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Abstract 

The work of this thesis is in the field of non-noble metal catalysts for the oxygen 

reduction reaction (ORR) of a polymer electrolyte membrane fuel cell (PEMFC). The ORR 

requires a catalyst, platinum providing presently the highest level of catalytic activity and being 

used in essentially all PEMFC applications. Platinum is however a very expensive metal that has 

hindered the large scale production of PEMFCs in everyday products, generating a desire to 

develop a low-cost alternative. In this thesis, the proposed catalyst is composed of iron coming 

from a salt and a carbon nanomaterial with nitrogen functionalities, with one important goal 

being to improve the time stability of such iron-based catalyst materials. The carbon 

nanomaterial used is stacked graphene structures having 5 – 20 atomic layers, referred to as 

graphene nanoflakes (GNFs).  

The GNFs were produced in-house through gas phase homogeneous nucleation following 

the plasma decomposition of a carbon-containing feedstock in an inductively coupled plasma 

torch reactor. By introducing nitrogen gas, either directly during GNF structural growth or in a 

second treatment step following growth, nitrogen functional groups are bonded to the surface and 

edges of graphene in different amounts. Iron acetate was used as the source of iron and added to 

the GNF structures before being heat-treated to generate the final ORR catalysts.   

Another recipe for producing the catalyst included phenanthroline as an added nitrogen 

source. An electrochemical study performed in neutral media was used as a screening technique 

to determine the effect of nitrogen functionalization on the GNF support system and its 

interaction with phenanthroline in producing an active catalyst. The best candidate proved to be 

the catalyst derived from using GNFs with high levels (15 – 20 atomic percent on the surface) of 
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nitrogen, further referred to as high-nitrogen GNFs (HN-GNFs), and without phenanthroline 

added. This modified synthesis recipe was used for the duration of the thesis. The catalyst`s 

surface was also characterized with x-ray photoelectron spectroscopy and imaged with electron 

microscopy.  

Catalysts with three different iron concentrations were then synthesized and put through 

another electrochemical study to investigate the effect of the iron weight percent on the catalyst 

in different media (acidic, neutral, basic). The catalysts performed well in acidic media, which is 

vital for a PEMFC catalyst; this result indicated that PEMFC testing should proceed. 

Additionally, having more iron present allowed a characterization study to be carried out to 

explore what the shape, location, and bonding of the iron nanoparticles were. It was seen that the 

majority of the iron is in the form of nanoparticles and are not found on the surface, but 

encapsulated by the graphene sheets of the HN-GNFs. 

The best materials produced throughout the thesis and evaluated through the 

electrochemical study were tested in a single-cell PEMFC as the ORR catalyst. Although the 

current density being drawn from the cell was low when compared to other iron-containing 

catalysts being developed in other research groups around the world, the catalyst developed 

effectively showed good stability over the 200 hours of testing.  



Résumé 

 

iv 

 

Résumé 

Les travaux de cette thèse sont dans le domaine des catalyseurs à base de métaux non-

nobles, en particulier dans le contexte de la réaction de réduction de l’oxygène (RRO) d’une pile 

à combustible à membrane électrolyte polymère (PCMEP). La RRO nécessite l’utilisation d’un 

catalyseur, celui-ci étant typiquement à base de platine. Le prix du platine constitue un des freins 

majeur à l’utilisation des piles à combustibles, en particulier dans le secteur des transports. Cette 

contrainte a rendu nécessaire la synthèse et le développement de catalyseurs à faible coût et à 

haute performance électrochimique. Le catalyseur développé dans cette thèse est composé de fer, 

provenant d’un sel, et d’un nanomatériau à base de carbone sur lequel des groupes fonctionnels 

azotés y sont greffés. Le nanomatériau à base de carbone est consistué de couches de graphène 

empilées (typiquement 5 – 20 épaisseurs atomiques), nommé nano-flocons de graphène (NFG). 

Un des buts premier des structures développées est, en plus d’obtenir des catalyseurs à base de 

fer ayant une bonne activité dans les piles à combustible, d’optimiser leur niveau de stabilité afin 

de maintenir la RRO sur des bases de temps plus longs.   

La synthèse des NFG est faite par nucléation homogène dans un gaz issu de la 

décomposition thermique d’une matière première à base de carbone dans un plasma thermique. 

Le réacteur de synthèse est composé d’une torche à plasma à couplage inductif et d’une paroi 

conique refroidie à l’eau. Les groupes fonctionnels azotés sont greffés à la surface des couches 

de graphène, en quantités différentes, suite à l’addition de l’azote soit durant la croissance des 

NFG, ou dans une étape de fonctionnalisation suivant la croissance. Finalement, l’addition 

d’acétate de fer aux NFG et l’application d’un traitement thermique permettent de compléter le 

processus de synthèse du catalyseur pour la RRO. 
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Une recette de synthèse du catalyseur RRO utilise également de la phénanthroline comme 

source additionnelle d’azote. Une étude électrochimique en milieu neutre a été réalisée afin de 

déterminer l’effet qu’ont les groupes fonctionnels azotés sur les NFG, ainsi que leur interaction 

avec la phénanthroline. Les résultats de cette étude montrent que le meilleur échantillon est un 

catalyseur à base de NFG, sans phénanthroline, et qui a un haut niveau d’azote en surface de 15 – 

20 % atomique. Ce dernier est dorénavant nommé NFG à haute teneur en azote (NFG-HTA). Le 

protocole de synthèse permettant d’optimiser les échantillons de catalyseurs est par la suite 

utilisée d’abord pour les analyses de surface en microscopie électronique et spectrométrie 

photoélectronique X, puis pour les analyses électrochimiques. 

Des catalyseurs à trois teneurs différentes en fer ont été évalués par essais 

électrochimiques en milieu acide, neutre et basique. Ces essais ont permi d’examiner l’effet du 

pourcentage massique en fer du catalyseur sur la performance électrochimique de ce dernier. Les 

catalyseurs montrent une bonne performance en milieu acide. Ce résultat est un atout pour un 

catalyseur de type PCMEP et il montre l’intérêt de poursuivre les essais dans le cadre d’une pile 

à combustible. La teneur augmentée en fer du catalyseur développé a également permis 

d’entreprendre une étude de caractérisation afin d’observer la géométrie, l’emplacement et les 

liaisons chimiques des nanoparticules de fer. Il a été observé que la majorité du fer se trouve en 

forme de nanoparticules et que ces dernières se trouvent encapsulées par les couches de graphène 

des NFG-HTA, plutôt qu’en surface. 

La structure optimum de catalyseur RRO produite et évaluée par méthodes 

électrochimiques a été testée dans une cellule PCMEP simple. Bien que la densité de courant 

mesurée reste faible comparée aux catalyseurs développés ailleurs dans le monde, ce catalyseur a 
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effectivement montré un niveau de stabilité dans le temps pour toute la durée des essais sur plus 

de 200 heures. 
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Chapter 1: Introduction 

1.1 Problem definition 

Our current dependency on fossil fuels is unsustainable due to the amount of greenhouse 

gases and polluting emissions produced from their use. The international community, as 

evidenced through the signing of the Paris accord of 2015, has acknowledged that clean energy 

development is vital. Current lesser-used renewable energy sources will eventually replace oil as 

the primary supply of energy, but work must be done to improve these technologies to the point 

where they are cost efficient. Polymer electrolyte membrane fuel cells (PEMFCs) represent an 

alternative energy technology that is clean, has a high power density, operates at relatively low 

temperatures, and is generally small. One of the present barriers to the emergence of PEMFCs 

into mass usage is the high cost, which stems from their use of platinum as a catalyst for the 

oxygen reduction reaction (ORR). By developing a lower-cost alternative to platinum, PEMFCs 

could take one step closer to becoming an economically viable option to rival the internal 

combustion engine.  

The electrocatalyst (the term given for a catalyst used for a reaction where electrons are 

transferred) is a material that aids the reaction by opening up alternative reaction mechanisms, 

thus lowering the activation energy. A metal, such as platinum, can be used as a catalyst by 

itself, but its effectiveness can be augmented when dispersed on a secondary material as it 

reduces agglomeration and exposes more surface area of the metal to trigger the electrochemical 

reaction. This secondary material, referred to as a support system, would ideally have a large 

surface area on which to disperse the metal, high conductivity for the electron transport to/from 

the reaction site, and be porous for a good transfer of the reactants and products to/from the 
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reaction sites. For the ORR, an electrocatalyst composed of a transition metal bonded to 4 

pyridinic nitrogen atoms with an aromatic carbon support system has already been identified as a 

promising cost-effective alternative to platinum [1]. Heme, the coordination complex found in 

hemoglobin, is an example of this structure and is effectively active for the ORR (Figure 1).  

 

Figure 1. Heme structure [2] 

This family of electrocatalysts can be synthesized in various ways, provided a suitable 

metal, nitrogen source, and carbon support system is in place and the synthesis procedure 

involves a high-temperature heat-treatment to finalize the chemical structure. The novel 

electrocatalyst developed in this thesis uses iron from an iron salt and incorporates it into a 

stacked-graphene nanomaterial whose surface is functionalized with nitrogen. The carbon 

support system, referred to as graphene nanoflakes (GNFs), is produced in-house through the 

plasma decomposition of methane and nitrogen through an inductively coupled plasma torch 

with a conical water-cooled reactor [3].    

This doctorate project extends the work previously done during my master’s thesis 

project in which GNFs with low amounts of nitrogen were generated [4]. In this initial project, 
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the iron incorporation method used by Lefèvre et al. [5] and based on ball milling of carbon 

black carbon sources and heat treatments was used without modifications, with the final catalyst 

being characterized and tested in a PEMFC [4]. This initial work showed that the use of GNFs as 

a carbon support system for ORR catalysts was worthy of future investigation, particularly in 

view of catalyst structural evolution and increased stability in time. In this thesis, the iron 

incorporation method is modified and tuned to the highly crystalline GNF material generated 

with increased nitrogen functionalization. The synthesized electrocatalysts are characterized and 

the best candidates are screened using electrochemical studies. The most active electrocatalysts 

are tested in a single cell PEMFC.  

   

1.2 Thesis objectives 

The overall objective of this thesis is to synthesize and comprehend the final structure of 

a non-noble metal catalyst as an alternative to platinum that is both active to the ORR and stable 

in a PEMFC environment and is composed of iron, nitrogen, and a carbon support system. The 

specific objectives for this thesis are:   

1) To evaluate if producing a carbon support system and functionalizing it with a large 

amount of nitrogen on its surface and edges during nanomaterial growth in a plasma 

process produces more favorable catalyst sites than using phenanthroline as a 

nitrogen source in a non-plasma secondary step after growth   

2) To understand the effect of iron loading as it pertains to both the structure of iron in 

the carbon support system and the overall catalyst activity towards the ORR. 
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3) Achieve a stable catalyst by simplifying the catalyst synthesis procedure to prevent 

damaging the crystalline structure of the carbon support system. 

The methodologies for reaching these objectives include: 

i) Determine correlations between the synthesis parameters and the overall nitrogen 

functionalization on the surface of the catalyst relative to the overall composition 

(atomic percent), covalent bond type to carbon, and interaction with iron 

nanoparticles.     

ii) Investigate the resulting structure and composition of iron within the nitrogen/carbon 

framework at increased iron salt concentrations in the modified catalyst synthesis 

method.  

iii) Optimize the activity towards the ORR of the novel catalyst based on iron and 

nitrogen contents and nanomaterial structures through electrochemical studies at 

various pH environments.    

iv) Validate the performance of the catalyst towards the ORR in a single cell PEMFC.  

 

1.3 Organization of the thesis 

The thesis is comprised of 8 chapters and an appendix and is written in the manuscript 

(article) based style. Care has been taken to ensure the requirements set forth by the university 

and Library and Archives Canada have been met. Chapter 1 introduces the thesis topic and 

specifies the scientific objectives. Chapter 2 provides an introduction into fuel cells to better 

understand the final application of this work and highlight the chemical reaction being studied. 

This chapter also contains a literature review on fuel cell catalysts and relevant carbon 
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nanoparticles used in this field. Chapter 3 is broken down into 3 sections. The first section 

describes the production of the novel nanomaterial and synthesis of the non-noble catalyst, while 

the second section offers a review of the characterization techniques used throughout the course 

of study. Finally, the last section details the experiments used to measure catalytic performance. 

Chapter 4 is a published manuscript that characterizes differently prepared catalysts to both 

simplify the iron incorporation method of catalyst synthesis and gain knowledge on what level of 

nitrogen functionalization yields the best catalyst performance. Chapter 5 is another published 

manuscript that focuses on the iron content of the catalyst, namely its location within the 

nanomaterial structure and its weight percent, and presents the catalytic performance within 

acidic, basic, and neutral electrolyte solutions. The work presented in this chapter directly builds 

off of the work in chapter 4 as only high nitrogen graphene nanoflakes with the simplified iron 

incorporation method was used from this point on. Chapter 6 is a manuscript that has been 

submitted for publication and is the culmination of the thesis work as the best performing 

catalysts are tested in a fuel cell. Chapter 7 presents fuel cell results of different synthesized 

catalysts that show the improvement of the base material over the course of the thesis. Chapter 8 

summarizes major findings and conclusions, while also addressing the contributions to the 

scientific field and proposals for further research. The appendix is the operation procedure for 

growing graphene nanoflakes, provided as additional information to the first section of chapter 3.   
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Chapter 2: Literature Review 

2.1 Classification, introduction, and brief history of fuel cells  

An electrochemical cell is a device that either generates electrical energy from redox 

reactions or uses electricity to drive a nonspontaneous redox reaction. A redox reaction is a 

chemical reaction where the exchange of electrons between two species results in one species 

being oxidized (losing electrons) and the other being reduced (gaining electrons). Examples of 

redox reactions that are found in everyday life are photosynthesis, combustion, and corrosion. 

Electrochemical cells are classified as either galvanic cells or electrolytic cells. The word 

‘galvanic’ comes from the Italian physicist and physician Luigi Galvani who first noticed that 

energy was released during spontaneous redox reactions and that such release could be used to 

generate electricity [6]. The first cell to demonstrate this phenomenon was created by the Italian 

physicist Alessandro Volta, thus inspiring the name ‘voltaic’ cell [6]; ‘voltaic’ and ‘galvanic’ are 

used interchangeably in the scientific community. The common example of a galvanic cell is a 

battery, where electrical energy is stored in the form of chemical energy and converted into 

electricity. The other class of electrochemical cells is an electrolytic cell, when the redox reaction 

is nonspontaneous and electrical energy from an external source is required. Uses of electrolytic 

cells in industry are a) in the production of aluminum, sodium, and calcium, b) electroplating 

metals such as chromium, nickel, or gold, and c) electrolysis in the chlor-alkali industry to make 

chlorine and caustic soda. Fuel cells are specific types of electrical devices that convert chemical 

energy into electrical energy. They are classified as a galvanic cell, but are different than 

batteries in that they do not store energy and instead require a constant external supply of 

reactants because their reaction products are continuously removed.           
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The origin of fuel cells goes back to 1839 when scientist William Grove studied reversing 

the electrolytic process (combining oxygen and hydrogen) to generate electricity [7]. He created 

the first fuel cell by inserting two platinum electrodes in a sulphuric acid and water solution; at 

the time, he referred to this device as a ‘gas battery’ (Figure 2). In 1889, scientists Ludwig Mond 

and Charles Langer improved Grove’s gas battery by adding a clay barrier soaked in sulphuric 

acid and called their device a ‘fuel cell’ [7]. In 1937, Francis Bacon used nickel gauze electrodes 

for his fuel cell that was later used for NASA’s Apollo space program [8]. Since the 1980s, fuel 

cell development has been growing steadily as they are seen as the future replacement of the 

internal combustion engine and batteries for portable power sources.  

 

Figure 2. Grove’s gas battery diagram [9] 

Fuel cells are classified by the type of electrolyte that they use. An electrolyte is a 

material that produces an electrically conducting solution. Types of fuel cells include: alkaline 

fuel cells (AFCs), molten carbonate fuel cells (MCFCs), phosphoric acid fuel cells (PAFCs), 
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solid oxide fuel cells (SOFCs), direct methanol fuel cells (DMFCs), and polymer electrolyte 

membrane fuel cells (PEMFCs). This thesis work focused exclusively on PEMFCs. 

 

2.2 An overview of PEMFCs   

The PEMFC is based on the principle of reverse electrolysis with hydrogen and oxygen 

as fuels. The redox reactions in this electrochemical cell are the hydrogen oxidation reaction and 

the oxygen reduction reaction (ORR), resulting in water as a product (Equation 1, Equation 2, 

and Equation 3) [7]. Using a proton exchange membrane is one way to allow chemical energy to 

be transformed into electrical energy when these two species interact instead of a combustion 

reaction that produces thermal energy. Hydrogen is split into protons and electrons, with the 

protons passing through the membrane and the electrons traveling through an external circuit 

where they can be used to do electrical work. On the other side of the membrane, oxygen reacts 

with protons and the electrons to produce water.    

𝐻2 → 2𝐻+ + 2𝑒− 

Equation 1. Hydrogen oxidation reaction 

1

2
𝑂2 +  2𝐻+ + 2𝑒− → 𝐻2𝑂 

 Equation 2. Oxygen reduction reaction 

𝐻2 +
1

2
𝑂2  → 𝐻2𝑂 

Equation 3. Overall PEMFC reaction 

A PEMFC is made up of multiple components (Figure 3). It contains two electrodes (an 

electrical conductor used to make contact with a non-metallic part of a circuit) labelled the anode 
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and cathode. The anode is the negative electrode from which electrons flow out of, whereas the 

cathode is the positive electrode that receives electrons. Based on the reaction that takes place, 

hydrogen gas is directed to the anode while oxygen is directed to the cathode; hydrogen and 

oxygen are also referred to as the fuel and oxidant, respectively. The electrodes are made up of a 

gas diffusion layer (GDL), a porous material of dense carbon fibers. The GDL provides a gas 

diffused pathway from flow channels to the catalyst layer, helps with water management, 

transfers heat during cell operation, and provides mechanical strength to the membrane electrode 

assembly [10]. The GDL is usually topped with a microporous layer (MPL), which is a carbon 

black powder with a hydrophobic agent that prevents condensed water in the GDL from forming 

a liquid film [10]. Between the GDL and the membrane is a catalyst layer, which can either be 

applied directly on the MPL or on the membrane itself. The catalyst layer is a thin layer of 

support material with catalyst particles. The role of the catalyst layer is to catalyze the redox 

reactions of the PEMFC. Ideally, the catalyst layer has high electrochemical activity, high poison 

tolerance, corrosion stability, and mechanical and heat stability [10]. A commercial catalyst layer 

for a PEMFC is microscale carbon particles with nanoscale platinum. Each electrode, with its 

corresponding catalyst layer, is placed on opposing sides of the proton exchange membrane to 

form a membrane electrode assembly (MEA). If the catalyst layers are directly applied to the 

membrane, it is referred to as a 3-layer MEA; the addition of the GDLs forms a 5-layer MEA. 

The electrolyte membrane must have high ionic conductivity and selectivity, be an electronic 

insulator, and also have mechanical, chemical, and heat stability [7]. The thickness of the 

membrane is generally between 50 – 175 μm [11]. The most common membrane material is 
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Nafion
TM

, a perfluorosulfonated acid polymer. A PEMFC is completed by gaskets, graphite 

plates with fuel canals, current collectors, and end plates.   

 

        Figure 3. PEMFC diagram [12] 

 

2.3 PEMFC applications 

PEMFC applications can be divided into three fields: portable, stationary, and transport. 

Portable PEMFCs are designed to be compact and movable and provide power in the range of 

1 W to 5 kW [13]. Their applications include auxiliary power units (APUs) and small and/or 

large personal electronics. Currently, there are no direct commercial computers, cordless phones, 

cameras, or cordless power tools with PEMFCs, but it is possible to buy external chargers for 

low power electronic devices [13]. These niche products, while available, are more expensive 

than the current industry leader, lithium-ion batteries. The prospect for PEMFCs concerning 

portable applications is considered the least positive of the three fields due to the current 
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domination of the electronics market by lithium-ion batteries and the demonstrated success of 

DMFCs for APUs [14].    

Stationary applications, as the name suggests, require PEMFCs that are not designed to 

be moved. Applications in this field include large and residential combined heat and power 

(CHP) and uninterrupted power supply (UPS). Large CHPs have been dominated by MCFCs and 

SOFCs because of the high electrical efficiency of these high-temperature fuel cell systems, but 

PEMFCs have had some success on smaller scale units in the residential sector for single-family 

homes. PEMFCs have also found themselves as a viable solution for UPS in backup power 

generation situations involving extended backup times (exceeding 15 hours); they are becoming 

more cost efficient than the current solution of batteries, leading to a positive outlook for this 

application [13].         

The last field of transport is where the most positive prospects exist for PEMFC 

applications. Transport applications are those where the PEMFC either directly or indirectly 

provides the propulsive power to a vehicle. The list of applications includes forklifts, scooters, 

cars, buses, trucks, recreational vehicles (RVs), trains, powered bicycles, sailing yacht, and 

unmanned aerial vehicles (UAVs). A fuel cell powered vehicle is advantageous because of their 

lack of emissions and the accompanying health benefits to society. When compared to battery 

electric vehicles, fuel cell vehicles have a higher range and a shorter refueling time [13]. For 

most vehicles, the PEMFC faces no direct competition from any other fuel cell type as these 

cannot deliver short start-up times or handle dynamic load demands [14]. Cars relying on 

PEMFCs have successfully been demonstrated starting from 2004, but the high costs stemming 

from the use of platinum as a catalyst have hindered their wide spread use. PEMFC buses have 
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been successfully deployed in Europe, Japan, Canada, and the USA. The direct competition for 

cars is other internal combustion engine-based hybrids. The most successful application and the 

one with the most positive future are large vehicles such as buses and RVs. The operation of a 

bus fleet is made easier as they are centrally located and fueled and they are also larger than cars 

so there is more available integration space for the PEMFC system and hydrogen tanks [13,14].  

         

2.4 PEMFC catalysts 

In a PEMFC, both redox reactions are catalyzed by a heterogeneous catalyst. Most 

heterogeneous catalysts are supported, meaning the catalyst is dispersed on a secondary and 

usually inert material. The catalyst support enhances the effectiveness of the catalyst by reducing 

agglomeration and exposing more surface area. As previously mentioned, the current industry 

leading catalyst for PEMFCs is platinum nanoparticles dispersed onto a porous carbon surface. A 

further classification of PEMFC catalysts is an electrocatalyst, which is specifically a catalyst 

that participates in electrochemical reactions.   

In the field of electrochemistry, the term overpotential refers to the difference in voltage 

that is observed between thermodynamic calculations and experimental observations. For 

PEMFCs, the existence of overpotential means that less energy is recovered as it is lost as heat 

and thus the cell’s overall voltage efficiency is decreased [10]. When comparing the respective 

reaction rate and overpotential of the ORR and the hydrogen oxidation reaction of the PEMFC 

(Equation 1 and Equation 2 in Section 2.2), the former is approximately 5 orders of magnitude 

slower than the latter [15]. This is because the four electron reduction of oxygen requires 

breaking the strong double bond of molecular oxygen. Therefore, when preparing a PEMFC 
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MEA, 80 – 90% of the total catalyst mass is applied to the cathode side [15]. For this reason, 

research efforts to improving PEMFC catalysts have been almost exclusively for the ORR. 

To maximize PEMFC performance, which is to say that a higher current density can be 

achieved at a specific voltage, high catalyst loadings were first attempted. The problem 

encountered when using a platinum catalyst is that the cost becomes a major concern and a 

significant hurdle for scale-up and mass commercialization. Therefore, attention turned to 

improving efficiency and platinum catalysts were tuned with respect to nanoparticle size; the 

catalytic activity reaches a maximum at a particle diameter of around 2 nm [16]. Another avenue 

that has been explored to decrease the platinum amount while maintaining performance is by 

alloying them to metals such as nickel and cobalt [17,18]. Furthermore, research groups are 

developing nanoparticles with a platinum shell around a metal core [19,20]; these specific cores 

have proved to be in the same price range as the platinum shell, and cheaper metals have not 

been synthesized yet.  

 

2.5 Catalyst alternatives to platinum  

There are many alternatives to platinum that have been or may be investigated further as 

a catalyst for the ORR. To avoid the cost complications that arise by using platinum, having a 

platinum-free catalyst is desirable. From there, a decision must be made on whether to use a 

metal or rely on a catalyst composed of elements such as nitrogen, sulfur, boron, or selenium. If 

choosing a metal and continuing to take into account cost considerations, selecting non-noble 

metals is slightly more desirable. Dedicated research in the field of non-noble metal catalysts for 

the ORR has led to significant advances in developing various catalysts, particularly those that 
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utilize iron or cobalt as their metal centers, to a point where they can begin to compete with the 

activity of platinum. It must be mentioned that although the current density is getting close to or 

even equivalent to platinum, the stability and durability of these catalysts is still unacceptable 

[15]. Figure 4 provides a logical flowchart for selecting a catalyst alternative to platinum 

nanoparticles immobilized onto a porous carbon surface. For the remainder of this chapter, the 

primary focus will be on iron-based catalysts.  
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Figure 4. ORR catalysts research flowchart 

The first relevant work on non-noble metal catalysts can be traced to 1964, when 

Jasinsky showed that cobalt phthalocyanine displays a high activity for the ORR [21]. The basic 

requirement to obtain this proposed catalytic site is to have the metal bonded to 4 pyridinic 
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nitrogen atoms in aromatic carbon, similar to the phthalocyanine structure (Figure 5). The exact 

structure of the catalyst site is still under debate in the scientific community and there are many 

proposed sites that are all similar to one another. Furthermore, it is not yet known which site 

would be the best for the specific application of ORR. Kramm et al. studied potential 

configurations and differentiated them by Mössbauer spectroscopy [22]. They discovered that it 

is possible to determine oxidation state changes from the changes in the chemical environment. 

This information was then used to show how one could potentially predict the activity of a 

catalyst towards the ORR. The paper concludes that one key factor to analyze is the spin state of 

the iron dz
2 

orbital. When the spin state is high or low, activity is possible, while an intermediate 

spin state means the orbital has no vacancies and thus not able to bind to oxygen, making it 

inactive for the ORR [22]. The configurations of three proposed catalyst sites are shown in 

Figure 6. From these three configurations, only the top and bottom have free dz
2
 orbital sites 

available for possible ORR activity.  

 

Figure 5. Metal phthalocyanines [23] 
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       Figure 6. Proposed catalyst sites with low, intermediate, and high spin states, adapted 

from original publication [22]  

To obtain a high activity the catalyst should ideally contain a large amount of nitrogen 

bonded to the carbon structure, where the nitrogen is primarily bonded to the carbon through 

pyridinic bonds. If the carbon support has graphitic edge structures, a multi-plane geometry can 

be provided for affixing nitrogen and iron atoms. Doublet 3 in Figure 6 is one such example of a 

complex multi-plane geometry.  

A variety of metals can be used to prepare a metal/nitrogen/carbon catalyst, but in the 

non-noble family, iron and cobalt have distinguished themselves as being good ORR catalysts 

while also showing a low overpotential [24]. More specifically, most of the focus on non-noble 
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metal catalysts research is on pyrolyzed catalysts, where a high-temperature step creates an 

irreversible change in the chemical composition. When compared with each other, iron is 

generally more active than cobalt because of its specific active sites [24]. In such a catalyst, iron 

should be available for catalytic activity through dispersion at the atomic level in order to 

promote a larger number of catalytic sites than when only available as nanoparticles. 

Additionally, there are a large number of iron sources, nitrogen sources, and carbon supports that 

can be used to create these catalysts, although to varying degrees of success. The nitrogen 

species is vital as it affects the overall efficiency of the catalyst through changes in morphology 

of the active sites [25]. Nitrogen precursors can be selected to create an amine, pyrrole, 

pyridines, or porphyrin-like environment. Precursors most used in PEMFC research are 

polyaniline (PANI), pyrrole, porphyrin, and phenanthroline [24].     

      

2.6 Iron-based catalyst research initiatives 

In the 1970s, it was discovered that pyrolysis (a heat treatment in the absence of oxygen 

to promote the irreversible thermochemical decomposition of an organic material) of metal-

containing nitrogen-4 complexes such as iron phthalocyanine was essential to ensuring a better 

ORR catalyst and improved stability in acidic environments [26]. Gupta et al.’s work in the late 

1980s found that simple metal salts could be mixed with nitrogen precursors and heat-treated to 

obtain comparable performance to transition metal macrocycles [1]. From this work, an 

innumerable amount of possibilities to create iron-based catalysts took off, which can all be 

summarized as taking a carbon support system, ensuring there are nitrogen and iron sources, and 

culminating in a heat-treatment step. Focusing on the carbon support system, desirable 
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characteristics include a large surface area, porosity (empty space within the material), and high 

conductivity.  

 

2.6.1 Carbon black 

Carbon black is a term used to describe industrial products formed by the partial 

combustion or thermal decomposition of hydrocarbons. They are composed of carbon in 

spherical-like particles in either particle aggregates or agglomerates. Carbon black is different 

from soot, a material that is essentially impure carbon particles, because of its high surface-to-

volume ratio. Different types of carbon blacks exist, each containing its own properties that are 

the result of its internal structure, with some having large surface areas, high porosity, and high 

electrical conductivity; thus they are a natural choice for a carbon support system of ORR 

catalysts.  

 

2.6.1.1 Highlighted works using carbon black 

Starting from the late 1990’s, the team of J.-P. Dodelet (INRS, Canada) has generated 

iron-based catalysts with activities for the ORR that eventually matched that of platinum [5,27–

38]. They begin their process with carbon black pearls with iron acetate and phenanthroline 

added as the iron and nitrogen sources to water and ethanol. After mixing, the mixture is heated 

at 95ºC for 24 hours to allow the liquid to evaporate. The sample is collected and ball milled for 

3 hours to generate a micro-porous structure and imbed some iron acetate and phenanthroline 

into these pores. Once complete, the mixture goes through a 2-stage pyrolysis. Stage 1 takes 

place in argon atmosphere at 1050ºC for 1 hour. Stage 2 takes place in an ammonia atmosphere 
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at 950ºC for 5 minutes. This procedure leads to a catalyst containing 6 and 0.92 atomic percent 

for nitrogen and iron, respectively. As indicated above, these catalysts showed an activity 

comparable to a platinum catalyst (1.25 Acm
-2

 at 0.6 V). One drawback of this work is related to 

the stability, which loses 15% of its current density in the first 100 hours [38]. A study from the 

same team showed however that the level of stability scaled well with the Raman parameters 

characterizing the length scales of the crystalline graphitic sheets in the structures. More and 

increasing lengths of the graphitic structures provided increased stability of the catalysts. Such 

knowledge is at the basis of the present work of enhancing the crystallinity of the carbon support 

material through nanocrystalline graphene sheets.  

Wu et al. synthesized an ORR catalyst by combining a high-surface area carbon material 

with iron chloride and PANI (Figure 7) and then performing a heat treatment [39]. The aromatic 

rings of PANI, coupled with the uniform distribution of nitrogen on the surface, produce 

nitrogen-containing active sites. The use of this material, PANI, that resembles graphene, was 

attributed as the reason for the unprecedented stability measured (700 hours) with this catalyst. 

 

 

Figure 7. Polyaniline structure where n + m = 1, x = half degree of polymerization [40] 

 

Recently, Fu et al. used both phenanthroline and PANI as nitrogen sources in creating an 

ORR catalyst with carbon black and iron acetate [41]. The role of the phenanthroline was to act 

as a pore-forming agent while PANI was chosen as it converts to graphene-like structures. This 
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approach lead to an abundance of porous graphene-like structures and the final catalyst produced 

a max power of 1.06 W/cm
2
 in a PEMFC [41].     

       

2.6.2 Carbon nanotubes 

Carbon nanotubes (CNTs) are hollow tubes made up of a rolled up graphene sheet 

(Figure 8). CNTs can consist of either one tube and be referred to as a single-walled nanotube 

(SWNT) or multiple coaxial tubes and be referred to as a multiple-walled nanotube (MWNT). 

The specific surface area of CNTs depend on number of walls/diameter, impurities, and surface 

functionalization with hydroxyl and carboxyl groups. The theoretical specific surface area of 

SWNTs has been estimated at 1 315 m
2
/g, while the measured areas are often at 600 m

2
/g or less 

[42]. For MWNTs, the area is a few 100 m
2
/g. For the property of electrical conductivity, the 

chirality (the symmetry of a carbon center) of the CNTs is vital. Hexagons lined up parallel to 

the axis of the nanotube are referred to as an ‘armchair’ configuration; this configuration leads to 

the CNTs having metallic-like electrical properties including high electrical conductivity. 

‘Zigzag’ configurations leads to the CNTs behaving like semiconductors. These two 

configurations are shown in Figure 9.          

 

Figure 8. Formation of SWNT by rolling up of a graphene sheet [43] 
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 Figure 9. Configurations of CNTs [44] 

 

2.6.2.1 Highlighted works using carbon nanotubes 

In research performed by Merzougui et al. MWNTs with a surface area of 170 m
2
/g were 

coated with PANI and then mixed with iron chloride hexahydrate and heated to obtain a non-

noble metal catalyst for the ORR [45]. The study focused on electrochemical studies and showed 

comparable activities to other novel catalysts. Their work involved long-term stability 

experiments and they found a small 15% decrease in activity after 15 000 cycles in acidic media 

in which they attributed the stability of the catalyst to the high nitrogen content [45]. No PEMFC 

results were mentioned, but a stability test in methanol showed no noticeable change after 20 000 

cycles. They finally conclude that the produced catalyst is an excellent ORR catalyst, but 

probably better suited for DMFCs or AFCs.   

Yasuda et al. utilized what they refer to as vertically aligned carbon nanotubes (VA-

CNT) as their carbon support system to create an ORR catalyst [46]. VA-CNTs have a large 
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specific surface area in the range of 1 000 m
2
/g, which increases the potential for catalytic sites 

along the surface. Iron phthalocyanine is used as both an iron and nitrogen source and pyrolyzed 

to the VA-CNTs to produce the final catalyst (Figure 10). Electrochemical studies showed a 

highly active catalyst in acidic media and long-term stability which was the best reported 

performance of a CNT-based catalyst at the time of publishing in 2016 [46]. This work was 

complemented by a characterization of the catalyst that indicates an abundance of active sites. 

The attention now turns to testing the catalyst in an actual PEMFC.   

 

Figure 10. Synthesis procedure for Fe-N-C/VA-CNT catalyst [46] 

 

2.6.3 Graphene oxide and reduced graphene oxide 

Graphene oxide (GO), as the name implies, is made from the oxidation of graphite to 

exfoliate graphitic layers and form the oxidized form of graphene. It is considered a cost-

effective substitute for graphene, which is expensive and much more difficult to produce, as 

graphite is a cheap and abundant material. Furthermore, GO can be reduced to resemble 

graphene even more and make a product called reduced graphene oxide (rGO). This is an 

essential step to creating a carbon support system for ORR catalysts as the reduction process 
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enhances the low electrical conductivity of GO. The specific surface area of GO is in the 200 – 

300 m
2
/g range.   

 

Figure 11. Graphene oxide [47] 

2.6.3.1 Highlighted works using graphene oxide 

Researchers at the Massachusetts Institute of Technology in Cambridge (USA) have 

synthesized an iron ORR catalyst from the heat treatment of a mixture of iron chloride, thermally 

polymerized dicyandiamide, and rGO [48]. The final catalyst has a surface containing 5 atomic 

percent of nitrogen and 0.4 atomic percent of iron, which was present as nanoparticles. Activity 

approached that of state-of-the-art non-noble metal catalysts in acidic media with stability 

experiments showing a 30% drop in the first three hours. No PEMFC tests were mentioned or 

reported and they conclude that more work must be done [48].  

This next catalyst is difficult to classify as strictly an iron-based catalyst as it contains 

iron, cobalt, nitrogen, and either boron or phosphorous, however its carbon support system is 

rGO. Choi et al. synthesized their own GO and then reduced it with hydrazine to make rGO. The 

rGO was then mixed with graphene-dicyandiamide, cobalt chloride hexahydrate, and ferrous 

chloride tetrahydrate and then put through two pyrolysis steps in an argon environment [49]. The 

catalyst is then doped by introducing either boric or phosphoric acid. The full characterization of 

the catalyst gave importance to the nitrogen, boron, and phosphorous contents, but the 
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performance of the catalyst in electrochemical studies in acidic media was comparable to other 

research leaders using graphene derived-materials [49]. As is the case for most novel catalysts, 

PEMFC tests were not mentioned or reported. 

  

2.7 Alternative carbon support systems  

This section will present different carbon nanomaterials not presented in section 2.6. 

  

Graphene 

Graphene is a hexagonal matrix of carbon atoms as a single layer with a thickness of one 

atom. It has the highest tensile strength of any material at roughly 130 gigapascals and has very 

high electrical and heat conductivity [50]. The theoretical specific surface area of graphene is 

2 630 m
2
/g, far superior to carbon black and CNTs [42].    

 

Graphite 

Graphite is a naturally occurring allotrope (different physical form) of carbon. It is 

composed of many thousands of layers of graphene sheets (Figure 12). Although composed of 

graphene sheets, the properties of graphite are incredibly different. For example, the specific 

surface area of graphite is between 2 – 20 m
2
/g.  

 

Stacked graphene/Few-Layer Graphene/Multilayer Graphene/Graphene nanoflakes   

Between the extremes of graphene and graphite lies a material referred to as either 

stacked graphene, few-layer graphene (FLG), or multilayer graphene. This is a material that is 
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not a single layer of carbon atoms, and as such cannot be labeled as graphene, yet the 2-

dimensional properties of the material more closely resemble graphene than graphite [33]. There 

is no definitive threshold value for the number of layers as most reports of FLG deal within the 

range of 2 – 20 planes. This material corresponds to the carbon support system used in the 

present thesis and is referred to throughout the thesis as graphene nanoflakes (GNFs), first 

generated by Pristavita et al. [3] at McGill University (Figure 13). Important characteristics of 

this material are the extreme crystallinity (low defect concentration) and purity of the powders in 

comparison to regular GO and rGO materials. The purity is characterized by a strong graphitic 

peak as measured by Raman spectroscopy (Figure 14). The GNFs generate typically have 

between 5 and 15 planes (Figure 15). The next chapter covers the fabrication method of these 

graphene nanoflakes.  

 

 

Figure 12. Graphite vs graphene as planes of carbon atoms [49] 
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Figure 13. Scanning electron microscope micrograph of graphene nanoflakes [51] 

 

Figure 14. Raman spectroscopy of graphene nanoflakes 

1 μm 
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Figure 15. Transmission electron microscope micrograph of graphene nanoflakes [51]
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Chapter 3: Experimental Methods and Materials 

3.1 Catalyst synthesis 

3.1.1 GNF growth 

In this work, the procedure developed by Pristavita et al. [51] was used to grow GNFs 

and to first functionalize these with low amounts of nitrogen. The procedure developed by Binny 

et al. [52] was then used as a second step to increase the level of functionalization to much 

higher levels of nitrogen. The synthesis of this material relies on the thermal plasma 

decomposition of methane and nitrogen, with the use of an inductively coupled plasma (ICP) 

system. It is to be noted here that methane is the only carbon precursor involved in the present 

homogeneous nucleation scheme occurring in the gas phase from the completely dissociated 

molecules. This produces carbon powders with extreme purity, which is a strong advantage as 

impurities generate problems and inconsistencies in experimental results and fuel cell operation. 

The ICP system is composed of an ICP thermal plasma torch (TEKNA PL-35 model; 

35kW power) and a radio frequency (RF) generator (Lepel; maximum of 60 kW of power with a 

nominal operating frequency in the range of 2-5 MHz); the control console and all other piping 

and instrumentation was also provided by Tekna. A thermal plasma is characterized by an 

equilibrium of the electron temperature with the heavy species (atoms, ions, molecules) 

temperature. In the present scheme of operation, the thermal plasma generated within the ICP 

torch typically has a temperature in the order of 1 eV (~10,000 K). Figure 16 shows the diagram 

of the plasma torch body that includes a ceramic plasma confinement tube, the induction coil, 

gas entrances, and the water cooling system. The gas distributor head produces a uniform axial 

flow parallel to the wall of the plasma confinement tube (sheath gas) and a swirl flow to the 
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central gas. The torch head supports a ceramic tube that separates the sheath and central gas 

flows and an injection probe (powder and carrier gas). An exit nozzle is found at the end of the 

torch body. The control console is responsible for all the operating parameters such as gas flows, 

pressure, power, and water cooling.  

  

Figure 16. Diagram of the plasma torch body [53] 

The ICP torch relies on the principle of inductance to generate plasma. A ceramic 

confinement tube with an internal diameter of 35 mm is wrapped on the inside of three to four 
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turns of water-cooled copper coil. The generator delivers a RF current to the torch coil and 

induces an alternative magnetic field that heats up a gas and creates a thermal plasma in the 

temperature range of 5,000 K to 12,000 K [54]. A continuous flow of gas maintains the plasma 

within the torch body and forms the high-temperature/high velocity jet at the outlet of the torch.  

     The torch is attached to a custom built conical water-cooled reactor. The conical water-

cooled reactor has a length of 50 cm and a full angle expansion of 14° (Figure 17). The geometry 

of the conical reactor allows a gradual gas expansion and minimizes recirculation areas while 

also providing a symmetrical flow pattern within the reactor chamber.  

 
Figure 17. Schematic of conical water-cooled reactor [51]  

GNFs are formed through the homogenous nucleation of atomic carbon in a very specific 

temperature/flow field within the reactor. Once formed, the presence of nitrogen ions and exited 

nitrogen species enable nitrogen functionalization to occur on the GNF structures during their 

transport to the collection sites. The plasma expansion design enables a control of the residence 
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time distribution of the carbon precursor in the homogeneous nucleation field, and provides a 

means for generating a crystalline critical cluster that grows from condensation in the 2-

dimensional (2-D) direction of the graphene sheet. The temperature, flow, species density, and 

nanoparticle nucleation fields, as well as the thickness and the 2-D evolution of the GNF 

nucleation, have been modeled by Mendoza-Gonzalez et al. [55]. This provided an 

understanding of the physics involved and, more importantly in the present work, of the 

homogeneity of the particle nucleation and growth fields for essentially all stream lines. This 

means that besides the purity of the GNF product, narrow 2-D particle size and number of atomic 

planes distributions are obtained for this graphene material. The temperature window of the GNF 

nucleation and growth is calculated to be between 4900 K down to 4200 K. Such high 

temperatures and the gradual downstream cooling enables a very good organization of the 

graphene structure and the low defect concentration, as discussed in Section 2.7. 

The growth of GNF can be separated into three steps. In the preparation step, a 20 kW 

argon plasma is produced at a pressure of 55.16 kPa with argon gas being directed to the sheath 

and central gas ports at a flow rate of 45 and 13 slpm respectively. In the growth step, the 

pressure is decreased to 13.79 kPa. Once the plasma is stable, methane and nitrogen are delivered 

to the injection gas port at a flow rate of 1 and 0.1 slpm respectively for 10 minutes; stopping the 

plasma after this step results in GNFs with low levels of nitrogen. Additionally, if the nitrogen 

flow is omitted, GNFs with no nitrogen are generated. The third step is a functionalization step 

used to attain high levels of nitrogen. Directly following the 10 minutes of the growth step, the 

sheath flow gas is changed from argon to nitrogen gas, while the values of the flow rate to the 

sheath and central gas ports are maintained. The flow of methane is stopped and the amount of 
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nitrogen directed to the injection gas port is increased to 5 slpm. Additionally, the pressure is 

decreased to 13.79 kPa and the power is increased to 25 kW. These conditions are maintained for 

30 minutes after which the plasma system is shut down. After cooling, the reactor can be opened 

and the GNFs can be collected from the reactor walls. A full standard operating procedure for the 

growth of functionalized GNFs can be found in Appendix A.  

 

3.1.2 Iron incorporation 

A modified version of the iron inclusion method established by Jaouen et al. [31] for 

carbon soot materials was used in this work with ferric acetate chosen as the iron source. In a 

glass beaker, iron acetate is added to a mixture containing equal parts ethanol and water and 

GNFs; the amount of iron being added depends on what is desired as an overall iron mass 

content and how big a batch of GNF is being prepared (Equation 4). In another scheme, 

phenanthroline was also added in a 1 to 1 mass ratio to the GNFs. The solution is mixed in an 

ultrasonic cleaner for 1 hour and then heated in an oven at around 100°C to evaporate the liquid. 

The sample is then collected from the beaker walls and pyrolyzed with argon gas at a 

temperature of 700°C and a flow rate of 600 sccm. 

  

𝐼𝑟𝑜𝑛 𝐴𝑐𝑒𝑡𝑎𝑡𝑒 𝑚𝑎𝑠𝑠 =
𝑚𝑎𝑠𝑠 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 ∗ (𝐺𝑁𝐹 𝑚𝑎𝑠𝑠 + 𝑃ℎ𝑒𝑛𝑎𝑛𝑡ℎ𝑟𝑜𝑙𝑖𝑛𝑒 𝑚𝑎𝑠𝑠)

55.845
173.93 − 𝑚𝑎𝑠𝑠 𝑝𝑒𝑟𝑐𝑒𝑛𝑡

 

Equation 4. Iron acetate mass calculation 
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3.2 Structural characterization techniques 

3.2.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a characterization technique that can analyze 

a sample’s surface up to 2 - 5 nm in depth. It detects which elements (except hydrogen and 

helium) exist on a sample and the type of chemical bonds between elements [56–58]. The surface 

of the sample is exposed to a monochromatic X-ray under ultra-high vacuum (better than 10
-9

 

kPa), which is needed to ensure the sample doesn’t degrade through interactions with the 

ambient gas atmosphere. Enough energy needs to be provided by the X-ray for the photoelectric 

effect to occur, where the photoelectrons can overcome the nuclear attraction force of the 

element and be emitted [59]. Electrons leaving the sample are collected by an electron analyzer 

and their kinetic energy is measured. These measurements are used to produce an energy 

spectrum in the form of intensity (electrons per time) versus binding energy (the starting energy 

of the electrons in the atom).  

The binding energy indicates the specific element and bond type; binding energy values 

can be found in the literature or from the National Institute of Standards and Technology (NIST) 

database [60]. Each element is associated with an energy range on the spectrum. The intensity of 

the peaks is also essential as peak areas are proportional to the number of atoms present in each 

element. With the correct sensitivity factors, the analysis of the XPS intensities enables the 

evaluation of atomic percentage of a given element on the surface. For information about the 

specific bond types present, a de-convolution of the elemental signals must also be done.    

The protocol for collecting XPS data is to begin with a general ‘survey spectrum’, where 

a large energy value (200 eV) is used to scan the entire energy range of the photoelectrons (0-
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1200 eV); this scan enables a survey of the elements present on the sample. Once the elements 

are determined, scans are performed at a lower energy value (50 eV) in the specific elemental 

energy range. These are ‘high resolution’ profiles used for the determination of the elemental 

composition and bond types. The number of scans needed for a specific element is reduced with 

stronger signals as the signal to noise ratio is higher. Detection limits exist where the ratio is less 

than 2, which corresponds to an atomic percent value of around 0.1%.       

All the XPS data in this thesis was performed on a Scientific K-Alpha XPS system from 

Thermo Scientific with aluminium X-ray source energy of 1486.6 eV and 300 μm spot size. 

Avantage 5.932 software was used to analyze and de-convolute all data.  

 

3.2.2 Raman spectroscopy 

Raman spectroscopy refers to the phenomenon of inelastic scattering of light and the 

existence of scattered radiation, which was first observed by Raman and Krishnan in 1928 [61]. 

Photons that make up light can either be absorbed, scattered, or not interact with a material. 

Absorption occurs when the energy of the photon matches the energy gap between the ground 

and excited states of a molecule. In the case of scattering, the energy level does not need to be 

matched and the photons can be perceived by collecting the light at an angle to the incoming 

light source. Since energy matching is not needed, Raman spectroscopy only requires a single 

frequency of radiation, thus making it simpler than other spectroscopy techniques that rely on the 

principle of absorption. 

Most photons are scattered elastically, this being called Rayleigh scattering. Inelastic 

scattering, called Raman scattering, is a weak process that only occurs in one in every 10
6
 to 10

8
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photons when nuclear motion is induced and energy is transferred so that the scattered photon is 

one vibrational unit different than the striking photon [62]; to compensate, high power densities 

are delivered to small sample sizes through the use of lasers. Inelastic scattering is classified as 

either Stokes (molecule goes to a higher energy excited vibrational state) or anti-Stokes 

(molecule goes from excited state to a ground state). For Raman spectroscopy, the Stokes 

spectrum is used and is expressed as the amount of light absorbed with respect to the shift in 

energy between the ground and excited states.         

Raman spectroscopy provides valuable insight for graphene materials. It can be used to 

determine the number and orientation of graphene layers, the quality and type of edges, and the 

effects of doping and functional groups [63]. Figure 18 shows the typical spectrum of single 

layer graphene; the set of peaks for multilayer graphene is very similar. The 2D peak is closely 

linked to the electronic band structure and its shape and intensity provide information on the 

number of layers in stacked graphene [64,65]. Figure 19 shows the Raman shift when moving 

from single layer graphene to graphite. A traditional parameter used with graphene is the average 

in-plane length (La), given as the ratio of the intensities in the G and D peaks and multiplied by a 

coefficient with respect to the laser wavelength [66]; for a 514.5 nm laser, the coefficient is 

4.4 nm. However, this ratio is not precise for disordered carbon or graphene layers with 

demonstrated curvature [67]. A study conducted on novel graphitic indices aimed at 

incorporating the curvature that is often present in graphene layers made slight adjustments to the 

La parameter and found a better match when the peak areas were used instead of the peak 

intensities [33]. Additionally, a tortuosity ratio (twice the ratio of the areas of the 2D and G 

peaks) was multiplied to the new La parameter to create a parameter for the average continuous 
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graphene length (Leq). The Leq parameter provides complementary information to the La 

parameter for graphene layers with high crystalline quality and curvature (Figure 20).    

 

Figure 18. Raman spectra of pristine (top) and defected (bottom) graphene [63] 

 

Figure 19. 2D peak as a function of N layers of graphene for 514 nm excitation [63] 
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Figure 20. Comparison of La and Leq for straight and curved graphene layers [33] 

 

The Raman instrument used in the present project was an inVia Reflex confocal micro-

Raman (Renishaw) with a laser emitting at a wavelength of 514.5 nm. All peak intensities and 

areas were measured using the Wire 2.0 software and an average of points was used to represent 

each sample. 

 

3.2.3 Microscopy 

Scanning electron microscopy (SEM) uses a high-energy beam of electrons to raster-scan 

(scanning one line from left to right, and then jumping to the next scan line, similar to reading 

text) the surface of a sample to provide high-resolution images [68]. The emitted electrons from 

the sample are collected to form an image, with the secondary electrons being attributed to the 

resolution and the backscattered electrons providing contrast. SEM is used to gain information 

on the morphology and particle size of the sample. Transmission electron microscopy (TEM) 

also used a high-energy beam, but here the transmitted electrons are of interest [68]. TEM works 

on very thin samples in the nm range of thickness and allows imaging at the atomic level; this 
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can provide information on dislocations, grain boundaries, sub-nanoscale morphologies, 

nanoparticle shapes and sizes, and the counting of graphene layers for stacked graphene samples.        

All SEM images were captured on a Hitachi S-4700 Field Emission Scanning Electron 

Microscope. The conditions used for all images were 5 kV accelerating voltage, 10 µA beam 

current, and a 6 mm working distance. All TEM images were captured on a Philips CM200 

equipped with a field emission gun (FEG-TEM). 

 

3.2.4 Brunauer-Emmet-Teller (BET) surface area analysis 

In 1916, future Nobel Prize winner Irving Langmuir developed a model to quantify the 

amount of adsorption as a function of partial pressure at a given temperature. By treating the 

adsorption process as a reaction, gas molecules are said to react with an empty site on an 

adsorbent to yield adsorbed complexes. The Langmuir Theory is still used today to describe 

monolayer molecular adsorption. In 1938, scientists Brunauer, Emmett, and Teller (BET) 

extended the Langmuir Theory to describe multilayer adsorption [69]. There are 3 assumptions 

needed to extend the theory:  

Assumption 1: Multilayer adsorption is possible with the forces of adsorption higher for the  

first layer and then constant for all other layers.  

Assumption 2: The surface is homogeneous 

Assumption 3: The Langmuir Theory can be applied to each adsorption layer (no lateral  

interactions)    

The BET method is used to determine the surface area of a solid through the physical 

adsorption of gases. The calculation of the area is dependent on the total volume and molar 
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volume of the adsorbate gas, the adsorption cross section of the adsorbing species, Avogadro’s 

number, and the mass of the adsorbent.  

For BET area measurements, an Autosorb iQ Gas Sorption machine from Quantachrome 

Instruments. Nitrogen was used as the analysis gas with a bath temperature of 77.35 Kelvin. The 

BET area of each sample was calculated by generating a multi-point BET plot and focusing on 

the relative pressures in the range of 0.05 to 0.3. 

 

3.2.5 Neutron activation analysis (NAA) 

Neutron activation analysis (NAA) relies on the collection of emitted gamma-rays of a 

sample as it is excited by neutrons. The bombardment of neutrons causes elements to form 

radioactive isotopes and as the radioactive emissions and decay paths of elements are known, 

NAA can be used to determine the mass concentration of the elements. Nuclei can have different 

cross sections and half-lives so the gamma-ray intensity can vary, making detection limits 

variable, but NAA is overall a very responsive technique with the ability to analyze trace 

elements. Overall, seventy-four elements can be detected with minimum detection limits in the 

range of 10
-5

 to 10
-13

 mass percent [70].   

NAA was used in this work to evaluate the amount of iron in prepared samples. All NAA 

was performed with the SLOWPOKE nuclear reactor at École Polytechnique de Montréal, an 

Ortec GEM30185-P germanium semiconductor gamma-ray detector, an Ortec DSPEC Pro
TM

 

multichannel analyzer, a Sartorius precision balance, and the EPAA analysis software.     
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3.3 Catalytic performance 

3.3.1 Electrochemical studies 

One indicator of a catalyst’s ability to aid a reaction is to study the electrochemistry 

(interaction between electrical energy and chemical change) of oxidation/reduction reactions. As 

detailed in section 2.2, a PEMFC works off the principle of the hydrogen oxidation and oxygen 

reduction reactions. Using an electrochemical cell, a device that produces electric current from 

the energy released by a reaction, one can measure and quantify the chemical changes of 

reactions.  

All electrochemical cells are composed of electrodes. An electrode is a conductive solid 

that interfaces with an electrolyte solution. Electrodes are labeled as either reference, counter, or 

working. A reference electrode acts as an experimental reference point for potential 

measurements and holds a constant potential during experiments. A counter electrode completes 

the current path in the cell and is mostly used as the current source/sink, so they are typically 

made of inert material. The working electrode is the material being studied. Experiments can use 

2, 3, or 4 electrodes. In a 2-electrode setup, the reference and counter electrodes are connected, 

whereas in the very rare case of the 4-electrode setup, the working electrode is divided into a 

working electrode and a ‘working sense’ electrode [71]. The most common setup is the 3-

electrode system, where the potential changes of the working electrode are measured 

independently of the changes that may occur at the counter electrode and thus allow the reaction 

to be accurately studied. 

Working electrodes made of solid materials come with a host of complications and 

problems including intermediates forming on the surface, the forming of oxides and films, and 
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the maintaining of electrode geometry during cleaning. These disadvantages make it difficult to 

obtain reproducible results. Using a working electrode with a disk-shaped surface facilitates 

cleaning without geometric changes. Furthermore, rotating the working electrode removes the 

dependence that exists between the distance of the point on the disc to the axis of rotation; this 

means that the current density measurement is more accurate as the same value can now be 

obtained on the entire surface area of the disk [72].  

Electrochemistry can be used to study mass transport caused by diffusion, convection, or 

migration due to a potential gradient. A rotating disk electrode (RDE) can be used to create a 

flow pattern within the solution so that only convection occurs (Figure 21). The rotation pulls the 

solution up towards the center of the electrode and then outwards. RDE can thus be used to 

calculate a number of parameters related to mass transport, including the double layer 

capacitance, onset potential, and electrocatalyst specific/mass activity.      

RDE studies were used primarily to quickly evaluate the ability of catalysts to reduce 

oxygen. The 3-electrode system consisted of a saturated silver/silver chloride reference electrode 

and a platinum wire counter electrode. The working electrode was the different prepared 

catalysts in this work, mixed in an ink and dried onto the disk of the RDE tip (Pine Instruments, 

AFE3T050GC, glassy carbon 5 mm disk diameter, 12 mm PTFE shroud diameter). The RDE tip 

is inserted into the electrode rotator (Pine Instruments, AFMSRCE), where the rotation rate is 

controlled. Nitrogen and oxygen gas delivery lines were also installed for the cell and all 

electrochemical measurements were done by an EZ-Stat potentiostat (NuVant System Inc.).  
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Figure 21. Solution movement caused by rotation of a RDE [73] 

 

Catalyst inks were prepared as a mixture of 80% water and 20% alcohol by volume with 

the GNFs introduced to obtain a concentration of 2 mg per ml of solution. A 5 wt% Nafion
TM

 

solution was introduced at 2 μL per mg of graphene material. The ink was deposited on the 

glassy carbon RDE tip at a concentration of 0.1 mg per cm
2
 of electrode and dried in a humid 

environment until a uniform film was obtained.         

RDE experiments are composed of 3 tests. The first test is called the conditioning or 

‘break-in’. In this experiment, cyclic voltammetry is performed in the positive voltage range at a 

scan rate of 100 mV/s with nitrogen gas being introduced into the cell until the results become 

a: flow of electrolyte 

b: vitreous carbon electrode 

c: RDE body 

d: direction of electrode rotation 
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invariant with time. The second test is a background current correction to remove the capacitive 

current contributions. Cyclic voltammetry is again performed, but now at a scan rate of 20 mV/s. 

The third test is to obtain the experimental ORR current. Oxygen is now introduced into the 

electrolyte solution and cyclic voltammetry is performed at a scan rate of 20 mV/s. The rotation 

rate should be consistent in the second and third tests for an accurate correction value. The 

controllable parameters in RDE experiments are the electrolyte solution, temperature, pH, 

rotation rate, and oxygen amount. Various values were used and are always quoted when 

reporting results.    

 

3.3.2 Polymer electrolyte membrane fuel cell (PEMFC) testing 

3.3.2.1 Preparation of catalyst inks 

The catalyst layer is where the chemical reaction takes place within the fuel cell. An ideal 

catalyst layer allows the catalyst particles to be in contact with each other, the electrolyte 

membrane, and the GDL [74]. As well, reactant gas must be able to reach the reaction sites and 

the reaction product (water) must be able to exit. The liquid precursor of the catalyst layer is the 

catalyst ink. There are three general categories for catalyst inks: hydrophobic ink, hydrophilic 

solution & colloid ink, and platinum ion solution ink & platinum foil. In this work, the 

hydrophilic solution was used for all catalyst ink preparations.  

To prepare a hydrophilic solution, the catalyst is mixed with a solvent such as alcohol and 

a hydrophilic perfluorosulfonate ionomer; the ionomer solution chosen was Nafion
TM

 as it 

matched the membrane being used. This solution is stirred and dispersed in an ultrasonic cleaner 

to create a uniform ink. Water was also added to the ink solution to slightly increase the 
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viscosity. A very important consideration for the solution is the Nafion
TM

 content and an entire 

study can be done to find the weight percent that maximizes performance for individual 

catalysts.   

 

3.3.2.2 Fabrication of the MEA  

The MEAs used in this work were all of the 5-layer variety and fabricated using the 

catalyst-coated substrate (CCS) method. The CCS method, as opposed to the catalyst-coated 

membrane (CCM) method was chosen here for its simplicity and the availability of required 

equipment. CCM is known to give better results as a stronger ionomer network is formed [75], 

which is considered when discussing the results obtained.  

In the CCS method, the catalyst ink is deposited and dried onto a GDL (Toray carbon 

paper with 20% wet proofing and a micro-porous layer, TGP 090 20%, MPL) to achieve the 

desired catalyst loading, thus forming the GDE. Before being used, the Nafion
TM

 membrane is 

cleaned. Cleaning involves exposing the membrane to one hour of each of the following 

solutions at their boiling temperatures: 3 wt% peroxide solution, 1.2 M H2SO4 solution, and 

finally water. 

The MEA is made by hot-pressing a Nafion
TM

 membrane in between two GDEs that 

contained their respective catalyst layers. For hot-pressing, the MEA was placed in between two 

sheets of Kapton and copper plates and pressed at 5 860 kPa for 2 minutes at a temperature of 

120°C, around its glass transition temperature. Similar to the Nafion
TM

 content, the hot-pressing 

conditions have an effect on the catalyst performance and an entire study can be done to find the 

conditions that maximize performance for individual catalysts. 



Chapter 3: Experimental Methods and Materials 

 

46 

 

 

3.3.2.3 Loading the MEA  

When loading the MEA into the actual fuel cell, special care must first be taken with the 

gasket. The gasket material in this work is Teflon coated fiberglass tape. Gaskets are employed 

to compress the MEA and they need to be a certain shape and have the perfect opening to ensure 

that the guiding pins fit and that the GDE sits snuggly within the gasket and that none of the 

active area is being covered (Figure 22). The thickness of the gasket determines the compression 

experienced by the MEA. By assuming the membrane is incompressible, the compression is 

calculated as the difference between the overall thickness of the 2 GDEs and the overall 

thickness of the gaskets with respect to the overall thickness of the 2 GDEs; ideally, a thickness 

of 15 – 25% is desirable. When the MEA is finally loaded, the bolts that hold the fuel cell 

components together must be tightened in a diagonally opposite pattern with small increments to 

a desired torque of 10.5 to 13.5 Newton meters. This is easily achieved with the use of an 

adjustable torque wrench. Tightening is important to avoid leaks, but overtightening may lead to 

extra compression and damage to the MEA.     
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Figure 22. Gasket shape  

3.3.2.4 PEMFC testing station   

A PEMFC testing station (university model, Fuel Cell Technologies, Inc.) is composed of 

a gas delivery control system, a temperature control system, a direct current (15 V / 60 amps) 

electronic load, humidity bottles, back pressure regulators, and a computer with control and 

measurement software and a peripheral component interconnect general purpose interface bus 

(Figure 23). Appropriate gas cylinders must be provided to the station and the fuel cell must be 

connected to the gas ports, cartridge heaters, and sense leads. All gas lines are quarter inch 

tubing that is rated properly for the operating pressure. For safety reasons, hydrogen gas is first 

directed to a flash arrestor before entering the anode inlet; oxygen gas is directed to the cathode 

inlet. Both gases are sent to their individual mass flow controller to set the flow rate. Nitrogen is 

also connected to the station for such cases when nitrogen gas is desired (start-up, cool down, 

and emergency shutdown). The station is equipped with a 3-way solenoid valve which acts in 
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conjunction with programmed alarms within the computer software for emergency shutdowns. 

Each gas line is directed towards a manual 3-way valve where the user can control if the gas is 

stopped, sent to the humidity bottle, or sent directly to the fuel cell. If sent to the humidity bottle, 

the gas will first pass through a water trap. The humidity bottle is a stainless steel water vessel 

that is wrapped with a heater pad and insulation. The temperature is controlled with a type T 

thermocouple and a proportional-integral-derivative (PID) controller and the water level within 

the bottle is controlled with a float switch and an automatic-fill pump; a reservoir of deionized 

water is provided by a connection to the rear panel of the station. Humidified gases then proceed 

to the fuel cell and exit the station and travel through a section of tubing lined with a heater, 

referred to as the preheater, where the temperature is also controlled. The exits of the preheaters 

are the inlets to the fuel cell.             

A single cell fuel cell with a working area of 5 cm
2 was used in this work. The fuel cell 

includes gold plated copper current collectors with high current connectors and sense leads with 

banana plugs, aluminum alloy end plates, and 115 V cartridge heaters to heat the cell with an 

accompanying thermocouple measuring the cell temperature on the cathode side; the cartridge 

heater is dipped in a heat-conducting coating, such as Milk of Magnesia, to improve thermal 

conductivity. The cell is held together by 8 bolts and internal gas paths are sealed with O-rings. 

The gases enter the top of the Poco graphite blocks (grade AXF-5Q) that have machined 

serpentine grooves with a quarter cm depth. On the fuel cell, a ‘sense’ and ‘load’ connection 

must be made on both the anode and cathode side to complete the circuit with the electronic load. 

Gas leaving the fuel cell is then redirected back into the station to back pressure regulators that 
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are controlled by the user. From there, the anode gas line is sent to an exhaust and the cathode 

vents to a condensing bottle.         
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Figure 23. Control scheme of fuel cell testing station 
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3.3.2.5 PEMFC testing parameters   

A PEMFC has a large number of parameters that can be controlled by the user. When 

connecting the fuel cell to the gas outlets of the testing station, the direction of the incoming gas 

on the anode and cathode gas can be set to flow in the same direction (co-current) or in opposite 

directions (counter-current). Co-current flow has been associated to better overall performance, 

but counter-current has been recommended by the US department of energy for any automotive 

application because it leads to a more uniform current density across the working area [76]; it 

was not possible to install the fuel cell with a counter-current flow on the testing station in this 

work, so a co-current flow was used. The flow rate of the hydrogen and oxygen gases must also 

be set with either a fixed-stoichiometry condition or a fixed-flow-rate condition [10]. In the 

fixed-stoichiometry condition, the parameter λ is used to define the ratio between the reactant 

feed into the fuel cell and the reactant consumption inside the fuel cell and is always set to a 

value greater than 1; this is also colloquially referred to as ‘stoich flow’. Using Faraday’s laws, 

the flow rate of each gas can be calculated with respect to the cell’s current (Icell), the working 

area (AreaMEA), the stoichiometric parameter, Faraday’s constant (F = 96485.33289 C mol
-1

), and 

the amount of electrons transferred in the electrochemical reaction (Equation 5 and Equation 6). 

In the case of fixed-flow-rate, the flow is held at a sufficiently high rate for even the largest 

current densities. This control method ensures that there are no mass transport issues from gas 

not being available at high currents and is generally the method used at the lab scale, but comes 

with the drawback that excess gas is used and there is more gas to humidity. The fixed-flow-rate 

condition was used in all fuel cell experiments in this work.      
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𝑀𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛
𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 =  

𝐼𝑐𝑒𝑙𝑙 ∗ 𝐴𝑟𝑒𝑎𝑀𝐸𝐴 ∗ 𝜆𝐻2

2𝐹
 

Equation 5. Controlled flow rate of hydrogen 

𝑀𝑂𝑥𝑦𝑔𝑒𝑛
𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 =  

𝐼𝑐𝑒𝑙𝑙 ∗ 𝐴𝑟𝑒𝑎𝑀𝐸𝐴 ∗ 𝜆𝑂2

4𝐹
 

Equation 6. Controlled flow rate of oxygen 

 

Another parameter that can be set on the fuel cell is the back pressure on each electrode 

side. It is recommended to operate at a back pressure between 100 and 500 kPa [10], where 

higher pressure has been linked to improved performance, but a value between 200 and 300 kPa 

is more realistic. The humidity temperature of each of the incoming gases can also be controlled 

depending on what the user wants to study. It is possible to run ‘dry’, but a host of performances 

issues arise at low humidity, namely major current fluctuations. It has been shown that cell 

performance increases with respect to relative humidity, therefore most users operate as close to 

100% relative humidity as possible. The cell temperature is also controlled and it is 

recommended to operate within the temperature range of 40 and 90°C, but it is possible to 

explore higher temperatures for specific research goals towards designing new materials. For 

catalysts on Nafion
TM

 membranes, an operating temperature of 80°C is commonly used to 

prevent membrane drying. Finally, the temperature of the preheaters is also controlled and is 

usually set to a few degrees Celsius higher (5 to 10) than the cell temperature in order to prevent 

condensation. 

Concerning the electronic load, it is possible to operate in either a ‘current mode’ or a 

‘voltage mode’, where the user controls one variable and measures/records the other. When 
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controlling the current of the cell, the gas requirement remains constant over time, but there is 

the possibility that as cell performance decreases over time, in which case the desired current is 

no longer obtainable and the cell fails. When controlling the voltage of the cell, the current may 

vary, but the worst case scenario of the cell failing leads to no current being drawn at an applied 

voltage.  

             

3.3.2.6 PEMFC experiments 

To perform a fuel cell experiment, one must first attain whichever cell temperature, 

humidity, gas flows, and back pressure that is desired. At this point, a repeatable break-in 

procedure must be done to bring the cell materials to a stable level of performance before further 

testing. Many different break-in protocols exist and can be as short as 10 minutes or as long and 

exhaustive as 27 hours. In this work, the cell was considered broken-in when subsequent 

polarization curves taken 1 hour apart showed a deviation of less than 5 mV. Once broken-in, 

two types of experiments were performed. To obtain the performance of the catalyst at all 

possible values, a polarization curve is performed in which the voltage is varied from the open 

circuit voltage down to 0.25 V and the current is measured. To monitor the stability of the 

catalyst, the current is measured as a voltage is applied over a time period.     
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Chapter 4: Iron Incorporation on Graphene Nanoflakes for the Synthesis of a 

Non-noble Metal Fuel Cell Catalyst 

 

4.1 Preface 

This chapter presents a published article with the following citation:  

 

P.-A. Pascone, J. de Campos, J.-L. Meunier, and D. Berk, Iron Incorporation on 

Graphene Nanoflakes for the Synthesis of a Non-noble Metal Fuel Cell Catalyst, Applied 

Catalysis B: Environmental 193 (2016), 9–15. 

 

P.-A. Pascone (the Ph.D. candidate) was responsible for the planning of experiments, the 

complete synthesis of the catalyst, performing the experimental work (catalytic testing), 

characterizing the material through XPS and Raman with the accompanying analysis, and 

writing the article. J. de Campos worked as a summer intern under the supervision of P.-A. 

Pascone and performed some experimental runs of the catalytic testing. J.-L. Meunier and D. 

Berk supervised the work and reviewed the manuscript.  

The article investigates the level and chemical composition of nitrogen functionalization 

on the GNFs as a precursor to the wet-chemical method of iron incorporation. In addition, the 

role of iron acetate, phenanthroline, and pyrolysis are investigated. It is shown that the best 

catalytic performance occurs when GNFs with a high level of nitrogen functionalization (HN-

GNFs) are mixed with iron acetate and pyrolyzed. This study simplified the catalyst synthesis 

procedure and indicated that further work on the catalyst should be dedicated to HN-GNFs.  
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Iron Incorporation on Graphene Nanoflakes for the Synthesis of a Non-noble Metal Fuel 

Cell Catalyst 
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Abstract: In the present work, graphene nanoflakes (GNFs) were grown at both low and high 

levels of nitrogen functionalization and subsequently put through a wet-chemical method to add 

iron functionalities to the surface and create active catalyst centers. No mechanical treatments are 

used in order to minimize the formation of defects on the GNFs and evaluate if iron-nitrogen-

GNF edges or surface sites can generate catalytic activity rather than the macropore structures 

holding these functionalities on porous carbon black. The catalysts produced under various 

synthesis routes were characterized and screened for their performance as an oxygen reduction 

reaction (ORR) catalyst. Characterization included an electrochemical study, an examination of 

the carbon and nitrogen content and bonding structure, in addition to Raman analysis and the 

calculation of the BET surface areas. It was found that samples that were both treated with iron 

acetate and put through pyrolysis produced the most active samples. These samples were 

composed of graphitic carbon and contained a large amount of pyridinic nitrogen. Additionally, 

when working with GNFs generated with high levels of nitrogen, no extra nitrogen source was 
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needed during the iron incorporation step. This study further develops the GNF-based catalyst 

already seen to be a suitable ORR catalyst for the polymer electrolyte membrane fuel cell.    

 

Keywords: Graphene; Nanomaterial; Catalyst; Oxygen Reduction Reaction; 

Nitrogen functionalization  

 

4.2 Introduction 

Graphene, an atomic layer of carbon atoms in a two-dimensional aromatic ring matrix, 

has attracted much attention as a material due to its large surface area and high electrical 

conductivity [77]. This material has potential applications in varying fields, such as nanofluids 

[78], supercapacitors [79], and fuel cells [80]. Producing high quality and purity graphene was 

shown to be possible by Prisitavita et al. by the thermal decomposition of a carbon feedstock in a 

thermal plasma [54]. The produced graphene, called graphene nanoflakes (GNFs) powder, has a 

structure that is characterized by a stacking of roughly 5 to 15 graphene planes of typical planar 

dimensions of 100 by 100 nm. The GNFs are considered graphene rather than graphite because 

the properties of single-layer graphene, such as the length scale of the stacked crystalline planes, 

persist within this material [33]. The resulting powder is extremely pure and contains little to no 

amorphous carbon, in addition to having a very high degree of crystallinity and being chemically 

resistant to acidic and basic environments.  

Depending on the plasma conditions during GNF growth, nitrogen can be attached at 

various levels reaching up to above 30 atomic percent on the surface with a fraction of around 25 

percent of this nitrogen being in pyridinic sites of the graphene structure [81]. By introducing 
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iron into the nitrogen functionalized GNFs through a wet-chemical method outside the plasma 

reactor, a catalyst for the oxygen reduction reaction (ORR) can be crafted. For the catalyst to be 

effective, the iron should be bound to nitrogen atoms which are part of the graphitic structure. 

The key to obtaining a high catalytic activity for ORR is in the nature of the iron-nitrogen-carbon 

bond, and whether there is pyridinic or pyrrolic nitrogen. The evaluation of the iron active site is 

still under investigation in the research community with pyrrolic nitrogen being associated with 

higher activity, but pyridinic nitrogen being associated with decreased peroxide formation and 

increased energy efficiency [82].  

For the specific applications of alkaline fuel cells (AFCs) and polymer electrolyte 

membrane fuel cells (PEMFCs), platinum, an expensive precious metal, is typically used as a 

catalyst for the ORR. Non-noble metals, particularly cobalt and iron, atomically dispersed on 

carbon nanomaterials show promise as platinum cathode catalyst replacements for both PEMFCs 

[21,27,37,39,83–94] and AFCs [95–103].   

In this work, GNFs were produced with varying amounts of nitrogen functionalization 

and used as the carbon base onto which iron could be atomically dispersed. The synthesis 

parameters were varied and the resulting catalysts were fully characterized by their elemental 

composition, crystallinity, in addition to being tested for their ability to reduce oxygen in neutral 

media.  

The iron-incorporation method used in this work has been adapted for the GNFs from an 

existing process developed by Dodelet et al.. Their work used carbon black particles as the 

carbon precursor, and iron acetate and phenanthroline were then added as their iron and nitrogen 

sources respectively [5,30,31,34–36,38]. They then tuned the porosity of carbon black particles 
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and filled the pores using a ball milling step and a two-stage pyrolysis. The catalytic activities of 

these structures were very close to matching those of platinum while the amount of defects and 

specific porosity of the carbon black particles seem to play a major role in attaining the high 

level of catalytic activity. A microscale porosity was induced on the carbon black structures used 

by Lefèvre et al. for creating the porphyrin-like catalytic sites through mechanical/thermal 

treatments [5,34–36]. The catalytic stability of these structures over time, however, remains 

problematic, and the increased crystallinity of the carbon structures was observed to correlate 

with stability improvement of the catalyst [38]. The requirement of defects and porous sites on 

the carbon black support proved to be necessary for the formation the iron-nitrogen-carbon 

catalytic sites, while such defects are not involved at the same level on the highly crystalline 

graphene structures for the generation of such sites.  

We may thus hypothesize that further increasing the crystallinity level through the use of 

graphene-based materials hosting the iron-nitrogen-carbon catalytic sites would present a 

promising avenue for providing both activity and stability. The ball milling treatment and 

pyrolysis procedure presented by Jaouen et al. [30] was first used unchanged on our GNFs in a 

preliminary study [104].  Although the low iron content yielded the expected relatively low 

activity levels, the catalyst produced did show catalytic stability during a 100-hour PEMFC test 

[104]. Optimization of iron incorporation levels onto our GNFs is now required to enhance their 

catalytic performance while maintaining the integrity of the graphene structure.  

In using the mechanical/thermal treatments of Lefèvre et al. on the GNFs for the 

synthesis of the catalyst, we noted from Raman spectroscopy that the graphene structures showed 

a significant reduction of the crystallinity parameters [104]. Instead of forming the macropore 
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structures holding the functionalities on porous carbon black, one objective here is to prevent the 

formation of defects on the pure GNFs and form the catalytic sites on the GNF edges; thus the 

ball milling step that follows the addition of iron acetate and phenanthroline has been omitted in 

the new set of experiments presented here. Additionally, since the GNFs already contain 

nitrogen, the ammonia pyrolysis stage is removed, and the temperature of the argon pyrolysis is 

lowered to minimize damage to the GNFs. The main objective of this work is to investigate the 

role of iron acetate, phenanthroline, and pyrolysis as synthesis steps and determine their effect on 

the catalyst structure and activity towards reducing oxygen.  

 

4.3 Experimental materials and methods 

4.3.1 Graphene nanoflakes growth  

The GNF powders are produced by the plasma decomposition of methane and their 

surface is functionalized with nitrogen [54,81]. The plasma parameters used to grow the different 

GNFs are shown in Table 1. In this work, two distinct levels of nitrogen functionalization are 

used: low (0.5 to 3 atomic percent of nitrogen on the surface) and high (15 to 25 atomic percent 

of nitrogen on the surface).  
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Table 1. GNF growing parameters 

Sample # Low Nitrogen (LN-GNFs) High Nitrogen (HN-GNFs) 

Preparation 

Stage 

Power 

Pressure 

Argon 

Time 

20 kW 

13.79 kPa 

64.5 slpm 

5 minutes 

Power 

Pressure 

Argon 

Time 

20 kW 

13.79 kPa 

64.5 slpm 

5 minutes 

1
st
 Stage 

Power 

Pressure 

Argon 

Methane 

Nitrogen 

Time 

20 kW 

55.16 kPa 

64.5 slpm 

1 slpm 

0.1 slpm 

20 minutes 

Power 

Pressure 

Argon 

Methane 

Nitrogen 

Time 

20 kW 

55.16 kPa 

64.5 slpm 

1 slpm 

0.1 slpm 

10 minutes 

2
nd

 Stage 

  Power 

Pressure 

Argon 

Nitrogen 

Time  

25 kW 

13.79 kPa 

15 slpm 

50 slpm  

30 minutes 

 

4.3.2 Catalyst synthesis 

  The low nitrogen (LN) and high nitrogen (HN) GNFs are further treated outside the 

plasma reactor to form the catalyst by adding iron using iron acetate and/or nitrogen using 

phenanthroline. The GNFs are mixed in a 1 to 1 volume ratio of ethanol and water in an 

ultrasonic cleaner for 1 hour. In cases where phenanthroline is added, a 1 to 1 mass ratio is used 

with GNFs. Iron acetate is added to the solution to obtain 1 percent mass of iron within the solid 

mixture. After mixing, the solution is transferred to an oven and heated to 105°C until all the 

liquid evaporates and the dried sample is then collected. At this stage, the sample is pyrolyzed to 

promote the incorporation of atomically dispersed iron. Pyrolysis is carried out using argon gas 

at a flow rate of 600 sccm and a temperature of 700°C for 1 hour. Following pyrolysis, no further 

treatments are performed. A series of 14 samples were prepared under various precursor and 
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process combinations in order to evaluate the possible effects of the synthesis procedure. Table 2 

illustrates the different conditions used to produce the samples in this work. The sample numbers 

presented in this table will be used for identification purposes.  

Table 2. Conditions for samples produced 

Sample # Nitrogen Amount Iron Acetate Phenanthroline Pyrolysis 

HN-0 High    

HN-1 High    

HN-2 High    

HN-3 High    

HN-4 High    

HN-5 High    

HN-6 High    

LN-0 Low    

LN-1 Low    

LN-2 Low    

LN-3 Low    

LN-4 Low    

LN-5 Low    

LN-6 Low    

 

4.3.3 Characterization techniques  

  An electrochemical study using a rotating disk electrode (RDE) was conducted as a 

screening technique to determine which samples stood out as suitable catalyst candidates for 

reducing oxygen. For these tests we have chosen a neutral solution to follow the work done by 

Amirfakhri et al. on the catalytic ORR [105]. If the synthesized catalysts are to be used in 

PEMFCs and AFCs, experiments in acidic and alkaline solutions will have to be performed to 

assess their activities and stabilities under those conditions. However, it is already known from 

previous work that the GNF-based catalysts are suitable for the acidic environments of PEMFCs 

[104].  
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  The GNF samples are dispersed in an ink made up of Nafion
TM

, water, and ethanol. To 

prepare the ink, the GNFs are mixed in a 4 to 1 volume ratio of water and ethanol at a 

concentration of 1 mg per mL, and a 5 weight percent Nafion
TM

 solution is added at 4 μL per mg 

of GNF. The ink is sonicated in an ice bath for 1 hour, deposited on a glassy carbon RDE tip to 

obtain a concentration of 0.1 mg of GNFs per cm
2
 of electrode, and dried in a humid 

environment at 65°C until the liquid evaporates. After drying, the tips are examined under a 

microscope to confirm uniform coverage. The tip is used as the working electrode in a 0.1M 

sodium sulfate neutral solution, with an oxygen and argon gas mixture being bubbled into 

solution in order to obtain a concentration near 32 mg of oxygen per litre. A rotation rate of 2500 

rpm and a scan rate of 10 mV/sec were used in the RDE experiments.  

  All the GNF samples are characterized using X-ray photoelectron spectroscopy (XPS) to 

determine the elemental composition on their surface. XPS is performed on a Scientific K-Alpha 

XPS system from Thermo Scientific with an aluminium x-ray source, 300 μm spot size, and 

Avantage 5.932 software. Additionally, Raman spectroscopy is performed to study the graphitic 

content of the samples. The Raman instrument used in the present project is an inVia Reflex 

confocal micro-Raman (Renishaw) with a laser emitting at a wavelength of 514.5 nm. All peak 

intensities and areas are measured using the Wire 2.0 software. Finally, the Brunauer-Emmett-

Teller (BET) area is calculated by an Autosorb iQ Gas Sorption machine from Quantachrome 

Instruments. Nitrogen is used as the analysis gas with a bath temperature of 77.35 Kelvin. The 

BET area of each sample is calculated by generating a multi-point BET plot and focusing on the 

relative pressures in the range of 0.05 to 0.3. 
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4.4 Results and discussion 

4.4.1 Catalytic activity 

  The best method to determine the performance of a catalyst for fuel cell applications is 

through tests in a real fuel cell environment; however, these tests are costly, time consuming, and 

require a great use of resources. Instead of testing all the samples produced in this study in a fuel 

cell, an electrochemical study with RDE is performed as a screening technique to determine 

which candidates merit a more vigorous investigation. The RDE study may also provide 

information on the reaction mechanism and kinetics. The ORR occurring at the cathode of the 

cell is the slowest and limiting reaction and requires the highest load of catalyst; attention is thus 

given primarily to this ORR reaction. The GNF samples were studied here using RDE focussing 

on the range from 0.15 V to -0.15V vs RHE, which corresponds to the region right before the 2-

electron electrochemical reduction of oxygen with the superoxide anion as the intermediate, and 

the current density was measured with respect to the applied voltage (Figure 24) [92].  

  The electrocatalytic activity is equivalent to the rate of reduction of oxygen in this case 

which is proportional to the current. The cathodic nature of the reaction shows here the currents 

as negative values. Therefore the lowest curves in Figure 24 a) and b) represent the samples with 

the strongest catalytic performance. To better illustrate the performance of the samples, the 

values at 0 volts for each sample were gathered over many runs (Figure 25).  
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Figure 24. Current density vs R.H.E. for a) low nitrogen samples and 

b) high nitrogen samples 
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Figure 25. Absolute value of current density at 0 V vs R.H.E. 

  All samples demonstrate some level of activity, including the untreated samples (LN-0 

and HN-0), with the activity of the LN-0 sample towards the reduction of hydrogen peroxide 

already having been demonstrated in previous work [105]. The GNFs have a catalytic effect on 

the reduction reaction, but the aim is to improve the activity of the untreated samples by 

incorporating iron, phenanthroline, and performing pyrolysis. In Figure 25, most of the samples 

were at the level between 0.4 and 0.5 mA cm
-2

, making them statistically similar to one another 

and not significantly greater than untreated GNFs. Three samples stood out with higher 

activities, namely sample numbers HN-2, HN-6, and LN-6. The best performance was that of the 
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HN-2 at a value of 0.851 mA cm
-2

. The activity value of HN-2 compares favorably with other 

non-platinum catalysts, such as carbon supported manganese oxide nanoparticles [87] and 

beanpod-shaped Fe-C-N composites [93], which fall in the range of 0.2 to 2.8 mA cm
-2

; 

however, these studies do not clearly report the amount of catalyst material used during 

experiments, making a normalized comparison on the basis of mass hard to do. The HN-2 

catalyst was able to achieve a high activity in a neutral solution with a relatively small loading. 

In a study by Wu et al. that investigated the electrochemical reduction of oxygen catalyzed by 

reduced graphene sheets in neutral media, they report a value of around 0.75 mA cm
-2

, but their 

experiments used double the catalyst loading than in our experiments [92]. The fact that HN-2`s 

performance already surpasses other non-platinum catalysts in the literature is a good sign for its 

future as an ORR catalyst.  

  Figure 25 also provides information on the effect of using iron acetate, phenanthroline, 

and the use of a pyrolysis step. As expected none of the four iron-free samples (LN-3, LN-4, 

HN-3, HN-4) stand out in terms of activity, because iron is the active component of this catalyst. 

These results further exemplify the importance of iron acetate to the catalyst synthesis procedure. 

When comparing all the iron-containing samples, the pyrolyzed samples (LN-2, LN-6, HN-2, 

HN-6) produced a higher current density than their respective un-pyrolyzed counterparts (LN-1, 

LN-5, HN-1, HN-5). In fact, the iron-containing samples that have not experienced pyrolysis are 

statistically equivalent to the iron-free samples and the untreated GNFs. The three most active 

samples in this study (red columns in Figure 25: LN-6, HN-2, HN-6) went through a pyrolysis 

process. This result shows the importance of the pyrolysis step for proper iron incorporation. The 
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chemical composition and physical phase of the GNFs can be irreversibly changed to incorporate 

the atomically dispersed iron on the surface of the graphene sheets.  

Focusing on the iron-containing samples and comparing the phenanthroline-free samples 

(LN-1, LN-2, HN-1, HN-2) to the phenanthroline-containing samples (LN-5, LN-6, HN-5, HN-

6), one sees the presence of phenanthroline increases the current density of the LN-GNF samples 

whereas it is decreasing it for HN-GNFs. It appears that the LN-GNFs do not have enough 

nitrogen present initially, phenanthroline acting as an extra nitrogen source for them. However, 

for HN-GNFs, the nitrogen is already at a very high loading on the GNF surface following the 

plasma process; the addition of phenanthroline is not seen to improve the catalyst activity. 

Contrary to the carbon black material and catalyst preparation technique used by the team of 

Dodelet et al,  phenanthroline can be omitted from the iron incorporation step altogether because 

the carbon nanomaterial precursor already has the proper nitrogen content to form an active 

catalyst.  

The surface area of the untreated GNFs and the three most active samples were measured 

by the BET method to further validate the RDE results. The results presented in Figure 24 and 

Figure 25 are normalized with respect to the area of the RDE disc, but since each sample is 

prepared at the same concentration and the same volume is deposited, it is equivalent to 

normalization with respect to mass. By determining the surface area, this mass can be converted 

into a ‘GNF surface area’ and the results can be re-evaluated to determine if they still are 

statistically different from the control case of untreated GNFs. The area calculation will vary 

depending on whether the sample is in powder form or dispersed in an ink, but it is assumed that 

the differences between the samples are relatively similar for either condition. In the present 
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work, the area was measured in powder form for comparison reasons. All the samples produced 

a fairly similar BET surface area, which is shown in Table 3. These results were then used to re-

normalize the RDE values, also presented in Table 3. When these new values are considered, the 

active samples still stand out among the rest, further confirming the RDE results.   

Table 3. Current density normalized with ‘GNF surface area’ 

Sample 

Name 

Current Density w/ 

‘geometric area’ 

[mA cm
-2

] 

BET Surface Area 

[m
2 

g
-1

] 

Current Density w/ 

‘GNF surface area’ 

[mA m
-2

] 

HN-0 0.454 211 21.51 

HN-2 0.851 209 40.62 

HN-6 0.625 174 35.97 

LN-0 0.448 182 24.62 

LN-6 0.651 178 36.56 

 

The BET surface area is also useful for comparing this material to similar materials being 

used by other research groups where values can range from 400 to 1800 m
2
 per g [32,106–108]. 

The BET results obtained in this study may seem to be low especially when compared to the 

‘perfect case’ of graphene. By assuming a unit cell of one benzene ring with a bond length of 

0.142 nm, one-sixth of a carbon atom at each vertex (or one atom per ring), and a mass of 2x10
-23 

g per atom, one obtains a surface area of 2619 m
2
 per g, which matches the literature quite well 

[109]. The GNFs produced in this work had a surface area less than one-tenth of the calculated 

value, but the GNFs contain nitrogen, iron, oxygen, and may not be perfect aromatic rings; each 

of these defects adds mass to the structure and decreases the surface area value. Defects are 

sought in our catalyst structure as we want iron-nitrogen-GNF edges to be potential active sites. 

A relatively low BET surface area is a good sign for our catalyst.  
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4.4.2 Elemental composition 

   All produced samples were characterized by XPS to evaluate the overall content of 

nitrogen; in addition, a deconvolution of the peaks was performed to attribute the elemental 

signals to bond types. The results of the two primary peaks, carbon and nitrogen, are shown in 

Table 4 with the three most active samples from the RDE study (HN-2, HN-6, and LN-6) shown 

in bold. The other elemental signals in the samples were iron, when applicable, in small amounts 

(less than 0.5 atomic percent) and oxygen (1.5 to 5 atomic percent).  

Table 4. Elemental atomic percent from surface analysis 

Sample Name 
Carbon 

[atomic percent] 

Nitrogen 

[atomic percent] 

HN-0 74.16 20.60 

HN-1 78.62 17.41 

HN-2 93.03 4.28 

HN-3 76.27 19.90 

HN-4 89.83 8.54 

HN-5 80.04 14.24 

HN-6 90.23 6.02 

LN-0 97.92 0.74 

LN-1 95.88 1.15 

LN-2 98.81 0.38 

LN-3 97.59 1.26 

LN-4 95.60 2.96 

LN-5 92.85 3.95 

LN-6 94.13 3.84 

 

The HN-GNFs produced in this work had a nitrogen content of about 20 atomic percent 

on the surface before being treated. There is a noticeable difference between the pyrolyzed (HN-

2, HN-4, and HN-6) and non-pyrolyzed samples (HN-1, HN-3, and HN-5). Pyrolysis always 

resulted in at least a 58 percent decrease of the nitrogen content; for the case in which only iron 

acetate was added (HN-1 and HN-2), a 75 percent decrease was observed. This result indicates 

that, with the untreated HN-GNFs, a large amount of nitrogen might be attached to amorphous 
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carbon and the pyrolysis procedure breaks these bonds, leading to the sharp decrease in nitrogen 

content. For the LN-GNFs, the original nitrogen content was very low (less than 1 atomic 

percent), but in all the cases where phenanthroline was added (LN-3, LN-4, LN-5, and LN-6), 

the nitrogen content increased significantly, even by more than 400 percent for the lone active 

low nitrogen sample (LN-6 compared to LN-0).      

When examining the carbon and nitrogen signals of all the samples, the three most active 

samples from the RDE study (HN-2, HN-6, LN-6) produced similar signals to one another, 

exhibiting the same overall shape and relative bond types, although with differing amounts of 

total nitrogen and carbon for both the low and high nitrogen cases. All other samples produced 

the same XPS spectra for carbon and nitrogen as untreated GNFs (HN-0 and LN-0). Figure 26 

shows the carbon signal of the most active sample (HN-2) compared to the untreated HN-GNFs 

(HN-0). The main carbon peak is at a binding energy of 284.6 eV and the peak of HN-2 is 

slightly less broad than that of HN-0, best illustrated in the binding energy of 285 to 287 eV, 

indicating slightly less amorphous carbon [60]. At the binding energies of 287 to 291 eV are the 

signals for functional group attachments. HN-2 and HN-0 both give a signal in this range, but 

that of HN-2’s is at a lower intensity, symbolizing that the functional groups are attaching to 

graphitic carbon and not amorphous carbon. This decrease in amorphous carbon content for the 

three most active samples means that they contain an overall higher graphitic content and are 

therefore a purer material, which increases their catalytic activity towards the ORR.  
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Figure 26. XPS of carbon peak for HN-0 and HN-2 

Figure 27 shows the nitrogen signals for HN-0 and HN-2. The two cases have noticeably 

different shapes. HN-0 produces a symmetrical nitrogen signal, with 32 percent being attributed 

to the pyridinic peak (binding energy of approximately 398.7 eV), while HN-2 has a noticeable 

slant to a lower binding energy and 70 percent of the signal coming from the pyridinic peak. The 

high pyridinic content is desirable for the specific application of PEMFCs, but the lack of 

pyrrolic nitrogen (binding energy of approximately 400.3 eV) likely indicates a low overall 

activity. 
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Figure 27. XPS of nitrogen peak for a) HN-0 and b) HN-2 

4.4.3 Crystallinity 

The Raman spectra for each of the samples in this study were obtained and analyzed. 

Indices for the purity, the crystallite size, and the average length of graphene planes provide a 

better understanding of the nature of the graphitic content through examination of the three main 

peaks [67,110–112]. The calculated values for these factors for the three most active samples are 

presented in Table 5. It can be observed again here that sample HN-2 stands out. The addition of 
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iron acetate to the HN-GNFs still maintains a high purity factor, with an average length of 

graphene plane that almost doubles the two other samples. In comparison, when the unmodified 

incorporation method of Jaouen et al.is used on GNFs, the average length of the graphene planes 

is around 10 nm by the end of the second pyrolysis step [104]. By using HN-GNFs and 

eliminating phenanthroline, ball milling, and one pyrolysis stage from the iron incorporation 

method, the damaging of the graphene sheets is minimized. 

Table 5. Crystallinity parameters 

 

Raman performed on the samples demonstrated an interesting property that further helps 

reinforce the importance of pyrolysis for the iron incorporation step. When the HN-GNF samples 

are treated with iron, phenanthroline, or both, they all give off a fluorescent signal in their 

Raman spectra. However, the fluorescence is eliminated by performing pyrolysis. Figure 28 

shows this result for the HN-GNF with iron. This seems to show that poly-aromatic 

hydrocarbons are formed by the iron incorporation steps and then removed by pyrolysis, yielding 

a cleaner material. 

Sample Name Purity 
Crystallite Size 

[nm] 

Average Length of Graphene Plane 

[nm] 

HN-2 2.37 ± 0.06 6.86 ± 0.15 18.51 ± 0.92 

HN-6 1.82 ± 0.10 5.76 ± 0.54 8.87 ± 0.21 

LN-6 2.11 ± 0.07 7.37 ± 0.48 9.72 ± 1.43 
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Figure 28. Raman spectra of HN-GNFs with iron before (HN-1) and after (HN-2) pyrolysis 

 

4.5 Conclusions 

GNFs grown in a thermal plasma reactor at two nitrogen levels were treated with iron 

acetate, phenanthroline, and a pyrolysis step in order to optimize their catalytic activity. It was 

found through RDE, XPS, Raman, and BET analysis that iron acetate and pyrolysis were 

essential components for the incorporation of iron onto the GNFs. Additionally, pyrolysis is 

required as a final step for iron incorporation as it improves the activity while removing the 

fluorescence of the samples. By altering the nitrogen levels of the nanomaterial, it was found that 

phenanthroline was not needed for GNF samples containing a high level of nitrogen by plasma 

functionalization, but helped the GNF samples generated with a low level of nitrogen to obtain a 
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higher activity. The carbon and nitrogen signals also showed that the catalyst having the highest 

activity also have the highest level of graphitization and the majority of their nitrogen in 

pyridinic states. This study provides results towards optimizing the iron incorporation process for 

GNFs and eventually developing a suitable non-noble metal ORR catalyst. With the untreated 

GNFs already providing some activity for ORR, a relatively small amount of atomically 

dispersed iron added onto the GNFs is shown here to double this initial activity level. Studies on 

the active site and the position of the atomically dispersed iron within the catalysts are currently 

underway, in addition to actual fuel cell testing.  
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Chapter 5: Influence of Iron on Structure and Catalyst Activity of Nitrogen-

functionalized Graphene Nanoflakes 

 

5.1 Preface 

This chapter presents a published article with the following citation:  

 

P.-A. Pascone, J.-L. Meunier, and D. Berk, Influence of iron on structure and catalyst 

activity of nitrogen-functionalized graphene nanoflake, Materials Today Communications 

9 (2016), 54–59. 

 

P.-A. Pascone (the Ph.D. candidate) was responsible for the planning of experiments, the 

complete synthesis of the catalyst, performing the experimental work (catalytic testing) and 

accompanying analysis, characterizing the material through XPS and SEM with the 

accompanying analysis, and writing the article. J.-L. Meunier and D. Berk supervised the work 

and reviewed the manuscript.  

The article investigates the effect of the iron weight percent on the catalyst for acidic, 

basic, and neutral electrolyte solutions. In addition, the shape, location, and bonding of the iron 

nanoparticles are explored. Of the three samples prepared, the one labeled Fe-Medium, (which 

contains 3.77 weight percent iron), is the best performing catalyst. It is shown that the presence 

of iron is vital for the catalyst in acidic media and that the iron nanoparticles are covered with 

graphene sheets, which is believed to be associated to stability in fuel cells. This study was 
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paramount as it provided knowledge on the placement of iron within the HN-GNFs and also 

indicated that a PEMFC study should proceed.  

 

Influence of Iron on Structure and Catalyst Activity of Nitrogen-functionalized Graphene 

Nanoflakes 

 

Authors: Pierre-Alexandre Pascone
a
, Jean-Luc Meunier

a
, Dimitrios Berk

a  

 

Affiliations: a: Plasma Processing Laboratory (PPL), McGill University, Chemical Engineering, 

3610 University Street, Montréal, Québec, H3A 0C5, Canada 

 

Abstract: A cost effective alternative catalyst to platinum for the oxygen reduction reaction 

(ORR) in polymer electrolyte membrane fuel cells is iron nanoparticles deposited into nitrogen-

rich stacked graphene sheets. In this work graphene nanoflakes with high levels of nitrogen (HN-

GNFs) are grown from the plasma phase and iron functionalities are added by a wet-chemical 

method. The amount of iron is varied to study the structural and electrochemical effects on the 

catalyst. The amount of iron in the sample and on the surface is measured and proven to have no 

effect on the qualitative surface conditions of HN-GNFs, as the iron is imbedded into the HN-

GNFs. Electrochemical studies with a rotating disk electrode reveal that the addition of iron is 

beneficial in acid and neutral environments, with improvements of over 0.3 V to the onset 

potential and 1.85 mA cm
-2

 to the current density at 0 V versus a reversible hydrogen electrode 

when the iron catalysts are compared to untreated HN-GNFs. The iron did not improve the 
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catalytic performance in alkaline environments, with untreated HN-GNFs already showing good 

activity towards the ORR.   

 

Keywords: catalyst; iron; nitrogen; graphene; oxygen reduction reaction 

 

5.2 Introduction 

The oxygen reduction reaction (ORR) is an essential and often rate-limiting reaction in 

energy conversion devices such as fuel cells [113]. For polymer electrolyte membrane fuel cells 

(PEMFCs), the ORR occurs at the cathode side with slow kinetics, requiring a catalyst showing 

good performance at low cost. The leading catalysts currently used, in particular for transport 

industry applications, are based on platinum. Economic evaluations made for this noble metal 

yield a catalyst cost corresponding to close to half of the total fuel cell stack price when reaching 

a high production rate of 500 000 systems per year [114]. A cost effective alternative must be 

developed to achieve commercially viable PEMFCs with one promising avenue being non-noble 

metal catalysts using, for example, cobalt or iron active centers [115–123].  

The non-noble metal catalyst produced in this work consists of iron nanoparticles 

deposited into nitrogen-rich stacked graphene sheets. Using the method developed by Pristavita 

et al.,  graphene powders in the form of stacked sheets with an extremely high level of purity are 

produced by the thermal decomposition of methane in a thermal plasma [54]. The graphene, 

hereafter called graphene nanoflakes (GNFs), have typical planar dimensions of 100 by 100 nm, 

and contain roughly 5 to 20 atomic planes. The GNFs display an exceptionally high degree of 

crystallinity from the nucleation and growth processes occurring in a temperature window 
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between 3 700 and 4 900 K, and are generated with essentially no amorphous carbon present in 

the powders [55]. Following their nucleation from the gas phase and deposition, the GNFs can be 

functionalized in the same reactor using a second plasma step to generate high amounts of 

nitrogen (15 to 25 atomic percent) on their surface and create a novel starting material for 

catalysis applications [81]. These high nitrogen-containing graphene nanoflakes (HN-GNFs) are 

collected and mixed with an iron coordination complex through a wet-chemical method in order 

to produce the final iron-containing catalysts [124].  

A previous study has already shown the viability of HN-GNFs as a support structure for 

synthesizing non-noble metal catalysts [104,124]. Here, iron is added at different proportions to 

HN-GNFs with all other synthesis parameters fixed in order to study the effect of the iron 

content on catalyst structure and activity towards the ORR. The prepared catalysts are analyzed 

to determine the amount of iron in the bulk sample, their elemental surface composition, and 

detect any changes to the structure of graphene stacking. An electrochemical study is also 

performed in different electrolyte solutions to monitor increases in performance of the HN-GNFs 

stemming from the addition of iron.  

     

5.3 Experimental materials and methods 

5.3.1 Catalyst synthesis   

HN-GNFs are grown by a 2-stage plasma process using an inductively coupled thermal 

plasma torch (TEKNA PL-35 model), a radio frequency generator (Lepel; 60 kW power/2-5 

MHz frequencies), and a conical water-cooled reactor [3,54,81]. Once collected from the reactor, 

the HN-GNFs are mixed in an equal part ethanol/water mixture at a concentration in the range of 
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2 to 4 g L
-1

 with iron acetate added afterwards. In this set of experiments, the amount of iron 

acetate introduced was controlled to obtain different iron contents in the catalyst. Three samples 

are prepared to obtain a ‘low’, ‘medium’, and ‘high’ amount of iron; the iron weight used in the 

wet-chemical method is 1% (Fe-Low), 3% (Fe-Medium), and 15% (Fe-High). The final mixture 

is ultrasonically dispersed for 1 hour and then transferred to an oven and heated until drying of 

the sample. The dried sample then goes through argon pyrolysis at a temperature of 700°C for 1 

hour.    

       

5.3.2 Characterization techniques  

The elemental composition on the surface of the catalysts is evaluated by X-ray 

photoelectron spectroscopy (XPS) performed using a Scientific K-Alpha XPS system from 

Thermo Scientific with an aluminium x-ray source, a 300 μm spot size, and the Avantage 5.932 

software. Neutron activation analysis (NAA) is utilized to determine precisely the amount of iron 

in the bulk catalyst material. NAA is achieved at the SLOWPOKE Laboratory of the Institute of 

Nuclear Engineering (École Polytechnique de Montréal) with a SLOWPOKE nuclear reactor, an 

Ortec GEM30185-P germanium semiconductor gamma-ray detector, an Ortec DSPEC Pro
TM

 

multichannel analyzer, a Sartorius precision balance, and the EPAA analysis software [125]. For 

qualitative information about the catalysts, scanning electron microscopy (SEM) is accomplished 

with a FEI Inspect F50 FE-SEM at a 5 kV accelerating voltage and 10 µA beam current in 

addition to transmission electron microscopy (TEM) with a FEI Tecnai G2 F20 200 kV Cryo-

STEM. 



Chapter 5: Influence of Iron on Structure and Catalyst Activity of HN-GNFs 

 

81 

 

Electrochemical studies by rotating disk electrode (RDE) are performed at room 

temperature in 3 distinct electrolyte solutions: acidic, neutral, and alkaline. The acidic electrolyte 

is a 0.1 M H2SO4
 
solution prepared from reagent grade sulfuric acid and diluted with deionized 

water and having a measured pH of 0.70. The neutral electrolyte is a 0.1 M Na2SO4 solution 

prepared in-house by mixing the salt in deionized water and has a measured pH of 7.8. The 

alkaline electrolyte is a 1 M NaOH solution with a measured pH of 13.3. The catalysts are 

prepared in an ink composed of Nafion
TM

, water, and ethanol and dried in a humid environment 

onto a glassy carbon RDE tip at a concentration of 0.2 mg of catalyst per cm
2
 of electrode. A 

saturated silver/silver chloride (Ag/AgCl) electrode and a platinum wire are used as the reference 

and counter electrodes respectively. RDE conditioning (break-in) with nitrogen is performed on 

each sample until the cyclic voltammogram becomes invariant with time and cycles [126]. 

Oxygen reduction reaction (ORR) curves are then obtained from the cathodic scans of a linear 

voltage profile from 1 to -1 V at a scan rate of 20 mV/s and a rotation rate of 2500 rpm. A 

background correction to account for the capacitive current contributions is conducted and 

removed from all data curves [126]. For comparison with the literature, results are displayed with 

respect to a reversible hydrogen electrode (RHE) as a reference electrode. The Nernst equation is 

used to adjust the reference electrode potentials and also account for the pH of the electrolyte 

solution (Equation 7); the standard potential is taken as 0.1976 V at 25°C [127].   

 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
° + 0.059 ∗ 𝑝𝐻 

Equation 7. Nernst equation for conversion of Ag/AgCl to RHE  
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5.4 Results and discussion 

5.4.1 Iron content 

 Iron acetate is mixed with HN-GNFs at different ratios with the express purpose of 

producing samples with increasing iron content. The range of values chosen for this study (1 to 

15 weight percent) are on the low end of ranges that are found in industrial platinum catalysts, 

where loadings on a mass basis as high as 80% exist on carbon supports. The three catalysts in 

this study were prepared and NAA was used to verify the weight percent of iron (Table 6). The 

samples are labeled Fe-Low, Fe-Medium, and Fe-High to represent their relative amount of iron 

used in the catalyst synthesis. NAA reveals that the iron content of all samples is slightly higher 

than the desired value, with the difference attributed to carbon material losses in the synthesis 

procedure. The iron weight percent achieved in this study demonstrates that it is indeed possible 

to add more iron to the HN-GNFs structures through the wet-chemical iron incorporation 

technique, as this study marks the first attempt to go above 1% with GNFs [104,124]. 

Table 6. Iron content of samples based on NAA   

Sample Name Iron Weight Percent  

Fe-Low 1.25 

Fe-Medium 3.77 

Fe-High 18.03 

  

 XPS is performed to determine the elemental composition of the catalyst surfaces (Table 

7). HN-GNFs have typical nitrogen amounts of 15 to 25 atomic percent, but the wet-chemical 

method, and especially the pyrolysis treatment, removes much of the pyrrolic and quaternary 

nitrogen on the surface and leaves a final nitrogen signal that is in the 1 to 4 atomic percent range 

and primarily composed of pyridinic nitrogen [124]. This phenomenon is again observed in this 

study with more iron content leading to a sharper decrease in surface nitrogen. If the XPS results, 
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which represent surface conditions on an atomic basis, are translated into weight percentages, the 

iron content roughly translates into 2.08, 2.36, and 1.77 for Fe-Low, Fe-Medium, and Fe-High 

respectively. When comparing the iron results from XPS to NAA, no correlation is observed 

between the bulk and surface contents of iron, implying that XPS alone should not be used on 

these types of catalysts as an indicator of overall iron content or catalyst suitability. The surface 

content is however a confirmation of iron incorporation and is still an excellent analysis 

technique for determining the iron state and the relative amounts of carbon, nitrogen, and 

oxygen.   

Table 7. Elemental atomic percent from surface analysis  

Sample 

Name 

Carbon  

[Atomic Percent] 

Nitrogen  

[Atomic Percent]  

Oxygen 

[Atomic Percent] 

Iron  

[Atomic Percent] 

Fe-Low 94.71 3.80 1.03 0.46 

Fe-Medium 96.34 1.72 1.42 0.52 

Fe-High 96.45 1.30 1.86 0.39 

  

 Further XPS analysis on the iron signals in the 700-740 eV binding energy range show 

differences in the iron species on the surface (Figure 29). Signals are detected for Fe, Fe
2+

, Fe
3+

 

at binding energies of 707 eV, 713 eV, and 710 eV respectively [60]. XPS shows the different 

iron species, however it does not allow infallible assignment of iron signals to specific bonds. 

The Fe signal is attributed to metallic iron. Fe
2+

 is generally favored when considering Fe-Nx 

active centers, but it could also signal oxide formation, whereas the Fe
3+

 signal is generally 

assigned to iron oxides and/or hydroxides [117]. Using the sample names indicated in Table 6, 

Fe-High has a dominant Fe signal and a weaker Fe
3+

 signal, whereas Fe-Low has a strong Fe
3+

 

signal and noticeable Fe
2+

. Fe-Medium, on the other hand, has a fairly even distribution of all 
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three iron signals. It is difficult to gain the full information about the entire iron content in the 

samples due to the fact that most of the iron is in the bulk and thus undetectable using XPS.  

 

Figure 29. High resolution of iron XPS peak of Fe-High, Fe-Medium, and Fe-Low  

 SEM was performed to see if any structural differences could be noticed at the 

micrometer level between samples having different iron contents (Figure 30). The samples 

proved to be indistinguishable from one another, with all displaying the same ‘nanoflake’ 

structure of the untreated HN-GNFs. Absent from these images are iron structures or 

macroparticles, thus confirming the XPS results which show little iron on the surface. TEM was 

performed on the Fe-High catalyst to see iron particles within the structure (Figure 31). At the 

500 nm scale (Figure 31a and b), iron nanoparticles are clearly visible throughout the HN-GNFs 
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structure; these nanoparticles have diameters ranging from 10 to 35 nm. The iron however is not 

uniformly dispersed throughout the structure, with a mixture of low and high density areas. At 

the 20 nm scale (Figure 31c and d), it can be seen that the iron nanoparticles are coated with 

graphene-like structures encapsulating the nanoparticle into a core-shell structure and having 

high crystallinity similar to the GNFs. The spacing between graphene-like encapsulation layers is 

approximately half the lattice parameter of graphite (~0.3 nm) and these layers are composed of 

5 to 20 single graphene sheets. The iron nanoparticles are thus surrounded by 5 or more nm of 

crystalline carbon material. The XPS measurement relying primarily on the information gathered 

from the first few nanometers of the surface, such encapsulation further questions its accuracy on 

the amount of iron in the sample. Furthermore, Figure 31d also shows the graphene nanoflake 

structure to be untouched or damaged, which confirms that the process for iron incorporation 

does not affect the structural integrity of the GNF structures. Finally it is to be noted that none of 

the XPS, NAA and TEM diagnostics used are able to reveal possible catalytic sites based on the 

nitrogen coordination of atomic iron in a way similar to the porphyrin organic ring.  

 

Figure 30. SEM micrograph of a) Fe-Low, b) Fe-Medium, and c) Fe-High 
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Figure 31. TEM micrograph of Fe-High at different magnification, a) & b) scale bar of 500 

nm and c) & d) scale bar of 20 nm 

5.4.2 Catalytic activity 

An electrochemical study using RDE is done to gain information on the performance of 

the iron catalysts for the ORR. In fuel cell applications, the cathode requires a higher catalyst 

loading than the anode, so the focus at this stage is solely on the ORR. The performance of the 
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iron catalysts, along with the untreated HN-GNFs, is shown in Figure 32, Figure 33, and Figure 

34 for acidic, neutral, and alkaline electrolyte environments respectively.  

 

Figure 32. Current density vs RHE for HN-GNFs and iron catalysts in acidic electrolyte 

 

Figure 33. Current density vs RHE for HN-GNFs and iron catalysts in neutral electrolyte 
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Figure 34. Current density vs RHE for HN-GNFs and iron catalysts in alkaline electrolyte 

 

All samples displayed activity towards the ORR, but different parameters can be 

evaluated from these results to better illustrate the performance of the samples. Table 8 displays 

the onset potential, half-wave potential, and the max current density achieved for the catalyst in 

each of the electrolyte solutions. The onset potential for cathodic reactions such as the ORR is 

the highest potential at which reaction products can form and is useful for the evaluation of the 

catalytic activity and in comparing different catalyst materials. The current used to determine the 

onset potential is set to -0.05 mA cm
-2

, where the curve can be differentiated from a zero value. 

The half-wave potential is the potential where the current is equal to one-half of the limiting 

current (the maximum current achieved). Ideally, a high half-wave potential is desired, which 

symbolizes a sharp decrease and thus a faster reaction. For the alkaline results, the half-wave 
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potential of the first drop is taken. The current density reported in Table 8 is the current at a 

potential of 0 V vs RHE, reported as a density by taking into account the geometric surface area 

of the RDE. The current densities are negative since they represent the cathodic reaction but are 

reported as positive numbers where large values are indicators of better catalytic activity.   

Table 8. Electrochemical performance of HN-GNFs and iron catalysts  

Sample Name 

Onset Potential 

(V) 

Half-wave Potential 

(V) 

Current Density @ 0 V 

(mA cm
-2

) 

Acid Neutral Alkaline Acid Neutral Alkaline Acid Neutral Alkaline 

HN-GNFs 0.22 0.46 0.74 -0.07 0.26 0.59 1.26 3.91 2.83 

Fe-Low 0.33 0.58 0.70 -0.01 0.28 0.57 2.15 4.82 2.57 

Fe-Medium 0.53 0.79 0.71 0.04 0.32 0.58 3.13 5.76 2.92 

Fe-High 0.46 0.80 0.70 -0.02 0.30 0.58 2.35 4.69 2.73 

 

When examining the electrochemical performance, certain trends are noticeable. In 

looking solely at the iron catalysts, Fe-Medium consistently stands out as the best overall catalyst 

in both the acidic and neutral environments; Fe-Medium has the highest onset potential, half-

wave potential, and current density in these environments. Samples Fe-High and Fe-Low 

produced similar results for all parameters, with the exception of Fe-High showing a higher onset 

potential in the acidic and neutral environments. HN-GNFs are tested along with the iron 

catalysts to provide a baseline used to determine what the direct effect of the addition of iron is 

towards the catalyst’s performance. In an alkaline environment, no great improvement is seen 

with respect to the HN-GNFs as all the samples produce statistically similar results. This is not 

the case for acidic and neutral environments; in these two environments, HN-GNFs are 

consistently the catalyst showing the smallest activity. In the acidic environment, the addition of 

iron in the Fe-Medium catalyst lead to a shift of 0.31 V in the onset potential and an increase of 

148% in the current density of the HN-GNFs. This RDE study shows that adding iron to the HN-
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GNFs greatly improves the catalytic performance if the desired application is for acidic or 

neutral environments.  

There are two hypothesis on the role of transition metals in nitrogen-carbon catalysts: the 

first is that the transition metal participates as a metal/nitrogen species on pyridinic edge sites 

and the four-electron electroreduction of oxygen to water [128], while the second is that the 

presence of the metal creates a promotion effect on the formation of carbon-nitrogen moieties 

that have intrinsic active sites [38]. Additional experiments are needed to better understand and 

tune the desired level of the iron as the RDE results indicate that iron does increase activity, but 

there is a limiting concentration above which performance will start to decrease [129]. The iron 

content of around 4 weight percent seems to be near an optimal point for the HN-GNFs, but 

further investigation is needed to find the exact concentration.   

For comparison purposes, a platinum catalyst (40 weight percent platinum on Vulcan XC 

72) tested in-house produced an onset potential of 0.80 V and a current density of 7.81 mA cm
-2 

in the same acidic environment. The Fe-Medium catalyst achieves half the current density of this 

platinum catalyst with only one tenth the loading. Additionally, when considering only the cost 

of the active metal component, the cost of platinum is more than 450 times the cost of iron. Fe-

Medium is clearly the most active of the produced iron catalysts in this study and is a viable 

catalyst for the ORR in PEMFC applications when considering cost effective alternatives to 

platinum, but its overall activity still needs to be improved in order to completely replace a 

platinum catalyst. 
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5.5 Conclusions 

The wet-chemical iron incorporation method is modified to control the iron weight 

percent in HN-GNFs and non-noble catalysts with varying iron contents are synthesized for the 

ORR. Iron in the form of nanoparticles is observed to be encapsulated by graphene sheets. This 

results in having only a small fraction of the iron detectable on the surface using XPS techniques. 

A bulk analysis technique such as NAA is therefore critical in differentiating samples based on 

their iron content. TEM proves to be beneficial in visualizing the iron nanoparticles deposition, 

whereas SEM shows no structural difference between untreated and iron-containing HN-GNFs. 

The addition of iron improves the catalytic activity of HN-GNFs towards the ORR in the cases of 

acidic and neutral environments, seen primarily as an increase in the onset potential, half-wave 

potential, and current density. This study shows that the amount of iron that should be added to 

the catalyst during the synthesis process to maximize catalytic activity is around 4 weight 

percent. Untreated HN-GNFs, already having very good activity in alkaline environments, do not 

display any noticeable improvement with the addition of iron. This result indicates that the main 

application of iron and HN-GNFs based catalysts should be towards PEMFCs and not alkaline 

fuel cells. Studies moving away from RDE electrochemical tests and towards the PEMFC with 

the iron HN-GNFs catalysts are ongoing.    
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Chapter 6: Performance of Iron Catalyst Supported on Nitrogen 

Functionalized Graphene Nanoflakes for the Oxygen Reduction Reaction in 

Polymer Electrolyte Membrane Fuel Cells 

 

6.1 Preface 

This chapter presents a submitted article that has the current citation:  

 

P.-A. Pascone, J.-L. Meunier, and D. Berk, Performance of iron catalyst supported on 

nitrogen functionalized graphene nanoflakes for the oxygen reduction reaction in polymer 

electrolyte membrane fuel cells, submitted to Applied Catalysis B: Environmental, (2018). 

 

P.-A. Pascone (the Ph.D. candidate) was responsible for the planning of experiments, the 

preparation of catalyst inks and MEAs, the commissioning of the fuel cell testing station, 

performing the experimental work, and writing the article. J.-L. Meunier and D. Berk supervised 

the work and reviewed the manuscript.  

Testing catalysts in a polymer electrolyte membrane fuel cell (PEMFC) is a more 

involved and advanced experiment than a study in an electrochemical cell and provides the true 

catalytic performance for this application. Membrane electrode assemblies (MEAs) were 

prepared with the catalysts presented in Chapter 5 on the cathode side and a commercial 

platinum catalyst on the anode side. The article contains the PEMFC results of these MEAs and 

comments on the current density and power density at varying voltages. A primary concern for 

novel iron-containing catalysts is the stability within the PEMFC environment. To study this and 
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demonstrate the stability of the catalysts in this work, a 200-hour stability test (where the current 

density at an applied voltage is measured over time) was performed.  
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Abstract: A non-noble metal catalyst for the oxygen reduction reaction of a polymer electrolyte 

membrane fuel cell (PEMFC) was synthesized by the heat treatment of a mixture of iron acetate 

and a nitrogen functionalized carbon support system as a cost-effective alternative to platinum. 

The carbon nanomaterial used in this work is classified as stacked graphene and is produced 

through homogeneous nucleation from the gas phase using a thermal plasma system with a 

nitrogen source introduced during the plasma process. The amount of iron introduced is varied to 

produce three different samples that are all tested in a hydrogen/oxygen PEMFC. Membrane 

electrode assemblies (MEAs) with platinum on the anode side and the novel catalysts on the 

cathode side were fabricated and the activity (current density at an applied voltage) and power 

density values obtained were about 10% that of the MEAs fabricated with platinum on both 

sides. When the results are normalized with respect to the mass of metal present in the catalysts, 
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the performance is about 37% that of platinum. The catalyst stability over time at an applied 

voltage of 0.3 V was very high, showing only a small drop of 3% of beginning-of-life activity 

after 200 hours of PEMFC operation. 

         

Keywords: catalyst; iron; graphene; oxygen reduction reaction; PEMFC 

 

6.2 Introduction 

The polymer electrolyte membrane fuel cell (PEMFC) is a leading candidate as an 

alternative energy source to the internal combustion engine. These are highly efficient in 

converting chemical energy to electrical energy and are environmentally friendly as their by-

product being water. The basic principle of the PEMFC is the reverse hydrolysis of water, where 

hydrogen is oxidized at the anode and oxygen is reduced at the cathode. For each electrode, a 

catalyst is employed to accelerate each reaction. When comparing the two reactions of the 

PEMFC, the oxygen reduction reaction (ORR) is approximately 5 orders of magnitude slower 

than the hydrogen oxidation reaction [15]. For this reason, the primary focus of recent research 

for the PEMFC catalyst is towards the ORR. 

Chemically, the best catalyst is platinum typically deposited as nanoparticles on a carbon 

support [130]. Platinum is a commodity as it experiences diseconomies of scale, meaning that 

scale-up to mass production quantities would not decrease its cost [131]; this absence of a 

reasonably priced catalyst is one of the most significant reasons why PEMFCs have not yet 

reached worldwide commercialization. For this reason, there has been a major drive at the 

research level to develop a replacement for platinum; these catalysts are referred to as non-noble 
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or non-precious metal catalysts. There are numerous catalysts being developed with some of the 

most promising catalysts having their active site formed of a transition metal such as cobalt or 

iron on carbon containing nitrogen [116,121,122]. Recent research showed non-precious metal 

catalysts performing very comparably to commercial platinum catalysts in terms of the current 

density that can be achieved, but with inadequate stability [38]. 

In this work, an iron salt is incorporated to stacked graphene nanostructures (GNFs) with 

added nitrogen functionalized groups in order to produce a non-precious metal catalyst. These 

catalysts previously characterized and studied for catalytic activity with a rotating disk electrode 

[132], are now used in a PEMFC environment to determine their level of activity and stability. 

Activity here refers to the current density drawn at a given applied voltage whereas stability 

refers to the ability to maintain a current density at an applied voltage over a length of time. 

Catalysts are compared to one another, to platinum, and to other non-precious metal catalysts in 

the literature. 

The iron content of these samples was previously analyzed and characterized in a 

previous study [132]. The aim of incorporating iron into the GNF structure is to form active sites 

on the surface of the catalyst, but surface analysis showed that even at elevated iron 

incorporation levels the surface functionalization is effectively the same. It was also shown that 

the iron, present as nanoparticles, was primarily not on the surface of the catalyst, but instead 

encapsulated by the graphene sheets (Figure 35). Additionally, the overall weight percent of each 

sample was determined through the use of neutron activation analysis (NAA), providing a very 

accurate knowledge of the encapsulated iron loading decorating the GNF, particularly in 

comparison with surface analysis tools such as x-ray photoelectron spectroscopy (XPS). Added 
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to these results are the GNF characteristics providing an exceptional crystallinity when compared 

to typical graphene oxide or reduced graphene oxide. Higher levels of carbon support 

crystallinity typically results in improved stability of the ORR catalyst layer [32,104]. The GNF 

structure is also providing a powder-like morphology with the 2-dimensional sheets having 

typically 100 nm scale lengths which tend to open the catalyst layer for good mass transfer to the 

catalytic sites. Following the above and the apparent advantages of these iron/nitrogen/GNF 

catalyst structures, the objective of the present paper is to effectively test the activity and stability 

of this catalyst in an actual PEMFC environment, and compare with a platinum-based ORR 

catalyst tested under similar conditions. 
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Figure 35. Transmission electron microscope micrograph of an iron nanoparticle 

encapsulated with stacked graphene sheets and decorating a graphene nano-flake support. 

Image adapted from [132]. 
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6.3 Experimental materials and methods 

6.3.1 Catalyst synthesis   

The iron-based catalysts in this study were produced by synthesizing graphene 

nanoflakes with a high amount of nitrogen functionalized to the surface (15 to 25 atomic percent) 

and then introducing an iron salt. Graphene nanoflakes (GNFs) were grown by high temperature 

gas phase homogeneous nucleation following the thermal plasma decomposition of a carbon-

containing feedstock, methane in this case [54]. The plasma setup was composed of an 

inductively coupled thermal plasma torch (ICP-TP; TEKNA PL-35 model), a radio frequency 

generator (Lepel; 60 kW power/2-5 MHz frequencies), and a custom built conical water-cooled 

reactor with a length of 50 cm and a full angle expansion of 14°. The geometry of the conical 

reactor allows a gradual gas expansion that minimizes recirculation areas, provides a 2-

dimensional (2D) symmetrical flow pattern within the reactor chamber, and sets the temperature, 

flow, and particle nucleation fields for a control of the 2D evolution of the nucleated crystalline 

carbon nanoparticles [55]. A confinement tube in which the plasma is generated is inserted on 

the inside of a three to four turns water-cooled copper induction coil. The RF magnetic field 

generated in the central gas induces currents heating up the gas and creating a thermal plasma in 

a typical temperature range around 10,000 K (~1eV). There are three gas ports to the ICP-TP 

torch system: central, sheath, and injection. The injection probe is inserted into the torch so that 

the tip of the probe is just below the first copper coil turn; this ensures that injection occurs in the 

core of the plasma. 

 The very pure and highly crystalline graphene-based powders having mean sizes of 100 

nm lateral lengths and 10 atomic layer thicknesses are generated by a 3-step process. In the first 



Chapter 6: Performance of Iron Catalyst for the ORR in PEMFCs 

 

100 

 

step, an argon thermal plasma is produced.  Following plasma ignition, the pressure is increased 

and methane and nitrogen are directed to the gas injection port; this is the step where the GNFs 

are grown, the nitrogen providing a relatively low amount of functionalities to levels of around 2 

atomic percent of nitrogen as measured on the surface of the GNF structures [54], forming low 

nitrogen GNFs (LN-GNFs). The last step corresponds to a substantial increase in the amount of 

nitrogen functionalities taking place at a lower pressure and a higher power of the downstream 

recombining plasma environment. In this step the sheath flow gas is changed from argon to 

nitrogen gas, the flow of methane is stopped, and the amount of nitrogen directed to the injection 

gas port is increased. This leads to high nitrogen levels on the surface of the GNFs (HN-GNFs) 

reaching between 15 and 25 atomic percent. The entire procedure with specific operating 

parameters is described in detail in Pascone et al. [124]. 

 Iron incorporation occurs in a separate step by introducing iron acetate salt (Sigma-

Aldrich; Iron (II) acetate, 95%) in various amounts to the HN-GNF powders and mixing in an 

equal parts ethanol/water solution; the amount of iron salt was varied to produce samples with 

different iron contents. The mixture is ultrasonically dispersed for 1 hour, and then dried in an 

oven before finally being pyrolyzed in argon at a temperature of 700°C for 1 hour. The three 

samples in this study are labelled with respect to their iron weight percent, as analyzed by NAA, 

and are presented in Table 9. The atomic percent of iron on the surface of the catalysts, as 

measured by XPS, is also presented in Table 9.    

Table 9. Sample identification with respect to iron composition 

Sample Name 
Iron Bulk Content  

[Weight Percent] 

Iron Surface Content   

[Atomic Percent] 

Fe-Low 1.25 0.46 

Fe-Medium 3.77 0.52 

Fe-High 18.03 0.39 
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6.3.2 Preparation of catalyst inks  

 For the preparation of the anode catalyst inks, 40% platinum on Vulcan carbon black 

powder (FuelCellsEtc) was used with a Nafion
TM

-to-platinum ratio of 0.8 (which leads to a 

Nafion
TM

 mass content of 24.24%). The cathode catalyst inks used in this work were prepared 

with the iron containing HN-GNFs and the same Nafion
TM

 mass content of 24.24%. The source 

of Nafion
TM

 was from a 5 wt% Nafion
TM

 perfluorinated resin solution in lower aliphatic alcohols 

and water containing 15-20% water (Sigma-Aldrich), with a density of 0.874 g mL
-1

 at room 

temperature. All inks had a concentration of 1 mg of HN-GNFs per 150 μL with an ethanol 

content of 92% by volume, the rest of the volume coming from deionized water and the 

Nafion
TM

 solution. A normalized batch of this ink would be 20 mg of catalyst, 2 760 μL of 

ethanol, 146.45 μL of Nafion
TM

 5 wt% solution, and 93.55 μL of deionized water; this batch size 

fitting nicely in a 1 US fluid dram vial (~3.7 ml). All inks were ultrasonically dispersed for 2 

hours before being used on the electrodes. 

 

6.3.3 Preparation of membrane electrode assemblies  

 The catalyst-coated substrate (CCS) method was used to fabricate the membrane 

electrode assemblies (MEAs) [10]. Gas diffusion electrodes (GDEs) were prepared by depositing 

the catalyst ink onto a 5 cm
2
 square piece of the gas diffusion layer (Toray carbon paper with 

20% wet proofing and a micro-porous layer, TGP 090 20%, MPL). The GDEs were dried in an 

oven at 80°C and weighed afterwards to verify deposition amounts. All cathodes containing the 

catalysts had a concentration of 4 mg catalyst per cm
2
 of active area, whereas the platinum-
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containing anode GDEs had a concentration of 1.25 mg of catalyst in order to achieve a platinum 

concentration of 0.5 mg per cm
2
 of active area; this platinum amount was chosen to guarantee a 

non-limiting anode reaction and eliminate any effect on the kinetics of the electrochemical 

reaction [133,134]. 

 The final MEAs were prepared by hot-pressing GDEs on both sides of a Nafion
TM

 

membrane (Nafion
TM

 115 with a thickness of 127 μm) at a temperature of 120°C, around its 

glass transition temperature [135]. The MEA was placed in between two sheets of Kapton and 

copper plates and pressed at approximately 5 860 kPa for 2 minutes. Before being used, all 

membranes were pretreated. Membranes were purchased from an external supplier (Fuel Cell 

Store) and may contain impurities or may not be fully protonated, which can hinder the fuel 

cell’s performance. All membranes were exposed to a boiling solution of 3 weight percent 

hydrogen peroxide for an hour to remove impurities, followed by a boiling solution of 1.2 M 

sulfuric acid solution to protonate the membrane, and finally one hour of boiling water to rinse 

the membrane [7]. 

 

6.3.4 Fuel cell testing  

 All PEMFC experiments were carried out in a University Test Station (Fuel Cell 

Technologies) with a DC electronic load module (0-60 V, 60A, 300 W, Agilent Technologies). 

The fuel cell has a 5 cm
2 

active area and includes gold plated copper current collectors and Poco 

graphite blocks with machined serpentine grooves. All gas flows, temperatures, voltage and 

current readings were controlled/monitored by a custom-built Labview software (Fuel Cell 



Chapter 6: Performance of Iron Catalyst for the ORR in PEMFCs 

 

103 

 

Technologies), while the back pressures were controlled by a manual back-pressure regulator. 

Teflon coated fiberglass tape gaskets were used to achieve a compression of 11.4% on the MEA.   

 For gas compositions, the purity of the hydrogen gas was of quality 4.0, the oxidant gas 

was oxygen and the fuel cell had a co-flow configuration. A fixed-flow-rate condition [136] was 

used, where the flow rates were held constant during the entire test at a flow rate that was 

sufficiently high so that even at the largest current densities there was a sufficient supply of both 

gases, instead of fixed-stoichiometry flows. For activity studies, the flow rates were 56 and 42 

sccm for hydrogen and oxygen, respectively.  For stability tests, a flow rate of 200 sccm was 

used for both gases. For the fuel inlet pressures, the back pressure was controlled to maintain a 

constant pressure and minimize pressure changes related to fluctuations caused by the gas flow 

and pressure drop. The anode had an absolute pressure of 200 kPa, a typical value in automotive 

applications that ensures a high power density, while the cathode had an absolute pressure of 190 

kPa to facilitate mass transfer and have proper water management [76]. The cell temperature was 

80°C and measured at the centre point of the cathode monopolar plate of the cell, with the 

temperature maintained by 2 cartridge heaters covered with a heat-conducting coating (Milk of 

Magnesia). Both fuel gas inlet temperatures were kept 5°C above the operating temperature of 

the cell to prevent water condensation at the cell inlet. A nominal value of relative humidity 

corresponding to 100% with respect to the cell temperature was used for both gases. 

Temperatures for the humidity vessels were calculated by Antoine’s empirical equation 

(Equation 8, Equation 9, and Equation 10) where the temperature variables are in Celsius and 

pressure variables are in Pascals [137]. Therefore, at a cell temperature of 80°C, the temperature 

for both humidity vessels was also set at 80°C. 
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𝐿𝑜𝑔 (𝑝𝑣𝑎𝑝 𝑠𝑎𝑡) = 10.196213 −  
1732.7549

𝑇𝑐𝑒𝑙𝑙 + 233.426
 

Equation 8. Vapour pressure of water in saturated gas 

𝐿𝑜𝑔 (𝑝𝑣𝑎𝑝) = 10.196213 −  
1732.7549

𝑇𝑑𝑒𝑤 + 233.426
 

Equation 9. Vapour pressure of water in gas 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 = 100 ∗   
𝑝𝑣𝑎𝑝

𝑝𝑣𝑎𝑝 𝑠𝑎𝑡
 

Equation 10. Relative humidity of gas 

 

 All MEAs were humidified and then “broken-in” for three hours to obtain steady state 

behaviour. For activity tests, polarization curves were obtained by scanning the cell voltage from 

the open circuit voltage down to 0.25 volts; tests continued until no change was detected between 

subsequent runs. For stability tests, the cell voltage was held for 200 hours and the current was 

recorded. 

 

6.4 Results and discussion 

6.4.1 Catalyst activity   

  The polarization curves of the three iron samples are shown in Figure 36 and their 

corresponding power densities in Figure 37. The activities of the three iron samples are very 

similar and within the same margin of error, with Fe-Medium showing slightly higher current 

density values for voltages lower than 0.4V. This result is expected as the current density is 

linked to the amount of active sites on the surface. It is not possible to quantify the exact amount 

of sites being active in the PEMFC environment. This number is however related to the total 
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amount of iron available on the surface as reported in Table 9, with the three samples showing 

very similar levels of iron functionalization but Fe-Medium having slightly more iron than Fe-

Low and Fe-High. The max power density of the catalysts occurs in the 0.25 – 0.3 V range, 

which is lower than the typical value of 0.5 V that is common for platinum based catalysts. This 

difference comes from the lower overall activity and open circuit voltage of these catalysts. In 

terms of peak power density Fe-Medium has a value of 48.32 mA cm
-2

, which is 5.5% and 13% 

better than Fe-High and Fe-Low respectively. The slightly better performance of Fe-Medium 

compared to the other prepared catalysts matches perfectly with our previously reported work on 

rotating disk electrodes in acidic media [132]. 
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Figure 36. Polarization curves of MEAs produced with iron-containing HN-GNF catalysts 

on the cathode and platinum on the anode  
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Figure 37. Power density curves of produced MEAs 

  The low activity of the catalysts is mostly attributed to the low concentration of active 

sites on the surface as the iron in the catalysts is predominantly coated within the graphene 

sheets. The cell performance was relatively low compared to what can be found in the literature 

for the most active non-noble metal catalysts where current densities of 1 000 mA cm
-2

 and 

greater at a voltage of 0.5 V is regularly being obtained [138–140]. This was expected from some 

of the inherent drawbacks of the present study, such as using the CCS method for making the 

MEAs and not using the thinnest membrane available. Additionally, the MPL, the hot press 

conditions, and the Nafion
TM

 content in the ink are not optimized as the optimization of any of 



Chapter 6: Performance of Iron Catalyst for the ORR in PEMFCs 

 

108 

 

these parameters requires its own independent study when working with a novel material such as 

the catalysts produced in this work. 

  Nonetheless, these activity results do match closely other novel iron-based catalysts from 

various research groups. As summarized by Dicks et al.[141], Liu et al.[142] used a template-

assisted ultrasonic spray pyrolysis method to synthesize a non-precious metal electroconductive 

polymer of iron polypyrrole mesoporous spheres. When tested in a PEMFC with hydrogen and 

air, they reported a current density of ~ 60 mA cm
-2

 at a voltage of 0.5 V. However, no 

information was given to any of the testing parameters to be able to directly compare the results 

(i.e. gas flow rates, temperatures, humidity, back pressure, MPL composition, anode catalyst 

composition, MEA preparation technique, catalyst loading, or membrane thickness). Wei et al. 

[143] produced an ORR catalyst of iron supported on nitrogen-doped carbon aerogels. When 

used as the cathode catalyst of a direct methanol fuel cell, the current density at 0.5 volts was 

~10 mA cm
-2

. A.H.A. Monteverde Videla et al. [144] presented a catalyst made by impregnating 

iron acetate coordinated with TPTZ as their nitrogen source onto a carbon nano-network that was 

synthesized by the chemical vapor deposition of ethane over cobalt nanoparticles. Their catalyst 

produced a current density of ~ 80 mA cm
-2

 at 0.5 Volts. 

  The comparison of the results of different studies of PEMFCs described in the literature 

has to be done with great caution because each study is carried out using different operating 

conditions and preparation techniques, with each of them having an effect on the performance of 

the cell, thereby making it challenging to determine if the catalyst is the cause. In order to 

eliminate this in the present study, an MEA with the platinum catalyst on both the cathode and 

anode was prepared and tested with the same operating conditions as the iron catalyst (Figure 
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38). For the platinum catalyst, the max power density was in the expected voltage range. Using 

this polarization curve for comparison, the current density of the iron catalyst is 9.25% that of 

platinum at 0.4 V and the max power density is 11.84% that of platinum.  

   

 

Figure 38. Polarization (–) and power density (--) curves of Platinum catalyst MEAs 

A comparison of the catalytic performance for the ORR between the iron catalysts in the 

present study and platinum is through a normalization of the activity values with respect to their 

metallic mass contents. Using the NAA results, the current density at an applied voltage of 0.4 V 

is normalized with respect to the amount of iron and presented in Table 10. Recalling that the 

catalysts all produced relatively similar current density values per cm
2
, the result of Fe-Low 
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normalized to the mass of iron is impressively high because of the low amount of iron present 

within its bulk structure. When compared to the platinum catalyst where the mass of platinum is 

considered, the performance of Fe-Low is now up to 92.5% of platinum. It should be noted 

however that the loading of platinum was exceptionally high in the present study (0.5 mg cm
-2

) 

and that a similar current density value could be achieved by Gasteiger et al. with a loading of 

around 0.2 mg of platinum [133], leading in this last case to a Fe-Low performance at 37% that 

of platinum. The normalized current density shows that the introduction of iron at elevated 

concentration levels does not boost the performance of the catalyst. In other words, the current 

density that can be drawn from a given GDE with these catalysts is not scalable with respect to 

their iron mass. The absolute currents measured in this study for the catalysts are still relatively 

low because of the lack of iron on the surface, which further corroborates previous work 

concluding that although iron is present within the graphene-nitrogen framework, the majority of 

the iron is not expected to be bonded with nitrogen and forming active sites dispersed at the 

atomic level for the oxygen reduction reaction [124,132,145,146]. It is clear however that 

following the values from Table 10, cost considerations make the iron-based catalyst an 

extremely attractive alternative to platinum, provided that the catalyst stability is maintained over 

long enough time periods. 

Table 10. Normalized current density 

   Sample Name Current Density [mA cm
-2 

mg
-1

] 

Fe-Low 1 855 

Fe-Medium 585 

Fe-High 117 

Platinum 2 006 
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6.4.2 Catalyst stability   

  After performing the polarization curves for the iron catalysts, Fe-Medium was selected 

to carry out a stability test where the current density was recorded every 10 seconds at an applied 

voltage of 0.3 V for 200 hours (Figure 39). After the 200-hour time period, the current density 

was at 96.8% of its value at the beginning of the test. This result is considered a major 

achievement in the field of non-precious metal catalysts, as only a handful of researchers have 

been able to synthesize stable catalysts [39,147]. The more common result in this field of study is 

a relatively low stability that is characterized by a rapid initial loss in activity (~ 20% loss in 

performance during the first 2 hours of operation) followed by a gradual decrease resulting in 

some cases in a total loss of activity [26,28,148]. The current density did fluctuate throughout the 

experimental run, dropping to a low of 86.6% of its starting value; however, these fluctuations 

match up perfectly with the small changes and deviations observed in the cell temperature, which 

proved difficult to control throughout the experiment (Figure 39). 
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Figure 39. Time evolution of the normalized PEMFC current density and cell temperature 

deviations for Fe-Medium 

 

  Understanding the stability displayed in our iron-GNF catalysts is possible when 

considering instability mechanisms proposed in the literature. A common reported mechanism of 

instability  is the leaching of the metal species [149,150]. In the present study, the graphene 

sheets probably form a protective layer that shields the metal from the acidic environment [39]; 

this hypothesis was already reported as a major finding in our previous study [132]. Another 

instability mechanism is the oxidative attack by hydrogen peroxide that is formed as a by-

product during the reduction of oxygen [148]. The iron-GNF catalysts in this work have already 
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been shown to be good catalysts for the reduction of hydrogen peroxide [105], making it all the 

more likely that this attack is not occurring. 

 

6.5 Conclusions 

 Graphene nanoflakes with high amounts of nitrogen functionalization were synthesized 

by the plasma decomposition of methane and nitrogen and then exposed to an iron salt to obtain 

different iron weight percent. The unique non-precious metal catalysts were tested in a PEMFC 

to determine their suitability for the ORR. When compared to a commercial platinum catalyst 

that was prepared and evaluated in the exact same manner in order to eliminate the effect of all 

operational parameters and MEA preparation techniques, the iron catalysts generated achieve 

around 10% the performance of platinum. If the mass of metal present in the catalyst is further 

considered for normalizing the current density, the performance increases to 37% that of 

platinum. Most importantly, the produced catalyst shows remarkable stability as evidenced by its 

ability to maintain its current density after 200 hours in the PEMFC environment. This finding is 

uncommon for non-precious metal catalysts and confirms the interest in HN-GNFs as a catalyst 

support system for PEMFC catalysts. The nature of the stacked graphene provides the catalyst 

stability in the harsh PEMFC environment, but further adjustments to the iron-incorporation 

method must be done to increase the number of active sites for the ORR on the graphene surface 

and improve the activity. 
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Chapter 7: Fuel Cell Performance of other Graphene Nanoflakes Catalysts 

 

7.1 Introduction  

This chapter presents the polarization curves in the same fuel cell environment as in 

Chapter 6 for three additional graphene nanoflake-based catalysts of interest. The results of these 

experiments were not included in the manuscript presented in Chapter 6 as the catalysts either do 

not contain iron or were generated from the preliminary synthesis work at the basis of the present 

research project [4,104]. The three samples presented in this chapter are the GNF and HN-GNF 

structures generated from the plasma-based process without the iron addition step, and a GNF-

based catalyst with iron incorporated using the thermo-mechanical treatment developed by 

Lefèvre et al.. Such an evaluation, together with the results of Chapter 6, is important to assess if 

the main contribution to the catalytic activity of these materials is effectively the iron or if the 

graphene support nanostructure with or without nitrogen also contributes substantially to the 

overall activity. Additionally, the improvement of the catalytic activity with regards to the new 

iron incorporation method can be determined.  

 

7.2 Materials and methods  

As indicated above, the GNF and HN-GNF powder structures are obtained directly from 

the plasma reactor with no further manipulation and integrated in the cathode catalyst ink to 

prepare a MEA. The third sample contains iron incorporated using the thermo-mechanical 

treatment described below and is labeled here as TM/Fe-GNF.  
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A batch of TM/Fe-GNF catalyst is made by first mixing 75 mL of water, 25 mL of 

ethanol, and 500 mg of phenanthroline in a beaker with a magnetic stir rod for 5 minutes. At this 

point, 32 mg of iron acetate is added and the solution is left to stir for an additional 5 minutes. 

After this time, 500 mg of GNF powders with low amounts (less than 2 atomic percent) of 

nitrogen functionalization on its surface is added and the solution stirred for an additional 2 

hours. The beaker is then transferred to an oven and heated to 95°C for 24 hours, allowing the 

liquid to evaporate. The remaining solid sample is then collected off the beaker walls and inside 

a nitrogen glove box to minimize the presence of oxygen. The material is then placed in a 

100 mL grinding jar and filled with 20 quarter-inch diameter chrome steel balls. The grinding jar 

is a component of a planetary ball miller, in which a grinding jar rotates on a stand in one 

direction while the main stand rotates in the opposite direction at a different speed. Ball milling 

occurs for three hours at a rotation velocity of 400 rpm. Following ball milling, a two-stage 

pyrolysis is performed on the catalyst: (1) 2 hours at 1 050°C in argon gas, followed by (2) 5 

minutes at 950°C.  

For all fuel cell experiments, the same materials and methods were used for the 

preparation of the MEA as described in chapter 6. The anode catalyst inks were made using 40% 

platinum on Vulcan carbon black powder (FuelCellsEtc) and catalyst inks made with GNF 

catalysts and a Nafion
TM

 mass content of 24.24% are used throughout this chapter. The MEAs 

are made using the CCS method on a gas diffusion layer (Toray carbon paper with 20% wet 

proofing and a micro-porous layer, TGP 090 20%, MPL) with Nafion 115 and hot pressed at 

5 860 kPa for 2 minutes. The cathodes have a concentration of 4 mg/cm
2
 of active area and the 

anodes have a concentration of 0.5 mg Platinum/cm
2
. A university test station (Fuel Cell 
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Technologies) with a DC electronic load module (0-60 V, 60A, 300 W, Agilent Technologies) 

and a 5 cm
2 

active area PEMFC was also used for all experiments. The fuel cell was operated at 

80 °C with 100% relative humidity and absolute back pressures of 200 kPa and 190 kPa for the 

anode and cathode respectively.  

 

7.3 Results and discussion  

Figure 40 displays the polarization curves of the three samples with Figure 41 showing 

their corresponding power densities. Although the overall current density values obtained in 

these experiments are relatively low in all cases, a comparison of their performance reveals 

important differences. The performance of TM/Fe-GNF, an iron-containing catalyst, far 

surpasses the other two catalysts. As mentioned in Section 2.5, the literature indicates some 

catalysts are being developed that rely solely on carbon and nitrogen. The HN-GNF is actually 

showing here the lowest performance, being in fact slightly lower than non-functionalized GNFs. 

This result highlights the importance of iron inclusion within the structure to obtain some 

appreciable activity improvement towards the ORR and that GNFs and HN-GNFs are not active 

enough to be considered an alternative non-metal catalyst.  

Recalling in Section 1.1, this doctorate project seeks to modify the iron incorporation 

method used to produce TM/Fe-GNF to improve the activity towards the ORR in a PEMFC. 

Therefore, the results of TM/Fe-GNF must be compared to the activity of the catalysts produced 

in Chapter 6 (Figure 36 and Figure 37). The new improved catalysts are almost 2.5 times higher 

than the performance observed here for the TM/Fe-GNF (16.92 mA cm
-2

 at 0.5 V (Figure 40), 

and a maximum power density of 18.93 mW cm
-2

 (Figure 41)). It seems that the thermo-
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mechanical treatment used by Lefèvre et al. on porous carbon black particles for generating a 

very active catalyst, but with low stability, does not generate a similarly high activity when used 

with GNFs. The stability of GNF-based catalysts remained, whether with the new iron 

incorporation method or the thermo-mechanical treatment, as evidenced in my master’s work 

where a 100-hour study was performed [4,104].     

 

Figure 40. Polarization curves of MEAs produced with GNF-containing catalysts on the 

cathode and platinum on the anode 
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Figure 41. Power density of MEAs produced with GNF-containing catalysts on the cathode 

and platinum on the anode  
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Chapter 8: Conclusions 

8.1 Summary  

This doctoral work was aimed at developing and investigating the material and catalytic 

properties of a non-noble metal catalyst alternative to platinum for the ORR of a PEMFC. The 

catalyst was synthesized from a unique nanomaterial, stacked graphene with nitrogen groups 

functionalized to its surface and edges that is referred to as GNFs, as a carbon support system 

with a built-in nitrogen source as a catalyst component. The GNFs were produced in-house by 

the plasma decomposition of a carbon-containing feedstock using an inductively coupled plasma 

torch with a conical water-cooled reactor. This nanomaterial was then mixed with an iron salt 

and heat-treated to obtain the final catalyst structure. The final nitrogen composition, particularly 

the pyridinic content, of the catalyst has a tremendous effect on catalyst activity and was found 

to be a result of the iron incorporation method, the nitrogen functionalization during GNF 

growth, and the presence or absence of an additional nitrogen source. Obtaining pyridinic 

nitrogen is best achieved by first exposing the GNFs to nitrogen plasma in order to create active 

nitrogen species that react and create primary bonds with the GNF structure. This enables the 

generation of a large and tunable level of nitrogen functional groups on the surface. Following 

this nitrogen addition step, pyrolysis essentially removes the nitrogen that is either attached to 

amorphous carbon or weakly bonded to the GNF structures.    

Iron was mainly found to be incorporated as nanoparticles within the GNF structure. This 

does not exclude the possibility that some atomic iron might also be inserted in the structure 

through a 4 to 6 nitrogen atom coordination, creating atomically dispersed catalytic sites as 

envisioned in the literature. If this is the case however, the level of atomic nitrogen coordination 
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is very small and could not be detected on the surface or edges of the GNF, even at increased 

concentration levels. The problem of both the difficulty of detection of such sites and of 

separation of these from the catalytic activity generated by the iron nanoparticles still arises. The 

amount of iron on the surface is low and close to the detection limits of XPS, meaning that a 

specific iron to nitrogen bond cannot necessarily be assigned, which is an all too common 

problem in this field of research. The final produced catalysts are however successful in 

increasing the inherent catalytic properties compared to the iron-free GNFs in acidic and neutral 

media. When evaluated in a PEMFC environment, the activity of the catalysts is about 10% that 

of a platinum catalyst produced with the same MEA fabrication methodology and shows relative 

stability over at least 200 hour of PEMFC operation. With the cost of iron being in the vicinity of 

less than 10
-5

 the cost of platinum and graphene materials being only about 10
2
 the cost of carbon 

blacks, the catalyst can indeed be a cost-efficient alternative to platinum, but the overall 

performance must still be improved.                

 

8.2 Original contributions  

The contributions to the field of non-noble metal catalysts from this work are:  

1) The synthesis and optimization of a non-noble metal catalyst for the ORR using stacked 

graphene composed of 5 to 20 single graphene sheets as the carbon support system for 

iron nanoparticles. 

2) The development of a synthesis route to obtain a high amount of nitrogen in the pyridinic 

state on the catalyst surface.  
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3) The experimental demonstration that an iron-based catalyst can be both stable and active 

in a PEMFC environment and that this stability arises mainly from a change of the carbon 

support structure towards the strongly reduced defect concentration of the graphene 

nanosheets. 

 

8.3 Recommendations for future work  

The work in this project was on the development and study of stacked-graphene as a 

carbon support system for iron catalysts, but much more can be done with this material for the 

present application. The recommendations for future work are:   

1) The current method for producing HN-GNFs requires the already grown GNFs to be 

exposed to nitrogen plasma, resulting in nitrogen levels of 15 to 25 atomic percent on the 

surface. The pyrolysis step of the catalyst synthesis then diminishes this amount to levels 

in the 3 to 6 atomic percent range, but with an increased level of nitrogen in the pyridinic 

state as the nitrogen attached to amorphous carbon is being primarily removed. Ideally, 

the starting material for iron incorporation would be HN-GNFs with a nitrogen 

functionalization around 16.67 atomic percent (one sixth of all atoms and all the nitrogen 

in the pyridinic state). One way to develop this could be to perform multiple cycles of 

nitrogen functionalization and pyrolysis to see if this ideal scenario could be obtained. If 

nitrogen functionalization must be performed more than once, the current method should 

be altered as the post-treatment of powders is problematic in the conical plasma reactor. 

Therefore, performing the nitrogen functionalization step on a simpler plasma setup (i.e. 

a nitrogen corona discharge in a closed vessel at atmospheric pressure) could be explored 
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as an alternative. Another modification could be to have a reactor that doubles as a 

furnace so that losses between functionalization and pyrolysis can be minimized and 

everything accomplished in one setup. Having more nitrogen on the surface should lead 

to more iron and improved performance.   

2) A challenge faced by many researchers in the field of non-noble metal catalysts is the 

inability to verify the presence of active catalyst sites and reconcile the placement of iron 

and nitrogen on the catalyst surface. Observation using synchrotron radiation would 

provide structural and chemical properties of the materials at the molecular level. This 

would allow imaging of iron and nitrogen atoms within the catalyst structure and the 

coupling of this data to the knowledge we have of the structures and concentrations from 

XPS, NAA, and electron microscopy.  

3) The pyrolysis temperature and time should be optimized to the specific material of GNF. 

It was shown that temperatures over 900°C damaged the carbon material, thus the 

pyrolysis temperature used in this study was set to 700°C in order to avoid GNF 

degradation. A detailed study should however be performed on both the temperature and 

the duration of the pyrolysis treatment to maximize both the removal of nitrogen attached 

to amorphous carbon and the amount of pyridinic nitrogen on the catalyst surface.    

4) The MEA preparation method used throughout this work was adequate for a first attempt 

at PEMFC studies, but the PEMFC preparation technique should ideally be improved. 

Switching to the catalyst coated membrane method for fabricating MEAs would 

immediately improve performance. Additionally, when working with one specific 

catalyst, the catalyst ink composition can be tuned to optimize its performance. If enough 
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material is available, one could conduct a study looking at the viscosity of the catalyst ink 

with respect to its Nafion
TM

, alcohol, and water content to achieve a uniform deposition 

and ideal drying conditions. Having a better control of the catalyst layer would open the 

door to performing a modelling study to look at the porosity and volume which would 

also provide useful information on increasing the overall performance of the catalyst.       
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Appendix A: Operation Procedure for the Tekna System 

This procedure describes how to start the utilities for the Tekna system with argon as central, 

sheath and powder gases.  

Start up procedure: 

o Verify that the RF generator breaker (found in the center corridor between lab 5310 and 

5150) is in the off position.   

o Verify the torch and the connections (Figure 1) in the Faraday cage. Make sure that the cage 

is properly closed. 

 

Figure 1 

o Open the right side panel of the main system in lab 5130 and verify that the switch is in the 

“B” position (Figure 2).  
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Figure 2 

o Lift the reactor bottom plate and close the reactor. 

o Switch the RF console control breaker, situated behind the generator (next to the electrode 

erosion system) to the ON position, and rotate 90 deg clockwise the yellow knob located on 

the control console (next to the rotameters). The computer monitor should be on after a few 

seconds. If not, a manual start must be done using the computer found in the Automatisation 

Panel (use the key to open door located on the same side of the control console).  

o Log into the Plasma program. 

o Verify that valve 1 on the gas exit line is pointing towards the ceiling, i.e. the “B” position 

(Figure 3). 

 

Figure 3 

o Verify that the argon tank connection, labeled “Valve 2” is attached to the argon tank.  

o Open valve 3 to allow argon to the control console. The ideal operating conditions will 

require 100 – 120 psig of gas as the inlet operating pressure. If the pressure reading exceeds 

120 psig don’t adjust any pressure because these readings will decrease when the vacuum is 

on. If the pressure is below 100 psig, increase the pressure by turning the pressure adjusting 

valve on the argon tank. 

o Verify that valve 4 is closed, preventing the argon from draining. 

 

Valve 1 



Appendix A: Operation Procedure for the Tekna System 

 

145 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 

o Open valve 5, Argon Inlet to allow the gas flow into the system and check again the 

pressure reading on the argon tank regulator  

o Verify that valve 6, for the auxiliary gas 1, is closed. 

o Verify that valve 7, the hydrogen inlet, is closed. 

o Verify that valve 8, compressed air inlet, is opened. 

NOTE: All the valves in the compressed air line, green line, must always be open. 

There is no need to adjust them. 

Valve 4 

Valve 3 

Valve 2 
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Figure 5 

o Adjust all the valves to the vacuum pump: open valves 10, 11 that help to control the 

strength of the vacuum. It has been adjusted and it should only be re-adjusted if a vacuum 

lower than 2 psig is needed. Valve 12 should always be closed. 

o Close valves 13 and 14 that allow the exhaust of gas from the DC system (Figure 6). This is 

very important in order to prevent contamination from DC system to the ICP system.  

o Verify that valve 15 is open (Figure 7). This valve opens the vacuum line from the ICP 

system to the vacuum pump.  

o Verify that valve 16 is opened (this valve should always be opened). 

o Verify that valve 17 (valve used for the DC system), is closed. 

o Open valve 18. 

o The vacuum pump needs water to operate. Verify that valve 19, the drain valve of the 

vacuum pump water reservoir is closed (this valve should always be closed and should be 

opened only when a drain of the vacuum pump water reservoir is necessary). You need to 

go to the other side of the lab (underneath the DC plasma system) to control these valves. 

Valve 5 Valve 6 
Valve 7 

Valve 8 
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Figure 6 

 

Figure 7 

Valve 10 

Valve 13 

Valve 14 

Valve 11 

Valve 12 

Valve 17 

Valve 18 

Valve 16 

Valve 15 

Valve 19 
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o Before starting the cooling water in the lab, check that valve 9 for the system cooling water 

tank drain is closed. 

o Slightly open valve 20 to start the lab cooling water. 

o Open the drain valve 21 to check that there is cooling water running in the line and, in case 

the system was not run in the last few weeks let the water run for about 1 minute to clean 

any dirt and deposit from the line. Then close the drain valve 21. 

o Open valve 20 completely (Do it slowly!) 

o Verify that valve 23 (dirty drain) and valve 24 (clean drain) of the generator supply water 

tank are closed. 

o Verify that valve 25 (situated on top of the water tank) is about 1 turn away from being 

completely closed. 

o Open valve 22 to allow cooling water from the lab line to fill the water tank. This valve has 

a safety switch. Don’t force it. Pull the switch before turning. 

o Wait for the water to fill up the tank. When water starts coming out the top, close valve 25 

quickly. The filter should be full. 

o Open slowly valve 26 to let water into the ICP system. This valve has a safety switch, too.  

o This water line is used by the system for the cooling on the torch and probe. 

o For the cooling of the reactor, the system uses another water tank, situated inside the control 

console, on the other side of the lab, next to the argon tank. Open the back door and close 

the water tank valve (valve 9). Open valves 27 and 28 (on the left side of the reactor) to 

allow water to fill the tank. 

o The lab is equipped with a booster pump that you need to turn on after the cooling water has 

been started. Turn the switch breaker labeled “booster pump” and then rotate the knob 

located in the adjacent controller to AUTO position (remember that the breaker must always 

be turned on first). The breaker and the controller are situated on the corner wall of the lab, 

next to the DC plasma system. 
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Figure 8 

o Switch the RF generator breaker found in the center corridor.  

o Turn on the high voltage switch situated on the main control console, next to the computer 

screen. 

o Turn on filament, situated also on the main control console. The filament needs 15 minutes 

to heat.  

o Log on the system and open a work session. Be sure you choose the B side of reactor. 

Valve 20 

Valve 21 

Valve 22 Valve 23 

Valve 24 

Valve 25 

Valve 26 
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o In the window on the touch pad screen, set the initial pressure, PID values, and gas flows 

(Table 1). 

Table 1 

Item Value 

Pressure 2.0 psig 

K 7.6 

I 6.6 

D 1.1 

Central gas flow rate 45 slpm 

Sheath gas flow rate 13 slpm 

Torch and probe flow rate 4.5 slpm 

 

o The vacuum pump can now be turned on. First open valve 29 to allow water flow to the 

vacuum pump. Verify that there is a flow of at least 9 gpm for the needed by the 

vacuum pump for safe operation. 

o Then press “Vacuum”. 

o Switch the vacuum pump breaker on and then press the green start button on the controller 

underneath the breaker. These breakers are situated next to the breakers for the booster 

pump. 

o Now it is time to start the gas flow. On the computer monitor press “Gas flow”. 

o Adjust valve 12 to “help” the PID controller reach the desired pressure. Ideally, the control 

valve should be closed about 80% for a stable operation of the controller. 

o When the pressure reached 2 psig and the controller is stable, the system is ready for plasma 

ignition. 

o On the computer monitor select “Standby”. Check the time elapsed for filament heating. 

o Adjust the grid to a value of 7.2. 

o Pull “RF On” button. 

o Turn the power knob to a value of approximately 28. At this point the plasma should be on. 

o Using the grid, power knob, gauges on the panel, and the power reading on the computer 

monitor, adjust till the power reaches a value of approximately 20 KW. Ideally, plate 

amperes value should be 10 times greater than the grid amperes value.  
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o When system is stable for a few minutes, it is time for the carbon source injection. On the 

computer monitor, set the pressure to the desired operation value and also change the PID 

values (Table 2). 

 

Table 2 

Item Value 

Pressure 8.0 psig 

K 1.8 

I 11.4 

D 1.9 

o Adjust valve 12 to “help” the PID controller reach the desired pressure. Ideally, the control 

valve should be opened 80%. 

o Set the gas flow rates for Methane and Nitrogen on the mass flow controller (Table 3). 

Table 3 

Gas Mass Flow Controller Setting 

Methane 1slpm 

Nitrogen 0.1 slpm 

 

o When the system is stable and it reached the desired experimental pressure, introduce 

methane and nitrogen into the system. First open the cylinders regulators (cylinders are 

situated in the right side of the lab, next to the blue cabinet) and then turn on the mass flow 

meters. 

o If you intend to only grow this type of GNF, to obtain uniform powder morphology it is 

advised to run experiments for no more than 30 minutes. 

High Nitrogen Functionalization 

o Turn on valve 6.  

o Turn off methane flow and change the Nitrogen flow to 5 slpm.  

o Increase power to 28 kW to compensate for the power drop that will occur to ensure that the 

plasma doesn’t go out.  
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o On the control panel, swap the sheath gas control from Ar to Ar/Aux. Set the Aux gas flow 

rate of sheath gas to 45 and the Ar to 0. This will mean that for a few seconds, both gases 

are on, so try to minimize this time.  

o Change the probe flow to 0 slpm. 

o Drop the pressure to 2 psia using the same PID values in Table 1. 

o Increase the power to 25 kW. 

o For this stage, run for 30 minutes.  

Shut down procedure: 

o Turn off the methane and nitrogen flows by closing the tank valves. 

o Decrease power knob to 0. 

o Push “RF On” button 

o Turn filament off. 

o Turn off the RF generator breaker.  

o On the computer monitor select “Manual”. 

o Turn off the high voltage switch. 

o Set the pressure to 14 psig and open valve 12 completely to “help” the system reach 

atmospheric pressure. 

o When close enough to 14, turn off the vacuum pump controller and then the switch breaker. 

Make sure that you stop the flow of gas to the reactor immediately (by pressing the “Gas 

flow” button on the computer screen) after you stop the vacuum pump. You may have to run 

across the lab to do this otherwise the pressure in the reactor will build up quite fast. 

o Close valve 29 to stop the water flow to the vacuum pump. 

o Similarly, the lab booster pump must be switched off. Turn the controller to the middle 

position. i.e. between auto and manual and then switch off the breaker. 

o The vacuum valve must be closed thus isolating the ICP system from the DC system (valve 

19).  

o Close valve 18. 

o Wait about 5 minutes, then press “Water cooling” and “Torch and Probe”. 

o Close valves 27 and 28 and open the water tank drain valve 9. 

o Stop the main lab water line supply by closing valve 20.  
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o Close valves 22 and 26 to stop water entering the ICP system. 

o Open drain valves 23 and 24 to drain the water tank. For this you need to vent the tank by 

opening valve 25. 

o The gas flow rates can be stopped by closing the valve 5 first. Then close the tank valve and 

open valve 4 to vent the system. 

o On the computer monitor, exit the plasma program. 

o Turn off the yellow knob located on the control console (next to the rotameters). 

o Switch the RF console control breaker to the OFF position. 

o Let the reactor cool for over 2 hours before retrieving sample inside. Wear HEPA mask 

when opening the full reactor. 

 

NOTE: If you hear an unusual noise or alarm, check that all utilities are running properly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


