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Abstract 

 

Hydrogen fuel cells are a promising energy conversion technology, and a key 

part of the future green hydrogen economy required as part of the transition 

from fossil fuels to a more sustainable future. Fuel cells efficiently convert 

chemical energy to electricity without producing carbon dioxide emissions, 

making them candidates for the decarbonisation of a variety of applications 

including transport, heating, and power generation. The cost and durability of 

platinum fuel cell catalysts remain a barrier to the widespread commercial 

deployment of hydrogen fuel cells. Although optimising these properties has 

been the focus of decades of research, cost and performance targets set out by 

the US Department of Energy have not changed for many years and have yet 

to be met. 

In this thesis, a novel, scalable method for the synthesis of a platinum 

nanoparticle catalyst supported by high-quality graphene is presented. The 

catalyst has been characterised with a range of techniques and its activity 

toward the oxygen reduction reaction has been measured using half-cell 

techniques. Its durability was assessed using accelerated stress tests following 

adapted US DoE protocols, the results of which showed that the novel 

graphene-supported catalyst far out-performed a state-of-the-art commercial 

platinum catalyst. The method was then improved upon to facilitate the scale 

up of the quantity of catalyst produced, and the resultant material was 

characterised and assessed as part of a membrane electrode assembly within 

a full hydrogen fuel cell.  

Beyond fuel cell catalysts, this work demonstrates the first practical 

application of ionic solutions of two-dimensional materials, first reported by 

Cullen et al., (Nature Chemistry, 2016). As such, it lays the foundation for 

the use of ionic solutions of two-dimensional materials for a wide range of 

applications that require high-quality nanomaterials decorated with 

nanoparticles. 
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Impact Statement 

 

Anthropomorphic climate change is the single largest issue of the 21st century, 

with fossil fuel emissions predicted to increase global average temperatures 

by as much as 4 °C, resulting in catastrophic effects on human civilisation 

and global ecosystems alike. The pressing need to reduce fossil fuel emissions 

has been outlined in many large-scale reports that represent the culmination 

of decades of science, and international agreements such as the 2015 Paris 

Agreement show there is the political will to enact change.  

Despite these efforts and agreements, fossil fuel emissions are still increasing 

year-on-year and new technologies must be rapidly implemented at scale if 

there is to be a chance to limit global temperature increases to 1.5 °C, as set 

out by the Paris Agreement. Hydrogen is recognised as an important part of 

the transition away from fossil fuels, both in its use within industrial processes 

in place of natural gas, and as a method to store renewable energy that is 

produced intermittently. In principle, energy storage is achieved by using 

renewable electricity to power water electrolysers, which produce “green” 

hydrogen (produced without the need for fossil fuels). The hydrogen can then 

be transported and stored, and when the energy is required a fuel cell is 

employed to directly convert the chemical energy to electrical energy with 

water as the only by-product.  

Hydrogen fuel cells are already in commercial use across a number of 

applications, including transport, stationary power and heating, but are 

limited by their high costs and a need for improved lifetimes. A key 

component in both the cost and lifetime of a hydrogen fuel cell is the catalyst, 

which is a high surface area amorphous carbon material decorated with 

platinum nanoparticles. Many years of research have been dedicated to 

improving the durability and platinum utilisation of these catalysts. 

In this thesis, a novel, scalable method is presented to produce a catalyst for 

hydrogen fuel cells which makes use of graphene in place of traditionally-

used carbons. The graphene-based platinum catalyst is shown to be highly 

durable under accelerated stress tests, with the results published and the 
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method patented, meaning that it could be licensed for scaled-up 

manufacturing by a UCL-backed start-up or by an existing company, leading 

to a potential improvement in fuel cell technology.  

Beyond its application in catalysts for fuel cells, the work presented in this 

thesis shows that solutions of negatively charged 2D materials can directly 

reduce metal salts in a scalable fashion, which could be employed across a 

range of uses. These include other novel catalysts, such as those used in water 

electrolysis and Zn-air batteries, but also in the production of electrode 

materials for batteries and supercapacitors. Work is ongoing within our group 

to explore these applications with some exciting preliminary results. 
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Chapter 1:  Introduction 

 

This chapter briefly introduces the problem of anthropogenic climate change 

driven by the burning of fossil fuels, and the role of hydrogen as a fuel in a 

transition away from fossil fuels. An overview of the hydrogen fuel cell is then 

presented, followed by an overview and outline of the thesis. 

1.1 Motivation 

 

For more than the last one hundred and fifty years, human development has 

been driven by the ability to derive large amounts of energy from the burning 

of fossil fuels.1 Essential in providing the source of electricity and heat used 

in every aspect of modern life, fossil fuels continue to be the world’s primary 

energy source.2,3 However, burning fossil fuels produces carbon dioxide and 

other contaminants, which has led to unprecedented changes in the Earth’s 

atmosphere, resulting in major, damaging changes to the Earth’s climate 

system.4 With both the planet’s population and its energy demands growing 

rapidly, it is estimated that more than 50% more energy will be required2 in 

2035 than was used in 2009, and as such modern renewable energy solutions 

must be greatly improved upon in order to meet  the demands of a sustainable 

future. 

1.2 Hydrogen as a fuel 

 

Hydrogen fuel represents a promising part of the solution to the world’s 

growing energy challenge. As the population moves from a reliance on fossil 

fuels to renewable energy sources5, as shown in Table 1-1, there will also be 

a greater need for energy storage and conversion in order to compensate for 

the intermittent nature of sources such as wind and solar power.  
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During periods of excess electricity generation, the additional electricity can 

be used by an electrolyser to split water into its constituent elements, thus 

storing it as chemical energy in hydrogen. Hydrogen fuel can be stored in 

underground caverns, tanks and pipelines in the form of pressurised gas or 

liquid. The transmission of energy in the form of pressurised hydrogen gas 

via pipelines allows for the delivery of high capacities at low transmission 

losses, compared with high-voltage transmission lines.6 The stored energy 

can then be converted back into electrical energy via the use of a hydrogen 

fuel cell.1  

1.2.1 The Hydrogen Fuel Cell 

Proton Exchange Membrane (PEM) hydrogen fuel cells have been a 

significant focus of research due to their promise as a highly efficient way of 

converting stored chemical energy, in the form of hydrogen, into useful 

electrical energy without the production of fossil fuels. They are already in 

limited commercial use across a range of applications, most notably as 

replacements to conventional combustion engines in vehicles.7 Schultz et al. 

calculated that if the entire surface traffic fleet were to use hydrogen in place 

of traditional fossil fuels, emissions of nitrogen oxide and carbon monoxide 

could be reduced by 50%, and thus would result in a significant improvement 

in global air quality.4 However issues including cost and durability must be 

addressed for hydrogen fuel cells to enter mainstream use.8  

Table 1-1 Past and projected global renewable energy consumption, 

adapted from [5]. 
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Fig. 1-1 presents a simplified schematic of a hydrogen fuel cell, taken from 

Ref. [9].  

 

Hydrogen fuel is fed into the cell and arrives at the catalyst layer of the anode, 

where the hydrogen oxidation reaction (HOR) occurs, splitting hydrogen into 

H+ ions and electrons. The electrons flow through the circuit, producing a 

current, while the positive H+ ions travel through the acidic polymer 

electrolyte membrane. Oxygen is introduced at the cathode, and via the 

oxygen reduction reaction (ORR), it reacts with the H+ ions to produce water, 

which is the only waste product of the process.10 The chemical reactions 

involved in the hydrogen fuel cell are summarised in Table 1-2. 

 

 

 

 Chemical Reaction Standard Potential (VRHE) 

Anode H2(g) → 2H+
(aq) + 2e- 0 

Cathode ½O2(g) + 2H+
(aq) → H2O(l) 1.23 

Overall Cell H2(g) + ½O2(g) → H2O(l) 1.23 

Figure 1-1 schematic of a polymer electrolyte membrane fuel cell, taken 

from Ref. [9]. Hydrogen oxidation reaction (HOR) occurs at the anode, 

and oxygen reduction reaction (ORR) at the cathode 

Table 1-2 Summary of chemical reactions that occur in a hydrogen fuel cell. 
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At both the anode and the cathode, a catalyst is used to facilitate the 

electrochemical reactions by reducing their associated activation energy 

barriers. In a typical commercial catalyst, platinum (Pt) nanoparticles are 

dispersed over carbon-black11 to increase the surface area of platinum 

available for catalysis, and to slow particle agglomeration.12 A transmission 

electron micrograph of a commercial Pt/C catalyst is presented in Fig. 1-2 

(Ref. [13]), showing platinum nanoparticles, with diameters on the order of a 

few nanometres, supported by an amorphous carbon-black material. 

Despite their widespread usage in commercial fuel cells, alternatives to Pt/C 

catalysts are still being extensively researched in order to address two long-

standing issues: cost and durability. To reduce the cost, the amount of 

platinum required must be reduced, and to improve durability, the stability of 

both the platinum nanoparticles and the support material must be improved 

(see Chapter 2). The following Section 1.3 outlines the work presented in this 

thesis: the development of a novel graphene-supported platinum catalyst as 

an alternative to existing Pt/C catalysts.  

Figure 1-2 A transmission electron micrograph of a commercial platinum on 

carbon catalyst. The lighter, larger spheres are the carbon black support 

material, with the platinum nanoparticles visible as the  darker, smaller circles  

Taken from Ref. [13]. 
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1.3 Outline and Aims of the Thesis 

The aim of the work presented in this thesis was the development of a catalyst 

for the oxygen reduction reaction, the rate-limiting reaction in a hydrogen fuel 

cell. To improve on the durability of existing fuel cell catalysts, graphene14 

was chosen as a support material for platinum nanoparticles for its high 

surface area15, electrical conductivity16 and chemical stability in acidic 

conditions17 typical of a PEM fuel cell.  

At the core of the methods in this work is the liquid exfoliation of a graphite 

intercalation compound in a polar aprotic solvent, tetrahydrofuran (THF), 

forming a graphenide solution containing negatively charged graphene sheets 

and positively charged metal ions.18,19 This method reduces the number of 

energy-intensive steps typically required in the synthesis of graphene 

materials, thus ensuring the high-quality nature of the graphene produced.  

The catalyst is produced via the on-sheet reduction of platinum salt by the 

negatively charged graphene present in the graphenide solution, in a one-pot, 

scalable synthesis.  Rather than having to use an additional reduction agent, 

the use of the negatively charged graphene sheets to reduce the platinum salt 

results in highly stable nanoparticles.  

The combination of high-quality graphene and highly stable nanoparticles 

meant that the graphenide derived catalyst exhibited excellent catalytic 

activity and best-in-class durability when rigorously stress tested with 

Department of Energy protocols at the half-cell level. These results were the 

foundation of a patent (EP3752458) and were published in the journal 

Nanoscale in 2020 (“Realising the electrochemical stability of graphene: 

scalable synthesis of an ultra-durable platinum catalyst for the oxygen 

reduction reaction”, Angel et al. 2020, 

https://doi.org/10.1039/D0NR03326J). 

Chapter 2 begins with an outline of the chemical reactions that occur in a fuel 

cell, the role of platinum as a catalyst for the oxygen reduction reaction and 

reviews literature concerning the use graphene as a catalyst support material 

for platinum nanoparticles. The literature review first considers work where 

https://doi.org/10.1039/D0NR03326J
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the catalyst was tested at a half-cell level using rotating disk electrochemistry 

techniques, and then surveys papers where membrane electrode assemblies 

were produced and full fuel cell testing was conducted. The latter section of 

the literature review was then adapted for a section of a review paper written 

during the disruption caused by the Covid-19 outbreak and was published in 

Advanced Energy Materials in 2021 (“Engineering Catalyst Layers for Next-

Generation Polymer Electrolyte Fuel Cells: A Review of Design, Materials, 

and Methods”, Suter et al. 2021 https://doi.org/10.1002/aenm.202101025).  

Chapter 3 provides a theoretical background for each experimental technique 

used throughout the thesis, as well as their practical experimental details and 

analysis techniques. This includes the synthesis, physical characterisation and 

electrochemical testing conducted at half and full cell levels. 

The synthesis and characterisation of graphenide-derived platinum on 

graphene (GD-Pt/G) is described in Chapter 4. Raman spectroscopy is used 

to investigate the changes in graphitic materials at each step of the synthesis 

method. Transmission electron microscopy (TEM) is used to further 

investigate GD-Pt/G, measuring the nanoparticle size and distribution. X-ray 

photoelectron spectroscopy is employed to estimate the loading weight of 

platinum present in GD-Pt/G. 

Chapter 5 reports the half-cell electrochemical testing of GD-Pt/G using 

rotating disk electrochemical techniques, followed by accelerated stress tests. 

Identical location TEM before and after cycling is presented as evidence for 

the stability of platinum nanoparticles.  

Research that took place in the limited timeframe of the PhD following the 

return to the lab post-Covid-19 lockdowns, is presented in Chapter 6. The 

work describes the modification to the methods described in earlier chapters 

to scale up the production of GD-Pt/G for testing at the full cell level and 

presents the characterisation and testing of the scaled-up material. 

The thesis concludes with Chapter 7, which summarises the findings of the 

research and discusses ongoing and future work.

https://doi.org/10.1002/aenm.202101025


Chapter 2:  Electrocatalysts for Hydrogen 

Fuel Cells 

In this chapter, an overview of the components and the fundamental 

thermodynamics of the hydrogen fuel cell is presented. This is followed by an 

explanation of the mechanisms for the HOR and ORR and the role of platinum 

catalysts is justified, largely following descriptions given in references 

[10,20]. Problems with existing platinum catalysts are outlined, including a 

description of observed corrosion mechanisms, and graphene is suggested as 

a potential solution to these problems. A survey of existing graphene-

supported platinum catalyst literature is presented. Finally, the objectives of 

this project are reiterated. 

2.1.1 Fuel Cell Components 

 

The central focus of this work is development of a catalyst for a hydrogen 

fuel cell. As explained in Chapter 1, a catalyst comprising of platinum 

nanoparticles supported by carbon black is typically used at both the anode 

and the cathode of the fuel cell.  

For the reactions to occur, there must be contact between the platinum 

nanoparticles and three components: electrons, protons, and the reactant 

gases. The boundary at which these three components meet is known as the 

triple-phase boundary (TPB).21 To ensure as many of the platinum 

nanoparticles are in contact with a triple-phase boundary as possible, the Pt/C 

catalyst is mixed with a proton-conducting ionomer polymer in solution to 

form a catalyst ink. The resultant catalyst ink is deposited onto a microporous 

layer (MPL) and gas diffusion layer (GDL), which are often manufactured 

and sold together as a single component. The ink is deposited such that the 

loading of platinum is on the order of 0.2 mgpt cm-2.10 The microporous layer 

contains hydrophobic PTFE mixed with carbon nanospheres and is designed 

to maximise gas transport and electrical conductivity while also allowing 

excess water generated to be expelled, reducing the occurrence of electrode 

flooding.10 The GDL is typically a weave of porous carbon fibres that allow 

for facile gas transport while maintaining electrical conductivity. The 
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combination of the catalyst layer, MPL and GDL is referred to as a gas 

diffusion electrode (GDE).21  

By sandwiching a solid electrolyte membrane between two GDEs, typically 

using a hot press, a membrane electrode assembly (MEA) is formed. The 

membrane is commonly made from perfluorosulfonic acid (PFSA) ionomers 

(most often Nafion, DuPont), which allows for the conduction of protons 

from one electrode to the other while inhibiting the flow of electrons and 

gases across the cell, reducing the chance of dangerous direct mixing of the 

reactant oxygen and hydrogen gases. Figure 2-1 below presents photographs 

of the spray coater and hot press used in this project. 

The MEA is compressed between two bipolar plates, also known as flow field 

plates, which serve a range of functions within the fuel cell. Their primary 

role is to deliver gases to the GDEs: flow field channels within the plates 

allow for the transport of reactant gases through the cell to the catalyst layers 

and the removal of water away from them. They are made of either carbon 

composites or metal to allow for electrical connection between the catalyst 

layers and the rest of the fuel cell, acting as current collectors. The material 

Figure 2-1 Left: Ultrasonic spray coater used in this work, depositing catalyst 

ink on a gas diffusion electrode. Right: Hot press used in this work for the joining 

of the cathode and anode gas diffusion electrodes with a commercial nafion 

membrane 
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chosen must also be chemically stable and corrosion resistant such that they 

can withstand constant contact with water that is produced by the cell during 

operation.  

The MEA and bipolar plates are held in place between two end plates, which 

contain inlets and outlets for the gases. In the experimental set up used in this 

work, a heating element is also inserted to control the temperature of the cell. 

A schematic of the components of the fuel cell and a photo of an assembled 

lab fuel cell22 are shown in Figure 2-2.  

  

Figure 2-2 top: schematic of fuel cell components, taken from ref [174]. bottom: 

photo of the fuel cell test system used in the work presented in this thesis 
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2.1.2 Fuel Cell Thermodynamic Fundamentals 

The overall reaction in a hydrogen fuel cell is the exothermic reaction of 

hydrogen and oxygen to produce water and heat, as described in Equation 

1.1.10 

𝐻2 +  
1

2
𝑂2 →  𝐻2𝑂 + 𝐻𝑒𝑎𝑡     (2.1) 

The difference between the enthalpies of formation of the products and 

reactants (hf) gives the overall enthalpy of the chemical reaction, ΔH. At 25 

°C the enthalpy of formation of water is -286 kJ mol-1, and for elements it is 

zero by definition.  

∆𝐻 =  (ℎ𝑓)𝐻2𝑂 −  (ℎ𝑓)
𝐻2

−  
1

2
 (ℎ𝑓)

𝑂2
=  −286 𝑘𝐽 𝑚𝑜𝑙−1     (2.2) 

The Gibbs free energy of the reaction (ΔGf) is defined as the difference 

between the Gibbs free energy of products and Gibbs free energy of the 

reactants. The Gibbs free energy of the reaction varies with both temperature 

and pressure, 

∆𝐺𝑓 =  ∆𝐺𝑓
0 − 𝑅𝑇 𝑙𝑛 [

𝑝𝐻2𝑝𝑂2

1 2⁄

𝑃𝐻2𝑂
]         (2.3) 

Where ∆𝐺𝑓
0 is the change in Gibbs free energy at standard pressure, R is the 

universal gas constant (8.314 J kg-1 K-1), T is the temperature of the cell in 

Kelvin, and pX are the partial pressures of the reactants and products (x = H2, 

O2, H2O). If the fuel cell is reversible, where it is assumed that all Gibbs free 

energy is converted to electrical energy, the reversible fuel cell potential (E) 

is 

𝐸 =  −
∆𝐺𝑓

𝑛𝐹
    (2.4) 

Where F is the Faraday constant (96485 C) and n is the number of electrons, 

which for this reaction is 2. The temperature dependence of the reversible fuel 

cell potential is known as the Nernst potential10, and is defined by the Nernst 

equation: 

𝐸 =  −
∆𝐺𝑓

2𝐹
=  

−1

2𝐹
{∆𝐺𝑓

0 − 𝑅𝑇 𝑙𝑛 [
𝑝𝐻2𝑝𝑂2

1 2⁄

𝑃𝐻2𝑂
]}     (2.5) 
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At 1 atm and 25 °C, ∆𝐺𝑓
0 = -237200 J mol-1 and the reversible (Nernst) 

potential is 

𝐸 =  
− ∆𝐺𝑓

0

2𝐹
=  

237200 𝐽 𝑚𝑜𝑙−1

2 × 96485 𝐴𝑠 𝑚𝑜𝑙−1
= 1.229 𝑉    (2.6) 

By dividing the Gibbs free energy of the reaction by the enthalpy of the 

reaction, at standard temperature and pressure the theoretical efficiency of the 

fuel cell can be calculated to be 83%.  

2.1.3 The Polarisation Curve 

The theoretical open-circuit voltage (OCV) is defined as the difference 

between the Nernst potential of the cathode and the Nernst potential of the 

anode and can be shown to have the same value as the reversible cell potential 

(E = 1.229 V). 10 

During fuel cell operation, the cell voltage drops below the theoretical voltage 

due to irreversible losses. The drops in cell voltage can be represented by a 

polarisation curve, which plots change in cell voltage as a function of current 

load, as shown in the Figure 2-3.23 

 

 

Figure 2-3 Theoretical polarisation curve for a PEFC, adapted 

from ref. [23] 
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Even when no current is drawn, the measured open-circuit voltage of an 

assembled fuel cell is lower than that of the theoretical potential of the cell. 

The irreversible losses are a result of mixed potentials, fuel crossover and 

internal resistance and shorting. On the cathode side, the mixed potentials are 

a combination of the oxygen reduction reaction (EORR = 1.229 V) and the 

formation of PtO (EPt/PtO = 0.88 V), which results in a potential of about 1.06 

V. Any hydrogen that permeates through the Nafion membrane can react with 

oxygen, also resulting in a mixed potential that reduces the OCV.10  

As a current load is initially drawn from the fuel cell, activation polarisation 

losses are observed on the polarisation curve. These losses are a result of the 

energy required to overcome the activation energy of the oxygen reduction 

reaction and are in large part determined by the choice of catalyst and its 

electrochemical surface area, which is determined both by its nanostructure 

and by the macrostructure of the catalyst layer.21 

Following activation losses, the losses observed in the region between 0.7 and 

0.5 V are due to increases in resistance which are a result of the increase in 

current, and as such are known as Ohmic losses. The ohmic losses are 

dependent on the conductivity of the catalyst layer and the contact between 

the components within the fuel cell.21 

In the region between 0.5 and 0.3 V, the decrease in potential is a result of the 

limit of the rate at which reactants can permeate the MEA and reach the 

catalyst nanoparticles, which is increased by the higher current load. As such, 

this region is known as the mass transport region. The faster the gases can 

diffuse through the electrode structure and react at the catalyst surface, the 

lower the mass-transport losses, and as such the losses are largely dictated by 

the structure of the electrode. 21  

The work in this thesis focuses on the development of a novel catalyst for 

ORR. For a polarisation curve to be obtained experimentally, a full fuel cell 

must be assembled, which requires a substantial amount of catalyst material 

for each test. As such, rotating disk electrochemistry (described in Chapter 3) 

is used to screen new materials, owing to the relative ease of testing and the 

requirement for less material, before full cell testing is performed. 21  
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2.2 The HOR and ORR in Acidic Media 

 

As hydrogen molecules reach the anode they come into contact with the 

surface of the catalyst layer, and at active catalyst surface sites (represented 

as *), the H-H bonds break and hydrogen atoms become adsorbed (H*). This 

is shown in Equation 2.7.  

1
2⁄ 𝐻2 +  ∗  →  𝐻∗     (2.7) 

This is the start of the HOR mechanism. The adsorbed hydrogen atom then 

gives up a single electron which is conducted away from the anode, flows 

through the circuit and arrives at the cathode. The resultant H+ ion travels 

through the polymer electrolyte membrane to the cathode.  

𝐻∗ →  𝐻+ +  𝑒− +  ∗     (2.8) 

Equation 2.8 completes the second half of the HOR mechanism. At the 

cathode, the hydrogen ion, electron and oxygen combine via the oxygen 

reduction reaction. This can occur via two different pathways, known as the 

dissociative “four-electron” pathway or the associative “two-electron” 

pathway. These processes are summarised in Fig. 2-4.20  

 

The first step in both pathways occurs when the oxygen reaches the catalyst, 

where it adsorbs to a catalyst site. In the dissociative pathway, this results in 

the breaking of the O=O bond, as described in Equation 2.9. 

(“4-electron”) 

(“2-electron”) 

Figure 2-4 Associative and dissociative mechanisms of the ORR in acid. Adapted 

from Ref. [20]. 
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1
2⁄ 𝑂2 +  ∗  →  𝑂∗     (2.9) 

The adsorbed O* are reduced and pronated by the e- and the H+ that were 

produced by the HOR, producing OH* (Equation 2.10). 

𝑂∗ + 𝐻+ +  𝑒−  →  𝑂𝐻∗     (2.10) 

The adsorbed OH* is further reduced and pronated, producing water which 

leaves the catalyst surface, as described by Equation 2.11. 

𝑂𝐻∗ + 𝐻+ + 𝑒−  →  𝐻2𝑂 +  ∗     (2.11) 

If instead, the reaction follows the associative pathway, the O=O bond does 

not break, and instead O2 adsorbs to the catalyst surface. The adsorbed O2* is 

pronated and reduced to give HO2*, which then may result in the production 

of H2O2 after being further pronated and reduced (Equation 2.12).  

𝐻𝑂2
∗ + 𝐻+ +  𝑒−  →  𝐻2𝑂2

∗     (2.12) 

The H2O2* can then desorb to form H2O2, which diffuses into the PEM and 

results in the degradation of the fuel cell.7,10 Therefore, a good catalyst 

material must favourably catalyse the dissociative pathway rather than the 

associative pathway. This is known as selectivity, and is one of the key 

characteristics required of any catalyst material. The others are catalytic 

activity, stability and poisoning resistance.20 From the above descriptions of 

the HOR and ORR mechanisms, it is clear that the ORR mechanism, having 

many more stages, is the more complex of the two. As a result, its kinetics are 

sluggish compared with those of the HOR. This means that much less catalyst 

loading is required at the anode, and catalysts for ORR are the primary focus 

of research.24–29  

2.3 Platinum Catalysts for ORR 

 

To achieve high catalytic activity, the catalyst material must allow the 

adsorption of species in such a way that the bonding between the catalyst and 

the adsorbed species is not too strong or too weak. If the bonding is too strong 

the adsorbed species won’t leave the catalyst surface, blocking the 

catalytically active sites and limiting the rate at which the reaction can take 

place. If the bonding is too weak, the species may not adsorb effectively to 
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the catalyst. Therefore, to optimise catalytic activity, it is necessary to use a 

material that adsorbs the species strongly enough to break the chemical bonds 

as in Equations 2.7 and 2.9, but not so strongly that the resultant species can’t 

be released once the reaction has occurred. This concept is known as the 

Sabatier principle, and is typically represented with a “volcano” plot showing 

various metals’ activity toward the ORR as a function of oxygen bonding 

energy, as seen in Fig. 2-5, taken from Ref. [20]. 

As can be seen in the diagram, the metal with the highest activity for the 

catalysis of the ORR is platinum, which can be seen closest to the peak of the 

volcano plot. Metals to the left of platinum on the graph bond with oxygen 

more strongly, and those to the right of platinum bond more weakly: in both 

cases this results in lower activity than platinum. Platinum also shows good 

selectivity for the dissociative ORR pathway, as O2 typically has its O=O 

bond broken when adsorbed on platinum. This stops O2 from adsorbing intact, 

which is the start of the associative pathway. Combining these properties with 

good stability for acidic conditions, it becomes clear that platinum is the most 

suitable pure metal for the catalysis of ORR. However, platinum is a rare 

Figure 2-5 ORR activity plotted as a function of oxygen binding energy, taken from 

Ref. [20]. 
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metal that is expensive and as such, much work has been done to minimise 

the amount of platinum required in fuel cells.  

To maximise platinum activity, it is necessary to use it in nanoparticle form, 

in which its surface area-to-volume ratio can be optimised. The optimal size 

for platinum nanoparticles is ca. 2 nm, as smaller nanoparticles have higher 

strain and therefore weaker oxygen binding, moving their activity closer to 

the peak of the volcano plot.30 However, below 2 nm, there is a higher 

proportion of low coordination number Pt atoms, which bond strongly with 

oxygen and result in lower catalytic activity.  

This leads to a problem: to reduce surface energy, nanoparticles of all sizes 

tend to agglomerate into larger particles, reducing the catalytic activity of the 

platinum and impacting the lifetime of the fuel cell. To limit this process and 

to maximise the utilisation of the platinum, it is typically decorated onto a 

carbon-based support, such as in the case of commercial catalysts where 

carbon black is used.  

The durability of these commercial carbon-supported catalysts remains a 

significant challenge. In the 0.6-1 VRHE potential range, typical of regular fuel 

cell operating conditions, platinum nanoparticle degradation dominates, 

whereas in the 1-1.6 VRHE potential range carbon corrosion becomes the 

dominant mechanism.31 These mechanisms are shown in Fig. 2-3 (Ref. [32]). 

Figure 2-6 Potential ranges of degradation mechanisms of Pt/carbon 

catalysts, taken from Ref. [32]. 
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Platinum nanoparticles are able to migrate and agglomerate across the full 

range of typical fuel cell potentials. The dissolution of Pt nanoparticles occurs 

via the dissolution of Pt oxides that form after the oxidation of the platinum 

surface. This occurs above 0.6 VRHE and slows above 1.1 VRHE due to the 

formation of a protective oxide film. The dissolved platinum can also be 

redeposited in a process known as Ostwald ripening, leading to further growth 

of the nanoparticles and a decrease in catalytic activity.32 Carbon corrosion 

occurs via the reaction with oxygen to produce carbon dioxide. Carbon 

corrosion is thermodynamically possible for E>0.207 VRHE but is kinetically 

slow, so dominates as the Pt dissolution slows above 1.1 VRHE.  

The US Department of Energy (DoE) has set out protocols and targets for 

accelerated stress tests (ASTs) of platinum catalyst layers in membrane 

electron assemblies (MEAs), tested as part of a working fuel cell, the targets 

of which are summarised in the tables below.33 

 

Metric Frequency Target 

Catalytic activity (mass 

activity) 

Beginning and end of 

test 

<40% loss of initial 

activity 

Polarisation Curve After 0, 1k, 5k, 10k, 

and 30k cycles 

<30mV loss at 0.8 

Acm-2 

Cyclic Voltammetry After 10, 100, 1k, 3k, 

10k, 20k, and 30k 

cycles 

<40% loss in initial 

electrochemical 

surface area 

 

Table 2-1 Summary of targets set by the US DOE for MEA catalytic AST 

performance in the 0.6 – 0.95 VRHE range, adapted from [33].  
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Metric Frequency Target 

Catalytic activity (mass 

activity) 

Beginning and end of 

test 

<40% loss of initial 

activity 

Polarisation Curve After 0, 10,100, 200, 

500, 1k, 2k, and 5k 

cycles 

<30mV loss at 1.5 

Acm-2 

Cyclic Voltammetry After 0, 10,100, 200, 

500, 1k, 2k, and 5k 

cycles 

<40% loss in initial 

electrochemical 

surface area 

 

Table 2-2 Summary of targets set by the US DOE for MEA catalytic AST 

performance in the 1 – 1.5 VRHE range, adapted from [33].  

For testing the normal operating conditions of the fuel cell, the DoE protocol 

uses cyclic voltammograms, scanned between 0.6-0.95 VRHE for 30,000 

cycles, and to simulate the start-up and shut down of a fuel cell the test is 

modified to run between 1-1.5 VRHE for 5000 cycles. The dominant corrosion 

mechanisms in the 0.6-0.95 VRHE test impact the size and distribution of the 

platinum nanoparticles, whereas during the 1-1.5 VRHE test the decrease in 

activity is associated with the corrosion of the carbon support material. 

For rotating disk electrode experiments, it has been found that to reliably 

reproduce trends in durability seen in full fuel cell stack tests, it is necessary 

to cycle between 1-1.6 VRHE.
34,35  

These targets, set in 2016, remain the same as those set in 2007, and as such 

it is clear that more research is required to produce more stable catalysts by 

replacing the supporting carbon with an alternative material. One of the most 

promising new support materials is graphene and the reasons for this are 

explored in the following section.  
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2.4 Graphene as a Catalyst Support Material 

 

2.4.1 Graphene: Synthesis and Properties 

Since its isolation14 in 2004, graphene has become a major research focus due 

to its unique electronic and mechanical properties, with a wide range of 

potential applications. It is composed of a two-dimensional array of carbon 

atoms and as such can be thought of as the building block for other carbon 

structures. Fig. 2-7 (Ref. [36]) shows a layer of graphene, graphite, consisting 

of many layers of graphene, a graphene sheet rolled into a cylinder is a carbon 

nanotube, and a fullerene composed of wrapped graphene.37 

Within the graphene layer, each carbon atom has four bonding electrons, of 

which three are used in covalent bonds with neighbouring carbon atoms. This 

leaves one electron per carbon atom free, producing a field of delocalised 

electrons, allowing graphene to conduct electricity.  Furthermore, because 

graphene is zero-gap conductor where its charge carriers behave as if they 

were massless,38,39 graphene charge carrier mobility has been measured to be 

as high as 200,000 cm2 V-1 s-1 in defect-free graphene.39 Combining its 

excellent conductivity with a large theoretical surface area24 of 2630 m-2 g-1, 

Figure 2-7 (top left) shows a layer of graphene, (top right) graphite, 

consisting of many layers of graphene, (bottom left) a graphene sheet rolled 

into a cylinder is a carbon nanotube, and (bottom right) fullerene composed 

of wrapped graphene. Taken from Ref. [36]. 
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high breaking strength and chemical resistance17, graphene shows promise as 

a catalyst support material that could both lower the catalyst-metal loading 

required and extend the lifetime of the catalyst layer.25 

2.4.2 Half-Cell testing of Metal-Graphene Catalysts 

 

One of the various challenges in the commercialisation of graphene is the 

ability to synthesise large amounts via a scalable method that produces a 

consistent graphene material. As a result, the majority of existing literature 

uses rotating disk electrochemistry to benchmark the catalytic activity of their 

materials, as this technique requires much less mass of material when 

compared to complete full cell membrane electrode assembly testing. This 

section reviews a number of studies in which the novel materials were 

assessed using RDE techniques, with the following section (2.4.3) reviewing 

studies that were successful in scaling their work to the MEA level. 

Much of the initial work with graphene, including its discovery, was via what 

has become famously known as the “scotch tape” method, in which graphene 

is obtained by mechanically exfoliating graphite using adhesive tape.14 While 

this method is useful in obtaining pristine graphene samples that are fit for 

purpose for experiments measuring intrinsic properties of graphene, it is time-

consuming and labour-intensive, meaning that other methods are required to 

produce graphene for applications. These methods can roughly be split into 

two categories: “bottom-up” synthesis where graphene is grown on a 

substrate, and “top down” where a carbon material precursor, such as graphite 

oxide, is exfoliated via various methods to obtain graphene.40,41  

Of the bottom-up methods, common examples include epitaxial growth and 

chemical vapour deposition. These methods typically require harsh reaction 

conditions, such as high vacuum environments and temperatures, but also 

produce high-quality graphene with few defects. Though some work has been 

done in the scale-up of these methods42, the resultant graphene is typically 

limited in size by the substrate used, and as such these methods are more often 

used in the production of small electronic devices rather than electrochemical 

applications.40,41  
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Nonetheless, in 2018 Abdelhafiz et al.26 published work showing a 

particularly interesting example of a novel platinum/graphene catalyst for 

ORR. In this work, rather than disperse platinum across a carbon support 

material, platinum was grown controllably, by layer, on a gold substrate, and 

then a graphene layer was grown epitaxially on top. The epitaxial nature of 

the produced platinum/graphene composite produced an electronically 

coupled catalyst in which the graphene appears “chemically transparent”. The 

authors suggested that reactants approaching from the graphene end, rather 

than the platinum end, still undergo catalysis as if they were in contact with 

the platinum layer itself. Furthermore, the strain placed on the platinum 

crystal structure by the graphene enhances its activity toward ORR, and the 

graphene acts as a protective cap that inhibits the corrosion of the platinum, 

with the material showing no change in activity or structure after a 1000 cycle 

accelerated stress test. The authors go as far as to claim “infinite” corrosion 

resistance to activity loss due to the corrosion mechanisms listed in Section 

2.3; however, it should be noted that 1000 cycles is but a small fraction of the 

requirements listed by the US DoE, and as such much longer ASTs are 

required to support this claim. Despite its promising activity and corrosion 

resistance, the fact that this method requires platinum and graphene to be 

grown under harsh conditions on a gold substrate also limit its application in 

commercial-scale use both in terms of ease of scale-up and in cost of raw 

materials.  

2.4.2.1 Reduced Graphite Oxide 

 

Of the various top-down approaches, the most common is the chemical 

reduction and exfoliation of graphite oxide (GO) to reduced graphene oxide 

(rGO). This allows for significant amounts of material to be produced, 

making it suitable for electrochemical applications.43 First, a variation of a 

modified Hummer’s method44 is used in which graphite is directly oxidised 

by a strong oxidising agent such as potassium permanganate. After various 

steps of cleaning and drying, the graphite oxide can then be exfoliated and 

reduced to give rGO in steps typically involving high-energy ultrasonication 

and heating.41,45 Finally, the active catalyst metal, often platinum, is added by 

reducing a metal precursor with a separate reducing agent, usually requiring 
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further heating, cleaning and drying. The finished metal-rGO catalyst powder 

is then re-dispersed as an ink via a further step of ultrasonication, and can 

then be deposited for electrochemical testing.46–55  

Reduced graphene oxide-supported catalysts form the large majority of 

ongoing research. One difficulty in the use of rGO is that the layers of 

graphene tend to restack, hindering oxygen diffusion throughout the catalyst 

and slowing ORR activity.28 One solution was presented in work by Li et al. 

in 2012. A platinum-rGO catalyst was synthesised following a procedure 

similar to that described above, and then was composited with a high-surface-

area carbon black (CB) material.28 This was achieved simply via the stirring 

of the Pt/rGO composite with carbon black in IPA overnight. Using 

transmission electron microscopy, shown in Fig. 2-8 (a) and (b), they found 

that platinum nanocrystals had been loaded uniformly on rGO with negligible 

aggregation.28  

Furthermore, it can be seen in Fig. 2-5 (c) and (d) that the Pt/rGO/CB 

composites showed a thorough mixing of the materials, and that the platinum 

remained on the rGO without becoming detached onto the carbon black. It 

was found that although none of the Pt/rGO samples performed as well as a 

Figure 2-8 (a), (b) Transmission electron micrographs of Pt/rGO at 

various length scales. (c), (d) Micrographs of Pt/rGO/CB composites. 

Taken from Ref. [28]. 
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commercial Pt/C catalyst, the samples with carbon black mixed in performed 

better than those without.  

The authors justified this by suggesting that carbon black particles enlarge the 

gaps between restacked rGO sheets, thus improving oxygen diffusion 

throughout the catalyst. It was observed that the more carbon black added to 

the sample, the better it performed. After accelerated stress tests of 20,000 

cycles, it was found that while the commercial Pt/C catalyst lost ca. 51% of 

its initial activity, the Pt/rGO/CB sample retained more than 80% of its 

activity, confirming the importance of rGO in the durability of the Pt/rGO/CB 

catalyst.  

Chen et al. further develop the principle of increasing the spacing between 

restacking rGO layers by using silicon carbide nanoparticles intercalated into 

the structure.56 This was achieved by stirring silicon carbide nanoparticles and 

Pt/rGO aqueous suspension overnight, and found to produce a “novel 3D 

sandwiched architecture” in which the SiC nanoparticles effectively inhibit 

the restacking of the rGO sheets. The composite Pt/rGO/SiC material was 

found to exhibit enhanced activity compared with a commercial catalyst in 

both rotating disk electrode and fuel cell tests. They claim this was due to the 

sandwiched structure leading to greatly enhanced mass transport when 

compared with Pt/rGO and commercial Pt/C. The durability of the samples 

was investigated using a 10,000 cycle accelerated stress test, and although the 

Pt/rGO/SiC sample performed better than the commercial Pt/C sample tested, 

a 60% loss in electrochemical surface area was measured, meaning it falls 

short of the targets set by the US DoE and outlined in Section 2.2. 

Research is also being conducted beyond the study of platinum nanoparticles 

supported by rGO, such as studies considering platinum nanowires and alloys. 

One such study was conducted by Wang et al.57, who modified graphite oxide 

with sulphur, which then served as nucleation sites for the growth of platinum 

nanowires (termed “SG-PtNW”), SEM of which is presented in Figure 2-9. It 

was found that longer platinum nanowires were grown when an increased 

amount of platinum was used during the synthesis process. The SG-PtNW 

sample was found to exhibit better activity toward ORR than a commercial 

Pt/C sample, as platinum nanowires have a larger number of exposed 
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platinum atoms compared with spherical Pt nanoparticles typical of the Pt/C 

commercial sample. However, the work presented does not include any 

corrosion data, and as such it is difficult to evaluate how the increased number 

of exposed platinum atoms affects the rate at which the platinum dissolves 

and agglomerates, which is essential in understanding how the catalyst may 

degrade with cycling.  

By modifying the conditions and metal precursors added during the synthesis 

of the catalyst, it is possible to produce alloys of platinum with other metals 

supported by rGO, following a similar process as outlined previously. In one 

such example, rather than just adding a platinum precursor to a GO 

dispersion, Sun et al. added both a platinum and palladium precursor. These 

precursors were reduced simultaneously, resulting in the production of 

dendritic platinum/palladium nanoparticles on rGO.50 The dendritic structure 

of the platinum/palladium nanoparticles provides a larger number of catalytic 

sites than spherical platinum nanoparticles as are typical of a commercial Pt/C 

catalyst, resulting in improved catalytic activity toward the ORR. 

Figure 2-9 (a,b) SEM and (c,d) TEM of SG-PtNW catalyst produced by Wang et 

al.57 The images show a high density of platinum nanowires on the surface of sulfur 

doped graphene. The nanowires are shown in (d) to be single crystals, grown along 

the <111> direction, with the distance between the planes found to be 0.225 nm.  
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Furthermore, in chronoamperometric tests in which the catalysts were held at 

0.1 V for 10,000 s showed that the Pt/Pd catalyst exhibited better durability 

than the commercial Pt/C.  

Although rGO shows promise as a catalyst support material, the methods used 

to produce rGO-supported catalysts share many energy-intensive steps in 

common, often including repeated sonication, ultra-centrifugation and high 

temperatures, which are difficult to scale up. Furthermore, this leads to a high 

number of defects in the rGO structure, which negatively impacts the catalyst 

durability58, particularly at higher voltages associated with fuel cell start-up 

and shut-down (1-1.6 VRHE). As a result, RDE accelerated stress tests are 

typically only carried out across the 0.6-1 VRHE range, and rarely for more 

than a few thousand cycles, to mitigate the damage that occurs over long 

cycles and higher loads. A summary of various graphene-supported catalysts 

with their associated corrosion tests and results are summarised in Table A1 

presented alongside data from this work.  

2.4.3 Full cell testing of metal-graphene composite catalysts 

 

Testing graphene support materials in an MEA requires a larger amount of 

material to be synthesised compared to RDE (10s of milligrams vs fraction of 

a milligram respectively), and as such the literature is dominated by work 

investigating the use of graphite oxide. While graphite oxide and its 

derivatives have higher resistivity than high-quality graphenes produced via 

methods such as CVD, its relatively low cost, facile synthesis and solubility 

in water make it readily available for scale up.59
 Oxygen functionalisation 

defects on the GO surface mean that nanoparticles can be grafted onto the 

support without the need for acid treatment60, although some studies have 

found acid treatment is an effective way to introduce further functionalisation 

that improves catalysis.61 This has been reported to lead to stronger 

“anchoring” interactions between the surface functional groups and the 

platinum nanoparticles, resulting in improved platinum catalyst stability. 

However, the presence of oxygen functional groups and surface defects are 

widely reported to negatively impact the stability of the carbon support 

material upon cycling.21  
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In one such study conducted by Ghosh et al., functionalised rGO was 

compared with Pt/C in half and single cell tests.62
 Graphite oxide was 

prepared using modified Hummer’s method and exfoliated via thermal shock 

at 1050 °C followed by sonication in DMF solution, before being washed and 

dried to obtain reduced graphene oxide nanosheets. The platelets were then 

further functionalised by sonication in an aqueous solution of citric acid, 

which was then filtered, washed and heat-treated at 300 °C. Platinum 

nanoparticles were then added via reduction of a platinum precursor using 

NaBH4, producing catalysts with a Pt loading of 20 wt.%. FTIR was used to 

show that the acid treatment process introduced carboxyl, hydroxyl and 

carbonyl groups, which are responsible for anchoring metal ions during 

synthesis, and increase the hydrophilicity of the material, allowing for better 

dispersion for catalyst ink preparation. In fuel cell tests, the graphene and 

functionalised graphene supports were compared against a Pt/C catalyst and 

were found to have maximum power densities of 426, 455 and 314 mW cm-2 

respectively. The improved maximum power densities are reflected in the 

larger ECSAs, measured using cyclic voltammetry, which suggest that the 

functionalisation reduces the restacking of the graphene sheet and ensures that 

the platinum nanoparticles remained well-anchored during initial fuel cell 

conditioning. However, the ECSA and MEA performance of the commercial 

Pt/C sample presented are much lower than is typically expected, making it 

difficult to compare these results with existing literature. 

2.4.3.1 Reduced Graphene Oxide and Spacers 

Graphenes of all kinds have a strong tendency to restack due to van der Waals 

forced between individualised sheets, and agglomerate in aqueous 

solutions.63 The restacking of the graphene is a more significant problem in 

full-cell testing, where the 3D morphology of the MEA plays an important 

role, when compared to RDE testing in which the catalyst layer is deposited 

as a thin film.  Restacking leads to the formation of low-porosity catalyst 

layers, limiting the accessibility of the platinum nanoparticles and reducing 

the number of triple-phase boundaries formed.21 Therefore, in the majority of 

rGO catalyst supports, a spacer is again required to optimise performance. 

The spacer is often a different, less stable carbon phase, the amount of which 
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needs to be carefully balanced to optimise for both durability and 

performance. 64   

The most commonly used additive is carbon black. Work by Park et al. used 

readily available commercial carbon black as a spacer between rGO, 

examining the impact of varying the amount of carbon black added.65 

Platinum-decorated reduced graphene oxide (Pt/rGO) was synthesised by 

oxidising natural graphite flake, which was then reduced using heat treatment 

under inert gas to produce wrinkled graphene sheets, and then an ethylene 

glycol reduction method was used to deposit Pt nanoparticles. Catalyst inks 

were then prepared by ultrasonication of Pt/rGO with Nafion solution, DI 

water, methanol and varying amounts of carbon black. In fuel cell tests 

conducted with an 8 cm2 MEA, it was found that the double layer capacitance 

increased as the carbon black content increased from 0% to 50%, indicating 

an increase in the interface between catalyst and ionomer. On the other hand, 

the measured ECSA increase significantly from 32 m2 g-1 to 50 m2 g-1 as 

carbon black content increased to ca. 25 wt. % carbon black, and then 

decreases as carbon black increases further. The authors suggest that excess 

carbon black in the catalyst layer can block platinum nanoparticles and limit 

catalytic performance. Using AC impedance spectroscopy, the charge 

transfer resistances of Pt/rGO was found to be 3.1 times higher than that of 

CB + Pt/rGO, indicating that carbon black increases the number of three-

phase boundaries. The authors suggest this was the result of exposing more 

of the platinum nanoparticles, thus increasing interfacial oxygen kinetics. 

However, it should be noted that again in this study, the reported Pt/C activity 

was below what is expected of a commercial Pt/C MEA. 

To improve the cycling stability of a commercial Pt/C, Jung et al. synthesised 

a hybrid material containing varying amounts of Pt/GO and Pt/CB.64 Using 

cyclic voltammetry in a half-cell system, the authors measured the ECSA of 

the hybrid catalysts before and after 60 minutes of CV cycling between 0.4 

and 1.2 V at 50 mV s-1. Although the ECSA of the catalyst decreased with an 

increasing amount of Pt/GO added to the Pt/C catalyst, the durability 

increased consistently, with the highest durability measured for the 100% 

Pt/GO sample. Importantly, it was found that adding a relatively low amount 

of Pt/GO (20% by mass) significantly improved the durability of the catalyst, 
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with further amounts of Pt/GO added resulting in diminishing returns in 

increases in durability, at the cost of a large drop in initial ECSA.  

To investigate the stability of the hybrid material further, an accelerated 

deactivation test was carried out in a full cell system by applying a voltage of 

1.4 V for 3 hours. The Pt/C catalyst saw a 45.4% loss in current density at 0.6 

V, compared with only a 17.7 % decrease exhibited by the hybrid catalyst 

containing 20% Pt/GO. The majority of the activity loss measured in 

polarisation curves of the Pt/C material was observed at high current 

densities, which the authors suggest was caused by the agglomeration or loss 

of platinum nanoparticles. The authors therefore suggest that the increased 

durability of the hybrid catalyst is a result of GO impeding the loss of Pt 

nanoparticle surface area. This is supported by TEM of the catalyst layers 

obtained before and after the accelerated degradation test, which found very 

little agglomeration of the nanoparticles in the hybrid catalyst, compared with 

the Pt/C catalyst. Although not discussed by the authors, it is likely that the 

choice of 1.4 V for the stability test would also have caused corrosion of 

carbon in both the commercial and novel materials. Therefore, some of the 

difference in the relative change in performance between the two materials 

may have also been a result of the difference in carbon-corrosion stability of 

the rGO compared to the carbon black. Without further detailed analysis of 

the catalyst layer before and after testing, or measurements of CO2 from the 

exhaust of the system, it is impossible to deconvolute the influence of these 

factors on the stability of the novel composite.  

Rather than introducing an additive such as carbon black after the synthesis 

of a Pt/rGO catalyst, Şanlı et al. showed that introducing carbon black before 

platinum deposition is also an effective method of producing hybrid 

catalysts.66 The synthesis method is summarised in the schematic presented 

in Figure 2-10. The work explains that initially mixing carbon black to GO 

prevents graphene restacking during the Pt impregnation steps of the 

synthesis, and results in better platinum utilisation and lower mass transfer 

resistance compared with both Pt/CB and Pt/rGO samples tested. It was again 

found that a weight ratio of 75:25 produced the highest measured activity in 

fuel cell tests, where an MEA loaded with 0.5 mg Pt cm-2 obtained a 
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maximum power density of 654 mW cm-2 and a Pt utilisation efficiency of 

2.58 kW gPt
-1.  

Building on this work, the group published a development of this method with 

further improved performance. Kaplan et al. again mixed carbon black and 

graphite oxide mechanically before using microwave-assisted reduction 

method to reduce H2PtCl6 to produce Pt/rGO/CB.67 The resulting best-

performing hybrid catalyst (75:25 rGO:CB) achieved a maximum power 

density of 1091 mW cm-2. Using EIS, both the charge transfer resistance and 

total resistance were found to be lowest for this catalyst when compared with 

both Pt/C and Pt/rGO.  

2.4.3.2 Graphene nanoplatelets as a catalyst support  

Despite its successes, reduced graphene oxide is as such still fundamentally 

limited by the defects produced during its synthesis68 and has yet to truly 

demonstrate improved durability under the high voltage loads experienced 

during the start-up and shut-down of a fuel cell. As such, other, less defective 

graphenes are also being explored as carbon support materials for catalyst 

nanoparticles. 

Graphene nanoplatelets (GNPs), typically produced via the exfoliation of 

intercalated graphite, retain a much more graphitic structure compared with 

rGO, resulting in improved mechanical and electronic properties compared 

Figure 2-10 Schematic detailing the syntheis process used by Şanlı et al. to produce 

a composite of carbon black and graphene decorated with platinum nanoparticles, 

where the carbon black has been introduced before the deposition of nanoparticles 

to impede the restacking of the graphene. 66 
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with GO.69 Furthermore, its highly graphitic nature means that there are fewer 

defects to initiate carbon corrosion from, and increased π bonding strength 

with Pt nanoparticles. 68,70–76 The combination of these effects in theory 

should result in the desired improved corrosion resistance required.   

This was first demonstrated by Shao et al. in 2010 at half cell level, who 

compared the activity and durability of Pt/GNPs against that of Pt/CNT and 

commercial Pt/C catalysts.68 GNPs were prepared via microwave-aided 

intercalation of sulfuric acid, followed by exfoliation using ultrasonication 

and milling, and then functionalised with poly(diallyldimethylammonium 

chloride) (PDDA) in order to stabilise platinum nanoparticles. Platinum 

nanoparticles were then added to both the GNP and MWCNT catalyst 

supports via a standard ethylene glycol reduction method, achieving a loading 

of 20 wt.%. In RDE experiments, the Pt/GNP sample exhibited both the 

largest kinetic current at 0.9 V, and the highest retained ECSA and kinetic 

current, after an accelerated durability test consisting of 44 hours of potential 

steps between 1.4 V and 0.85 V. While the Pt/CNT and Pt/C experienced a 

relative decrease of 75% in both ECSA and kinetic current, Pt/GNP showed 

a 40% and 20% decrease in ECSA and kinetic current respectively. Physical 

characterisation verified the high level of graphitisation and low number of 

defects present in the GNPs compared with both Pt/CNT and Pt/C samples, 

which the authors suggest is the reason for its enhanced durability under 

carbon corrosion conditions.  

Although these results were promising, it wasn’t until 2016 that GNPs were 

examined in full single-cell tests. Şanli et al. compared a number of graphene 

supports, including rGO and commercially-obtained GNPs, in combination 

with a number of platinum nanoparticle impregnation methods, such as 

sodium borohydride reduction and ethylene glycol reflux.77 TEM imaging 

showed that ethylene glycol and ascorbic acid reduction methods produced 

suitable Pt nanoparticle distributions (average size 2-3 nm), whereas the 

sodium borohydride reduction method resulted in Pt islands that were on 

average 15 nm in diameter, which were much too large for efficient catalysis. 

Although Pt/GNP showed similar ECSA values to a commercial Pt/C sample 

in half-cell tests, in single-cell polarisation curve tests the GNP sample 
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displayed large mass transport losses at higher current densities due to 

restacking preventing efficient oxygen diffusion throughout the MEA.  

To prevent this, the group explored the use of carbon black as a spacer 

material. In the first of two papers published in 2019, Arici et al. compared 

an in-house Pt/C sample with Pt/GNP and Pt supported by a 50:50 mix of 

GNP:C.78 Platinum nanoparticle deposition was achieved by the direct 

impregnation of a Pt(dba)3 complex, which was then reduced at room 

temperature under a hydrogen atmosphere. In RDE tests, the hybrid of GNP/C 

exhibited the largest kinetic current and mass activity, showing a significant 

improvement over GNPs on their own (120 versus 47 mA mg-1
Pt). The 

improvement in activity translated directly into single-cell polarisation curve 

tests, where Pt/GNP-C obtained a maximum power density of 377 mW cm-2, 

compared with 178 and 247 mW cm-2 for Pt/GNP and Pt/C respectively, 

suggesting that the addition of carbon black effectively inhibits the restacking 

of the GNPs.  

The use of carbon black as a spacer for GNPs was further optimised in another 

paper published later in 2019 by the same group. Daş et al. performed a 

similar study to Arici et al., although this time using a super-critical CO2 

reduction method to produce optimally sized nanoparticles and investigating 

a number of GNP:CB ratios ranging from 100:0 to 0:100.69 In half-cell 

corrosion tests, samples were subjected to a potential hold at 1.2 V for 24 

hours, with CVs and LSVs recorded before and after. Of all the samples that 

contained C, the 60:40 GNP:C showed the highest durability, with a 20.22 % 

decrease in ECSA, compared with a 50.78 % decrease measured for the Pt/C 

catalyst. Polarisation curve tests showed that the 60:40 GNP:C ratio was the 

best performing of all the hybrid GNP:C materials and outperformed both 

Pt/GNP and a commercial Etek Pt/C catalyst, as shown in the polarisation 

curves presented in the Figure 2-12. The H60 sample (60:40 GNP:C) exhibits 

the greatest maximum power density (0.48 W cm-2), and greatest current 

density obtained at 0.2 V (ca. 2000 mA cm-2). The increased performance of 

the 60:40 GNP:C sample is attributed to the relatively high surface area and 

small pore volume, which resulted in higher accessibility and therefore 

utilisation of active platinum nanoparticles.  
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Figure 2-11 Polarisation curves and associated power curves of Pt/GNP (H100), 

Pt/GNP:C (H60, 60:40 ratio of GNP/C) and commercial Etek Pt/C (Etek). Taken 

from ref [69]. 
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2.4.3.3 Three-dimensional graphene composites 

 

To circumvent the problem of graphene restacking altogether, research has 

been conducted into novel three-dimensional, graphene structures79–81 which 

exhibit their own unique properties, including high specific surface areas82,83 

and porosities.84 In 2013, Liu et al. developed a graphene foam through a 

simple synthesis method via the combustion of sodium ethoxide, which 

produced a black powder that was washed, dried and subsequently heat-

treated to reduce oxygen content.83 After the addition of Pt nanoparticles, the 

material was tested in both half and single cell experiments. Although half-

cell tests were promising with an ECSA 50% greater than a commercial Pt/C 

catalyst (101 m2 g-1), and a mass activity 30% higher (176.1 A gpt
-1), fuel cell 

tests showed a need for optimisation, with significant mass transport losses 

observed in the high current density region.  

More recently, Karuppanan et al. have achieved more promising results with 

an N-doped graphene foam, obtaining a maximum power density of 394 mW 

cm-2 in single cell tests, compared with 201 mW cm-2 obtained for a 

commercial Pt/C catalyst.84 A polyurethane sponge template was immersed 

in an aqueous solution of reduced graphene oxide, urea, hydrazine hydrate 

and ammonia, before being heat-treated to produce a free-standing graphene 

foam. After a hydrothermal polyol reduction method was used to decorate the 

foam with platinum nanoparticles, the foam was sonicated with DI water, IPA 

and 5 wt% Nafion solution, spray-coated onto Toray carbon paper to form a 

cathode catalyst layer. SEM of the material is presented in Figure 2-13. The 

improved activity compared with Pt/C observed in single-cell polarisation 

curve tests was attributed to the nitrogen doping and 3D foam structure. The 

2D graphene sheets present in the foam network gave rise to high electronic 

conductivity, while nitrogen-doping stabilises the platinum nanoparticles and 

enhances the electrocatalytic activity. The porous foam structure provides a 
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high specific surface area and allows for efficient mass transport and adequate 

ionic contact with the electrolyte.   

2.4.3.4 Summary of rGO and GNP support materials 

 

All of the metal-graphene catalysts explored in these sections showed some 

improvement in activity, as measured by power density, when compared with 

the commercial Pt/C catalysts presented alongside them in their respective 

studies. The improvements are generally attributed to the novel 

nanomaterials’ higher conductivities, specific surface areas and platinum 

utilisation. Of the many varieties of graphene, graphene nanoplatelets and 

reduced graphene oxides are both readily produced at scale and have been 

shown to be effective catalyst supports and as such have been studied with 

full-cell tests. When combined with a spacer to inhibit restacking, the hybrid, 

spaced catalysts show higher mass transport through the catalyst layer, 

allowing for the effective use of graphene’s unique properties. 

However, it is difficult to compare between studies due to the widely varying 

parameters used when testing novel catalysts, meaning that a true assessment 

of which catalyst is the best performing is impossible. Despite various 

Figure 2-12 SEM micrographs of a) N-graphene,  b) bare PU foam used as 

substrate, c) Pt@N-graphene on PU  foam, and d) carbonised Pt@N-graphene 

foam. 84  
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standardised testing protocols put forward by bodies such as the US DoE, in 

the studies detailed in this section of the review, no two studies used identical 

sets of parameters for obtaining polarisation curves, with operating 

temperatures ranging from 40 to 80 °C, cathode gases differing between pure 

oxygen and air, and catalyst platinum loading differing in every instance. This 

is most clearly reflected in the power densities obtained not for the novel 

materials themselves, but in the commercial Pt/C samples used to benchmark 

their activity. The values presented for Pt/C vary across the studies from ca. 

178 to 700 mW cm-2.  

Furthermore, despite the corrosion resistance of carbon nanomaterials being 

a key property that drives the motivation for research into their use, only one 

paper followed corrosion testing protocols as set out by any fuel cell-related 

body, with the rest using in-house protocols that varied from each other. As a 

result, the improved stability of both rGO and GNPs have yet to be thoroughly 

demonstrated, and it is clear that there is still value in exploring alternative 

graphene synthesis methods.  

2.4.4 Liquid-phase exfoliation to produce graphene catalyst supports 

 

If a graphene-supported catalyst is to be durable enough to meet requirements, 

other synthesis methods should be explored. One that has shown promise as 

a scalable route to producing graphene is known as liquid-phase 

exfoliation40,41,85, first demonstrated by Coleman et al. in 2008 via the 

sonication of graphite in NMP.86 Of particular interest to this project is liquid-

phase exfoliation using intercalated compounds, and specifically graphite 

intercalation compounds (GICs), where graphite is typically intercalated with 

an alkali metal and then dispersed in an appropriate solvent to produce 

graphenide solutions18,19,87,88 consisting of negatively charged graphene 
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sheets and positively charged metal ions. A summary of this process is shown 

in the Figure below, taken from Ref. [89].  

Important research in the area of using GICs to obtain graphenide solutions 

as part of a synthesis route to graphene-supported metal catalysts has been 

conducted by Penicaud et al.90. They first intercalate graphite by heating it 

with potassium at 180 degrees Celsius for five hours within an argon 

glovebox. This produces a GIC with one layer of potassium ions between 

each layer of graphite (KC8), known as a “stage 1” graphite intercalation 

compound.91 The GIC is then stirred in THF for 24 hours, and then 

centrifuged for thirty minutes to remove bulk material and the upper solution 

was retained as the graphenide solution. To obtain iron catalyst nanoparticles, 

an iron precursor was dispersed in THF, added to the graphenide and stirred 

for a further 24 hours before being removed from the glovebox. Deionised 

water was added, and the sample was purified by four rounds of 1 hr, 10,000 

RPM ultracentrifugation and redispersion. Finally, the finished powder 

(Fe(np)/nCs) was obtained via freeze-drying. This process is summarised in 

Fig. 2-7, taken from Ref. [90]. 

Figure 2-13 Liquid phase exfoliation of a layered material (blue) via the 

intercalation of an alkali metal (yellow) and subsequent dispersion in an 

appropriate solvent via physical agitation, typically in the form of ultrasonication. 

Taken from Ref. [89].   



Chapter 2: Electrocatalysts for Hydrogen Fuel Cells 

53 

 

 

This process results in the synthesis of graphene sheets separated and 

decorated by iron nanoparticles. Here, it is important to note that the metal 

precursor was reduced directly by the graphenide itself, rather than through 

the use of a reducing agent. This is advantageous as the amount of charge 

available to reduce the metal precursor is dictated by the finite charge of the 

graphenide solution. Therefore, the reaction is self-limiting, which in turn 

limits the size of the nanoparticles and dictates how they are formed. This 

differs from procedures where a reducing agent is used, where the 

nanoparticle size and distribution can vary greatly with the concentration and 

temperature. Furthermore, it leads to the formation of small nanoparticles 

directly on the carbon framework, resulting in a stronger binding of the 

nanoparticles to the surface than would result otherwise.88 The catalytic 

activity of the Fe(np)/nCs for ORR was found to be higher than previously 

reported for Fe catalysts. This was attributed to the small size of the 

nanoparticles obtained via this method. However, the durability of the catalyst 

has yet to be reported, and the method outlined here also involves many steps 

of sonication and ultracentrifugation, which is similarly difficult to scale as 

in the synthesis methods used for rGO outlined previously. Moreover, its 

consequences on the presence of defects and the resultant corrosion of the 

material are unknown.  

In contrast, work developed at UCL by Cullen et al.18 has found that it is 

possible to obtain true ionic solutions of 2D materials without the need for 

any mechanical input energy, thereby avoiding the problems with scalability 

that arise due to repeated steps of sonication and ultracentrifugation. In the 

work by Cullen et al., a range of layered materials, including graphite, are 

intercalated using the “metal-ammonia” method. The layered material is 

Figure 2-14 A summary of the synthesis process used by Penicaud et al. to 

produce graphene sheets decorated with iron nanoparticles from a graphite 

intercalation compound. Taken from Ref. [90]. 
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loaded into a tube with an alkali metal, and then ammonia is condensed to 

form a metal-ammonia solution. In the metal-ammonia solution, electrons 

from the alkali metal are solvated by the liquid ammonia, and then redistribute 

onto the material layers. In order to balance the charge, the alkali metal ions 

intercalate between the layers, producing an intercalated layer material. The 

ammonia is then removed from the sample, leaving a powder than can be 

dissolved in a polar aprotic solvent in a process that is thermodynamically 

driven, and therefore spontaneous. This produces a stable solution of 

negatively charged, pristine monolayers. In the case of graphite, this solution 

is known as a graphenide solution.  

By modifying this method, the work presented in this thesis shows that it is 

possible to use these graphenide solutions analogously to the work conducted 

by Penicaud et al. to directly reduce metal salt precursors. This results in the 

synthesis of metal nanoparticles distributed across monolayer sheets of 

graphene, suitable for catalytic applications. This method carries the same 

advantages incurred by directly reducing metal precursors with negatively 

charged sheets, without the disadvantages of requiring many steps of 

sonication and ultracentrifugation. This ensures that the supporting graphitic 

material remains defect-free, allowing for greater electrochemical stability to 

be achieved. 



Chapter 3:  Experimental Theory and 

Methods 

This chapter describes the supporting theory and experimental procedures 

required to prepare the initial graphite, intercalate it without potassium, 

dissolve it in a polar solvent and react it with platinum chloride to produce 

graphenide-derived platinum on graphene (GD-Pt/G). The techniques used 

to characterise and electrochemically test GD-Pt/G are then described. 

3.1 Preparation of Materials and Solvents 

 

To synthesise the graphene-supported metal catalysts, first graphite was 

intercalated with potassium via the “metal-ammonia” method. This produced 

the graphite intercalation compound (GIC) KC24(NH3)1.3.  By adapting 

methods developed by Milner et al. and Cullen et al.18,19, the GIC was 

dissolved in THF to produce a charged “graphenide” solution, which contains 

negatively charged graphene sheets and positively charged potassium ions. 

The negatively charged graphene sheets were then used to directly reduce 

platinum (II) chloride, resulting in the production of a ready-to-use ink of 

THF containing restacked graphene sheets decorated with platinum 

nanoparticles, referred to here as GD-Pt/G (graphenide-derived).  

3.1.1 Outgassing of graphite 

 

Before graphite can be intercalated with an alkali metal, it must first be 

outgassed to remove adsorbed water and oxygen which would otherwise 

cause side reactions during the intercalation process. Graphite (~325 mesh, 

Sigma) was first outgassed using a roughing pump (ca. 1 mbar) at a 

temperature of 300 °C, to remove the majority of adsorbed water and oxygen. 

After 24 hours, the graphite was moved onto a Pfeiffer turbopump and 

outgassed at 300 °C until the base pressure of the turbopump (ca. 1 x 10-6 

mbar) was reached.  
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3.1.2 Cleaning of Glassware 

 

All glassware was cleaned before use. Glassware was washed with de-ionised 

water, acetone and isopropanol and then baked in an oven at 80 °C for a 

minimum of thirty minutes. 

3.1.3 Preparation of solvents 

 

For purchased tetrahydrofuran to be suitable for the dissolution of graphite 

intercalation compounds, it was necessary to further dry the as-received 

anhydrous solvents using molecular sieves to remove trace water that would 

otherwise react with the alkali metal present in the GIC.  First, the molecular 

sieves (Aldrich 3 Å) are regenerated to remove atmospheric water. The 

molecular sieves are placed in a tube furnace at 120 °C and attached to a 

roughing pump at a pressure of ca. 1 mbar.  

After 24 hours, enough water is removed from the molecular sieves such that 

the roughing pump can be changed for a turbopump, allowing for much 

greater levels of vacuum to be achieved. The sieves are kept at a temperature 

of 120 °C until the pressure on the turbopump has reached 1 x 10-5 mbar. The 

temperature is then increased to 300 °C and the beads are left until the 

pressure on the turbopump has reached base, ca. 1 x 10-6 mbar. At this stage, 

the molecular sieves are sufficiently dry and are brought inside of the 

glovebox alongside the as-bought, sealed THF, where they are added to the 

THF so that approximately 1/5th of the volume of the bottle is molecular 

sieves. The bottle is then left for at least two days to allow for the solvent to 

become sufficiently dry before use. 
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3.2 Synthesis of Graphite Intercalation Compounds 

 

There are two common methods used to intercalate graphite with potassium, 

the “vapour transport” method and the “metal-ammonia” method. In the 

vapour transport method, graphite and potassium are mixed together, placed 

under vacuum, and heated to ca. 200 °C, resulting in the vaporisation of the 

potassium metal which then intercalates into the graphite. This produces a 

binary graphite intercalation compound. The “metal-ammonia” method 

instead dissolves the potassium into liquid ammonia, which then facilitates 

the intercalation of graphite and produces a tertiary intercalation compound 

of graphite, potassium and ammonia, as described below.  

The work in this thesis focuses on the production of graphenide-derived 

platinum on graphene, GD-Pt/G, synthesised using a graphite intercalation 

compound produced via the metal-ammonia method, following earlier work 

by our group.  

3.2.1 Metal-Ammonia Method 

The “metal-ammonia” method for the intercalation of graphite uses the ability 

of liquid ammonia to dissolve alkali metals to produce a metal-ammonia 

solution. Within these solutions, the ammonia solvates a large number of 

electrons from the alkali metal, meaning that they have a very high reduction 

potential. Metal-ammonia solutions can reduce and intercalate a wide range 

of materials, including graphite. This occurs as the solvated electrons within 

the metal-ammonia solution are accepted by the π-orbitals of the graphite 

resulting in negatively charged graphene sheets, which are charge-balanced 

by the intercalation of the positive alkali metal atoms between the graphene 

sheets. This is described by Equation 3.1: 

 

 𝒏𝑴+ + 𝒏𝒆− + 𝒙𝑵𝑯𝟑 + 𝒚𝑪 → (𝒙 − 𝒛)𝑵𝑯𝟑 + 𝒏𝑴+𝑪𝒚
𝒏−(𝑵𝑯𝟑)𝒛    (3.1) 

Where M+ and e- are produced as a result of being solvated by ammonia. 

Metal-ammonia solutions are metastable, and some of the solution will break 

down via the following reaction: 

𝑴(𝑺𝒐𝒍𝒗𝒂𝒕𝒆𝒅)
+ + 𝑵𝑯𝟑 +  𝒆(𝑺𝒐𝒍𝒗𝒂𝒕𝒆𝒅)

−  ↔ 𝑴𝑵𝑯𝟐 +  
𝟏

𝟐
𝑯𝟐  (3.2) 
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Potassium-intercalated graphite is a well-studied system (the stoichiometry 

was determined by Solin et al. in the 1980s 124), and its use in producing 

graphenide solutions has been reported in the literature, including by work 

within UCL, and as such it was chosen in place of a different alkali metal.18,19 

In practice, intercalation achieved by first loading potassium and outgassed 

graphite powder into a “glass to metal” tube (part no. Kf25) in the molar ratio 

of ca. 1:24 K:C, based on the desired stoichiometry of the product, 

KC24(NH3)1.3. small excess of potassium is used decrease the likelihood of 

the synthesis of higher stage GICs. The tube is then sealed with a Swagelok 

valve assembly, and attached to a purpose-built gas rig, shown in Figure 3-1.  

With the sample tube valve still closed, the rig is evacuated to ca. 1 x 10-6 

mbar using a turbopump to remove air from the system. The sample tube 

valve is then opened and argon within the tube is removed, leaving the 

graphite powder and potassium at a pressure of ca. 1 x 10-6 mbar. 

Following the evacuation of all gases from the system, the sample tube is then 

placed in an isopropanol bath held at -50 °C and anhydrous ammonia gas is 

gradually condensed into the sample tube until the powder and metal are 

sufficiently covered by liquid ammonia. The liquid quickly turns a deep-blue 

colour characteristic of a dilute metal-ammonia solution, as shown in the 

photo presented in Figure 3-2 (top).92 After approximately 24 hours, the 

Figure 3-1 A process flow diagram of the ammonia rig used within this work for the 

intercalation of graphite with potassium and ammonia, produced by Hector 

Lancaster 
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solution turns from deep-blue to colourless, which indicates that the 

intercalation has completed.  

Following the completion of the intercalation, the ammonia is then transferred 

back into its source lecture bottle through the rig. This cryopumping process 

is achieved by freezing the source bottle of ammonia with liquid nitrogen, and 

gradually allowing ammonia to evaporate from the sample tube and freeze 

into the ammonia lecture bottle. Once the sample appears dry within the 

sample tube, the sample tube is isolated from the system by closing the sample 

tube valve. The frozen ammonia lecture bottle is then evacuated using the 

turbopump to remove any residual hydrogen gas formed by side reactions in 

the metal-ammonia solution.  

Finally, the closed sample tube is taken from the rig and returned to the 

glovebox, where the graphite intercalation compound powder can be removed 

for later use. The blue colour of the KC24(NH3)1.3 powder, distinct from the 

dark grey of the starting graphite, can be observed in the bottom photo in 

Figure 3-2. 

  

Figure 3-2 Top: A photo of metal-ammonia solution containing potassium, 

liquid ammonia and graphite, in which the characteristic blue colour of the 

solution can be seen. Bottom: KC24(NH3)1.3 powder  
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3.3 Synthesis of Platinum-Graphene Catalysts 

 

Following the intercalation of graphite with potassium, graphite intercalation 

compounds were dissolved in THF and then reacted with a platinum salt to 

produce graphene sheets decorated with platinum nanoparticles. 

3.3.1 Production of Charged Graphenide Solutions 

Once the graphite was intercalated, it was ready to be dissolved. In order to 

dissolve the graphite intercalation compound, a polar, aprotic and dry solvent 

is required. The solvent must be polar so that it can solvate cations and anions, 

and must be aprotic and dry so that the graphite intercalation compounds does 

not react with the solvent. The graphite intercalation compound was brought 

back into a glovebox and THF was added at a concentration of 5 mg ml-1.  

In order to increase the concentration of the negatively charged graphene 

platelets in a timely manner, thirty minutes of bath sonication was applied, as 

in a method previously reported.19 The resultant solutions were allowed to 

settle in the glove box for a further 24 hours before the supernatant was 

extracted for use, leaving behind undissolved material. A photo of a GIC 

solution with a PtCl2/THF solution (described in 3.3.2) is shown below. 

 
Figure 3-3 A graphenide solution before having been left to settle (right, black) next 

to a PtCl2 solution (left, yellow), both prepared in THF solvent 
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3.3.2 Reaction of Graphenide solutions with metal salts 

PtCl2 was added to THF inside the glove box at a concentration of 1 mg ml-1. 

This was then sonicated for 30 mins, keeping the temperature below 30 °C.  

In the glovebox, the PtCl2 dispersion was added to charged graphene liquid 

in excess, assuming a 100 % yield of GIC to graphenide production.  The 

reaction is suggested to occur as described in Equation 3.1. 

2[KC24(NH3)1.3] + PtCl2 = Pt(0) + C48 + 2KCl + 1.3NH3     (3.3) 

As undispersed powder remained in the bottle the supernatant was taken from, 

this is an overestimate (i.e. the PtCl2 is in stoichiometric excess). This was 

left to react under gentle stirring overnight. The full reaction scheme is shown 

in Figure 3-4. 
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Figure 3-4 Reaction scheme for reduction of PtCl2 by graphenide to produce Pt(0) 

nanoparticles on graphene 
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3.4 Physical Characterisation Techniques 

 

The following section provides an outline of the underlying theory and 

experimental details for the various physical characterisation techniques used 

throughout this work. 

3.4.1 Raman Spectroscopy 

 

Raman spectroscopy is used to probe the rotational and vibrational modes of 

materials  by scattering monochromatic laser-source light from the surface.93 

An incident photon from the laser interacts with the material, causing a 

perturbation to the system in which the energy of the system is increased by 

the energy of the incident photon, Ephoton. The perturbed system is unstable 

and as such the photon is emitted, returning the system to a stable state, as 

presented in Figure 3-5.  

In the majority of cases, the system returns to its initial state, which is known 

as elastic, or Rayleigh, scattering. However, it is possible for the incident 

photons to interact with vibrational states of the system, resulting in either the 

loss or gain of energy through interactions with phonons. This is known as 

the Stokes and anti-Stokes processes respectively. As a result, the photons are 

scattered inelastically, known as Raman scattering. By measuring the 

Figure 3-5 Diagram showing the interactions of an incident photon with a material, 

resulting in Rayleigh, Stokes and Anti-Stokes scattering. Ev is defined as the energy 

of the vibrational state shown. 
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intensity of the Raman scattering as a function of the difference between the 

scattered and incident photon energy (the Raman shift), characteristic Raman 

spectra can be obtained, giving insight into the material’s structure and 

properties 

Raman spectroscopy has been used extensively to study graphite and 

graphene in their various forms93,94 as the shapes and intensities of the 

characteristic Raman peaks can be used to investigate many properties, 

including thickness, flake size and doping level.95–97 An example of the 

Raman spectra of defect-free graphite and graphene are shown in the Fig. 3-

3.95  

The most prominent peaks seen in both defect-free graphite and graphene 

spectra are the G peak at ca. 1580 cm-1 and the 2D peak at ca. 2680 cm-1. It is 

also possible to observe the D peak at ca. 1350 cm-1 at the edge of a defect-

free sample. The G peak arises due to in-plane bond stretching of sp2 carbon 

atoms and as such is observed in all graphitic materials.94 In the case of 

graphite intercalation compounds doped with potassium, important in this 

work, it has been shown that the G peak varies significantly with doping.  For 

Figure 3-6 Raman spectra of defect-free graphite and graphene, measured with a 

514 nm laser. Figure taken from Ref. [95]. 
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low levels of potassium doping, the G peak remains similar in full width at 

half maximum (FWHM) but shifts up toward ca.1600 cm-1, such as in the 

case of KC24. As the doping increases further, the position the peak then shifts 

downward toward ca. 1500 cm-1 and the FWHM increases to ca. 180 cm-1 in 

the case of KC8 [97]. These trends are presented in Fig. 3-7. 

It can be observed Fig. 3-8(a) that the intensity of the G peak decreases almost 

linearly from graphite to graphene, and as such can be used as an indicator of 

the number of layers present.98 This method of determining the thickness of 

graphene can be advantageous as the Raman spectrum is an intrinsic property 

of the material and is therefore independent of the substrate the graphene 

sample is mounted on. 

Figure 3-7 the position and FWHM of the G peak of various potassium-doped 

graphite samples, ranging from lightly doped to heavily doped with potassium. 

Raman spectroscopy was performed with a 514.5 nm laser using a Renishaw inVia 

micro-Raman spectrometer. Figure taken from Ref. [97].  
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The 2D peak is an overtone of the disorder-induced D peak93 and its shape 

and position vary depending on the nature of the graphitic material. As the 

process involves two phonons with opposite wave vectors such that the 

momentum is conserved, it can arise without the presence of defects, and as 

such is present in all graphene spectra.93 The change of the 2D peak with the 

number of layers, from bulk graphite to graphene, is shown in Fig. 3-8(b). In 

the case of the spectra of graphite, a primary peak is observed at ca. 2725 cm-

1, with a shoulder at ca. 2680 cm-1. As the number of layers decreases, the 

peak shifts to ca. 2680 cm-1, and the shoulder disappears such that the peak 

can be fitted with a single Lorentzian curve. This is also the case in 

turbostratically restacked graphite and graphene93, where the FWHM is twice 

as large as for graphene, and its position is shifted to ca. 2700 cm-1. 

Furthermore, the ratio of the G to 2D peak intensities, I(G)/I(2D), can be used 

to infer the number of layers present, with a value above 1 for bulk graphite.99 

3.4.1.1 Experimental procedures and analysis 

 

Graphite intercalation compound powders were loaded into 1 mm borosilicate 

glass capillaries within the glovebox, and then sealed with wax to ensure they 

remained air-free. Metal-graphene samples were obtained from solution via 

drop-casting onto glass slides which were then dried overnight in ambient 

conditions. Graphite powder samples were loaded onto glass slides as-

received.  

(a) 
(b) 

Figure 3-8 (a) Displays the changing Raman spectra from 4 layer graphite to 

single layer graphene for both the G and 2D peaks, taken from Ref. [98]. (b) shows 

the evolution of the 2D peak in detail from bulk graphite to single layer graphene, 

taken from Ref. [95].  
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All Raman spectra were obtained on a Renishaw InVia Microscope (shown 

below) using a 488 nm laser and a 2400 l/mm diffraction grating. The 

intensities of all spectra presented in Section 4.1 are normalised to the G-peak 

of each sample. 

Obtained spectra were analysed using Origin and Python code for single 

spectra, and Python code for maps with the help of Hector Lancaster.   

 

 

  

Figure 3-9 The Renishaw InVia Microscope used throughout the project 
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3.4.2 X-Ray Diffraction 

 

X-ray diffraction (XRD) is a non-destructive technique used to characterise 

crystalline materials. In XRD, a monochromatic X-ray is incident on the 

sample and interacts with the electrons of the atoms, resulting in x-ray 

scattering. By using an incident X-ray with a wavelength that is comparable 

to inter-planar distances within crystalline samples, the scattered X-rays 

diffracted by the planes within the crystal can interfere constructively. The 

resultant measured scattered X-rays produce a diffraction pattern which can 

be used to characterise the crystal. This phenomenon is described by Bragg’s 

law, which arises from equating the path difference between the incident and 

reflected X-rays with an integer multiple of the incident wavelength, as shown 

in Figure 3-8.100 

Bragg’s law is shown in Equation 3.4: 

𝒏𝝀 = 𝟐𝒅 𝒔𝒊𝒏(𝜽)    (3.4) 

Where n is an integer, λ is the wavelength of the incident radiation, dhkl is the 

distance between Miller planes with indices (h k l), and θ is the angle of 

incidence of the X-ray. A peak in the diffraction pattern is therefore observed 

at each angle that corresponds to any Miller plane that satisfies Bragg’s law, 

and as such powder diffraction is often used to ensure that there is a random 

selection of crystal orientations present in the sample.  

Figure 3-10 Diagram depicting the scattering of X-Rays incident at angle  from two 

Miller planes with indices (h k l), distance d apart. Figure taken from ref [100] 
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By comparing the positions of measured peaks in a diffraction pattern with 

either theoretically calculated values or values from various crystal databases, 

it is possible to identify and index the peaks, allowing for information about 

the sample’s constituent compounds to be obtained. The intensity of the 

measured diffraction pattern peaks is proportional to the electron density, 

with planes intersecting areas of higher electron density producing larger 

intensities. 

It is possible to rewrite Bragg’s law in terms of the scattering vector Q; this 

form is independent of the wavelength of the incident radiation. For layered 

materials such as graphite and graphite intercalation compounds, the (00L) 

peaks are evenly spaced in Q. 

𝑸 =  𝒌𝒇 − 𝒌𝒊 =  𝟐𝒌 𝒔𝒊𝒏(𝜽) =  
𝟒𝝅𝒔𝒊𝒏(𝜽)

𝝀
=  

𝟐𝝅

𝒅
    (3.5) 

Where ki and kf are the incident and scattered X-ray wave vectors 

respectively. This is shown graphically in Figure 3.11. 101 

3.4.2.1 Experimental procedures and analysis 

 

Graphite intercalation compounds were loaded into borosilicate capillaries 

(0.7 mm) and then sealed with wax to ensure that they remained air-free and 

so would remain intercalated. Capillary XRD was performed with Stoe Stadi-

P Capillary Powder XRD in transmission mode with Kα1 radiation from a 

copper source. 

Data was analysed using Origin and Rigaku smartlab software.  

Figure 3-11 Vector Diagram depicting the the scattering vector Q, which is the 

difference between the scattered wave vector kf and the initial wave vector ki., taken 

from Ref. [175] 
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3.4.3 X-Ray Photoelectron Spectroscopy 

 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique that 

uses X-ray radiation to probe materials, giving quantitative information about 

the elemental composition of the sample. This is achieved by irradiating the 

sample with monochromatic x-ray radiation under vacuum, which causes 

electrons to be emitted due to the photoelectric effect.102 By measuring the 

kinetic energy of the emitted electrons, the binding energy of the electrons 

can be calculated using Equation 3.X 

𝑬𝑩𝒊𝒏𝒅𝒊𝒏𝒈 = 𝒉𝒗 − 𝝓 − 𝑬𝑲𝒊𝒏𝒆𝒕𝒊𝒄  (3.6) 

Where Ebinding is the binding energy of the electron, the energy of the X-ray 

photon is defined by the product of Planck’s constant h and its frequency ν, 

𝝓  is the work function of the material and Ekinetic is the kinetic energy of the 

emitted electron. 

The electrons emitted from the sample are from core atomic orbitals and as 

such have characteristic binding energies specific to specific atomic orbitals 

of each element. As such, it is possible to determine to elements present 

within a sample from the measured spectra of intensity plotted against binding 

energy. Furthermore, because the intensity is related to the number of 

electrons emitted and thus in turn to the amount of each element within a 

sample, it is possible to estimate the percentages of each element present. The 

binding energy of the electron emitted is also affected by the local electronic 

environment, meaning that information about an atom’s bonding or 

coordination can be obtained. 

XPS is limited to the characterisation of the surface level of materials, owing 

to the limited mean free path of the ejected free-electrons, which is on the 

order of nanometres. Although this can be circumvented by “etching” of the 

surface using Ar+ ion bombardment, the technique is best suited to samples 

that are roughly homogenous and where the surface is approximately 

representative of the sample bulk. 
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3.4.3.1 Experimental procedures and analysis 

 

XPS data presented in this thesis was obtained using a Thermo Scientific K-

Alpha machine, equipped with a monochromatic Al Ka X-ray source of 

1486.6 eV energy, spot size 400 m. A flood gun was used when recording 

XPS data to compensate for the build-up of charge on the sample surface that 

occurs as a result of ejected electrons. 

GD-Pt/G powder was obtained by filtering the GD-Pt/G in THF solution 

using Omnipore PTFE membranes (0.1 m, 47 mm). The filtered powder was 

then left to dry under ambient conditions. The GD-Pt/G powder was pressed 

onto a small square of indium, which in turn was then pressed onto the XPS 

sample plate for analysis.  

Data was analysed using CasaXPS software. The platinum Pt 4f primary 

region was used in the analysis of platinum samples, which contains a doublet 

of two peaks corresponding to Pt 4f7/2 and Pt 4f5/2. The fitting of these peaks 

was confined with an energy separation of 3.35 eV and an intensity ratio of 

4:3 (4f7/2 : 4f5/2) as described by spin-orbit coupling. 
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3.4.4 Transmission Electron Microscopy 

 

In Transmission Electron Microscopy (TEM), a beam of high energy 

electrons is incident through a thin sample of the material and interacts with 

it. The transmitted beam can then be measured to obtain micrographs of the 

material, where regions with higher atomic number or thickness appear darker 

due to higher electron absorption. As the mass, and therefore the momentum, 

of the incident electrons is much higher than that of photons, the de Broglie 

wavelength of electrons is much smaller than that of light used in an optical 

microscope. As a result, the images obtained can be resolved to nanometre 

scales.  

TEM is common in the characterisation of nanoscale materials, and allows 

for different structures to be identified and distinguished. Often, in the study 

of platinum-based catalysts, micrographs obtained via TEM are used to 

digitally measure the size of nanoparticles observed, and calculate particle 

size distributions for the materials68,103–105.  

TEM can also be used for ex-situ testing of catalyst materials through the use 

of “identical location” TEM (ILTEM) experiments. TEM grids with physical 

labels engineered into their mesh are used to locate identical areas of the 

material before and after accelerated stress tests, where the ILTEM grid is 

used as the working electrode of the electrochemical cell.13,32 This allows for 

direct comparisons of matching particle distributions and support material 

structures, allowing for a more direct investigation of the changes in the 

catalyst throughout the test.  An example of ILTEM of commercial Pt/C is 

presented in Figure 3-12, taken from Ref. [32]. The sample was imaged 

before and after 800 potential cycles between 0.05 and 0.5 VRHE. Crystallite 

migration, platinum nanoparticle detachment and carbon corrosion were all 

observed across the sample area, and are marked in the figure by white, blue, 

and red features respectively. 
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Energy-dispersive X-ray (EDX) spectroscopy is often done alongside TEM, 

and uses the high energy beam of electrons to excite electrons from inner 

shells of the atoms within the material, which are then ejected. This can cause 

outer-shell electrons to then release energy in the form of X-rays so that they 

can de-excite to fill the holes left by the ejected inner-shell electrons. The 

energy differences between the electron shells are characteristic of each 

element; by measuring the released X-rays it is possible to determine what 

elements are present in the sample. By measuring this data at a large number 

of points, it is possible to map out areas of a material by its composite 

elements.  

3.4.4.1 Experimental procedures and analysis 
 

Materials prepared in solution were drop-cast onto a Cu mesh holey carbon 

grid and allowed to dry for a minimum period of 48 hours. For ILTEM 

corrosion studies, gold mesh “finder grids” were used. TEM and EDX were 

performed on a Jeol JEM 2100 equipped with a LaB6 source. Images were 

processed using Gwyddion and plot-digitiser software packages and stitched 

together with Inkscape. The radial distribution function was calculated by 

measuring the distance from each nanoparticle from the other, and then 

normalising the values to the average number of nanoparticles per unit area.  

Figure 3-12 Identical location TEM of a commercial Pt/C catalyst before and 

after aging, with changes in features marked (see key). Taken from Ref. [32]. 
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3.4.5 Scanning Electron Microscopy 

 

In an SEM, a focused beam of electrons is scanned across the surface of a 

sample in a raster pattern. The electrons from the beam interact with the 

surface of the sample and are scattered elastically (back-scattered electrons, 

BSEs) or can interact inelastically, causing atoms on the surface of the sample 

to become excited. The relaxation of the excited surface atoms emits 

secondary electrons (SEs) of energy on the order of 50 eV. The intensity of 

the emitted electrons is measured as a function of location, allowing for an 

image to be obtained. Secondary electron emission is highly localised to the 

position of the incident electron beam, allowing for high resolution images of 

the surface to be obtained. If the hole left by the emitted secondary electron 

is filled by the de-excitation of a higher-level orbital electron, a characteristic 

X-ray can be produced, the energy of which can be measured using EDX to 

identify the elements present in a sample. 

3.4.5.1 Experimental procedures and analysis 

 

To prepare samples for cross-sectional SEM analysis, a small piece was cut 

from each MEA and set in epoxy resin. The encased samples were left to dry 

overnight under vacuum to reduce the presence of bubbles. Once set, the 

samples were mechanically polished using 280, 400, 600 and 1000 grit 

sandpaper (five minutes per sheet of sandpaper) before being polished using 

three grades of diamond polish (1, 3, 6 angstroms), 20 minutes per grade. As 

epoxy resin is not electrically conductive, it was then necessary to coat each 

sample in a thin layer of carbon using a Leica EM ACE600 machine. SEM 

was performed with a 20 KeV ZEISS MERLIN field emission gun scanning 

electron microscope (FEG-SEM) equipped with two EDS detectors. 

Micrographs and EDS maps were analysed and processed using Aztec 

software (Oxford Instruments).  
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3.4.6 Thermogravimetric analysis 

 

Thermogravimetric analysis (TGA) is a type of thermal analysis in which the 

temperature of a sample is varied and the associated mass change is 

measured.106 This can be used to observe a range of chemical and physical 

changes of the sample, such as phase transitions and thermal decomposition 

temperatures. In catalyst research, it is often used to determine the amount of 

metal loading present on the catalyst support material.  

In a typical lab TGA machine, a small mass of the sample (ca. 5 mg) is loaded 

into a crucible, which is placed on a precision balance located inside a 

furnace. In a top-loading TGA, as used in this work, a thermocouple and the 

crucible are supported on a support rod above the balance. Depending on the 

required measurement, the sample is then heated in an appropriate 

atmosphere (such as nitrogen or air); in a top-loading TGA the gases flow 

upward from below the pan. The temperature-control elements are placed in 

parallel to the flow stream to not impede flow, with the overall design of the 

TGA optimised to minimise turbulence near the crucible. During the 

experiment, a programme of heating, isothermal holds and cooling are 

executed, the mass is measured, and plots of mass vs time and mass vs 

temperature are obtained. Generally, below 250 ˚C, physisorbed and 

chemisorbed water evaporates, volatile compounds decompose, and trapped 

gases evolve. Above this, compounds decompose at varying temperatures, 

leaving features that can be observed in the change in mass. The remaining 

material left will include non-volatile inorganic ashes and metals. Following 

this, if the experiment is carried out in an oxidising environment, metallic 

compounds can oxidise and a gain in mass can be observed.106 

When determining the mass loading of metal nanoparticle on a carbon 

catalyst, the sample is heated above the combustion temperature of the carbon 

support, leaving only platinum in the crucible. The loading weight fraction of 

metal is therefore obtained by measuring the final mass at the end of the 

mass/time or mass/temperature plot and dividing it by the initial mass. 
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An example of TGA mass/temperature plots of graphitic nano carbon and 

nano carbon-derived metal catalysts are exhibited in Figure 3-13.107 

 

In the plot it can be seen that the mass of each sample decreases as the 

temperature increases, until a final plateau is observed once only the metal 

remains in the crucible. While nano carbon can be seen to combust at a 

temperature of ca. 600 ˚C, the combustion of the nanocarbon metal-

containing samples is lowered by the catalytic effects of the metal 

nanoparticles.107  

3.4.6.1 Experimental procedures and analysis 

 

Dry powder samples were loaded into 70 L alumina crucibles (Mettler 

Toledo, Leicester, UK), with approximately 2-5 mg of powder used for each 

sample. TGA experiments were carried out using a TGA/DSC 3+ machine 

(Mettler Toledo, Leicester, UK). Samples were heated in air from room 

temperature to 900 ˚C at a rate of 2 ˚C min-1, and then held isothermally at 

900 ˚C for 6 hours. The data obtained were processed using Origin 2017 

software.   

Figure 3-13 Thermogravimetric analysis of three metal-nanocarbon catalysts, 

shown alongside bare nanocarbon. Taken from Ref. [107] 
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3.5 Electrochemical Techniques 

3.5.1 Rotating Ring Disk Electrode Experiments 

 

In rotating disk electrode (RDE) and rotating ring-disk electrode (RDDE) 

experiments, the catalyst material to be tested is loaded onto the working 

electrode. Working electrodes are typically constructed of a cylindrical PTFE 

shaft with a small piece of glassy carbon inserted at the top, of which only a 

small flat surface is exposed, known as the “disk”. The area of the disk is 

typically of the order of 0.25 cm2. The catalyst material is prepared as an ink, 

which is dried onto the glassy carbon disk of the working electrode and dried 

at room temperature while being rotated to ensure an even film is 

deposited.108  

The working electrode is screwed into a rotator shaft and used as part of a 

three-electrode cell, alongside a counter electrode and a reference electrode. 

For a given reduction reaction occurring at the surface of the working 

electrode, the opposite oxidation reaction occurs at the same rate at the 

counter electrode. This allows the counter electrode to provide the current 

required at the working electrode, and as such virtually no current flows 

through the reference electrode. By using an electrode with a stable and well-

known potential as the reference electrode, such as the reversible hydrogen 

electrode, it can be used as a point from which the potential of the working 

electrode can be measured and controlled.109 This allows various experiments 

to be performed in which the current response across the working electrode 

is measured as a function of applied potential. Examples of these experiments 

include cyclic and linear sweep voltammetry, which are discussed in the 

following sections.  
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Photos of the working electrode in its spin-drier (used to spin the electrode as 

the ink dries) and the three-electrode cell set up used throughout this work is 

presented in Fig. 3-14. 

Pt gauze counter electrode 

Carbon working electrode 

Reversible Hydrogen reference electrode 

Figure 3-14 top) A photograph of examples of glassy carbon disk eletrode and 

rotating ring disk electrode used throughout this thesis. bottom) A photograph of the 

three-electrode cell used in rotating disk and rotating ring-disk experiments 

throughout this work.  
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3.5.2 Cyclic Voltammetry 

 

In cyclic voltammetry, the potential applied to the working electrode is 

increased linearly from an initial value to an upper limit, and then decreased 

linearly to a set final limit. The current response measured at the working 

electrode is plotted against the applied potential, producing a cyclic 

voltammogram (CV) from which information can be extracted. This is 

because the current at the working electrode is produced as a result of the 

transfer of electrons due to the reaction occurring at its surface. The rate of 

this reaction depends on the kinetics of the reaction itself, and the rate at 

which electroactive material is transported to and from the surface of the 

working electrode.  

The electron rate transfer constant for a reduction process, kf is dependent on 

the applied voltage, E, and is given in Equation 3.7. 

𝒌𝒇 = 𝒌𝟎𝒆𝒙𝒑 (
−𝜶𝒏𝑭

𝑹𝑻
(𝑬 − 𝑬𝟎′

))       (3.7) 

Here, k0 is the standard electron-transfer rate constant (dependent on the 

reaction and the electrode surface used); E0’ is the formal electrode potential; 

n is the number of electrons transferred per molecule; R is the universal gas 

constant; T is the temperature measured in Kelvin and α is the transfer 

coefficient. The rate is therefore exponentially dependent on the applied 

potential and produces an initial steep rise in the current. Because the working 

electrode is left stationary for cyclic voltammetry experiments, after its initial 

sharp increase the current is controlled by the diffusion of reactants to the 

working electrode surface. This results in mass transport becoming the rate-

limiting step. This produces a maximum in the current produced by the 

reaction, and as the depletion zone increases further, the distance reactant 

molecules have to travel increases. A decrease in the current follows as a 

result. This behaviour produces peaks in the cyclic voltammogram that are 

characteristic of the reactions being analysed.109,110  

3.5.2.1 Cyclic Voltammetry of Platinum for ORR 

 

Cyclic voltammetry is an important tool in benchmarking the activity of a 

platinum catalyst toward the catalysis of the ORR.108,111 Fig. 3-15 shows a set 
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of typical CVs for a commercial platinum on carbon catalyst (from Ref. 

[108]) for a “good”, “intermediate” and “bad” catalyst film on the working 

electrode. The CVs were recorded at 20 mVs-1 in 0.1 M HClO4 saturated with 

nitrogen. It can be seen that the size of the peaks varies with the quality of the 

film, where a “good” film is defined as having a uniform thickness across the 

entirety of the disk, whereas a “bad” film’s thickness varies across the surface. 

On the initial sweep, the first peak is due to Pt-H oxidation, followed by the 

formation of Pt-OH and Pt-O. O2 evolution can be observed to begin at 1.2 

VRHE. On the reverse sweep, Pt-O is reduced, and Pt-H adsorption occurs, 

with H2 evolution beginning to occur close to 0 VRHE. 

 

Of these peaks, the most important for benchmarking catalyst activity is the 

Pt-H adsorption peak. By assuming that each catalytically active Pt site can 

have one H adsorbed, it is possible to calculate the electrochemical surface 

area (ECSAPt), measured in m2 per gram of platinum (m2 gPt
-1).  

𝑬𝑪𝑺𝑨𝑷𝒕(𝒎𝟐𝒈𝑷𝒕
−𝟏) =  𝟏𝟎𝟓. [

 𝑸𝑯−𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏(𝑪)

𝟐𝟏𝟎 (𝝁𝑪 𝒄𝒎𝑷𝒕
−𝟐) .  𝑳𝑷𝒕(𝒎𝒈𝑷𝒕𝒄𝒎−𝟐).  𝑨𝒈(𝒄𝒎𝟐)

]     (3.8) 

Figure 3-15 CVs obtained from the cycling of a commercial platinum on carbon 

catalyst for a “good”, “intermediate” and “bad” film. Figure taken from Ref. [108]. 
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210 µC cmpt
-2 is the charge of a full coverage of clean, polycrystalline 

platinum and is used as a conversion factor.108 Lpt is the loading weight of 

platinum present on the surface of the working electrode normalised by 

surface area, and Ag is the geometric surface area of the electrode. QH-adsorption 

is calculated from the area contained within the Pt-H adsorption peak, as 

shaded in Fig. 3-7, using the following equation: 

𝑸𝑯−𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 =  
𝟏

𝑽
∫ 𝑰. 𝒅𝑬

𝑬=𝟎.𝟒𝑽𝑹𝑯𝑬

𝑬=𝟎.𝟎𝟕𝟓𝑽𝑹𝑯𝑬
        (3.9) 

Here, V is the scan rate in V s-1, I is the measured current (A), and E is the 

potential (VRHE). The ECSA is a common metric used in evaluating a catalyst, 

with larger ECSA suggesting better catalytic activity.  

3.5.3 Linear Sweep Voltammetry 

 

In a rotating disk electrode experiment in which linear sweep voltammetry is 

performed, the electrode is rotated at a set rate. Unlike in the stationary case 

used in cyclic voltammetry, the rotation creates a forced convection, driving 

reactants to the surface of the electrode. The applied potential is increased 

linearly from an initial voltage to a final voltage, and the current response at 

the working electrode surface is measured. The current is again dependent on 

both the mass transport, driven by the rotation, and the kinetics of the reaction 

itself. It can be described by the Koutecky-Levich (K-L) equation: 

1

𝑗
=  

1

𝑗𝐾
+  

1

𝑗𝐿
=

1

𝑗𝐾
+

1

𝐵
𝜔−1

2⁄      (3.10) 

The current densities j, jK and jL are the current density measured on the disk, 

the kinetic current density, and the mass-transport limited current density 

respectively112. Whereas jK is independent of rotation rate ω, it can be seen 

from Equation 3.11 that jL is proportional to the square root of the rotation 

rate, and the constant of proportionality B is defined in Equation 3.11. 

 𝐵 = 0.62𝐷
2

3⁄ 𝑣−1
6⁄ 𝑛𝐹𝐶∗       (3.11) 

D is the diffusion coefficient of the reactant, v is the kinematic viscosity of 

the electrolyte, F is the Faraday constant, and C* is the concentration of the 

reactant in the electrolyte. Thus, by obtaining multiple linear sweep 
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voltammograms (LSVs) at different rotation rates, 1/J for a given potential 

can be plotted as a function of ω-1/2. The plot can then be fitted with a straight 

line, where the intercept and the slope can be used to derive the kinetic current 

and the number of electrons transferred for the chosen potential.  

These values are often used as benchmarks with which to compare one 

catalyst sample with another, with a higher kinetic current indicating better 

catalytic activity. However, despite its widespread use in the literature, other 

work, summarised by Zhou et al., has recognised that the K-L equation is 

only valid for one-step reactions, and that the ORR can occur via a process 

with more than one step.113 This results in the gradient of the line fitted to the 

K-L plot displaying a dependence on both angular velocity and potential, 

neither of which are taken into account in the constant B, as predicted by the 

K-L equation. Furthermore, the surface coverage of catalyst on the working 

electrode has also been shown to affect the K-L plot.114 Therefore, despite its 

common use, this method of determining the kinetic current and the number 

of electrons transferred isn’t valid. Zhou et al. go on to point out that various 

“high-impact” papers have chosen to omit K-L analysis, in favour of focusing 

on the RRDE method, the background of which is explained in the following 

section.112  

Garsany also describes the use of two further values to benchmark 

performance: mass activity and specific activity.108 Both values are obtained 

by first calculating the kinetic current at 0.9 VRHE (IK) using the Equation 3.12 

below, and then dividing by the mass of platinum (mass activity) or the 

electrochemical surface area (specific activity). 

𝐼𝑘(𝐴) =  
𝐼𝑙𝑖𝑚(𝐴) × 𝐼(𝐴)

𝐼𝑙𝑖𝑚(𝐴)−𝐼(𝐴)
     (3.12) 

Where Ilim is the limiting current, and I is the current at 0.9 VRHE. 
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3.5.3.1 Rotating Ring Disk Electrochemistry 

 

A rotating ring-disk electrode experiment proceeds similarly to an RDE 

experiment, but with the addition of the measurement of the current generated 

across the ring electrode adjacent to the disk. The ring is held at a fixed 

potential, typically 1.2 VRHE for ORR, such that any hydrogen peroxide 

produced as a result of the ORR proceeding via the two-step mechanism is 

oxidised to water, producing the current observed at the ring. By comparing 

the currents measured at the disk and the ring for a given potential, the 

percentage of hydrogen peroxide produced can be calculated from Equation 

3.13. 

%(𝐻2𝑂2) = 100 ×  
𝐼𝑅

𝐼𝐷
⁄

𝑁
       (3.13) 

IR is the current at the ring, ID is the current at the disk, and N is the collection 

efficiency of the ring, typically provided by the manufacturer. The number of 

electrons transferred in the reaction at a given potential, n, can be calculated 

from Equation 3.14. 

𝑛 = 4 ×  
𝐼𝐷

𝐼𝐷 + 
𝐼𝑅

𝑁⁄
            (3.14) 

3.5.3.2 Tafel Analysis 

 

A further analysis that is often conducted is known as Tafel analysis. Tafel 

observed experimentally115 that the experimentally applied overpotential 

varied linearly the log of current density: 

η = a + b log(j)      (3.15) 

where η is the overpotential, the difference between the electrode and the 

standard potential (i.e. η = E-E0’), j is the current density and b is the Tafel 

slope. The Tafel plot is a graph of η against log(j), and as such can be fitted 

with a straight line with gradient (“Tafel slope”) b and intercept a. Typically 

in the literature the gradient b is measured and compared between samples to 

give an insight to the reaction mechanisms.115 Theoretically, the Butler-

Volmer equation can be used to model redox reactions, such as those that 
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occur on the catalyst during the RDE experiment. The Butler-Volmer 

equation is presented below. 

𝑗 =  𝑗0 [exp (
𝛼1𝑛𝐹

𝑅𝑇
𝜂) − exp (

−𝛼2𝑛𝐹

𝑅𝑇
η)]     (3.16) 

Where j0 is the exchange current density, αi=1,2 are the charge transfer 

coefficients, F is Faraday’s constant, R is the universal gas constant, and T is 

temperature. By considering the case where the rate of the forward reaction 

is sufficiently larger than the backward rate of reaction, such as is the case for 

sufficiently large positive or negative η, one of the two exponential terms in 

the Butler-Volmer equation will become negligible. By then rearranging the 

Butler-Volmer equation for η and by comparing it with Equation 3.15, we 

find that 

𝑎 =  
𝑅𝑇

𝛼𝑖𝑛𝐹
ln 𝑗0    (3.17)  

𝑏 =  −
𝑅𝑇

𝛼𝑖𝑛𝐹
     (3.18) 

Thus, from the Tafel slope and intercept it is possible to determine the 

exchange current and the charge transfer coefficient. However, the vast 

majority of the literature tends to simply calculate the value of the Tafel slope, 

where a lower Tafel slope indicates a higher value of αi, and therefore better 

catalytic activity.115–122  
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3.5.3.3 Linear Sweep Voltammetry of Platinum for ORR 

 

Typical linear sweep voltammograms for a commercial platinum on carbon 

catalyst are shown below, for “good”, “intermediate” and “bad” films at 

various scan rates.108 

Very close to the onset potential, the potential at which the current density 

first increases away from 0 mA cm-2, only a small amount of reactant is 

required and as such the reaction is not limited by the ability of forced 

convection to provide reactant: the reaction is therefore only limited by its 

kinetics.10 Following this, the curve enters a mixed kinetic-diffusion 

controlled region, in which the mass-transport has an increasing impact on 

the rate of the reaction, before reaching the diffusion-limited current (Jlim) 

plateaux, where the mass-transport becomes the rate-limiting factor. 

Typically, the onset potential, the half-wave potential E1/2 (the potential 

where the current density is half of Jlim) and the diffusion-limited current 

density Jlim are used to compare the LSVs of various samples. The “good” 

film shown in Fig. 3-16 shows the best catalytic activity of the set, as the onset 

potential and E1/2 are the largest, indicating superior kinetics. Furthermore, its 

Figure 3-16 LSVs obtained from the analysis of a commercial platinum on carbon 

catalyst for “good”, “intermediate” and “bad” films at different scan rates. Figure 

taken from Ref. [108]. 



Chapter 3: Experimental Theory and Methods 

85 

 

Jlim is the largest and the region in which the reaction is limited by mass-

transport shows a clear plateaux, indicating better transport of reactant 

through the catalyst materia.108,111  

The small improvement in activity observed between the 5 mV s-1 and 20 mV 

s-1 scan rates is in part due to contamination of the electrode at lower scan 

rates and to hysteresis in the adsorption of OH on Pt, resulting in lower 

activity toward the ORR at lower scan rates.111 

3.5.4 Rotating Ring Disk Electrochemistry Experimental Procedures 

and Analysis 

 

In the results presented in Chapter 5, a 40 µl aliquot of metal-graphene 

catalyst THF ink was dropped onto a 0.1963 cm2 glassy carbon electrode, 

polished (using Al2O3 micro-polish, Bueler) and then 8 µl of 0.02 wt% Nafion 

ionomer solution was added to the surface of the electrode, serving as a 

binder. In Chapter 6, after filtering, GD-Pt/G-2 powder was dispersed in a 

standard solution of 0.02 wt% Nafion in 50%/50% water/IPA mixture at a 

concentration of 2 mg ml-1 via 30 minutes of sonication. 10 µl of the resultant 

ink was dropped on to the glassy carbon electrode, and no further Nafion was 

added. In all cases, electrodes were dried using a rotating holder to improve 

film quality.108 

This was used with a standard three-electrode cell, containing 0.1 M HClO4 

electrolyte solution, a reversible hydrogen electrode (Gaskatel) and a Pt mesh 

counter electrode. For commercial Pt on carbon (Johnson Matthey 

HiSpec4000, 40wt% platinum) samples, 1 mg of the catalyst was dispersed 

in 1 ml of 0.02 wt% Nafion in 75%/25% water/IPA mixture. A loading of 35 

µgPt cm-2 was deposited onto the glassy carbon electrode.  

Working electrodes were first electrochemically activated via rapid cyclic 

voltammetry cycles (500 mV s-1) between 0.05 VRHE and 1.2 VRHE, until no 

further change was observed in the CV features (typically 50-100 cycles). 

Following the activation step, cyclic voltammograms were obtained by 

cycling the working electrode between 0.025 VRHE and 1.2 VRHE at room 

temperature, under N2 flow, at a scan rate of 20 mV s-1.  
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In order to investigate ORR activity, linear sweep voltammetry was 

performed at room temperature under constant O2 flow at 1600 RPM. The 

scans were performed at 20 mV s-1 between -0.01 VRHE and 1 VRHE.  

Rotating ring-disk experiments were performed by obtaining linear sweep 

voltammograms across the disk of the electrode as described above, while the 

chronoamperometric hold of 1.2V was applied to the ring of the electrode. 

The collection efficiency of the electrode is determined by the ratio of the 

surface area of the ring to the surface area of the disc, and was 37%, as 

provided by the manufacturer.  

To examine the durability of the platinum nanoparticles and the graphene 

support, corrosion experiments were carried out across both 0.6-1 VRHE and 

1-1.6 VRHE ranges. Here, the working electrode was cycled at 100 mV s-1, and 

then at various intervals a full CV was taken between 0.025-1.2 VRHE at 20 

mV s-1. A total of 30,000 cycles was carried out for each durability test, as 

specified by, or surpassing, DoE targets.35,46,58  

Data was analysed using Gamry Echem software and Python code. 
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3.6 Fuel Cell Membrane Electrode Assembly Testing 

 

In fuel cell testing, the novel catalyst material is deposited onto a GDL to 

produce the cathode-side catalyst layer.21 A commercial Nafion membrane is 

then sandwiched between an anode-side commercial Pt/C catalyst layer and 

the novel catalyst material cathode-side catalyst layer and hot pressed 

together, to produce the membrane electrode assembly. This is then 

assembled with the other components of the fuel cell, as described in Chapter 

2, ready for testing.  

The primary method for bench marking the in-situ activity of an MEA is the 

polarisation curve, in which a current density is drawn from the cell and the 

voltage response is measured. The regions of the polarisation curve are 

covered by Section 2.1.3 in this thesis.  By multiplying the potential measured 

by the current density at each step, a power density curve can be derived. The 

peak power density or the current density at 0.3 V are commonly used to 

compare MEAs.21 Shown in Figure 3-17 is an example of a polarisation curve 

and its associated power density curve for a fuel cell with a commercial Pt/C 

catalyst cathode, obtained in this work at a platinum loading of 0.2 mgpt cm-

2. The full operating conditions are detailed in the following experimental 

procedures section.   

The features of the polarisation curve are intrinsically tied to the properties of 

the MEA, including the materials used and the structures obtained upon 

preparation of the MEA. Comparing the differences between polarisation 

curves obtained from different MEAs allows for insight to be derived into the 

limitations of one MEA from the other.21 
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3.6.1 Membrane Electrode Assembly testing experimental procedures 

Graphenide-derived Pt/G powder was obtained via filtering of solutions, as 

described in Chapter 3. Commercial Pt/C was used as purchased (40wt% Pt, 

Vulcan XC72R, Alfa Aesar, Ward Hill, Mass., USA). To produce the catalyst 

ink, catalyst powder, Nafion solution (11wt% Nafion, Dupoint 

Fluoroproducts (Richmond, VA, USA), deionised water and propan-2-ol 

were added to a 100 mL Mason Jar and were ultrasonicated using a probe 

sonicator (Fisherbrand Model 505 Sonic Dismembrator, Fisher) in intervals 

5s on, 5s off for two minutes (1 minute of sonication in total). The final ink 

was composed of 8:10 Nafion:carbon by weight, 1:1 ratio of water to propan-

2-ol and an overall concentration of 1 mgsolid/ml. Following a method 

developed by Suter et al., sacrificial urea spacer was added to one of the 

sample inks before sonication in the mass ratio of 2:1 urea:GD-Pt/G, which 

was the optimum ratio found by Suter et al. in work conducted on a similar 

graphene-supported catalyst. 123 

To produce the cathode side of the MEA, commercial gas diffusion layers 

H23C7 (Freudenberg, Weinheim, Germany) were cut to be slightly larger 
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Figure 3-17 an example of a polarisation curve and associated power density 

curve for a fuel cell with a commercial Pt/C catalyst at both the anode and 

the cathode. The cell was constructed using a 25cm2 MEA, and operated 

under H2/air with no backpressure, at a temperature of 80 °C. The loading of 

platinum on the cathode used was 0.2 mg cm-2. 
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than 5 x 5 cm2 and placed on the bed of an ultrasonic robotic spray coater 

system (Sono-Tek ExactaCoat, Sono-Tek Corporation, NY, USA). 

Immediately after preparation, catalyst inks were sprayed directly onto GDLs 

across an area of 25 cm2 at a rate of 0.4 mL min-1, with the bed of the spray 

coater system held at 100 ˚C to aid drying of the ink. The change in mass of 

the GDL was measured at periodic intervals during spraying, with spraying 

stopped when a loading of ca. 0.2 mgPt cm-2 was achieved. The GDE prepared 

with ink containing urea was then left to soak in deionised water overnight to 

dissolve the urea crystals, leaving voids within the graphene structure in their 

place, before being left to dry at room temperature for 24 hours. The catalyst 

ink was sprayed onto a GDL rather than directly onto the membrane to avoid 

causing the membrane to swell during fabrication, particularly in the case of 

the sample with urea added in which the coated GDL is soaked in water 

overnight.123 

Following the preparation of the cathode-side GDEs, MEAs were prepared 

by hot pressing a commercial 0.4 mgpt cm-2 HyPlat GDE, Gore Select 

membrane and the cathode-side GDE together. The GDEs and membrane 

were cut by hand, with the GDEs cut to 5 x 5 cm2, and the membrane cut 

slightly larger to ensure that it completely separated the GDEs. Hot pressing 

was performed at a pressure of 360 psi at 150 ˚C for 3 minutes. Hot pressed 

MEAs were then assembled with current collector plates, flow field plates 

and end plates as described in Chapter 2. The cell assembly was then sealed 

with bolts at a torque of 4 Nm. 

Fuel cell testing was carried out using a Scribner 850e test system under air/H2 

at 100% relative humidity, 80 ˚C, without back pressure. The H2/O2 

stoichiometric flow was set to 1.5/3. Before testing, it is necessary to 

condition the cell to “activate” the MEA by instigating physical changes, such 

as hydrating the ionomer content.21 To achieve this, cells were initially purged 

with Ar/Ar for 10 minutes, followed by an OCV hold under air/H2 for 5 

minutes. A combination of CVs (0.06 – 1 V, 20 mV s-1) and “fast” polarisation 

curves (0 – 0.3 V, 0.05 V pt-1, 10 sec pt-1) were performed until the current 

density stabilised. “Slow” characterisation polarisation curves were then 

obtained at 0.05 V/pt and 30 s/pt. 



Chapter 4:  Characterisation of GD-Pt/G 

In this Chapter, the results of characterisation studies of potassium-

intercalated graphite and graphene-derived platinum nanoparticles 

supported by graphene are presented.  

4.1 Potassium-Intercalated Graphite 

 

The first step in the synthesis of GD-Pt/G is the intercalation of graphite with 

potassium and ammonia, as detailed in Section 3.2.1. X-ray diffraction and 

Raman spectroscopy was used to ensure that graphite powders were 

intercalated before dissolution and reaction. 

4.1.1 X-Ray Diffraction 

 

Figure 4-1 presents X-ray powder diffraction patterns in Q space, obtained 

for the initial starting graphite used in this work, and graphite powder 

intercalated with potassium and ammonia.  

Figure 4-1 Powder XRD patterns obtained for initial starting graphite and graphite 

intercalated with potassium and ammonia. Graphite planes are labelled in red. 

Intercalation compound planes are labelled in black: labels prefixed GIC 

correspond to K-NH3 ternary GIC planes, and KGIC to binary K GIC planes 
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The powder XRD pattern of starting graphite powder displays four peaks in 

this Q range, the most intense of which is the (002) peak at 1.88 Å-1, 

corresponding to an interlayer spacing of 3.3 Å. The powder XRD pattern of 

the intercalated compound is more complex, with features that appear to be a 

convolution of reflections associated with both binary potassium GICs and 

ternary potassium-ammonia GICs, the labels of which are prefixed with 

KGIC and GIC respectively in Figure 4-1. The peaks associated with the 

(00L) planes of the ammoniated graphite intercalation compound are present 

at regular intervals of 0.64 Å-1, the lowest of which is the (001) plane, 

corresponding with a distance in the c-direction of the unit cell of 9.8 Å. This 

distance is consistent with a stage two graphite intercalation compound where 

the galleries are occupied by potassium and ammonia ions, resulting in gallery 

spacing of 6.5 Å between the pairs of bilayer graphene.124  

The small shoulder in the peak at ca. 2.2 Å-1 is likely to be the reflection of 

the binary K-GIC (KC24), which suggests that the powder is not entirely 

homogenous, and that there is a mixture of both binary and ternary GIC 

present. It is also possible that there is a mixture of staging present within the 

sample. Although peaks in Figure 4-1 have been indexed with labels 

corresponding to the stage 2 compound planes, a number of the planes 

corresponding to the stage 1 compound closely overlap in position with the 

stage 2 planes, and therefore the features in the powder XRD pattern may be 

a convolution of stage 1 and stage 2 compound peaks.124 As such, Raman 

spectroscopy was also used to further investigate the graphite intercalation 

compound, the results of which are presented in the following section.  
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4.1.2 Raman Spectroscopy 

 

Typical spectra measured for graphite and KC24(NH3)1.3 are presented in 

Figure 4-2. 

In graphite, the G band, associated with in-plane bond stretching, can be 

observed at ca. 1580 cm-1 [93]. In the case of the GIC sample, the G peak is 

shifted to ca. 1605 cm-1, with a small shoulder present at ca. 1580 cm-1. This 

shift arises due to the doping of the material with potassium, with the shoulder 

indicating the presence of some inhomogeneity in the doping of the 

material.97 The inhomogeneity in the doping of the material may explain why 

some of the powder produced during the intercalation process does not 

dissolve, and settles out to the bottom of the vial after sonication: any graphite 

that is not intercalated would not be negatively charged, and so would not 

remain suspended by the polar solvent.  

Figure 4-2 Representative Raman spectra of the starting graphite (red) and 

KC24(NH3)1.3 GIC (blue). 
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The 2D peak, observed at ca. 2700 cm-1, is an overtone of the disorder-

induced D peak93 and its shape and position vary depending on the nature of 

the graphitic material (see Section 3.4.1). Furthermore, the ratio of the G to 

2D peak intensities, I(G)/I(2D), can be used to infer the number of layers 

present, with a value above 1 for bulk graphite.99  In the case of the spectra of 

graphite presented in Figure 4-2(a), a primary peak is observed at ca. 2725 

cm-1, with a shoulder at ca. 2680 cm-1. The 2D peak present in the spectrum 

of KC24(NH3)1.3 is much less intense than the 2D peaks observed in the 

graphite spectra. This is because the double resonance process which 

produces the 2D peak is greatly supressed for charged graphene layers, and 

isn’t typically present in KC24(NH3)1.3.
97,125 Its presence in Figure 4-2 is 

further evidence to suggest the powder was not homogenously doped during 

the intercalation process.  

To further investigate this inhomogeneity, a map of Raman spectroscopy 

measurements was taken. At each point in the spatial map, the convoluted G 

peak was fitted with two curves, the first of which was found to be centred on 

average 1578 cm-1, and the second at 1604 cm-1, corresponding with the 

“graphitic” G peak and the “GIC” G peak respectively. The intensity of each 

of the peaks was measured and the ratio of the graphitic G peak and the GIC 

G peak at each spatial point is shown as a map in the Figure 4-3.  

A section of the map is shaded grey because the experiment had to be 

interrupted and so no data was taken at these coordinates. While it can be 

observed that in the spatial map the graphitic G peak at 1580 cm-1 was present 

in the spectra in every data point, its associated intensity was always lower 

than that of the GIC G peak: the mean intensity ratio was 5.2 with a standard 

deviation of 1.9. Therefore, it was decided that the powders contained 

sufficient intercalated graphite that they could be used for further reactions. 



Chapter 4: Characterisation of GD-Pt/G 

94 

 

 

  

Figure 4-3 Spatial map of potassium-intercalated graphite. An image of the powder 

within a capillary with the map grid is shown on the left, with the associated map on 

the right, with each square representing the ratio of the internsities of the 

intercalated graphite G peak (I2) to the graphitic G peak (I1) 
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4.2 Graphenide-derived Platinum on Graphene 

 

Following the intercalation of graphite with potassium and ammonia, the 

intercalation compound was dissolved in THF and reacted with platinum (II) 

chloride, as described in Chapter 3. The characterisation of the resultant 

material is presented in the following sections. 

4.2.1 Raman Spectroscopy 

 

Raman spectra of the starting graphite powder, the intercalated GIC 

KC24(NH3)1.3 compound, and GD-Pt/G produced via the reaction of the GIC 

with PtCl2 are exhibited in Figure 4-4.  

Figure 4-4 Raman spectra of the starting graphite, the KC24(NH3)1.3 graphite 

intercalation compound and GD-Pt/G 
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It can be seen that for the GD-Pt/G spectra, the shoulder seen in the 2D peak 

of graphite is missing and the peak instead can be fitted with a single 

Lorentzian peak centred on ca. 2700 cm-1, with a FWHM of ca. 67 cm-1. The 

measured I(G)/I(2D) ratio was found to be ca. 0.57. This suggests that the 

Pt/graphene sample is composed of turbostratically restacked few-layer 

graphene.93,95,126,127. 

In the GD-Pt/G spectra, the D peak can be observed at ca. 1350 cm-1. The 

introduction of defects throughout the synthesis process and the introduction 

of platinum nanoparticles are likely to be responsible for the increase in D 

peak intensity relative to the starting material and the potassium-doped 

graphite.56,103 The ratio of the intensities of the D to G peak, I(D)/I(G), 

increases with disorder128, and by comparing the integrated areas under the 

peaks, was found to be ca. 0.33. This is smaller than an I(D)/I(G) ratio of 1, 

therefore indicating a high level of graphetisation.53,129,130 Furthermore, the 

I(D)/I(G) ratio for GD-Pt/G is smaller than that of similar catalysts seen in 

the literature in which rGO is used as the support material.53,56,103,122,131 It is 

known that during cycling, the mechanism for carbon corrosion begins at 

defect sites in the supporting carbon material, and as such a smaller number 

of defects is desirable as it should result in better resistance to corrosion via 

this mechanism.68  
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4.2.2 Transmission Electron Microscopy 

 

Figure 4-5 presents TEM micrographs of GD-Pt/G, obtained via the reaction 

of sonication-aided dissolution of KC24(NH3)1.3 with PtCl2.  

The resultant material consists of ~micron-sized layered structure covered 

uniformly with a high density of nanometre-sized objects. Figure 4-5(a) 

shows a close-up image of the GD-Pt/G sheet. Analysis of the lattice planes, 

shown in Figure 4-6, confirms the nanoparticles to be metallic Pt as expected, 

with the (111) planes of the Pt nanoparticles marked on the micrograph. This 

suggests that the Pt nanoparticles are formed by the on-sheet reduction of 

PtCl2 by the delocalised charge present on the graphene sheets.   

Figure 4-5  (a) Single transmission electron micrograph of the same sheet exhibited 

in Figure 4-5(b) showing the (111) distance of a platinum nanoparticle. Figure 4-

5(b) Composite transmission electron micrograph of a graphene sheet decorated 

with Pt nanoparticles. 4-5(c) A histogram of 100 nanoparticle diameters measured 

manually from Figure 4-5(a), fit with a Gaussian. Figure 4-5(d) Radial distribution 

function, g(r), calculated using centres of particles detected using image processing 

software (methods). 
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By manually measuring 1034 nanoparticles in Figure 4-5(a), the particle 

diameter distribution displayed in Figure 4-5(c) has been obtained. The 

histogram is well-fitted by a Gaussian function from which the mean diameter 

of the Pt was calculated to be (1.7 ± 0.6) nm. By stitching together many 

nanometre-resolution micrographs, it was possible to produce a composite 

TEM micrograph, allowing for the high resolution required to distinguish 

individual nanoparticles to be realised across a much larger area (ca. 1 μm2).  

Figure 4-5(b) demonstrates the homogeneity of the distribution of the 

nanoparticles on the graphene surface, with very few examples of 

agglomerate particles.  

The distribution of the nanoparticles was investigated by calculating the Pt-

Pt site-centre, site-centre radial distribution function, g(r), of the Pt 

nanoparticles (Figure 4-5(d)). The g(r) demonstrates that the Pt particles are 

well ordered with respect to one another. The distribution has a clear peak at 

2.5 nm, corresponding to the average inter-particle nearest neighbour 

distance, and a smaller second peak at 4.75 nm. As well as the size of the 

particles, the edge-to-edge distance between nanoparticles makes a 

significant difference in catalytic activity, with a significant increase in 

Figure 4-6 Line profile of platinum nanoparticle planes, visible in Figure 4-2a. The 

distance measured across seven planes was found to be ca. 1.34 nm, resulting in an 

interplanar distance of 0.223 nm. This corresponds with the (111) Pt interplanar 

spacing. 
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specific activity as the separation decreases below 1 nm.132 With an average 

edge-to-edge distance of 0.8 nm, this proximity effect may contribute to GD-

Pt/G’s strong electrocatalytic performance (as discussed in Chapter 5).  

4.2.3 X-ray Photoelectron Spectroscopy 

 

X-ray photoelectron spectroscopy was used to determine the percentage of 

platinum in GD-Pt/G. A high-resolution Pt XPS spectrum and broader survey 

spectrum obtained from GD-Pt/G are shown in the Figure 4-7. 

Figure 4-7 (a) XPS high resolution scan of the Pt 4F region of GD-Pt/G powder. 

(b) XPS Survey spectrum of GD-Pt/G powder with elemental quantification table 

inset 
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Figure 4-7(a) shows a high-resolution scan of the Pt 4f region of a sample of 

GD-Pt/G powder. The peaks can be deconvoluted into a combination of 

platinum and platinum chloride peaks. The platinum 4f7/2 peak lies at 71.0 

eV, with a well-separated spin-orbit component, 4f5/2, at 74.45 eV. PtCl2 has 

peaks at 72.4 eV and 75.75 eV (4f7/2 and 4f5/2 respectively). Figure 4-4(b) is 

a broader survey scan of the sample, with the O 1s, C 1s, Pt 4d and Cl 2p 

peaks labelled, and a quantification table inset.  

Using the areas under each of the fitted curves, quantification of these peaks 

suggests a 50:50 mixture of platinum and unreacted platinum chloride. In the 

survey measurement, the chlorine atomic percentage can be halved to 

calculate the amount of platinum present as PtCl2 in the sample, as there are 

twice as many chlorine atoms as platinum in PtCl2. As the At% can be seen 

to be 1.64 for both platinum and chlorine, the 50:50 ratio of Pt:PtCl2 obtained 

from the analysis of the high-resolution spectra consistent with the At% 

obtained from the quantification of the survey XPS spectrum. Quantification 

of the spectrum, used in combination with the high-resolution Pt 4F scan, 

suggests that GD-Pt/G has a Pt loading weight of 11.5 wt%. XPS is a surface 

technique, and as such XPS measurements are only representative of the 

surface of a given sample. However, the Pt loading weight determined by 

XPS was used to quantify electrochemical activity measured using rotating 

disk electrochemistry, which makes use of a thin film (i.e., it is also a surface 

technique). Therefore, XPS measurements suitably reflect the amount of 

platinum available for catalysis in an RDE experiment.  
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4.3 Conclusion 

 

A material comprised of platinum nanoparticles supported by graphene was 

synthesised via the reaction of platinum chloride salt with a graphenide 

solution.  

XRD and Raman spectroscopy have been used to characterise the graphite 

intercalation compounds synthesised using the metal-ammonia method, as 

compared to the initial starting graphite. XRD analysis showed that the 

graphite had been intercalated with potassium and ammonia. This was further 

verified by the obtained Raman spectra: the overall shift in the G peak 

position measured using Raman mapping suggests that graphite had 

successfully been intercalated with potassium and therefore that KC24(NH3)1.3 

had been obtained. Following the reaction with platinum chloride, the 

resultant GD-Pt/G material was also characterised using Raman 

spectroscopy. The G peak was observed to return to its original position, 

matching the starting graphite, and a small D peak was measured, indicating 

that the material was no longer doped with potassium and that the synthesis 

process had introduced only a low number of defects. The shift of the D peak, 

along with its symmetrical nature, was evidence for the restacking of 

graphene sheets in the GD-Pt/G material.  

Transmission electron microscopy was used to further investigate the nature 

of the GD-Pt/G material. It was found that the average nanoparticle size was 

(1.7 ± 0.6) nm, and the average nearest neighbour distance was 2.5 nm. The 

average distance between the nanoparticles was calculated to be 0.8 nm. The 

nanoparticles are ideally sized and spaced for ORR catalysis.  

The mass percentage of metallic platinum present in the material was 

measured using X-ray photoelectron spectroscopy. High-resolution spectra of 

the platinum 4F region showed that ca. half of the platinum present in the 

sample was metallic, and half was excess platinum chloride. The overall 

weight percentage was then determined from a survey spectrum of the 

material, and found to be 11.5 wtpt%. 

 



Chapter 5:  Electrochemical testing of GD-

Pt/G 

This Chapter describes the benchmarking of the catalytic activity of 

graphenide-derived platinum on graphene using rotating disk 

electrochemistry. Accelerated stress tests and identical location TEM are 

used to assess the durability of the catalyst. 

 

5.1 Catalytic Activity of Platinum Graphenide-

derived catalysts 

 

Rotating disk and rotating ring-disk electrode experiments were carried out 

to investigate the ORR catalytic performance of the various catalysts 

synthesised in Chapter 4. 

5.1.1 Cyclic Voltammetry 

 

Cyclic voltammograms of GD-Pt/G compared with PtCl2 and commercial 

Pt/C control samples are presented below. CVs were carried out between 

0.025 and 1.2 VRHE, at a scan rate of 20 mV s-1 in N2 saturated 0.1 M HClO4. 

Figure 5-1 Cyclic voltammograms of GD-Pt/G and commercial Pt/C electrodes, in 

N2 saturated 0.1 M HClO4, scan rate 20 mV s-1. 
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ECSAs for GD-Pt/G and Pt/C commercial were calculated using the Equation 

3.8 and are shown in the Table 5-1.  

Table 5-1. Summary of the electrochemical surface area of GD-Pt/G 

compared with a commercial Pt/C catalyst.  

Material ECSA (m2 gpt
-1) 

GD-Pt/G 94.0 

Pt/C 54.8 

The ECSA of GD-Pt/G was found to be 94.40 m2 gpt
-1, which compares 

favourably with the ECSA of Pt/carbon, 58.21 m2 gpt
-1. The high ECSA can 

be attributed to the fine distribution of platinum nanoparticles in GD-Pt/G. 

The PtCl2 control sample, with an ECSA of 0.29 m2 gpt
-1

, shows that any 

contribution to excess PtCl2 to catalytic activity, when compared to GD-Pt/G, 

is negligible. Furthermore, there are no features of platinum in the PtCl2 CV, 

only double layer capacitance. 

5.1.2 Linear Sweep Voltammetry 

 

Figure 5-2 presents the linear sweep voltammograms and associated Tafel 

plots obtained for GD-Pt/G and commercial Pt/C electrodes, measured at a 

rotation rate of 1600 RPM in 0.1 M HClO4, with a scan rate of 20 mV s-1 in 

accordance with DOE protocols.  

In Figure 5-2(a) it can be seen that the GD-Pt/G electrode closely matches the 

onset and half-wave potentials and limiting current of the highly optimised 

commercial Pt/C electrode. Specific and mass activities were calculated from 

the kinetic current, obtained from the current measured at 0.9 VRHE, as 

decribed by Garsany et al.108 Although specific activities were found to be 

similar (465 and 413 μA cmPt
-2 for GD-Pt/G and Pt/C respectively), the mass 

activity of GD-Pt/G was approximately twice as large of the commercial 

sample, as shown in Table 5-2. The observed increased mass activity suggests 

that the graphene support improves the utilisation of the available platinum 

nanoparticles, likely due to its facilitation of the formation of well-dispersed, 
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smaller Pt nanoparticles compared with Pt/C (typical nanoparticle size 5 

nm13), and its high electrical conductivity.90,133,134  

The Tafel plots displayed in Figure 5-2(b) were obtained from Figure 5-2(a) 

by calculating mass-transport corrected kinetic current densities and plotting 

these against potential. The associated Tafel slopes were estimated to be 56 

mV dec-1 for GD-Pt/G, and 54 mV dec-1 for commercial Pt/C. These values 

suggest that for both catalysts, the ORR proceeds via the preferred 4-electron 

pathway, for which the coverage of the adsorbed oxygen intermediates is the 

rate-limiting factor.20,115,118 

Material Mass Activity  

(A mgpt
-1) 

 Specific Activity  

(μA cmPt
-2 ) 

GD-Pt/G 0.44  465 

Pt/C  0.24  413 

Table 5-2. Summary of specific activity and mass activity of GD-Pt/G 

compared with a commercial Pt/C catalyst.  

Rotating ring-disk experiments were used to further investigate the ORR 

mechanism catalysed by GD-Pt/G. Linear sweep voltammetry between 0.1 to 

1 VRHE was conducted on the disk of the electrode while the ring of the 

electrode was held at a voltage of 1.2 VRHE, as explained in Chapter 3. Figure 

Figure 5-2(a) Linear sweep voltammograms for ORR in O2 saturted 0.1 M HClO4, 

comparing the activity of GD-Pt/G with a commercial Pt/C catalyst, rotation rate 

1600 RPM, scan rate 20 mV s-1. (b) Tafel plots derived from 3(a) for ORR on GD-

Pt/G and Pt/C electrodes 
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5-3, below, shows the measured disk and ring current densities as the disk 

potential was swept from at a rate of 20 mV s-1 in O2 saturated 0.1 M HClO4. 

By using the ratios of disk and ring current density measured, the number of 

electrons transferred and the percentage of H2O2 produced were calculated as 

functions of applied potential (see Chapter 3.5.4). These are shown in Figure 

5-4. 

Figure 5-3 Linear sweep voltammogram obtained using a rotating ring-disk 

experiment for GD-Pt/G. This was performed in 0.1 M HClO4 at a scan rate of 20 

mV s-1. 

0.2 0.4 0.6 0.8 1.0
-6

-5

-4

-3

-2

-1

0

Potential (VRHE)

D
is

k
 C

u
rr

e
n
t 
D

e
n

s
it
y
 (

m
A

 c
m

-2
)

0.00

0.02

0.04

0.06

0.08

0.10

 R
in

g
 C

u
rr

e
n
t 
D

e
n

s
it
y
 (

m
A

 c
m

-2
)

Figure 5-4 Number of electrons transferred and H2O2 yield calculated from 

Figure 5-3 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
3.0

3.2

3.4

3.6

3.8

4.0

N
u

m
b

e
r 

o
f 
e

le
c
tr

o
n

s
 t

ra
n

s
fe

rr
e

d

Potential (VRHE)

0

2

4

6

8

10

P
e
rc

e
n
ta

g
e
 %

 H
2
O

2
 p

ro
d
u
c
e
d



Chapter 5: Electrochemical testing of GD-Pt/G 

106 

 

It can be observed Figure 5-4 that the number of electrons transferred was 

found to be above 3.9 across the entirety of the potential range, and the 

percentage of H2O2 produced remained below 3%, which is further evidence 

to suggest that the ORR is proceeding via the “4 electron” pathway. A small 

increase in H2O2% is observed at low potentials (<0.2 VRHE), which is in part 

due to an increase in disk current as a result of hydrogen evolution reaction, 

and as such does not fully represent the H2O2% produced as a result of ORR 

at these potentials. 

5.1.3 Accelerated Stress Tests 

 

To assess the durability of the GD-Pt/G catalyst, accelerated stress tests were 

carried out for 30,000 cycles between both 0.6-1 VRHE and 1-1.6 VRHE based 

on DoE accelerated stress tests (see Chapter 3).  

The cyclic voltammograms, the ORR polarisation curves and the associated 

relative change in the normalised electrochemical surface areas (ECSAs), are 

shown in Figure 5-5. Figure 5-5(a) and Figure 5-5(d) show the cyclic 

voltammograms measured for GD-Pt/G at 10,000 cycle intervals, from which 

the hydrogen adsorption peaks (0.075-0.4 VRHE) were used to calculate the 

ECSAs.   

The ECSA values were then normalised to the initial ECSA and plotted 

against the number of accelerated stress test cycles, presented in Figure 4(b) 

and Figure 4(e). From these figures, it can be seen that, across the 30,000 

cycles, the ECSA of commercial Pt/C sample degraded by as much as 30 % 

and 50 % during the 0.6-1 VRHE and 1-1.6 VRHE tests respectively.  

Meanwhile, GD-Pt/G maintained its activity remarkably well, showing a 

comparatively small ECSA loss of 21% and 19% for the same number of 

cycles. The stability is further reflected in the ORR polarisation curves shown 

in Figure 4(c) and Figure 4(f), which show a negligible change in the onset 

potentials, and very little change in half-wave potentials and limiting currents 

after 30,000 cycles (Table 5-3). The changes in half-wave potentials and 

limiting currents measured after 30,000 cycles for commercial Pt/C are shown 

in Table 5-4. 
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 Figure 5-5 (a)  Cyclic voltammograms for GD-Pt/G measured across the 0.6-1 VRHE 

accelerated stress test, with associated normalised change in electrochemical 

surface area, compared with Pt/C, and polarisation curves shown in (b) and (c) 

respectively. (d) Cyclic voltammograms for GD-Pt/G measured across the 1-1.6 

VRHE accelerated stress test, with associated normalised change in electrochemical 

surface area, compared with Pt/C, and polarisation curves shown in (e) and (f) 

respectively. 
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Number 

of 

cycles 

Limiting 

current 

density 

(mA cm-2) 

Change in 

limiting 

current  

(mA cm-2) 

Half wave 

potential 

(mVRHE) 

Half wave 

potential shift 

(mV) 

0.6 – 1 VRHE 

0 5.71 0 894 0 

30,000 5.58 -0.13 876 -18 

1 - 1.6 VRHE 

0 5.23 0 865 0 

30,000 4.92 -0.31 850 -15 

Table 5-3. Limiting current density, half wave potential and relative changes 

after 30,000 cycles for GD-Pt/G. 

Number 

of 

cycles 

Limiting 

current 

density 

(mA cm-2) 

Change in 

limiting 

current  

(mA cm-2) 

Half wave 

potential 

(mVRHE) 

Half wave 

potential shift 

(mV) 

0.6 – 1 VRHE 

0 5.84 0 836 0 

30,000 5.7 -0.14 874 38 

1 - 1.6 VRHE 

0 5.23 0 865 0 

30,000 4.92 -0.31 850 -15 

Table 5-4. Limiting current density, half wave potential and relative changes 

after 30,000 cycles for commercial Pt/C. 
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These results show that the GD-Pt/G material displays excellent durability 

when compared to any platinum graphene-based ORR catalyst reported in the 

literature as summarised in Table A1.  

Upon cycling, the decrease in catalytic activity in typical Pt/C catalysts is due 

to the corrosion of the carbon and the change in the distribution of the 

platinum within the system. Suggested mechanisms for these changes are: 

size increase of platinum nanoparticles via 3D Ostwald ripening, migration / 

agglomeration of platinum nanoparticles, platinum dissolution into the 

electrolyte and the detachment of platinum nanoparticles from the carbon 

support due to carbon corrosion, as detailed in Chapter 3.13,32,135 

5.1.4 Identical Location Transmission Electron Microscopy 

 

The effects of these mechanisms can be observed using identical location 

TEM (ILTEM), which offers the unique ability to image the same area of 

material before and after cycling, where the TEM grid is directly used as the 

working electrode.13 To further investigate the durability of GD-Pt/G, ILTEM 

was performed to give a qualitative assessment of which corrosion 

mechanisms were responsible for activity loss. Gold ILTEM grids were 

prepared via drop-casting GD-Pt/G ink and examined before and after 30,000 

0.6-1 VRHE potential cycles. Figure 5-6 shows composite TEM micrograph 

stitches of the same area of a sample of overlapping sheets of GD-Pt/G at 

various length scales, before and after the accelerated stress test. 

Figures 5-6(a) and 5-6(d) present ca. 1 µm length of material. At this 

resolution, it can be seen that the GD-Pt/G remains almost completely 

unchanged, showing clear resistance to the typical  corrosion mechanisms 

seen in commercial Pt/C catalysts.13 The structure of the nanoparticle 

distribution appears to be unaffected by the cycling: in order to find any 

differences it is necessary to evaluate the sample at much higher resolutions. 

The areas highlighted by red rectangles in Figs. 5-6(a) and (d), are shown at 

a higher resolution in Figs. 5-6(b) and (e) respectively. The sections in blue 

are then shown at an even higher resolution in Figs. 5-6(c) and (f), where the 

composites are built from atomic resolution micrographs. At this resolution, 

it is possible to observe small changes in the distribution of the nanoparticles. 

In Figures 5-6(c) and 5-6(f), examples of platinum nanoparticle 
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agglomeration have been highlighted in red. As these particles can be seen to 

have moved small distances to agglomerate, it appears that this has occurred 

via the migration mechanism rather than via Ostwald ripening. Importantly, 

there are no distinguishable cases of nanoparticle detachment. The blue area 

along the edge of the graphene sheet shown in Figure 5-6(f) highlights the 

presence of the Nafion added as part of the accelerated stress test.  

The changes in platinum nanoparticle distribution and graphene sheets shown 

in Figure 5-6 are much less significant than what is typically observed with 

commercial Pt/C catalysts13, where extensive nanoparticle agglomeration and 

loss of up to half of the nanoparticles can be observed in as few as 4 hours of 

cycling.136 This is consistent with the small relative decrease in the activity of 

the GD-Pt/G catalyst. In the majority of methods, nanoparticles are formed 

via the reduction of a platinum precursor by a secondary reducing agent and 

interact with the supporting material via van der Waals force. Previous 

studies88,90 have suggested that the distribution of nanoparticles is due to the 

limited supply of charge available to reduce the platinum precursor. By 

making use of the metal-ammonia method to intercalate graphite, it has been 

possible to obtain a stage 1 GIC (KC24(NH3)1.3) in which the graphene sheets 

have lower charge density than for the typical stage 1 compound KC8.
88,90 

The lower charge ratio may explain the production of smaller nanoparticles, 

well-suited for electrocatalysis.  
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Figure 5-6  Identical Location TEM images at varying length scales. (a) and 

(d) show a micron length stitch before and after corrosion, respectively. (b) 

and (e) correspond to the highlighted red boxes in (a) and (c), showing an 

area two hundred nanometres across, built-up of atomic resolution images. 

(c) and (f) correspond to the highlighted blue boxes  in (b) and (e), where 

examples of nanoparticle migration and agglomeration are highlighted in red 

and the added Nafion layer shown blue. 
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5.2 Conclusion 

 

The novel GD-Pt/G material was tested for its catalytic activity toward the 

oxygen reduction reaction using rotating disk electrochemical techniques.  

The electrochemical surface areas of GD-Pt/G, PtCl2 and a commercial Pt/C 

catalyst were measured using cyclic voltammetry. It was found that PtCl2 

showed a negligible ECSA compared with GD-Pt/G and Pt/C, and so it 

concluded that excess PtCl2 had a negligible impact on the catalytic activity 

of GD-Pt/G. The ECSA of GD-Pt/G 94.40 m2 gpt
-1, was greater than that of 

the ECSA of Pt/C, 58.21 m2 gpt
-1 , with the improvement attributed to the size 

and distribution of the platinum nanoparticles in GD-Pt/G.  

ORR activity was directly measured using linear sweep voltammetry. Linear 

sweep voltammograms for GD-Pt/G and Pt/C overlapped closely, with very 

similar limiting currents, onset potentials and half-wave potentials. In the case 

of GD-Pt/G, this was achieved by a lower loading of platinum on the 

electrode, resulting in a higher mass activity than that of Pt/C (0.44 A mgpt
-1 

vs 0.24 A mgpt
-1 respectively). Tafel analysis and RRDE measurements 

confirmed that the ORR was occurring via the preferred 4-electron pathway. 

Following the benchmarking of GD-Pt/G’s catalytic activity, accelerated 

stress tests were carried out following adapted DOE protocols to assess the 

material’s durability. In the “platinum corrosion” test, conducted between 0.6 

and 1VRHE, the ECSA of GD-Pt/G decreased by 21% (Pt/C: 30%) and in the 

“carbon corrosion test”, 1-1.6 VRHE the ECSA decreased by 19% (Pt/C: 

50%). The improved durability of GD-Pt/G was attributed to the graphitic, 

largely defect-free nature of the restacked-graphene support which impedes 

carbon corrosion mechanisms, and the direct reduction of the platinum salt 

by the graphene sheets themselves, which may lead to stronger bonding 

between the nanoparticles and the support material. The stability of the 

nanoparticles was further evidenced using identical location TEM, where a 

sample was imaged before and after 30,000 platinum corrosion cycles and 

only small changes in nanoparticle size and distribution were observed.  
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Chapter 6:  Scale up of GD-Pt/G 

Having used rotating disk electrochemistry to show that GD-Pt/G is active 

for the oxygen reduction reaction and more durable than a commercial 

catalyst, the next step was to scale up the synthesis of the material so that 

enough could be produced for testing in a fuel cell membrane electrode 

assembly.  

This chapter first details the changes made to the synthesis process to solve a 

number of difficulties with the original method. The description of the 

developed method is then followed by characterisation and electrochemical 

testing of the resultant material (GD-Pt/G-2). Finally, initial MEA tests are 

presented.   

6.1 Synthesis of GD-Pt/G-2 

 

To produce enough GD-Pt/G for MEA testing, for the sake of scalability it 

was desirable to modify the original synthesis method (Chapter 3). The 

material produced via the modified synthesis method is referred to within this 

chapter as GD-Pt/G-2. 

Although sonication was used in the method detailed in Chapter 3, adapting 

work by Milner et al., it was preferable to remove this energy-intensive step. 

In the original method, after sonicating, only the supernatant of the solution 

was used to ensure only fully exfoliated graphene was used. However, this 

meant that the overall concentration of the reacted solutions was low (ca. 0.3 

mg ml-1). As a result, obtaining the amounts of powder needed for MEA 

testing would require many litres of solvent, which was neither practical nor 

cost-efficient. Therefore, it was decided that the use of stirring (instead of 

sonicating) and the entire solution (instead of just the supernatant) should be 

investigated as a method for producing graphene in quantities large enough 

for scale up. All of the graphite intercalation compound in the solution, not 

just that which had been exfoliated was charged, and as such it was theorised 

that all of it should take part in the reaction with a platinum salt. 
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A further difficulty to address was that PtCl2 did not dissolve in THF and so 

had to be ultrasonicated to obtain a dispersion. This introduced an additional 

energy-intensive step and made any excess PtCl2 difficult to remove from the 

synthesised material. As such, the platinum salt cis-dichlorobis(dimethyl 

sulfoxide)platinum(II) ( Pt(DMSO)2Cl2) was chosen to replace PtCl2 as it is 

soluble in THF. 

  

The full, developed method was carried out as follows. Graphite intercalation 

compound KC24(NH3)1.3 was synthesised as described in Chapter 3. 

Graphenide solutions were prepared by stirring THF and GIC together at a 

concentration of 5 mg ml-1. A 5 mg ml-1 solution of Pt(DMSO)2Cl2 in THF 

was prepared by stirring. Both solutions were stirred for 24 hours and then 

reacted immediately by adding Pt(DMSO)2Cl2/THF directly to the bottle of 

graphenide solution stoichiometrically. After the reaction, the resultant 

solutions were removed from the glovebox and vacuum filtered and washed 

with THF and IPA to obtain GD-Pt/G-2 powder, which was left to dry at room 

temperature for at least 12 hours before use. Figure 6-2 shows a photograph 

of a batch of GD-Pt/G-2.  

  
Figure 6-1 ca. 60 mg of GD-Pt/G-2 powder 
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6.2 Characterisation of GD-Pt/G-2 

 

Having obtained a dry powder, Raman spectroscopy, transmission electron 

microscopy and thermogravimetric analysis were used to characterise the 

GD-Pt/G-2.  

6.2.1 Raman Spectroscopy of GD-Pt/G-2 

 

Representative Raman spectra of the starting graphite powder, GD-Pt/G and 

GD-Pt/G-2 are shown in Figure 6-2.  

 

 

Figure 6-2 representative Raman spectra of the initial bulk graphite, GD-

Pt/G and GD-Pt/G-2 
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It can be seen that the spectrum of GD-Pt/G-2 shares similar features to that 

of GD-Pt/G, as described in Section 4.1.1. There is a 2D peak comprised of a 

single Lorentzian peak at ca. 2700 cm-1, a D peak at 1350 cm-1 that is greater 

in relative intensity than that of the D peak in the starting graphite, and a G 

peak at ca. 1580 cm-1 with a small shoulder at ca. 1605 cm-1.  

Using a spatial map scan, a larger area of the GD-Pt/G-2 powder sample was 

investigated and the I(D):I(G) and I(G):I(2D) ratios were calculated. The 

resultant maps of the ratios of the intensities can be seen in Figure 6-3 below; 

data points that are shaded in grey correspond with spatial points where no 

spectra were obtained. 

 

Figure 6-3 Spatial maps showing the variation in I(D):I(G) and I(G):I(2D) ratios 

across a sample of GD-Pt/G-2 

The mean ratio values and their associated standard deviations are presented 

in Table 6-1. 

 
Mean  Standard Deviation 

I(D):I(G) 0.36  0.06 

I(G):I(2D)  0.65  0.04 

Table 6-1. Summary of I(D):I(G) and I(G):I(2D) ratios and associated standard 

deviation values of an area of GD-Pt/G-2. 

Following analogous reasoning as described in Section 4.2.1, the I(G):I(2D) 

ratio suggests that GD-Pt/G-2 is composed of restacked graphene 

layers.93,95,126,127 The increase in the I(D):I(G) ratio is as a result of defects 

introduced through the synthesis process and the addition of platinum 

nanoparticles. 56,103  
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6.2.2 Transmission Electron Microscopy of GD-Pt/G-2 

 

A number of representative TEM micrographs and an accompanying STEM 

image and EDS map of GD-Pt/G-2 are shown below. 

 

Figure 6-4 (a) and (b) correspond to lower and higher magnification micrographs 

of the same area of a GD-Pt/G-2 sample, indicated by the rectangle, showing 

restacked graphene decorated with platinum nanoparticles. An EDS map was taken 

of the area indicated in the STEM micrograph (c), with corresponding distributions 

of platinum and carbon displayed in (d) and (e) respectively 

As can be observed in Figure 6-4(a), GD-Pt/G-2 is composed of 

turbostratically restacked graphene with the contrast of the image, and 

therefore the number of graphene layers, varies greatly across even small 

spatial areas. Considering the contrast qualitatively, it appears that GD-Pt/G-

2 consists of a greater number of restacked layers than GD-Pt/G. Figure 6-

4(b) is a higher magnification micrograph of the area indicated in red in (a). 

Black nanoparticles are seen to decorate the surface of the graphene sheet and 

were confirmed to be platinum through the use of EDS, the results of which 

are shown in Figure 6-4 (c-e). Figure 6-4 (c) is a STEM micrograph of the 

area indicated by the red box in 6-4(a) (rotated by 90 ° by the instrument) 

from which the EDS map measurement was taken. The elemental maps 
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displayed in Figures 6-4 (d) and (e) confirm that platinum was present across 

the entire area of graphene examined.  

In order to obtain a particle size distribution, 277 platinum nanoparticles were 

manually measured from a higher magnification micrograph of Figure 6-5(b). 

The higher magnification micrograph is presented below alongside the 

obtained histogram of nanoparticle size. 

 

Figure 6-5 A representative high magnification micrograph of GD-Pt/G-2 from 

which the diameters of the nanoparticles were measured and the presented 

histograph was obtained. 

The average measured particle size is (1.9 ± 0.5) nm, which is similar to the 

average particle size obtained for GD-Pt/G in Section 4.2.3.  This particle size 

has been shown to be optimum for the catalysis of ORR, with larger 

nanoparticles bonding too weakly with oxygen, and smaller particles bonding 

too strongly, as described in Section 2.2.30  

A significant difference between the two methods presented in Chapter 3 and 

this chapter is the use of PtCl2, which does not dissolve in THF, and 

Pt[DMSO]2Cl2, which does. Despite the difference in platinum salts used, the 

similarity in nanoparticle size suggests that the reduction of Pt[DMSO]2Cl2 

by the graphenide solution in the modified method produces a similar 

platinum nanoparticle-decorated, restacked-graphene material to that 

synthesised and tested in Chapter 4 and 5. The resultant material was 

therefore likely to be suitable for ORR catalysis, and its catalytic activity is 

presented in Section 6.3.  
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6.2.3 Thermogravimetric Analysis 

 

Figure 6-6 presents the normalised masses of initial graphite material and 

synthesised GD-Pt/G-2 powder against temperature and time obtained from 

the same TGA experiment. The experiments were conducted under an air 

blanket, with an initial temperature ramp of 2 °C to 900 °C, followed by a 

thermostatic hold for 6 hours. The normalised mass was obtained by dividing 

the measured mass at each point by the initial mass.  
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Figure 6-6 Thermograviemtric analysis plots  of GD-Pt/G-2 compared with 

graphite: normalised mass against time (top) and temperature (bottom).  
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TGA was used to determine the platinum loading weight of GD-Pt/G-2. 

Although this was attempted with GD-Pt/G, the presence of excess platinum 

chloride meant that the residual platinum mass left at the end of the 

experiment was a mixture of platinum that had been reduced by the graphene 

to form nanoparticles, and platinum produced via the thermal decomposition 

of platinum chloride. In the modified synthesis method, the Pt[DMSO]2Cl2 

readily dissolves in THF, and is not added in excess, and so it was assumed 

that after filtration and washing the only platinum mass left was from 

platinum nanoparticles.  

The graphite powder mass shows a small initial decrease due to the 

evaporation of adsorbed water. This is followed by a large decrease once the 

temperature reaches 700 °C, where it combusts in air and the normalised mass 

decreases to zero.  

In the GD-Pt/G-2 graphs, similar decreases in mass due to residual solvent 

and water evaporating can be initially observed before a significant decrease 

in mass at ca. 500 °C. This decrease is thought to be the restacked graphene 

decorated with platinum nanoparticles: the lower combustion temperature 

relative to graphite is a result of the catalytic property of the platinum 

nanoparticles, and the decrease in the lateral size of the flakes.137 There is 

then a second significant decrease of ca. 10% at ca. 700 °C, which 

corresponds to the combustion of unreacted graphite remaining in the sample. 

The final relative mass is ca. 0.25, which therefore suggests a platinum 

loading of 25 wtpt%.   
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6.3 Catalytic activity of GD-Pt/G-2 

 

Before taking GD-Pt/G-2 to the fuel cell testing level, rotating disk 

electrochemistry was used to screen the material to ensure it was suitable for 

use in MEA fabrication. As such, detailed optimisation of the sample for RDE 

testing, such as the optimisation of water:IPA:Nafion ratios in the RDE 

catalyst ink etc. 108,138 are beyond the scope of this Chapter.  

6.3.1 Cyclic and Linear Voltammetry  

 

Figure 6-7 presents cyclic voltammograms obtained for GD-Pt/G-2 and 

commercial Pt/C electrodes, measured in 0.1 M HClO4, with a scan rate of 20 

mV s-1. The CVs were obtained under a nitrogen atmosphere.  

In Figure 6-7 it can be observed that the integrated area of the Hads peak of 

GD-Pt/G-2 is smaller than that of the commercial sample, resulting in a lower 

measured ECSA. The measured ECSA values are shown in the Table 6-2. 

 

 

Figure 6-7 Cyclic voltammetry of GD-Pt/G-2 compared with a commercial Pt/C 

catalyst and GD-Pt/G. 
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Material ECSA (m2 gpt
-1) 

GD-Pt/G-2 15.3 

Pt/C 54.8 

Table 6-2. Summary of electrochemical surface area of GD-Pt/G-2 compared with 

a commercial Pt/C catalyst.  

A lower ECSA suggests that there are fewer active platinum sites present in 

GD-Pt/G-2, when compared with Pt/C and GD-Pt/G-2. This was not observed 

for GD-Pt/G, where excess platinum salt was used in the reaction to ensure 

all graphene present was decorated with platinum nanoparticles. However, as 

observed in the thermogravimetric analysis of GD-Pt/G-2 presented in 

Section 6.2.3, it is likely that there is unreacted graphite present in the catalyst 

powder. It was also observed that the platinum nanoparticles in GD-Pt/G-2 

were larger than those of GD-Pt/G, and less uniformly dispersed. Therefore, 

the lower ECSA is likely to be a result of the combination of these two factors: 

the nanoparticle size difference between the sample and the unreacted 

graphite impeding access to some of the platinum nanoparticles. Furthermore, 

the quality of the film has an impact on the ECSA value and associated 

performance measured using RDE. Ink formulation optimisation could be 

carried out for GD-Pt/G-2 in the same way that has been done in the literature 

for commercial Pt/C, in order to improve dispersion, film quality and 

therefore RDE performance.108,138 

Despite a lower ECSA being obtained for GD-Pt/G-2, the activity measured 

using linear sweep voltammetry resulted in similar performance between the 

novel and commercial samples. This can be observed by the comparable onset 

potentials and limiting currents in Figure 6-8. The similarity in performance 

is reflected in the similar mass activity calculated for the two samples at 0.9 

VRHE, as presented in Table 6-3.  

Material Mass Activity  

(A mgpt
-1) 

Specific Activity  

(μA cmPt
-2 ) 

GD-Pt/G-2 0.24 1600 

Pt/C 0.24 413 

Table 6-3. Summary of electrochemical surface area of GD-Pt/G-2 compared with 

a commercial Pt/C catalyst, calculated at 0.9 VRHE 
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The specific activity is obtained by normalising the calculated kinetic current 

at 0.9 VRHE to the electrochemical surface area, and as such the lower ECSA 

of GD-Pt/G-2 results in a higher specific activity at 0.9 VRHE compared with 

the commercial Pt/C. Although similar, the two voltammograms in Figure 6-

9 are not identical: the GD-Pt/G-2 has a lower half-wave potential than the 

Pt/C sample (0.86 VRHE, 0.89 VRHE respectively) and requires a larger 

overpotential to achieve its limiting current, which is also lower than that of 

Pt/C (5.71 mA cm-2, 5.92 mA cm-2 respectively).   

The combination of having similar kinetic activity but poorer half-wave 

potential and diffusion-limited current suggests that mass transport of 

reactants and products of the ORR through the GD-Pt/G-2 sample is worse 

than through the Pt/C or GD-Pt/G samples. This is consistent with the lower 

ECSA measured using cyclic voltammetry: GD-Pt/G-2 is effective at 

catalysing the ORR at low overpotentials but not all of the platinum present 

in the sample appears to be easily accessible for catalysis.  

Figure 6-8 Linear  sweep voltammetry  of GD-Pt/G-2 compared with a commercial 

Pt/C catalyst and GD-Pt/G. 
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6.3.2 Membrane Electrode Assembly Testing 

 

Following positive results from RDE testing, GD-Pt/G-2 was prepared as an 

ink and spray coated onto GDLs for MEA testing, as described in Section 3.6. 

After conditioning, polarisation curves were obtained at 80 °C under H2/air, 

with no back pressure, using a Scribner fuel cell test station. A representative 

polarisation curve and its associated power density curve obtained from the 

testing of GD-Pt/G-2 is presented in the Figure 6-9. 

With no current load applied to the cell, GD-Pt/G-2 has an open circuit 

voltage (OCV) of 0.7 V. As the current load is increased the voltage decreases 

rapidly, showing significant voltage losses across the curve. The current 

density achieved at 0.3 V is 215 mA cm-2. The maximum power density 

measured is 67.6 mW cm-2, at a current density of ca. 194 mA cm-2.  The 

OCV, current density at 0.3 V and the maximum power density are all 

significantly lower than what was measured for a commercial Pt/C catalyst, 

shown in Figure 3-17 presented in Chapter 3, where the OCV is ca. 0.87 V, 

the current density at 0.3 V is ca. 1370 mA cm-2, and the maximum power 

density is ca. 446 mW cm-2.  
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Figure 6-9 A representative polarisation curve and power curve of GD-Pt/G-

2, tested as a 25 cm2 MEA, under H2/air with no backpressure, at a 

temperature of 80 °C. The loading of platinum used was 0.2 mg cm-2. 
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The measured OCV is the minimum overpotential required to catalyse the 

ORR reaction and is largely defined by the choice of metal used. It is lower 

than the theoretical OCV (which is equal to the reversible cell potential10) due 

to a combination of irreversible potential losses that arise in part as a result of 

fuel crossover. In fuel crossover, a small amount of hydrogen permeates the 

membrane and reacts with O2 to produce a corresponding cathodic current 

density that decreases the cathodic potential.10 

As platinum is used in both GD-Pt/G-2 and in commercial Pt/C MEAs, the 

reduced OCV in GD-Pt/G-2 cannot be explained by the choice of catalyst 

metal. It is known that in the case of low loadings of platinum, the potential 

loss that arises due to fuel crossover is more significant, as the activation 

losses are considerable.10,21 The platinum loading “as-sprayed” of 0.2 mgpt 

cm-2 should not lead to such a large decrease in OCV compared with what is 

typically expected for a platinum catalyst. Therefore, the decrease in OCV is 

evidence that a proportion of the platinum nanoparticles deposited on the 

GDL were not able to form triple phase boundaries, likely because of the 

restacking of the graphene layers blocking platinum nanoparticles from being 

contacted by ionomer. 21,123 

This is further supported by the rapid decrease in voltage in the kinetic region 

of the polarisation curve (between 0.7 and 0.5 V), in which the losses are 

dominated by the available electrochemical surface area of the platinum. The 

following Ohmic loss region, which is dominated by the ion and electron 

transport across the MEA, isn’t clearly defined and is instead convoluted with 

mass transport losses (0.5 – 0.3 V), suggesting that reactants and products are 

being impeded from their transport through the catalyst layer. This again is 

likely to be the result of the restacking of the graphene layers, a problem 

common to graphene support materials that has been covered in detail in 

Section 2.3. 
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To improve the performance of GD-Pt/G-2, an initial attempt to introduce a 

spacer during the ink formulation was made. Although there are many 

different ways to introduce spacers and to design sophisticated graphene-

based architectures, as detailed in Section 2.3.3, a method developed in-house 

by Suter et al.123 was chosen due to its simplicity, scalability and cost-

effectiveness. It had been shown previously to improve the performance of a 

similar graphene-supported platinum catalyst without damaging the graphene 

support or poisoning the platinum catalyst.123 In this method, urea crystals are 

added to the ink before the sonication step, so that when the ink is spray 

coated onto the GDL, urea crystals deposit between the layers of the 

graphene, impeding the graphene’s tendency to restack. The sprayed GDE is 

then left in DI water overnight to wash out the majority of the urea, leaving 

voids between the graphene layers. Before measuring polarisation curves, it 

is necessary to carry out additional conditioning to remove any remaining 

urea present in the catalyst layer.  

Figure 6-10 presents the polarisation and power curves for the GD-Pt/G-2 

samples with and without the urea spacer added.  
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Figure 6-10 Polarisation curves and power curves of GD-Pt/G-2 with and 

without a urea additive spacer, denoted by dotted and solid lines respectively 
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The polarisation curve of the sample in which a spacer had been added shows 

a performance improvement, reflected by the increase in OCV (0.791 V), 

increased maximum power density (75.0 mW cm-2), and larger current 

density measured at 0.3 V (248 mA cm-2). The increased OCV suggests that 

the fuel crossover losses are smaller relative to the cathodic potential, 

compared with the sample without a spacer. It is probable that the 

introduction of a spacer has improved the accessibility of platinum 

nanoparticles, increasing their utilisation via an increase in triple-phase 

boundaries formed. This in turn reduces the activation losses and increases 

the cathodic potential. 

The improvement in current density obtained in 0.4 – 0.3 V likely results from 

the improved porosity of the material, which facilitates greater mass transport 

through the catalyst layer. 123. The differences in the two catalyst layers, with 

and without the addition of the urea spacer, was investigated using cross-

sectional scanning electron microscopy. 

6.3.3 Cross-Sectional Scanning Electron Microscopy 

 

Samples were prepared by first cutting a small strip from each of the MEAs 

after they had been tested. The strips were then set in epoxy resin and 

polished, as described in Chapter 3. The results obtained from cross-sectional 

SEM and accompanying EDS maps for the MEA prepared without the 

addition of the urea spacer are presented in the following Figure 6-11. The 

SEM image presented was obtained via the measurement of secondary 

electrons.  

In the centre of the image is the Nafion membrane, which is more clearly 

distinguished by the dense, ca. 20-micron strip of fluorine visible in the 

fluorine (green) EDS map. The deformation and delamination highlighted by 

dotted red ellipses are thought to have been produced as a result of the SEM 

sample polishing processes. Below the Nafion membrane is the anode, 

consisting of the commercial Pt/C catalyst layer deposited on a GDL. The 

catalyst layer is ca. 15 μm thick across the length of the sample, and can be 

seen to have a roughly uniform distribution of platinum nanoparticles and 

Nafion from the EDS maps shown in purple (Pt) and green (F) respectively.  
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Figure 6-11 Cross-sectional scanning electron microscopy of the MEA composed of 

a GD-Pt/G-2 cathode (0.2 mgpt cm-2), Nafion membrane and commercial Pt/C anode 

(0.4 mgpt cm-2) accompanied by corresponding EDS maps of carbon, flourine and 

platinum in blue, green and purple respectively 
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The catalyst layer of GD-Pt/G-2 mixed with Nafion ionomer can be seen 

above the central Nafion membrane. As previously mentioned, the catalyst 

layer appears buckled, and has likely been delaminated from the Nafion 

membrane and the GDL by the SEM sample preparation process. The 

thickness of the catalyst layer was measured from the left side of the image 

(away from the area of delamination) and found to be ca. 4.6 μm. This is in 

agreement with the data presented in the corresponding platinum EDS map 

(purple), which shows that the catalyst is distributed over a much smaller area 

as compared to the commercial Pt/C anode. This is as expected of 

turbostratically restacked graphene materials, which are much less porous 

than the carbon black materials used in commercial Pt/C catalysts.123 The 

decreased brightness of platinum observed on the cathode side compared to 

the anode side of the map is reflective of the lower loading weight of platinum 

used: the anode loading weight (0.4 mgpt cm-2) was dictated by the 

commercial anode material available, and the cathode loadings were 

calculated to be 0.2 mgpt cm-2 due to experimental limitations (the spraying 

efficiency was lower than anticipated). 

Cross-sectional SEM micrographs and accompanying EDS maps of the 

modified GD-Pt/G-2 MEA that was produced using the sacrificial urea spacer 

method is presented in Figure 6-12. The micrograph on the left was derived 

from secondary electron (SE) measurements, and the micrograph on the right 

from backscattered electrons (BSEs). The SE image shows only a small level 

of contrast between features, owing to the low roughness of the sample. The 

low roughness is likely due to a combination of factors, including the local 

variation in the structure of the MEA and the polishing during the preparation 

of the sample. BSE images have higher sensitivity to differences in atomic 

number, thus providing clearer insight into the structure of the sample in this 

case. The images are rotated by 90 degrees anticlockwise relative to the 

micrograph in Figure 6-11, with the Nafion membrane layer visible as a 

vertical strip in the middle of the image, sandwiched between the cathode on 

its left and the anode on its right. Again, the polishing involved in the sample 

preparation appears to have caused delamination of the catalyst layer from 

the Nafion membrane, resulting in cracks visible on the left (cathode) side of 

the membrane.
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In the BSE image and the fluorine EDS map, it can be observed that the GD-

Pt/G-2 catalyst layer is thicker than the in the MEA prepared without the urea 

spacer (as in Figure 6-11), stretching from the membrane to the left hand edge 

of the image, across ca. 25 μm. There are small gaps present in the catalyst 

layer that are not clearly observable in the SE image. The fact that they are 

not clear in the SE image or obvious in the carbon (blue) EDS map suggests 

that the gaps were formed during the manufacture of the MEA, and then 

Figure 6-12 Crossectional SEM micrographs and accompanying maps of the MEA 

prepared using GD-Pt/G-2 combined with a sacrificail urea additive as a spacer. 

The micrograph on the left was obtained from the measurement of secondary 

electrons, the micrograph on the right from backscattered eletrons. EDS maps of 

flourine, carbon and platinum are shown in green, blue and purple respectively. 
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became filled with epoxy resin during the preparation of the SEM sample. 

These gaps are therefore likely to have formed by the washing out of urea 

crystals rather than the polishing steps of the SEM sample preparation. 

Platinum is observed across the catalyst layer; although the signal is not much 

higher than the background signal of the detector, it is possible to distinguish 

the same features in the Pt EDS map as in the F map and the BSE image.  

These results suggests that the process of adding urea crystals to the catalyst 

ink and then removing them by washing the sprayed GDEs with DI water 

does increase the porosity of the catalyst layer. This is consistent with the 

small improvements observed in all regions of the polarisation curve 

presented in Figure 6-10, where a more porous structure could explain the 

increase in platinum utilisation and mass transport of reactants and products 

through the catalyst layer. It is also consistent with the findings of Suter et 

al., whose work this method is adapted from.123 However, the gaps in the 

catalyst layer that can be observed in the BSE image and Pt and F EDS maps 

would be expected to reduce the number of triple phase boundaries formed 

and therefore be detrimental for catalytic activity. This may therefore be the 

reason that the addition of spacers only led to a modest improvement in MEA 

performance, and as such the amount of urea added needs to be varied (likely 

reduced) to minimise the formation of these larger gaps in the catalyst layer.  

  



Chapter 6: Scale up of GD-Pt/G 

132 

 

6.4 Conclusion 

 

Following the publication of the results presented in Chapters 5 and 6, the 

next step for GD-Pt/G was to address a number of difficulties in its synthesis 

method to allow it to be scaled up for testing in a full fuel cell MEA.  

The adapted method removed the need for sonication in the production of the 

graphenide solution and made use of the entire solution, rather than just the 

supernatant. Although this meant that there was some non-intercalated 

graphite present in the samples, this greatly increased the concentration of the 

solution and thereby the amount of product that could be reasonably produced 

in a lab, from masses on the order of single milligrams to tens and hundreds 

of milligrams. By substituting PtCl2 with Pt(DMSO)2Cl2, the sonication 

required to produce the platinum salt/THF mixture was also removed. Using 

a platinum salt that is soluble in THF had the further advantage of allowing 

any excess platinum salt to be easily removed from the products through 

filtering and washing.  

Following the development of the synthesis method, it was necessary to 

characterise the new material produced, referred to as GD-Pt/G-2. Raman 

spectroscopy revealed that, similarly to GD-Pt/G, GD-Pt/G-2 consisted of 

restacked graphene with a low number of defects. TEM was combined with 

EDS to show that the sample again consisted of platinum nanoparticles 

decorated on the restacked graphene sheets and the average nanoparticle size 

was found to be (1.9 ± 0.5) nm. As it was significantly easier to obtain much 

more powder via the new method than the original one, and because excess 

platinum salt was removed from the product during the filtration step, it was 

possible to use thermogravimetric analysis to directly measure how much 

platinum was present in GD-Pt/G-2. It was found that approximately 10 wt% 

of the sample consisted of unreacted graphite, and the loading weight of 

platinum in the sample was 25 wt%.  
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The catalytic activity of GD-Pt/G-2 toward the ORR was assessed using 

cyclic and linear sweep voltammetry, and compared with that of the same 

commercial Pt/C sample as used in Chapter 5. The measured ECSA for GD-

Pt/G-2 was lower than that of GD-Pt/G and Pt/C. This may be as a result of 

excess graphite hindering the performance of the catalyst by blocking access 

to platinum nanoparticles and the increased size of the platinum nanoparticles 

compared with GD-Pt/G.  

Despite the decreased ECSA, GD-Pt/G-2 showed comparable activity in 

direct measurements of ORR carried out using linear sweep voltammetry, 

with similar onset potentials and limiting currents to those of Pt/C and GD-

Pt/G. However, the half-wave potential is left-shifted compared to that of 

Pt/C, and the diffusion-limited current plateau is less well developed, which 

is further evidence to suggest that mass transport to platinum nanoparticles is 

a problem for this material. The specific activity at 0.9 VRHE was found to be 

four times greater than that of Pt/C, but this is a reflection of how the specific 

activity is calculated: the kinetic current at 0.9 VRHE is normalised to the 

available ECSA, which is lower for GD-Pt/G-2 than Pt/C. As such, the greater 

specific activity at 0.9 VRHE of GD-Pt/G-2 does not fully represent the 

catalytic activity of the sample across the whole potential range. At 0.9 VRHE 

it appears that there is enough accessible platinum to provide enough active 

sites to catalyse a similar amount of ORR as the Pt/C, but this does not 

continue at lower potentials where mass-transport effects dominate.  

To test the performance of GD-Pt/G-2 in a full fuel cell, an MEA was 

produced by spray coating a commercially available GDL with an ink 

consisting of GD-Pt/G-2, water, IPA and Nafion polymer, forming the 

cathode-side catalyst layer of the MEA. This was hot pressed together with a 

commercial Pt/C catalyst layer and a Nafion membrane and tested using a 

Scribner fuel cell test station. The polarisation curve obtained for GD-Pt/G-2 

confirmed the sample had platinum present and was active toward ORR, but 

that the performance was greatly limited by the common, expected difficulty 

of platinum nanoparticle-accessibility and mass-transport through a 

restacked-graphene electrode.  
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To alleviate this issue, another MEA was prepared with urea crystals added 

as an additional, sacrificial “spacer” following a method developed in-house 

by Suter et al. Following the spray-coating of the ink, the MEA was left in DI 

water overnight to wash out the urea crystals. The polarisation curve and 

power curve obtained showed an improvement in activity, with a greater OCV 

suggesting more platinum nanoparticles were now accessible, and smaller 

polarisation losses throughout the curve suggesting improved mass-transport. 

Cross-sectional SEM was used to determine the impact of the addition of the 

urea spacer to the resulting MEA structure, and it was found that the method 

did increase the porosity of the catalyst layer. However, larger gaps were also 

observed in the catalyst layer that are likely to have had a negative impact on 

the performance of the electrode through the reduction in the number of triple 

phase boundaries. Therefore, future experiments should investigate how the 

catalyst layer structure and MEA performance change with varying ratios of 

urea to catalyst present in the catalyst ink. 

Overall, compared with the MEA without the spacer method, the improved 

MEA achieved a maximum power density of 75.0 mW cm-2, and slightly 

improved current density measured at 0.3 V of 248 mA cm-2. As such there 

are many aspects of the catalyst design beyond the addition of urea that are in 

need of optimisation and improvement, suggestions for which are discussed 

in the Future Work section of Chapter 7. 



Chapter 7:  Conclusions 

 

As governments and industries around the world accelerate our transition to 

a green and sustainable future, hydrogen looks highly likely to play a 

fundamental role in the energy mix. For this to be successful, hydrogen fuel 

cells must decrease in price and increase in working lifetime, which in turn 

requires innovation in the design and synthesis of catalyst-support materials. 

Although graphene’s unique properties make it a promising catalyst-support 

material that has been widely researched for many years, the field has yet to 

produce a material that has reached the commercial market. Graphene is 

outcompeted in price and ease of synthesis by the already well-established 

commercial carbon black materials, and as such any graphene material that is 

to realistically improve the performance or lifetime of a functioning fuel cell, 

it has to both be produced via a scalable synthesis method and show 

significant improvements in rigorous accelerated stress tests. In this thesis, 

work towards this goal is presented through the development and testing of 

graphenide-derived platinum on graphene, GD-Pt/G.  

GD-Pt/G was synthesised via the reaction of platinum chloride with the 

supernatant of a graphenide solution produced via the sonication of an 

ammoniated potassium-intercalated graphite, KC24(NH3)1.3. The material was 

characterised using Raman spectroscopy and transmission electron 

microscopy, which together suggested it was composed of platinum 

nanoparticles decorated on graphene sheets that had then restacked 

turbostratically. The nanoparticles were found on average to be 1.7 nm with 

an edge-to-edge distance of 0.8 nm, an ideal size and distribution for oxygen 

reduction reaction catalysis. The loading weight of platinum was estimated 

by XPS to be 11.5 wt%. This calculation was made more convoluted by the 

presence of excess PtCl2, which was difficult to remove, and limited by the 

small amount of GD-Pt/G that could be produced at any one time due to the 

very low concentration of the supernatant of the graphenide solutions used 

during the reaction step of the synthesis process.  

Electrochemical testing of GD-Pt/G was carried out using rotating disk 

electrochemical techniques in a three-electrode cell. Solutions of reacted GD-
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Pt/G in THF were used as synthesised as the catalyst ink, with a small amount 

of Nafion solution deposited on top of the electrode as a binding layer. Cyclic 

voltammograms revealed that while PtCl2 had no discernible features, GD-

Pt/G showed peaks characteristic of platinum-hydrogen 

adsorption/desorption and Pt oxidation/PtO reduction, and as such the 

electrochemical surface area of GD-Pt/G could be determined. It was found 

to be greater than that of a commercial Pt/C sample tested under the same 

conditions, which may be due to the optimal size and distribution of the 

platinum nanoparticles. The ORR activity was benchmarked using linear 

sweep voltammetry and obtained voltammograms showed GD-Pt/G’s 

excellent activity toward the ORR, matching the catalytic reaction mechanism 

of the commercial Pt/C catalyst while surpassing it in activity benchmarks. 

Following adapted RDE DoE protocols, accelerated stress tests were carried 

out across both the “startup/shutdown” (0.6 – 1VRHE) and “continuous-

operation” (1-1.6VRHE) potential ranges, which target platinum corrosion and 

carbon corrosion respectively. GD-Pt/G was shown to demonstrate very high 

stability, showing smaller decreases in ECSA and performance compared to 

Pt/C across a larger number of cycles in the “continuous-operation” potential 

range than previously reported. The improvement in the stability of platinum 

nanoparticles was further evidenced using identical location TEM, which 

showed very little change in the nanoparticles before and after 30000 cycles. 

This was suggested to be due to the nanoparticle deposition method used, in 

which the platinum salt is directly reduced by the negatively charged 

graphene sheets without the need for a further reduction agent. The carbon 

corrosion stability was attributed to the high-quality nature of the restacked 

graphene support, which was demonstrated to have a low number of defects 

by the ratio of the D and G peaks obtained through Raman spectroscopy. 

While the results presented in Chapters 4 and 5 demonstrated that GD-Pt/G 

was both catalytically active and highly stable for oxygen reduction reaction 

at a three-electrode cell level, it was necessary to make a number of changes 

to the synthesis method before it could be tested in a full fuel cell. To simplify 

the complications surrounding excess platinum chloride that was difficult to 

remove, a platinum salt that was soluble in THF, Pt(DMSO)2Cl2, was used. 

This meant that any excess salt could be washed through during filtration of 
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the solutions. To improve the scalability of the synthesis method, sonication 

was replaced with stirring, and the full graphenide solution was used in-place 

of just the supernatant. This increased the concentration of the resultant GD-

Pt/G-2 solutions by an order of magnitude compared with the GD-Pt/G 

solutions, and could be reasonably filtered to obtain a working quantity of 

powder. Characterisation of GD-Pt/G-2 with Raman spectroscopy revealed 

the material was comprised of restacked graphene with a low number of 

defects, similar to GD-Pt/G. TEM and EDS were used together to show that 

the graphene sheets were decorated with platinum nanoparticles, but the 

material was found qualitatively to be thicker than GD-Pt/G, likely due to 

excess unreacted graphite remaining in the sample. The nanoparticles were 

on average larger than those of GD-Pt/G (1.9 nm vs 1.7 nm), although still an 

appropriate size for ORR catalysis. TGA measurements showed that 

approximately 10% of the mass of the powder was unreacted graphite and 

that the platinum loading weight was ca. 25 wt%.  

Fuel cell tests were conducted with GD-Pt/G-2. Polarisation and power 

density curves showed that the material was active for ORR, but was greatly 

limited by the restacking of graphene. The restacking impeded both the mass-

transport through the electrode layer and the formation of triple phase 

boundaries by blocking platinum nanoparticles. To improve performance, an 

in-house method developed by Suter et al. was implemented. Urea crystals 

were added to the ink before spray coating, and then removed via washing 

with water, leaving voids in the catalyst layer structure. Polarisation and 

power curves reflected a modest improvement in performance across the full 

potential range, with cross-sectional SEM showing that the structure had been 

successfully spaced by the addition and removal of urea crystals. As such, the 

performance improvement is attributed to the improvement of porosity 

throughout the catalyst layer, improving the utilisation of the platinum 

nanoparticles and the mass-transport of reactants and products through the 

material.   
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7.1 Ongoing and Future work 

 

The work presented in Chapters 4 and 5 of this thesis was conducted prior to 

the outbreak of Covid-19 in March 2020. The work was patented and 

published in the journal Nanoscale during the first UK lockdown. The 

following period was greatly disrupted by further Covid-19 waves and 

lockdowns, greatly limiting access to labs, with “normal” lab work not 

resuming until April 2021. As such, there are a number of different threads of 

work for which preliminary results were obtained but were not sufficiently 

developed in the timeframe of this project to be included in the thesis. This 

section details future work and, where relevant, describes initial 

investigations that were carried out relevant to the ideas presented for future 

experiments. 

7.1.1 Graphenide-Derived Materials 

 

In Chapter 4, IL TEM was presented as evidence for the stability of platinum 

nanoparticles after 30000 0.6 and 1 VRHE cycles. However, it was not possible 

to obtain an equivalent set of ILTEM images in the “carbon corrosion” range 

of 1-1.6 VRHE as at high potentials, as the gold TEM grids are not stable above 

1.4 VRHE, and are known to produce gold nanoparticles. Therefore, it would 

be valuable to investigate the carbon corrosion of GD-Pt/G materials using 

other experiments. One possibility that was very briefly explored was the use 

of electrochemical atomic force microscopy (EC AFM), where the sample is 

electrochemically cycled while being imaged with AFM. This has a further 

advantage over ILTEM that it is an in-situ technique, meaning that any 

changes in the graphene sheets could be observed in real-time as cycling is 

performed.  

There are a range of characterisation techniques that could be further applied 

to better understand the GD-Pt/G materials. Surface area measurements could 

be obtained using Brunauer–Emmett–Teller (BET) analysis. Microwave 

plasma atomic emission spectroscopy (MP-AES) was attempted to further 

verify the platinum loading weight present in GD-Pt/G-2, but the technique 

as performed in our lab failed to yield accurate values for a known 
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commercial Pt/C standard powder. With further improvement in experimental 

technique, MP-AES could provide a more accurate measurement of platinum 

loading weight that TGA. Similarly, inductively-coupled plasma mass 

spectroscopy could also be used for this purpose.  

7.1.2 Fuel Cell Electrode Manufacture, Characterisation and Testing 

 

Initial attempts at the manufacture of GD-Pt/G-2 fuel cell electrodes have 

been described in Chapter 6. Each step of the process requires further 

optimisation, as there was only time for one attempt at each electrode (without 

and with the urea additive). In both cases, the formulation of the ink could be 

varied, with the ratios of water, IPA, and Nafion optimised to improve the 

dispersion and stability of the ink. This in turn impacts the spraying efficiency 

of the ink through the spray-coater, which in-part dictates the structure of the 

electrode produced. The percentage of Nafion solution in the ink also impacts 

the number of triple-phase boundaries formed, with too much or too little 

resulting in reduced performance of the electrode. In the case of the electrode 

made with the urea additive, the mass of urea added was found to be optimum 

by Suter et al. for a different graphene material,123 but had yet to be optimised 

for GD-Pt/G-2. Therefore, similar experiments would need to be conducted 

where the amount of urea added would be varied and the performance 

measured to find an appropriate mass of urea to add.  

In all of the proposed optimisation experiments above, the electrodes would 

need to be characterised to investigate the difference between them as the 

parameters are varied. This could be achieved using BET analysis to measure 

the surface area and porosity of the electrodes, as well as cross-sectional SEM 

as described in this thesis. The elemental composition of the catalyst layers 

could also be quantified with XPS, which can be used to determine if urea is 

left in the sample by the change in nitrogen content before and after washing 

the electrode. Raman spectroscopy can be used to measure the D:G ratio of 

the electrodes, measuring changes in the defects of the graphene materials 

with the varying of parameters. 

Further fuel cell testing of electrodes should be conducted. It is known that 

there are many ways to condition a fuel cell electrode, and a number should 
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be investigated to find a method that is most appropriate for GD-Pt/G-2. 

Experiments where the operating parameters are varied, and performance 

measured could be conducted to investigate the effects of temperature and 

pressure on the material. Beyond polarisation curves, cyclic voltammetry 

could be used to quantify the electrochemical surface areas of electrodes 

tested, and electrochemical impedance spectroscopy can be employed to 

calculate various resistances throughout the cell, allowing for further 

characterisation and understanding of the electrodes tested.  

One of the most important issues for fuel cell electrodes is their stability over 

time, and as such accelerated stress tests, as described by the DoE, should be 

conducted to investigate the durability of electrodes produced. Beyond simply 

measuring the change in performance, as benchmarked by changes in ECSAs, 

polarisation curves and power density values, further characterisation of 

corroded electrodes is required to properly understand the degradation 

mechanisms of the materials being studied, something that is often neglected 

in the literature. As well as the list of characterisation techniques described 

above, in-situ neutron scattering experiments or X-ray computer tomography 

could be used to further investigate the changes in the electrode structure 

before, during and after cycling.  

Several nanoparticle architectures are currently found in commercial fuel cell 

catalysts, often involving alloys with other metals. Penicaud et al. have 

published other examples of different metal salts being reduced by different 

graphenide solutions, and ongoing research within our group is investigating 

the synthesis of manganese and bismuth nanoparticles on graphene for other 

electrochemical applications. During this project, initial attempts were made 

to produce palladium nanoparticles via the reduction of palladium chloride 

by KC8-based graphenide solutions, and TEM, EDS and RDE results showed 

that the resultant graphenide-derived palladium on graphene (GD-Pd/G) was 

active toward the ORR. Initial investigations into the co-reduction of 

palladium and platinum salt by a single graphenide solution were also 

conducted. Preliminary TEM and EDS results suggested the presence of both 

platinum and palladium in the sample, with nanoparticles decorating sheets 

of restacked graphene. The mixture of metallic platinum and palladium was 

further evidenced by linear sweep voltammograms obtained using RDE, 
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which showed the features of both platinum and palladium in the catalysis of 

the ORR and hydrogen evolution reaction. As the work was conducted with 

KC8, rather than KC24(NH3)1.3, and was not completed within the timeframe 

of the project due Covid-19 disruption, it was not included in the main body 

of this thesis. Future work should repeat these preliminary experiments with 

KC24(NH3)1.3, and explore the potential for producing alloy nanoparticles, 

especially with commercially relevant metals such as palladium, nickel, and 

cobalt. 

As explained in Chapters 3 and 6, the restacking of graphene is a significant 

issue with the manufacture of graphene-supported catalyst materials. In 

Chapter 6, an in-house technique made use of urea as a sacrificial spacer, 

which could be easily removed to introduce pores between the graphene 

sheets, thus improving the performance. However, this is only one of many 

ways that the problem of restacking can be tackled. Many works introduce an 

additional carbon material such as carbon black or carbon nanotubes to the 

system to improve porosity and thereby platinum utilisation and mass 

transport in the catalyst layer of the electrode. Each carbon material has its 

pros and cons: for example, carbon black is low-cost and readily available, 

but it is known to be unstable under the high potentials experienced during 

the start-up and shutdown of a fuel cell, whereas carbon nanotubes are much 

more expensive and difficult to produce, but offer high conductivity and 

stability. Therefore, each could be thoroughly investigated to determine 

which is most suitable for producing the best-performing electrodes.  

In most cases presented in the literature review of this thesis, the additional 

carbon spacer is added to the material after the deposition of platinum 

nanoparticles onto graphene sheets. The method presented in this thesis offers 

a unique way to combine graphene with other carbon materials: it has been 

shown that carbon nanotubes can be charged by intercalation of alkali metals 

analogously to the graphite intercalation compounds used in this work, and 

the intercalation and charging of other amorphous carbons is currently the 

subject of ongoing research within the research group. By taking two different 

intercalation compounds, such as a GIC and intercalated carbon nanotubes, 

they could be mixed either directly in the same solution, or two separate 

charged carbon solutions could be mixed, before metal salts are added to 
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produce a composite catalyst material containing a mixture of carbon 

materials. In the case of graphene and nanotubes, this combination method is 

novel and distinct from any methods described by the papers reviewed in 

Chapter 3, and therefore should be investigated. 

7.1.3 Beyond Fuel Cell Catalysts 

 

Taking further advantage of the method of using ionic solutions of 2D 

materials, early investigations into mixing distinct nanomaterials in solution 

were conducted. Potassium-intercalated molybdenum disulphide and 

potassium-intercalated graphite were mixed in solution and the resultant 

materials were characterised with Raman spectroscopy. Although initial 

results were inconclusive, if this method could be developed it could provide 

a scalable route to the production of 2D heterostructures. These solutions of 

mixtures of charged 2D materials can then be reacted with metal salts to 

produce hybrid materials for various applications. For example, MoS2 is 

known to catalyse the hydrogen evolution reaction, required for water 

electrolysis. Platinum decorated MoS2 was produced during my Master’s 

project and shown to catalyse HER using RDE, but the material’s 

performance was impeded by the semi-conducting nature of 2H-phase MoS2. 

The introduction of graphene into such a system could be an effective way to 

improve the conductivity of the system while also increasing the available 

ECSA and therefore could be the topic of future work.   
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Appendix: Literature Review Table  

The table below presents a review of corrosion protocols and their results, 

tested at half-cell level, presented in a range of papers describing graphene-

supported catalysts for the ORR. 

Ref. Catalyst AST 

protocol 

AST 

length 

Sample 

stability 

Pt/C 

Stability 

This 

wor

k 

GD-

Pt/G 

  

0.6-1 V vs 

RHE, 100 

mV/s 

30,000 

cycles 

21 % in 

ECSA 

30 % loss in 

ECSA 

1-1.6 V vs 

RHE, 100 

mV/s 

30,000 

cycles 

19 % loss in 

ECSA 

50 % loss in 

ECSA 

47 Pt/functi

onalised 

graphen

e 

0.6 - 1V vs 

RHE, 50 

mV/s 

5000 

cycles 

37.6 % loss in 

ECSA 

60 %  loss in 

ECSA 

139 FePt/rG

O 

0.4 - 0.8 V 

vs Ag/AgCl, 

100 mV/s 

10,000 

cycles 

Almost no 

change in 

ORR activity 

"Left shifted" 

140 Ru/N-

doped 

graphen

e 

  

0.6 - 1V vs 

RHE, 

100mV/s 

10,000 

cycles 

7 % decrease 

in limiting 

current, 

18mV 

negative shift 

in half-wave 

potential 

N.A. 

Chronoampe

rometric 

measuremen

10,000 

s 

10 % loss in 

current 

density at 

0.7V vs RHE 

38 % loss in 

current 

density at 0.7 

V vs RHE 
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t at 0.7V vs 

RHE 

48 Au 

cluster/r

GO 

Chronoampe

rometric 

measuremen

t at -0.2 V vs 

Ag/AgCl 

40,000 

s 

16% loss in 

current 

density at -0.2 

V vs 

Ag/AgCl 

50 % loss in 

current 

density at -0.2 

V vs 

Ag/AgCl 

122 Ag 

nanocry

stals/ 

rGO 

Potential 

window not 

specified, 50 

mV/s 

1000 

cycles 

15.6 % loss in 

ECSA 

63.1 % loss in 

ECSA 

49 

  

Pd/rGO 

  

Chronoampe

rometric 

measuremen

t at 0.63 V vs 

RHE 

2000 s ca. 93 % loss 

in current 

density at 

0.63 V vs 

RHE 

ca. 98 % loss 

in mass 

current 

density at 

0.63 V vs 

RHE 

0.36 - 0.86 V 

vs RHE 

4000 

cycles 

"little change 

in the ORR 

activity was 

observed" 

N.A. 

141 Pt/N-

doped 

rGO 

0.6 - 1.2 V 

vs RHE 

4000 

cycles 

29.4 % loss in 

ECSA 

80.8 % loss in 

ECSA 

50 PtPd 

NPs/ 

rGO 

Chronoampe

rometric 

measuremen

t at 0.1 V vs 

RHE 

10,000 

s 

ca. 24 % loss 

in current 

density at 0.1 

V vs RHE 

ca. 48 % loss 

in current 

density at 0.1 

V vs RHE 
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142 Pt/GO 

nanoribb

ons  

0.6 - 1 V vs 

RHE, 50 

mV/s 

10,000 

cycles 

65 % loss in 

ECSA 

N.A. 

143 PtPd 

nanocag

e/rGO 

0.6 - 1.05 V 

vs RHE, 50 

mV/s 

10,000 

cycles 

11.3 % loss in 

ECSA 

N.A. 

51 Cu-Pd/ 

rGO 

Neither 

potential 

window nor 

scan speed 

not specified 

3000 

cycles 

8.8 % 

decrease in 

ORR limiting 

current 

15.6 % 

decrease in 

ORR limiting 

current 

52 Au 

clusters/  

rGO 

 -1 -0.2 V vs 

Ag/AgCl, 5 

mV/s 

1000 

cycles 

16 % loss in 

ECSA 

27 % loss in 

ECSA 

144 PtNi/rG

o 

 -0.2 - 1.2 V 

vs RHE, 50 

mV/s 

2000 

cycles 

96.6 % loss in 

ECSA 

N.A. 

145 PdPt@P

t/rGO 

Neither 

potential 

window nor 

scan speed 

not specified 

1000 

cycles 

40 % loss in 

ECSA 

N.A. 

130 Pt/ 

carbon 

nanoshe

ets 

 0.46-0.96V 

vs RHE, 50 

mV/s 

5000 

cycles 

25 mV 

negative shift 

of half wave 

potential 

36 mV 

negative shift 

of half wave 

potential 

146 Au@Pt/r

GO 

N.A. (single 

cell tests, no 

RDE ASTs) 

N.A. N.A. N.A. 
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131 Pt/N-

doped 

GO 

No 

durability 

tests 

N.A. N.A. N.A. 

26 Graphen

e capped 

Pt 

0.4-0.75 V 

vs Ag/AgCl, 

scan rate not 

specified 

1000 

cycles 

No change in 

ECSA after 

1000 cycles 

N.A. Pt 

monolayer 

they grew 

themselves: 

ca. 45 % loss 

in ECSA 

28 Pt/rGO/

Carbon 

black 

0.6- 1.1 V vs 

RHE, scan 

rate not 

specified 

20,000 

cycles 

5 % loss in 

ECSA 

51 % loss in 

ECSA 

147 Pt/Grap

hene 

nanoplat

elets 

Chronoampe

rometric 

measuremen

t at 1.2 V vs 

RHE 

86,400

0 s 

35.4 % loss in 

current 

density 

N.A. 

148 FeNi/ N-

doped 

rGO 

 -0.2 – 1 V 

vs Ag/AgCl, 

50 mV/s 

1000 

cycles 

CVs shown 

but ECSA 

change not 

quantified 

Bigger 

change in 

ECSA than 

for Pt/N-

doped rGO 

149 Co3O4 

nanocry

stals/ 

rGO 

Chronoampe

rometric 

measuremen

t at 0.7 V vs 

RHE 

25,000 

s 

0 % loss in 

current 

density at 0.7 

V vs RHE 

35 % loss in 

current 

density at 0.7 

V vs RHE 

56 Pt/SiC/r

GO 

0.6-1.2 V vs 

RHE, scan 

10,000 

cycles 

59.7 % loss in 

ECSA 

79.3 % loss in 

ECSA 
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rate not 

specified 

54 Pt/rGO/

carbon 

fiber 

 -0.2-0.96 V 

vs SCE, 50 

mV/s 

1500 

cycles 

81.9 % loss in 

ECSA 

86.4 % loss in 

ECSA 

53 Pt/rGO  0-1.2 V vs 

RHE, scan 

rate not 

specified 

10,000 

cycles 

68 % loss in 

ECSA 

N.A. 

150 Pd/N-

carbon 

nanoshe

et 

Chronoampe

rometric 

measuermen

t at 0.6 V vs 

RHE 

35,000 

s 

20 % loss in 

current 

density at 0.6 

V vs RHE 

33 % loss in 

current 

density at 0.6 

V vs RHE 

151 Cu/N-

rGO 

Chronoampe

rometric 

measuremen

t at 0.7 V vs 

RHE 

1200s Ca. 0% loss in 

current 

density at 0.7 

V vs RHE 

Ca. 50 % loss 

in current 

density at 

0.7V vs RHE 

152 Rh/rGO Chronoampe

rometric 

measuremen

t at 

unspecified 

potential 

25,000s 10.9 % loss in 

current 

density 

47.5 % loss in 

current 

density 

153 Fe@PA

NI/rGO 

0.2 – 1.2 V 

vs RHE, 50 

mV/s 

10,000 

cycles 

13 mV 

decrease in 

E1/2 

82 mV 

decrease in 

E1/2 

154 Pt/N-

rGO + 

carbon 

0.5 – 1 V vs 

RHE, scan 

5000 

cycles 

6% loss in 

ECSA 

40.2 % loss in 

ECSA 
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nanosph

eres 

rate not 

specified 

155 Pt/N-

doped 

TiO2 + 

N-doped 

rGO 

1  - 1.5 V vs 

RHE, 500 

mV/s scan 

rate 

20,000 

cycles 

16.9% loss in 

ECSA 

40.1% loss in 

ECSA 

156 Ti/Pt-

Pd/ 

Graphen

e 

nanoribb

ons 

0.4 – 1.0 V 

vs RHE, 1 

V/s 

10,800 

cycles 

ECSA “does 

not vary” 

6 % loss in 

ECSA 

1 – 1.5 V vs 

RHE, 500 

mV/s 

5000 

cycles 

9.7 % loss in 

ECSA 

N.A. 

157 Pt/coiled 

carbon 

nanoshe

ets 

Chronoampe

rometric 

measuremen

t at 0.68 V vs 

RHE 

3500 s Ca. 85% loss 

in current 

density 

measured at 

0.68 V vs 

RHE 

Ca. 100% loss 

in current 

density 

measured at 

0.68 V vs 

RHE 

158 Pt@Mo

S2/N-

rGO 

0.6 – 1.0 V 

vs RHE, 100 

mV/s 

30,000 

cycles 

23.06 % loss 

in ECSA 

28.02 % loss 

in ECSA 

159 Pt single 

atoms/r

GO 

0.4 – 1.0 V 

vs RHE, 50 

mV/s 

2000 

cycles 

0.025 V 

negative shift 

in E1/2 

N.A. 

160 Pt/ 

graphen

e-like 

3D 

carbon 

Chronopote

ntiometry at 

-3.016 

mA/cm2 

7200 s 10 % 

decrease in 

mass activity 

at 0.8 V vs 

RHE 

39.2 % 

decrease in 

mass activity 

at 0.8 V vs 

RHE 
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161 Pt/graph

ene 

0.6 - 1 V, 

100 mV/s, 

followed by 

0.6 – 1.5 V,  

18,000 

cycles, 

followe

d by 

800 

cycles 

5% loss in 

ECSA, 

followed by a 

further 20% 

loss 

40% loss in 

ECSA 

followed by a 

further 22% 

loss  

162 Ag/N-

doped 

graphen

e 

-0.1 – 1 V, 

50 mV/s 

10,000 

cycles 

22 mV 

negative shift 

in E1/2 

86 mV 

negative shift 

in E1/2 

84 Pt/ N-

doped 

rGO 

foam 

Chronoampe

rometric 

measuremen

t at 0.6 V vs 

RHE  

30,000 

s 

14.4 % 

decrease in 

current 

density 

measured at 

0.6 V vs RHE 

33.1 % 

decrease in 

current 

density 

measured at 

0.6 V vs RHE 

0.05 – 1.2 V 

vs RHE, 50 

mV/s 

10,000 

cycles 

24 mV 

negative shift 

in E1/2 

75 mV 

negative shift 

in E1/2 

163 Ag4Bi2O

5/MnOx- 

rGO 

Chronoampe

rometric 

measuremen

t at 0.03 V vs 

Hg/HgO 

10,800 

s 

14 % 

decrease in 

current 

density 

measured at 

0.03 V vs 

Hg/HgO 

42 % 

decrease in 

current 

density 

measured at 

0.03 V vs 

Hg/HgO 

164 Cu/N-

doped 

rGO 

Chronoampe

rometric 

measuremen

t at 0.7 V vs 

RHE  

25,000 

s 

4 % decrease 

in current 

density 

measured at 

0.7 V vs RHE 

19.5 % 

decrease in 

current 

density 

measured at 

0.7 V5 
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 vs RHE 

165 Pt/IrO2N

b2O5  - 

rGO 

0.0 – 1.2 V 

vs RHE, 50 

mV/s 

2000 

cycles 

23.8 % loss in 

ECSA 

39.4 loss in 

ECSA 

166 Fe-

doped 

mayenit

e/rGO 

Chronoampe

rometric 

measuremen

t at 0.87 V vs 

RHE 

39,600 

s 

Current 

density 

“almost 

remains the 

same” 

40 % 

decrease in 

current 

density 

measured at 

0.87 V vs 

RHE 

167 Pt-Pd-

Cu/grap

hene 

nanoribb

on 

0.6 – 1  V vs 

RHE, 50 

mV/s 

10,000 

cycles 

Ca. 30 % 

decrease in 

mass activity 

N.A. 

168 Mn 

doped 

CeO2/rG

O 

Chronoampe

rometric 

measuremen

t at -0.35 V 

vs Ag/AgCl 

12,500 

cycles 

20 % 

decrease in 

current 

density 

measured at-

0.35 V vs 

Ag/AgCl  

40% decrease 

in current 

density 

measured at-

0.35 V vs 

Ag/AgCl 

169 Fe-N-

CNT/rG

O 

Chronoampe

rometric 

measuremen

t at 0.8 V vs 

RHE 

72,000 

s 

6 % decrease 

in current 

density 

measured at 

0.8 V vs RHE 

29  % 

decrease in 

current 

density 

measured at 

0.8 V vs RHE 

170 Pt/B-

rGO 

 0.57 – 1.17 

V vs RHE, 

6000 

cycles 

Onset and 

half wave 

N.A. 
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scan rate not 

specified 

potential 

“close to 

initial cycle” 

171 Pt/rGO 

+ CNT 

spacers 

0 – 1.2 V vs 

RHE, 50 

mV/s 

2000 

cycles 

39 % loss in 

ECSA 

19% loss in 

ECSA 

172 ZIF-N-

rGO 

porous 

nanoshe

ets 

Chronoampe

rometric 

measuremen

t at -0.4 V vs 

Ag/AgCl 

28,000 

s 

6 % decrease 

in current 

density 

measured at -

0.4 V vs 

Ag/AgCl 

20 % 

decrease in 

ECSA 

measured at -

0.4 V vs 

Ag/AgCl  

173 Fe-N-C 

microsp

heres 

0.55 – 0.95 

V vs RHE, 

100 mV/s 

10,000 

cycles 

29 mV 

negative shift 

in E1/2 

31 mV 

negative shift 

in E1/2 

 

 

 

Table A1│ A review of graphene supported catalysts for ORR, their associated accelerated 

stress test protocols, and results.   


