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ABSTRACT 

 This master’s thesis investigates the electrocatalytic performance of graphene nanoflakes 

(GNF) as the support of a noble catalyst towards oxygen reduction reaction (ORR) in acidic 

medium for application in polymer electrolyte membrane fuel cells (PEMFC). The graphene 

nanoflakes support is synthesized using methods developed by Pristavita et al. in 2011. Introducing 

platinum onto the support using thermal plasma is shown not possible in part due to limitations 

arising from the high boiling point of platinum. A wet chemistry technique developed by Jaoun et 

al. in 2003 is used to successfully introduce platinum onto the GNF support. The synthesized 

catalyst shows superior electrocatalytic activity towards ORR compared to a noble commercial 

catalyst having carbon black as supports, these tests being performed at high rotation speeds of 

rotating disk electrode (RDE) tests. 
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RÉSUMÉ 

 Cette thèse portait sur les performances électrocatalytiques de nanoflocons de graphène 

(GNF) en tant que support d’un catalyseur noble pour la réaction de réduction de l’oxygène (ORR) 

en milieu acide pour application dans les piles à combustible à membrane électrolytique 

polymèriques (PEMFC). Le support de nanoflocons de graphène a été généré selon la méthode par 

plasma thermique développée par Pristavita et al. en 2011. L'addition de platine sur le support 

carboné à l'aide d'un plasma thermique n'a pas été possible en raison des limitations en particulier 

liées au point d'ébullition élevé du platine et au coûts élevés d'un tel précurseur dans un plasma 

thermique. La méthode chimique en phase liquide mise au point par Jaoun et al. en 2003 a été 

utilisé avec succès pour générer des nanoparticules de platine sur le support GNF. Le catalyseur 

ainsi formé a montré une activité électrocatalytique supérieure vis-à-vis de l'ORR par rapport à un 

catalyseur commercial noble supporté par des particules de noir de carbone, ceci étant évalué à des 

vitesses de rotation élevées lors d'essais à l'électrode à disque rotatif (RDE). 
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CHAPTER 1: INTRODUCTION 

1.1 Problem definition 

 Polymer electrolyte membrane fuel cells (PEMFC) were first developed in the 1960s to 

help NASA run their first manned space vehicle [1]. Due to a water management issue in the 

electrolyte, NASA preferred alkaline fuel cells over PEMFCs later in the 70s. In early 1990s, 

interest around PEMFC got more traction and companies like Ballard Power Systems of 

Vancouver, Canada brought about a renaissance [2] that resulted in PEMFC being considered for 

a wide variety of applications: from delivering a few watts for mobile phones [3] and computers 

[4] to providing hundreds of kilowatt for buses [5] and industrial combined heat and power (CHP) 

systems [6]. The automotive industry is currently trying to make PEMFC a viable power source 

for fuel cell electric vehicles (FCEVs) which are  possible long-term and sustainable solution to 

satisfy the demand for global mobility as an alternative to fossil fuel powered vehicles [7]. 

 Using PEMFCs to power FCEVs commercially in a reliable, efficient and cost-effective 

way is challenging. The main two challenges are associated with the performance of FCEVs 

compared to conventional internal combustion engine (ICE) vehicles and establishment of a global 

hydrogen fueling station network. There is a gradual increase in the number of hydrogen fueling 

stations all over the world especially in North America and Europe [8]. According to the fuel cell 

technical team of the United States Department of Energy (DoE), the key challenge regarding 

performance of FCEVs is to decrease cost and increase power density of PEMFC systems while 

simultaneously working towards more durability [9]. Among the various components used inside 

a PEMFC stack, the catalyst accounts for 41% of the total system cost ($/kW) at a high production 

volume of 500,000 systems per year [10]. This significant cost arises due to the use of platinum 

group metal (PGM) as the standard catalyst used in PEMFC systems. The US DoE has set a target 
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of 0.125 g PGM/rated kW inside a PEMFC system for the year 2020 in order to lower the cost 

[11]. 

 To tackle the high cost and limited supply of PGM catalysts, scientific community has been 

conducting intensive research since the early 2000s to replace PGM by introducing nitrogen and 

other non-noble metal like Fe [12], Co [13], Mo [14], Ni [15] etc. to the carbon matrix of the 

catalyst. While there has been significant progress in terms of performance, no non-noble metal 

has been able to replace PGM commercially due to the inherent superior catalytic activity of the 

latter in an electrochemical setting. This thesis explores a different approach to solve the same 

problem by using graphene nanoflakes (GNF) as the carbon support in stead of carbon black, which 

is the industry standard, to synthesize a platinum-based catalyst. The purity and strong crystalline 

structure of the GNF have shown an improvement in stability of the oxygen reduction reaction 

(ORR) in PEMFC environment in the past. GNF and nitrogen-functionalized GNF also showed to 

influence the catalytic reaction, while it is expected to help in the transport of ions in solution and 

in the electronic conductivity [16]. The combined Pt/GNF structures may thus influence the overall 

electrical and mass transport within the PEMFC membrane layer in a way to optimize the overall 

activity of the PEMFC. 

 Graphene nanoflakes are nanoparticles of stacked graphene exhibiting a crystalline 

structure with a flake-like morphology, as first developed using thermal plasma by Pristavita et al. 

in the Plasma Processing Laboratory of McGill University [17]. Oxygen [18], nitrogen [19], 

sulphur [20] and iron [21] functionalities have been introduced to GNF support in the past using 

thermal plasma. This thesis continues the work by introducing platinum to the GNF support and 

synthesizes a noble catalyst for the oxygen reduction reaction of PEMFCs allowing a comparison 

to be drawn between GNF and carbon black as support of PEMFC catalysts. 
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1.2 Objectives 

  The focal point of this master’s project is to introduce platinum nanoparticles onto a 

graphene nanoflakes support, prepare a catalyst for the oxygen reduction reaction in polymer 

electrolyte membrane fuel cells (PEMFCs), and test the activity of this catalyst through 

electrochemical characterization. The specific objectives of this thesis are the following: 

1) Determine a convenient method to introduce platinum nanoparticles to a graphene 

nanoflakes support. 

2) Investigate the structure and composition of the platinum nanoparticle within the graphene 

nanoflakes framework. 

3) Validate the electrocatalytic performance of the synthesized catalyst towards oxygen 

reduction reaction (ORR) in an acidic environment against an industry standard catalyst 

with similar platinum composition. 

 The methodology to acquire these objectives includes identifying an appropriate platinum 

precursor. 

1.3 Organization of the thesis 

 There are 5 chapters in this thesis. Chapter 2 provides a literature review on PEMFCs, the 

various challenges associated with its operation and the history of various carbon supports used 

over the years to synthesize fuel cell catalysts. The methodology used to carry out the experiments 

and the techniques used to synthesize and characterize the platinum/graphene nanoflake catalyst 

are outlined in Chapter 3. Chapter 4 focuses on the discussion of the main results obtained over 

the course of this master’s research project. The final chapter presents concluding remarks based 

on the findings and proposes some recommendations for future work.   
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CHAPTER 2: BACKGROUND & LITERATURE REVIEW 

2.1 Fuel cells 

 Heat engines such as steam turbines and internal combustion engines (ICE) produce 

mechanical energy by converting thermal energy through a Carnot cycle that obeys the Second 

Law of Thermodynamics. During this conversion a significant portion of thermal energy is 

irretrievably lost. Fuel cells convert the energy of a chemical reaction directly to electrical energy 

through an electrochemical mechanism without passing through thermal and mechanical energy 

forms. This working principle allows fuel cells to avoid any significant energy loss during energy 

conversion making them inherently more efficient compared to any traditional heat engine [22]. 

The efficiency of the most efficient 4-stroke diesel engine in the world is around 50% [23] whereas 

high temperature fuel cells like solid oxide fuel cell can easily reach an efficiency of 60% while 

the theoretical limit is above 80% [24]. 

 At the end of the nineteenth century, grid power started to replace galvanic cells and storage 

batteries in laboratories and homes due to emergence of electric generator in 1864. A German 

physical chemist, Wilhelm Ostwald came up with the idea of using electrochemical mechanism 

instead of combustion of natural fuel used in thermal power plants realizing the intermediate stage 

of heat generation is being bypassed. Even though British scientist Sir William Grove and German 

scientist Christian Friedrich Schoenbein were the ones to build the first fuel cell, it was Wilhelm 

Ostwald who pioneered the general theory of fuel cells first [25]. 

 There are two metal electrodes dipped in an electrolyte solution in a simple fuel cell as 

shown in Figure 1. While in operation, electrons are produced at the anode through oxidization of 

a fuel and the cathode absorbs those electrons through reduction of an oxidizing agent. Continuous 
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supply of reactant fuel and withdrawal of reaction products from the electrodes is essential to keep 

the fuel cell operating. 

 Working voltage of an individual fuel cell is lower than the theoretical thermodynamic 

electromotive force due to internal ohmic resistance and electrode polarization that happens due 

to a shift of potential of the electrodes when the current starts to flow. For real life applications, 

appropriate number of fuel cells are connected in series forming a stack to meet the voltage 

demand. 

 

Figure 1:  Schematic of an individual fuel cell [22].   
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 Fuel cells can be differentiated based on attributes like reactant type, electrolyte type and 

working temperature [24]. Key characteristics of the main fuel cell types are presented in Table 1  

Table 1: Key attributes of different fuel cell types 

Attribute 

Name 

Polymer 

Electrolyte 

Membrane 

Fuel Cells 

(PEMFC) 

Alkaline 

Fuel Cells  

(AFC) 

Phosphoric 

Acid Fuel 

Cell  

(PAFC) 

Molten 

Carbonate 

Fuel Cell 

(MCFC) 

Solid oxide 

Fuel Cell 

(SOFC) 

Electrolyte 

Hydrated 

polymeric 

ion 

exchange 

membranes 

Mobilized or 

immobilized 

potassium 

hydroxide in 

asbestos 

matrix 

Immobilized 

liquid 

phosphoric 

acid in SiC 

Immobilized 

liquid molten 

carbonate in 

LiAlO2 

Perovskites 

(Ceramics) 

Electrodes Carbon 
Transition 

metals 
Carbon 

Nickel and 

Nickel Oxide 

Perovskite and 

perovskite/metal 

cermet 

Catalyst Platinum Platinum Platinum 
Electrode 

Material 

Electrode 

Material 

Operating 

Temperature 
40 – 80oC  65 – 220oC 205oC 650oC 600 – 1000oC 

Charge 

Carrier 
H+ OH- H+ CO3

2- O2- 
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2.2 Polymer electrolyte membrane fuel cells (PEMFCs) 

 In a polymer electrolyte membrane fuel cell, a polymer membrane serves as a solid 

electrolyte and exchanges proton between the electrodes. The conductivity of the membrane results 

from continuous hydration that leads to dissociation of acidic functional groups and formation of 

protons that move freely throughout the membrane.  

 A single PEMFC is shown below in Figure 2. PEMFCs use hydrogen and oxygen as 

reactants. Considering the method of proton exchange through the membrane facilitated by water 

molecules, the electrochemical reaction occurring at the electrodes of PEMFCs can be written as 

the following: 

Anode: 2H2 + 4nH2O → 4H+. nH2O + 4e− 

Cathode: O2 + 4H+. nH2O → (n + 2)H2O                      

 

Figure 2: Individual proton exchange membrane fuel cell [26]. 
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 The first version of PEMFC was built by General Electric in the 1960s for the Gemini 

spacecraft of NASA. The proton exchange membrane was made from sulfated polystyrene which 

served as the electrolyte. The cell boasted 1kW rated power, but the total lifetime was below 200 

hours due to chemical instability. The platinum loading in the electrodes was around 4 mg/cm2 

which resulted in high cost for a single unit limiting the use to only space flight applications [27]. 

In the 1990s, the potential of PEMFC in zero emission cars received attention due in large part to 

notable improvements in the electrolyte membrane properties. Development of the Nafion proton-

exchange membrane by DuPont, distinctive membrane-electrode assemblies (MEA) and optimum 

utilization of platinum in the electrodes played strong role in the advancement of this technology. 

 Nafion is a perfluorinated sulfonic acid polymer (PSAP) that has a continuous skeleton of 

– (CF2)n – groups with several hydrophilic sulfonic acid groups (– SO3H) attached to it. When 

nafion is wet, the sulfonic acid groups dissociate and provide high protonic membrane conductivity 

at 80oC. This process controls the operating temperature of PEMFCs. The membranes need to be 

thin enough to have low ohmic resistance and thick enough to prevent occasional failure that may 

lead to mixing of gas inside a fuel cell. Over the years, scientists have been able to engineer a 

balanced structure and composition of nafion that contributed to improved performance of 

PEMFCs [28]. The structure of nafion is shown below in Figure 3. 

 

Figure 3: Structure of nafion [29].   
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 The nafion membrane separating the two electrodes forms the membrane electrode 

assembly (MEA). The electrodes consist of a porous gas diffusion layer (GDL) with a thin layer 

of electrocatalyst named the catalyst layer (CL). The catalyst layer is responsible for driving the 

electrochemical reactions taking place at each electrode. The gas diffusion layer and the catalyst 

layer combinedly is called the gas diffusion electrode (GDE). In a single fuel cell, the MEA is 

situated between two current collector plates (CCP). These plates distribute the fuel and oxidant 

within the cell, facilitate management of water, separate different cells in a stack and carry the 

current away from the cell. The channels on the face of the plates can be serpentine or grid-like in 

nature. A fuel cell stack is formed by inserting the MEAs with bipolar plates machined on both 

faces between two end plates. The bipolar plates can be made from non-porous graphite, coated 

metal or metal/carbon based composite material [30]. A sample fuel cell stack is presented in 

Figure 4. 

 

 

Figure 4: Components of a fuel cell stack [31]. 
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 In earlier stages of development, pure platinum was dispersed in the PEMFC electrodes 

directly resulting in a large amount of platinum being used. Depositing platinum onto highly 

dispersed carbon black support increased the specific surface area by more than 6 folds [22]. The 

catalytic activity of the platinum depends not only on the amount of platinum deposited on the 

support but also the method of deposition of the platinum onto the support [32]. Platinum is very 

susceptible to poisoning by carbon monoxide (CO) that maybe present in the hydrogen feedstock 

if syngas is used. A significant increase in electrode polarization can be observed due to the 

presence of even trace amounts of CO. Gottesfeld et al. reported an increase in anode polarization 

by 0.2 to 0.3 V for only 25 ppm CO present in the hydrogen feedstock leading to a loss of 30 to 

40% electrical power [33]. Selective oxidation of CO by using current pulses [34] or operating 

PEMFCs at a temperature higher than 100oC may solve the poisoning problem temporarily but 

promote other difficulties. The most reliable way to tackle the poisoning problem at the anode is 

to use mixture of platinum – ruthenium (Pt-Ru) as catalyst which is appreciably less sensitive 

towards CO poisoning compared to pure platinum [35]. 

 The operating conditions of PEMFC must be chosen carefully to avoid additional problems 

that may arise from improper water management, excessive heat generation, higher partial pressure 

of the reactant gases and the influence of ambient temperature [22].  

2.3 Carbon as catalyst support in PEMFCs 

 Carbon is the most abundant element inside a PEMFC. The polymer electrolyte membrane 

has a carbon backbone. Catalyst layer, gas diffusion layer and current collector plates are all made 

from graphitic carbon. The most significant use of carbon in a fuel cell is as the support of PGM 

catalyst. Carbon support enhances the performance of catalysts by influencing the shape, size and 

dispersion of the catalyst nanoparticles [36]. To achieve stabilization of PGM in a highly dispersed 
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state, the underlying carbon support needs to be heterogenous in nature meaning the surface of the 

support needs to be a mixture of edges and basal planes [37]. 

 Hegenberger et al. described a metal-active carbon interaction based on charge transfer 

from metal to the carbon support. According to the model, the charge transfer is approximately 

equal in value to the number of surface state in the energy gap of the carbon support’s surface [38]. 

In graphitic surfaces, this leads to an increased mobility of transition metal atoms and formation 

of clusters due to difference between the cohesive energy of these metals and the adsorption 

enthalpy. Formation of nanoparticles on graphitic surfaces can be distinguished as diffusion 

limited aggregation where nucleation sites are chemically or structurally defected [39]. 

Nanostructured allotropes of carbon such as carbon nanotubes (CNT), carbon nanofibers (CNF), 

mesoporous carbon, nanodiamonds and graphene have high surface area, high electrical 

conductivity and relatively good stability in acid media. Among these CNT and CNF stand out for 

their higher graphitic nature and are reported to be more stable [40]. 

2.3.1 Carbon black 

 The most common carbon support of PGM catalysts in commercial fuel cells is Vulcan 

XC-72 which is a form of carbon black (CB). CB is generally synthesized by pyrolysis of 

hydrocarbons and consists of near-spherical particles of graphite that are typically <50 nm in 

diameter. CB is used extensively in research and in the fuel cell industry due to its high surface 

area (~250 m2g-1), wide availability and low cost.  

 Despite being the industry standard, CBs have limitations. Presence of organo-sulphur 

impurities and deep micropore or recesses that trap catalyst nanoparticles reducing their access to 

reactants lead to reduced catalytic activity. When the size of Nafion micelles (>40 nm) are larger 

than the recesses of CB, the accessibility of metal nanoparticles with lower diameter than the 
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micelles is reduced significantly, and the nanoparticles do not contribute towards electrochemical 

activity. CBs also lack thermochemical stability in an acidic environment which is essential to 

prevent carbon corrosion. Carbon corrosion leads to disintegration of catalyst layers inside 

PEMFCs [41]. 

2.3.2 Carbon nanotubes (CNT) 

 CNTs are two dimensional rolled up single sheets carbon atoms that are arranged 

hexagonally. CNTs can be single walled (SWCNT) or multi-walled (MWCNT) as shown in Figure 

5. Pristine CNTs are chemically inert but their surface can be functionalized with oxygen groups. 

Different methods like sputter disposition [42], ion-exchange [43] and electrochemical deposition 

[44] can be used to deposit metal nanoparticles on CNTs.  

 Park et al. investigated MWCNT supported platinum catalyst that exhibited higher 

corrosion resistance and stronger interaction with Pt nanoparticles compared to platinum supported 

on Vulcan XC-72. MWCNT prevented the catalyst layer on the cathode side from flooding by 

maintaining electrode structure for a long period of time while under continuous anodic potential 

stress [45]. 

 

Figure 5: Schematic representation of SWCNT and MWCNT [46]. 
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 There are however cost problems associated with large scale production of CNTs. The cost 

of production has been reduced significantly in recent years, but further reduction is still required 

for CNTs to become viable commercially as a solution for the replacement of carbon black. 

2.3.3 Carbon nanofiber 

 Carbon nanofibers (CNF) have very thin or no hollow cavity compared to CNTs as 

illustrated in Figure 6. Since they were first produced by the decomposition of hydrocarbons over 

metal particles, they have been extensively researched as catalyst support for fuel cells [47]. CNFs 

can be ribbon-like, platelet shaped or stacked-cup/herringbone depending on the orientation 

compared to the growth axis. Among the three different classes, herringbone CNFs have exhibited 

higher catalytic activity and better durability due to the intermediate nature of its structure 

compared to the other two classes [48]. 

 

Figure 6: Schematic of carbon nanofiber structure with a TEM image exhibiting an 

inclined orientation of stacked graphene sheets with respect to the nanofiber axis [49]. 
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 Kang et al. performed durability studies on platinum-ruthenium catalyst supported by CNF 

for direct methanol fuel cells and achieved a constant current density of 150mAcm-2 for 2000 h 

[50]. 

2.3.4 Mesoporous carbon  

 Mesoporous carbon materials have pore sizes between 2-50 nm that provide high surface 

area and facilitate conductivity. They can be ordered (OMC) or disordered (DOMC) depending on 

the structure and preparation method. OMCs are prepared using mesoporous silica sieves as 

templates [51]. OMCs have been widely studied as catalyst support for fuel cells because of their 

high surface area and ability to facilitate diffusion of reactants and by-products utilizing the three 

dimensionally connected mono-dispersed mesospheres [52]. 

 Liu et al. synthesized nitrogen doped ordered mesoporous graphitic arrays using 

nanocasting that resulted in a narrow pore-size distribution. A moderate nitrogen content provided 

high surface area, increased electrocatalytic activity and excellent stability compared to 

commercial platinum-carbon catalysts [53]. 

 

Figure 7: Schematic models of ordered mesoporous carbon [54]. 
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2.3.5 Nanodiamonds and doped diamonds 

 Diamond is an insulator with a high band gap higher than 5 eV. Boron or phosphorus can 

be used as dopants to form p-type or n-type nanodiamonds. Boron is the most popular dopant due 

its low activation energy of 0.37 eV. Boron doped diamond (BDD) films can be a viable support 

for PEMFC catalyst because of its wide electrochemical potential, high electrochemical stability 

and corrosion resistance in both acidic medium [55]. In order to introduce platinum onto BDD 

support different methods have been used in the research community including thermal 

decomposition [56], implantation [57] and electrochemical deposition [58]. 

 Lu et al. studied the role of BDD as a support for electrodeposited Pt-Ru alloy 

nanoparticles. Resulting electrodes exhibited high electrochemical activity and tolerance towards 

CO poisoning  [59]. Using boron as a dopant increases the conductivity of diamonds but it can 

also affect the stability inversely [47]. 

 

Figure 8: Scanning electron micrographs of boron-doped diamond film (a) superficial 

vision; (b) vision of the border of the sample [60]. 
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2.3.6 Graphene 

 Graphene was first developed by Novoselov et al. Graphene is atomically thin sheet of 

carbon atoms arranged hexagonally and it offers high conductivity as well as electron transfer 

capabilities [61]. Graphene and its oxide have been widely studied for applications inside PEMFCs 

including their role as catalyst support [62], composite material with polyfluorinated polymer in 

polymer electrolyte membranes [63] and bipolar plate material [64].  

 Chu et al. investigated nitrogen doped three-dimensional graphene supported platinum 

catalysts for PEMFCs. The catalyst exhibited higher electrocatalytic activity towards oxygen 

reduction reaction and better stability after 1000 cycles compared to commercial platinum/carbon 

catalysts [65]. 

 A variety of graphene material exist that can be separated into two main families based on 

their synthesis route being (a) the top-down approaches most often based on the exfoliation of 

graphitic materials using oxidation, and (b) the bottom up approaches based on building the 

graphene layers from the atomic level (CVD and the plasma-based approach used in the present 

thesis). Two important differences in these approaches is the level of defects in the structures and 

the amount of impurity, the bottom-up approach generally having much lower amounts of defects 

in the structure (higher crystallinity), and much higher purity. The graphene nanoflake (GNF) 

structure and synthesis used in this thesis will be described in more details in Section 3.1. The 

price and quality of mass-produced graphene using different methods is shown in Figure 9. 
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Figure 9: Methods of mass-production of graphene depending on applications [66] 

2.4 Non-carbon material as catalyst support 

 Apart from carbonaceous materials, titanium oxide [67], silica [68], tungsten [69], and 

zirconia [70] have also been explored as potential supports for PEMFC catalysts due to their 

significantly higher resistance towards corrosion which is common among different supports in 

varying degrees. In the strong oxidative conditions inside a PEMFC, the inertness of non-carbon 

supports makes them less susceptible to any degradation. Moreover, Lewera et al observed a 

partial charge transfer from titanium oxide support to platinum that resulted in increased electron 

density and an enhanced electrocatalytic activity of the platinum support system towards oxygen 

reduction reaction [71]. 
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3. RESEARCH METHODOLOGY 

3.1 Pt/GNF growth in thermal plasma reactor 

 Graphene nanoflakes were grown using the procedure developed by Pristavita et al. which 

involves homogeneous nucleation of pure carbon material following the decomposition of a carbon 

precursor, namely methane, inside an inductively coupled plasma (ICP) system [17]. A procedure 

developed by Legrand et al. was then used to introduce platinum onto the GNF support by injecting 

a platinum nitrate salt solution directly into the thermal plasma [20].  

 The ICP system consists of a radio frequency (RF) generator, an ICP thermal plasma torch, 

a vacuum system, and a conical reactor. All these units are controlled from a central console that 

takes operating parameter inputs like pressure, gas flows, water flowrates and power. The thermal 

plasma generated by the ICP torch has a temperature in the order of 10,000 K. The diagram of the 

plasma torch body is presented in Figure 10. 

 The RF generator can provide up to 60 kW power with a frequency between 2 and 5 MHz 

to the plasma system. A separate cooling system provides 85 slpm of city water in a closed loop 

system in order to cool down the generator from excessive heating. The ICP torch used in this 

setup has a rated power of 35 kW. However, the power is not increased more than 25 kW during 

operation of the system. The body of the plasma torch consists of a ceramic confinement tube, 

induction coil, gas entrances, and a water-cooling system that provides the torch with 25 slpm 

water. The generation of plasma within the torch can be explained by principle of induction. Three 

to four turns of water-cooled copper coil wrap the ceramic confinement tube. When the generator 

delivers a RF current to the copper coil, an alternative magnetic field is induced that heats argon 
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and create a thermal plasma. Continuous gas flow is required to sustain the plasma generated 

within the torch body. 

 

Figure 10: Schematic diagram of TEKNA's Induction Plasma Torch [72]. 

 The conical water-cooled reactor is 50 cm long and has a full angle of expansion of 14o as 

shown in Figure 11. Pristavita et al. customized the reactor and optimized the conical geometry of 
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the reactor to allow gradual expansion of the gas and the conditions for the homogeneous 

nucleation of the carbon critical clusters. 

 

Figure 11: Diagram of conical; water-cooled reactor [73]. 

 The temperature, flow velocity, and carbon density fields enable an increased residence 

time of these clusters in a growth zone and provide the 2-dimensional growth of the GNF 

structures. The gaseous precursors in the thermal plasma system being only argon and methane, 

the resulting GNF particles collected form a powder that is extremely pure as shown in Figure 12. 
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Figure 12: TEM imaging of GNF structure with the Bernal graphite structure inset for 

reference [74]. 

 Such high purity is a strong asset in PEMFC operation, impurities being most often the 

cause of poor stability and catalyst degradation in fuel cell operation. The very high temperature 

of the GNF nucleation process also provides high mobility of the carbon atoms in the structure, 

and results in an extreme crystallinity of the GNFs [73]. Temperature, residence time, stream-

function, particle diameter and other important parameters relevant towards pure GNF nucleation 

and growth inside the conical reactor were modeled by Meunier et al. [75]. Legrand et al. 

optimized the pressure, power, and flowrate while functionalizing the GNF support using a liquid 
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precursor providing metallic ions in solution as a source for metal nanoparticle (NP) generation 

onto the GNF structures, which is commonly named a NP-decoration process [20]. 

 The process of growing Pt/GNF using the thermal plasma system can be divided into three 

steps. The first step involved generating the plasma. Argon gas was fed through the sheath and 

central gas ports at 45 and 13 slpm respectively at a pressure of 13.79 kPa. Once a stable plasma 

jet with 20 kW power is achieved, the pressure inside the conical reactor was increased to 55.16 

kPa and carbon precursor methane gas was delivered to the injection gas port at a flow rate of 1 

slpm. Methane flow was continued for 10 minutes to grow approximately 200 mg of GNF.  

 The next step was to introduce a platinum precursor to the plasma. The pressure inside the 

reactor was lowered to 13.79 kPa and the power of the plasma torch was increased to 25 kW for 

this step. Platinum (IV) nitrate solution with 15 w/w% platinum [76] was chosen as the liquid 

precursor due to its low halide content and solubility. The salt solution was injected directly into 

the plasma through a viewport located 9 cm below the exit of the nozzle of the ICP torch using a 

stainless-steel syringe from Chemyx at a flowrate of 60 mL/hr with nitrogen as the carrier gas. 

3.3 Wet chemistry and pyrolysis 

 Jaoun et al developed a method to include iron in carbon soot support using pyrolysis while 

investigating the importance of carbon support towards electrocatalytic activity of non-noble 

catalysts for oxygen reduction reaction of PEMFCs [77]. A modified version of the same method 

was used in this work with a platinum nitrate precursor containing 15 wt% platinum. A mass of 

112.67 mg of the salt solution and 67.6 mg of pure GNF were dispersed together in 1:1 water-

ethanol mixture to synthesize a 20 wt% Pt/GNF catalyst.  
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 The mixture was sonicated in an ultrasonic bath for an hour and then heated in an oven at 

100oC until all the liquid evaporated. After collecting the sample from the walls of the beaker, 

pyrolysis was performed with argon gas at a temperature of 700oC and a flow rate of 600 sccm 

inside a tube furnace shown in Figure 13. It is to be noted that prior comparative studies on the 

GNF structures made by Dr. N. Hordy using thermogravimetry analysis (TGA) indicated that 

degradation of the GNF structure was observed in air to start at a temperature of 775o C. Such 

degradation temperature is typically in the order of 150-200o C higher than other graphene 

materials tested. This is another indication of the strong crystallinity and purity of the GNF 

structure [78]. 

 

Figure 13: Tube furnace serving as the pyrolysis reactor used in the PPL lab. 
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3.4 Characterization techniques 

3.4.1 Microscopy 

 The nanoscale nature of both the GNF and the platinum nanoparticles require high 

resolution imaging based on electron microscopy. Scanning electron microscope (SEM) was used 

to compare the surface topography of the platinum nanoparticles dispersed in the GNF and CB 

support. SEM detects electrons emitted from the surface of a sample after bombardment and 

produces a high-resolution image where secondary and backscattered electrons attribute to the 

resolution and contrast of the image respectively [79]. 

 Transmission electron microscope (TEM) transmits high-energy electron beam through a 

thin or “electron transparent” sample (thickness below 100 nm) to gain information at atomic level 

[80]. TEM was used to detect the presence of platinum at nanoscale inside the GNF support.  

 SEM images were captured on a Hitachi SU8000 microscope and TEM images were 

captured on a Philips CM200 microscope. 

3.4.2 Energy dispersive X-ray spectroscopy 

 The energy dispersive X-ray (EDX) spectroscopy is a technique used within an electron 

microscope to identify the elements present in specimens based on the characteristic X-rays 

generated by them. The specimen is bombarded with finely focused electron beam under vacuum, 

and the interaction between the electron beam and the specimen of interest produces X-rays with 

energies characteristic of atomic number of elements present in the specimen. The X-rays are 

detected as a function of wavelength.  Heavier elements are detected more efficiently with EDX 

compared to lighter elements due to lower amount of X-ray emission from lighter elements. EDX 

should be used a qualitative analysis rather than a quantitative one [81].  
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 EDX was used with TEM to analyze the platinum/graphene catalyst structure, indicating 

the composition of specific regions if interest. 

3.4.3 Neutron activation analysis 

 Neutron activation analysis (NAA) can identify and measure traces of various elements by 

analyzing the gamma rays they give off after being irradiated or activated by neutrons that are in 

thermal equilibrium with the room temperature. The activated elements disintegrate by emitting 

high-energy gamma rays with extremely short half-lives in the order of ps. Analyzing these gamma 

rays using a technique called prompt gamma activation analysis reveal the energy of the rays and 

half-lives of the nuclei of the radioactive elements. This information can be used to identify the 

original nonradioactive elements. Nuclear reactions are independent of an atom’s chemical 

associations enabling NAA to identify the chemical elements instead of the compounds [82]. 

 NAA was used on the platinum/graphene nanoflake catalyst to determine the wt% of 

platinum in the GNF support to facilitate an appropriate comparison with a commercial catalyst 

with similar platinum composition. The experiment was carried out at École Polytechnique de 

Montréal with the SLOWPOKE reactor, an Ortec DSPEC ProTM multichannel analyzer, a Sartorius 

precision balance, an Ortec GEM30185-P germanium semiconductor gamma-ray detector, and the 

EPAA analysis software. 

3.4.4 Rotating disk electrode 

 Several electrochemical techniques can be used to analyze the electrocatalytic performance 

of a fuel cell catalyst. In this thesis, rotating disk electrode (RDE) test was chosen over other 

techniques like cyclic voltammetry and chrono-amperometry to obtain additional insight into the 

oxygen reduction reaction mechanism that takes place at the cathode. In typical RDE experiments, 

three electrodes (working, reference and counter) are immersed in an electrolyte. The catalyst to 
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be studied is deposited on the working electrode. A potential difference can be observed between 

the working electrode and the reference electrode while the current flows through the electrolyte 

between the counter electrode and the working electrode. Gas is bubbled through the electrolyte 

while a potentiostat is used to vary or record the potential difference and the current density. A 

simple three-electrode system is shown below in Figure 14. 

 

Figure 14: Schematic of custom RDE cell with three electrodes [83]. 

 Material is delivered using forced convection to the working electrode continually in a 

controlled manner to measure the electrocatalytic activity of the sample catalyst. The rotating disk 

keeps the electrolyte solution homogeneous throughout the process. A stagnant layer that forms 

next to the electrode is called a Levich layer and it adheres to the electrode and rotates with it. 

Diffusion is the primary mode of mass transport inside the levich layer. The concentration gradient 

remains constant with time that results in a steady state current [84]. 
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 The catalyst ink deposited on the working electrode was prepared following the formula 

refined by previous researchers as shown below in Table 2. 

Table 2: Catalyst ink formula 

Component Amount 

RO Water 0.8 mL per mL of ink 

Ethanol 0.2 mL per mL of ink 

Nafion 4 𝜇L per mL of ink 

Nanomaterial (Pt/GNF or commercial 

catalyst) 

1 mg per mL of ink 

 

 The ink was sonicated for an hour in an ice bath after preparation. A glassy carbon working 

electrode from Pine instruments was polished using a micro cloth and alumina paste for 2 minutes 

before each run and sonicated afterwards in RO water for 5 minutes to ensure a clean surface. 

 A volume of 19.6 μL of the catalyst ink was deposited onto the glassy carbon surface using 

a pipette. This led to a catalyst loading of 0.01 mg of per cm2 of the glassy carbon electrode area. 

The working electrode was then dried overnight in a humid environment. A standard three-

electrode setup was formed with an Ag/AgCl reference electrode, a platinum wire counter 

electrode and the glassy carbon working electrode inside a custom made RDE cell. 

 The RDE cell was filled with 100 mL of 0.5 M sulphuric acid. The rotational speed of the 

working electrode was controlled using a rotator. Each run consisted of three tests. A conditioning 

test was carried out while nitrogen gas was being bubbled to the electrolyte for 30 minutes. During 

conditioning, the voltage was swept from -1 V to 1 V at a scan rate of 100 mV/s for 50 cycles. 
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Next, the correction step was performed at 10 mV/s for 5 cycles to remove capacitive current 

contributions. The final test was obtaining ORR current after oxygen was purged into the 

electrolyte for 5 minutes. It was ensured that no gas bubbles were touching the working electrode. 

The data collection was performed using the same parameters as the correction test. 

Electrochemical measurements were carried out using an EZ-Stat potentiostat. The final RDE set 

up is shown below in Figure 15.   

 

Figure 15: RDE experimental setup.  
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4. RESULTS AND DISCUSSION 

4.1 GNF growth and introduction of platinum using thermal plasma 

 A Pt/GNF catalyst was synthesized in 2 steps using the thermal plasma as described in 

section 3.1. The TEM images and the EDX plot is presented below in Figure 16. 

  

 

Figure 16: TEM micrographs of first sample at (a) 200 nm, (b) 5 nm scale, and (c) EDX 

spectra obtained from TEM. 
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 The TEM images and the EDX plot reveal that there is no platinum present in the 

synthesized catalyst. The TEM images show graphitic structure of graphene nanoflakes consistent 

with the observation of previous researchers [74]. The source of the copper and oxygen present in 

the sample can be traced back to the grid supporting the sample to be analysed in TEM and the 

platinum nitrate salt solution respectively. 

 According to work published by Legrand et al., weight loss up to 74% has been observed 

in the thermal plasma reactor during the functionalization step [18]. Taking this loss into account, 

a higher amount (1.93 g) of the 15% w/w platinum nitrate salt solution was introduced into the 

reactor to synthesize a Pt/GNF catalyst with platinum content around 20 wt%. The TEM 

micrographs of the new sample are presented below in Figure 17.  

  

Figure 17: TEM images of the second sample at (a) 200 nm, and (b) 100 nm scale. 

 There was no platinum present in the catalyst sample observed through TEM, but salt 

crystals were observed. The presence of salt crystals can be explained by the composition of the 

platinum nitrate salt solution that is used as the precursor to introduce platinum to the plasma. The 

product specification sheet of the salt solution indicated presence of chloride content up to 0.8% 

(a) (b) 
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and trace amounts of sodium with a maximum of 1600 ppm [76]. Increasing the amount of the salt 

solution being injected resulted in a higher concentration of Na and Cl even though they are present 

in negligible amount in the salt solution. The EDX spectra confirmed the presence of salt with 

significant counts of both Na and Cl as shown below in Figure 18. The presence of copper and 

silica can be explained by them being present in the sample holding grid of TEM. 

 

Figure 18: EDX spectra of second sample. 

 Visual inspection of the sample powder revealed agglomerated metal particles as shown in 

Figure 19. 

 

Figure 19: Platinum agglomeration in catalyst sample marked with red circle. 
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 SEM and EDX was used to further analyze these agglomerates. The result is shown in 

Figure 20. The analysis confirmed the presence of platinum in these agglomerates.  

 

  

Figure 20: (a) SEM imaging of metal agglomerates with two different EDX zones marked 

as spectra, (b) EDX analysis of spectrum 1, and (c) EDX analysis of spectrum 2.  
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 To understand why the functionalization step using thermal plasma failed, the temperature 

profile of the conical thermal plasma reactor during operation must be analyzed. The melting and 

boiling point of platinum is 1768o C and 3825o C, respectively [85]. Figure 21 shows the 

temperature profile inside the conical reactor during operation as modelled by Meunier et al. [75]. 

The injection point of the platinum precursor was 9 cm downstream of the plasma torch in a zone 

where the plasma starts to be in recombination. The liquid injection quenches the plasma even 

more, while the residence times of the precursor in the hotter sections is in the order of tens of 

milliseconds. As a result, the boiling point of platinum is not attained with such a downstream 

injection implying that there was no vaporization of the platinum in the system, and hence no 

nucleation of platinum nanoparticles. 

 

Figure 21: Temperature profile of GNF growth inside ICP thermal plasma [75]. 

 Due to the high boiling point of platinum, the production of platinum nanoparticles requires 

an injection of the precursor directly into the plasma torch injection probe to enable a full 

vaporization of the species, followed downstream by the homogeneous nucleation of the 

nanoparticles in the expansion zone, and further the deposition of the nanoparticles in a decoration 

scheme over the GNF structure. 

Point of injection 
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 In the course of the present study however, probe injection was not possible.  A wet 

chemistry technique was chosen as an alternate method to generate Pt nanoparticles on the GNF 

structures, as discussed below. 

4.2 Introducing platinum using wet chemistry and pyrolysis 

 A post-processing technique using wet chemistry as discussed in Section 3.2 was used for 

the generation of platinum nanoparticles. The resulting sample was analyzed using TEM as shown 

on Figure 22. 

  

  

Figure 22: TEM images of Pt/GNF catalyst at (a) 500 nm, (b) 100 nm, (c) 20 nm, and (d) 5 

nm scale. 

(a) (b) 

(c) (d) 
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 The images confirmed the presence of platinum nanoparticles on the graphene nanoflakes 

structures. The diameter of the platinum nanoparticles is in the order of 3-4 nm (Figure 19d). While 

the distribution is mostly uniform, some agglomerated platinum nanoparticles can be observed 

with diameters as high as 14.9 nm (Figure 22b, c). The GNF structure seems to retain its graphene 

nature irrespective of the presence of the platinum nanoparticles. Figure 23 shows the EDX spectra 

obtained from these samples, confirming the presence of platinum. 

 

Figure 23: EDX spectra of Pt/GNF catalyst. 
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4.3 Rotating disk electrode tests 

 Preliminary tests were made using rotating disk electrode at different RPMs. The tests were 

carried out using an ink prepared from the Pt/GNF catalyst and loading conditions stated in Section 

3.4.4. The result is presented below in Figure 24. Each curve is an average of 5 different 

voltammetry curves obtained at the same RPM where the standard error of the mean is less than 

0.01 unit. 

 

Figure 24: Current density vs potential curves at different rotational speeds obtained from 

first set of experiments done with Pt(20 wt%)/GNF . 

 While analyzing the current density vs potential curves, three parameters are given the most 
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be defined by the potential at which the reduction of oxygen starts, normally indicated by the 

beginning of current flow. Limiting current density is the peak current density during reduction 

after which the reactant depletes from the surface and the current flow drops. Halfwave potential 

is the potential at which half of the limiting current density is achieved. 

 The consistent high onset potential value (>0.8 V) at different rotational speeds confirm 

the presence of platinum based on literature. The limiting current density of the curves should 

increase with increasing rotational speed due to the decrease in mass transfer limitation [84], but 

the trend is inconsistent in Figure 24 as further illustrated by the values reported in Table 3. 

Table 3: Values of electrocatalytic parameters of ORR in the first set of RDE test  

RPM 

Current onset 

potential 

(V vs RHE) 

Halfwave potential 

(V vs RHE) 

Limiting Current 

Density 

(mA.cm-2) 

500 0.86 0.77 -2.72 

1000 0.84 0.71 -3.84 

1500 0.91 0.64 -3.40 

2000 0.85 0.70 -4.20 

2500 0.85 0.71 -4.70 

 

 The graph obtained at 1500 rpm was inconsistent compared to the rest. It featured an 

unusual combination of high onset potential, low half-wave potential and a lower limiting current 

density compared to that of the graph obtained at 1000 rpm. 

 Two changes were implemented in the procedure of the RDE tests to improve the results. 

First, the purging time of oxygen gas was increased from five minutes to half an hour to ensure 
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proper emulation of the fuel cell environment. Second, the RDE runs were done at a stretch without 

removing the electrode, i.e. the rpm was increased after one test was finished instead of carrying 

out the tests separately at different rotational speeds with different ink deposit as described in 

section 3.4.4 which increased the variability from test to test significantly. The loading condition 

was kept the same. The resulting plots are presented below in Figure 25. 

 

Figure 25: RDE results after increasing oxygen purging time and running tests at a stretch 

with same loading conditions. 

 The limiting current density increases with increasing rotational speed of the working 
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crossover between the curves when the mass transfer limitation kicks in limiting the peak current 

density. The relevant parameters are presented below in Table 4. 

Table 4: Values of electrocatalytic parameters of ORR from the second set of RDE test 

RPM 

Current onset 

potential 

(V vs RHE) 

Halfwave potential 

(V vs RHE) 

Limiting Current 

Density 

(mA.cm-2) 

500 0.82 0.73 -2.15 

1000 0.82 0.70 -3.21 

1500 0.82 0.67 -3.70 

2000 0.81 0.66 -3.99 

2500 0.81 0.64 -4.20 

 

 The electron transfer number is an important characteristic of the oxygen reduction reaction 

(ORR) in aqueous electrolytes as it mirrors the efficiency of oxygen conversion and provides 

information on the mechanism of ORR. In an acidic electrolyte, oxygen can be reduced directly to 

H2O using 4 electrons or indirectly via H2O2 molecules using 2 electrons at the cathode of a 

PEMFC as shown below [86].  

Reaction pathway 1: O2 + 4H+ + 4e− → 2H2O 

Reaction pathway 2: O2 + 2H+ + 2e− → H2O2 

 If the second reaction pathway is followed, H2O2 gets further reduced to H2O via the 

following reaction. 

H2O2 + 2H+ + 2e− → 2H2O 
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 The two reactions happening in the second pathway can be combined to obtain the first 

reaction pathway. The difference between direct and indirect pathway is dictated by the release of 

free H2O2 molecules into the electrolyte [87]. A high concentration of H2O2 can deteriorate the 

proton exchange membrane of PEMFCs. This happens due to a change in membrane morphology 

resulting from decomposition of sulfonic acid groups in side chains. Proton conductivity and self-

diffusion of water decrease significantly leading to overall reduced performance of the PEMFC 

[88].  

 The Koutecky-Levich (KL) equation written below can be used to calculate the number of 

electrons transferred and the heterogeneous rate constant for the ORR. 

                               
1

𝑖
=

1

𝑖𝑘
+

1

0.62𝑛𝐹𝐴𝐷
2
3𝜔

1
2𝑣−

1
6𝐶0 

 (Equation 1) 

 where 𝑖𝑘 is the heterogeneous rate constant limited current, 𝑛 is the number of electrons 

transferred in the ORR, 𝐹 is Faraday’s constant (96485 C.mol-1), 𝐶0 is the bulk concentration of 

oxygen in 0.5 M H2SO4 (1.1x10-6 mol.L-1), 𝐷 is the diffusion coefficient of oxygen (1.4x10-5 cm2.s-

1), 𝐴 is the area of the electrode (0.1963 cm2), 𝜔 is the rpm, and 𝑣 is the kinematic viscosity of the 

0.5M H2SO4 solution (1.07x10-2 cm2.s-1). Plotting 
1

𝑖
  vs 

1

𝜔
1
2

  gives a line whose y-intercept is 
1

𝑖𝑘
. The 

slope of this line can be used to calculate 𝑛 and the heterogeneous rate constant can be calculated 

using Equation 2. 

                                        𝑖𝑘 = 𝑛𝐹𝐴𝑘𝑜𝐶0 (Equation 2) 

 where ko is the heterogeneous rate constant (in cm/s) and the other parameters are as above. 
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 The KL equations facilitated the calculation of the number of electrons transferred by 

plotting the inverse of limiting current vs the inverse of square root of rotational speed of the 

working electrode. The result is presented below in Figure 26. 

  

Figure 26: (a) Inverse of current (i-1) vs inverse of the root of rotational speed (w-1/2), and 

(b) the number of elctrons transferred at different potentials of interest. 

 The lines overlap with each other illustrating consistency in the electron transfer process 

from 0.1 to 0.5 V where peak current densities occur indicating the reduction reaction. This is 

further confirmed by the number of electrons transferred calculated from the slope of these lines 

as shown in Figure 26b. A consistent number of 4 electrons were transferred in the potential range 

of 0.1 – 0.5 V. This means oxygen was directly converted to OH- rather than going through the 

step of H2O2 production. The change in slope of the lines in Figure 26a with varying rotational 

speed is very negligible and only noticeable in the plot because of the magnification of the axes. 

 The heterogeneous reaction rate constants at different potentials are presented below in 

Table 5. 
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Table 5: Heterogenoeous reaction rate constant during ORR 

Potential 

(V vs RHE) 

Reaction rate constant 

(cm.s-1) 

0.1 6.4x10-2 

0.2 9.1x10-2 

0.3 7.2x10-2 

0.4 5.7x10-2 

0.5 3.8x10-2 

 

 The peak current density values are achieved between 0.2 and 0.3 V as observed in Figure 

25. The reaction rate constant peaks in the same range which is understandable as the reaction rate 

constant should be highest when the limiting current density is at its highest value. 

4.4 Neutron activation analysis 

 EDX spectra of the Pt/GNF catalyst confirmed the presence of platinum in the sample 

catalyst but it gave only a qualitative picture. It is important to confirm the wt% of platinum in the 

Pt/GNF catalyst before comparing its performance to that of an industrial catalyst with a similar 

platinum composition. To get the quantitative amount of platinum present in the sample, neutron 

activation analysis (NAA) was carried out. 

 A mass of 36.8 mg of the synthesized platinum/graphene nanoflakes catalyst was used to 

perform NAA. Pt concentration was found to be 22.9% with an uncertainty of 0.9% which is close 

to the target concentration of 20% during synthesis. 
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4.5 Comparison with industrial Pt-based catalyst using carbon black 

particles 

 A concentration of 20% Platinum on Vulcan XC-72R sold by FuelCellStore [89] was used 

as the industrial standard to compare the electrocatalytic performance of the Pt/GNF catalyst 

synthesized in the present work. This concentration was specifically chosen to match 

approximately the Pt concentration achieved in the present Pt/GNF samples 

4.5.1 Structure (SEM) 

 SEM images presented below in Figure 27 show the typical aggregated monodispersed 

spherical morphology of carbon black [90] and flake-like morphology consistent with graphene 

nanoflakes [17]. Platinum nanoparticles can be seen uniformly dispersed on the surface of both 

samples with similar particle size ranging from 3-4 nm. With similar platinum loading and particle 

size, the only difference between the samples lies in the carbon support. The agglomerated 

spherical carbon black offers less catalytic sites compared to the folding sheets of GNF with more 

surface area.     

  

Figure 27: SEM micrographs of (a) Pt/VulcanXC72R and (b) Pt/GNF at 400 nm.  

(a) (b) 
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4.5.2 RDE tests 

 The current density vs RHE plots at different rpms for inks prepared from the commercial 

and in-house catalysts are presented below in Figure 28. 

  

  

 

Figure 28: Current density vs RHE at (a) 2500 rpm, (b) 2000 rpm, (c) 1500 rpm, (d) 1000 

rpm and (e) 500 rpm. 
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 At high rotational speed the Pt/GNF ink outperforms the Pt/VulcanXC72 ink. The 

performance of the inks is similar at lower rpms (<1000 rpm). The onset potential value of the two 

inks is similar confirming the presence of platinum in them. The Pt/VulcanXC72R plots 

demonstrate one extra point of inflection at approximately 0.7 V which forces the two plots to 

cross each other and results in a consistent half-wave potential even at different rpms. The initial 

increase in the current density is higher for the commercial catalyst at higher potentials but as the 

potential decreases the performance deteriorates and the Pt/GNF catalyst reaches a higher limiting 

current density faster which is desirable. This results from a change in reaction mechanism at 0.7 

V for the commercial catalyst ink. The key electrochemical values from the RDE tests are 

presented below in Table 6. 

Table 6: Electrocatalytic parameters obtained from RDE tests 

RPM Catalyst 

Current onset 

potential 

(V vs RHE) 

Halfwave 

potential 

(V vs RHE) 

Limiting  

current density 

(mA.cm-2) 

500 
Pt/GNF 0.82 0.73 -2.15 

Pt/VulcanXC72R 0.83 0.68 -2.38 

1000 
Pt/GNF 0.82 0.70 -3.21 

Pt/VulcanXC72R 0.82 0.67 -3.28 

1500 
Pt/GNF 0.82 0.67 -3.70 

Pt/VulcanXC72R 0.82 0.67 -3.33 

2000 
Pt/GNF 0.81 0.66 -3.99 

Pt/VulcanXC72R 0.82 0.67 -3.56 

2500 
Pt/GNF 0.81 0.64 -4.20 

Pt/VulcanXC72R 0.82 0.67 -3.69 

 

 



60 

 

 High rotational speeds eradicate mass transfer limitation to the surface of the working 

electrode. The difference in electrocatalytic activity observed at higher rotational speeds can be 

attributed to the structural difference of the carbon support of the two catalysts. As the voltage 

decreases and the reduction reaction intensifies the catalyst sites offered by the Pt/VulcanXC72R 

becomes less accessible to oxygen molecules leading to a reduced current density compared to the 

Pt/GNF catalyst. The consistent extra point of inflection, which is responsible for lowering the 

limiting current density, observed in the curves of the commercial catalyst supports this hypothesis.   

4.5.3 Catalyst ink aging 

 The catalyst ink prepared from two sample catalysts were stored in glass vials and RDE 

tests were run once a month in similar conditions. The limiting current density decreases over time 

for catalyst inks made with both Pt/GNF and Pt/VulcanXC72R as shown below in Figure 29. This 

trend can be explained by agglomeration of nanoparticles or oxidation occurring due to the 

presence of air on top of the ink inside the vial. The inks were sonicated for 5 minutes before 

running each test making performance degradation due to agglomeration less likely. 

 

Figure 29: Limiting current density for a rotational speed of 2500 rpm. 
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5. CONCLUSION 

5.1 Summary 

 This master’s thesis aimed to synthesize and investigate the performance of a platinum-

based catalyst with graphene nanoflakes as the support for proton exchange membrane fuel cells 

compared to its commercial counterparts that have carbon black as the carbon support. The original 

plan was to synthesize the catalyst using thermal plasma, but limitations arising from high boiling 

point of platinum restricted the platinum to be introduced at a nanoscale level onto the graphene 

nanoflakes support. A wet chemistry technique followed by pyrolysis was used to successfully 

synthesize the catalyst. 

 The presence of platinum nanoparticles did not interfere with the inherent high surface area 

and graphitic structure of the graphene nanoflakes support. Electrocatalytic activity of the catalyst 

towards oxygen reduction reaction in acidic medium using rotating disk electrode tests revealed 

that four electrons were transferred, and the reaction mechanism involved direct conversion of 

oxygen gas to OH-. The platinum/graphene nanoflakes catalyst demonstrated superior 

performance when mass transfer limitation was removed at high rotational speeds compared to a 

commercial carbon black supported catalyst. This superior performance, with a similar platinum 

dispersal in the two catalysts, can be attributed to the availability of more catalytic sites in the 

graphene nanoflakes structure.   
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5.2 Recommendations for future work 

 Based on the findings of this thesis, the author recommends the following for future work. 

1) To further explore the thermal plasma technique in introducing platinum onto the GNF 

support, the precursor should be injected using the ICP torch injection probe which will 

lead to the precursor’s vaporization and dispersal at nanoscale. 

2) Introduction of defects in the pure graphene nanoflakes support with platinum 

nanoparticles should be explored. A low amount of defect could lead to higher catalytic 

activity without compromising the high surface area of the support. 

3) The stability of catalysts is mainly related to the degradation of the catalyst support by 

corrosion. While the GNF structure already showed higher stability of operation in PEMFC 

environment, long stability tests in PEMFC environments should be made to effectively 

compare the behavior of carbon black and GNF in real operating conditions.  
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