass ratio of catalyst to total solvent decreases. Unfortunately, this effect 

cannot be avoided based on the experimental methodology.  

6.3.3 SEM and Catalyst Layer Thickness  

To prepare the electrodes, inks were ultrasonically spray-coated in an automated fashion. 

Visual observations of the increasing Nafion loading on freshly spray coated Fe-N-C layers are 

shown in Figure 6.2. It should be noted these layers also include 0.2 mg cm-2 Nafion sprayed 

over the surface of the catalyst layer at the end of spray coating the catalyst. This was to help 

adhesion of the GDE to the membrane during hot pressing and to minimise electrode-

membrane contact resistance.52,53 It is expected that after hot pressing, the Nafion would 

distribute throughout the catalyst layer and the Nafion membrane would bound with Fe-N-C 

layer. At the lowest I/C of 0.7, cracks are present in the catalyst layer, while at I/C = 3.5 Nafion 

appears to have saturated the catalyst layer, with over saturation becoming even more visibly 

severe at I/C = 4.9.  

While the Fe-N-C loading was maintained at 1.30±0.06 mgFe-N-C cm-2 for different I/C ratios, 

the catalyst coated layer prior to hot pressing shows noticeable changes in thickness (Figure 

C9a). Thickness reduced from 105±3 µm at I/C= 0.7 down to 75±3 µm at I/C=2.8. This is better 

visualised in Figure C9b as an increase in the density of the catalyst layer. This suggests Nafion 

helps TAP900@Fe900 to better align or stack, up to a I/C ratio of 3.5, where maximum catalyst 

layer density of 177±5 mgFe-N-C cm-3 is found prior to hot pressing. SEM cross-sections at I/C 

of 3.5 after MEA hot pressing (Figure C10) show a reduced thickness (60±5 µm) and 

consequently increased density of 227±19 mgFe-N-C cm-3 (Figure C9a-b). This reduction is 

expected to arise from hot pressing reducing the pore size and volume of TAP 900@Fe900.54 

At I/C≥4.2, Nafion saturation causes a reduction in catalyst layer density (Figure C9b). 
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At I/C=0.7, TAP 900@Fe900 layers show around three times lower density than other Fe-N-C 

for similar I/C ratios of 0.6-0.7 (Figure 6.3a).38,49,51,55 Commercial Fe-N-C (PMF-011904) shows 

a catalyst layer density of 385±22 mgFe-N-C cm-3 at I/C=0.7, which is approximately equivalent 

to the recent report by Li et al.55 for the same PMF-011904 and I/C, although deposited by 

wedge-bar coating. Other Fe-N-C with the similar I/C = 0.6-0.7 show catalyst layer density in 

a similar range (547-333 mgFe-N-C cm-3), which is comparable to the commonly referenced 

carbon black density (400 mgcarbon cm-3).56 The low mass density of TAP900@Fe900 (Figure 

3a) partly arises from its high meso-porosity, with the remaining owing to its disordered 

structure preventing efficient particle stacking (Figure 1a).  

 

Figure 6.2. SEM images of TAP 900@Fe900 layer (prior to hot pressing) with increasing ratio of I/C. 

6.3.4 Void Volume and Carbon Structure 

Methods are available to calculate the volume fraction and packing density of spherical 

particles from weight fractions,57 or using nano-CT.9 As discussed by Li et al.,55 catalyst layers 

consisting of spherical carbon particles with typical Fe-N-C I/C ratios of 0.65-0.80 should 

possess void volumes in excess of 50%,8 which can therefore facilitate swelling of ionomer at 

high relative humidity. They proposed that if I/C increases further, there is increasing 

possibility of carbon particles becoming electrically isolated, thus lowering the electrode 

electronic conductivity.57 However, these void volume calculations and I/C ratios are not 

applicable to TAP 900@Fe900. This is due to TAP 900@Fe900 exhibiting a highly porous 

structure with anisotropic arrangement of carbon planes (Figure 6.1a) without graphite 
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diffraction peaks (Figure C5), suggesting an atomically thin and/or amorphous carbon 

framework. The carbon structure in TAP-derived materials has also been determined as 

atomically thin (~1 layer) from previous Raman analysis.58 Graphene-based supports as 

cathodes for PEMFC have previously been investigated,59 although, to date, they have not 

shown promise for high performance in electrodes due to graphene stacking, which prevents 

reactant and product accessbility.59 Unlike graphene, the structure of TAP 900@Fe900 

particles (Figure 6.1a) does not appear to support tight stacking of carbon. This indicates that 

TAP 900@Fe900 can therefore support a large void volume for Nafion infiltration and high I/C 

in PEMFC, but limited Fe-N-C loading due to low catalyst mass density. The structure and 

Nafion filling comparison between TAP 900@Fe900, an activated carbon black spherical 

particle-based and graphene and is schematically shown in Figure 6.3b.  

 

Figure 6.3. Comparison to reported Fe-N-C catalyst layer density values prior to hot pressing for TAP 
900@Fe900, Li et al.55 for commercial Fe-N-C PMF-011904 and previously reported Fe-N-C from 
Menga et al.,60 Ünsal et al.49 dry and wet-ball milled. ZIF-derived Fe-N-C from Jiao et al.61 and 
polyaniline-derived Fe-N-C of Choi et al.51 Carbon black for reference as horizontal dotted line (400 
mgcarbon cm-3).56 b.) Schemes depicting ionomer coverage and structure of activated TAP 900@Fe900, 
activated carbon black and graphene. 

6.3.5 Electronic Conductivity 

Ex-situ in-plane four probe measurements (Figure 6.4a) of spray-coated TAP900@Fe900 at 

0.7≤I/C≤1.4 show the catalyst layer has sufficient electronic conductivity for high current 
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density in PEMFC (>100 S m-1 62). Still, at these low I/C values, the electronic conductivity is 

not particularly high, likely due to a combination of low density and packing fraction (Figure 

6.3a)63,64 and high O content (Table C1).65 Meanwhile, at higher I/C, ex-situ in-plane electronic 

conductivity falls below 100 S m-1 and plateaus at 2.7 S m-1 for 4.2≤I/C≤4.9. It should be noted 

an additional layer of Nafion (0.2 mgNafion cm-2) was sprayed over the surface of the catalyst, 

which could reduce the measured in-plane electronic conductivity. Under compression in 

PEMFC the electrical conductivity of carbon will improve, although the through-plane 

electronic conductivity has been reported to be 8-1,000 times lower than the in-plane.55,66 It 

is also noted that the in-situ electronic conductivity under 100% relative humidity conditions, 

as typically employed for Fe-N-C in PEMFC, would be significantly reduced.57 For instance, in-

situ Fe-N-C electron conductivity determined by EIS from Reshetenko et al. found variation 

between 10-105 S m-1 (Figure 4a).67 

6.3.6 Site Density, Specific Capacitance and Active Site Utilisation 

Next, single cell membrane electrode assemblies containing TAP900@Fe900 cathodes 

(1.31±0.05 mgFe-N-C cm−2) were manufactured by hot pressing. Fully assembled PEMFCs were 

initially run at 80oC under inert condition (N2/H2, 0.3 sccm), with 100% relative humidity. See 

Methods section for further details. First, analysing cyclic voltammetry (Figure C10), the 

specific capacitance (between 0.2-0.4 Vanode) plateaus between 2.1≤I/C≤3.5 (199 to 208 F g-1). 

Meanwhile, the integrated area of the FeIII/FeII redox at 0.76 VRHE, which represents the 

number of high spin FeNx sites,20 continues to increase, reaching a maximum of 

3.75±0.08×1019 sites gFe-N-C
-1 at I/C of 4.2. At I/C of 4.9, the site density begins to fall. This 

integrated site density of TAP 900@Fe900 is greater than the previously reported value of 

TAP 900@Fe from in situ nitrite stripping (2.52×1019 sites gFe-N-C
-1, based on five electron 

nitrite stripping process, Chapter 3), which can contribute to the improved RDE performance 

(Figure 6.1d). Additionally, the total site density in PEMFC may be higher as non-high spin 

FeNx sites have been proposed to be redox inactive (and less active).20  

The FeNx site density from FeIII/FeII redox can also be determined from FTacV. In this method, 

alternating current voltammetry can be used to deconvolute the faradaic and non-faradaic 

processes68 and the Fourier transform converts the response in the time domain to the 

frequency domain, where higher-order  harmonics  are  easily  filtered in the power spectrum. 

The fifth harmonic provided sufficient removal of capacitive contributions, with symmetrical 
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peaks. The site density can then be obtained from simulations. A recently developed 

simplified model can be used where capacitance and resistance remain low,24 however this 

was not suitable in this work, hence a Matlab modelled was developed.24  

Site density from FTacV follows a very similar trend and values obtained from direct FeIII/FeII 

redox integration from 0.7≤I/C≤4.2 (Figure 6.4b and Figure C11). However, the FTacV derived 

active site density shows a significant decrease to 1.23×1019 sites gFe-N-C
-1 at I/C = 4.9. This 

result appears to an artifact when compared to the integrated FeIII/FeII redox value at the 

same I/C (3.43±0.55×1019 sites gFe-N-C
-1). This artefact may either arise from a collapse in the 

model, which assumes electron conductivity to exceed proton conductivity, and sites are 

modelled to be in the same plane. At this high I/C, this assumption may no longer be true, as 

shown by ex-situ electronic conductivity measurements (Figure 6.4a). The in-situ and 

through-plane electronic conductivity is likely to be even lower due to ionomer swelling. Also, 

the poor quality of the experimental FTacV data at I/C = 4.9 may be  

The peak active site density corresponds to an active site utilisation (relative to bulk Fe 

content from ICP-MS, Equation 4.2) of 29.2±3.7% (Figure C12). This is lower than previously 

found for TAP 900@Fe (52%). The reduced active site utilisation in TAP900Fe900 likely results 

from formation of metallic nanoparticles (Figure 6.1a), which were not present in TAP900Fe. 

Also, only high spin FeIIINx may be counted from FeIII/FeII redox.20  Additionally, in the liquid 

electrolyte RDE environment with thin catalyst layers (from lower loadings, e.g. 0.2 mgFe-N-C 

cm-2) the active sites are more electrochemically accessible, whereas in PEMFCs, with higher 

catalyst loading, bulky Nafion micelles may not directly access all FeNx active sites, since FeNx 

have been proposed to be located in water-filled micropores.69,70 This suggestion comes from 

the observation that the site density only begins falling at I/C of 4.9 due to a reduction in 

specific capacitance (Figure 6.4b).  This specific capacitance reduction suggests loss of 

electrical contact for some parts of the catalyst layer.  

An interesting observation is the well-defined and large FeIII/FeII redox in PEMFC conditions 

at 80oC and 25oC, but the complete absence in RDE at 25oC (Figure C13). This suggests the 

microenvironment in RDE inhibits the FeIII/FeII redox, potentially caused by the electrolyte 

anion (ClO4
-) in RDE balancing the charge of high spin FeIIINx sites. Although, it has been 

previously calculated ClO4
- is weakly adsorbing with FeNx active sites,71,72 mimicking 

properties of non-adsorbing perfluoro-sulfonic acid ionomer.73,74  
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Figure 6.4. Effect of changing I/C ratio with TAP 900@Fe900 on a.) Ex situ four probe electronic 
conductivity. Error bars represent four repeat measurements. Blue triangles represent Fe-N-C data 
from Reshetenko et al.67  b.) Change in site density and specific capacitance. Site density calculated 
based on either FTacV (empty circles) or integration of FeIII/FeII redox (filled circles) in CVs under N2/H2 
(0.3 sccm). Specific capacitance based on potential range between 0.2-0.4 Vvs anode. Error bars 
represent two repeat measurements. c.) Initial H2-O2 (0.7/1.7 sccm flow rate) cathodic scan at 1 barg 
back pressure and 80oC. Cathode: 1.31±0.05 mgFe-N-C cm−2 on Sigracet BC29. Anode: 0.2 mgPt cm−2 on 
Sigracet 22BB, with Nafion® 212 membrane. d.) Current density and high frequency resistance after 
20 min hold at 0.4 V in H2/O2. 

6.3.7 PEMFC Performance 

After CVs, the varying I/C ratios were tested in PEMFC under H2/O2 conditions (Figure 6.4c). 

A clear trend is evident where I/C≤2.1 and I/C≥4.9 display significantly lower performance. 

Meanwhile the performance at 2.8≤I/C≤4.2 is similar. For I/C = 4.2, at 0.8 Vvs anode the initial 

current density of 65 mA cm-2 equates to a turnover frequency (TOF) of 9.73±0.07 e- site-1 s-1 

(Equation 6.4). This TOF is nearly five times greater than the reported value of Snitkoff-Sol et 

al. for PMF-011904 in PEMFC (2.10 e- site-1 s-1, also under H2/O2, 1 barg).23  

A comparison of initial current density and high frequency resistance (HFR) at 0.4 Vvs anode is 

visualised in Figure 6.4d. HFR is arises from the proton resistance of the membrane and 

through-plane electronic resistances, arising from flow fields, GDLs and electrodes, and 
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contacts between those layers, plus  external components (e.g., current leads).25,55,75 As I/C 

increased, the current density also increased, up to a maximum of 687 mA cm-2 at I/C = 4.2 

and then falls significantly at I/C = 4.9 to 465 mA cm-2. This trend in current density follows 

the trend of active site density (Figure 6.4b). Unexpectedly, the HFR increases, up to an 

excessively high maximum of 931 mΩ cm-2 at I/C = 2.1, before falling in the range of 392-298 

mΩ cm2 at higher I/C. These lower HFR values are still far higher than for PMF-011904 (I/C = 

0.66) which showed HFR of 171 mΩ cm2. Since the PEMFC is 1 cm2, this HFR is still far higher 

than previously reported HFR values for PMF-011904 (~14-16 mΩ cm2 – normalised to 1 cm2 

at 2 mgFe-N-C cm-2),50 suggesting MEA fabrication is contributing to the high HFR here.  

Considering instead HFR-free performance (Figure C14, Equation 6.5), I/C = 2.8 reaches high 

current densities of 115 mA cm-2 and 875 mA cm-2 at 0.8 and 0.6 Vvs anode, HFR-free, respectively, 

for a relatively low Fe-N-C loading of 1.28 mgFe-N-C cm-2. The initial intrinsic TOF of TAP 

900@Fe900, based on 0.8 VHFR-free at I/C = 3.5 equates to 16.6 e- site-1 s-1
. These results signify 

the potential of TAP 900@Fe900 with further PEMFC optimisation.  

Although, it should be noted that while the gravimetric site density of TAP 900@Fe900 is 

reasonably high, the volumetric site density (0.73×1019 sites cm-3) would restrict performance 

in terms of its volumetric activity (19.3 A cm-3). As previously highlighted by Gasteiger et al.,56 

volumetric activity is a key PEMFC performance metric for Fe-N-C due to the limited catalyst 

thickness (~100 μm) before mass transport would become debilitating. Gasteiger et al. 

calculated that a costless catalyst would need to reach 130 A cm-3 (at 0.8 Vir-free, 1 bar O2-H2) 

to compete with Pt/C. TAP 900@Fe900 is over an order of magnitude below volumetric 

activity requirements (Figure 6.5), similar to other state-of-the-art Fe-N-C (21-45 A cm-3).2,76,77 
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Figure 6.5. Volumetric site density and TOF of TAP 900@Fe900 (I/C = 3.5), state-of-the-art Fe-N-C and 
targets. See Figure 1.5b for appropriate references of literature and targets. 

6.3.8 EIS 

To better understand the PEMFC performance trend and areas for optimisation, EIS Nyquist 

and Bode phase angle plots are shown with HFR compensation in Figure 6.6. EIS data without 

HFR compensation is shown in Figure C15. The combination of blocking conditions, in absence 

of a faradaic reaction (N2-H2, Figure 6.6a) and the finite thickness of the ionomer film 

manifests as a shift in the phase angle from 45o to nearly 90o with decreasing frequency for 

an ideal homogenous catalyst layer.78 Deviation from the purely capacitive line (90o) at low 

frequency has been considered to originate from adsorption/diffusion processes at the 

surface of the catalyst.79 This can arise from inhomogeneous proton diffusion, low and/or 

inhomogeneous ionomer coverage and increasing proton resistance down the pore, as 

observed for I/C 0.7 and 1.4. The impedance response at these I/C matches well with a pore 

of decreasing Nafion cross-sectional area down the pore.25,80 This is equivalent to a simple 

model of an electrolyte-filled pore which shrinks down the pore and therefore increases 

resistance.25,80 For I/C between 2.1 and 4.2, a homogeneous ionomer coverage is suggested 

due to the minor deviation from 90o at low frequency. This pore can be represented as a 

cylinder due to the uniform ionomer thickness and therefore resistance down the pore.25,80 

Excessively thick ionomer coverage within pores has been likened to a pore with a narrow 

entry and wide body, leading to impeded gas transport. While these proposed pore models 

are an oversimplification of the complex structure present in the catalyst layer, they provide 

a basis to understanding the impedance data. In Figure 6.6b and Figure C16 no clear mass 
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transport phenomena are observed since EIS were conducted within a low current regime 

(50-100 mA cm-2).  

From Bode plots under blocking conditions (N2/H2, Figure 6.6c), Kucernak and coworkers 

previously determined the best performing Fe-N-C displayed phase angle close to 90o in the 

low frequency region, and then maintained close to 45o phase angle at high frequency.25 A 

phase angle below 30o at high frequency was indicative of too high I/C ratio, while deviation 

below 90o at low frequency indicated too low ionomer content and poor coverage.25 For TAP 

900@Fe900 (Figure 6.6c), I/C of 0.7 and 1.4 display angles of 63o and 72o  at low frequency, 

respectively, (0.1 Hz) and 89o and 77o at high frequency (10,000 Hz). This implies too little 

Nafion at these I/C ratios. Meanwhile, 2.8≤ I/C ≤4.2 show ideal phase angles of 45o at high 

frequency and 84o at low frequency, suggesting suitable I/C. At higher I/C of 4.9 the phase 

angle at low frequency falls to 78o while the high frequency is maintained close to 45o (47o). 

The high frequency response suggests the ionomer coverage is saturated. The reduced phase 

angle at low frequency could arise from the reduced electrode capacitance (Figure 6.4b), 

which dominates the response there. The transmission line model used by Kucernak and 

coworkers did not account for electronic conductivity,25 which has recently been confirmed 

as significant in thick Fe-N-C layers,55 and certainly affects performance in TAP 900@Fe900 

(Figure 6.4a).  

It should be considered that EIS was performed under galvanostatic conditions, where the 

overpotential to reach 50 and 100 mA cm-2 significantly varies for the I/C range (Figure 6.4c). 

From these results it appears the cumulative mesopore pore size volume from N2 sorption 

(Figure 1c) can serve as a suitable method to provide an initial starting point for I/C loading.  
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Figure 6.6. Nyquist plots at different I/C ratios under a.) N2-H2 at 0.3 Vvs anode with middle panel: 
magnified axis. c.) O2-H2 at 50 mA cm-2 with middle panel: magnified axis. High frequency resistance 
was compensated for (removal of Re(Z,φ=0)). Bode phase angle plots under c.) N2-H2 at 0.3 Vvs anode 
(0.3 sccm) and d.) O2-H2 (0.7 and 1.7 sccm) at 50 mA cm-2. Long and short dashed lines represent 45o 
and 30o phase angle lines, respectively. EIS from 200,000–0.1 kHz with 20 points per decade and 
perturbation amplitude of 10 mV. 

6.3.9 DRT 

To further understand EIS results, DRT analysis was performed. In short, the impedance can 

be described by Equation 6.6, which represents the total cell impedance as an infinite sum of 

in series connected parallel resistance-capacitance circuits with a characteristic relaxation 

time corresponding to the electrochemical process occurring. DRT enables a much clearer 

representation of the electrochemical process occurring than the Nyquist plot and does not 

require complex modeling of the system to accurately quantify the resistance of such 

processes.27 Each process was assigned to a specific peak in Figure C17 and the resistance 

calculated by integrating the area under each peak. 4 distinct peaks were identified as follows: 

P1 in the low frequency region corresponding to O2 diffusion, P2 at the medium frequency 

corresponding to ORR, and P3 & P4 at the high frequency region corresponding to H+ transport 

through the catalytic layer and through the membrane, respectively.26,81 This led to Figure 

6.7a-b, which shows resistance to O2 reduction and diffusion, plus H+ resistance in the 

membrane and catalyst layer at 50 and 100 mA cm-2 (H2/O2).  

As expected, proton resistance from the membrane is relatively consistent across the I/C 

ratios, except for I/C = 2.1 where there is a noticeable increase. This falls in line with 

observations from EIS of higher ohmic resistance (Figure C15) and increased HFR (Figure 
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6.4d). Again, this is ascribed to a MEA manufacturing fault which appears to be reproducible 

in performance. 

At 50 mA cm-2, proton resistance in the catalyst layer appears significantly higher at I/C = 0.7 

(0.4 Ω) than at higher I/C values, which range from 0.09 - 0.03 Ω. From the modelling of Jaouen 

et al. (see Electronic Conductivity), they also found H+ conductivity of 5 S m-1 would be 

required for high current density.62 From the DRT derived proton resistance, the H+ 

conductivity can be calculated (Figure C18). It appears H+ conductivity in the catalyst layer 

should not limit the PEMFC performance at high current density as values are >5 S m-1 for I/C≥ 

1.4. 

The amount of pore infiltration by ionomer will increase the gas transport resistance, 

especially at high relative humidity (100% used here) where ionomer swells.9 Here, EIS was 

not measured under H2/Air or at high current density, where O2 mass transport limitations 

would be more prevalent. Still, from DRT it can be resolved that O2 diffusion resistance 

increases at I/C = 4.9 even at low current densities considered (50-100 mA cm-2, Figure 6.7). 

This in turn contributes to the increased resistance to O2 reduction kinetics, due to limited O2 

supply. 

 

Figure 6.7. DRT analysis under H2/O2 at a.) 50 mA cm-2 b.) 100 mA cm-2. 
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6.4 Conclusion  

The PEMFC performance of a novel Fe-N-C with high porosity and surface area was evaluated. 

I show how the I/C needs to be tailored to the porosity of the Fe-N-C, where the mesopore 

volume from N2 sorption can provide a reasonable initial I/C value. By resolving the 

contributions of different electrochemical factors using in-situ EIS, DRT, and FTacV, I show for 

the first time, there is a trade-off between the increasing accessible active site density and 

increasing the O2 diffusion resistance and electronic resistivity. At too low ionomer loading 

(I/C≤2.1) the ionomer does not homogenously cover the catalyst surface, therefore active 

sites within pores are not ionically accessible and thus not utilised. Under optimal I/C loading 

in HFR-free conditions at 0.8 V, TAP 900@Fe900 presents similar initial volumetric activity to 

recent state-of-the-art Fe-N-C (19 vs. 21-45 A cm-3). Meanwhile, at too high ionomer loading 

(I/C≥4.9) the ionomer saturates pores, which restrict O2 access and causes electrical isolation 

of particles, thus leading to detrimental performance. These findings provide a new pathway 

to accelerated optimisation of highly porous Fe-N-C cathodes in PEMFCs using emerging 

electrochemical techniques.  
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Chapter 7:  Comparative techno-economic and life-cycle 
analysis of Pt/C versus Fe-N-C 

7.1 Introduction 

Forecasts suggest that Pt-based cathode catalysts are anticipated to constitute the most 

significant individual cost component of an 80 kW PEMFC stack, especially at a production 

rate of 500,000 stacks per year.1 The fluctuating prices of Pt and the subsequent sensitivity of 

catalyst costs are also poised to significantly impact fuel cell expenses, thereby posing 

challenges for wider-scale commercialization.2 South Africa and Russia collectively 

contributed a substantial portion of the world's Pt supply between 2017 and 2021, with South 

Africa accounting for 65–74% and Russia for 10–14%.3 Additionally, the current industrial 

recycling of Pt remains limited, with the total recycling rate being less than 30%, and in the 

automotive sector, it is below 55%.3,4 This heavy reliance on fresh Pt supplies is unfavourable 

due to its dependence on global supply chains and trade agreements. Therefore, in the UK 

and EU, Pt is classified as a critical raw material owing to its substantial global supply risk and 

economic susceptibility.4,5 

Efforts in research have been focused on finding alternatives to Pt for the PEMFC cathode, 

primarily aiming to reduce the costs of PEMFC systems to meet the 30 USD kW-1 target 

outlined by the US Department of Energy (DOE).1,6 Recent advancements have significantly 

enhanced the activity and stability of Fe-N-C catalysts in PEMFCs.7 However, the current state-

of-the-art synthesis of Fe-N-C typically involves multiple steps, often requiring two energy-

intensive pyrolysis stages. Although simpler and scalable approaches to single-atom Fe-N-C 

synthesis exist, these methods generally compromise the ORR activity.8,9 Several companies, 

including Pajarito Powder, LLC (USA),10,11 Nisshinbo Holdings Inc. (Japan),12,13  and more 

recently, Celcibus AB (Sweden),14 have made substantial investments in the commercial 

development of Fe-N-C catalysts. Pajarito Powder recently showcased initial performance 

results in H2-air PEMFCs using their Fe-N-C cathode catalyst, demonstrating comparable 

performance to commercial Pt/C and nearly reaching US DOE durability targets (60–119 mV 

vs. 30 mV loss target at 0.8 A cm-2 after 30,000 cycles between open circuit potential and 0.6 

V).10  
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As the technology readiness level and performance of Fe-N-C catalysts continue to advance, 

it becomes crucial to evaluate their environmental impact and commercial feasibility in 

comparison to Pt-based catalysts. This evaluation can be effectively conducted through life-

cycle assessments (LCA) and techno-economic analyses (TEA). While both LCA and TEA have 

been implemented in assessing PEMFCs, including some examinations of critical materials,15 

there has been a restricted emphasis on the assessment of Pt-based electrocatalysts.16 

Stropnik et al. have approximated that a mere 0.75 g of Pt contributes approximately 60% of 

the overall environmental impact during the production of a 1 kW PEMFC system.17 This 

finding aligns with the understanding that Pt production leads to the emission of around 

10,000 kg CO2-eq kg-1, in stark contrast to the emission of only about 1 kg CO2-eq kg-1 during 

Fe production.18 Subsequently, Stropnik and colleagues discovered, in an optimistic scenario 

for a 48 kW PEMFC stack, that the impact on climate change could potentially decrease by 

54% if 95% of the Pt were to be recycled.19 The feasibility of using recycled Pt in PEMFCs has 

already been demonstrated,20 and reports from the EU suggest that about 76% of Pt in end-

of-life PEMFCs can already be recovered using laboratory-scale processes.21,22 

A recent EU report, which compared a carbon nanotube-based Fe-N-C and Pt/C cathode 

catalyst, indicated that the global warming potential (GWP), human toxicity, abiotic depletion, 

and eutrophication impacts of Fe-N-C might surpass those of Pt/C.23 Additionally, the report 

highlighted that the fluorine-containing NafionTM membrane and ionomer could be the 

dominant components responsible for environmental impacts in systems with comparable 

performance.23  However, developments in alternative membranes, such as PemionTM, have 

emerged, aiming to address environmental concerns related to per- and polyfluoroalkyl 

substances, which could potentially face a ban in the EU in the near future. 

Gasteiger et al. determined in 2005 that for a cost-free Pt-free cathode catalyst to be 

economically feasible in a PEMFC, it would need to exhibit at least 10% of the activity of Pt 

under equivalent conditions.24 Although Fe-N-C catalysts have achieved this milestone, one 

must also consider the material and manufacturing costs associated with these catalysts. A 

techno-economic analysis conducted in 2015, comparing a polyaniline-based Fe-N-C catalyst 

with a low material cost ranging from 74 to 129 USD kg-1 to a specialized Pt-based alloy 

catalyst priced at approximately 41,000 USD kg-1, concluded that the Fe-N-C catalyst would 

require an enhancement in power density from 330 mW cm-2 to 475 mW cm-2 at 0.5 V to 
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compete with the Pt-based catalyst, although this assessment was solely based on material 

costs.25 Furthermore, to the best of my knowledge, the environmental life cycle impacts of 

Fe-N-C catalyst production have not been quantified yet, and there has been a lack of 

comparative analysis regarding the environmental impacts of Pt/C and Fe-N-C 

electrocatalysts in a PEMFC cathode. 

In this chapter, I present a comprehensive analysis that compares the techno-economic and 

environmental aspects of substituting Pt/C electrocatalysts with Fe-N-C electrocatalysts for 

O2 reduction in an 80 kW PEMFC stack. The analysis primarily focuses on the initial ORR 

activity while disregarding degradation. A cradle-to-gate life cycle assessment (LCA), 

encompassing the consideration of critical process uncertainties and their impacts in a 

sensitivity analysis was conducted. Additionally, a spectrum of potential future scenarios are 

evaluated. Furthermore, a detailed cost analysis of both catalysts, considering a large-scale 

deployment scenario entailing the production of 500,000 PEMFC stacks annually was 

explored. This cost analysis is carried out using a dynamic learning curve method, which 

allows understanding of the potential cost implications with increased production. 
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7.2 Experimental 

7.2.1 Life Cycle Analysis 

The focus on the cathode electrocatalyst, as illustrated in Figure 7.1a, is driven by its 

significant impact on PEMFC efficiency, cost, lifetime, and environmental footprint. Given the 

ongoing efforts to replace Pt-based cathode catalysts, a thorough comparison between the 

two electrocatalysts is imperative. It's worth noting that the comparison is made on a dry 

basis, thereby excluding both the ionomer and inks used for depositing catalysts in the LCA. 

For the assessment, OpenLCA 1.11 is employed, along with the ecoinvent 3.6 database.26 The 

LCA process adheres to the four phases outlined in the ISO standards (14040:2006 and 

14044:2006/AMD 2:2020), encompassing the following stages: (1) Goal and scope definition, 

(2) Inventory analysis, (3) Impact assessment, (4) Interpretation.27 

 

Figure 7.1. a.) PEMFC stack component hierarchy, with highlighted focus on the cathode catalyst. b) 
System boundary of the PEMFC cathode electrocatalyst LCA. Reproduced from ref 28 under Creative 
Commons CC BY 3.0. 
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7.2.2 Goal and Scope 

The primary objective of the LCA is to conduct a comprehensive comparison of the 

environmental impacts associated with the manufacturing phase of Pt/C and Fe-N-C cathode 

electrocatalysts in the context of an 80 kW PEMFC stack intended for light-duty vehicle 

applications. This evaluation is designed to aid stakeholders and policymakers in making 

informed decisions regarding future investments in PEMFC cathode catalyst development, 

while also providing essential insights to the research community and the general public. 

In the baseline scenario, the geographical location is set at the global level, allowing for a 

comprehensive analysis of the environmental impacts of both Pt/C and Fe-N-C 

electrocatalysts. Adopting a cradle-to-gate scope for the LCA (as shown in Figure 7.1b), all 

processes from raw material extraction to electrocatalyst production are considered, without 

requiring any allocation since Pt/C and Fe-N-C are the sole products under consideration. 

To establish a common ground for comparison, the use phase of the electrocatalysts is 

factored in by setting the functional unit as the mass of cathode catalyst (in grams) necessary 

for a PEMFC stack to deliver an 80-kW power output at 0.657 V. The impact of the 

electrocatalyst amount is accounted for in a post hoc scenario analysis. Although Fe-N-C 

currently exhibits less stability than Pt/C, it is assumed in this study that Fe-N-C will eventually 

attain operation lifetimes equivalent to those of Pt/C. Furthermore, while the baseline 

scenario assumes no recycling for the spent electrocatalysts, the effects of Pt recycling are 

investigated in the post hoc scenario analysis. It is important to note that the LCA in this 

context does not incorporate detailed aspects such as the treatment of spent electrocatalysts, 

catalyst degradation, or the PEMFC lifetime, as these aspects are beyond the scope of this 

paper and are intended for future research. 

The key performance characteristics of the 80 kW PEMFCs considered in the analysis are 

presented in Table 7.1. The Pt/C cathode electrocatalyst is designed based on the 2020 US 

DOE target, with a performance of 0.125 mgPt cm-2 specifically tailored for light-duty fuel cell 

vehicles utilizing PEMFC technology.2,29 This configuration corresponds to approximately 20 g 

of Pt/C catalyst per functional unit (80 kW). For more detailed information see Appendix D. 

In contrast, the Fe-N-C electrocatalyst performance is assumed to be equivalent to that of a 

Pajarito Powder Fe-N-C catalyst, with an anticipated power density of 290 mW cm-2.10 
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Consequently, the estimated amount of Fe-N-C catalyst required per functional unit is 

approximately 690 g (Appendix D). The baseline scenario, therefore, facilitates a comparison 

between 20 g of Pt/C and 690 g of Fe-N-C, providing a comprehensive understanding of the 

relative efficiencies and environmental impacts of the two electrocatalysts. 

Table 7.1. Performance, operating conditions, and components of the PEMFC stack in the baseline 
scenario for Pt/C and Fe-N-C. Operating temperatures and pressure are assumed to be identical in 
both systems (80 oC, 1 barg, H2-air). Reproduced from ref 28 under Creative Commons CC BY 3.0. 

Parameter Pt/C Fe-N-C 

Power density at 0.657 V (mW cm-2) 1,160 290 
Cathode catalyst loading (mgPt cm-2 or mgFe-N-C cm-2) 0.125 2.5 

Active cells (–) 380 11,035 
Cell active area (cm2) 185 25 

Total cathode catalyst required (g) 20 690 

 

7.2.3 Life Cycle Inventory 

7.2.3.1 Pt/C Synthesis 

The Pt/C synthesis process, as illustrated in Figure 7.2a, is primarily based on polyol syntheses 

reported in literature sources.30,31  This process utilizes chloroplatinic acid, the most prevalent 

Pt salt precursor in the industry, as a key starting material.32 The scale-up methodology begins 

with the combination of 40 mM chloroplatinic acid with a solution comprising 0.4 M NaOH in 

ethylene glycol.30 Subsequently, 1 M HCl is introduced into the Pt colloidal solution to induce 

the precipitation of the nanoparticle suspension, followed by centrifugation of the mixture 

on three occasions, with the supernatant discarded after each round. The retrieved Pt 

nanoparticles are then blended with carbon black in acetone before being subjected to a 

mixing and drying process. The resulting Pt/C powder is subsequently dried in an air oven 

before undergoing a heat activation procedure in a furnace,33,34 ultimately leading to the 

production of the final Pt/C catalyst. 

The initial laboratory-scale values of various chemicals involved in the Pt/C production 

process, such as sodium hydroxide, ethylene glycol, chloroplatinic acid, hydrochloric acid, 

deionized water, and carbon black, were determined for a 50 wt.% Pt/C, and adjusted to a 46 

wt.% Pt/C. The quantity of acetone was derived by scaling an 8 g Pt/C laboratory process.31 

Energy inputs were sourced from a previously simulated 1 kg Pt/C manufacturing process,33,34 

then downscaled to 20 g, assuming 90% efficiency of electric heat ovens, and excluding the 

carbon support precursor processing. 
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In the scaling process, the reactants were adjusted according to stoichiometric ratios, with a 

20% relative reduction in solvents, as recommended in literature.35 Material losses during the 

Pt/C production, typically estimated at approximately 3% in manufacturing quotations, were 

not considered negligible in this analysis. All unreacted inputs were considered waste 

chemicals in the outlet stream. The foreground inventories for the baseline 20 g Pt/C 

electrocatalyst are summarized in Table 7.2 and illustrated on the process diagram in Figure 

7.2a (with additional details available in Table D2). Given the absence of data for 

chloroplatinic acid in the Ecoinvent 3.6 database, a separate process was created based on 

literature data (see Equation D1 & Table D1).2 

7.2.3.2 Fe-N-C Synthesis 

The preparation method and reactants for the Fe-N-C electrocatalyst, as depicted in Figure 

7.2b, are primarily based on patents filed by the University of New Mexico.36–38 The procedure 

involves the initial mixing of the N-C precursor (nicarbazin) with the Fe precursor (iron nitrate 

nonahydrate) and the hard template silica (Cab-O-Sil amorphous fumed) in a planetary ball 

mill for a period of 1 h. Subsequently, the mixture is subjected to pyrolysis in a N2 environment 

at a flow rate of 100 cc min-1. The temperature is gradually raised at a rate of 10oC min-1 until 

it reaches 900oC, where it is held for 1.5 hours before being allowed to cool naturally. 

The resulting material undergoes a thorough washing process with 25% hydrofluoric acid (HF) 

for a duration of 12 h to eliminate the silica template. Subsequent washing with copious 

amounts of deionized water continues until the material reaches a neutral pH, achieved using 

a filtration pump for a period of 4 h. The wet material is then dried in an air oven at 85 oC for 

8 h, after which the same pyrolysis process is repeated to yield the final Fe-N-C catalyst.  

In the synthesis of the Fe-N-C electrocatalyst, all energy inputs are scaled linearly from the 25 

g Fe-N-C production, derived from laboratory data (as outlined in Table D5). It is assumed that 

the entire production process, including the use of large-scale furnaces, could be electrified 

at scale. The reactants are scaled in accordance with stoichiometric ratios, with the water 

used as a solvent adjusted with a relative reduction of 20% as recommended in the 

literature.35 Material losses during production are overlooked, except during the pyrolysis 

stage. Based on expert opinion and prior laboratory data from the University of New Mexico, 

it is assumed that 80% of the nicarbazin precursor is wasted during the Fe-N-C process due to 

the initial pyrolysis. 
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The amount of required HF is calculated based on the quantity of silica, with an additional 

20% added to ensure the complete consumption of silica. Given the unavailability of data for 

SiF4 in the ecoinvent 3.6 database, its environmental impact is assimilated to that of HF, with 

the assumption that the input and output flows of HF are equal. In the baseline scenario, all 

output streams, except for the catalyst, are treated as waste (refer to the Scenario subsection 

below). The foreground inventories for the baseline 690 g Fe-N-C are summarized in Table 

7.2 and depicted in Figure 7.2b, with additional detailed information provided in Table D6. 

Considering that data for iron nitrate nonahydrate and nicarbazin are also unavailable in 

ecoinvent 3.6, a separate process is created for the former, with inputs determined using 

weight distribution data (as shown in Table D3). For the latter, an equimolar mix of 2-

Nitroaniline and 2-Pyridinol is assumed to be equivalent to the nicarbazin precursor (as 

described in Table D4). Any energy inputs associated with the production of these two 

precursors are omitted in this analysis. 

Table 7.2. Manufacturing inputs and outputs for Pt/C and Fe-N-C catalyst baseline scenarios. 
Reproduced from ref 28 under Creative Commons CC BY 3.0. 

Pt/C (20 g) Fe-N-C (690 g) 

Input Amount Input Amount 

Acetone (g) 768 Activated silica (kg) 1.38 

Carbon black (g) 10.0 Hydrogen fluoride (kg) 2.21 

Chloroplatinic acid (g) 17.7 Iron nitrate nonahydrate (kg) 0.345 

Ethylene glycol (kg) 2.05 Nicarbazin (kg) 3.46 

Sodium hydroxide (g) 23.3 Water, deionised (kg) 111 

Water, deionised (kg) 39.7 Electricity (MJ) 5,393 

Hydrochloric acid (g) 255   

Electricity (MJ) 4.43   

Output Amount Output Amount 

Acetone, waste (g) 768 Silica, waste (kg) 1.11 

Hydrochloric acid, waste (g) 255 Fe-N-C Catalyst (g) 690 

Pt/C (g) 20 Hydrogen Fluoride, waste (kg) 2.21 

Sodium Hydroxide, waste (g) 23.3 Nicarbazin, waste (kg) 2.76 

Wastewater (kg) 39.7 Wastewater (kg) 111 

Ethylene Glycol, waste (kg) 2.05   
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Figure 7.2. Process diagrams with material and energy inventories to produce baseline a) 20 g Pt/C, b) 
690 g Fe-N-C. Reproduced from ref 28 under Creative Commons CC BY 3.0. 

7.2.4 Impact Assessment 

In the assessment, both the foreground and background inventories undergo translation into 

environmental impacts during the life-cycle impact assessment (LCIA) phase using the ReCiPe 

2016 methodology, selected based on the hierarchist perspective, which is grounded in the 

cultural theory of scientific agreement and common policy principles.39,40,41 This approach 

aligns with a medium-term perspective of 100 years for evaluating the environmental 

impacts, as per the Kyoto Protocol and Paris agreement. 

Among the 17 midpoint indicators in ReCiPe 2016, focus is made on the following aspects: 

global warming potential, fossil fuel scarcity, mineral resource scarcity, marine 

eutrophication, freshwater eutrophication, acidification potential, and human toxicity 

potential. These indicators collectively capture various dimensions of environmental impact, 

ranging from climate change implications to the depletion of essential resources and the 

impacts of hazardous substances on human health and the environment. 

To address the limitations of ReCiPe 2016 in accounting for HF in certain indicators, such as 

acidification potential and human toxicity potential,42 the CML 2001 methodology is adopted 
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in those cases. The midpoint indicators are further aggregated into endpoint categories for 

three areas of protection: human health, ecosystem quality, and resource scarcity. The 

human health indicator is expressed in disability-adjusted life-years (DALY), representing the 

number of years a person lives with a disability following a disease or accident. The ecosystem 

quality indicator is employed to gauge the extent of local species loss integrated over time, 

denoted as species × year. Additionally, the resource scarcity metric assigns a monetary value 

to the potential burdens associated with future mineral and fossil resource extraction, 

quantified in US$ 2013. Both of these endpoint indicators are determined using the ReCiPe 

2016 methodology, ensuring a comprehensive and standardized assessment of the 

environmental impacts across various dimensions. To incorporate the impact of HF into the 

analysis, the human health indicator is recalculated by converting point units in ReCiPe 2008 

to disability-adjusted life-years (DALY) in ReCiPe 2016, taking into account a world 

normalization factor of 73.3 and an average weighting factor of 400, as outlined in existing 

literature. The selected characterization methods for both the midpoint and endpoint impacts 

are compiled and presented in Table 7.3. 

Table 7.3. Midpoint and endpoint impact categories used. Reproduced from ref 28 under Creative 
Commons CC BY 3.0. 

Impact Category Characteristic model Units 

Mid-point 

Global warming potential  ReCiPe 2016 kg CO2-eq 

Acidification potential CML 2001 kg SO2-eq 

Fossil Resource Scarcity ReCiPe 2016 kg oil-eq 

Marine Eutrophication ReCiPe 2016 kg N-eq 

Freshwater Eutrophication ReCiPe 2016 kg P-eq 

Human toxicity potential CML 2001 kg 1,4-DCB-eq 

Mineral Resource Scarcity ReCiPe 2016 kg Cu-eq 

End-point 

Human Health ReCiPe 2008  DALY 

Ecosystem Quality ReCiPe 2016 Species × Year 

Resource ReCiPe 2016 USD 2013 

To capture the monetary valuation of these environmental impacts, a process of monetization 

is employed, allowing the endpoint environmental burdens to be quantified in monetary 

units. This approach facilitates a direct comparison of the environmental impacts both within 

and across manufacturing processes. The selected monetization factors are based on the 

approach initially developed by Weidema and colleagues,43,44 which assign a monetary value 

to human health damage categories based on the income generated annually through 

extending an individual's life by one year. This approach has been extended to encompass 

ecosystem damage, as per the factors outlined in Table D7, provided by Dong et al.45, 

reflecting the hierarchist perspective. 
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7.2.5 Interpretation 

The concluding stage of the LCA involves interpreting the outcomes and ensuring that the 

deductions are firmly supported, encompassing the assessment of uncertainties and the 

analysis of potential scenarios. Among the various factors that could introduce uncertainties 

in the calculations, uncertainties associated with the foreground inventory data are explored, 

given that the inventories for the Fe-N-C process were extrapolated from scaled-up laboratory 

procedures.46 Furthermore, a series of catalyst scenarios to accommodate forthcoming 

technological advancements are established, aiming to decrease catalyst loading and 

minimize raw material utilization while enhancing the efficiency of production processes. 

7.2.5.1 Uncertainty Quantification 

An uncertainty analysis was conducted by simultaneously propagating the uncertainty in the 

foreground process inputs to all the midpoint and endpoint impact indicators. This was 

accomplished using Monte Carlo analysis, generating 1,000 Sobol samples. The uncertainty 

intervals, set at ±20% around the nominal process input values for both catalyst syntheses, 

were determined based on expert opinions. Owing to the limited data available, these 

uncertain parameters were assumed to follow triangular probability distributions.47 

In a subsequent step, the same sampled scenarios in a global sensitivity analysis (GSA) to 

quantify the contribution of each uncertain input to the overall impact variance was 

employed. The software SobolGSA was utilized for this purpose, utilizing random sampling-

high dimensional model representations surrogates to calculate Sobol sensitivity indices.48,49 

It should be noted that each contribution from the uncertain inputs adds up separately to the 

impact variances by design, resulting in identical first- and total-order Sobol indices that 

collectively sum up to 1. Further comprehensive information can be found Appendix D. 

7.2.5.2 Scenario Analysis 

Apart from the fundamental assumption of 100% virgin Pt supply in the baseline, two 

additional scenarios considering Pt recycling rates of 55% and 75% are established. These 

scenarios were designed to reflect current practices in industrial automotive Pt recycling,3,4 

findings from reported lab-scale experiments,21,50,51 and guidelines outlined by the EU.22 The 

two Pt recycling scenarios, for the sake of simplicity, do not encompass the infrastructure and 

energy requirements associated with the Pt recycling process. Consequently, the recycled Pt 
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could be perceived as a reduction in Pt usage, aligning with the EU's targeted goal of achieving 

a 71% reduction in Pt usage by 2030, relative to the values recorded in 2017.52  

A scenario also considers a reduction in Pt/C from 20 g to 15 g, acknowledging the ongoing 

trend of minimizing Pt quantities in PEMFCs.53 Conversely, no recycling scenario was analysed 

for Fe-N-C, given that it primarily comprises economical or abundant materials. To reflect 

recent developments in the synthesis of silica-templated Fe-N-C catalysts demonstrating 

comparable performance without the use of HF,54 a distinct scenario with no HF input or 

output was added. 

Considering the significant electricity demand in the current synthesis of Fe-N-C catalysts, 

multiple electricity mixes are explored, including the EU average, Poland, and Sweden, in 

addition to the global average electricity mix. Given that large-scale production of Fe-N-C 

catalysts would likely utilize a different furnace instead of a tube furnace, an additional 

scenario assuming that the power consumption for producing 690 g Fe-N-C with a muffle 

furnace would be equivalent to that required for producing 25 g Fe-N-C with a tube furnace, 

consistent with data provided by furnace manufacturers. 

Lastly, two scenarios are formulated focused on improved catalyst performance, aiming to 

reduce the necessary catalyst quantities to 380 g Fe-N-C and 15 g Pt/C, respectively. These 

comprehensive scenarios were designed to capture and evaluate various potential 

developments and advancements in the production and application of both Pt/C and Fe-N-C 

electrocatalysts within the context of the PEMFC stack manufacturing process. 

7.2.6 Techno-economic Analysis 

A dynamic cost estimation using learning curves was used to assess the impact of catalyst 

production costs relative to other components of the proton exchange membrane fuel cell 

(PEMFC) on the overall cost of the PEMFC stack. This analysis was conducted across various 

production scales, aligning with previous studies on PEMFC production.55,56 The investigation 

encompassed a production rate spanning from 1,000 to 500,000 stacks per year. The lower 

production rate represents the practical limit for mass production in the automotive industry, 

while the upper rate corresponds to the output associated with a highly popular individual 

automobile model.32 It is important to note that the analysis primarily focused on the stack 

cost, with the cost of the PEMFC balance of plant being excluded from the scope of this study. 
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7.2.6.1 Dynamic Cost Estimation using Learning Curves 

A learning curve represents the process through which human activity accumulates 

knowledge or experience as a result of continuous production. In Equation 7.1, the product 

cost at production level i, Yi depends on the cumulative number of products, Xi, the progress 

ratio, r, and a given constant A. The progress ratio r is related to the parameter F, which 

describes how much the production cost is reduced upon doubling the cumulative production 

through Equation 7.2.55,57 For instance, an F value of 80% means for the cost to be reduced 

by 20% each time the cumulative production volume is doubled. 

 𝑌𝑖 = 𝐴𝑋𝑖
−𝑟  Equation 7.1 

 F= 2−𝑟  Equation 7.2 

Values for the learning curve parameter, F, are reported to fall within the range of 74–

95%.55,56 For this analysis a representative F value of 86.4% for the catalysts was selected. This 

choice is derived from the baseline Fe-N-C (690 g) production, which achieves an equivalent 

production cost relative to the 380 g Fe-N-C + muffle furnace scenario at a production rate of 

500,000 stacks per year. The data provided by Mock and Schmid 56  are utilized for the 

remaining PEMFC components. 

To estimate the production costs for Pt/C and Fe-N-C, quotes were obtained from Alibaba and 

other pertinent manufacturers. Calculations for processing costs are based on the calculated 

utility consumption, incorporating plant cost factors derived from industry insights and 

knowledge (Tables D8 and D9). To model the Pt/C cathode catalyst, a straightforward process 

was employed that achieves the 2020 US DOE target performance, considering the market 

price of bulk precursors and electricity consumption. Considering that contemporary de-

alloyed Pt-based cathode PEMFC catalysts meeting the US DOE performance criteria exhibit 

elevated material and processing costs, the calculated Pt/C cathode and anode catalyst 

process costs as the value at 500,000 stacks per year in the learning curve were applied (Table 

D10). The cost estimation for the Pt/C anode catalyst was computed under the assumption of 

an equivalent Pt/C production process but with a reduced loading of 0.025 mgPt cm-2, resulting 

in the cost being divided by five. In determining the costs of the other PEMFC components in 

the Pt/C system at a production rate of 1,000 stacks per year, previous values provided by 

James et al. for their 2020 scenario.2 For comparative purposes, a separate learning curve 
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calculation based on the cost of a PtCo/C cathode catalyst was sourced from James et al.2 

(Table D11). 

In the case of the Fe-N-C cathode catalyst, market prices were used for bulk precursors and 

electricity into the cost estimation. Setting the production rate at 1,000 stacks per year, the 

cost calculation was based on the material and process costs derived from the modeled Fe-

N-C catalyst synthesis. This production rate of 1,000 stacks per year was chosen under the 

assumption that the performance of Fe-N-C could potentially be enhanced, leading to a 

reduction in production costs at higher production rates. Given that the total required coating 

area for the Fe-N-C catalyst is 3.9 times greater than that for Pt/C, owing to the lower power 

output of the catalyst, the cost of Fe-N-C PEMFC components was adjusted at the production 

rate of 1,000 stacks per year in accordance with the increased surface area in the Fe-N-C 

system relative to the Pt/C system (Table D12). 

7.2.6.2 Sensitivity Analysis  

Historical data suggests that the price of Pt has demonstrated fluctuations, doubling and 

halving over the course of the past two decades in comparison to the average price.58 In light 

of this, a sensitivity analysis was performed by adjusting the price of both Pt/C and Fe-N-C 

catalysts, ranging from a decrease of 50% to an increase of 100%. Given the volatile nature of 

electricity prices in the market, the sensitivity analysis was extended to include variations in 

electricity prices, spanning from a reduction of 75% and an increase of 200%. Furthermore, a 

sensitivity analysis was conducted on the F value utilized in the learning curves (Equation 7.2), 

examining the impact of values ranging from 74% to 95%.  

7.2.7 Pt demand Forecasting 

Using projections outlined in forecasts of PEMFC-based fuel cell electric vehicle 

production,59,60 an estimation of future Pt consumption originating from PEMFC usage was 

conducted. In this analysis, I adhered to the consideration that 10% of the total annual Pt 

production 3 would serve as the consumption threshold for the deployment of a new 

technology,61 such as PEMFC for transportation purposes. This analysis was based on 80 kW 

PEMFC light-duty vehicles and their corresponding Pt usages and recycling targets.22,29,52 
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7.3 Results  

7.3.1 Life Cycle Assessment 

The LCA findings for the baseline Pt/C (20 g) and Fe-N-C (690 g) cathode catalysts in PEMFC 

are condensed in the bar charts and spider chart in Figure 7.3. Replacing Pt/C with Fe-N-C 

results in decreased impacts in mineral resource scarcity, acidification potential, and 

freshwater eutrophication, while impacts are expected to rise in the remaining four 

categories of human toxicity potential, global warming potential, fossil resource scarcity, and 

marine eutrophication simultaneously (Figure 7.3h). The global warming potential (Figure 

7.3a) and fossil resource scarcity (Figure 7.3b) associated with Fe-N-C (1130 kg CO2-eq, 286 

kg oil-eq) are 70% and 35% higher, respectively, compared to those of Pt/C (659 kg CO2-eq, 

213 kg oil-eq). This disparity is primarily ascribed to the substantial electricity demand from 

the prolonged two-step high-temperature pyrolysis process during the synthesis of Fe-N-C 

(Tables D5 & D6), which is characteristic of Fe-N-C materials and significantly surpasses the 

energy requirements of Pt/C production. Additionally, regarding human toxicity potential 

(Figure 7.3e), the impact of Fe-N-C (7,140 kg 1.4-DCB-eq) is three times greater than that of 

Pt/C (2,300 kg 1,4-DCB-eq), primarily attributed to the generation and disposal of significant 

quantities of HF (Table D6). 

The utilization of Fe-N-C leads to a threefold increase in marine eutrophication (Figure 7.3c) 

impacts (0.09 kg N-eq) compared to Pt/C (0.03 kg N-eq) owing to the release of nitrogen from 

the nicarbazin precursor (constituting 60% of the contribution) employed in the synthesis of 

Fe-N-C. However, the scenario is reversed for freshwater eutrophication (Figure 7.3d), 

acidification potential (Figure 7.3f), and mineral resource scarcity (Figure 7.3g, where the 

impacts of Fe-N-C (0.55 kg P-eq, 8.4 kg SO2-eq, 1.0 kg Cu-eq) are reduced by 34%, 75%, and 

99% respectively, compared to those of Pt/C (0.83 kg P-eq, 8.4 kg SO2-eq, 1.0 kg Cu-eq). Most 

Pt/C impacts in all these categories stem from Pt mining and refining activities, which impose 

a significantly heavier burden compared to the acquisition of raw materials for Fe-N-C. It is 

worth noting that the inter-quartile ranges in the projected midpoint indicators, obtained by 

propagating the uncertainty of the foreground inventory, do not overlap for any of the 

comparisons in Figure 7.3a-g, thus reinforcing the findings. The outcomes of the global 

sensitivity analysis suggest that the primary factors influencing this variability are the 

quantities of electricity, HF, and nicarbazin utilized in the production of Fe-N-C (Table D13), 
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and the quantities of chloroplatinic acid and electricity employed in the production of Pt/C 

(Table D14). 

 

Figure 7.3. Comparison of midpoint impact indicators of baseline Pt/C (20 g) and Fe-N-C (690 g). a) 
Global warming potential (kg CO2-eq). b) Fossil resource scarcity. c) Marine Eutrophication (kg N-eq). 
d) Freshwater eutrophication (kg P-eq). e) Human toxicity potential (kg 1,4-DCB-eq). f) Acidification 
potential (kg SO2-eq). g) Mineral resource scarcity (kg Cu-eq). The main activities contributing to each 
mid-point indicator are reported on each bar. The boxes on each bar represent the inter-quartile range 
of uncertainty scenarios, with central line showing the median and central dot the mean, and the 
lower and upper whiskers extending the box to the 5th and 95th percentiles, outliers represented by 
dots. h) Spider chart summary of baseline Fe-N-C and Pt/C midpoint indicators. Reproduced from ref 
28 under Creative Commons CC BY 3.0. 

The LCA findings for all three endpoint damage categories, including human health, 

ecosystems quality, and resource scarcity, are presented in the bar charts shown in Figure 

7.4a-c for the baseline Pt/C (20 g) and Fe-N-C (690 g) scenario (Table D20). These charts reveal 

a distinct scenario compared to the midpoint indicators, demonstrating that the Fe-N-C 

catalyst significantly surpasses Pt/C in terms of ecosystems quality (-89%) and human health 

(-36%), with a slight edge in resource scarcity (-9%). The contributions of midpoints to 

endpoints outlined in Table D17 aid in comprehending this transition. In terms of ecosystems 
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quality, the impacts related to land use (4.6×10-5 Species·Year) and acidification potential 

(0.7×10-5 Species·Year) attributed to Pt/C production far overshadow the predominant 

impact associated with Fe-N-C production resulting from global warming (0.3×10-5 

Species·Year). Concerning human health, the heightened impact of particulate matter 

formation for Pt/C (1.4×10-3 DALY) supersedes the amplified climate change impact for Fe-N-

C (1.0×10-3 DALY). Moreover, the human toxicity is comparatively lower for Fe-N-C when 

considering cancerous human toxicity (conversion factor 3.3×10-6 DALY/kg 1,4-DCB eq) and 

non-cancerous human toxicity (conversion factor 2.3×10-7 DALY/kg 1,4-DCB eq) induced by 

HF alone. Lastly, concerning resource scarcity, the environmental load stemming from Pt 

mining on mineral resources is counterbalanced by the greater load of Fe-N-C production on 

fossil resources due to its significantly higher energy requirement. 

These findings are substantiated by the inter-quartile ranges in projected endpoint indicators, 

which exhibit no overlapping values between Fe-N-C and Pt/C within the human health 

(Figure 7.4a) and ecosystems quality (Figure 7.4b) categories, and limited overlap in the 

resource scarcity (Figure 7.4c) category. The global sensitivity analysis identifies the dominant 

sources of uncertainty as the quantities of chloroplatinic acid and electricity involved in Pt/C 

production (Table D19), along with the quantities of electricity and, to a lesser extent, HF 

implicated in Fe-N-C production (Table D20). However, it is important to note that endpoint 

indicators are subject to more substantial uncertainties compared to midpoint indicators, 

especially concerning uncertainties in the life-cycle (background) emissions and the LCIA 

characterization factors, which were not specifically quantified in this study. Therefore, it is 

crucial for future research efforts to delve deeper into the phenomenon of burden-shifting 

observed between the greater global warming impact (for Fe-N-C) and the end-point impacts 

on human health and ecosystems quality (for Pt/C). 

The comparison between the alternative Fe-N-C and Pt/C scenarios and their respective 

baseline scenarios for endpoint categories is illustrated in Figure 7.4d-f (Table D20). Notably, 

in the case of Fe-N-C production, the utilization of a muffle furnace demonstrates the most 

significant potential for improvement across all three damage areas, namely human health (-

48%), ecosystems quality (-70%), and resources (-68%). This outcome was expected 

considering the predominant impact of electricity consumption on Fe-N-C effects, highlighting 

the intriguing possibility that employing a muffle furnace could yield even greater benefits 
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compared to reducing the quantity of Fe-N-C catalyst to 380 g from the baseline scenario. 

Similarly, transitioning from a global to a European electricity supply could result in 

substantial environmental benefits in terms of human health (-26%), ecosystems quality (-

25%), and resources (-35%) due to the reduced carbon intensity. However, it is important to 

note that such a transition might lead to an increase in both freshwater (+16%) and marine 

(+11%) eutrophication potentials at the midpoint level owing to the higher proportion of 

brown coal (lignite) in current European supplies compared to the global average.41 The 

considerable influence of the electricity mix on the environmental aspects of Fe-N-C 

production is additionally illustrated in Figures D2 & D3 (Tables D16 & D21). Specifically, a 

mix characterized by a high proportion of renewables and low carbon intensity, as observed 

in Sweden, has the potential to substantially decrease all three damage areas, namely human 

health (-76%), ecosystems quality (-72%), and resources (-81%). Conversely, a mix heavily 

dependent on coal, as seen in Poland, would significantly exacerbate the impacts on human 

health (+35%) and ecosystems quality (+69%). In contrast, the scenario without the use of HF 

would yield more moderate benefits, resulting in -16% reduction in impacts on human health 

compared to the baseline scenario, with minimal effects on other endpoints. At the midpoint 

level, the most significant advantage of eliminating HF lies in the reduction of impacts on 

human toxicity (-88%) and acidification potential (-55%). However, these two categories hold 

relatively less significance when aggregated into the human health endpoint indicator (Table 

S17). Regarding Pt/C production, reducing the quantity of catalyst or increasing Pt recycling 

demonstrates a considerable benefit across all environmental impact categories, aligning 

with the predominant impact of chloroplatinic acid on Pt/C effects. Notably, in the case of the 

best-case scenario involving 75% Pt recycling, the reductions from the baseline Pt/C scenario 

are approximately 75% in all endpoint and midpoint impact categories. Moreover, the 

scenario of 75% Pt recycling outperforms all Fe-N-C improvement scenarios in terms of 

impacts on human health and resources. However, Fe-N-C still exhibits significantly lower 

burdens in terms of endpoint ecosystems quality and midpoint acidification potential and 

mineral resource scarcity compared to any of the Pt/C scenarios. It is also important to note 

that the anticipated impacts on human health and resources in the muffle furnace scenario 

of Fe-N-C production remain within 20–30% of those in the optimistic 75% Pt recycling 

scenario, underscoring the substantial potential for improvement offered by the Fe-N-C 

catalyst. 
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Figure 7.4. Left: Comparison of endpoint impact indicators of baseline Pt/C (20 g) and Fe-N-C (690 g). 
a) Human health (10-3 DALY). b) Ecosystem quality (10-5 Species·Year). c) Resource scarcity (USD 2013). 
The boxes on each bar represent the inter-quartile range of uncertainty scenarios, with central line 
showing the median and central dot the mean, and the lower and upper whiskers extending the box 
to the 5th and 95th percentiles. Right: Scenarios of Fe-N-C (baseline, no HF, 380 g, EU electricity) and 
Pt/C (baseline, 15 g, 55% and 75% Pt recycling for endpoint categories: d) Human health (10-3 DALY). 
e) Ecosystem quality (10-5 Species·Year). f) Resource (USD 2013). Reproduced from ref 28 under 
Creative Commons CC BY 3.0. 

7.3.2 Techno-economic Analysis  

The costs associated with the materials, utilities, and manufacturing of cathode catalysts are 

consolidated in Tables D8 & D9. The material costs for Fe-N-C amount to 50.6 USD kg-1
Fe-N-C, 

with more than 70% originating from the N-C precursor (nicarbazin). In contrast, the material 

costs for Pt/C are significantly higher, reaching 13,600 USD per kilogram of Pt/C, with 98% of 
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the cost attributed to the Pt precursor (chloroplatinic acid). When considering the material 

costs normalized kW-1 of PEMFC, the cost for Fe-N-C is calculated to be 0.44 USD kW-1, while 

for Pt/C, it is 3.39 USD kW-1 (Figure D4a). In the event of implementing Pt recycling, the cost 

of Pt/C could become comparable to that of Fe-N-C. Furthermore, if 75% Pt recycling were 

achieved, the material feedstock cost could be comparable to the baseline Fe-N-C at 0.85 USD 

kW-1. Corresponding with these findings, the production costs of Pt/C exhibit an approximate 

1:1 ratio with variations in feedstock prices, while Fe-N-C is relatively less sensitive (refer to 

Figure D4b). In the scenario where the price of Pt doubles, as observed in 2008, while Fe-N-C 

feedstock prices remained constant, the material cost of the PEMFC cathode using Pt/C would 

become 15 times higher than that of Fe-N-C. Conversely, the production costs of Fe-N-C are 

highly susceptible to fluctuations in electricity prices, while those of Pt/C show relatively low 

sensitivity (Figure D4c). 

The learning curve analysis of Pt/C and Fe-N-C is visualized in Figure 7.5a-b (Tables S10 & D12 

for detailed information), accompanied by the breakdown of Fe-N-C and Pt/C PEMFC 

components shown in Figure D5. At a rate of 500,000 stacks year-1, the Pt/C cathode 

constitutes 25% of the PEMFC stack cost and amounts to 3.4 USD kW-1, whereas the Fe-N-C 

contributes merely 2% of the stack cost and is 0.79 USD kW-1. This outcome is related to the 

total PEMFC stack cost being significantly lower for Pt/C compared to Fe-N-C cathode stacks, 

standing at 13.8 USD kW-1 in contrast to 41.6 USD kW-1, respectively. The observed disparity 

is attributed to the 3.9-fold increase in the required surface area of the Fe-N-C cathode 

system, assuming that this increase similarly affects the costs of other components. This 

amplified area completely offsets the advantage of the reduced cost of the cathode catalyst 

in the Fe-N-C system. For instance, in a PEMFC with a Fe-N-C cathode, the Pt-based anode 

might end up consuming more Pt than in an all Pt-based PEMFC if the Pt consumption at the 

anode scales with the surface area. 

Consequently, the cost of the PEMFC stack is influenced by the performance of the Fe-N-C 

power density, as well as the applied F value, which denotes the extent to which the 

production cost decreases with the doubling of cumulative production (refer to Figure D6). 

For the simulated system with an F value of 86.4% for the catalysts, the baseline Fe-N-C would 

need to achieve a power density of 874 mW cm-2 at 0.657 V, representing a 200% 

improvement (resulting in a reduction to 230 gFe-N-C) to become competitive in cost with the 
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Pt/C-based cathode at a production rate of 500,000 stacks per annum (refer to Figure 7.5c). 

When considering an F value of 74% for all Fe-N-C-based PEMFC components, only a 34% 

improvement to 0.392 mW cm-2 is necessary to attain cost parity with the Pt/C-based system. 

However, with the Fe-N-C stack featuring an F value of 95%, it is unable to match the Pt/C 

stack cost (with F value of 86.4%) within the considered power density range. While this study 

modelled a simple and inexpensive Pt/C cathode process, it is important to note that meeting 

the performance targets set by the US DOE often necessitates the utilization of de-alloyed Pt-

based catalysts. Consequently, the cost of an equivalent-performing yet more expensive Pt-

based de-alloyed cathode catalyst (PtCo/C) was also assessed (detailed information available 

in Table D11 & Figure D7). The de-alloyed PtCo/C proves to be costlier due to additional 

processing steps.7 Specifically, at a rate of 500,000 stacks year-1, the higher cost of the PtCo/C 

precursor (amounting to 3.93 USD kW-1), which constitutes 27.4% of the component costs, 

leads to a PEMFC stack cost of 14.3 USD kW-1. This value is lower than the 15.5 USD kW-1 

estimated by James et al. for a 2020 PEMFC automotive system employing PtCo/C,2 which can 

be attributed to the applied learning curve rate in this analysis. To achieve a cost parity 

equivalent to that of the considered PtCo/C cathode PEMFC at a rate of 500,000 stacks year-

1, the baseline Fe-N-C would need to attain a power density of 0.842 W cm-2 at 0.657 V, or 

0.781 W cm-2 for the PtCo/C system reported by James et al. (Figure 7.5c).2 

Incorporating the monetization of environmental impacts into the costs associated with 

catalyst materials and processing significantly affects the cathode catalyst cost (refer to Figure 

7.5d). It is essential to note, however, that the monetization factors employed (Table D7) are 

subject to considerable uncertainty, thereby rendering the monetized impacts as rough 

estimates in terms of magnitude.43  Across all catalyst scenarios, the environmental 

externalities exceed the material and processing costs. For the baseline Fe-N-C, these 

environmental externalities contribute up to 5.50 USD kW-1, while the material and 

processing costs amount to 2.92 USD kW-1. The situation is more pronounced for the baseline 

Pt/C, where the environmental externality costs reach 18.23 USD kW-1, as opposed to the 

material and process costs of 3.41 USD kW-1. Notably, Pt/C exhibits a much greater impact on 

ecosystem quality compared to Fe-N-C, leading to the highest monetized externality of 12.03 

USD kW-1 (as illustrated in Figure 7.3). Opting for the improved Fe-N-C scenario (380 gFe-N-C + 

muffle furnace) results in a reduced total process and environmental externality cost of 2.10 
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USD kW-1. Similarly, in the case of the 75% Pt recycling scenario, the total cost diminishes to 

5.41 USD kW-1. Costs associated with labour, fixed costs, overheads, and depreciations are 

insignificant for Pt/C due to the production of only 20 gPt/C required for an 80 kW PEMFC, 

while the production of 690 gFe-N-C incurs 0.49 USD kW-1 for these costs. Additionally, 

electricity costs for the baseline Fe-N-C are substantial at 1.98 USD kW-1 but insignificant for 

Pt/C. However, the electricity requirements for Fe-N-C can be reduced to 0.28 USD kW-1 for 

the 380 gFe-N-C scenario utilizing the muffle furnace. 

 

Figure 7.5. Learning curve analysis of 80 kW PEMFC stack cost with production rate for baseline 
cathode catalysts with F = 86.4% a) Fe-N-C (690 gFeNC). b) Pt/C (20 gPt/C). c). Variation of PEMFC stack 
cost at 500,000 stacks with power density for different F values for Fe-N-C compared to target Pt-
based 80 kW PEMFC systems, including PtCo/C of James et al. (2018) d) Breakdown of the total process 
and environmental production costs for baseline Fe-N-C (690 gFe-N-C),Pt/C (20 gPt/C),Fe-N-C 380 gFe-N-C + 
muffle furnace and 75% Pt recycling scenarios. Box and whisker plots are drawn using the endpoint 
uncertainty scenarios, with monetization applied. Reproduced from ref 28 under Creative Commons 
CC BY 3.0. 

Turning attention to examining whether the supply of Pt can meet the anticipated future 

demands from the deployment of PEMFCs to produce FCEVs. This matter has been thoroughly 
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discussed in recent studies.62,63 Here, I aim to provide a fresh perspective on this issue in 

Figure 7.6 (and Figure D8). The criterion is grounded in ensuring that Pt demand does not 

surpass 10% of the supply for a novel technology.3 Even if the combined global Government 

targets for FCEV deployment by 2030 (totalling 2.5 million FCEVs) were manufactured within 

a single year, the consumption of Pt would still not exceed 10% of the Pt supply, considering 

the US DOE 2020 Pt specific power density target values, even in the absence of any Pt 

recycling. Should the EU's 2030 Pt specific power density and Pt recycling targets be achieved, 

Pt supply constraints would not pose a hindrance to PEMFC production, even if the highest 

2040 target of FCEVs on the road (anticipated to reach 15 million FCEVs59) were produced 

within one year. However, it is essential to note that this brief analysis does not account for 

the fact that most of the Pt production originates from a single country, South Africa, and as 

a result, the supply of Pt could potentially be vulnerable to disruptions. 

 

Figure 7.6. Amount of Pt required for PEMFC power at different Pt specific power density (US DOE 
2020,29 EU 2030 52 and 75% Pt recycling targets22) as a function of scale. Assumed 80 kW fuel cell 
electricity vehicle production. IEA 2030 Government targets (vertical dash blue)60 and upper limit 
scenario given by upper 2040 WPIC (vertical dash purple).59 Figure design is inspired from Hubert et 
al.64 Reproduced from ref 28 under Creative Commons CC BY 3.0. 
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7.4 Discussion 

In this section, I engage a discussion of the results in relation to prior research and their 

methodologies. The evaluation of Pt/C revealed an emission of 8.4 kg CO2-eq kW-1, based on 

0.125 mgPt cm-2, when normalized to power for the global warming impact. Various previous 

reports (as summarized in Figure S8) calculated a range between 6.5 and 14.6 CO2-eq kW-1, 

with catalyst loadings spanning from 0.15 to 0.60 mgPt cm-2.15,16,34,65 Notably, these 

assessments did not account for the impact of preparing the catalyst inks for deposition. 

Discrepancies in environmental impacts arise from variations in impact factors across 

background database processes, diverse assumed performance of Pt-based catalysts, and 

differences in Pt compositions. Earlier findings have highlighted that the Pt-based catalyst 

constitutes a significant proportion, ranging from 6% to 24%, of the total global warming 

contribution for a fuel cell stack.15,34,65 Additionally, according to the discoveries of Usai et 

al.,65  the Pt-based catalyst plays a substantial role across other impact categories, 

contributing between 33-76%, although other components also contribute to the 

environmental impact during the manufacture of PEMFC vehicles. Notably, as Evangelisti et 

al. highlighted,34 even with zero Pt loading, fuel cell vehicles during the manufacturing phase 

could still exhibit a higher environmental impact compared to internal combustion engine 

vehicles. 

The optimization of the heating temperature, rate, duration, and the number of pyrolysis 

steps in the production of Fe-N-C catalysts merits careful consideration due to the substantial 

environmental impact resulting from the energy-intensive nature of these processes. A study 

by James et al.25 highlighted that in a poly-aniline derived Fe-N-C production, operating at 

500,000 systems year-1, manufacturing costs were primarily attributed to the acid washing 

process (49%), while the carbon support constituted the most substantial material cost (34%). 

In this context, they estimated the Fe-N-C cost to range between 74 -129 USD kg-1,25 which 

aligns closely with findings here (90.8 USD kg-1 with F = 86.4%). Notably, in their investigation, 

the one-hour pyrolysis in a rotary kiln only contributed to 3% of the manufacturing costs, 

whereas in this work, I scaled the electricity input for the Fe-N-C manufacturing process based 

on a tube furnace approach. Specifically, it is observed that significant reductions in electricity 

requirements, costs, and subsequently, environmental impacts of Fe-N-C production, could 

be achieved by utilizing a muffle furnace (Figure 7.4d-f). Further reductions in energy 
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consumption could be realized when manufacturing Fe-N-C at scale through the 

implementation of heat integration techniques such as pinch analysis. These reductions 

would enable the low technology readiness of the Fe-N-C catalyst to attain electricity 

consumption levels that are more comparable to those of the high technology readiness 

optimized Pt/C process. 

Considering the carbon intensity of electricity, it is important to highlight that the EU is 

targeting carbon-neutrality in its electricity production by 2040. In such a scenario, the 

cumulative impact of Fe-N-C on climate change, human health, ecosystems quality, and 

resources would all become negligible compared to those associated with Pt/C. Notably, in 

countries where the electricity mix includes a substantial share of renewables, as exemplified 

by Sweden (the location of the commercial Fe-N-C manufacturer Celcibus AB), the 

environmental impacts of Fe-N-C production would be significantly alleviated (as 

demonstrated in Figures D2 & D3). Additionally, the impact on human toxicity could be 

further mitigated through the adoption of alternative production methods, such as those that 

eliminate the use of HF (Figure D1e). 

In the context of degradation, it is important to note the recent advancements in LCA models 

that incorporate degradation effects, as demonstrated by Stropnik et al.66 and the integration 

of durability-adjusted operating conditions for TEA models, as highlighted by James et al.67 In 

this study, the degradation of the PEMFC was not considered due to the practical 

requirements for light-duty automotive applications, which necessitate meeting the stringent 

US DOE target of 8,000 hours,29 or the corresponding EU 2030 targets of 7,000 hours.52 

Current research indicates that while high-activity Fe-N-C catalysts have only been tested for 

several hundred hours in PEMFCs,7 they could potentially be partially regenerated in-situ for 

short periods using simple electrochemical protocols.68. This stands in contrast to Pt catalysts, 

which require an ex-situ recovery process for regeneration. It is worth mentioning that Fe-N-

C based catalysts may also find applications in small-scale, short-term backup power 

scenarios, as evidenced by the emergency power/Wi-Fi backpack recently showcased by 

Ballard System Ltd. and Nisshinbo.69 

In the realm of Pt-based PEMFCs, significant advancements have been made over the past 

three decades, resulting in an order of magnitude reduction (as depicted in Figure S9). 

Notably, Toyota has achieved a 72% reduction, from 0.93±0.25 to 0.26±0.07 gPt kW-1, in their 
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2008 PEMFC model, followed by an additional 58% reduction to 0.11±0.03 gPt kW-1 in their 

2020 2nd generation Mirai.53 The EU has set targets to reduce the Pt content in PEMFCs to 

0.05 gPt kW-1 by 2030;52 however, there are concerns that increased Pt instability at these 

reduced future target loadings might impede their realization.70 Nevertheless, the 

convergence of ideal scenarios involving Pt reduction and the fulfilment of recycling targets 

could lead to minimal environmental impacts. 

Regarding the analysis of the learning curve, the typical range for F values spans from 74%-

95%55,57  with 86.4% chosen as the nominal value in this study. As emphasized in the Results 

section, the F value significantly influences the stack costs. Predicting the actual realized F 

value remains challenging; however, based on the previously observed minimum F value of 

74%, an 80 kW Fe-N-C-based PEMFC would need to exhibit an improvement of at least 34% 

from 290 mW cm-2 to be on par with the Pt/C-based system delivering 1,160 mW cm-2. 

Similarly, current non-precious metal hydrogen evolution catalysts for proton exchange 

membrane electrolysers demonstrate a similar requirement for enhanced performance 

across most operating regimes to replace precious metal catalysts.64 

Future work could consider the effect on Fe-N-C LCA for other common synthetic strategies, 

such as recent state-of-the-art Fe-N-C derived from zeolitic imidazolate framework 8.7  

Broader environmental contextualization in terms of planetary boundaries or comparison to 

other technologies, such as batteries, would also provide further critical insights. Future 

comparison of the use and disposal phase of the catalysts could be developed based on 

degradation66 and recycling.20 Design for manufacture and assembly methodology could be 

used to track annual cost impact of catalyst developments.67 
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7.5 Conclusion  

In this chapter I presented a comparative analysis of various scenarios in terms of LCA and 

TEA to produce a silica-templated Fe-N-C and a Pt/C cathode catalyst, in constructing an 80 

kW PEMFC stack. The findings indicate that electricity consumption and Pt mining constitute 

the primary drivers of environmental impacts and costs in the manufacturing of Fe-N-C and 

Pt/C catalysts, respectively. The application of monetization factors reveals that the cost of 

environmental impact exceeds the material and processing costs for both catalysts. At an 

annual production rate of 500,000 stacks, the transition from Pt/C to Fe-N-C could reduce the 

material and processing cost of the cathode catalyst from 2.92 to 0.79 USD kW-1. However, 

the increased cost of all other components stemming from the roughly fourfold greater 

surface area of the Fe-N-C cathode system results in a PEMFC stack cost of 41.6 USD kW-1, in 

contrast to 13.8 USD kW-1 for Pt/C. At the nominal F value of 86.4%, an Fe-N-C-based PEMFC 

would need to achieve 874 mW cm-2 at 0.657 V, equivalent to a 200% improvement in 

performance, to attain the same PEMFC stack cost as the 0.125 mgPt cm-2 Pt/C cathode 

catalyst delivering 1,160 mW cm-2. This underscores the necessity for further enhancements 

in the activity of Fe-N-C cathode catalysts, while the substantial discrepancy in durability 

between Fe-N-Cs and Pt/C has yet to be considered. Lastly, I considered whether the current 

Pt supply can meet the anticipated Pt demand from PEMFC deployment for FCEV production. 
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Chapter 8:  Concluding Remarks 

8.1 Conclusion 

The chapters in this thesis outline significant advancements in the development of: 

Chapter 4) A synthesis pathway for record high active site utilisation Fe-N-C, which is 

thoroughly characterised. The synthesis method opens avenues to 

development of highly porous M-N-C materials suitable for various 

applications (electrochemical CO2 reduction, supercapacitor, electrochemical 

CO2 swing adsorption). The impact of axial ligands and N coordination 

environment on O2 reduction activity is also highlighted. 

Chapter 5) Understanding the operando Fe dissolution mechanism of Fe-N-C in 0.1 M 

HClO4 under a range of conditions (O2 vs Ar, 0-100 mA cm-2, 20oC and 75oC). 

The insights gained from kinetic modelling exposes the significant local pH 

increase in the catalyst layer under O2 GDE at 20oC, which leads to formation 

of Fe2O3. This indicates GDEs with thick catalyst layers should be avoided. 

Chapter 6)  Electrochemical tools and methods (EIS, FTacV and DRT) for optimising M-N-C 

PEMFC performance. Critically, I demonstrate site density and PEMFC 

performance continue to improve at unprecedented high I/C values (>2.8), 

owing to the high mesoporosity. There is, however, a trade-off between 

improved site density and other parameters, such as electronic conductivity 

and O2 mass transport. 

Chapter 7) LCA as a tool to compare environmental impacts of electrocatalysts. The LCA 

has informed more sustainable synthesis pathways based on “hot spot” steps 

such as pyrolysis. The monetized environmental externalities highlight the 

impact of the synthesis pathway. From this work, a new performance target 

for M-N-C to compete with Pt-based catalysts is calculated based on a techno-

economic approach.  
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No research is without its shortcomings. These are discussed below: 

Chapter 4) It has recently come to light that in situ nitrite stripping can also probe N-C 

sites.1,2 To accurately determine the N-C site in TAP 900@Fe requires a range 

of Fe loadings due to the Mg templating approach, where MgNx could also be 

probed by nitrite stripping. While TAP 900@Fe shows impressive active site 

density, the TOF is very low, meaning the O2 activity is not state-of-the-art. 

Alternative metal loading approaches could be employed in future to improve 

the intrinsic TOF of the FeNx sites.  

Chapter 5) Based on optimum I/C results in Chapter 5 (2.1<I/C<4.9), it may be that the I/C 

ratio used in GDE (I/C = 1.4) restricted performance. The lower ionomer 

coverage could then influence the degradation mechanism. Also, based on the 

uniquely high porosity and surface area of the Fe-N-C studied, the results and 

mechanisms may not be representative of other Fe-N-Cs.  

Chapter 6)  EIS measurements were not conducted at high current (or low potential), 

which would better reveal the impact of mass transport. PEMFC performance 

was also only evaluated under H2-O2, rather than more practical H2-air. The 

work did not investigate how the ionomer is distributed through catalyst layer, 

using methods such as nano-computed tomography. 

Chapter 7) In the LCA, the impact of Nafion, which has a large environmental impact, is 

not considered. Also, the use phase and disposal of the catalysts is not 

evaluated, although this is based on the fact the current Fe-N-C stability is far 

below that of Pt/C and the study was not a prospective LCA. 

 

Avenues for future research in the context of chapters in this thesis and the wider M-N-C 

community are discussed in the next section.  
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8.2 Future Work and Perspectives 

8.2.1 Stability 

8.2.1.1 Predicting Stability with Descriptors 

 

Figure 8.1. a.) Stability Number and b.) Predicted Catalyst Lifetime. Ultimate US DOE light duty vehicle 
target of 8,000 h (with 10% degradation) at 0.3 A cm-2 and 0.8 VRHE (equivalent to 75 A gM-N-C

-1 based 
on 4 mgM-N-C cm-2 and 1 x 1020 sites gM-N-C

-1). Plus predicted catalyst lifetime and initial measured mass 
activity for reports of Fe-N-C: Snitkoff-Sol et al.3 Pajarito Powder FeNC (PMF 011904) 40 h at 0.6 V 
(H2/O2 300 cm3 min-1, 1 barg). Liu et al.4 N-C(FeNC) 300 h at 0.67 V (H2/air 200 cm3 min-1). Ku et al.5 
PMF 011904 FeNC 1.0 to 0.57 ViR-free RHE (0 to -125 mA cm-2) with 3 s holds (GDE, 0.1 M NaOH). Figure 
b.) reproduced from reference 6 under Creative Commons CC-BY 3.0. 

It is crucial to devise techniques and descriptors capable of forecasting a catalyst's lifespan 

through a fundamental comprehension at the active site level. In this regard, Cherevko and 

collaborators introduced the stability number, S, often referred to as the electrochemical 

turnover number. This parameter is applicable to all electrocatalysts and facilitates the 

calculation of the anticipated catalyst lifespan (as shown in Equation 8.1).7  

 
𝑡 =  

𝑆 × 𝑧 × 𝐹 × 𝑚

𝑗 × 𝑀
 

Equation 8.1 

t stands for the lifetime of the active metal (s). z signifies the number of electrons consumed 

per O2 molecule (assume 4). F corresponds to the Faraday constant (96,485 C mol⁻¹). m 

denotes the mass of the accessible active element (g cm⁻²). j represents the current density 

(A cm⁻²). M is the molar mass of the active element (g mol⁻¹). 

To meet the ultimate U.S. Department of Energy (DOE) PEMFC target of 8,000 hours with less 

than 10% degradation at 0.3 A cm⁻² and 0.8 V, a stability number of 3.37×10⁸ is required. In 

terms of mass activity, it equals 75 A gM-N-C⁻¹ based on 4 mgM-N-C cm-² and 1 × 10²⁰ sites gM-N-C. 

Although the stability number and lifetime of M-N-C in acidic electrolytes or PEMFC have not 
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been reported thus far, they can be estimated. Extrapolating from state-of-the-art nitrogen-

carbon coated Fe-N-C (N-C(Fe-N-C)) by Liu et al.,4  a feasible lifetime of 2,121 hours at 0.67 V 

with an initial current density of approximately 70 A gFeNC⁻¹ can be projected (Figure 8.1). 

Catalyst lifetime can also be estimated by tracking changes in site density, as demonstrated 

by Elbaz and colleagues.3 For a commercial Fe-N-C (Pajarito Powder PMF-011904), the 

catalyst's predicted lifetime in PEMFC, evaluated after a 40-hour hold at 0.6 V, was 447 hours 

at 58.8 A g⁻¹ (Figure 8.1).3 

The catalyst lifetime calculated from the stability number may overestimate PEMFC operation 

longevity, as not all catalyst degradation pathways directly impact the number of active sites 

(e.g., attack from reactive oxygen species reducing TOF), and some degree of activity recovery 

is possible. It is, therefore, essential to gain a better understanding of these complexities, 

where separating the influences of distinct degradation mechanisms can help pinpoint crucial 

factors affecting the stability of M-N-C catalysts.8 Although it poses challenges, the 

development of rates and descriptors for these various degradation pathways would provide 

valuable insights to the scientific community. 

8.2.1.2 Improving Stability 

One of the most significant challenges faced with M-N-C catalysts is stabilizing the inherently 

high surface energy of low-coordinated single atoms. Moreover, there is a dilemma where 

catalysts that are intrinsically active tend to be less stable. For instance, Liu et al. showed by 

providing atomic N-C coating to their Fe-N-C they could enhance stability, although with a 

noticeable reduction in activity.4 Still, this method opens new avenues for research, including 

exploring other potentially more stable coatings and using controlled deposition techniques 

for model studies, such as atomic layer deposition. 

Other strategies to enhance stability include modifying the catalyst support; for example, 

boron carbide has been used in Pt-based catalysts for this purpose.9 Additionally, nanoparticle 

radical scavengers have proven effective in minimizing oxidative attack,10–12 although they 

may block active sites and not be optimally situated near active sites. More desirable 

scavengers could be single atom scavengers doped within the catalyst support,11 located near 

the active site due to the short lifetime of reactive oxygen species. Secondary metal atoms 

are often doped within M-N-C to improve activity and stability, with some initial investigations 

beginning to understand the improvement in performance.13 Pt atoms have been successfully 
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incorporated into Fe-N-C with performance improvement understood,14 although more cost-

effective dopants are desirable for future applications. 

Beyond enhancing the degradation resistance of the catalyst, tuning the operating conditions 

of PEMFCs can also minimize catalyst degradation. This can be accomplished through model 

development, identifying key degradation parameters, as demonstrated for Pt-based 

catalysts.15 

8.2.2 Synthesis 

The primary limitation in the synthesis of M-N-Cs hitherto has been the pyrolysis phase, which 

induces conductivity and activates the N-C scaffold. Following this step, the resulting material 

exhibits a somewhat stochastic arrangement and dispersion of atomic constituents, thereby 

constraining precise control over the active site. An intrinsically electrically conductive MOF 

containing Ni-N4 sites has demonstrated notable efficacy in H2O2 production without the 

necessity for a pyrolysis step.16 However, this achievement was only realized once the issue 

of mass transport limitation was accounted for.16 Future efforts can thus focus on enhancing 

mass transport in such MOF materials and fine-tuning selectivity towards H2O production for 

PEMFCs. Moreover, these well-defined crystalline catalysts would facilitate fundamental and 

model studies that have not been feasible thus far for M-N-Cs. 

8.2.3 Characterisation 

A significant challenge in working with M-N-Cs lies in their characterization, often 

necessitating access to national synchrotron facilities and specialized microscopy tools. 

Increasing the density of active sites within these materials could allow the utilization of 

techniques that were previously insensitive due to their detection limits. For example, 

advancements in laboratory-based X-ray absorption equipment, such as those offered by 

easyXAFS LLC, may be applicable to certain high-loading single atom M-N-C catalysts. 

Additionally, laboratory-based X-ray pair distribution function (XPDF) is an underutilized 

technique within the community, holding the potential to provide spatial resolution of the 

local and longer-range order of the M-N-C structure. 

Nevertheless, it is essential for the scientific community to exercise caution when drawing 

conclusions from bulk characterization techniques. As discussed in Chapter 4, a significant 

portion (typically ranging from 70% to 90%) of active sites in M-N-C materials are often not 
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electrochemically engaged (based on 5 e- nitrite stripping).17,18 Consequently, operando 

characterization techniques that probe the entire bulk of M-N-C layers, such as Mössbauer 

spectroscopy, XAS, or XPDF, will measure both accessible and inaccessible active sites. This 

complicates the separation of the contributions of activity and stability among various MNx 

sites. To address this challenge, a potential solution is to combine in situ electrochemical 

probing techniques, like FTacV, with bulk operando techniques, such as XAS or Mossbauer 

spectroscopy. 

8.2.4 Optimising PEMFC Performance 

To achieve high-performance M-N-C-based proton exchange membrane fuel cells (PEMFCs), 

it is crucial to consider both the catalyst's active site and the design and morphology of the 

catalyst layer simultaneously. Previous reports on PEMFC performance have largely focussed 

on meeting the US DOE activity targets of 0.044 A cm⁻² at 0.9 VRHE, iR-free.19 However, for 

practical applications, achieving the U.S. DOE activity target of 0.3 A cm⁻² at 0.8 VRHE is even 

more critical. To meet high current demands, the catalyst layers in PEMFCs must be 

approximately ten times thicker when using M-N-C catalysts due to their lower mass activity 

compared to Pt/C. This necessitates further research in the design of thicker electrodes with 

optimized pore structures and properties that minimize losses in proton and electron 

conductivity while ensuring sufficient O2 accessibility. Nature can serve as a source of 

inspiration for catalyst layer design.20 New architectural concepts, such as grooving,21 can also 

be explored for M-N-C catalysts. Techniques for engineering, manufacturing, and 

characterizing thick electrodes can be adapted from the battery literature.22 Furthermore, 

gaining a better understanding of gas and water flow within thick M-N-C cathode layers is 

essential for comprehending and optimizing PEMFC performance. This could be achieved 

through multi-phase modelling, possibly employing deep learning methodologies, as 

demonstrated recently for a Pt-based PEMFC system.23  

8.2.5 M-N-C: Beyond PEMFCs and electrocatalysis 

The extensive research conducted on M-N-C catalysts for oxygen reduction has generated a 

substantial repository of well-characterized materials that can serve as a foundation for 

advancements in other fields. In essence, these endeavours enable subsequent research to 

"stand on the shoulders of giants." In electrocatalysis beyond O2 reduction, M-N-C have been 

shown as efficient and selective for CO2 reduction to CO,24,25 nitrite reduction to ammonia,26 
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and recently carbonyl reduction.27 Meanwhile, beyond electrocatalysts, M-N-C have been 

demonstrated for thermo-catalytic aerobic oxidation,28 hydrogenation,29 enzyme mimicking 

for synthetic drug exploration,30 among others. This diverse range of applications suggests 

that commercial opportunities for M-N-Cs may extend beyond the realm PEMFCs.
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Figure A1. Chemical Structure of a.) melamine and b.) 2,4,6-Triaminopyrimidine (TAP). Reproduced 
from ref 36 under Creative Commons CC BY 3.0. 

 

 

Figure A2. TGA-MS of TAP with corresponding table of assigned m/z fragments. Reproduced from ref 
36 under Creative Commons CC BY 3.0. 
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Scheme A1. Labelled NMR chemical shifts of melamine and melem from Schnick and co-workers 
(top),1,2 and of TAP and the product of TAP pyrolysis at mild temperatures (bottom). Reproduced from 
ref 36 under Creative Commons CC BY 3.0. 
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Figure A3. Change in mass in TGA during pyrolysis of TAP with MgCl2.6H2O. Reproduced from ref 36 
under Creative Commons CC BY 3.0. 

 

Figure A4. TGA-MS of TAP with MgCl2.6H2O with corresponding assignment of fragments from m/z 
values. Reproduced from ref 36 under Creative Commons CC BY 3.0. 
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Figure A5. XRD of TAP 800, 900 and 1000. Reproduced from ref 36 under Creative Commons CC BY 3.0. 
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Figure A6. Outputs from BET Surface Identification software3 for TAP 900 N2 sorption a.) Adsorption 
isotherm. b.) Red points highlighted represent 10 accepted data points based Rouquerol method. c.) 
Corresponding regression criteria in the linear range (R2 ≥ 0.995). d) Output BET specific surface areas 
and corresponding error %. The yellow data is the selected value for TAP 900. Reproduced from ref 36 
under Creative Commons CC BY 3.0. 

a) b) 

c) d) 
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Figure A7. Total pore volumes of TAP 800, 900 and 1000 in the micro and meso-pore region based on 
N2 adsorption with 2D-NLDFT heterogeneous surface carbon model in SAIEUS software. Reproduced 
from ref 36 under Creative Commons CC BY 3.0. 

 

Figure A8. TEM images of TAP 900 showing atomically thin carbon structure. Reproduced from ref 36 
under Creative Commons CC BY 3.0. 
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Figure A9. Raman spectra of TAP-derived materials with D and G bands indicated. Reproduced from 
ref 36 under Creative Commons CC BY 3.0. 

 

 Table A 1. Surface elemental composition of TAP 800, 900 and 1000 from XPS. Reproduced from ref 
36 under Creative Commons CC BY 3.0. 
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Figure A10. XPS of TAP 800, 900 and 1000 a-c.) C1s and d-f.) N1s with fitted peaks labelled. Reproduced 
from ref 36 under Creative Commons CC BY 3.0. 

 

Figure A11. Average metal content Mg and Fe (wt.%) from ICP-MS for TAP 800-1000 and for same 
materials after Fe loading. Error bars represent standard deviation for two independent 
measurements of each material, except TAP 900@Fe and TAP 900@57Fe, where four and three 
independent measurements were carried out, respectively. Reproduced from ref 36 under Creative 
Commons CC BY 3.0. 
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Table A2. Surface contribution of different N components in TAP 900 and TAP 900@Fe from XPS. 
Reproduced from ref 36 under Creative Commons CC BY 3.0. 

 

 

Figure A12. XPS of TAP 900@Fe a.) N1s and b.) Fe2p. Reproduced from ref 36 under Creative Commons 
CC BY 3.0. 

 

Figure A13. Comparison of XRD for TAP 900 and TAP 900@Fe. Reproduced from ref 36 under Creative 
Commons CC BY 3.0. 
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Figure A14. HAADF-STEM (with aberration correction) of TAP 900@Fe in different locations 
demonstrating the atomic metal dispersion without nanoparticle clustering. Reproduced from ref 36 
under Creative Commons CC BY 3.0. 
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Figure A15. HAADF-STEM and corresponding O EDX mapping. Reproduced from ref 36 under Creative 
Commons CC BY 3.0. 

 Table A3. Fitting parameters applied in 57Fe Mössbauer simulation. Reproduced from ref 36 

under Creative Commons CC BY 3.0. 

Assignment FeIII HS FeII IS FeII HS FeII LS FeIII HS 

Composition D1 D2 D3 D4 D5 

Contribution (%) 41 17 13 18 11 

S 5/2 1 2 0 5/2 

D (cm-1) 8.0 18.2 2.0   0.4 

E/D 0.00 0.14 0.09   0.30 

δ (mm s-1) 0.47 0.40 0.85 0.55 0.39 

ΔEQ (mm s-1) 1.05 2.29 -4.01 -0.64 -2.40 

η 0.00 0.50 0.66 0.83 0.59 

Euler EFG/ZFS α, β, γ (o) 75, 80, 0 0, 0, 0 27, 42, 0 0, 0, 0 86, 74, 70 

Γ (mm s-1) 0.69 1.00 0.60 0.48 0.39 

-A/ gn β n (T) 
22.5, 14.4, 

13.5 

19.8, 19.5, 

22.7 

22.8, 24.0, 

23.1 
  

24.0, 21.3, 

21.3 

 

Where S is the spin number, D is the axial zero-field splitting parameter, E/D is the rhombicity 

parameter, δ is the isomer shift, ΔEQ is quadrupole splitting, η is the asymmetry parameter, Γ 

is the linewidth (full width half maximum), -A is the hyperfine coupling tensor (components 
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along the main axis, which are assumed to be the same as those of the ZFS tensor), gn is the 

57Fe nuclear g-factor and β n the nuclear Bohr magneton. 

The spin-Hamiltonian used in the simulations was as follows: 

𝑯̂  =  𝑫 [𝑺̂𝒛
𝟐 −

𝑺(𝑺 + 𝟏)

𝟑
+

𝑬

𝑫
(𝑺̂𝒙

𝟐 − 𝑺̂𝒚
𝟐)]  +  𝜷𝑩𝒆𝒙𝒕 ∙ 𝒈̃ ∙ 𝑺̂  

+  
∆𝑬𝑸

𝟔√𝟏 +
𝜼𝟐

𝟑

[𝟑𝑰̂𝒛
𝟐 − 𝑰(𝑰 + 𝟏) + 𝜼(𝑰̂𝒙

𝟐 − 𝑰̂𝒚
𝟐)]  − 𝒈𝒏𝜷𝒏 (𝑩𝒆𝒙𝒕 −

⟨𝑺̂⟩ ∙ 𝑨̃

𝒈𝒏𝜷𝒏
) ∙ 𝑰̂ 

Supplementary Note A1 

The D5 signal can be attributed to the rhombic EPR signal, characterized by a rhombicity 

parameter (E/D) of 0.3 in the Mössbauer spin-Hamiltonian. This might appear contradictory 

since the rhombic signal dominates in EPR; however, it's important to note that the axial EPR 

signal is broad and spreads across the range of g = 2 to g = 6, while the rhombic component 

is distinct and sharp. The D5 component exhibits isomer shift (δ) and quadrupole splitting 

(ΔEQ) values that are comparable to those of D2 (17%), where D2 has been previously 

associated with FeII IS (Intermediate Spin) or low spin (LS) based on DFT calculations for 

different FeN4 sites, oxidation states, and spin states. Nevertheless, Mössbauer 

measurements conducted under a magnetic field clearly reveal distinct signals for D2 

(associated with FeII IS) and D5 (associated with FeIII HS, high spin). The presence of two 

separate FeIII HS components in the material aligns with the EPR findings. The parameters of 

the D3 FeII HS component (13%) are consistent with those of FeCl2⸱4H2O, with the same 

isomer shift value obtained here (δ = 0.85 mm s-1), albeit with a different ΔEQ value. The 

persistence of FeCl2⸱4H2O remnants is reasonable, given the wet synthesis process that 

involves a FeCl2 precursor. However, it is somewhat surprising considering the acid washing 

and filtration steps used on the highly porous TAP 900@Fe material, which were expected to 

remove all such species from the catalyst. Finally, a FeII LS (Low Spin) component (D4 = 18%) 

is also identified, featuring a ΔEQ value similar to LS FeII(phen)3 complexes.4–6 LS FeII(phen)3 has 

a coordination number of six for Fe-N, obstructing the adsorption of key reaction 

intermediates by blocking the Fe active site. It is posited that such an active site may emerge 

following the coordination of Mg with TAP reaction intermediates (as depicted in Scheme 

4.1). 
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Figure A16. Cathodic scan of the cyclic voltammogram in O2-saturated 0.1 M HClO4 at 1600 rpm and 
10 mV s-1. Capacitance correction obtained by subtracting N2 saturated cyclic voltammetry at 1600 
rpm from the O2 saturated result. All measurements shown with iR correction, 0.26 mgFe-N-C cm-2 and 
room temperature electrolyte. Reproduced from ref 36 under Creative Commons CC BY 3.0. 
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Figure A17. Comparison of initial O2 reduction kinetic mass activity at 0.8 VRHE of reported Fe-N-Cs. 
Reproduced from ref 36 under Creative Commons CC BY 3.0. 

 

 

Figure A18. Fresh TAP 900@Fe and after 1,500 and 8,000 accelerated stress test cycles (100 mV s-1, 
0.8-0.4 VRHE, O2-saturated with Pt ring applied at 1.27 VRHE) in RRDE with 0.26 mgFe-N-C cm-2 a.) Electron 
transfer number. b.) Rotating ring current for the oxidation of H2O2. Reproduced from ref 36 under 
Creative Commons CC BY 3.0. 
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Figure A19. Decrease in kinetic mass activity of TAP 900@Fe over accelerated stress test in O2-
saturated 0.1 M HClO4 between 0.8-0.40 VRHE at 100 mV s-1 with Pt ring applied at 1.27 VRHE throughout. 
Reproduced from ref 36 under Creative Commons CC BY 3.0. 

 

Figure A20. HAADF-STEM of TAP 900@Fe post 8,000 accelerated stress test cycles between 0.8-0.4 
VRHE (100 mV s-1) under O2-saturation showing metal atoms still atomically dispersed without 
clustering. 0.8 mgFe-N-C cm-2 of TAP 900@Fe was used for the accelerated stress test to obtain suitable 
sample for the HAADF-STEM measurement. Reproduced from ref 36 under Creative Commons CC BY 
3.0. 
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Figure A21. EDX elemental mapping of C, Fe, N, and O for TAP 900@Fe after 8000 accelerated stress 
test cycles between 0.8-0.4 VRHE (100 mV s-1) under O2-saturation. 0.8 mgFe-N-C cm-2 of TAP 900@Fe was 
used for the accelerated stress test to obtain suitable sample for measurement. Reproduced from ref 
36 under Creative Commons CC BY 3.0. 

 

Figure A22. Comparison of UtilisationNitrite/(Mossbauer) versus mesopore volume for various reported Fe-
N-C. Mesopore volume data for Jiao et al. and Mehmood et al. was not reported. Reproduced from 
ref 36 under Creative Commons CC BY 3.0. 
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Figure A23. a.) Cyclic voltammetry (10 mV s-1, 1,600 rpm, N2-saturation) of TAP 900@Fe at fresh, 
poisoned, and recovered stages of nitrite stripping protocol. b.) Corresponding stripping charge 
associated with the reduction of nitrite molecules. c.) RDE O2 reduction (5 mV s-1, 1,600 rpm, O2-
saturation) of TAP 900@Fe at fresh, poisoned, and recovered stages of in-situ nitrite stripping protocol 
with 0.2 mgFe-N-C cm-2. d.) Corresponding shift of kinetic O2 reduction activity upon nitrite poisoning. 
e.) Mass isoactivity at 0.80 VRHE and comparison to Fe-NC catalysts of; Zitolo et al.,7 Malko et al.,8 
University New Mexico and Pajarito Powder Inc. commercial catalyst PMF-011904,9 Mehmood et al.,10 
Wan et al.,11 and Jiao et al..12 A portion of data obtained is replotted from ref.13 All reported 
electrochemical measurements with 0.2 mgFe-N-C cm-2 loading (except Wan et al. who reported with 
0.27 mgFe-N-C cm-2) in 0.5 M sodium acetate buffer (pH 5.2) with RDE. f.) Comparison of accessible SD 
and active site utilisation reported for Fe-N-Cs and theoretical optimum Fe-N-C highlighted in green 
dash, and Pt/C in yellow dash. Pt/C SD calculated from 100 m2 gPt

-1 in PEMFC, as calculated by 
Mehmood et al.,10 while Pt utilisation assumes 3 nm Pt particles with subsequent 25% electrochemical 
utilisation. Reproduced from ref 36 under Creative Commons CC BY 3.0. 
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Figure A24. Chemical structures of (Left) FeN4-pyridine and (Right)  FeN4-pyrrole. Orange = Fe, Blue = 
N, Grey = C and White = H. Reproduced from ref 36 under Creative Commons CC BY 3.0. 

 

 

Figure A25. DFT calculated O2 reduction activity volcano based on *OH binding energies for a series 
of FeN4 pyridine and pyrrole sites with pyridine or pyrrole axial ligands. Pt(111) highlighted in blue 
cross. Here an using a *OH solvation energy of –0.3 eV was applied to all data points. Reproduced 
from ref 36 under Creative Commons CC BY 3.0. 
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Appendix B (Chapter 5): Fe Dissolution in Fe-N-C 
Electrocatalysts during Acidic Oxygen Reduction: Impact of 
Local pH 

The concentrations of proton (CH), Fe (CFe) and hydroxides ions (COH) as a function to time (t) 

and space (x) are modelled by solving a system of partial differential equations describing the 

effect of mass transport and of reactions in the catalyst layer and in the electrolyte. 

In the catalyst layer: 

𝜕𝐶𝐹𝑒

𝜕𝑡
= 𝐷𝐹𝑒,𝑒𝑓𝑓

𝜕2𝐶𝐹𝑒

𝜕𝑥2
 + k𝑑𝑖𝑠 (1 − 𝐻 (

𝐶𝐹𝑒 𝐾𝑒
3 

𝐶𝐻
3𝐾𝑠

− 1)) 

𝜕𝐶𝐻

𝜕𝑡
= 𝐷𝐻,𝑒𝑓𝑓  

𝜕2𝐶𝐻

𝜕𝑥2
 + 3k𝑑𝑖𝑠   𝐻 (

𝐶𝐹𝑒 𝐾𝑒
3 

𝐶𝐻
3𝐾𝑠

− 1) − kr CH + kfw − kbw CH COH 

𝜕𝐶𝑂𝐻

𝜕𝑡
= 𝐷𝑂𝐻,𝑒𝑓𝑓  

𝜕2𝐶𝑂𝐻

𝜕𝑥2
 + kfw − kbw CH COH 

In solution: 

𝜕𝐶𝐹𝑒

𝜕𝑡
= 𝐷𝐹𝑒 

𝜕2𝐶𝐹𝑒

𝜕𝑥2
 

 
𝜕𝐶𝐻

𝜕𝑡
= 𝐷𝐻  

𝜕2𝐶𝐻

𝜕𝑥2
+ kfw − kbw CH COH 

𝜕𝐶𝑂𝐻

𝜕𝑡
= 𝐷𝑂𝐻  

𝜕2𝐶𝑂𝐻

𝜕𝑥2
 + kfw − kbw CH COH 

The reactions considered in the model are: 

- the self-ionization of water, H2O = H+ + OH-   (kfw=1.4 × 10-3 M s-1, kbw= 7 ∙ 1010 M-1 s-

1)1 

- the Fe dissolution, kdis = 8 ∙ 10-11 s-1 in O2 and 4 × 10-11 s-1 in Ar (applied from 

reproducing experimental data) 

- the Fe precipitation: Fe3+ + 3H2O = Fe(OH)3 + 3 H+ (solubility constant of Fe(OH)3, 

Ks=2.8 ∙10-39)2 

 

DFe = 6 × 10-6 cm2 s-1,3 while DH is estimated by using the expression for the diffusion coefficient 

of binary electrolyte: 
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𝐷𝐻 =
2𝐷

𝐻+∙ 𝐷𝐶𝑙𝑂4

𝐷𝐻++𝐷𝐶𝑙𝑂4

= 2.72 ∙ 10-5 cm2 s-1 

In the catalyst layer, the effective diffusion coefficient was calculated using the Bruggeman equation:4 

𝐷𝑖,𝑒𝑓𝑓 = 𝐷𝑖 ∙ 𝜀3/2 

Where ε is the volume fraction of the aqueous phase in the catalyst layer. 

From the Bruggeman model: 

𝜏 =
1

√𝜀
 

Where τ is the tortuosity factor. 

The system of partial differential equations is solved for the initial conditions, at t = 0, CFe = 0 

and CH = 10-4 M, COH = 10-10 M. The following boundary conditions are used: 

At the gas phase/catalyst layer interface at x = 0: 

𝐷𝐹𝑒,𝑒𝑓𝑓  
𝜕𝐶𝐹𝑒

𝜕𝑥
= 0  

𝐷𝐻,𝑒𝑓𝑓  
𝜕𝐶𝐻

𝜕𝑥
= 0  

𝐷𝑂𝐻  
𝜕𝐶𝑂𝐻

𝜕𝑥
= 0  

At the catalyst layer/liquid electrolyte interface at x = 60 µm: 

𝐷𝐹𝑒,𝑒𝑓𝑓  
𝜕𝐶𝐹𝑒

𝜕𝑥
= 𝐷𝐹𝑒

𝜕𝐶𝐹𝑒

𝜕𝑥
  

𝐷𝐻  
𝜕𝐶𝐻

𝜕𝑥
= −

𝑗

𝐹
 

Where j=-15 mA cm-2 is the faradaic current density under O2 reduction conditions. 
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Figure B1. Comparison between TAP 900@Fe and TAP 900@57Fe for a.) Mass activity, with inset 

showing mass activity at 0.8 VRHE, iR-free b.) Current density. O2 reduction in 0.1 M HClO4 at 10 mV s-1 and 

1600 rpm. O2-Ar correction applied. TAP 900@Fe data re-plotted from previous work.5 Error 

represents standard deviation from at least four repeat measurements, and is highlighted with red 

and blue colors. 

 

 

Figure B2. a.) Amount of 57Fe dissolution with varying catalyst loading over cyclic voltammetry at 50 

mV s-1. b.) Corresponding percentage of total catalyst 57Fe dissolved. Error bars represent standard 

deviation of at least four separate measurements. 
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Figure B3. Flow cell under a.) O2-saturated conditions, with O2 - Ar correction applied. b.) Ar-saturated 

conditions. c.) Charge passed over six CV. d.) 57Fe concentration normalised to charge passed and e.) 

57Fe at varying catalyst loading over six CV. f.) Percentage of 57Fe detected at different stages of 

protocol. Error bars represent minimum of four repeat measurements. 
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Figure B4. 57Fe dissolution over different stability tests. All tests over 1 h with 0.2 mgFeNC cm-2. 

 

Figure B5. Bright-field TEM of TAP 900@57Fe a.) Pristine. After protocol with AST in flow cell with b.) 

Ar-saturation. c.) O2-saturation. 
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Figure B6. Bright-field TEM of TAP 900@57Fe a.) Pristine. After 8,000 AST cyclic voltammetry in RDE 

(no rotation) between 0.9-0.6 VRHE (3 s hold) in 80oC 0.1 M HClO4 with b.) Ar-saturation. c.) O2-

saturation. 

 

Figure B7. TAP 900@Fe and post-mortem 8,000 O2 AST at 80oC in RDE, compared with FeO and Fe2O3 

references ex-situ a.) Pre-edge XANES and b.) First-derivative spectra with 10-point Savitsky-Golay 

smoothing. 
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Table B1. Ex situ ICP-MS analysis measured 56Fe and 57Fe dissolution after 8,000 AST cycles at 80oC.  

Sample Protocol Sample taken 

56Fe 
measured 
(ppb) 

57Fe 
measured 
(ppb) 

57Fe corrected 
(ppb) 

TAP900@57Fe 

8k cycles AST 
80°C Ar 

Immediately 8.4 0.48 0.290 

after 2h holds at 
OCP 

8.6 0.50 0.305 

8k cycles AST 
80°C O2 

Immediately 3.9 0.73 0.639 

after 2h holds at 
OCP 

4.7 0.83 0.720 

Pt/C  
8k cycles AST 
80°C O2 

Immediately 4.4 0.07 -0.028 

after 2h holds at 
OCP 

5.0 0.10 -0.015 

Blank   0.2 0.009 0.004 

0 0 0.000 

Supporting Note B1: 

Pt/C was used as a reference to determine 56Fe contamination within the electrochemical cell. 

The corrected 57Fe was found from the following equation: 

 57Fecorrected = 57Femeasured - (0.0212 × (56Femeasured/0.918))  Equation B0.1 

Where 2.12% is the natural abundance of 57Fe and 91.8% is the natural abundance of 56Fe. 

 

Figure B8. Ex situ post-mortem ICP-MS 57Fe dissolution after 8,000 AST cycles at 80oC for Pt/C and TAP 

900@57Fe. TAP 900@57Fe was held at 0.9 VRHE for 2 h before a second ICP-MS measurement was 

performed. 
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Figure B9. 50 Ar-saturated cycles at 50 mV s-1 in operando ICP-MS flow cell setup following 8,000 O2-

saturated AST cycles at 80oC in RDE. All measurements between 0.9-0.2 VRHE with 0.2 mgFeNC cm-2 in 

0.1 M HClO4. 
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Supplementary Note 2: 

Regarding identification of the redox couple at 0.29 VRHE in Figure 3c,  the redox couple 

coincides with FeIII-N/FeII-N complexes in ethylenediaminetetraacetic acid, EDTA (0.35 VRHE 

pH 1),6 or polyaniline, PANI (leucoemeraldine to emeraldine, ca. 0.43 VRHE pH 1), 7 although 

their redox couples are not symmetric at low pH so appears unlikely. Alternatively, redox 

couples of ferrihydrite/FeII (0.25-0.45 VRHE, pH 1) or lepidocrocite γ-FeOOH/FeII (0.27 VRHE, pH 

1),8 are possible candidates. Meanwhile hematite α-Fe2O3/Fe2+ appears too low at 0.07 VRHE 

(pH 1).8 The redox couple could also be caused by a non-Fe species such as S0/HS- where S 

comes from Nafion (0.27 VRHE).8 Quinone-hydroquinone redox can occur at these low 

potentials, 9 although the defined redox peak is uncharacteristic of those redox species. 

The high potential redox could be deconvoluted into two peaks with quinone/hydroquinone 

and adsorbed FeIII/FeII on those sites.10 

Table B2. Comparison to Literature for Redox identification.  

Redox Couple Potential (VRHE) Reference Comment 

This work 0.29 This work  

Ferrihydrite/Fe2+ 0.25-0.45 8  

γ-FeOOH/FeII 0.27 8  

Leucoemeraldine/emeraldine 0.43 7 Literature shows not 
symmetric redox EDTA 0.35 6 

α-Fe2O3/Fe2+ 0.07 8 Too low potential 
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Figure B10. a.) Example of the 50 CVs measured at 50 mV s-1 in Ar condition before online GDE-ICP-

MS measurement. The Fe redox peak decreases with each cycle. b.) Comparison of mass specific 

capacitance between RDE and GDE. The same Nafion loading (weight ratio of 1.4:1 Nafion:FeNC) was 

used in both GDE and RDE (0.2 mgFe-N-C cmdisk
-2, solid line) measurement. RDE grey line represents CV 

with 0.5:1 Nafion:FeNC. 

Supplementary Note 3: 

To the best of my knowledge the appearance of Fe redox in GDE (but not RDE) has not been 

reported before and could be the result of the accessible structure of TAP 900@Fe and a 

change in the microenvironment of the FeNx sites.11 Perhaps in the flooded RDE the normally 

redox active Fe3+Nx sites have their charge neutralized by ClO4- which are present on both 

sides of the Fe3+Nx sites within a graphene sheet. This is supported by the decreasing redox 

peak with cycling in Ar as the GDE becomes wetted with cycling. This will be studied further 

in future work. 
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Figure B11. Mass activity of GDE at a.) 20 oC O2 reduction in GDE for pristine TAP 900@Fe, and after 

O2 and Ar 20 oC GDE protocols. b.) 75oC O2 reduction in GDE for pristine TAP 900@Fe and after O2 

GDE 75 oC GDE.

 

Figure B12. Peak fitting of fresh TAP 900@Fe GDE for a.) C1s and b.) O1s. c.) Total O1s content in at.% 

for GDE samples. The content is based on counts from only C and O. 
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Table B3. Relative content in at.% considering only C and O in GDE. 

 

 

 

 

Figure B13. Comparison of C1s for fresh and post-mortem GDE samples. 

 

Figure S14. Raman spectroscopy of pristine TAP 900@Fe on GDE, and post GDE Protocol at 

20 oC (Ar and O2) and 75 oC (O2). 

XPS Peak Fresh Post GDE 20 oC Ar  Post GDE 20 oC O2 Post GDE 75 oC O2 

C1s 91.08 91.48 91.93 87.8 

O1s 8.92 8.52 8.07 12.2 
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Figure B15. a.) STEM-EDX spectrum images (top) and HAADF-STEM (bottom and left) of a.) Pristine 

GDE b.) Post 20 oC Ar Protocol c.) Post 20 oC O2 Protocol. d.) Post 75 oC O2 Protocol.   
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Figure B16. HAADF-STEM of TAP 900@Fe structure in a.) pristine GDE. Post GDE Protocols in b.) 20 

oC Ar. c.) 20 oC O2. d.) 75 oC Ar O2. 
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Figure B17. XRD of pristine TAP 900@Fe, prepared on GDE and post GDE protocols, with peaks of PTFE 

and graphite labelled. 

 

 

Figure B18. Pourbaix diagram of Fe at 25 oC and [Fe] = 10-8 M. Data replotted from ref.12 
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Appendix C (Chapter 6): Fe-N-C PEMFC Optimisation: The 
Effect of Ionomer Loading 

 

Figure C1. Electrical conductivity determined from two probe pellet method for TAP-derived 
materials, commercial FeNC (PMF-011904) and commercial carbon (Cabot P2000).  

Supporting Note C1: 

The electrical conductivity measured by the two-probe pellet method provides a relative 

comparison of electrical conductivity rather than absolute values.1,2 The electrical 

conductivity values of PMF-011904 and Cabot P2000 are known to at least one order of 

magnitude greater than those reported with this method.  
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Figure C2. Comparison of surface composition between TAP 900@Fe and TAP 900@Fe900. 

Supporting Note 2: 

TAP 900@Fe in Chapter 4 showed Fe, N and O content of 0.14, 4.5 and 2.6 at.% from XPS, 

respectively. This is significantly lower than the values reported here (Figure C2). This 

difference is attributed to the lower hydration of the Mg precursor (MgCl2
.6H2O) in this work. 

Here, a fresh bottle of MgCl2.6H2O was used, whereas in the previous work the MgCl2
.6H2O 

may have been in a more hydrated state (e.g. MgCl2
.9H2O or MgCl2.12H2O) due to its highly 

hydroscopic nature. The hydration state of the Mg precursor and its impact on the catalyst 

properties is the subject of future work.  
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Figure C3. TAP 900@Fe900 XPS of a.) C1s b.) N1s, c.) Fe2p and d.) O1s. 

Table C 1.  Composition of TAP900@Fe900 from XPS and ICP-MS. 

 

Table C 2. Percentage contribution of different N1s peaks in TAP 900@Fe900 
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Figure C4. HAADF-STEM (with some bright field images) at different scales of TAP 900@Fe900. 

 

Figure C5. XRD of TAP 900@Fe and TAP 900@Fe-900.  
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Figure C6. HAADF-STEM and EDX spectroscopy of a.) 40 nm particle b.) nanometric clusters in TAP 

900@Fe900. 
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Figure C7. EDX spectroscopy on two areas of TAP 900@Fe900. 
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Figure C8. Pore volume of TAP-derived materials. TAP 900 value from Chapter 4. 

 

Figure C9. Effect of I/C on a.) CCL thickness and corresponding b.) calculated catalyst layer density 
prior to hot pressing measured by micrometer. Empty star represents of thickness and consequent 
catalyst layer density measured by cross-sectional SEM. Cross-section SEM of MEA with d.) 100 µm 
scale bar e.) 50 µm scale bar. I/C = 3.5 with FeNC loading of 1.36 mgFeNC cm-2. Distances measured 
using ImageJ software. 
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Figure C10. Cyclic voltammetry of TAP 900@Fe900 under N2-H2 (0.3 sccm flowrate) at 50 mV s-1 for 
varying I/C ratios. 

 

Figure C11. FTacV experiment and simulation results for varying I/C ratios of TAP 900@Fe900. FTacV 
of 5th harmonic with 130 mV amplitude.  
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Figure C12. Active site utilisation relative to the total Fe content for I/C ratios of TAP 900Fe900. 

 

 

Figure C13. TAP 900@Fe900 a.) CV in PEMFC at 25oC and 80oC (under N2-H2). b.) Comparison of specific 
capacitance for CV in RDE and PEMFC at 25oC. Scan rates of 50 mV s-1, with RDE in N2-saturated 0.1 M 
HClO4.  



Appendix C (Chapter 6): Fe-N-C PEMFC Optimisation: The Effect of Ionomer Loading 

C-10 
 

 

Figure C 14. Initial HFR-free H2/O2 performance.  

 

Figure C15. Nyquist plot without high frequency resistance compensation under a.) N2-H2 at 0.3 Vvs 

anode b.) O2-H2 at 50 mA cm-2. Dashed line represents 45o.  
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Figure C 16. O2-H2 at 100 mA cm-2 a.) Nyquist plot. b.) Nyquist plot with removal of Re(Z,φ=0). c.) Bode 

phase angle plot. 
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Figure C17. DRT analysis at varying I/C ratios at a.) 50 mA cm-2 and b.) 100 mA cm-2. 
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Figure C18. Calculated proton conductivity derived from DRT analysis and catalyst layer thickness 
values (Figure S9) at a.) 50 mA cm-2 and b.) 100 mA cm-2. Horizontal dashed line at 5 S m-1 represents 
minimum proton conductivity required at high current density, as determined by Jaouen et al.3 

  



Appendix C (Chapter 6): Fe-N-C PEMFC Optimisation: The Effect of Ionomer Loading 

C-14 
 

References 

1 O. Marciano, S. Gonen, N. Levy, E. Teblum, R. Yemini, G. D. Nessim, S. Ruthstein and L. Elbaz, 
Langmuir, 2016, 32, 11672–11680. 

2 L. Elbaz, C. R. Kreller, N. J. Henson and E. L. Brosha, J. Electroanal. Chem., 2014, 720–721, 
34–40. 

3 F. Jaouen, E. Proietti, M. Lefèvre, R. Chenitz, J.-P. Dodelet, G. Wu, H. Taek Chung, C. 
Marie Johnston and P. Zelenay, Energy Environ. Sci., 2011, 4, 114–130. 

 



Appendix D (Chapter 7): Comparative techno-economic and life-cycle analysis of Pt/C versus 
Fe-N-C 
 

D-1 
 

Appendix D (Chapter 7): Comparative techno-economic and 
life-cycle analysis of Pt/C versus Fe-N-C 

Pt/C loading Calculation 

For the baseline scenario the required amount of catalyst was calculated as follows:  

Number of cells used were 380 with an active area of 185 cm2 per cell.  

The area to be coated is calculated by:  

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑐𝑜𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 = 380 ×  185𝑐𝑚2 = 70,300 𝑐𝑚2 

With a loading of 0.125 mg cm-2 of Pt this gives total amount of Pt loading of:  

70,300 𝑐𝑚2 × 0.125
𝑚𝑔𝑃𝑡

𝑐𝑚2
= 8.79 𝑔𝑃𝑡 

The Pt/C catalyst is made up of 46 wt.% Pt, therefore Pt/C: 

8.79 𝑔

0.46 𝑤𝑡. % 
≈ 20 𝑔𝑃𝑡/𝐶  

 

Fe-N-C loading Calculation 

The total required Fe-N-C for 80 kW PEMFC is based on power density of 290 mW cm-2 at 

0.657 V with loading of 2.5 mgFeNC cm-2: 

80,000 𝑊 × 0.0025 𝑔 𝑐𝑚−2

0.290 𝑊 𝑐𝑚−2   
= 690 𝑔𝐹𝑒𝑁𝐶  

 

Pt/C Manufacturing Calculation 

Chloroplatinic acid (CPA) calculations were based on the molar ratios shown below: 

𝑷𝒕 + 𝟒 𝑯𝑵𝑶𝟑 + 𝟔 𝑯𝑪𝒍 →  𝑯𝟐𝑷𝒕𝑪𝒍𝟔 + 𝟒 𝑵𝑶𝟐 + 𝟒𝑯𝟐𝑶  Equation D 1 

Molecular weights were used to calculate the amount of mass required to produce 1.23 kg of 

CPA.  
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Table D 1. Chloroplatinic acid production inputs. Reproduced from ref 1 under Creative Commons CC 
BY 3.0. 

Inputs     

Flow  Amount  Unit Provider/Category 

Hydrochloric acid, without water, in 30% 

solution state  0.66 kg 

Market for Hydrocholoric acid, APOS, U - 

RER 

Nitric acid, without water, in 50% solution 

state  0.76 kg Market for nitric acid, APOS, U - RER 

Platinum  0.64 kg Market for platinum, APOS, U - GLO 

Outputs 
   

Chloroplatinic acid  1.23 kg 
 

Nitrogen dioxide  0.55 kg 
 

Wastewater, average 216 mL 
 

 

Table D2. Pt/C production inputs and outputs for 20 g baseline scenario with provider of LCA data. 
Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Inputs     
Flow  Amount  Unit Provider 

Acetone  768 g Market for acetone, APOS, U - RER 

Carbon black  10 g Market for carbon black, APOS, U - GLO 

Chloroplatinic acid  17.7 g Table S1 

Electricity 4.43 MJ Market group for electricity, medium 

voltage, APOS, U - GLO 

Ethylene glycol  2.05 kg Market for ethylene glycol, APOS, U - GLO 

Hydrochloric acid, without 

water, in 30% solution state  

255 g Market for hydrochloric acid, APOS, U - 

RER 

Sodium hydroxide  23 g Market for sodium hydroxide, APOS, U - 

RER 

Water, deionised 39.7 kg Market for water, deionised, APOS, U - 

Europe without Switzerland  

Outputs    

Acetone, emission to waste 768 g  

Hydrochloric acid, emission to 

water  

255 g  

Pt/C catalyst  20 g This Table. 

Sodium hydroxide, emission to 

air  

23.3 g  

Wastewater, average  39.7 kg  

Ethylene glycol, waste 2.05 kg  
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Table D3. Modelled process inputs and outputs for Iron Nitrite nonahydrate. Reproduced from ref 1 
under Creative Commons CC BY 3.0. 

Inputs 
   

Flow  Amount  Unit Provider 

Iron ore 0.14 g Market for iron ore, APOS U - GLO 

Sodium nitrate  0.46 g Market for sodium nitrate, APOS U - GLO 

Water deionised  0.40 g Market for deionised water, APOS U - RoW 

    
Outputs 

   
Iron nitrate nonahydrate  1 g 

 
 

Table D 4. Modelled process inputs and outputs for Nicarbazin production. Reproduced from ref 1 
under Creative Commons CC BY 3.0. 

 

 

 

 

 

Reaction of HF with Silica: 

𝟒𝑯𝑭 + 𝑺𝒊𝑶𝟐  →  𝑺𝒊𝑭𝟒 + 𝟐𝑯𝟐𝑶  Equation D 2 

 

  

Inputs 
   

Flow  Amount  Unit Provider 

2-nitroaniline  317 g Market for 2-nitroaniline, APOS, U - GLO 

2-pyridinol  109 g Market for 2-pyridinol, APOS, U - GLO 

    
Outputs  

   
Nicarbazin  426 g 
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Table D5. Energy inputs for synthesising 25 g Fe-N-C. Reproduced from ref 1 under Creative Commons 
CC BY 3.0. 

Equipment Power 

Consumption (kW) 

Duration of usage (h) Energy (kWh) 

Planetary ball mill 2.2 1 2.2 

Tube furnace 7 3 21 

Filtration pump 0.5 4 2 

Dry Oven 1 8 8 

Tube furnace 7 3 21 

 

 

Table D6. Production process inputs and outputs for 691 g Fe-N-C baseline scenario, with provider of 
LCA data. Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Inputs 
   

Flow  Amount  Unit Provider/Category 

Silica  1.38 kg Market for activated silica, APOS, U - GLO 

Electricity  5,393 MJ 

Market group for electricity, medium voltage, APOS, U - 

GLO 

Hydrogen fluoride 2.21 kg Market for hydrogen fluoride, APOS, U - RER 

Iron nitrate 

nonahydrate 0.45 kg Table S3 

Nicarbazin  3.46 kg Table S4 

Water deionised 111 kg 

market for water, deionised, APOS, U - Europe without 

Switzerland  

    
Outputs  

   
Silica 1.38 kg Market for activated silica, APOS, U - GLO 

Fe-N-C Catalyst  691 g This Table 

Hydrogen Fluoride 2.21 kg Emission to air 

Nicarbazin  2.76 kg Table S4 

Wastewater, average  111 kg Sewerage 
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Table D7. Monetary valuation factors for the endpoint impacts. Factors for human health and 
ecosystem quality were obtained from Dong et al.2 Conversion of 2017 USD to 2023 USD values were 
based on inflation over that period. Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Endpoint Impact Unit Equivalent Monetary Value 

Factor (USD 2017 / Unit)  

Conversion 

factor from 2017 

to 2023  

Human health DALY 108,836  

1.22 Ecosystem quality  Species.Year 13,964,286 

Resources   USD 2013 1.05 

 

Table D8. Cost of production for baseline 20 g Pt/C at 500,000 stacks. Reproduced from ref 1 under 
Creative Commons CC BY 3.0. 

PRODUCTION COST SUMMARY 
    

USD kgPt/C
-1 

RAW MATERIALS Chloroplatinic Acid 
    

13,275 

  
Acetone 

     
38.4 

  
Carbon Black 

    
0.75 

  
Ethylene glycol 

    
136.53 

  
HCl 

     
2.85 

  
Sodium Hydroxide 

    
1.40 

  
Water, deionised 

    
97.31 

TOTAL RAW MATERIALS 
     

13552.23 

TOTAL UTILITIES Power  
     

23.46 

NET RAW MATERIALS & UTILITIES 
    

13575.69 

DIRECT FIXED COSTS 

Supervisors 1 Employee 29953 USD 1.50 

Maintenance, Material & Labour 4.0 % of ISBL 7.79 

  
Direct Overhead 

 
100 % Labour & Supervision 1.50 

TOTAL DIRECT FIXED COSTS 
    

10.79 

ALLOCATED FIXED 

COSTS 

General Plant Overhead 50.0 % Direct Fixed Costs 5.39 

Insurance, Property Tax 0.8 % Total Plant Capital 2.10 

TOTAL ALLOCATED FIXED COSTS 
    

7.50 

TOTAL FIXED COSTS 
     

18.28 

TOTAL CASH COST 
     

13593.97 

 
Depreciation 0.10 for ISBL & OPC 0.05 for OSBL 29.46 

COST OF PRODUCTION PER kg 
    

13623.43 

     USD kW-1 

COST OF PRODUCTION PER kW     3.41 

a Inside battery limits 

b Other project costs 

c Outside battery limits 
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Table D9. Cost of production for baseline 691 g Fe-N-C at 1,000 PEMFC stacks. Reproduced from ref 1 
under Creative Commons CC BY 3.0. 

PRODUCTION COST SUMMARY 
    

USD  

kgFe-N-C
-1  

RAW MATERIALS Iron Nitrate Nonahydrate 
   

0.42 

  
Nicarbazin 

    
37.00 

  
Silica 

     
2.00 

  
Hydrogen fluoride 

    
3.20 

  
Water, deionised 

    
8.02 

TOTAL RAW MATERIALS 
     

50.64 

TOTAL UTILITIES Power  
     

229.81 

NET RAW MATERIALS & UTILITIES 
    

280.45 

DIRECT FIXED COSTS                                        

Supervisors 1 Employee 29,953 U.S. $ 1.50 

Maintenance, Material & Labour 4.0 % of ISBLa 9.58 

Direct Overhead 
 

100 % Labour & Supervision 1.50 

TOTAL DIRECT FIXED COSTS 
    

12.58 

ALLOCATED FIXED 

COSTS 

General Plant Overhead 50.0 % Direct Fixed Costs 6.29 

Insurance, Property Tax 0.8 % Total Plant Capital 2.54 

TOTAL ALLOCATED FIXED COSTS 
    

8.83 

TOTAL FIXED COSTS 
     

21.41 

TOTAL CASH COST 
     

130.22 

 
Depreciation 0.10 ISBL & OPC b 0.05 OSBL c 35.80 

COST OF PRODUCTION PER kg 
    

337.66 

     USD kW-1 

COST OF PRODUCTION PER kW     2.92 
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Table D10. Cost of 80 kW PEMFC components for F = 86.4% learning curve of Pt/C cathode system, 
with calculated r and A values. Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Production 

Rate 

Cathode 

Catalyst  

Membrane 

+ GDL 

Bipolar 

Plates 

Gaskets Stack + 

Conditioning 

Anode 

Catalyst 

Total Cost 

Stacks year-1 USD kW-1  USD kW-1 

1,000 12.61 33.05 15.65 14.23 3.61 2.55 81.70 

10,000 7.76 15.75 5.76 6.78 3.05 1.57 40.66 

20,000 6.70 12.60 4.26 5.42 2.89 1.36 33.23 

50,000 5.53 9.38 2.86 4.04 2.70 1.12 25.63 

100,000 4.77 7.50 2.12 3.23 2.57 0.97 21.16 

500,000 3.40 4.47 1.05 1.92 2.28 0.69 13.81 

F (%) 86.4 80.0 74.0 80.0 95.0 86.4 - 

-r (-) -0.21 -0.32 -0.43 -0.32 -0.07 -0.21 - 

A (-) 4330 24437 25166 10518 482 876 - 

 

Table D11. Cost of 80 kW PEMFC components for learning curve of PtCo/C cathode system, with 
calculated r and A values. Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Production 

Rate 

Cathode 

Catalyst  

Membrane 

+ GDL 

Bipolar 

Plates 

Gaskets Stack + 

Conditioning 

Anode 

Catalyst 

Total Cost 

Stacks year-1 USD kW-1  USD kW-1 

1,000 14.58 33.05 15.65 14.23 3.61 2.55 83.66 

10,000 8.97 15.75 5.76 6.78 3.05 1.57 41.87 

20,000 7.75 12.60 4.26 5.42 2.89 1.36 34.28 

50,000 6.39 9.38 2.86 4.04 2.70 1.12 26.49 

100,000 5.52 7.50 2.12 3.23 2.57 0.97 21.90 

500,000 3.93 4.47 1.05 1.92 2.28 0.69 14.34 

F (%) 86.4 80.0 74.0 80.0 95.0 86.4 - 

-r (-) -0.21 -0.32 -0.43 -0.32 -0.07 -0.21 - 

A (-) 5005 24437 25166 10518 482 876 - 
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Table D12. Cost of 80 kW PEMFC components for F = 86.4% learning curve of Fe-N-C cathode system, 
with calculated r and A values. Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Production 

Rate 

Cathode 

Catalyst  

Membrane 

+ GDL 

Bipolar 

Plates 

Gaskets Stack + 

Conditioning 

Anode 

Catalyst 

Total Cost 

Stacks year-1 USD kW-1  USD kW-1 

1,000 2.92 129.69 61.41 55.82 14.18 9.91 273.93 

10,000 1.79 61.80 22.59 26.60 11.95 6.10 130.83 

20,000 1.55 49.44 16.71 21.28 11.36 5.27 105.61 

50,000 1.28 36.81 11.23 15.84 10.61 4.34 80.11 

100,000 1.10 29.45 8.31 12.67 10.08 3.75 65.37 

500,000 0.786 17.54 4.13 7.55 8.95 2.67 41.63 

F (%) 86.4 80.0 74.0 80.0 95.0 86.4 - 

-r (-) -0.21 -0.32 -0.43 -0.32 -0.07 -0.21 - 

A (-) 1001 95892 98753 41273 1891 3404 - 

 

Global Sensitivity Analysis 

Table D13. Total Sobol sensitivity indices for midpoint global sensitivity analysis of Pt/C baseline. 
Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Midpoint Impact 

Method 
Acetone 

Carbon 

black 
CPA Electricity 

Ethylene 

glycol 
HCl NaOH H2O 

Global warming (kg 

CO2-Eq) 
0.0001 0 0.6346 0.3651 0.0001 0.0001 0 0 

Acidification potential 

(kg SO2-Eq) 
0 0 0.9972 0.0027 0 0.0001 0 0 

Marine eutrophication 

(kg N-Eq) 
0 0 0.7673 0.2326 0 0.0001 0 0 

Freshwater 

eutrophication (kg P-

Eq) 

0 0 0.9169 0.083 0 0.0001 0 0 

Human toxicity 

potential (kg 1,4-DCB-

Eq) 

0 0 0.9793 0.0206 0 0.0001 0 0 

Fossil resource scarcity 

(kg oil-Eq) 
0.0002 0 0.7458 0.2537 0.0002 0.0001 0 0 

Mineral resource 

scarcity (kg Cu-Eq) 
0 0 0.9998 0.0001 0 0.0001 0 0 
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Table D 14. Total Sobol sensitivity indices of midpoint global sensitivity analysis of Fe-N-C baseline. 
Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Midpoint Impact Method 

Activated 

Silica 
Electricity HF  

Iron Nitrate 

Nonahydrate 
Nicarbazin H2O 

Global warming (kg CO2-

Eq) 
0 0.9994 0.0001 0 0.0001 0 

Acidification Potential (kg 

SO2-Eq) 
0.0089 0.6135 0.3668 0 0 0 

Marine eutrophication (kg 

N-Eq) 
0 0.4086 0 0.0001 0.5912 0 

Freshwater 

eutrophication (kg P-Eq) 
0 0.9998 0.0001 0 0.0001 0 

Human toxicity potential 

(kg 1,4-DCB-Eq) 
0 0.0064 0.9936 0 0 0 

Fossil resource scarcity 

(kg oil-Eq) 
0 0.9987 0.0002 0 0.0011 0 

Mineral resource scarcity 

(kg Cu-Eq) 
0.0002 0.964 0.0244 0.0001 0.0103 0 
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Figure D1. Scenarios of Fe-N-C (baseline, no HF, 380 g, EU electricity) and Pt/C (baseline, 15 g, 55% 
and 75% Pt recycling for midpoints categories: (a) Global warming (kg CO2-eq). (b) Fossil resource 
scarcity. (c) Marine Eutrophication (kg N-eq). (d) Freshwater eutrophication (kg P-eq) (e) Human 
Toxicity (kg 1,4-DCB-eq). (f) Acidification potential (kg SO2-eq). (g) Mineral resource scarcity (kg Cu-
eq). Reproduced from ref 1 under Creative Commons CC BY 3.0. 
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Table D15. Midpoint impact results for baseline and varying scenarios. Reproduced from ref 1 under 
Creative Commons CC BY 3.0. 

Midpoint Impact 

Method 

Fe-N-C Pt/C 

Baseline No HF 380 g EU 

electricity 

Muffle 

furnace 

Baseline 75% Pt 

recycling 

55% Pt 

recycling 

15 g 

Global warming (kg 

CO2-Eq) 

1,130 1,120 623 677 319 659 162 363 494 

Fossil resource 

scarcity (kg oil-Eq) 

286 282 157 185 83 213 52 118 160 

Marine 

eutrophication (kg 

N-Eq) 

0.09 0.09 0.05 0.10 0.06 0.03 0.01 0.02 0.03 

Freshwater 

eutrophication (kg 

P-Eq) 

0.55 0.55 0.30 0.64 0.15 0.83 0.21 0.46 0.62 

Human toxicity 

potential (kg 1,4-

DCB-Eq) 

7,140 856 3,930 7,030 7,138 2,300 571 1,260 1,720 

Acidification 

Potential (kg SO2-

Eq) 

8.36 3.79 4.60 7.44 6.58 34.4 8.6 18.9 25.8 

Mineral resource 

scarcity (kg Cu-Eq) 

1.01 0.90 0.56 1.28 0.45 81.9 20.5 45.0 61.4 
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Figure D2. Midpoint impacts for Fe-N-C for different electricity mix scenarios. Reproduced from ref 1 
under Creative Commons CC BY 3.0. 
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Table D16. Midpoint impact results for baseline (global electricity) and EU, Poland, and Sweden 
electricity mix for Fe-N-C. Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Midpoint Impact Method 

Fe-N-C 

Baseline 

(Global 

electricity) 

EU electricity Poland 

electricity 

Sweden 

electricity 

Global warming (kg CO2-Eq) 
1130 677 1520 129 

Fossil resource scarcity (kg 

oil-Eq) 

286 185 387 34 

Marine eutrophication (kg 

N-Eq) 

0.09 0.10 0.17 0.06 

Freshwater eutrophication 

(kg P-Eq) 

0.55 0.64 1.93 0.05 

Human toxicity potential 

(kg 1,4-DCB-Eq) 

7140 7030 7380 6590 

Acidification Potential (kg 

SO2-Eq) 

8.36 7.44 12.7 4.11 

Mineral resource scarcity 

(kg Cu-Eq) 

1.01 1.28 1.17 1.17 
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Table D17. Midpoint contribution to endpoints for baseline scenario. Reproduced from ref 1 under 
Creative Commons CC BY 3.0. 

Impact Method Contribution Fe-N-C Pt/C 

Human Health (10-3 DALY) 

Climate Change 

Human Toxicity 

Ionising Radiation 

Ozone Depletion 

Particulate Matter Formation 

Photochemical Oxidant Formation 

2.01 

1.04 

0.47 

0.00 

0.00 

0.50 

0.00 

3.16 

0.62 

1.16 

0.00 

0.00 

1.38 

0.00 

 

Resources (USD 2013) 

Fossil resources scarcity 

Mineral resources scarcity 

 

 

54.66 

54.43 

0.23 

 

59.41 

40.47 

18.94 

Ecosystem Quality (10-5 Species·Year) 

Freshwater ecotoxicity 

Freshwater eutrophication 

Global warming, freshwater ecosystem 

Global warming, terrestrial ecosystem 

Land use 

Marine ecotoxicity 

Marine eutrophication 

Ozone formation, terrestrial ecosystem 

Acidification potential 

Terrestrial ecotoxicity 

Water consumption, aquatic ecosystem 

Water consumption, terrestrial 

ecosystem 

0.61 

0.00 

0.04 

0.00 

0.32 

0.12 

0.00 

0.00 

0.03 

0.08 

0.00 

0.00 

0.01 

5.65 

0.02 

0.06 

0.00 

0.18 

4.56 

0.00 

0.00 

0.12 

0.69 

0.00 

0.00 

0.01 

 

  



Appendix D (Chapter 7): Comparative techno-economic and life-cycle analysis of Pt/C versus 
Fe-N-C 
 

D-15 
 

Table D18.Total Sobol sensitivity indexes for endpoint global sensitivity analysis of Pt/C baseline. 
Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Endpoint Impact Method 
Acetone 

Carbon 

black 
CPA Electricity 

Ethylene 

glycol 
HCl NaOH H2O 

Human health (DALY) 0 0 0.9829 0.0170 0 0.0001 0 0 

Ecosystem quality  

(species·Year) 
0.0008 0 0.7615 0.2370 0.0007 0.0001 0 0 

Resources  (USD 2013) 0.0004 0 0.8714 0.1277 0.0004 0.0001 0 0 

 

Table D19. Total Sobol sensitivity indexes for endpoint global sensitivity analysis of Fe-N-C baseline.  

Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Endpoint Impact Method 

Activated 

Silica 
Electricity HF 

Iron Nitrate 

Nonahydrate 
Nicarbazin H2O 

Human health (DALY) 0.0011 0.9428 0.0561 0 0.0034 0 

Ecosystem quality  

(species·year) 
0 0.9954 0.0007 0 0.0039 0 

Resources  (USD 2013) 0 0.9955 0.0006 0 0.0039 0 

 

 

Table D20. Endpoint impact results for baseline and different scenarios. Reproduced from ref 1 under 

Creative Commons CC BY 3.0. 

Midpoint Impact 

Method 

Fe-N-C Pt/C 

Baseline No HF 380 g EU 

electricity 

Muffle 

furnace 

Baseline 75% Pt 

recycling 

55% Pt 

recycling 

15 g 

Human health   (10-3 

DALY) 

2.01 1.68 1.10 1.49 1.04 3.16 2.37 1.74 0.79 

Ecosystem quality  

(10-5 species·year) 

0.61 0.60 0.34 0.46 0.18 5.65 4.24 3.11 1.41 

Resources      (USD 2013) 

54.7 53.4 30.1 35.3 17.4 59.4 44.6 32.8 14.4 
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Table D21. Endpoint impact results for baseline and scenarios considering different production 
location electricity mix for Fe-N-C. Reproduced from ref 1 under Creative Commons CC BY 3.0. 

Endpoint Impact 

Method 

Fe-N-C 

Baseline 

(Global 

electricity) 

EU 

electricity 

Poland 

electricity 

Sweden 

electricity 

Human health   (10-3 

DALY) 
2.01 1.49 2.72 0.48 

Ecosystem quality 

(10-5 species·year) 
0.61 0.46 1.03 0.17 

Resources      (USD 

2013) 
54.7 35.3 34.7 10.5 
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Figure D3. Endpoint scenarios for Fe-N-C for different electricity mix supplies. Reproduced from ref 1 

under Creative Commons CC BY 3.0. 
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Figure D4. Sensitivity analysis on catalyst material feedstock price variance for a.) cathode catalyst 
material costs for baseline and varying catalyst scenarios and b.) catalyst production cost variance. c.) 
Electricity price variance on catalyst production cost variance. Reproduced from ref 1 under Creative 
Commons CC BY 3.0. 
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Figure D5. Percentage breakdown of 80 kW PEMFC component costs with cathode (a) Fe-N-C. (b) Pt/C. 
Reproduced from ref 1 under Creative Commons CC BY 3.0. 

 

 

Figure D6. Different F values applied for baseline Fe-N-C based 80 kW PEMFC stack. For F = 74 and 
95%, this F value is applied to all PEMFC components. F = 86.4% is only applied to the catalysts, with 
other values found in Table S20. Reproduced from ref 1 under Creative Commons CC BY 3.0. 
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Figure D7. a.) Learning curve of 80 kW PEMFC stack containing cathode PtCo/C. b.) Corresponding 
percentage breakdown of component costs. Reproduced from ref 1 under Creative Commons CC BY 
3.0. 

 

 

Figure D8. Different scenarios of Pt consumption over time based on PEMFC electric vehicle (FCEV) 
production from World Platinum Investment Council (WPIC)3 of lower (11 million FCEV) and upper (15 
million FCEV) by 2040. Also, IEA 2050 net zero scenario (equivalent to 2.85 million FCEV)4 and 2030 
government targets (2.5 million FCEV).5 10% annual Pt consumption limit for deployment of new 
technology based on ref,6 with error representing variation in Pt production between 2017-2023.7 
Reproduced from ref 1 under Creative Commons CC BY 3.0. 

  



Appendix D (Chapter 7): Comparative techno-economic and life-cycle analysis of Pt/C versus 
Fe-N-C 
 

D-21 
 

 

Figure D9. Calculated Global warming impact per kW for assumed Pt loadings in references (Usai et 
al. 2021,8 Evangelisti et al. 2017,9 Miotti et al. 2017,10 Simons and Bauer 201511) and this work. 
Reproduced from ref 1 under Creative Commons CC BY 3.0. 

 

 

Figure D10. Reported Pt specific power density and targets over time. Toyota Mirai based on reported 
reductions,12 with gPt kW-1 based on calculations from Gröger et al.13 Targets reported for EU14 and US 
DOE.15,16 Previous literature reports from 1991,17 2005,18 and 2016.19 The reported values and targets 
are based on different operation conditions. Reproduced from ref 1 under Creative Commons CC BY 
3.0. 
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