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Abstract 
 

Polymer electrolyte membrane fuel cells, known for their high energy density and efficiency, 

are used in portable devices, stationary power systems, and transportation. However, contact 

resistance remains a challenge. This issue is particularly pertinent to fuel cells because they 

comprise different layers made from various materials. The interfaces between these layers can 

make it difficult for electrons to pass through. The gas diffusion layer and microporous layer 

are particularly influential. The microporous layer, made of carbon black and 

polytetrafluoroethylene, is typically applied to the gas diffusion layer facing the catalyst layer, 

improving electrical contact and expelling excess liquid water. 

Applying a double-sided microporous layer to the gas diffusion layer can enhance performance 

by reducing contact resistance while maintaining efficient mass transport. The microporous 

layer, coated on both sides of the gas diffusion layer, improves electrical contact between 

components but increases the thickness, creating a trade-off between electrical contact and 

mass transport. This thesis investigates these complexities, aiming to balance improved 

electrical contact with effective gas and liquid management for higher overall fuel cell 

performance. 

The first research chapter examines the performance of double-sided microporous layer coated 

gas diffusion layers, compared to a conventional single-sided coated gas diffusion layer. 

Specifically, focusing on using two different conventional carbon blacks that make up the 

microporous layer. The investigation revealed that double-sided microporous layers are more 

effective in the fuel cell due to improved water management capabilities and enhanced 

electrical contact. Of the carbon blacks tested, Vulcan black outperformed Ketjenblack. 

Building on these findings, the next study explored integrating novel carbon materials into the 

microporous layer, to further enhance the double-sided configuration. Graphene, known for its 

exceptional electrical properties, was introduced to see if it could mitigate the trade-offs 

associated with increased gas diffusion layer thickness. Vulcan black, graphene and a blend of 

the two, were used to make the microporous layer. The results showed that the optimal 

arrangement was found to be with Vulcan black facing the catalyst layer and graphene facing 

the bipolar plate. 

Following this, the research aimed to replicate the beneficial crack structure provided by 

graphene facing the bipolar plate, by using pore-forming agents. Various quantities and particle 

sizes of pore formers were tested. These successfully altered the microporous layer's structure, 

permeability and pore size distribution, while maintaining good electrical conductivity. 

Overall, this study concludes that the best gas diffusion layer performance comes from using 

graphene on the bipolar plate side and Vulcan black on the catalyst layer side, highlighting 

graphene's unique advantages. 
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Chapter 1: Introduction 
 

Energy is fundamental to civilisation, it facilitates the development of society and technology 

which in turn increases living standards. Currently, most of the worldôs energy is supplied using 

fossil fuels: coal, oil and gas [1]. As society grows, the energy demand also increases. This has 

led to an increasing usage of fossil fuels. As a result, more greenhouse gas (GHG) emissions 

are released into the atmosphere [2]. One of the main GHG emissions is CO2, significant 

increases in anthropogenically derived CO2 are suggested to be one of the largest contributors 

to climate change [2]. The CO2 in the atmosphere has increased rapidly (Figure 1-1), from 278 

ppm to over 400 ppm, since the Industrial Revolution [3]. As a result of increasing GHG 

emissions, the potential of more frequent extreme weather patterns and irreversible change to 

the earthôs climate has increased [4]. 

 

Figure 1-1 Global monthly mean of CO2 (ppm) since 1980 [5]. 

1.1 Net Zero 

In 2019, the UK government passed legislation requiring a 100% reduction of UK net GHG 

emissions by 2050 relative to 1990 levels [6]. This net-zero ambition is consistent with the 

Paris Agreement which aims to keep the global average temperature rise below 2ÁC above 

preindustrial levels [7]. The security of the supply of energy, energy affordability and climate 

change are the major challenges concerning countries with regard to the future energy mix. The 

intention is to find the best way to reduce GHG emissions whilst securing energy affordably 

and reliably, in order to meet the future demands required to sustain and develop economies 

[8]. 
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Net zero can be achieved, in part by the reduction of the dependence on fossil fuel energy 

sources. To achieve this, countries around the world are developing and adopting sustainable 

and cleaner energy technologies [9]. 

Despite this, fossil fuels still account for the largest proportion of energy consumption. One 

way to decrease our dependence on fossil fuels is by employing renewable energy technologies. 

Renewable technologies, such as wind and solar are becoming more widespread and affordable. 

Even so, these technologies are afflicted with the same limitation, they are dependent on the 

weather and, therefore are intermittent. Part of the initiative to mitigate this is the enabling of 

the hydrogen economy [10]. Storing excess energy produced at peak times in the form of 

hydrogen, for later energy usage will be critical to enabling efficient usage of renewable energy 

sources. Fuel cells will constitute an important part of the energy mix in the future and be a key 

component of the hydrogen economy. 

1.2 Hydrogen Economy 

In the quest for adopting renewable energy technologies, many countries aim to electrify 

various processes by using clean energy sources. However, the challenges in decarbonising 

certain sectors persist, primarily due to the diverse applications of fossil fuels. 

One promising alternative to fossil fuels is "green" hydrogen, produced through the process of 

water electrolysis. This method utilises an electric current to split water into its fundamental 

elements: hydrogen and oxygen. This process emits no greenhouse gases if the electricity 

provided comes entirely from renewable sources. Hydrogen offers other advantages, such as 

high mass-energy density, lightweight and ease of electrochemical conversion [11]. These 

attributes make it a suitable option for transporting energy over long distances, either through 

pipelines, compressed gas, liquid fuels, or as ammonia transported on freighters. 

1.2.1 Hydrogen Production 

Obtaining hydrogen in its elemental form, despite its abundance, presents a complex and 

labour-intensive challenge. Hydrogen is not naturally found in an isolated state in sufficient 

quantities for practical use; instead, it predominantly exists in chemical compounds, often 

combined with other elements, such as carbon and oxygen [12]. This necessitates specific 

extraction methods, as outlined in Table 1-1. 
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Table 1-1 Summary of hydrogen production techniques [13]. 

Source Hydrogen Production Technique 

Natural Gas ¶ Steam reforming 

¶ Pyrolysis 

  

Coal, Oil ¶ Gasification 

¶ Partial oxidation 

  

Biomass ¶ Fermentation 

¶ Gasification 

¶ Pyrolysis 

  

Solar Energy ¶ Electrolysis of water 

¶ Photolytic splitting of water 

¶ Thermal splitting of water 

  

Wind, Hydro, Wave ¶ Electrolysis of water 

  

Nuclear Fission ¶ Electrolysis of water 

¶ Thermal splitting of water 

 

In practical industrial applications, the primary techniques for hydrogen generation involve 

gasification and reforming to produce synthesis gas (syngas), primarily composed of H2 and 

CO. Syngas is a valuable gaseous mixture that serves as a raw material for synthesising various 

hydrocarbons. In this case, the syngas is used in the water-gas shift (WGS) reaction, where 

carbon monoxide (CO) reacts with water vapour (H2O) to produce carbon dioxide (CO2) and 

hydrogen (H2) [13]. The carbon dioxide can then subsequently be removed.  While gasification 

of coal, biomass, and oil offers potential pathways for syngas production, the prevailing 

industrial practice overwhelmingly relies on natural gas steam reforming. This preference is 

driven by the high H2/CO ratio in the resulting syngas [13]. 

The production of green hydrogen from electrolysis using water has been increasing in recent 

years. The research into fuel cell technology could assist with technological advancements in 

electrolysis and vice versa, given that they share identical electrochemical reactions, albeit 

functioning in opposite directions. 

1.2.2 Hydrogen in Industry 

Hydrogen already has an established global marketplace. Traditionally, hydrogen has played a 

pivotal role as an intermediate component in a range of chemical processes. Its most significant 

and prevalent application can be found in the field of crude oil refining. Additionally, hydrogen 

is extensively used in the Fischer-Tropsch Gas-to-Liquid process, for example, ammonia 

production. 

Looking to the future, hydrogen is expected to assume novel roles in various industries. These 

emerging roles encompass iron and steel manufacturing, chemical production, transportation, 

and integration into the gas grid, among other potential applications. The versatility of 

hydrogen positions it as a key player in multiple sectors as industries seek cleaner and more 

efficient solutions [13]. 
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1.2.3 Hydrogen for Energy 

As renewable energy gains wider adoption as a key pathway to a low-carbon future, 

understanding its unique characteristics and impact on the power grids becomes critical. 

Specifically, the significant variability of solar and wind energy, compared to the steady supply 

from traditional fossil fuels, poses major challenges for the current grid systems, which were 

engineered for more stable energy inputs. 

In response to this challenge, there has been a growing emphasis on the development of grid 

energy storage technologies aimed at effectively managing the intermittent nature of renewable 

energy generation. A range of technologies has been explored for this purpose, including 

pumped hydro, compressed air energy storage (CAES), lithium-ion batteries, and hydrogen 

[14]. 

Currently, electricity is difficult to store in large amounts [11]. This is due to the low capacities 

of current technologies and their relatively high cost per kilowatt of storage (e.g. batteries) [15]. 

Hydrogen has an advantage over electricity as it can be stored for an indefinite amount of time. 

The stored hydrogen can then be easily converted into energy with the use of fuel cells [[16], 

[17]]. Figure 1-2, displays the different types of energy storage systems, comparing the power 

storage capacity and the amount of time that the power can be stored. It can be seen that there 

are a range of different storage technology options depending on the requirements (e.g. long vs 

short storage, low power vs high power requirements). Hydrogen occupies a large and key area 

in Figure 1-2. It is a flexible storage option that can store energy from hours to weeks and can 

provide power when required. 

 

Figure 1-2 Comparison of different energy storage technologies [18]. 
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This elegant concept of using hydrogen as an energy carrier emerges as a highly promising 

choice for large-scale grid storage. With its impressive gravimetric energy content of around 

143 MJ/kg, hydrogen can be effectively employed in conjunction with fuel cells for reliable 

backup power generation. Notably, the use of hydrogen is linked to zero CO2 emissions, and 

any surplus hydrogen produced can be securely stored for future use within a hydrogen-based 

energy system. 

Furthermore, when evaluating the entire life cycle of hydrogen technology, it compares 

favourably to the primary alternative in energy storage, namely lithium-ion batteries. This is 

primarily due to the non-toxic nature of hydrogen, which stands in contrast to the typical acidic 

chemistries associated with lithium-ion batteries [19]. 

On the other hand, it's important to highlight that hydrogen possesses a low density when in its 

gaseous state and the energy-consuming process of converting it into a liquid or a compressed 

gas, presents a notable drawback when contemplating its use as a fuel. Table 1-2 displays the 

comparison of hydrogen and conventional fuels, comparing both the energy per mass and 

energy per volume. It is apparent that hydrogen has the highest energy per unit mass, but has a 

lower energy per unit volume. 

Table 1-2 Comparison of volumetric and gravimetric energy densities of common fuels [12]. 

Material  Energy per Mass (MJ/kg) Energy per Volume (MJ/L) 

Hydrogen (ambient) 143 0.0107 

Hydrogen (liquid) 143 10.1 

Hydrogen (700 bar) 143 5.6 

Methane (ambient) 55.6 0.0378 

Natural gas 53.6 0.0364 

Petrol 46.4 34.2 

Diesel 45.4 34.6 

 

Despite it being in its early stages and currently associated with significant costs, technological 

advancements are progressively making the hydrogen-based energy economy more feasible. 

Hydrogen has a high potential, particularly where a clean and reliable power supply is crucial, 

along with substantial energy storage needs. It not only acts as a storage medium for 

intermittent renewable electricity but also serves as an energy carrier. 

Within this context, hydrogen can be described as an ñenergy vector", much like electricity. An 

energy vector is a substance rich in energy that facilitates the transportation and/or storage of 

energy. Hydrogen holds the potential to establish novel connections between centralised and 

decentralised energy supply and demand points, thereby enhancing the overall flexibility of the 

energy system [13]. In the future hydrogen economy, hydrogen will play two important key 

roles: as a chemical feedstock and a fuel (Figure 1-3). 
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Figure 1-3 Hydrogen production and use case pathways featuring fuel cells [16]. 

Hydrogen's versatility extends across various sectors, serving as a chemical feedstock, a heat 

source when combusted, a reagent for synthetic fuel production and even as a convertible 

source of electricity through fuel cells. Furthermore, hydrogen's ability to store energy for the 

long term, in tanks or underground reservoirs positions it as one of the few sustainable 

technologies capable of storing energy throughout different seasons [20]. 

Hydrogen as an energy vector offers a solution to problems such as energy security, fossil fuel 

availability, and environmental sustainability [21]. Hydrogen potentially has an unlimited 

supply, as the main sustainable feedstock would be water. It also has the potential to be carbon-

free, assuming it is produced by water electrolysis via sustainably sourced electricity.  

The hydrogen economy is not just a distant concept, it is already expanding to meet future 

energy demands. For example, in the near future, hydrogen will play a pivotal role in the 

decarbonisation of the transportation sector. This includes the adoption of heavy-duty and long-

range fuel cell vehicles. Moreover, hydrogen's potential extends to the heating and building 

sector, where it can be blended with natural gas and transported through pipelines for heating 

purposes. 

Fuel cells will be a core technology of a future hydrogen economy as highlighted in Figure 1-3. 

In particular, it offers a cleaner, more efficient way to convert energy, particularly when 

considering internal combustion engines, gas turbines, coal-fired boilers and steam turbines 

[[22], [23]]. 

1.2.4 The UK Hydrogen Strategy 

The energy landscape in the UK has been changing rapidly and the need for a hydrogen strategy 

will be crucial to the future UK energy mix. In 1982, the UK energy industries' contribution to 

the economy peaked at 10.4% but then dropped to 3.6% in 2022 [24]. Initially a net energy 

importer in the 1970s, the UK shifted to a net exporter in 1981 after developing North Sea oil 

and gas, though it returned to being an importer in 2004. By 2022, the UK was a net importer 

of all main fuels but became a net electricity exporter for the first time in over four decades, 

mainly to France. Figure 1-4, shows the energy supply of the UK from 1970-2022. 
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Figure 1-4 UK energy supply [24]. 

It can be observed that UK energy production peaked in 1999. Also, there has been a significant 

increase in UK fuel imports, which doubled and reached their highest in 2013. Although 

imports surpassed domestic production in 2010, the UK's continued large export volume kept 

net imports below production levels until 2021. This shift occurred as the UK increased its fuel 

imports to satisfy the heightened demand following the Covid-19 pandemic. The trend 

continued into 2022, with the UK leveraging its extensive Liquefied Natural Gas (LNG) 

regasification capabilities to import and then re-export energy to mainland Europe. This also 

helped to decrease reliance on Russian gas, which was a critical energy security issue, due to 

the invasion of Ukraine. In 2022, there was an 11% increase in imports across coal, primary 

oil, petroleum products, and gas, despite a decline in the imports of bioenergy, waste, and 

electricity. 

The UK has an interest in energy security and tackling rising energy imports by decreasing its 

reliance on fossil fuels and turning more to renewable sources. In 2022, the UK sourced 20.7% 

of its primary energy from low-carbon alternatives (34% from bioenergy, 30% from nuclear 

power, and 20% from wind energy) [24]. Historically, the UK's energy landscape has 

continuously evolved. Figure 1-5 highlights that since 1990, there has been a notable decline 

in coal usage, an increase in gas, and a surge in renewables. Particularly, wind and solar power 

have seen substantial growth from 2000 to 2022. This growth is evidenced by record generation 

figures in 2022, with wind generating 80.3 terawatt-hours and solar producing 13.3 terawatt-

hours, even though wind speeds were below the decade's average [24].  
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Figure 1-5 The UK energy mix since 1990 [24]. 

By 2050, electricity demand in the UK is expected to increase by 30% to 100%, driven by a 

growing reliance on renewables, nuclear energy, and fossil fuel stations equipped with carbon 

capture and storage (CCS) technology [25]. This diversification aims not only to increase 

energy security but also to meet stringent national carbon emission reduction targets. The 

Climate Change Act seeks to reduce the UK greenhouse gas emissions by at least 100% relative 

to 1990 levels [6]. 

Hydrogen will play a key role in underpinning the UKôs ambitions to achieve energy security, 

reliability, affordability and sustainability. As previously discussed, renewable energy 

technologies face issues with intermittency. Hydrogen and fuel cell technology will play a key 

role in tackling this issue. 

Furthermore, transportation in the UK could potentially be one of the first use cases for 

hydrogen and fuel cell technology. Transportation is the primary source of GHG emissions in 

the UK, with energy generation following closely behind [26]. In efforts to mitigate these 

emissions, the UK has been incorporating electric buses and more recently, hydrogen-powered 

buses, into its public transport system. Electric buses are currently more popular than their 

hydrogen counterparts because the recharging infrastructure is more easily available and can 

be found in most major UK cities. These buses, unlike conventionally fuelled buses, do not 

emit pollutants directly during operation. Instead, any emissions associated with them occur 

upstream during the production of the fuel or electricity used. Studies have shown that battery 

electric buses are most efficient for short-range journeys whereas hydrogen fuel cell buses are 

best suited for long distances [26]. 

Looking ahead, the UK plans to ban the sale of conventional fuel vehicles, including vans and 

hybrid vehicles, by 2035 [27]. This move is expected to significantly increase the presence of 

electric and hydrogen fuel cell-powered vehicles in the transport network, further aligning with 
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the country's environmental goals by potentially reducing both direct and indirect emissions 

from the transport sector [27]. 

Low-carbon hydrogen is crucial for the UK to meet its net zero emission targets by 2050 and 

the mid-2030s goals outlined in Carbon Budget Six. Hydrogen is vital for the deep 

decarbonisation of hard-to-electrify sectors of the UK economy, providing a sustainable 

alternative for energy across power, heat, and transport. The UK's unique geographic and 

geological attributes, along with its robust infrastructure and expertise, position it as a potential 

global leader in the hydrogen sector, with opportunities to generate economic benefits. 

The UK government has committed to establishing long-term policy frameworks to promote 

low-carbon technologies, aiming for a hydrogen production capacity of 5GW by 2030 [28]. 

This target is intended as a foundation to scale up efforts, to achieve future carbon budgets and 

the ultimate goal of net zero emissions by 2050. 

Introducing hydrogen into the UK's energy mix brings in diverse new feedstocks, thus 

improving security in the energy system. To fully exploit hydrogenôs benefits, comprehensive 

policy reforms are necessary to modify and improve the energy infrastructure and to secure 

long-term investments. 

Furthermore, a detailed hydrogen roadmap is crucial, outlining the most effective production 

methods for the short, medium, and long term. This strategy should account for the availability 

of feedstocks, fluctuations and future trends in global feedstock prices, the impacts of 

environmental regulations (for example, carbon pricing), and changes in fuel import and export 

patterns, as well as the technological readiness levels. Such strategic initiatives are essential 

for hydrogen and fuel cell technologies to significantly enhance the resilience and security of 

the UK's energy system. 

1.3 Fuel Cells 

Fuel cells are electrochemical devices that convert chemical energy directly into direct current 

(DC) electricity [29]. The principle of the fuel cell was first discovered in 1839 by Sir William 

Grove. Grove carried out experiments with electrolysis and the Voltaic pile. He hypothesised 

that if electricity could decompose water into hydrogen and oxygen, then combining these 

gases should produce electricity and water. To test his theory, Grove developed what he called 

a "gaseous voltaic battery." When hydrogen and oxygen were reacted together, electricity was 

generated, and water was produced as a byproduct. Grove recognised the elegant symmetry of 

the electrolysis processes by the recombination of reactant gases and created the fuel cell 

process [11]. 

Although his invention did not immediately lead to widespread applications, Grove's concept 

of the fuel cell was revolutionary. It demonstrated the foundational principles for converting 

chemical energy directly into electricity through an electrochemical process. 

Unlike a battery, which will run out of charge once the chemical constituents are fully converted. 

Fuel cells can undergo continuous operation if a steady supply of fuel is provided. Furthermore, 

as a fuel cell is not combusting fuels, it is not limited by the Carnot cycle efficiency. The Carnot 

cycle is the theoretically most efýcient heat engine to operate between a temperature difference 

[23]. Fuel cell efficiency will be discussed in more detail in Section 1.3.3.1.1. 
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1.3.1 Types of Fuel Cells 

Fuel cells are usually classified by the type of electrolyte used. There are five main categories 

of fuel cells [30]:  

¶ Phosphoric acid fuel cells 

¶ Alkaline fuel cells 

¶ Molten carbonate fuel cells 

¶ Solid oxide fuel cells 

¶ Polymer electrolyte fuel cells 

 

Polymer electrolyte fuel cells can further be classified depending on the fuel used. When 

methanol is used, this is a direct methanol fuel cell (DMFC). When hydrogen is used, it is a 

polymer electrolyte membrane fuel cell (PEMFC). Below, these different types of fuel cells are 

discussed in more detail. 

1.3.1.1 Phosphoric Acid Fuel Cells 

Phosphoric acid fuel cells (PAFCs) use phosphoric acid as an electrolyte. They also employ 

porous carbon electrodes with a platinum catalyst. Hydrogen is fed to the negative electrode 

and oxygen to the positive electrode. 

Operating temperatures are typically in the range of 175ÁC ï 200ÁC. The platinum catalyst can 

be susceptible to CO poisoning, so the hydrogen fuel supplied must have a very high purity 

[31]. PAFCs were the first fuel cells to be commercialised and are primarily used for stationary 

power generation. PAFCs can achieve overall efficiencies of around 37 ï 42%. They can 

achieve higher efficiencies of around 85% when used in electricity and heat co-generation 

systems [31]. 

PAFCs tend to be larger and heavier than other fuel cells for the equivalent power output. This 

makes them more expensive to make as they require much more platinum for the catalyst. 

1.3.1.2 Alkaline Fuel Cells 

Alkaline fuel cells (AFCs) typically use concentrated potassium hydroxide (KOH) as the 

electrolyte. They can operate between 20ÁC ï 200ÁC. They have found widespread use in the 

space industry for onboard power generation, this is due to their good performance and 

reliability [32]. 

AFCs can achieve high efficiencies of around 60%. However, they are very vulnerable to 

poisoning by small amounts of carbon dioxide [32]. This means that AFCs need a pure oxygen 

supply to operate as they can be susceptible to poisoning if using air. 

1.3.1.3 Molten Carbonate Fuel Cells 

Molten carbonate fuel cells (MCFCs) are a high-temperature fuel cell. Operating temperatures 

range between 600ÁC ï 700ÁC. MCFCs are constructed from a solid electrolyte matrix made 

from LiK or Li-Na compounds supported within a porous aluminate. Electrode materials 

typically use Ni with Cr or Al additive to provide additional structural strength. Due to the high 

operating temperatures, they do not require a precious metal catalyst [31]. 

MCFCs, unlike other fuel cells, use carbonate ions to carry the ionic charge through the 

electrolyte. MCFCs can achieve efficiencies of up to 60% and up to 90% if used in cogeneration 

[31]. 
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MCFCs are used mainly in stationary power generation applications. It is thought that if used 

together in combined heat and power (CHP) systems, CO2 emissions from fossil fuel power 

plants could be used as an input and thus help reduce GHG emissions and improve efficiency 

[[33], [34]]. 

1.3.1.4 Solid Oxide Fuel Cells 

Solid oxide fuel cells (SOFC) are high-temperature fuel cells. They operate between 800ÁC ï 

1000ÁC and the high temperatures mean that precious metal catalysts and external reformers 

are not necessary. SOFCs use a non-porous ceramic-based, zirconia compound as the 

electrolyte. The electrolyte conducts oxygen ions formed at the positive electrode. High 

temperatures enable the high ionic conductivity of the electrolyte. However, this also increases 

the degradation of the materials used. SOFCs do not require a catalyst, but they do need large 

effective surface areas [31]. 

SOFC have a high efficiency of around 70%. In cogeneration applications, efficiencies can be 

up to 80 ï 85%. However, due to the high temperatures involved, SOFCs have long start-up 

times [31]. 

SOFCs have the potential to use CO as fuel. They are best used in stationary power generation 

applications. R&D targets are aiming to allow them to be fuelled by coal-derived gas [[34], 

[35]]. 

1.3.1.5 Direct Methanol Fuel Cells 

Direct methanol fuel cells (DMFCs), use methanol rather than hydrogen as a fuel. DMFCs 

were developed because methanol has a higher energy density per unit of volume than 

hydrogen. This gives methanol an advantage as it can easily be transported and stored. 

Furthermore, methanol is a low-cost chemical that can be readily produced. This could allow 

DMFCs to be a promising option for portable applications. Such as replacing batteries in 

phones and laptops [36].  

DMFCs work in a very similar way to PEMFCs. The difference is that liquid methanol fuel is 

supplied to the anode rather than hydrogen. It is then oxidised in the presence of water and this 

generates CO2, hydrogen ions and electrons. 

DMFCs have an efficiency of around 15 ï 20%. This is quite low and is due to the methanol 

cross-over from the anode to the cathode. Crossover can also cause the methanol to poison the 

catalyst [31].  Platinum catalyst loading in a DMFC is much higher than in a PEMFC, by at 

least one order of magnitude [30]. 

1.3.1.6 Polymer Electrolyte Membrane Fuel Cells 

Polymer electrolyte membrane fuel cells (PEMFCs), use a solid polymer membrane for the 

electrolyte. They also have porous carbon electrodes with a platinum catalyst. They operate at 

relatively low temperatures of between 50ÁC ï 100ÁC. PEMFCs have the advantage of quick 

start-up times. However, the platinum catalyst is costly and sensitive to CO poisoning [31]. 

Due to their quick start-up time, relatively lightweight and low operating temperatures. 

PEMFCs are thought to be the most versatile fuel cell technology, in terms of the number of 

applications they can be used for. PEMFCs will be discussed in more detail in the following 

sections as this will be the fuel cell technology investigated in this thesis. 
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1.3.2 Fuel Cell Applications 

Fuel cell applications can be divided into three main categories: portable, stationary and 

transportation. 

1.3.2.1 Portable 

Portable applications include mobile phones, laptops, cameras, portable power generators etc. 

In the technology market, there is an ever-increasing demand for high-quality and long-lasting 

power supplies, as more powerful devices are developed that require a steady supply of reliable 

electricity. Fuel cells are well placed to cater for the portable market. This is because they have 

good energy density, durability and modularity [37]. 

1.3.2.2 Stationary 

Stationary applications are mainly used as power generation sources. They can be used as a 

primary power source, in place of the electric grid, or used to supplement power in hybrid 

systems. A particularly successful application is its use in residential CHP systems. CHP is a 

promising application to be used in conjunction with fuel cells. Systems can be fuelled by 

natural gas or hydrogen. The CHP unit will be able to produce grid-synchronised alternating 

current (AC) power alongside low-grade heat for space heating and domestic hot water [37]. 

Japan is a global leader in fuel cell technology, in particular CHP. According to Japan's road 

map for hydrogen and fuel cells, 5.3 million units of residential CHP systems will be installed 

by 2030 [38]. The CHP units typically have capacities of 0.7 ï 0.75 kW for electricity and hot 

water generation [39]. 

1.3.2.3 Transportation 

Transportation is one of the biggest potential uses for fuel cells. The world's total energy 

consumption is highly dominated by the transport industry [40]. Batteries currently dominate 

electrical vehicle technology. However, fuel cells are becoming more popular due to better 

energy density and quicker refuelling time. Affordable, fuel cell vehicles using PEMFC 

technology are available on the market, led by the Toyota Mirai, Hyundai ix35 and Honda 

Clarity. 

Over recent years, fuel cell vehicles for use in public transport have been gaining more attention. 

The Clean Hydrogen in European Cities (CHIC) initiative was launched with the aim of 

building up a fleet of hydrogen fuel cell buses in Europe [41]. Fuel cell buses show great 

promise as they meet sustainable performance criteria if using hydrogen from green sources. 

Also, the commercial viability of fuel cell buses is projected to achieve economic parity with 

their fossil fuel counterparts by the end of their given lifetimes [42]. 

There are still major barriers that must be overcome such as hydrogen generation, hydrogen 

storage, hydrogen delivery infrastructure and governmental policy change before fuel cell 

technology can be deployed with impact [43]. 

1.3.3 Fuel Cell Working Principles 

A fuel cell is a device that facilitates the conversion of chemical energy to electrical. It does 

this by a series of oxidation and reduction reactions. The oxidation and reduction reactions take 

place on the surface of the catalyst, which is situated between the electrodes and the membrane 

[44]. 
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As illustrated in Figure 1-6, the process begins when humidified hydrogen enters the anode 

side, hydrogen molecules are then ionised at the catalyst layer, resulting in the creation of two 

H+ ions. The electrons generated from the ionised hydrogen molecules are then directed into 

an external circuit, producing useful DC electricity. The oxygen supply at the cathode moves 

through the porous gas diffusion layer towards the catalyst layer. Here, the oxygen atoms react 

with the H+ ions and two electrons from the external circuit, to form the waste product, water. 

 

Figure 1-6 Diagram of an operating fuel cell [45]. 

At the anode side, an oxidation reaction takes place. Hydrogen is oxidised and dissociates into 

hydrogen ions and electrons. 

Anode reaction: 

Ὄ  O ςὌ ςὩ ρȢρ 

The hydrogen ions travel through the membrane, which is only conductive to ions. Electrons 

travel through electrodes and an external circuit to produce useful electrical work in the form 

of a direct current. 

At the cathode, oxygen is reduced and is then combined with the hydrogen ions and the 

electrons to form water. The water by-product created in the electrochemical process is then 

expelled from the fuel cell along with excess oxygen. 

Cathode reaction: 

ρ

ς
ὕ ςὌ ςὩ  O Ὄὕ ρȢς 
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The overall reaction for the fuel cell is the combined anode and cathode reaction as follows: 

Ὄ  
ρ

ς
ὕ O Ὄὕ ρȢσ 

 

1.3.3.1 Thermodynamics of PEMFCs 

The overall fuel cell electrochemical reaction is exothermic, as can be seen in equation 1.6. 

The heat produced from this reaction can be expressed as follows [29]: 

ЎὌ  Ὤ  Ὤ  Ὤ   ρȢτ 

Where the change in enthalpy is (ЎὌ) and heat of formation of each chemical species is (Ὤ). 

The heat of formation of liquid water is -286 kJ/mol at 25ÁC. The heat of formation of the 

elements is zero. Therefore, by substituting in the values, the enthalpy can be found as follows: 

ЎὌ  ςψφ π π ρȢυ 

ЎὌ  ςψφ Ὧὐάέὰϳ ρȢφ 

Electrochemical reactions involve a transfer of electrons and a change in the Gibbs free energy. 

The Gibbs free energy is the maximum amount of electrical energy that can be generated in a 

fuel cell. It is related to the maximum conversion of chemical to electrical energy for a given 

reaction. The Gibbs free energy also shows if the reaction will spontaneously occur, it is defined 

as follows [29]: 

ЎὋ  ЎὌ ὝЎὛ ρȢχ 

Where the Gibbs free energy (ЎὋ) equals the change in enthalpy minus temperature multiplied 

by the change in entropy (ЎὛ). At 25ÁC, from the 286.02 kJ/mol of available energy, 48.68 
kJ/mol is lost as heat and 237.34 kJ/mol can be converted into electricity [23]. 

Electrical work must now be considered. Electrical work is defined as follows: 

ὡ ὲὊὉ ρȢψ 

Where the number of electrons released in the reaction (ὲ), Faradayôs constant (Ὂ) and 

voltage (Ὁ).  

Electrical work can be equated to the Gibbs free energy. 

ὡ  ЎὋ ρȢω 

After combining equations 1.8 and 1.9, the theoretical cell potential of a fuel cell can be 

expressed as follows: 

Ὁ  
ЎὋ

ὲὊ
 ρȢρπ 

The theoretical reversible potential of the fuel cell is calculated as follows: 

Ὁ  
ςσχȢστ

ς ωφτψυ
ρȢςσ ὠ ρȢρρ 
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In this case, Ὁ is the reversible voltage of the fuel cell. This means that it is the maximum 
possible voltage that the fuel cell can obtain without any irreversible polarisation losses [46]. 

1.3.3.1.1 Theoretical Efficiency 

The theoretical efficiency of a fuel cell is the ratio of useful energy output and energy input. 

With regards to a fuel cell, this would correspond to the electrical energy produced being the 

output, in the form of Gibbs free energy. Assuming all potential chemical energy for a reaction 

is transformed into electrical energy, the enthalpy of hydrogen would be the input. In this case, 

the higher heating value (HHV) of hydrogen is used. The HHV is the amount of heat that can 

be generated from the complete combustion of 1 mol of hydrogen and 0.5 mol of oxygen. If 

this mixture is fully combusted and allowed to cool down to 25ÁC at atmospheric pressure, 

only liquid water will remain. This process will release 286.02 kJ of heat [23]. 

The fuel cell efficiency is defined as follows: 

–  
ЎὋ

ЎὌ
 ρȢρς 

Substituting in the Gibbs free energy and the hydrogen HHV, the efficiency of a fuel cell is: 

–  
ςσχȢστ

ςψφȢπς
ψσϷ ρȢρσ 

The Nernst equation is an expression of the maximum possible open-circuit voltage as a 

function of temperature and pressure. It is used to calculate the change in the Gibbs free energy 

in nonstandard operating conditions. The Nernst Equation is as follows [46]: 

Ὁ  Ὁ  
ὟὝ

ὲὊ
ÌÎ
ὖ ὖȢ

ὖ
 ρȢρτ 

Where, Ὁ is the theoretical voltage and Ὗ is the universal gas constant. The Nernst equation 

shows that the higher the partial pressure of reactants, the higher the cell potential. 
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1.3.3.2 Polarisation Curve 

Performance losses in a fuel cell can be characterised by a polarisation curve. A polarisation 

curve represents cell voltage as a function of the current density, as shown in Figure 1-7. 

 

Figure 1-7 Fuel cell polarisation curve [29]. 

The losses in a fuel cell can be categorised by the following: 

 

¶ Activation losses 

¶ Ohmic losses 

¶ Concentration losses 

 

It is important to note that the regions of the performance losses are not discrete and that all 

modes of loss contribute throughout the entire current range of the polarisation curve. However, 

in the regions highlighted, they are dominated by a particular loss. Thus, each region shown on 

the polarisation curve is not unique, all losses contribute throughout the operating current 

regime. 

1.3.3.2.1 Activation Losses 

Activation losses dominate at low current densities. It is the voltage overpotential required to 

overcome the activation energy of the electrochemical reaction on the catalytic surface. 

Activation polarisation losses are dependent on the electrode reaction kinetics. These losses 

occur at both the anode and cathode. However, oxygen reduction requires much higher 

overpotentials, thus losses are larger at the cathode. Activation losses at the anode are assumed 

to be negligible as they are very small in comparison with the cathode. Activation polarisation 

can be expressed using the Butler-Volmer equation [29]: 
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Where, Ὗ is the universal gas constant, Ὕ is the temperature, ‌ is the transfer coefficient, Ὂ is 

the Faraday constant, Ὥ is the current density and Ὥ is the reference exchange current density. 

1.3.3.2.2 Ohmic Losses 

Ohmic losses occur because of electrical resistance from the cell components and ionic 

resistance in the electrolyte. Resistance from components in the PEMFC is due to the inherent 

resistivity properties of the materials facilitating the flow of electrons. The resistance of 

hydrogen ions flowing through the membrane causes the resistance in the electrolyte. Ohmic 

losses can be expressed as follows [29]: 

– ὭὙ ρȢρφ 

Where Ὥ is the current density and R is the total cell internal resistance. 

1.3.3.2.3 Concentration Losses 

Concentration losses occur when there is a lack of reactant gases as the current increases. This 

takes place when reactant gases are consumed rapidly at the electrodes. This decreases reactant 

gas partial pressure. Which in turn, reduces the voltage in the Nernst equation and the current 

density from the Butler-Volmer equation. The surface concentration of reactants can eventually 

reach zero if the reactant gas is consumed faster than it can diffuse to the surface. The current 

density at which this occurs is called the limiting current density. Concentration polarisation 

can be expressed as follows [29]: 

–  
ὟὝ

ὲὊ
ὰὲ

Ὥ

Ὥ Ὥ
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Where, ὲὊ is the charge transferred. 

Overall, an approximation of the PEMFC polarisation curve can be shown from the following 

equation, considering all the losses discussed [29]: 

Ὁ  Ὁȟȟ  –  –  –  ρȢρψ 

1.3.3.2.4 Other Losses 

Fuel cells also exhibit some other minor losses, which can cause a ñcurrent leakò, these can be 

classified as fuel crossover and electrical short circuit. 

1.3.3.2.4.1 Fuel Crossover 

Fuel crossover losses are caused when un-oxidised hydrogen fuel crosses through the polymer 

membrane, it then reacts with oxygen at the cathode. This produces an unwanted hydrogen 

peroxide by-product and creates an overall drop in fuel cell efficiency [44]. The crossover of 

reactants in a fuel cell can also be a major issue in fuel cell degradation and efficiency. 

Crossover can cause the Nernst potential to be decreased slightly by affecting the surface 

concentrations of reactants at the catalyst surface, but this effect is usually negligible. 
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1.3.3.2.4.2 Electrical Short Circuit  

Electrical short circuits can occur when the electrolyte does not fully insulate electron flow. 

This is not so much of an issue for low-temperature fuel cells such as PEMFC but is more 

common in high-temperature fuel cells such as SOFC [44]. 

Both of the above losses cause a small amount of internal current to be generated, which is 

known as a ñcurrent leakò. However, these losses are insignificant in overall fuel cell operation 

because the rate of hydrogen permeation or electron crossover is several orders of magnitude 

lower than the hydrogen consumption rate and the total useful electrical current generated [44]. 

1.3.3.3 Power Density 

The power density of a fuel cell is an important parameter used in conjunction with the 

polarisation curve to help understand fuel cell operation. It also gives insights into the potential 

optimum point of fuel cell operation. Power density is given by: 

ύ Ὥὠ ρȢρω 

Where ύ is the power density (W/cm2), Ὥ is the current density (A/cm2) and ὠ is the voltage of 
the cell (V). Figure 1-8 shows an example of a fuel cell polarisation curve and the resulting 

power density curve. 

 

Figure 1-8 An example of a fuel cell polarisation curve and corresponding power curve [23]. 

The power density of the fuel cell increases as the current density increases. It then reaches a 

maximum, peak power density. After this maximum, the power then starts to decrease as the 

limiting current density is reached. The power density curve in conjunction with the 

polarisation curve can be a good indication for the optimum operating point of a fuel cell. A 

current density and a voltage close to the peak of the power density will give the highest power 

output of the fuel cell. The trade-off of operating at this point is that the fuel cell operating 
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efficiency isnôt at its optimum due to thermal losses. Therefore, in practical applications, a fuel 

cell is usually in operation below the peak power density to achieve higher efficiencies. When 

considering fuel cell design and engineering, there is always a trade-off between operating 

efficiencies and power density output. 

1.3.3.4 Electrochemical Impedance Spectroscopy (EIS) 

A technique to measure voltage losses in a fuel cell is by using electrochemical impedance 

spectroscopy (EIS). This is a commonly used in-situ method of analysing the losses in a fuel 

cell and it can be useful in determining which losses predominate. It has been used in 

experiments when considering the contact resistance of a double-sided MPL coated GDL [[47], 

[48]]. 

EIS assesses the impedance response in an electrochemical system when subjected to an AC 

signal over various frequencies. This method involves introducing a small AC and measuring 

the resulting voltage and current responses using a frequency response analyser. EIS applies 

the AC version of Ohmôs Law: 

Ὑ  
ὠ

Ὅ
ρȢςπ 

This takes into account the frequency dependency of impedance, as outlined in equation 1.21 

[49]. 

ὤ‫  
ὠ ὸ

Ὅ ὸ
 ρȢςρ 

Where ὤis the frequency-dependent impedance ɱ , ὠὸ  is the voltage ὠ  and Ὅὸ  is  ‫ 

the current ὃ. 

In PEMFC, EIS is conducted within a limited current range to address the non-linearity of the 

polarisation curve and maintain near-linear conditions. The technique is especially adept at 

independently analysing the distinct fuel cell loss processes (activation, ohmic, and 

concentration losses) each occurring at different rates. EIS allows for the separate examination 

of these losses at specific frequencies. 

EIS data can be modelled using equivalent circuits. A simplified model for a membrane 

electrode assembly features each catalyst layer as a resistor and capacitor in parallel, linked by 

another resistor symbolising the membrane. This setup helps represent the charge transfer 

resistances at the catalyst layer and the electrochemical double-layer at the electrode-electrolyte 

interface, as depicted in Figure 1-9. 
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Figure 1-9 Equivalent circuit for a fuel cell [50]. 

In EIS measurements, impedance is analysed as real (Zre) and imaginary (Zim) components, 

represented through Bode phase, Bode magnitude, and Nyquist plots. The Nyquist plot, which 

displays these components along the x-axis and y-axis respectively, typically features arc-

shaped curves that reflect the system's distinct time constants. For example, a circuit with two 

time constants will show two arcs on the Nyquist plot. Bode plots, on the other hand, plot 

frequency against phase and impedance magnitude. 

 

Figure 1-10 Typical Nyquist plot [51]. 
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In Nyquist plots specific to PEMFC EIS measurements, three regions can be distinguished: the 

high-frequency intercept on the real impedance axis indicates internal resistances or high-

frequency resistance, the first small arc reflects anode-related losses, and the second larger arc 

represents cathode-related losses. The high-frequency resistance, often simplified as membrane 

resistance, actually includes various resistive elements like charge transfer and internal 

resistances. Anode kinetics, being rapid, often results in a smaller, sometimes indiscernible arc, 

with the width of each arc correlating to the charge transfer resistances within the cell. 

Asghari et al. [52] employed EIS to evaluate PEMFC performance across varying operational 

parameters, including clamping torque, assembly pressure, temperature, and current density. 

Key findings indicate that optimal clamping torque minimises ohmic and mass transport 

resistances. Non-uniform assembly pressure increases ohmic resistance and introduces 

transport limitations, which are mitigated by uniform tightening. Higher operating 

temperatures enhanced fuel cell performance by speeding up the oxygen reduction reaction and 

improving membrane hydration. EIS effectively monitored the fuel cell's break-in process, 

showing reductions in ohmic and charge transfer resistances. Additionally, increased current 

density reduces charge transfer resistance and slightly lowers ohmic resistance due to better 

membrane hydration. 

Brunetto et al. [53] used EIS for PEM fuel cell testing and modelling, emphasising the use of 

real-time diagnostics. They developed software that enabled efficient EIS analysis suitable for 

constrained environments such as vehicles and residential systems. The study includes a 

software module that models electrical circuits and diffusion phenomena, aiding in optimising 

fuel cell operations by adjusting parameters like water content and reactant flow. EIS is also 

vital for ongoing performance monitoring, particularly for water management, ensuring stable 

operation and preventing failures through tailored impedance measurements. 

EIS has proven effective in analysing how fuel cell resistances can change due to changes in 

fuel cell layer materials, dimensions and compositions and also how it can be used to make 

overall performance changes in the fuel cell itself. 
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1.3.4 PEM Fuel Cell Components 

This next section will explore the individual components that make up a PEMFC, with a 

particular emphasis on the gas diffusion layer, as this is the principal component explored in 

this thesis. Figure 1-11 displays the different components that constitute a fuel cell and the 

sequence in which they are layered. 

 

Figure 1-11 Components of a polymer electrolyte membrane fuel cell (PEMFC) [54]. 

1.3.4.1 Bipolar plates 

Bipolar plates (BPP) are also known as flow field plates. They allow for a uniform distribution 

of reactant gases in the fuel cell. They also act as current collectors in the fuel cell. In a PEMFC 

stack, they interconnect the anode and cathode of adjacent sides as each opposing side of the 

BPP will be the anode and cathode current collector. Further to this, BPPs also give the PEMFC 

structural support. Graphite and coated metals are typical materials used for BPPs, as they 

provide good electrical conductivity and structural support. They are also able to dissipate 

waste heat away from the PEMFC stack [55]. BPPs account for 80% of the fuel cell stack 

weight and 40% of the fuel cell stack cost [45]. In addition, the materials used when fabricating 

BPP should have the following qualities [45]: 

¶ Structural integrity 

¶ Excellent electrical conductivity 

¶ Low gas permeability 

¶ Resilience against corrosion 

¶ Good machineability 

Graphite and graphite composites are typically used for BPP, this is because they satisfy most 

of the above points. However, graphite can be brittle and have poor machinability and gas 

permeability. Metals such as steel, nickel and aluminium have also been used as BPP materials 

to try and mitigate the shortcomings of graphite [56]. Metal BPP offer advantages such as 

reduced stack volume and better machinability [57]. 
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BPPs are also responsible for the uniform distribution of gases into the PEMFC. As a result, 

BPPs must house the flow field channels, which help distribute the gases uniformly. There are 

5 main flow field channel configurations (Figure 1-12): serpentine, parallel, interdigitated mesh, 

and spiral [55]. 

 

Figure 1-12 Bipolar plate (BPP) flow field configurations [44]. 
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1.3.4.2 Catalyst Layer 

The catalyst layer (CL) in the PEMFC is composed of a finely distributed layer of a platinum 

and carbon black mixture, over the surface of the Nafion membrane. It is characterised by its 

thinness and porosity. This layer is critical for ensuring both high electrical and ionic 

conductivities. Due to its strong ability for oxygen reduction, platinum is the chosen catalyst 

for PEMFCs [37] Platinum, facilitates the key electrochemical processes by offering a site for 

the reactions of the gases hydrogen and oxygen. It is applied in nanoparticle form onto 

conductive carbon black to increase the effective surface area of platinum, thereby enhancing 

its utilisation [58]. The thickness of the catalyst layer and the platinum loading per electrode in 

a PEMFC typically ranges from 0.2 to 0.4 mg/cm2 [[55], [59]]. 

This layer is pivotal for electrochemical reactions, which involve the interplay of gases, 

electrons, and protons. These reactions are possible in regions where all three components can 

access the catalyst. Electrons traverse conductive materials, including the catalyst, which must 

maintain electrical connectivity with the base material. Protons pass through the ionomer, 

which means there must be good contact between it and the catalyst. The porosity of the 

electrode is important as it allows for gases to reach the reactive sites and facilitates the removal 

of water produced in these reactions. This assists in preventing flooding in the fuel cell, which 

would potentially block the flow of reactant gases. 

 

Figure 1-13 Catalyst reaction sites [23]. 

Figure 1-13, illustrates these processes that take place at a three-phase boundary. Comprising 

of, ionomer, solid, and void phases. Practically, the reaction area is expanded beyond this 

boundary because gases can permeate through the ionomer, thus increasing the size of the 

reaction zone. 

1.3.4.3 Membrane Electrolyte   

In PEMFCs, the membrane is a thin layer of solid polymer electrolyte, between 10 ï 100 ɛm 

[60]. Its main purpose is to conduct hydrogen ions from the anode to the cathode. To do this 

membrane materials must have the following properties: high ionic conductivity, prevent 

electron transport, low fuel crossover and chemical stability. 

Nafion is widely used as a membrane in PEMFC technology and it was first developed in the 

1960s by DuPont. Most modern Nafion membranes are made from perfluorinated ionomers, 

incorporating sulphonic acid groups that are covalently bonded to the chemically resistant and 

inert base of polytetrafluoroethylene (PTFE). This design (Figure 1-14) results in a membrane 

that exhibits a dual sub-structure: a hydrophilic, ion-conducting structure, stemming from the 

sulphonic acid groups that can absorb water, and a hydrophobic, non-ion-conducting polymer 
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backbone that, while not involved in ion transport, contributes to the membrane's overall 

chemical stability and durability [60]. 

 

Figure 1-14 An example of the structure of a Nafion membrane 

Hydration of the membrane is very important as it enables the transportation of hydrogen ions. 

Water molecules generally move from the cathode to the anode through back diffusion, and 

from the anode to the cathode via electroosmotic drag. However, too much water can cause 

flooding which inhibits the performance of the PEMFC by preventing mass transport from 

taking place [42]. 

When considering membrane thickness, there is a trade-off between effective water 

management and minimising electrical resistance. Thicker membranes are better at preventing 

hydrogen crossover from the anode to the cathode, which as discussed earlier, can lead to fuel 

cell voltage drops. A thicker membrane, however, lengthens the ionic conduction path, which 

in turn, increases the membrane's ohmic resistance. Moreover, the likelihood of the membrane 

drying out is higher with increased thickness, which can further elevate resistance due to 

reduced proton transport efficiency from the anode to the cathode [61]. 

1.3.4.4 Gas Diffusion Layer 

Gas diffusion layers (GDLs) are situated between the CL and BPP. They are typically made 

from a porous carbon-based material. The GDL plays a critical role in a PEMFC. It distributes 

the reactant gases to the CLs, conducts electrons to the BPP, keeps the membrane hydrated, 

transports excess liquid water away from the membrane and provides structural support to the 

membrane electrode assembly (MEA). 
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1.3.5 Gas Diffusion Layer 

The GDL consists of two main parts (Figure 1-15): the macroporous substrate (MPS) and the 

microporous layer (MPL). 

 

Figure 1-15 Diagram of gas diffusion layer (GDL) and corresponding layers [62]. 

The GDL must carry out the following important functions in a PEMFC [29]: 

¶ Provide a pathway for reactant gases to travel effectively from the BPPs to the CL.  

¶ Allow excess liquid water formed at the CL to leave the PEMFC via the channels in the 

BPPs.  

¶ To be electrically conductive, carrying electrons from the CL to the BPP and the 

external circuit.  

¶ Conduct and expel the heat generated in the electrochemical reaction from the CL to 

the BPP.  

¶ Provide mechanical support for the MEA.  

The GDL's material and structural properties need to satisfy the requirements of the various 

functions listed above. Firstly, the GDL must be porous to allow reactant gases to flow in and 

for water to be expelled. It must also be made from a material that is electrically and thermally 

conductive to allow the flow of electrons and the dissipation of unwanted heat. Finally, it must 

be a rigid material to give support to the MEA but also flexible so that it can maintain good 

electrical contacts.  

When considering GDL properties, one of the main trade-offs is between good electrical 

conductivity and optimum mass transport processes. Gas transport requires a porous structure 

for it to be effective. On the other hand, electrical conductivity is facilitated through the solid 

structure. Thus, these properties should be optimised in a GDL to allow for efficient mass 

transport and electrical conductivity. 
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The capability of the GDL for mass, heat, and electron transport is represented by its transport 

properties: diffusion coefficient, permeability, surface wettability, thermal conductivity, and 

electrical conductivity. 

Carbon fibre has been found to be the best material to accommodate these requirements and is 

discussed further in the following section. 

1.3.5.1 Macroporous Substrate 

The MPS is the primary component of a GDL and is typically made from carbon fibres (Figure 

1-16). This is because carbon fibre fulfils the requirements of high electrical conductivity, 

structural integrity and high gas permeability. The most common configurations of carbon fibre 

used are carbon paper and carbon cloth. Carbon fibre sheets can be woven together to form a 

cloth or compressed and bound together with resin to form a paper. The individual carbon fibres 

typically have diameters between 5 ï 10 ɛm [63] and overall MPS thickness can vary between 

100 ï 500 ɛm [64]. Carbon cloth and paper can have porosities of over 70% [65]. 

 

 

 

 

 

 

 

 

 

Figure 1-16 (a) Image of carbon cloth and (b) carbon paper [64]. 
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1.3.5.2 Microporous Layer 

The MPL is usually applied as a layer on top of the MPS facing the catalyst layer [66]. The 

MPL is usually comprised of a composite mixture of carbon powder and PTFE. The MPL offers 

several benefits to the GDL, these include [67]: 

¶ Homogenous distribution of gases to the catalyst. 

¶ Increase of capillary pressure thus reducing liquid water saturation. 

¶ Improved catalyst utilisation by preventing Pt particles from migrating into the GDL. 

¶ Improved interfacial interactions between the GDL and CL, in particular decreasing 

electrical contact resistance. 

The MPL thickness can be in the range of between 10 and 100 Õm  when applied to the surface 

of the GDL [63]. It should be noted that although the MPL is initially applied as a separate 

layer, once applied there is no clear interface between the MPS and MPL. This is because the 

structure of the MPL is composed of very small particles that can be several orders of 

magnitude smaller than the pores of the MPS. This allows them to penetrate the MPS creating 

an ambiguous border between the two substances [63]. 

The application of an MPL significantly influences the morphological and transport properties 

of the GDL. This can be due to the type of carbon particle used, carbon loading and PTFE 

loading [63].  

For example, the thickness of an MPL can potentially have a negative effect on the oxygen 

diffusion and delivery of gas to the CL, by increasing the mass transport limitations and hence 

reducing the overall fuel cell performance. Therefore, an optimal design and thickness should 

be considered to achieve the best PEMFC performance based on the specific operating 

conditions [68]. 

Between low and medium load conditions, fuel cells with and without MPL have similar 

performances. However, under high current densities, the addition of an MPL shows better 

performance than an uncoated GDL. 

MPLs have also been shown to improve the diffusion of reactant gas supply and facilitate the 

removal of liquid water. A thin MPL has very small pores and low gas permeability this then 

limits the gas supply and increases the mass transport resistance. A thick MPL has a higher 

electrical resistance because of the increased amount of PTFE [68]. 

When applying an MPL to the GDL, there are always engineering trade-offs that need to be 

considered and optimised. 
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1.4 Thesis Overview 

The research in this thesis aims to improve the overall performance of PEMFCs. This will be 

investigated by focusing on the impact of modifying the conventional MPL structure. The main 

modification will be employing the novel double-sided MPL coated GDL. The double-sided 

MPL coated GDL will be modified further by investigating the use of novel materials such as 

graphene and the introduction of pore-forming agents to change the microstructure. These 

modifications aim to help reduce contact resistances in the fuel cell and increase the overall 

PEMFC performance. In-depth characterisations will be carried out, both ex-situ and in-situ 

for the modifications made. 

Chapter 2 will explore relevant literature concerning recent research developments on the 

GDL, MPL and contact resistances. It will examine the theoretical background to GDL 

characteristics and consider PEMFC contact resistances and the efforts made to reduce them. 

Particular attention will be given to MPL modifications, especially the double-sided MPL 

coated GDL. 

Chapter 3 experimentally investigates the application of a double-sided MPL coated GDL. 

This includes the experimental methodology for the fabrication and the characterisation of the 

double-sided MPL coated GDL. Two different carbon blacks for the MPL are explored: Vulcan 

black and Ketjenblack. These are compared to determine which carbon black is the optimum 

choice in the double-sided MPL coated GDL configuration. 

Chapter 4 builds on this further and investigates the use of novel materials, in this case 

graphene, in the double-sided MPL coated GDL configuration. The experimental investigations 

will determine if using a novel material can further enhance the performance of the double-

sided MPL coated GDL. 

Chapter 5 explores the use of pore-forming agents in the double-sided MPL coated GDL, 

specifically with the MPL facing the BPP. This is to examine the effects of water management 

in the double-sided MPL coated GDL and to analyse if further improvements can be made to 

this configuration by modifying the microstructure of the MPL. 

Finally, Chapter 6 summarises the findings of this research and the impact on the development 

of the MPL design. It will also suggest future work that could be undertaken on the MPL to 

further enhance the fuel cell performance. 
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Chapter 2: Theoretical and Experimental Background  
 

Characterisation of the GDL is an important process for analysing, understanding, and 

quantifying its performance within a fuel cell system. There are two main types of 

characteristics that must be considered: structural properties and transport properties. Structural 

properties concern the physical structure of the substrate, while transport properties deal with 

mass, electrical and thermal transport through the GDL. 

This chapter comprises a comprehensive literature review which will examine GDL 

characteristics, MPL materials, contact resistance and novel MPL modifications. 

2.1 Structural Properties  

2.1.1 Anisotropy 

Anisotropy refers to the characteristics of certain materials that demonstrate varied physical or 

chemical properties when measured along different directions. This phenomenon is especially 

relevant in the context of the GDL, as they are composed of numerous individual carbon fibres. 

These fibres, due to their intrinsic material properties and the way they are assembled, can be 

oriented in multiple directions within the GDL layer. Consequently, this orientation affects how 

the GDL behaves and interacts with other fuel cell components, depending on the direction in 

which it is assessed. 

For instance, the anisotropic nature of GDLs can influence the material's electrical conductivity, 

mechanical strength, and gas permeability. When electrical conductivity is measured along the 

plane of the fibres, it might show a higher value compared to measurements taken 

perpendicular to the fibres. This is because the electrical current can flow more easily along 

the aligned fibres than it can across them [69]. 

Gas permeability is another critical property affected by anisotropy. The flow of gases such as 

oxygen and hydrogen, essential for the fuel cell's operation, can be more efficient in one 

direction compared to another, based on how the fibres are oriented. This anisotropy can impact 

the overall performance of the fuel cell, influencing factors such as the uniformity of gas 

distribution and the removal of water produced in the cell's operation [69]. 

A study conducted by Ahmed et al. [70] used a comprehensive numerical analysis to explore 

the influence of varying GDL permeabilities, both isotropic and anisotropic, in PEMFCs 

featuring a single straight channel geometry. The findings reveal that cell performance is 

significantly impacted by the permeability characteristics of the GDL, with a notable effect 

observed when permeability is low in either or both in-plane and through-plane directions. It 

was discovered that changes in GDL permeability had a more pronounced effect on ohmic 

losses rather than cathode overpotential. This is attributed to the critical role of water and 

thermal management in determining ohmic losses. A key observation was that effective water 

and thermal management could be achieved in systems where at least one direction (in-plane 

or through-plane) exhibited high permeability. Conversely, systems characterised by low 

permeability in both directions suffered from inadequate water and thermal management, 

markedly impairing water removal from the GDL to the cathode channel and significantly 

hindering the heat removal process. This, in turn, led to elevated cell temperatures, particularly 

at higher operating current densities. 
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The study concludes that relying on models that assume isotropic permeability conditions could 

lead to overestimations of cell performance and misrepresentations of water and thermal 

management efficiencies in PEMFCs. The insights underscored the importance of considering 

anisotropic permeabilities in GDLs for a more accurate prediction and understanding of 

PEMFC performance. 

Moreover, it was shown by Li et al. [71] that assuming an isotropic structure for the GDL can 

lead to an over-prediction of fuel cell performance compared to an anisotropic model by 10% 

when the fuel cell operating voltage is at 0.3 V.  

Another case exploring the effects of anisotropy was carried out by Todd et al. [72], they 

experimentally investigated anisotropic electrical resistance in a fuel cell as a function of 

cyclical compression strain. It was found that the greatest changes in resistances were observed 

after the first compression. Continuity in the through-plane improved but diminished for the 

in-plane [72]. Recent studies of anisotropy have included X-ray computed tomography 

characterisation. These have provided good visualisations of the fibrous structures of the GDL. 

This, in turn, gives strong insights into the inherent anisotropic nature of the GDL [73]. 

Understanding and controlling the anisotropic properties of GDLs are crucial for optimising 

fuel cell performance. Engineers and researchers work to manipulate the orientation of carbon 

fibres within the GDL to achieve the desired balance of properties, ensuring efficient operation, 

durability, and reliability of the fuel cell. Additionally, as new GDL substrates are explored for 

use in PEMFCs, the study of anisotropy will be crucial to engineering designs. 

2.1.2 Porosity 

The porosity of the GDL allows the reactant gases from the BPP to reach the CL. Porosity also 

enables the removal of the liquid water produced. This is important as a build-up of liquid water 

can inhibit the electrochemical reaction, as reactant gases are prevented from reaching the 

catalyst, thus causing concentration polarisation losses [64]. GDLs typically have porosities 

that range between 30 ï 90% depending on the type of materials used [64]. 

Porosity (‐) of a GDL can be calculated from its areal weight (ὣ), thickness (Ὠ) and density of 
the solid phase ( ). The bulk porosity of a GDL can be expressed as follows [23]: 

‐ ρ  
ὣ

 Ὠ
 ςȢρ 

The main experimental method used to measure the porosity of a GDL is mercury intrusion 

porosimetry (MIP). In this process, a mercury pore analyser is used to measure mercury 

intrusion into the pores of the GDL [73]. In the MIP method, mercury can only penetrate the 

pore spaces upon the application of pressure. When mercury is first introduced into the sample, 

no pressure is applied, therefore, no pore volume is penetrated. Following this, a small amount 

of pressure is applied which forces mercury into the largest pores. Incremental increases of 

pressure are then applied, with each increment forcing mercury into smaller pores until the 

sample is filled. This technique was used by Malik et al. [73] when they carried out 

characterisations of pore structures in a PEMFC. 

Another well-used technique to estimate porosity is X-ray computed tomography. Wargo et al. 

[74] investigated the porosity of the GDL using this technique. The aim was to obtain an 

estimation of the MPL-coated GDL bulk porosity. It was found that the MPL had a significant 



32 

 

impact on the transport properties of the GDL. The porosity fraction of the GDL decreased 

from 0.85 to 0.5 with an addition of MPL. However, the automated segmentation method used 

wasnôt precise enough when defining a value. They then furthered this investigation by using 

a combination of MIP with X-ray computed tomography, which managed to accurately evaluate 

the pore structure of the catalyst layer [73]. 

It should be noted that porosity through a GDL is heterogeneous rather than homogenous, this 

is important to consider when modelling a GDL, as a homogenous assumption will incorrectly 

represent the characterisation of the GDL [74]. 

2.1.3 Pore Size Distribution 

As discussed concerning porosity, the GDL contains pores of various sizes. These fall into three 

main categories based on the pore size: a pore radius less than 50 nm are micropores, a pore 

radius between 50 ï 7000 nm are mesopores, and pores that have a radius larger than 7000nm 

are designated as macropores [63]. 

The assortment of these different pore sizes throughout the material is known as the pore size 

distribution. The varying range of pore sizes, coupled with their distribution and accessibility, 

plays a crucial role in defining the properties and performance of the GDL. Figure 2-1 displays 

an example of the pore size distribution for the MPS and MPS+MPL. The graph is divided into 

the three main pore size categories described above. 

 

Figure 2-1 Different pore sizes and their distribution through the GDL [63]. 
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It can be seen in Figure 2-1 that the addition of MPL onto the MPS will affect the overall pore 

size distribution of the GDL. The MPL creates more pores in the micropore and mesopore 

range. It should also be noted that different MPL carbon blacks will have different influences 

on pore size distribution [75]. 

Pore size distribution influences the way a gas molecule will diffuse through the substrate. In 

general, macropores facilitate the diffusion of gases, whereas micropores allow for the removal 

of liquid water. At standard temperature and pressure, the mean free path (distance travelled by 

the molecule) of air is approximately 70 nm [76]. When the pore diameter is larger than one 

hundred times the mean free path (7 ɛm), then bulk diffusion dominates. If the pore diameter 

is smaller than a tenth of the mean free path (0.007 ɛm), then Knudsen diffusion will dominate. 

A pore size in between these two limits will see both bulk and Knudsen diffusion taking place 

[76]. 

According to research [[77], [78]], water transport can occur simultaneously through 

micropores and macropores. The GDL mainly consists of macropores [79] as also seen in 

Figure 2-1. The addition of an MPL influences the pore size distribution by increasing the 

amount of micropores and mesopores. A detailed characterisation of pore size distribution is 

an important GDL design prerequisite [79]. 

Knowledge of the pore size distribution of the GDL is very important when considering water 

and gas transport in a porous media. Experimental methods include MIP and the method of 

standard porosimetry (MSP). MSP differs from MIP as it uses a different working fluid rather 

than mercury, the most common being octane and decane [77]. It works by measuring the 

dependence of the working fluid volume in the test sample as a function of the working fluid 

volume in the reference sample [77]. 

MIP is a widely utilised method for determining the pore size distribution materials. It leverages 

the high surface tension of mercury (Hg). The mercury is not easily absorbed into the pores at 

low pressures due to its high surface tension. As the pressure increases, mercury penetrates 

from larger to smaller pores, as described earlier. The pore size distribution is determined by 

measuring the intrusion pressure and volume, where the necessary pressure to intrude mercury 

into the pores is inversely proportional to the size of the pores. This relationship is governed 

by the Washburn equation [80], which establishes an equilibrium between the intrusion 

pressure (ὖ ) and the resisting force. The equation states that smaller pores require higher 
pressures for the mercury to penetrate due to their smaller openings as follows: 

Ὀ τ‎ÃÏÓ—ὖϳ ςȢς 

The surface tension of mercury (‎), the diameter of the pores (Ὀ), and the contact angle of 

mercury with the material (—) are crucial parameters. The Washburn equation uses these factors 
to describe how mercury penetrates the pores under varying pressures [80]. 

MIP is highly regarded for its reliability and accuracy, especially in the characterisation of 

GDLs. Additionally, the rigid structure of carbon-paper GDLs supports the assumption of 

cylindrical pores, with the presence of closed pores being rare in carbon paper. Thus, making 

MIP a suitable and effective technique for studying their pore structure [80]. 

Chun et al. [81] investigated the change in pore size distribution by using pore-forming agents 

in the MPL. Characterisations using MIP and single-cell in-situ tests were carried out. The in-
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situ fuel cell tests found that the optimum pore size distribution depends on how humidified 

the operating conditions were. GDLs which had formed more micropores, were better at 

removing liquid water in high humidity and in improved single-cell performance. A GDL which 

contained numerous macropores improved cell performance under low humidification 

conditions. It is beneficial to the mass transport processes to obtain the best ratio of pore size 

distribution within the GDL. 

An experiment by Kong et al. [77] used MIP and showed that increasing the macropores by 

using a pore-forming agent helps to reduce the mass transport limitations caused by water 

flooding since the reactant gases had more macropores to diffuse through. However, if the 

macropore volume is too large, the electric conductivity can decrease [77]. Therefore, it was 

found that the performance improvement of a GDL is attributed to the appropriate ratio of pore 

size distribution rather than increasing the overall porosity [77]. Nevertheless, the use of MIP 

to measure pore size distribution does have its limitations, the main one being the ñnecking 

effectò. This occurs when a void behind a neck is incorrectly classified as a pore. 

Gostick et al. [82] used a combination of MIP and MSP in their study to mitigate the necking 

effect. The study compared pore size distribution measurements, using this technique, with the 

manufacturers in house values, in which they found consensus. Moreover, it was highlighted 

that MSP can distinguish between hydrophilic and hydrophobic pores, whereas MIP could not. 

Therefore, MSP has greater potential for analysing the effect of hydrophobic/hydrophilic pores 

on liquid water and gaseous transport. 

Porosity and pore size distribution are two of the most important characteristics of GDL that 

affect mass transport processes. A change in the GDL porosity can affect the overall 

permeability. Whereas a change in pore size distribution can cause different mass transport 

processes of water and gas. Therefore, both porosity and pore size distribution must be 

understood comprehensively for effective GDL design. Furthermore, there is a wide range of 

carbon substrates and carbon particles that can be used in various combinations for fabricating 

the GDL and MPL. When designing a GDL, it is crucial to understand the porosity and pore 

size distribution of these materials. The choice of carbon particles and substrates significantly 

impacts the pore size distribution and overall porosity when they are combined. Therefore, 

knowing how different combinations of these materials affect the GDL's structure and 

performance is essential for optimising the fuel cell efficiency. This is an ongoing and important 

topic of study when it comes to GDL/MPL design and optimisation. 

2.1.4 Tortuosity 

Tortuosity is used to describe gas diffusion through a porous structure. It is the ratio of the 

actual mean path divided by the thickness of the porous structure in the direction of the 

diffusing gas [83]. The more tortuous the path, the longer the effective path length is through 

the porous substrate, as shown in Figure 2-2. Tortuosity (†) can be calculated using the porosity 

of the material (‐), effective gas diffusivity (Ὀ ) and gas-free space diffusivity (Ὀ) [84]. 

†  
‐Ὀ

Ὀ
 ςȢσ 
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Figure 2-2 Porous substrate with (a) low tortuosity and (b) high tortuosity [42]. 

Espinoza et al. [85] carried out simulations to assess how the structural parameters of the GDL, 

in particular the tortuosity, affect overall fuel cell performance. The study concluded that when 

the GDL was compressed, gas-phase tortuosity increased, as there was an increase in the gas-

phase transport resistance. 

An experimental investigation was carried out by Zenyuk et al. [86] to compare different GDL 

characteristics including tortuosity values. Various GDLs were tested under compression and 

it was found that the tortuosity values varied between 1.5 to 3 for the least compressed and the 

most compressed, respectively. However, overall there was little deviation between the 

different GDL samples [86]. Tortuosity was also evaluated by Didari et al. [83] where it was 

found that the tortuosity property can be affected by the anisotropic nature of a GDL. The 

through-plane tortuosity can be a factor of between 2 and 3 times larger than in-plane for a 

standard GDL [83]. 

Tortuosity in the GDL can impact the mass transport efficiency and is linked closely to the 

porosity and diffusivity. High tortuosity leads to more convoluted pathways, which can slow 

gas diffusion to the catalyst layer. A high tortuosity and low porosity can result in significantly 

restricting the gas diffusion [42]. Optimising tortuosity is key to balancing the gas diffusion 

and electrical conductivity for efficient fuel cell operation. Additionally, as new materials and 

microstructures are being explored for usage in an MPL, it is important to measure and compare 

the tortuosity to achieve the best designs. 

2.1.5 Hydrophobicity 

As discussed in Section 1.3.5, the GDL must be able to reject the excess liquid water by-product, 

produced by the electrochemical reactions. This means that it must have hydrophobic 

properties. This is important at high current densities when more liquid water is produced and 

needs to be removed to prevent concentration polarisation losses. 

Accumulation of liquid water in the fuel cell can lead to flooding. This is particularly prominent 

in the cathode due to the slow kinetics of the oxygen reduction reaction. Water is also generated 

at the cathode by electroosmotic drag. For this reason, water flooding is more likely to occur 

at the cathode. Water flooding can cause the reactant gases to be distributed in a non-uniform 

fashion at the catalyst. A non-uniform distribution can cause a decrease in individual cell 

performance as well as variations within the stack itself. 
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There are two main strategies to mitigate flooding in the fuel cell [87]. The first option is based 

on the overall system engineering of the fuel cell, including external supporting equipment. 

However, this can result in parasitic power losses. The second option is to focus on the overall 

design of the MEA. This mainly involves modifying the materials or the structural properties 

of the GDL, this is the preferred method as it avoids parasitic power losses. 

The hydrophobicity of the GDL can be measured by the contact angle. Contact angle is defined 

as the angle between the gas-liquid interface and the solid surface [42]. Contact angles depend 

greatly on the base material, surface temperature, surface impurities, and surface morphology 

[[42], [88], [89]]. As shown in Figure 2-3, if the contact angle is less than 90Á the substance is 

considered hydrophilic. A contact angle greater than 90Á and the substance is deemed 

hydrophobic [90]. 

 

Figure 2-3 Hydrophilic vs hydrophobic surface demonstrated by the water droplet contact angle [91]. 

GDLs due to their porous nature, tend to soak up water causing mass transport resistance and 

a reduction of membrane hydration. As a result, a GDL is treated with PTFE to provide it with 

hydrophobic properties [91]. A study by Mortazavi et al. [92] found that for a Toray carbon 

paper GDL, the contact angle can be increased from 130Á for untreated GDL to 153Á when 

treated with PTFE. However, the GDL cannot be too hydrophobic, as it needs to retain some 

water to keep the membrane hydrated. The hydrophobicity of the GDL must be optimised to 

remove excess water whilst keeping the membrane hydrated. 

Bevers et al. [93] examined carbon paper with different PTFE loadings. The carbon papers 

were characterised by, gas permeability, wettability, and electronic conductivity. The results 

showed that higher PTFE content reduced water saturation but simultaneously caused poor gas 

transport and higher electrical resistance.  

The treatment of a GDL with PTFE not only improves hydrophobicity but can also affect GDL 

properties such as porosity, tortuosity and conductivity. Porosity can be reduced by the PTFE 

blocking the pores and tortuosity reduction occurs in the blocking of the longer pores [94]. The 

addition of PTFE to a GDL can help with water management however there is a trade-off with 

the other properties of the GDL. 

It was found by Alhzami et al. [94] that the addition of PTFE decreased the through-plane 

thermal conductivity of the GDL, this is because PTFE is a natural insulating material with low 

thermal conductivity, approximately 0.25 W/mK. Velayutham et al. [88] further confirmed that 

increased usage of PTFE can decrease both the thermal and electrical conductivity of the GDL. 

However, these studies did not consider the anisotropic nature of the GDL. Ismail et al. [89] 

addressed this by examining the through-plane and in-plane effects of PTFE content. It was 
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found that the addition of PTFE contributed to a decrease in through-plane conductivity but 

had little effect on the in-plane conductivity of the GDL. 

Yoosefabadi et al. [80] used a microstructural GDL model to determine the characteristics of a 

PTFE-treated GDL. It was found that liquid water acted as a barrier to gas diffusion. It was 

also shown that the presence of liquid water helped to improve thermal conductivity by 

reducing thermal resistance between the GDL fibres. The simulations also showed that with 

the addition of PTFE, there is an important trade-off between improved hydrophobicity and a 

reduction in reactant gas diffusivity. 

Chen et al. [90] carried out a simulation using a 3D multiphase lattice Boltzmann model. It was 

used to evaluate the impact of PTFE content and the liquid/gas transport in the GDL. The PTFE 

content in the GDL was found to reduce the gas phase permeability and it was deduced that 

determining the optimum PTFE content in GDL must consider many different factors and 

should not rely solely on liquid water saturation levels. 

The addition of PTFE to the GDL has been shown to affect the overall properties in different 

ways, consequently, optimisation of PTFE loading on the GDL is crucial. PTFE content has 

undergone many investigations and convention shows that the ideal PTFE content for a GDL 

ranges between 10 ï 20 wt. % [[95], [96], [97]]. 

Alternative hydrophobic agents to PTFE have been explored for use in the GDL, to mitigate 

some of the negative effects that PTFE can have on the mass transport properties, and thermal 

and electrical conductivity. Perfluoropolyethers (PFPEs) present a viable substitute for PTFE 

in hydrophobic coatings due to their thermal and chemical stability, along with significant 

hydrophobic properties [98]. Additionally, their liquid state allows for straightforward 

application and enhances the gas permeability of the GDL when used as a coating [98]. 

A study by Stampino ÅÔ ÁÌȢ [99] used PFPE derivatives as hydrophobic surface treatments for 

GDLs in PEM fuel cells, comparing them to traditional PTFE coatings. The experimental setup 

involved applying these coatings to carbon cloths through wet chemical methods. The 

performance of the coated GDLs was evaluated in a lab-scale fuel cell under varying conditions, 

specifically at 60ÁC and 80ÁC with relative humidity settings of 80/100% for hydrogen/air. 

Results indicated that PFPE coatings significantly enhanced cell performance, particularly at 

the lower temperature of 60ÁC. The study also noted that a minimal PFPE concentration (1 

wt. % relative to the 10 wt. % typically used for PTFE) could markedly improve 

electrochemical performance. 

Polyvinylidene fluoride (PVDF) is also recognised as a promising alternative to PTFE, given 

its high chemical stability, thermal resistance, and hydrophobic characteristics. Bottino et al. 

[100] created MPLs made from PVDF and sulfonated PVDF (PVDFS) were developed for 

PEMFC applications using the phase inversion method. The samples were assessed through 

scanning electron microscopy (SEM) imaging, water contact angle tests, electrical resistance, 

and gas permeability evaluations. The best PEMFC performance was observed with highly 

porous and gas-permeable MPLs, particularly those made from PVDFS. For example, at a 

current density of 0.60 A/cmĮ, the voltage of a single cell using a PVDF-MPL increased from 

0.43 V to 0.60 V when coated with a PVDFS-MPL. 

Novel hydrophobic agents display promising properties which can mitigate some of the 

challenges posed by PTFE, but they are still in the early stages of development. They require 
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further research before they can replace PTFE as the standard choice for hydrophobic 

treatments in GDL fabrication. 

Mass transport processes in the GDL is a complex process due to the two-phase flow conditions, 

this makes it particularly hard when characterising water transport. As mentioned previously, 

the GDL must have multiple properties in order to fulfil the many functions required of it. 

Several of them are related to water management, including hydrophobicity, permeability, 

porosity, pore size distribution and thickness. This makes the understanding of water 

management a critical factor to consider. 

2.2 Transport Properties  

2.2.1 Gas Permeability 

Permeability is the ability of a porous material to allow fluid to move through its pores. A 

porous medium with high porosity will better facilitate the transportation of fluid as opposed 

to a medium with low permeability [42]. High permeability is an important property for a GDL 

as it allows more reactant gases to flow through to the CL and for liquid water to leave the CL. 

The low permeability of a GDL can cause an increase in pressure, thus requiring an increase in 

power input to keep the flow of reactant gases moving towards the catalyst, ultimately this 

decreases the performance of the fuel cell. GDL permeability is an important factor to 

characterise and optimise to have an efficient fuel cell. 

Permeability can be estimated using Darcyôs law. Darcyôs law states that a flow rate (ὗ) through 

a porous substance is equal to the product of the permeability (Ὧ), cross-sectional area (ὃ) and 

pressure gradient (Ўὖ) divided by the product of viscosity (‘) and thickness (ὒ) of the substance 
[42].  

ὗ  
ὯὃЎὖ
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The permeability can be measured experimentally; Figure 2-4 shows an experimental set-up 

used by Orogbemi et al. [101] The GDL sample with a sealing gasket is clamped between two 

plates in the middle of the lower fixture and air is then passed through using a mass flow 

controller [102]. 
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Figure 2-4 Permeability experimental set up to measure through-plane permeability [101]. 

Taira et al. [103] used an innovative experimental setup to measure directly the permeability 

of the GDL (E-TEK ELAT carbon cloth) as well as the cross-flow rate beneath the lands. The 

findings indicate that the effective permeability of the GDL changes with the width of the land 

and the conditions of humidification. Typical GDL permeability values were found to be in the 

range of 1Ĭ10ī12 m2 and 7Ĭ10ī13 m2 [103]. 

Ahmad et al. [63] conducted a detailed ex-situ evaluation of a broad range of GDLs, focusing 

on their physical and electrical attributes. It was found that uncoated Toray carbon paper (TGP-

H060) had a permeability value of 6.15Ĭ10-12 m2 whereas the thicker Toray TGP-H120 had a 

lower value at 3.90Ĭ10-12 m2. The results indicated that the substrate's structure significantly 

affects the permeability values. Furthermore, the surface roughness, as well as the permeability 

and porosity of the GDL, are influenced by the addition of an MPL. An MPL decreases both 

the porosity and permeability Also the application of PTFE to the substrate increases the GDL's 

hydrophobicity and permeability but reduces its porosity and resistivity.  

It was further studied that the addition of PTFE and MPL to the GDL can affect the permeability. 

Ismail et al. [102] found that increased amounts of PTFE in the MPL will increase the overall 

through-plane permeability of the GDL [102]. It was also found that the through-plane 
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permeability of the MPLs in the coated GDLs was 2 ï 3 orders of magnitude lower than 

uncoated GDL [102]. 

Anisotropy can also affect the overall permeability of a GDL. Gostick et al. [65] investigated 

through plane and in-plane permeability. It was found that most substrates showed a higher in-

plane permeability than through-plane permeability [65]. Substrates with the most highly 

aligned fibres showed the highest anisotropy leading to the permeability differing by as much 

as a factor of 2 [65]. 

Hossain et al. [104] further investigated the anisotropic nature of permeability through two-

phase modelling. They found that for improved PEMFC performance, the permeability of the 

GDL is required to be high in both through-plane and in-plane. High in-plane and low through-

plane permeability also gave good PEMFC performance. While high through-plane and low 

in-plane permeability gave a poorer PEMFC performance [104]. Opposingly, Holzer et al. 

[105] determined that the through-plane permeability was more critical to PEMFC performance, 

especially concerning liquid water permeability. This is a point of debate between researchers 

and was further studied by Rama et al. [106]. They conducted a numerical study to show gas 

transport in 3D structures. They compared the numerical study with measured data, which 

showed good agreement. They further pointed out that the through-plane tortuosity of the GDL 

would increase as the porosity decreased when under compression. 

Furthermore, the addition of an MPL to the GDL can influence the permeability properties. 

Nanadegani et al. [107] found that the permeability and porosity of an MPL are influential to 

the operation of a GDL. Increasing MPL porosity would allow for better transfer of oxygen 

through the GDL. Also, decreasing the permeability would help reduce the liquid saturation. 

However, a reduction in permeability increased the overall PEMFC ohmic resistance, thus 

slightly decreasing overall performance [107]. Orogbemi et al. [101] also examined the effects 

on permeability with the addition of an MPL. It was found that the permeability of the GDL 

decreased by one order of magnitude after the addition of an MPL. Moreover, the permeability 

of an MPL was deduced to be between 2 ï 3 orders of magnitude lower than the GDL substrate 

[101]. 

The gas permeability of GDLs has been studied extensively, as there is a critical relationship 

between the permeability characteristics of the GDL and the materials and structures that it is 

made from. This highlights the necessity of optimising GDL configurations for better fuel cell 

performance. 
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2.2.2 Effective Diffusivity 

Oxygen transport is an important factor when considering PEMFCs and GDL functions. It is 

particularly important at high current densities. As oxygen is consumed at the catalyst, its 

concentration diminishes, ultimately leading to the current limiting density [23]. The reaction's 

kinetics and the oxygen concentration at the catalyst largely influence the slow oxygen 

reduction reaction, a significant performance bottleneck in PEMFCs. In the GDL, when the gas 

permeability is low, diffusion becomes the principal mechanism for oxygen transport. The 

resistance of the porous media to the diffusive flow of oxygen is characterised by the effective 

diffusivity, an essential material constant. The effective diffusivity (Ὀ ) in a porous medium 

(‐) takes into account the solid-phase obstacles, diffusivity in gas (Ὀ), and tortuosity (†). These 
solid obstacles not only reduce the effective area for flux but also extend the length of diffusion 

pathways, which can be expressed as [42]: 

Ὀ Ὀ
‐

†
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Ismail et al. [108] investigated the effective diffusivity of the porous layers in the PEMFC, in 

particular the GDLs. The main finding was that the commonly used Bruggeman relation 

significantly overestimates the effective diffusivity of the GDL, especially in the through-plane 

direction. To evaluate how this overestimation of the GDL effective diffusivity impacts the 

performance of the PEMFC, a two-dimensional model for a cathode was built. The polarisation 

curve for the model simulated with the Bruggeman relation was compared with an empirically-

based equation for the effective diffusivity of Toray carbon papers. The results obtained have 

shown that the use of the Bruggeman relation significantly overestimates the performance of 

the fuel cell, up to a factor of 2 [108]. The capture of the anisotropic effective diffusivity of the 

GDL improves the performance of the modelled fuel cell. 

Gao et al. [109] used simulations to examine the impact of GDL microstructure on its transport 

properties, focusing on how porosity and thickness influence the effective diffusivity. The 

simulations, varied GDL thickness from 88 ɛm to 352 ɛm. It demonstrated that an increase in 

thickness leads to a decrease in average velocity, with a more pronounced effect in the through-

plane direction than in the in-plane direction. Additionally, flux values showed significant 

variation with increasing porosity, particularly at higher porosity levels. At higher porosities, 

flux reduction is linked to the water hindrance effect, with lower-porosity GDLs showing 

greater velocity disparities between inlet and outlet sections compared to higher-porosity GDLs, 

where the velocities tend to equalise when the porosity exceeds 0.8. 

Mangal et al. [110] used an experimental setup called a diffusion bridge, to assess convective-

diffusive in GDLs. Particularly focusing on measuring molecular diffusivity in the through-

plane direction. The study evaluates the impact of varying PTFE concentrations (0, 10, 20, and 

40%) on the transport properties of Toray 090 samples. Molecular diffusivity is measured by 

introducing a mix of nitrogen and oxygen into the system, followed by monitoring the pressures 

and oxygen concentration using an oxygen sensor. The findings indicated that diffusivity values 

decreased from 0.248 to 0.086 with increasing PTFE content. 

The extensive literature on gas diffusivity in GDLs includes numerous experimental and 

numerical studies that have enhanced our understanding of this topic. Effective diffusivity is a 

crucial material constant, characterising the resistance of the porous media to diffusive oxygen 

flow. 
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2.2.3 Thermal Conductivity 

Temperature gradient is an important parameter in a fuel cell, it simultaneously affects water 

and heat transport, which in turn affects the durability of a fuel cell. Therefore, efficient heat 

management is an important factor for fuel cells, this can be carried out by excess heat removal 

from the fuel cell [111]. The GDL has an important part to play in thermal conductivity as most 

of the heat generated is in the MEA, the GDL can thermally conduct this heat away from the 

MEA and out of the fuel cell. Thermal conductivity can be expressed as follows [42]: 

ὗ  ὑὃ
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It shows that the heat transferred is proportional to the change in temperature (ὨὝ), thermal 

conductivity (ὑ) and the cross-sectional area (ὃ). Thermal conductivity is dependent on the 
structural properties of the GDL and thermal conductivity will decrease if the porosity of the 

GDL increases. Thermal conductivity is also influenced by the anisotropic nature of the GDL, 

the orientation of the woven carbon fibres can result in a higher in-plane conductivity rather 

than through-plane [42]. 

Thermal conductivity has been estimated both theoretically and experimentally. Theoretical 

values range between 0.15 W/mK ï 65 W/mK [[112], [113], [114], [115]]. Ramousse et al. 

[116] experimentally investigated the thermal conductivity of four carbon paper samples, 

comparing PTFE contents and the manufacturing process. They found a maximum thermal 

conductivity between 0.20 ï 0.36 W/mK and a minimum between 0.3 ï 1.36 W/mK. 

Khandelwal et al. [117] measured the through-plane thermal conductivity from two different 

GDL manufacturers, with differing PTFE contents. The effective thermal conductivity of Toray 

carbon paper was found to decrease from 1.8 to 1.24 W/mK when there was an increase in 

temperature from 26 ÁC to 73 ÁC. It was also found that the addition of PTFE reduced the 

thermal conductivity [117]. 

Karimi et al. [118] experimentally measured the in-plane thermal conductivity for carbon paper. 

It was found that the in-plane thermal conductivity would vary depending on the manufacturing 

process, and the treatment and orientation of the paper. Results ranged from 3.54 W/mK ï  15.1 

W/mK [118]. 

The addition of MPL can also affect the thermal conductivity of a GDL. Sadeghifar et al. [119] 

created a model that determined that the addition of an MPL would reduce overall thermal 

conductivity and increase thermal contact resistance compared to an uncoated GDL [119]. 

Unsworth et al. [120] also investigated the thermal conductivity with the addition of an MPL. 

They concluded that a GDL with MPL coating had lower bulk thermal conductivity at high 

compressions. However, at low compression, the difference was negligible [120]. Despite the 

lower bulk thermal conductivity with the addition of an MPL, thermal management of the GDL 

can still be improved due to the improved surface contact of the MPL. This in turn lowers the 

thermal contact resistance and can assist in the dissipation of heat [120]. 

The thermal conductivity of a GDL is influenced by its morphological properties, such as 

porosity, tortuosity, and wettability. Effective thermal management is crucial for fuel cell 

performance, as poor heat management can reduce the fuel cell's lifespan [42]. Waste heat 

production and proper thermal management are critical challenges in PEMFC technology. In 
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PEMFCs without active cooling, the GDL conducts heat away from the MEA, making good 

thermal conductivity an essential property for the GDL. 

2.2.4 Electrical Conductivity 

The GDL is made from electrically conductive carbon fibres. These fibres allow electrons to 

travel from the CL and out to the external circuit. The electrical conductivity of the GDL is 

dependent on the material used, porosity and anisotropy. The GDL has carbon fibres aligned in 

specific directions, this gives rise to an anisotropic structure which affects the electrical 

conductivity in the in-plane and through-plane directions. Therefore, the electrical conductivity 

of the GDL thus exhibits noticeable differences in the different planes, such that the 

conductivity obtained from in-plane can differ by a factor of around two compared with 

through-plane [121]. 

A method was developed by Van der Pauw (VDP) to measure in-plane electrical conductivity 

for isotropic materials. The method assumes that samples are semi-infinite and thin, the 

equation is expressed as follows [89]: 

” Ὣ
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This describes the electrical resistivity (” ) that can be calculated by dividing the potential 
difference (Ўὠ) by the applied current (Ὅ) and multiplying by a geometrical factor (Ὣ). 

To experimentally measure the in-plane electrical conductivity of a sample, the four-point 

probe method is used. Figure 2-5 shows what the setup with the probes would look like. 

 

Figure 2-5 In-plane electrical conductivity experimental set-up [89]. 

As can be seen in Figure 2-5, two adjacent probes supply a constant current, while the other 

two probes measure electrical potential. The probes are placed equidistant and in a straight line, 

they are also required to be placed at the periphery of the sample and the probe contact areas 
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must be minimised. The VDP method is versatile and allows for samples of a range of different 

sizes and shapes to be examined [89]. 

The through-plane electrical conductivity of a GDL can also be measured using the 4-probe 

method, but the set-up is slightly different as shown in Figure 2-6.  

 

Figure 2-6 Through plane electrical conductivity experimental set-up [89]. 

A GDL sample is placed between two stainless steel discs and subsequently, two copper 

electrodes and two probes are placed on each side of the electrodes. A bolt can be used to 

increase the pressure of the sandwiched GDL to take measurements of electrical conductivity 

as a function of pressure [89]. 

The electrical resistance can be directly read from an Ohmmeter. Subsequently, the electrical 

resistivity of the GDL can be calculated [89]: 

” ὅὸὙ ςȢψ 

Where the resistivity (”), is the correction factor (ὅ) multiplied by the thickness (ὸ) and the 

measured electrical resistance (Ὑ). The correction factor is dependent on the ratio of the length 
of the GDL to its width and the width of the GDL to the spacing between probes. Following 

this, the electrical conductivity of the GDL can be found by the reciprocal of the resistivity [89]. 
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Morris et al. [69] used VDP to measure the in-plane electrical conductivities for different types 

of GDLs. They found pronounced anisotropy in the in-plane electrical conductivity for all GDL 
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samples [69]. Yoosefabadi et al. [80] also looked at the effects of anisotropy. They created a 

model to simulate the effective electrical conductivity of the GDL. It was found that the 

through-plane electrical conductivity was estimated at 600 S/m. Whereas the in-plane 

conductivity was 4 times higher due to the anisotropic nature of the GDL fibre structure [80]. 

Nitta et al. [122] measured the in-plane and through-plane electrical conductivity of a carbon 

paper (SGL Sigracet 10-BA) as a function of different compression pressures. They found that 

the electrical conductivity increases with increasing pressure and is thus, linearly dependent on 

the compressive force [122]. Ismail et al. [89] similarly measured the electrical conductivity of 

SGL carbon paper but considered the effect of PTFE content. It was found that PTFE decreased 

the through-plane conductivity but had no effect on the in-plane conductivity. This is expected 

as PTFE is naturally an insulating material and the decrease in the through-plane electrical 

conductivity is due to the electrical resistance that the PTFE creates between the carbon fibres 

[89]. 

Aydin et al. [123] addressed challenges associated with the accuracy of GDL electrical 

conductivity measurements. They used three variations of the VDP four-point probe method to 

measure the through-plane resistivity for different GDL samples. The three different methods 

used the same fundamental four-point probe technique with a modification in voltage sense 

probes, these probes were: gold-coated electrodes, contact pins, and micro-wire probes [123]. 

It was found that the accuracy of the results is highly dependent on the measurement method 

and probes used. The gold-coated probes helped reduce the electrical contact resistance 

between the probes and the samples but did not completely eliminate it [123]. The contact pins 

were found to be more suitable for measuring the in-plane conductivity [123]. The micro-wires 

were found to be best used in situations where samples had a lower in-plane resistance [123]. 

All things considered, the results indicated an inherent electrical contact resistance between the 

electrode probes and the GDL existed and could affect measurements. The optimum way to 

measure the GDL electrical conductivity should be taken on the surface of the sample using 

the micro-wires [123]. 

The addition of an MPL to the GDL has been shown to reduce the interfacial electrical contact 

resistance between the GDL and neighbouring components, thus improving overall through-

plane conductivity. This was shown by Ismail et al. [124] where an addition of MPL between 

the GDL and the BPP improved the electrical conductivity of the overall setup. This was due 

to the fact that the MPL could establish good contact between the GDL and BPP. Ye et al. [125] 

carried out studies into MPL addition and reached a similar conclusion. The addition of an MPL 

to the GDL does not alter the bulk resistivity of the GDL. However, it did reduce the contact 

resistivity. The contact resistance and the effect it has on electrical conductivity will be 

discussed in further detail in Section 2.4. 

The electrical conductivity of a GDL has been extensively studied, as it is a key design 

parameter for PEMFC operation. The GDL consists of densely packed carbon fibres that 

facilitate electron transport for the current collection. The capacity of the GDL to transport 

electrons is determined by its carbon fibre structure, which can be assessed through in-plane, 

through-plane, and contact resistance tests. Electron transport depends on the GDL's electrical 

conductivity, thickness, porosity, and heterogeneous anisotropic structure. 
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2.3 Microporous Layer 

The MPL is composed of carbon black particles and PTFE. It is a thin layer applied to the 

surface of the GDL facing the CL and aids the overall functioning of the GDL. Ideally, an MPL 

should improve PEMFC performance in several ways [126]: 

¶ By facilitating oxygen distribution to the cathode CL. 

¶ Reducing liquid water saturation between the CL and the BPP through increased 

capillary pressure due to its hydrophobic nature and  small pore sizes (1 ï 10 ɛm) that 

are smaller than those in the gas diffusion layer (GDL, 10 ï 100 ɛm) but larger than 

those in the CCL (0.001 ï 5 ɛm) [126]. 

¶ Reducing electrical resistance at the interface between the CL and GDL. 

¶ Improving the mechanical fit between the GDL and CL. 

¶ Providing structural support to the fragile catalyst layer. 

¶ Maximising catalyst usage by preventing the migration of precious metal catalysts into 

the GDL. 

The MPL can be optimised in different ways to enhance the overall fuel cell performance. This 

includes modifying the MPL materials and microstructure. 

2.3.1 Conventional MPL Materials 

Carbon black is a commonly used material for components in PEMFC fabrication. It is used 

for both the catalyst support and to fabricate the MPL. Carbon black is produced through the 

pyrolysis of hydrocarbons such as natural gas or petroleum fractions. These materials typically 

have very low ash content, often under 1 wt. % [127]. The primary production techniques 

include the oil-furnace and acetylene processes, with the furnace black process being the most 

prevalent. In this method, the raw material is introduced into a furnace and combusted at 

approximately 1400ÁC with a restricted air supply [127]. Carbon black is known for its 

advantageous physical properties, such as high electrical conductivity, porosity, large surface 

area, low cost, and relative abundance [127]. Due to these characteristics, it is typically used 

as the primary material in the MPL. The MPL, which is positioned between the carbon substrate 

and the electrocatalyst layer, facilitates optimal contact with the electrocatalyst, enhancing the 

GDL function [127]. Typically, to form the MPL, carbon black particles are mixed with a 

polymeric hydrophobic binding agent, usually PTFE. The hydrophobic nature of the MPL 

creates high capillary pressure, which helps maintain membrane hydration and prevents water 

flooding in fuel cells. This configuration has been demonstrated to substantially enhance both 

the performance and durability of fuel cells [128]. Table 2-1 gives a summary of prevalent 

carbon blacks used as the MPL material for PEMFCs. 

  

Table 2-1 Physical properties of different carbon blacks [129]. 

Carbon Black Type Particle Size (nm) Specific Surface Area (m2/g) 

Vulcan Black XC-72 30 254 

Ketjenblack 34 1311 

Acetylene Black 43 62 

Black Pearls 15 1475 
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Vulcan black is a popular choice of carbon black in electrochemical applications due to its 

balanced properties, offering a high surface area of approximately along with good electrical 

conductivity [127]. 

There have been investigations into the properties of the carbon black particles and how they 

affect the performance and fabrication of the MPL. Wang et al. [129] carried out an 

investigation exploring the impact of various carbon blacks used in MPL fabrication. They 

examined the physical properties of the carbon black and the corresponding electrochemical 

performance in fuel cells. It was found that the key factor contributing to good MPL 

performance was an optimal pore size distribution, which favoured a good distribution of 

mesopores and macropores. These characteristics facilitated efficient gas and water transport. 

Similarly, Passalacqua et al. [130] explored various carbon blacks, including Vulcan XC-72, 

Acetylene Black and graphite for use in MPLs. The electrochemical tests showed that the 

behaviour of cells with these MPLs confirmed that the type and specifications of the carbon 

powder impacted performance. High pore volume and small average pore size, notably 

improved the cell performance 

Chen et al. [131] demonstrated the importance of a consistent MPL distribution to ensure good 

PEMFC performance, but also the challenge associated with the formation of MPL cracks. The 

study found that regardless of the carbon black particle, the formulation of MPL ink will have 

some cracks and this can affect homogeneity, as well as the PTFE distribution. Additionally, 

the interaction between the carbon black and PTFE enhances PTFE distribution homogeneity. 

The study concludes that adjusting the ink polydispersity index can lead to a more 

homogeneous MPL structure, which is crucial for high-performance fuel cells. 

Jordan et al. [[132], [133]] conducted studies for MPLs with different carbon powders (Vulcan 

XC-72 and Acetylene Black) with a 10 wt. % PTFE loading. The MPL which contained 

Acetylene Black led to higher power density than that with Vulcan XC-72 due to the less porous 

structure in the MPL. Furthermore, when the MPL was heat-treated at 350 ÁC for 30 minutes, 

an enhancement in performance was observed. It was evaluated that uniform distribution of the 

PTFE throughout the MPL by sintering made the MPL more hydrophobic, resulting in better 

water management. This highlighted the significant impact of MPL composition and treatment 

on overall fuel cell performance. 

Various techniques can be used to apply the MPL to the carbon substrate, including brush 

coating, spray coating, the doctor blade technique, rod coating, and screen printing [134]. The 

method used to apply the MPL to the carbon substrate depends on the viscosity of the MPL ink. 

Thicker, more viscous inks are typically applied using the doctor blade coating technique, brush 

or screen printing. Thinner and less viscous inks are suitable for spray coating. After the 

application of the MPL to the GDL substrate. The MPL coated GDL then undergoes heat 

treatment and is sintered at approximately 350 ÁC to melt and evenly distribute the PTFE. The 

PTFE assists in binding the carbon black particles in the MPL and laminates the MPL onto the 

carbon substrate. 
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2.3.2 Novel Materials 

Currently, studies of MPLs are typically limited to conventional carbon black materials, there 

has been little consideration for novel materials. Novel materials usage in MPL fabrication are 

becoming more widespread as they are shown to increase the capabilities of the MPL. In 

particular, carbon nanotubes and graphene show great promise. 

2.3.2.1 Carbon Nanotubes 

A carbon nanotube (CNT) is a cylindrical tube at the nanoscale made from a single atomic layer 

of carbon atoms. CNTs have several unique characteristics: high electrical conductivity, high 

thermal conductivity, chemical stability, excellent mechanical strength, and a high surface area 

[135]. These characteristics have caused CNTs to be an interesting area of research when 

choosing candidates for novel fuel cell materials. 

Gao et al. [136] developed carbon paper made from CNTs, polyacrylonitrile-based carbon fibre 

and PTFE. Compared with a standard carbon paper of Toray (TGP-H-060), it showed a higher 

electronic conductivity than and larger pore volume with pore diameters between 0.03 ɛm ï 3 

ɛm. The GDL were tested in a DMFC and EIS showed that the GDL with CNTs had better 

electrical conductivity and mass transfer ability than the Toray GDL. As a result, the limiting 

current density increased by 40% and peak power density increased by 27%. 

Kannan et al. [137] used chemical vapour deposition to grow multi-walled CNTs (MWCNTs) 

as an MPL on the GDL. The GDLs with in-situ growth of MWCNTs as the MPL had a natural 

hydrophobicity so no PTFE was added. It showed stable fuel cell performance in 70% ï 100% 

relative humidity. It also exhibited mechanical robustness at elevated temperatures and lower 

relative humidity conditions. SEM was used to examine the surface and it displayed excellent 

surface morphology and homogeneity with no cracks. 

Similarly, Tang et al. [138] fabricated an in-situ grown CNT layer and applied it to a 

commercial Toray carbon paper (TGP-H-090). SEM and BrunauerïEmmettïTeller (BET) 

analysis showed that the CNT layers exhibited extremely high porosity and surface area. This 

can allow for enhanced catalyst utilisation and electrical conductivity compared with standard 

carbon blacks. 

Du et al. [139] prepared a CNT-based MPL without any hydrophobic agent. They used the 

CNT-based MPL to serve as a support for a thin CL and deposited Pt particles using physical 

vapour deposition. This enabled higher catalyst utilisation and enhanced electrical conductivity. 

The MPL made from CNT showed intrinsic hydrophobicity and high electrical conductivity 

with a continuous interface layer resulting in excellent performance. Maximum power densities 

of 902 mW/cm2 were achieved for the fuel cell operating at 70 ÁC with a H2/O2 inlet. 

Schweiss et al. [140] modified an MPL by the addition of MWCNTs to conventional carbon 

black, this was then coated onto a GDL surface.  With the addition of MWCNTs, it was found 

that the electronic resistance of the GDL was significantly reduced. Also, a larger mean pore 

diameter was observed. Overall the fuel cell performance improved considerably with the 

addition of MWCNTs. This was attributed to the synergetic effect of increased electronic 

conductivity and improved mass transport. 
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2.3.2.2 Graphene 

Similar to CNTs, graphene has excellent properties such as high electrical and thermal 

conductivity, high surface area, chemical stability and mechanical strength [141]. 

Leeuwner et al. [142] identified the contact resistance between the MPL and CL as an area of 

poor electrical conductivity. They carried out a comparative study of different MPLs created 

from conventional carbon black, graphene foam and graphene sheets. The graphene foam 

showed beneficial interfacial properties that contributed to enhanced electrical conductivity. 

This can be attributed to the grapheneôs ability for excellent interfacial adhesion combined with 

high electrical conductivity. This created an optimal combination, which enhanced overall 

performance. 

Similarly, Ozden et al. [143] investigated water management and overall performance 

enhancement for a graphene-based MPL. The graphene-based MPL was characterised by 

examining morphological, structural, physical and electrochemical properties. It was also 

compared to a conventional MPL made from Ketjenblack. It was found that the graphene had 

higher in-plane electrical conductivity and better water-retaining abilities compared with 

Ketjenblack. In high humidity conditions, the graphene-based MPL showed comparable 

performance to the conventional Ketjenblack MPL. Under low to medium humidity conditions, 

graphene showed a peak power density improvement of 55%. Overall, it was found that the 

graphene MPL has significant potential to meet performance demand under a wide range of 

operating conditions. Ozden et al. [143] further examined, through characterisation and 

performance, a graphene MPL compared to a conventional MPL made from Vulcan black. The 

results showed that the graphene MPL had a unique morphology composed of horizontally 

packed graphene flakes that improved in-plane electrical conductivity by 2 times. The graphene 

MPL also performed better in fully and partially humidified conditions, with peak power 

densities of 43% higher than those obtained for Vulcan black MPL. This was due to the 

graphene having less ohmic resistance, particularly under partially humidified conditions. 

Based on the aforementioned, it is clear that there is growing interest in the role that novel 

materials will play in the enhancement of the GDL. Particularly, because they can improve the 

surface contact and have intrinsic higher electrical conductivity. Despite this, they are still in 

the early stages of development and require further research to determine if they are suited for 

use as an MPL material. Furthermore, since they are relatively new materials, manufacturing 

costs are still high, which makes them commercially uncompetitive with conventional carbon 

black particles. 
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2.3.3 Novel Water Management Designs 

Hydrophobic additives such as PTFE are conventionally used in the GDL/MPLs to enhance 

the water drainage rate and decrease the water condensation within the PEMFC [60]. The liquid 

water that accumulates can easily be expelled due to the low adhesion of the water on the 

hydrophobically treated surfaces. However, it must be considered that PTFE coating can affect 

other properties of the GDL by changing pore size distribution, bulk and contact resistance. 

This is due to the electrical insulating nature of the PTFE [[89], [144]]. Some researchers have 

carried out studies to examine novel water management GDL designs to further improve fuel 

cell performance. 

2.3.3.1 Hydrophilic Treatment 

Hydrophilic treatment of the GDL can aid PEMFC operation under low relative humidity and 

high current density conditions. However, it could be less beneficial for gas transport at high 

current densities. Therefore the optimisation of hydrophilic treatment should be balanced so 

that the PEMFC can operate efficiently in a wide range of current densities [60]. 

The mass transfer ability of MPL can potentially be further improved with hydrophilic 

treatment. The incorporation of hydrophilic agents into the MPL has been investigated 

[[140] ,[145], [146], [147], [148], [149]]. In these studies, the conventional PTFE-coated MPL 

had hydrophilic sites incorporated into it. These hydrophilic areas functioned by absorbing 

water whilst simultaneously leaving pores available for gas transport. 

Schweiss et al. [140] fabricated hydrophilic wicking areas within the MPL. This helped to 

improve the water permeability of the MPL which in turn reduced the flooding of the catalyst 

layer [140]. Schweiss et al. [147] also further examined the effect of doping the MPL with 

hydrophilic agents. This was done using aluminosilicate fibres. The introduction of these fibres 

as a hydrophilic area helped to enhance water removal through the MPL. This was because the 

liquid water had a stable pathway to escape through and the hydrophobic pores remained open 

for gas transport. At low humidity conditions, the MPL with hydrophilic areas performed better 

at high current densities. This was because the hydrophilic areas helped keep the membrane 

hydrated. 

Spernjak et al. [145] also used hydrophilic agents (aluminosilicate fibres) incorporated into the 

MPL. This helped to improve the performance of the PEMFC at high current densities by 

overcoming the high capillary pressures of the MPL [145]. However, if the aluminosilicate 

fibres detach from the MPL and migrate to the catalyst layer they can cause catalyst poisoning. 

Ahn et al. [149] compared PTFE and Nafion used as binders in MPL. The binder is an important 

component in MPL fabrication and can influence the performance of the GDL. Nafion has a 

hydrophilic nature due to the sulfonate functional groups. It was found that there was a 

reduction in ohmic losses in the MPLs treated with Nafion as compared to those treated with 

PTFE. Furthermore, they found that at high humidity conditions, the Nafion facilitated liquid 

water removal from the CL and allowed reactant gasses to reach the CL. The hydrophilic 

Nafion was also able to retain water in low humidity conditions. This allowed the membrane 

to keep hydrated and improve overall PEMFC performance. However, using Nafion as a binder 

in the MPL proved problematic during the sintering stage of fabrication, which takes place at 

350ÁC. This was because the Nafion started to degrade at temperatures above 280ÁC. Therefore, 

a uniform distribution cannot be achieved by using Nafion. 
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Similarly, Simon et al. [150] investigated MPLs which consisted of PTFE and hydrophilic 

perfluorosulfonic acid (PFSA). It was found that all the samples performed similarly at higher 

temperatures. However, when replacing PTFE with a PFSA binder there was increased oxygen 

transport resistance. This could be due to the hydrophilic PFSA accumulating too much water 

in the MPL which inhibited the flow of oxygen. 

Hou et al. [146] investigated the influence of an ultrathin hydrophilic titanium dioxide layer in 

the MPL and the performance of the PEMFC at low humidity conditions. It was found that the 

hydrophilic doped MPL was better at self-humidification at lower relative humidity than the 

conventional MPL. The hydrophilic doped MPL was able to keep the membrane suitably 

hydrated at low humidity conditions and improve the overall PEMFC performance. 

Hydrophilic treatment of the GDL has been shown in some cases to improve the overall 

PEMFC performance, particularly in low relative humidity and high current density scenarios. 

However, at high current density, the hydrophilic nature could trap water and inhibit the mass 

transport of reactant gases. Therefore, an optimum balance must be found between the 

hydrophilic and hydrophobic treatment for the PEMFC to perform well in a range of different 

conditions. There is significant research potential in exploring the interaction between 

hydrophobic and hydrophilic properties of GDLs, especially through engineering designs of 

materials for the GDL/MPL. This topic remains largely unexplored and warrants further 

investigation. 

2.3.3.2 Graded Wettability 

As discussed, several research findings showed that the incorporation of a hydrophilic layer in 

an MPL can improve the performance of the PEMFC at both relatively low and high humidity 

conditions [[151], [152], [153], [154], [155], [156]]. This hydrophilic MPL layer is helpful in 

the removal of water at high humidity and hydration of the MEA at low humidity conditions. 

In order to optimise the balance of hydrophobicity and hydrophilicity, some researchers have 

investigated graded wettability [[151], [156], [157], [158]]. 

It was shown that graded wettability in layers of hydrophobic and hydrophilic were effective 

at water management at different humidity conditions within the PEMFC. In particular, a 

hydrophilic layer between the catalyst and a hydrophobic layer acted as an internal humidifier. 

This helped to keep the membrane hydrated at low humidity conditions. When the fuel cell 

operates at high humidity conditions, the water is expelled by the hydrophobic layer. 

Kitahara et al. [151] fabricated a double-layered MPL consisting of a hydrophilic and 

hydrophobic layer (Figure 2-7). The double-layer MPL was made to improve the PEMFC's 

performance at low humidification conditions. 
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Figure 2-7 The structure of single-layered MPLs and a double-layered MPL with hydrophobic and hydrophilic 

treatment [151]. 

The GDL used at the anode was a commercial carbon paper without the MPL (SGL 

SIGRACETÈ 24BA) with 5% PTFE loading. The 24BA GDL had a thickness of 190 ɛm, areal 

weight of 54 gm2, porosity of 84% and maximum pore diameter of 110 ɛm [151]. 

The hydrophobic MPL consisted of 20% PTFE and 80% carbon black. The hydrophilic MPL 

consisted of 5% PVA and 95% carbon black. Polyvinyl alcohol (PVA) was used instead of 

PTFE as the MPL binder. This enables hydrophilicity to be imparted without a reduction in the 

binder force between the MPL and the substrate [151]. 

For the hydrophilic and hydrophobic double-layer MPL, the hydrophilic layer was coated on 

the hydrophobic MPL. The PVA content in the hydrophilic layer was varied between 2 ï 10%. 

The PTFE content in the hydrophobic intermediate layer was varied between 10 ï 40% [151]. 

Contact angle measurements were carried out. It was found that when the PTFE content in the 

hydrophobic MPL increases from 10 ï 40%, the contact angle increased from 123Á to 142Á. 

When the PVA content in the hydrophilic MPL increases from 2 ï 10%, the contact angle is 

reduced from 56Á to 42Á [151]. 

It was found that the hydrophobic layer avoids excessive discharge of water, and the 

hydrophilic layer maintains the humidity of the membrane. One thing that must be considered 

is that the mass transfer resistance increases with thickness. The optimum thickness of the 

hydrophilic layer for this MPL was determined to be 5 ɛm. Although the ability of the 

hydrophilic single MPL coated GDL to conserve the humidity at the catalyst layer is enhanced, 

it is relatively easy for the water in the hydrophilic layer to be expelled to dry air in the GDL 

substrate. The hydrophilic layer is effective for conserving humidity at the catalyst layer, while 

the dense hydrophobic intermediate layer between the hydrophilic layer and the substrate 

prevents the removal of water in the hydrophilic layer via dry air in the substrate. This results 

in a significant enhancement of PEFC performance [151]. 

In a similar study, Chun et al. [156] investigated a bilayer-graded wettability MPL. They 

examined the PEMFC performance at high and low relative humidity conditions (wet condition 

RH = 100%, dry condition RH = 50%). A hydrophilic layer was placed between the 

hydrophobic layer and the CL. The hydrophilic layer was then placed between the GDL and 

the hydrophobic MPL layer (Figure 2-8). It was found that there was better performance in 

both wet and dry conditions when the hydrophilic layer was placed between the GDL and the 
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hydrophobic MPL. It was concluded that the top layer of hydrophobic MPL was beneficial in 

removing excess water during high humidity. 

 

Figure 2-8 Single and double MPLs with hydrophobic and hydrophilic layers [156]. 

Hirakata et al. [[154], [155]] compared GDLs from SGL Group at low and high humidity 

conditions with a cold start-up. One GDL had a hydrophilic layer between the substrate and the 

MPL. The other GDL had a single conventional hydrophobic MPL. Similar to Chun et al. [156], 

it was found that a hydrophilic layer was effective at improving overall PEMFC performance 

at low and high humidity conditions. A cold start-up was also investigated at 10ÁC. It was found 

that there was a significant improvement with the use of a hydrophilic layer as it helped to 

remove liquid water from the CL which forms at low temperatures. 

Weng et al. [157] fabricated a triple-layer MPL, each with different loadings of PTFE. The 

layer directly on the GDL was at 30 wt. % PTFE followed by 25 wt. % and 20 wt. % facing 

the catalyst layer. It was concluded that an MPL with a hydrophobicity gradient helped improve 

the overall water management. This was because, under low humidity conditions, the layers 

with lower PTFE loading helped keep the CL and membrane hydrated. However, the grading 

of PTFE content needs to be carefully optimised depending on the conditions of the PEMFC. 

Similarly, Kitahara et al. [158] also investigated the effect of hydrophilic and hydrophobic 

triple layers MPL on the performance of PEMFCs under high humidity conditions (Figure 2-9).  
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Figure 2-9 Different MPL configurations showing: (a) hydrophobic MPL, (b) double-layer MPL and (c) triple-

layer MPL [158]. 

The MPL thickness of the hydrophobic MPL was set at 70 ɛm. The thickness of the 

hydrophobic intermediate MPL in the double MPL coated GDL was also set at 70 ɛm. In the 

case of the triple MPL coated GDL, the thickness of the hydrophobic MPL containing 10% 

PTFE after the first MPL coating was set at 35 ɛm, and that of the hydrophobic MPL containing 

20% PTFE content after the second MPL coating was set at 35 ɛm. The hydrophilic layer 

thickness was 5 ɛm and the total thickness of all the double and the triple MPL coated GDLs 

was 245 ɛm [158]. 

The results of previous studies showed that graded wettability in the MPL, particularly with a 

hydrophobic and hydrophilic layer enhances the overall performance of a PEMFC in a wider 

range of RH conditions. The double MPL layers, in which a hydrophobic layer is located in 

between the hydrophilic layer and gas diffusion substrate, are effective at improving the water 

drainage ability of the catalyst layer and decreasing the oxygen transfer resistance. In addition, 
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the triple MPL coated GDL can expel excess water from the catalyst layer and the oxygen 

transport resistance is reduced effectively inside the MPL under high humidity conditions. 

A trade-off must be considered, as the extra layers of MPL will increase the overall thickness 

of the GDL which can have a negative effect on water management and mass transport of 

reactant gases. It was found by Kitahara [151] that the optimum thickness of the hydrophilic 

layer was 5 Õm. 

Overall, it was found that creating a composite layered MPL can aid with water management 

within the GDL. The composition of the MPLs has been tested and optimised to find the best 

solution to water management whilst considering the gas transport trade-offs. 

Graded wettability designs of MPLs are increasingly researched due to their potential benefits, 

particularly to ensure that GDL/MPLs can operate effectively across a wide range of humidity 

conditions, without compromising the PEMFC performance. Successfully implementing these 

designs is crucial for practical applications and could significantly boost PEMFC usage. 

However, further studies are needed to determine the optimal engineering approaches for 

maintaining high performance and to mitigate the trade-offs due to the extra thickness of the 

GDL. 

2.3.3.3 Thickness of MPL 

The thickness and loading of the MPL onto the GDL surface can be a critical factor in the 

overall fuel cell performance. It can impact functions such as mass transport and heat transfer. 

Deevanhxay et al. [57] found that liquid water accumulation at the GDL/CL interface has a 

critical effect on the PEM fuel cell performance. The MPL helps reduce water accumulation, 

which gives better overall fuel cell performance. The liquid water accumulation at the GDL/CL 

interface without an MPL was shown to have a detrimental effect on the fuel cell performance. 

The MPL reduced the water accumulation at the GDL/CL, making the performance of the fuel 

cell with MPL better than that of the cell without MPL [159]. 

Lee et al. [160] carried out a study utilising synchrotron X-ray imaging to explore how different 

thicknesses of the MPL influence water management in a PEMFC. A custom miniature fuel 

cell with a 0.48 cmĮ active area was created, and radiographic images were taken at high 

resolution to track water behaviour. MPL thicknesses were varied (0, 50, 100, 150 ɛm, and 50 

ɛm MPL without a substrate) across different ranges of varying current densities (0.5, 1.2, and 

2.0 A/cmĮ). Results showed that when an MPL was added, regardless of thickness, it helped to 

reduce liquid water buildup at the catalyst layerïGDL interface. Thicker MPLs were 

particularly good at minimising water accumulation at the transition region between the MPL 

and the GDL substrate. Under high current densities, water condensed near the flow fields and 

migrated towards the substrate. Interestingly it was observed that a GDL composed solely of 

an MPL significantly lowered the overall water buildup compared to MPLs with substrates. 

Nam et al. [78] studied water formation in a GDL treated with PTFE using simulation 

modelling. It was also demonstrated that the MPL lowers liquid water saturation at the 

interfaces between the MPL and the MPS and also between the CL and MPL. This helped 

reduce the chances of severe water flooding in the fuel cell which in turn aids overall 

performance. 
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Research carried out by Nanadegani et al. [107] utilised three-dimensional, steady-state, non-

isothermal simulations to investigate two-phase flow in PEMFCs. The study employed a two-

fluid model to analyse the thermal and water transport dynamics and their impact on the 

performance of the cell. It was found that the incorporation of an MPL into a fuel cell promotes 

a more even temperature distribution and enhances the thermal conductivity of the membrane. 

This occurs as the increased thermal conductivity allows for greater heat dissipation from the 

MEA, resulting in a more uniform temperature across the membrane. Consequently, this leads 

to enhanced humidification of liquid water and an increase in liquid water saturation. 

Thicker MPLs tend to be more suited for low humidity conditions as they can keep the 

membrane hydrated. In contrast, thinner MPLs are more suited to high humidity conditions to 

help with water removal. In general, lower MPL loadings with small to medium carbon particle 

sizes are preferred in humid conditions. Larger particles, with medium PTFE loadings, are 

better under dry conditions to help keep the membrane suitably hydrated [161]. 

GDL thickness is relative and varies for different scenarios, it is very much dependent on the 

fuel cell design and operating conditions. Experimental studies on GDL thickness have shown 

that there is an optimal MPL thickness to achieve the best fuel cell operation results [[162], 

[163], [164]]. 

The findings of Antonacci et al. [162] on changing the MPL thickness with respect to the overall 

PEMFC performance, using experimental techniques of EIS and synchrotron X-ray 

radiography. The results found that increasing the MPL thickness from 30 ɛm to 50 ɛm lowers 

the liquid water volume by 8% in the GDL on the cathode side. At a current density of 2.0 

A/cm2, this gave rise to a 50% decrease in the oxygen mass transport resistance. It was also 

reported that an MPL thickness greater than 50 ɛm at 2.0 A/cm2 did not give any further 

reductions in the liquid water volume in GDL. However, ohmic resistance significantly 

increased by 16%. The optimum MPL thickness was found to be 50 ɛm as this gave the best 

trade-off between water removal and membrane hydration. 

Weber et al. [164] showed similar results. However, they concluded that the optimal MPL 

thickness was 20 ɛm for efficient PEMFC performance. They asserted that the MPL needs to 

be thin enough for improved oxygen transport and thick enough for enhanced water 

management. 

Park et al. [165] experimentally examined the effect of an MPL made from Acetylene Black 

for fuel cell performance. It was demonstrated that carbon loading of 0.5 mg/cm2 at 75 ÁC and 

ambient pressure leads and air as the oxidant leads to the best fuel cell performance, according 

to polarisation curve measurements. 

A numerical simulation conducted by Wang et al. [166], also showed agreement with these 

findings. It was reported that an MPL thickness between 30 ɛm ï 45 ɛm was the optimum level 

in which the cathode liquid water saturation would be minimised and overall PEMFC 

performance would not be compromised. 

Given these factors, determining the optimal MPL thickness is crucial. It must be thick enough 

to perform its functions effectively, but not so thick that it impedes the gas flow, increases the 

resistance, or hinders water management. The thickness has been an extensively researched 

topic in the MPL design and the implications of modifying the thickness are well understood. 
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2.3.4 Microstructure Modification 

2.3.4.1 MPL Perforations and Cracks 

Research has also shown [[128], [167], [168], [169], [170]] that perforations and cracks in the 

MPL can benefit water management by serving as preferential pathways for liquid water 

movement away from the CL. However, these cracks, while useful for water transport, may 

compromise the mechanical durability of the MPL. 

Gerteisen et al. [167] created laser-perforated GDL and tested it in a 1 cmĮ test fuel cell. It had 

precisely spaced 1 Õm holes with a distance of about 1 mm to improve water management. 

Voltammetry experiments conducted at various humidification levels of inlet gases revealed 

that the perforated GDL effectively reduces saturation at the cathode. Compared to a standard 

GDL, the modified version showed enhanced performance due to reduced liquid water 

accumulation, evidenced by a lower cathode overpotential and an 8 ï 22% increase in limiting 

current density. This suggests a potential for further optimisation of GDL structures to decrease 

water accumulation and enhance oxygen diffusion. 

Similarly, Manahan et al. [168] studied laser treatment of the cathode GDL. The laser treatment 

forms hydrophilic heat-affected zones that promote localised water redistribution. Experiments 

comparing non-perforated GDLs to one with 100 ɛm diameter perforations show that at lower 

humidity and currents, the non-perforated sample increases water back diffusion from cathode 

to anode. At higher current densities, it acted as a barrier to prevent cathode water from moving 

to the anode. 

Lu et al. [169] also utilised laser perforation specifically on the MPL, leaving the substrate 

untouched. They employed neutron imaging to monitor water distribution during operation and 

observed improved performance under both dry (90ÁC cell temperature with 100% RH for 

hydrogen and 30% RH for air) and wet conditions (40ÁC cell temperature and 100% RH for 

both gases), particularly under wet conditions. The treatment notably enhanced the uniformity 

of water distribution across the CL, membrane, and GDL, compared to non-treated GDL 

samples. 

Owejan et al. [128] explored the impact of MPL cracks on the performance of PEMFCs by 

comparing cracked and crack-free MPLs under both dry (80ÁC fuel cell temperature and RH 

of 66%) and wet conditions (60ÁC fuel cell temperature and RH of 100%). It was found that 

performance was similar in both types of MPLs, suggesting a minimal contribution from the 

cracks since most of the water was seen to be removed from the CL in vapour form. They also 

noted that the MPL helps prevent liquid water that condenses in the substrate's pores from 

reaching the CL and obstructing reactant delivery. 

On the other hand, Markºtter et al. [170] found that cracks in the MPL were beneficial. Water 

transport in the GDL was visualised using synchrotron X-ray radiography. The experiment 

revealed that these cracks significantly impacted liquid water movement through the GDL and 

into the gas channels. Cracks in the MPL were identified as the initial points for effective liquid 

water transport through the gas diffusion layer. The structural properties of MPL cracks, such 

as size, density, and distribution could be intentionally designed to enhance GDL performance, 

paralleling strategies like GDL perforation. These insights offer a new avenue for optimising 

fuel cell materials. 
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2.3.4.2 Pore Forming Agents 

Several researchers have explored the use of different pore-forming agents within the MPL 

[[161], [171], [172], [173]]. Use of pore-forming agents can artificially modify the porosity 

and pore size distribution of the MPL, this in turn affects the overall fuel cell performance. 

Simon et al. [171] enhanced oxygen transport in PEMFCs by using polymeric pore formers, 

with the materials assessed through MIP, nitrogen adsorption, and SEM. Their findings 

indicated that while all MPLs performed similarly under dry conditions, the samples with larger 

pores showed better performance under high water saturation, due to effective liquid water 

removal via the larger pores, facilitating oxygen transport through the smaller ones. 

Chun et al. [172] produced a porosity-graded MPL using a double coating method to improve 

the water removal capability of the GDL. The porosity in each MPL layer was adjusted using 

thermal expandable graphite, which creates pores upon heating. The inner MPL layer, closer to 

the catalyst, was less porous than the outer layer adjacent to the gas diffusion backing layer, 

creating a gradient in porosity. This structure enhanced water permeability and performance, 

particularly at high current densities by reducing concentration losses from water flooding. 

Overall, the porosity-graded MPL proved advantageous for operating in high current density 

regions. 

Morgan et al. [161] also observed improved performance in PEMFC by using a dual-layer MPL 

with varying pore sizes. Their findings indicated that this configuration enhanced cell 

performance at current densities above 0.4 A/cmĮ. They suggested that the dual-layer MPL 

effectively reduced liquid water content in the CL and increased air humidity near the CL, 

thereby improving proton and oxidant transport within the CL. 

Tang et al. [173] created a porosity-graded MPL and tested the performance on a PEMFC. 

Graded MPLs were created by printing layers with varying NH4Cl pore-former concentrations, 

resulting in decreasing porosity from the membrane/MPL interface to the GDL/MPL interface. 

The structure and porosity of the graded MPL were analysed, and cell performance with graded 

MPLs was benchmarked against cells with uniform MPLs. Results showed that cells with 

graded MPLs outperform those with conventional MPLs, particularly at higher current 

densities. This was found to be due to enhanced water and gas management within the graded 

porosity layers. 

Microstructural modifications, such as perforations, cracks, and pore-forming agents, can 

significantly impact the performance of the MPL. These changes primarily affect the porosity 

and pore size distribution, which are crucial characteristics of the GDL. Alterations in these 

properties influence the GDL's capacity for water and gas transport. Additionally, variations in 

the hydrophilic and hydrophobic properties of the pores greatly affect the mass transfer 

performance. There is considerable potential for further research by artificially modifying the 

MPL's microstructure to enhance the performance and address design issues related to the 

thickness. Microstructural modifications of the MPL are promising topics of research that 

deserve further exploration. 
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2.3.4.3 Degradation 

The GDL and MPL can be subject to various processes that cause degradation. These include 

chemical degradation and mechanical degradation caused by external forces acting on GDL 

during assembly and operation. Many studies have been conducted [[174], [175], [176], [177], 

[178]] to analyse the effect of chemical and mechanical degradation on the MPL and fuel cell 

performance. 

Ha et al. [174] investigated the impact of electric potential corrosion on the GDL of PEM fuel 

cells, focusing on how this degradation influences cell performance. Employing accelerated 

carbon corrosion tests, the study reveals significant GDL degradation, including a 13.5% 

reduction in thickness and a 5.8% decrease in total weight, predominantly centred around the 

middle of the GDL sample. Techniques such as SEM, thermogravimetric analysis, and tensile 

stress tests were used to analyse the degradation. There was a decrease in mechanical strength 

by up to 38%. This structural weakening of the GDL resulted in reduced mechanical properties 

and impaired water removal capabilities. Consequently, the overall fuel cell performance 

decreased. 

Arlt et al. [175] explored the effects of artificial ageing of GDLs on PEM fuel cell performance, 

using high-resolution synchrotron radiography. A Sigracet SGL 25BC was used for the GDL 

samples. They were aged in a hydrogen peroxide solution for durations of 0, 16, and 24 hours 

before being tested in fuel cells. The research combined radiographic, voltage, and contact 

angle measurements to investigate ageing conditions. Findings indicated that water films 

formed at the interfaces between the GDL and the membrane, and the GDL and the BPP, mainly 

due to MPL cracks and large pores within the GDL. These caused water to block gas pathways, 

resulting in a reduced supply of reactant gases. 

Liu et al. [176] similarly investigated the effects of accelerated ageing of GDLs and 

characterised the samples using synchrotron X-ray radiography and EIS. The GDLs were 

subjected to an accelerated ageing process by soaking them in a 35 wt. % solution of H2O2 at 

90ÁC for 12 hours. The synchrotron X-ray imaging revealed that aged GDLs reached a terminal 

liquid water saturation at lower current densities compared to pristine GDLs, indicating a 

higher susceptibility for water accumulation. This was particularly evident at the interfaces 

between the GDL/BPP and MPL/MPS, where aged GDLs showed significantly higher liquid 

water content even at low current densities. EIS measurements confirmed an increase in mass 

transport resistances in aged GDLs, up to 10%, which correlated with the observed trends in 

liquid water accumulation. These findings suggest that the reduction in hydrophobicity due to 

ageing significantly impacts the liquid water transport behaviour and overall performance of 

fuel cells. 

Wu et al. [177] explored the impact of GDL mechanical degradation under conditions of 

elevated temperature and flow rate. Degradation was assessed using electrical resistivity 

measurements, MIP, humidity sensitivity, and polarisation curves. Following 200 hours of 

accelerated degradation testing, a significant decrease in through-plane conductivity was 

observed in degraded GDL samples, particularly in those subjected to mechanical stress. The 

degradation process, characterised by the corrosion of carbon materials, leads to the loss of 

non-conductive PTFE. This results in notable mass transport losses, as evidenced by the 

polarisation curve measurements. The paper concludes that the primary mechanism of GDL 

degradation during ageing is the loss of nonconductive PTFE. 
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Radhakrishnan et al. [178] examined how cyclic compression affects the structure and 

properties of a GDL. The study found that cyclic compression leads to irreversible alterations 

in the GDL surface morphology, pore size, porosity, thickness, electrical resistance, contact 

angle, water uptake, and in-plane permeability. Notably, the impact of cyclic compression on 

the GDL hydrophobicity was found to be more significant than that of electrochemical effects. 

The study on the durability of GDLs focuses on understanding the mechanisms behind their 

degradation. Much research has been conducted on the degradation phenomena of GDLs, the 

specific causes of degradation under the actual operating conditions of PEMFCs require further 

investigation. 

The addition of an MPL is crucial for managing water in PEMFCs, besides reducing the 

electrical contact resistance and minimising the loss of catalyst layer particles. While numerous 

studies confirm that MPLs enhance PEMFC performance under various operating conditions 

(by maintaining membrane hydration in dry conditions or removing excess liquid water in wet 

conditions) the impact on water management is not completely understood. Research findings 

are inconsistent, indicating a need for further investigation into how different MPL properties 

affect the fuel cell performance across varying operating conditions. 

The inclusion of an MPL is essential for the GDL architecture. Numerous studies have shown 

that MPLs boost PEMFC performance. Most of the strategies mentioned above have been 

adopted to enhance or modify the MPL. There are many engineering challenges and trade-offs 

when modifying the MPL, as outlined in Figure 2-10, and the specific effects of MPLs on mass 

transport and electrical conductivity are not fully understood. This highlights the need for 

further exploration into how different MPL characteristics influence the fuel cell performance 

under various operating conditions. 

 

Figure 2-10 Schematic of the engineering challenges associated with the MPL [179]. 
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2.4 Contact Resistance 

Contact resistance between components in fuel cells is one of the primary challenges that need 

to be overcome before fuel cells can be successfully commercialised. Fuel cells are limited by 

several losses, as discussed in Section 1.3.3.2. These losses can be classified as irreversible and 

reversible. Irreversible losses are due to the thermodynamics of the system and cannot be 

reduced. For example, entropy losses and losses due to deviation from operating standard 

temperature and pressure (STP) conditions. On the other hand, reversible losses can be reduced. 

These are due to factors such as materials used, manufacturing methods and design of fuel cell 

[180]. 

The ohmic loss is a reversible loss, it is the sum of voltage lost due to the resistance from the 

fuel cell components and their contact resistances. The contact resistance is caused by 

imperfectly matched component interfaces within the fuel cell. It occurs because of differences 

in the morphological, structural, physical, and chemical properties of the different fuel cell 

components that encounter one another. Between these differing components, noncontinuous 

contact is formed giving rise to contact resistance. When these morphologically and structurally 

different components are in contact, a transition region forms between them, causing electron 

transport to be noncontinuous. This causes more complex electron pathways, hence the 

electrical resistance is increased [181]. Figure 2-11 shows how the noncontinuous contact 

between the MPL and CL can cause difficulties for electrons to pass through. 

 

Figure 2-11 Schematic of contact interface between MPL and CL [181]. 

Swamy et al. [181] created an analytical simulation that examined the MPL and CL interface 

as a function of compression. They observed that a 50% drop in the surface roughness of the 

MPL and CL resulted in a 40% drop in the contact resistance at the MPL/CL interface [181]. 

As a result, it was found that the contact resistance is a function of the material surface and 

roughness and the contact pressure between the components. Therefore, the materials used and 

their corresponding surface roughness and contact points are major factors that need to be 

studied. 
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The importance of contact resistance was studied by Netwall et al. [182], and the contributions 

of component resistances to the total ohmic losses were examined. It was found that 

approximately 55% of the ohmic losses came from the interfacial contact between the fuel cell 

components: GDL/BPP, GDL/CL and membrane/CL. Bulk resistances of the individual 

components accounted for 45% of the ohmic resistances [182] and this is displayed in Figure 

2-12.  

 

Figure 2-12 Contributions of bulk and contact resistance to the overall ohmic losses [182]. 

The contact resistance between the GDL/BPP and GDL/CL predominantly contributes to the 

ohmic losses. Such losses must be minimised in order to maximise the conversion of chemical 

energy to electricity rather than to waste heat. The GDL acts as a mediator between the CL and 

the BPP, so it is important to address the contact resistance in these regions. If not addressed 

properly, the contact resistance can cause severe losses for the fuel cell during operation and 

potentially contribute to material degradation [183]. 

Additionally, it must be noted that gaps and cracks can form at the interface of the MPL and 

catalyst layer. The cracks at the interface could be an ideal location for water accumulation, 

this in turn can prevent reactant gases from reaching the catalyst layer and it could also 

potentially affect the contact resistance values. It was studied by Hizir et al. [184] that the gaps 

at the interface of the MPL and catalyst layer could potentially have a relatively large water 

storage capacity. Swamy et al. [181] also showed that the interfacial contact area between the 

MPL and catalyst layer could hold between 6% ï 18% of the total water content in a fuel cell. 
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2.4.1 Contact Resistance Between the GDL/BPP and GDL/CL 

BPPs are important components of the fuel cell, their functions are described in detail in Section 

1.3.4.1. Two main types of BPPs are used in fuel cells: graphite and metal. However, contact 

resistance can form between these materials and the GDL. In particular, metal BPPs tend to 

form a passive layer on the surface, due to the acidic environment of a PEMFC. Further to this, 

metals have a high surface roughness, both of these factors will contribute to an increased 

contact resistance when using metal-based BPP. Graphite composites are currently the standard 

choice for PEMFC bipolar plates due to their low surface contact resistance and excellent 

corrosion resistance. These properties make them highly suitable for use in fuel cell 

applications [185]. Despite this, 59% of total power loss from the fuel cell is due to contact 

resistance between the GDL and BPP [186]. 

To reduce the contact resistance, the contact points on the surfaces between GDL and BPP must 

be increased. More contact points across the surfaces will provide more pathways for electrons 

to travel across, which in turn will lower the contact resistance. To achieve this, BPP made 

from metal are typically coated with highly conductive and anticorrosive coatings [187]. These 

surface coatings lower the roughness of the metal and increase the contact points with the GDL 

thus reducing the contact resistance. 

There have been many investigations into how best to decrease the contact resistance between 

the GDL and BPP, investigations have been carried out using simulations [[188], [189], [190]] 

and experimentation [[121], [122], [191], [192], [193]]. The main finding from these studies is 

that the contact resistance decreases as the compression pressure is increased. This was due to 

the compression creating more points of contact across the interface layer. Moreover, the 

contact resistance was also affected by the PTFE loading in the GDL, the BPP material used 

and the presence of an MPL. 

Zhang et al. [188] carried out an investigation to calculate the contact resistance between the 

GDL and BPP, as a function of pressure. A hydraulic press was set up with insulating plexiglass. 

The GDL was then sandwiched between two graphite plates and subsequently gold plates. A 

micro-ohmmeter was installed to measure the resistance of the setup. Figure 2-13 shows a 

schematic diagram of the setup. 
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Figure 2-13 Contact resistance experimental measurement setup [188]. 

The bulk resistances of the components were known, these consisted of the two graphite plates 

(ςὙ ) and the GDL (Ὑ ). The total resistance of the setup is also known (Ὑ ) as it can 

be directly measured. Equation 2.10 expresses the overall resistance as a function of the bulk 

resistances and contact resistances [188]. 

Ὑ ςὙ Ὑ ςὙ ϳ ςὙ ϳ  ςȢρπ 

Rearranging for the contact resistance between the GDL and graphite plate: 

Ὑ ϳ  
Ὑ  ςὙ Ὑ ςὙ ϳ

ς
 ςȢρρ 

The contact resistance between the Gold plate and the graphite current collector is measured in 

a separate setup consisting only of one graphite current collector sandwiched between two gold 

plates. This gives the contact resistance of the gold and graphite as follows: 

Ὑ ϳ  
Ὑ  Ὑ

ς
 ςȢρς 

All unknowns are now accounted for and equation 2.12 can be substituted into equation 2.11 

to determine the contact resistance of the GDL and graphite [188]. 

Ὑ ϳ  
Ὑ  Ὑ Ὑ Ὑ

ς
 ςȢρσ 

The study concluded that contact resistance is greatly influenced by the assembly clamping 

pressure and variation of pressure had a small impact on the contact resistance [188]. 

On the other hand, Nitta et al. [193] experimentally investigated the contact resistance between 

the GDL and the CL. An H2/H2 fuel cell was used with AC impedance measurements as a 

function of GDL compression. The AC impedance allowed for the measurement of total fuel 

cell electrical resistance. Membrane parameters were assumed to be constant under 

compression. The contact resistance between the GDL and the CL was calculated by 

subtracting the membrane resistance, individual component bulk resistances and the contact 

resistance of the GDL and graphite current collector from the total fuel cell resistance [193]. 
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It was found that contact resistance at the GDL/CL interface decreases non-linearly with 

increased compression [193]. The contact resistance between the GDL/CL was found to be 

between 14 - 60 times larger than the contact resistance between the GDL/BPP. 

Similarly, Makharia et al. [194] used EIS to estimate contact resistance between both the 

GDL/CL and GDL/BPP [194]. The GDL was made from Toray carbon paper treated with PTFE. 

It was found that the contact resistance between the GDL/BPP was 13.0 mɋ/cm2 and between 

the GDL/CL was 3.4 mɋ/cm2 [194]. Nevertheless, measurement of the contact resistance 

between the GDL/CL is challenging and there have been limited studies covering this area. 

In general, it is difficult to accurately assess the contact resistance between the different 

PEMFC components. This is an ongoing topic of research for PEMFCs and various research 

groups have investigated it, as it is an important engineering parameter to consider. The 

investigations have required specially designed setups with sophisticated measuring.  

As a whole, the two main techniques used to mitigate contact resistance are compression or the 

addition of an MPL to face the BPP, these two techniques will now be discussed in more detail. 

2.4.2 Compression 

As discussed in Section 2.4, contact resistance can be reduced by increasing contact points 

between components. One such way to achieve this is to increase the compression of the fuel 

cell. The compression force enhances the contact between the carbon fibres of the GDL and its 

neighbouring components. These enhanced contact areas will in turn improve the electrical 

transport through the interface thus reducing contact resistance and ultimately ohmic losses 

[195]. The effects of compression on a GDL and its transport properties have been thoroughly 

researched [[195], [196], [197], [198], [199]]. 

Chang et al. [199] investigated the contact resistance between a graphite BPP and a GDL. 

Results showed that the contact resistance between the BPP and GDL caused serious voltage 

losses across the fuel cell. It was also shown that low compression resulted in a higher contact 

resistance and high compression reduced the contact resistance. High compression also 

decreased diffusion pathways for mass transfer to take place from gas channels to the CL [199]. 

A high compression force in a fuel cell not only increases electrical contacts but also changes 

the morphological and structural properties of the GDL. For example, GDL thickness can 

potentially be reduced by half. This occurs because of degradation, as discussed in Section 

2.3.4.3, the GDL is naturally a porous material, many of the GDL characteristics that affect its 

overall performance, such as thermal conductivity, permeability and electrical can be affected 

due to compression [122]. 

Under low compressions of approximately 8%, the oxygen transport resistance in a GDL coated 

with an MPL is very high for high current densities. This is because a lot of water condensation 

in the porous substrate will take place. An uncoated GDL also exhibits similar behaviour but 

for compression at around 22%. Based on this, it shows that the MPL substantially helps to 

reduce the water condensation by providing uniform contact between the GDL and the catalyst 

layer. The MPL also allows for the water to accumulate within the carbon fibres of the substrate 

rather than at the surface of the electrode. At lower compression, a liquid water film can form 

during the electrochemical reaction inhibiting the oxygen mass transport at the catalyst 
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interface. However, an MPL aids in the dissipation of the water more effectively than an 

uncoated GDL [200].  

X-ray imaging carried out showed that gaps at the interfacial region of the MPL and catalyst 

can serve as small water reservoirs. Not only can the gaps cause poor interfacial contact and 

higher contact resistance, but can also hinder the transport of oxygen with the trapped water 

[200]. 

Therefore, utilising compression will establish a trade-off between the characteristics of a GDL 

and ultimately balancing ohmic polarisation losses vs concentration polarisation losses. This 

indicates that there is an optimum compression force for ideal fuel cell performance [199]. 

Bates et al. [201] experimentally analysed the compression between the GDL and BPP, it was 

found that 1 MPa was an optimum average contact pressure. Figure 2-14 shows the trade-offs 

associated with the compression of the fuel cell. 

 

Figure 2-14 Compression trade-offs [122]. 

The GDL inherently has a delicate architecture, so even if the fuel cell is assembled with the 

optimum compression force the GDL can potentially GDL suffer from mechanical 

degradation/failure. Degradation of the GDL due to compression can lead to a breakup of fibres 

and deterioration of the PTFE coating. Compression not only affects the contact resistance but 

also the GDL porosity and ultimately fuel cell performance. Moreover, minor compression 

forces can be reversible, with a GDL returning to its original state once compression is lifted. 

Despite this, in general, the deformation of the GDL structure caused by fuel cell compression 

is not reversible [202]. El-Kharouf et al. [63] established that the contact resistance decreases 

with each compression cycle reaching stabilisation, between 3 ï 5 cycles [63]. However, this 

resulted in an irreversible deformation effect on the GDL. In addition to the GDL deformation, 

excessive compression can also create hot spots within the MEA due to uneven production of 

current. This can ultimately lead to an MEA puncture [128] and overall fuel cell degradation. 

It was reported by Nitta et al. [122] that the GDL also undergoes inhomogeneous compression. 

The GDL suffers very little compression under the BPP channels. But under the ribs, it is 
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compressed to gasket thickness. GDL compression reduces gas permeability but improves bulk 

conductivity and contact resistance. Inhomogeneous compression can lead to changes in the 

GDL electrical and mass transport properties thus increasing the rate of degradation [122]. 

Ismail et al. [89] investigated the contact resistance with respect to compression and an 

additional MPL to the GDL. Figure 2-15 highlights how the different MPL samples (SGL 10BA, 

SGL 10BC and SGL 10BE) decreased in contact resistance with increasing pressure. At 10 bar, 

the SGL 10BA when coated with an MPL, to become SGL 10BC and SGL 10BE, experiences 

a reduction of approximately 15% and 40%, respectively. This reduction in resistance is likely 

due to the presence and higher concentration of carbon particles in the MPL, which allows for 

easier transfer of electrons. Additionally, the contact resistance increased with increasing PTFE 

content [[89], [119]]. This is due to PTFE being a natural electrical insulator, so the higher the 

content of PTFE the lower the overall conductivity on the GDL.  

 

Figure 2-15 The effect of MPL coating on the contact resistance of carbon substrate SGL 10BA [89]. 
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2.4.3 Double-Sided MPL Coated GDL 

As discussed in Section 2.3, the addition of an MPL to a GDL is of great importance in PEMFCs 

especially concerning the enhancement of mass transport and reducing electrical contact 

resistance. Typically, an MPL is placed between the GDL and the CL. An addition of an MPL 

facing the CL has been proven to decrease the contact resistance due to increasing contact 

points between components and therefore allowing more pathways for electrons to travel 

through, which in turn enhances the overall capabilities of a fuel cell. 

The application of the MPL facing the BBP side can also decrease the contact resistance, but it 

is also possible for it to affect the water removal mechanism on the BPP side. Owejan et al. 

[128] investigated water removal on the BPP side. They showed that using a 50 ɛm free-

standing MPL between the GDL and BPP can reduce the performance of the fuel cell as water 

becomes trapped. However, they only applied the MPL on one side facing the BPP and not 

both sides of the GDL. Also, the use of a free-standing MPL could have left cavities between 

the MPL and GDL in which water could accumulate. 

Some researchers have suggested creating a double-sided MPL by applying MPL on both sides 

of the GDL. One side of the MPL will contact the CL and the other with the BPP. Wang et al. 

[76] used a carbon fibre paper (TGPH-030, Toray) as the GDL and applied an MPL on both 

sides. The MPL was made from a composite of two different carbon blacks: Acetylene Black 

and Black Pearls 2000 with 30 wt. % PTFE loading. The operating temperature was set at 80ÁC 

with an air inlet temperature of 85ÁC and hydrogen inlet temperature of 90ÁC, supplied at 0.2 

MPa. The membrane active area was set at 5 cm2. It was reported that a double-sided MPL 

improved the fuel cell performance more so than a single-sided MPL facing the CL. This is due 

to the improved contact interfaces between the GDL/BPP. It should be noted that total carbon 

loading was kept constant in this experiment at a total of 1 mg/cm2. This would have put 

limitations on the optimisation of the MPL compositions. For example, the first scenario had 1 

mg/cm2 MPL loading facing the CL and no MPL facing the BPP. The second scenario had 0.7 

mg/cm2 facing the CL and 0.3 mg/cm2 facing the BPP. The final scenario had a 0.5 mg/cm2 on 

both sides. The second scenario gave the best performance results [76]. 

Figure 2-16 shows a comparison of the different loadings for the double-sided MPL-coated 

GDL. It can be seen that sample CC2 (0.7 mg/cm2 facing the CL and 0.3 mg/cm2 facing the 

BPP) performs the best. 
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Figure 2-16 Polarisation curves showing the performance of different MPL structures [76]. 

Despite these measurements, the characteristics of the double-sided MPL coated GDL were not 

explored. MPL thickness can potentially have a negative impact on overall fuel cell 

performance by lowering gas permeation. As a result, different losses were not reported which 

are critical to a sound interpretation of the results. 

Chang et al. [47] carried out a similar study and applied an MPL on both sides of the GDL. In 

this scenario, they did not keep the total carbon loading constant. An SGL 10BA carbon paper 

GDL was used and three different carbon blacks were assessed to see which performed the 

best: Acetylene Black, Black Pearls 2000 and Vulcan XC 72B. The active area of the fuel cell 

was kept constant at 5cm x 5cm. Both inlet gases were humidified and at a constant temperature 

of 70ÁC and the temperature of the fuel cell was also kept at 70ÁC. PTFE content was kept 

constant in all MPLs at 20 wt. %. It was found that Acetylene Black gave the best performance 

out of the different carbon blacks. Chang then went on to optimise the loading of Acetylene 

Black for the two MPL coatings [47]. Figure 2-17 shows that the optimal loading of MPL is 

1.25 mg/cm2 facing the CL and 0.25 mg/cm2 facing the BPP. 
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Figure 2-17 Polarisation and power density of double-sided MPL coating for optimal loading [47]. 

Figure 2-17 also shows that the 1.25/0.25 loading can reach maximum power densities of 

around 900 mW/cm2 compared to a conventional single side loading of MPL at 1 mg/cm2 

facing the catalyst side of around 750 mW/cm2 [47]. This shows that an MPL loading on the 

surface facing the BPP is generally less than the surface facing the CL and helps reduce contact 

resistance. However, there is an optimum ratio before performance declines due to the GDL 

becoming too thick and suffering from mass transport losses. PTFE content was also examined 

and it was found that loading of 20 wt. % was the most effective. Figure 2-18 shows a varying 

PTFE content from 5 wt. % ï 40 wt. %. It can be seen that an optimum is achieved at 20 wt. % 

and there is a drop off in effectiveness at higher and lower PTFE content. 
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Figure 2-18 Polarisation curves comparing the varying content of PTFE [48]. 

Huang and Chang [48] further investigated the double-sided MPL coating under different 

humidity conditions. Carbon paper (SGL 10BA) was used as the MPS. It was then coated on 

both sides with an Acetylene Black MPL with different carbon and PTFE loadings. 

Temperatures of gas inlets and overall fuel cell temperature were kept constant at 70ÁC. Air 

humidification temperature was adjusted in the range of 30ÁC ï 70ÁC allowing relative 

humidity to range between 13.6% ï 100% [48]. 

Different amounts of MPL carbon loadings on both sides of GDL were tested. The results 

showed that optimum carbon loading was 1.2 mg/cm2 facing the CL and 0.3 mg/cm2 facing the 

BPP [48]. In all the different relative humidity scenarios, this ratio gave the best performance. 

This shows that a small MPL facing the BPP is beneficial for improved fuel cell performance, 

not only at low air relative humidity but also when the airflow is fully humidified. Figure 2-19 

displays a comparison between the different MPL loadings, comparing power density and 

relative humidity. 
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Figure 2-19 Peak power densities with varying humidity levels(a) peak power density and (b) limiting current 

density [48]. 

 

For instance, at a very low air relative humidity of 13.6%, a traditional single-side MPL-coated 

GDL with a carbon loading of 1.5 mg/cmĮ facing the catalyst layer typically achieves a peak 

power density of only about 0.28 W/cmĮ. However, by applying a small amount of MPL on the 

opposite side of the GDL facing the flow channel, cell performance significantly improves, 

nearly doubling the peak power density to approximately 0.52 W/cmĮ, as demonstrated with a 

coating of 1.2/0.3 mg/cmĮ. 

PTFE content was also examined. It was found that the optimal PTFE loadings are the same 

on both sides of the MPL at 20 wt. % [48]. Peak power density at very low air relative humidity 

conditions can be increased by more than 85% compared to that of a conventional single-sided 

MPL coated GDL [48]. Furthermore, EIS showed that the double-sided MPL at optimum 

composition always exhibit the lowest ohmic resistances [48]. 

These investigations show the promise of reducing the contact resistance, especially by 

increasing the contact point between the components without the need to risk compression and 

the deformation of the GDL. However, unlike compression tests, no in-depth characterisations 

were carried out for the double-sided MPL coating of the GDL for different operating 

conditions and different MPL materials. The main metrics of measurements were polarisation 

curves and impedance spectra. This does not give a holistic characterisation as to how the 

double-sided MPL coated GDL performs and needs to be further investigated particularly for 

different designs and operating conditions. 
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2.5 Summary of the Literature 

This chapter has reviewed a wide range of the literature concerning the characterisation of the 

GDL and MPL for PEMFCs. This research includes both experimental and computational 

studies and has significantly deepened our understanding of how GDLs function in fuel cells. 

These well-proven tools are essential for accurately characterising GDLs. 

In-depth evaluations of the MPL have also been conducted, focusing on the use of both 

conventional and novel materials, adjustments in thickness, microstructural modifications, and 

the implications of these changes on degradation. Extensive research has been directed towards 

MPL modifications aimed at improving electrical conductivity and optimising mass transport. 

It is acknowledged, however, that while modifications can cause considerable advantages, they 

also involve trade-offs. 

One of the primary challenges in fuel cell design is minimising electrical contact resistance 

among the various layers that comprise the cell. MPL modifications can play a crucial role here, 

especially in reducing contact resistance. Strategies such as applying compressive forces and 

using double-sided MPL coated GDL have been explored. The latter seems to be a better choice 

as it is least likely to cause long-term structural damage to the GDL. 

Despite the promise shown by double-sided MPL coated GDLs, research in this area remains 

limited, highlighting a significant opportunity for further investigation. Characterisation 

techniques can be used to analyse the double-sided MPL coated GDL and determine the 

engineering trade-offs that need to be made in order to create an improved GDL. 

2.6 Knowledge Gap, Novelty and Importance 

The GDL is a critical component of the PEMFC and optimal operation of the fuel cell with 

limited ohmic losses largely depends on the efficient design of the GDL. It has been shown that 

contact resistance losses account for a large portion of ohmic losses. As the GDL is situated 

between the BPP and CL, it is an important medium in which the contact resistance manifests. 

Therefore, it is critical to minimise the contact resistance to improve the overall fuel cell 

performance. Compression of a fuel cell is one way to increase electrical conductivity and 

decrease contact resistance. However, there is maximum pressure that can be applied, after 

which irreversible damage can be done to the MEA. It has even been shown that small amounts 

of compression can damage the delicate structure of the MEA thus increasing fuel cell 

degradation rates. 

Previous studies have highlighted that the addition of an MPL to the interface between the 

GDL/BPP shows promise in reducing the contact resistance, without the GDL degradation risks 

trade-offs when increasing compression. Experimental studies were carried out to test the 

capabilities of a GDL with a double-sided MPL. The double-sided MPL coated GDL showed 

improved performance in fuel cell operation as contact resistance was reduced. It was also 

shown that there is an optimal ratio when applying two MPLs. A trade-off between improved 

electrical conductivity and a thicker GDL, which can potentially start to inhibit mass transport, 

needs to be found. 

The previous studies for a double-sided MPL coated GDL focused on in-situ testing such as 

polarisation curves and EIS as the main mode of characterisation. There is little or no work that 

has been undertaken to specifically characterise the double-sided MPL coated GDL, using both 

ex-situ and in-situ methods. Subsequently, there is little knowledge of the effect of the double-
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sided MPL coated GDL and of its main properties, for example: pore size distribution, 

permeability, porosity, hydrophobicity, structural properties, and electrical conductivity. 

Furthermore, current studies for double-sided MPL coated GDLs use conventional carbon-

based MPLs. Novel materials, such as graphene, show great promise for GDL usage because 

of their excellent inherent properties of high electrical conductivity, mechanical strength, large 

surface areas and natural hydrophobicity [[135], [141]]. Characterisation and performance 

metrics of double-sided MPL coated GDLs made from novel materials have not been explored. 

However, the use of novel materials could help optimise the trade-off between electrical 

conductivity and mass transport processes. 

The double-sided MPL coated GDL applies a microstructural modification to the overall GDL 

structure. Further microstructural modifications could be made to this configuration by the 

introduction of pore-forming agents. MPL microstructural modifications using pore-forming 

agents have been shown to improve the mass transport within the GDL. The double-sided MPL 

coated GDL improves the electrical contact of the GDL. Microstructure modifications of this 

GDL could also help improve the mass transport process and help mitigate the trade-off 

between improved electrical contact and the mass transport processes within the GDL 

(governed mainly by thickness, porosity and pore size distribution). 

The novel double-sided MPL coated GDL, which alters the GDL configuration by adding a 

small loading of MPL coating facing the BPP, is not well understood, nor have there been 

extensive studies to optimise the configuration. Despite minimal manufacturing changes from 

the single-sided MPL, to the double-sided MPL located GDL, this adjustment could 

significantly enhance the overall fuel cell performance. 

2.7 Research Objectives 

After identifying the gaps in the knowledge, as previously discussed, this thesis aims to 

improve the performance of the PEMFC by reducing the contact resistance, with the 

application of a double-sided MPL coated GDL. Reducing ohmic losses with the PEMFC has 

been the focus of many research groups. However, as mentioned in Section 2.4.3, the reduction 

of ohmic losses via the reduction of contact resistance using a double-sided MPL coated GDL 

is still not fully understood. The MPLs will be fabricated in laboratory facilities, following this, 

ex-situ experiments will assist in analysing and characterisation of the double-sided MPL-

coated GDLs. The samples will then be employed in-situ for fuel cell performance testing. 

Consequently, one of the major objectives of this work is to characterise double-sided GDLs 

and evaluate the effect of the double-sided GDL on overall fuel cell performance.  

This study aims to provide greater insight into the development of alternative MPL coated 

GDLs to improve interfacial characteristics. Any alternative MPL should ultimately achieve 

improved overall fuel cell performance. 
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Chapter 3: Characterisation of Novel and High Performing 

Double-sided Microporous Layer Coated Gas 

Diffusion Layers for Polymer Electrolyte 

Membrane Fuel Cells 
 

3.1 Abstract 

This study aims to experimentally evaluate the impact of a double-sided microporous layer 

coating on gas diffusion layers in terms of their key properties and fuel cell performance, in 

comparison to conventional single-sided coated gas diffusion layers (GDLs). Vulcan black and 

Ketjenblack were used as the carbon black materials. This was to investigate the sensitivity of 

the results with respect to the type of carbon black used. The results showed that the in-plane 

electrical conductivity is almost insensitive to microporous layer (MPL) loading and carbon 

black type. Furthermore, the electrical conductivity of all the MPL-coated GDLs is slightly 

lower than that of the uncoated GDL. The Ketjenblack black MPL samples were found to 

demonstrate higher gas permeability than Vulcan black samples. The addition of the MPL 

resulted in a favourable shift in pore size distribution, with prominent micropores observed in 

both single and double-sided MPL coated GDLs. Contact angle measurements indicated a 

slight increase in the hydrophobicity with the addition of a microporous layer but without 

significant differences between carbon black types or loading levels. Cross-sectional SEM 

images showed that there was a higher level of MPL penetration into the carbon substrate for 

the GDLs coated with Vulcan black as compared to a Ketjenblack coating. In-situ fuel cell 

testing demonstrated the superior performance of the double-sided Vulcan black MPL coated 

GDL under high humidity conditions, while single-sided Vulcan black MPL coated GDL 

exhibited better performance at low humidity conditions. All the above findings have been 

thoroughly discussed and justified. 
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3.2 Introduction 

To reduce or eliminate the reliance on fossil fuels, numerous initiatives and projects have 

recently emphasised the production and utilisation of green hydrogen. Green hydrogen is 

produced from water electrolysis, using electricity generated by renewable energy sources such 

as wind or solar power. Given the intermittent nature of these renewables, green hydrogen is 

typically stored and deployed as needed through fuel cells [203]. 

Polymer electrolyte membrane fuel cells (PEMFC) are of major interest for the utilisation of 

low-carbon hydrogen. This is due to their high efficiency, low operating temperature and ease 

of assembly [203]. PEMFCs are well placed to enable the use of hydrogen, as they can be 

applied in a wide variety of stationary, automotive and portable applications [23]. 

The gas diffusion layer (GDL) is a vital component of the PEMFC. It carries out many different 

roles within the fuel cell. Firstly, it uniformly distributes the reactant gasses (hydrogen and 

oxygen) to the catalyst layer (CL) active sites. It is also crucial to water management; the GDL 

should ideally expel excess water whilst simultaneously keeping the membrane hydrated. 

Water flooding, when it occurs, has the potential to hinder the transport of reactant gases to the 

catalyst layers due to the partial/complete blockage of the pores within the porous media, 

particularly the gas diffusion layers. This in turn degrades the performance of the fuel cell 

especially when operating under high current densities. Therefore, effective management of 

liquid water within the GDLs in the fuel cell is of paramount importance in order to maintain 

optimal operation [23]. 

Finally, the GDL provides structural support to the delicate membrane and catalyst layers [54]. 

Due to the multifaceted nature of the GDL, it is typically comprised of a carbon fibre material, 

as this best fulfils the multiple functions it must provide. GDLs are usually made from a carbon 

cloth or carbon paper. 

Typically, a microporous layer (MPL) is added to the GDL. MPLs comprise a carbon black 

slurry combined with polytetrafluoroethylene (PTFE). It was found that MPLs, which are 

conventionally applied to the surface of the GDL facing the catalyst layer (CL), enhance water 

management within the membrane electrode assembly (MEA) [[165], [158]], boost electrical 

contact between the GDL and the catalyst layer [[89], [204]], thus improving overall fuel cell 

performance [[182], [204]]. Figure 3-1 shows a schematic representation of typical components 

of a PEMFC, including the GDL/MPL. 
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Figure 3-1 Schematic representation of a PEMFC, highlighting key components, including the MPLs [205]. 

Fuel cells experience irreversible and reversible losses. Irreversible losses are caused by 

entropy and deviations from operating conditions, these cannot be reduced. Reversible losses 

on the other hand, such as ohmic polarisation, can be minimised. Ohmic polarisation is caused 

by contact resistances between fuel cell components and the bulk resistances of conducting 

materials. Morphological and structural differences create transitional regions, increasing 

electrical contact resistance [180]. The GDL between the CL and bipolar plate (BPP) is 

particularly affected. Contact resistance in fuel cells depends on the material surface, roughness, 

and contact pressure between components. Netwall et al. [182] found that 55% of ohmic losses 

stem from interfacial contact resistances (GDL/BPP, GDL/CL, and membrane/CL), while 45% 

come from bulk resistances. GDL/BPP and GDL/CL contact resistances have a significant 

impact on ohmic losses. Properly addressing these resistances is crucial to avoid substantial 

losses during fuel cell operation [183]. There have been many investigations into how best to 

decrease the contact resistance between the GDL and BPP; investigations have been carried 

out using simulations [205] and experimentation [[63], [79], [89], [90], [101], [206], [207], 

[208]]. The main finding from these studies is that the contact resistance can be decreased with 

the application of an MPL, in particular a double-sided MPL coated GDL. 

Nitta et al. [193] experimentally investigated the contact resistance between the GDL and the 

CL. They found that contact resistance at the GDL/CL interface decreases non-linearly with 

increased compression. They also showed that the contact resistance between the GDL/CL is 

between 14 ï 60 times larger than the contact resistance between the GDL/BPP. On the other 

hand, Makharia et al. [194] used electrochemical impedance spectroscopy (EIS) to estimate the 

contact resistances GDL/CL and GDL/BPP [194]. The GDL was made from Toray carbon 

paper treated with PTFE. They estimated the contact resistance GDL/BPP to be around 13.0 

mɋ.cmĮ and the contact resistance GDL/CL to be around 3.4 mɋ.cmĮ [194]. The reasons 

behind the discrepancy of the findings between Nitta et al. [194] and Makharia et al. [194] is 

that the former did not use an MPL whereas the latter researchers utilised an MPL coating on 

the GDL, this helped reduce the contact resistance at the GDL/CL interface. 
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Ismail et al. [89] found that the contact resistance decreased when an MPL-coating was added 

to the GDL [89]. This is due to MPL conformability, which allows easier transfer of electrons. 

Additionally, the contact resistance was found to increase with increasing PTFE content [89] 

[207]. This is due to PTFE being a natural electrical insulator. Therefore, the higher the PTFE 

content, the lower the overall conductivity of the GDL. 

A three-dimensional numerical model of a PEMFC was developed by Okereke et al. [205]. The 

aim was to computationally investigate the effects of a double-sided MPL coating on overall 

fuel cell performance and the distribution of current and oxygen concentration within the 

cathode GDLs. The results revealed that the double-sided MPL coating significantly improved 

fuel cell performance by up to 30%. However, neglecting the contact resistance between the 

MPL and the catalyst layer could result in an overestimation of performance up to 6%. 

Additionally, the study found that the fuel cell's performance and oxygen distribution were 

more sensitive to the porosity of the MPL facing the bipolar plate than the MPL facing the 

catalyst layer. Incorporating an extra MPL at the GDL-bipolar plate interface has the potential 

to greatly enhance fuel cell performance.  

The application of the MPL to the surface of the GDL facing the bipolar plate was shown to 

reduce the relevant contact resistance and improve the fuel cell performance. However, it is 

also possible for it to affect the removal of excess water. For example, Owejan et al. [128] 

investigated the addition of a 50 ɛm free-standing MPL between the GDL and the bipolar plate 

and it was shown that the performance of the fuel cell was reduced as the water was trapped 

between layers. However, they only applied the MPL to the side facing the BPP. Also, the use 

of a free-standing MPL could have left cavities between the MPL and GDL in which water 

could accumulate. An improved solution would be to apply the MPL directly to the GDL to 

avoid these cavities. On the other hand, Wang et al. [76] used a carbon fibre paper (TGPH-030, 

Toray) as a macroporous substrate (MPS) and applied MPLs on both sides. The MPL was made 

from a composite of two different carbon blacks: Acetylene Black and Black Pearls 2000 with 

a 30 wt. % PTFE loading. It was shown that the double-sided MPL coating improved the fuel 

cell performance; the current density with double-sided MPL coating was 1500 mA/cm2 and 

with the single-sided coating was 1300 mA/cm2 at 0.2 V. This is evidently due to the improved 

contact between the GDL and both the BPP and the CL [76]. It was also highlighted by Wang 

that the double-sided MPL coating allowed for a gradually changing porosity from the catalyst 

to the bipolar plate, thus maintaining satisfactory levels of mass transport management [76]. 

Maintaining a constant total MPL loading of 1 mg/cm2, the MPL loading of 0.7 mg/cm2 facing 

the CL and 0.3 mg/cm2 facing the BPP gave the best overall fuel cell performance [76]. 

Chang et al. [47] did a similar study and applied an MPL on both sides of the GDL. In this 

scenario, they did not keep the total carbon loading constant. An SGL 10BA carbon paper was 

used and three different carbon blacks were assessed to see which performed the best: 

Acetylene Black, Black Pearls 2000 and Vulcan XC 72B. The PTFE content was kept constant 

in all MPLs at 20 wt. %. It was found that Acetylene Black was the best-performing carbon 

black. They then optimised the loading of Acetylene Black for the two MPL coatings [47]. 

They reported that an MPL loading of 1.25 mg/cm2 facing the CL and 0.25 mg/cm2 facing the 

BPP gave the best fuel cell performance. PTFE content was also examined and it was found 

that loading of 20 wt. % was the most effective. The double-sided MPL coating with 1.25/0.25 

mg/cm2 loading could reach a maximum power density of 900 mW/cm2 compared to a 

conventional single-sided MPL coating (with 1 mg/cm2 loading) which had a maximum power 
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density of 750 mW/cm2 [47]. The authors showed that there is an optimum ratio of loading 

before fuel cell performance starts to decline due to the GDL becoming significantly thick and 

suffering from mass transport losses. 

Huang and Chang [48] further investigated the double-sided MPL coating under different 

humidity conditions. SGL 10BA carbon paper was coated on both sides with an Acetylene 

Black MPL with different carbon and PTFE loadings. Different amounts of MPL carbon 

loadings on both sides of GDL were tested. The results showed that over a large range of 

relative humidities, the optimum MPL loading was 1.2 mg/cm2 facing the CL and 0.3 mg/cm2 

facing the BPP [48]. This again showed that a small amount of MPL loading facing the BPP is 

beneficial for improved fuel cell performance, not only at low relative humidities but also when 

the relative humidity of air is high. PTFE content was also examined. It was found that the 

optimal PTFE loadings are the same on both sides of the MPL: 20 wt. % [48]. The peak power 

density at very low air relative humidity conditions, 13.6% RH, was 0.28 W/cm2 for a single-

sided MPL coating, whereas it was 0.52 W/cm2 for the double-sided MPL coating which is an 

85% increase [48]. Furthermore, EIS showed that the double-sided MPL at optimum 

composition always exhibits the lowest ohmic resistances [48]. 

Further research is needed to fully understand the potential of double-sided MPL coated GDLs 

in reducing contact resistances and minimising the need for increased compression in fuel cells. 

The existing investigations primarily relied on polarisation curves and EIS, providing limited 

insights. This study aims to comprehensively characterise double-sided MPL coated GDLs 

through ex-situ and in-situ analyses, including measurements of pore size distribution, 

permeability, porosity, contact angle, morphology, electrical conductivity, as well as 

polarisation curves and EIS. 

3.3 Materials and Methods 

3.3.1 Fabrication Procedure 

The GDL used for all of the samples was Toray Carbon Paper 060 PTFE 10 wt. % (Fuel Cell 

Earth, USA). Two different types of carbon black were used for the MPL coatings: Ketjenblack 

and Vulcan Black XC 72 R (Sigma AldrichÈ, UK). The categories of samples that were used 

for the characterisations are shown in Table 3-1. 
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Table 3-1 GDL samples prepared for the investigation. 

Sample Type Abbreviation  GDL Substrate MPL Material  
MPL Loading 

Side 1 (mg/cm2) 

MPL Loading 

Side 2 (mg/cm2) 

Uncoated GDL GDL 
Toray Carbon Paper 060 

PTFE 10 wt. % 
- - - 

Single Sided MPL coated GDL SVB 
Toray Carbon Paper 060 

PTFE 10 wt. % 

Vulcan Black PTFE  

20 wt. % 
1.25 - 

Single Sided MPL coated GDL SKB 
Toray Carbon Paper 060 

PTFE 10 wt. % 

Ketjenblack PTFE  

20 wt. % 
1.25 - 

Double Sided MPL Coated GDL DVB 
Toray Carbon Paper 060 

PTFE 10 wt. % 

Vulcan Black PTFE  

20 wt. % 
1.25 0.25 

Double Sided MPL Coated GDL DKB 
Toray Carbon Paper 060 

PTFE 10 wt. % 

Ketjenblack PTFE  

20 wt. % 
1.25 0.25 
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For the coated GDLs, the loadings of 1.25 mg/cm2 and 0.25 mg/cm2 were selected based on 

the previous study by Chang et al. [[47], [48]]. PTFE content in all of the MPLs was kept 

constant at 20 wt. %. Carbon black (800 mg), 60 PTFE wt. % dispersion (200 mg) (Sigma-

AldrichÈ, UK), methylcellulose (Sigma AldrichÈ, UK) and Triton X 100 (21.6 Õg) (Sigma 

AldrichÈ, UK) were mixed with deionised water. The solution was magnetically stirred at 800 

rpm for half an hour with small additions of deionised water until a viscous consistency was 

achieved. This amount of MPL ink would then be enough to make up to 5 samples of a single-

sided MPL coated GDL. 

The Toray carbon paper was secured to a hot plate, which was set at 90ÁC. MPL slurry was 

applied to one side of the GDL and the doctor blade apparatus was used to spread it evenly 

across the surface. This was repeated until the desired MPL loading was achieved. The samples 

were sintered in a furnace at 350ÁC for half an hour with a flow of nitrogen at 1 bar. Each 

category described in Table 3-1 was comprised of 5 samples with dimensions of 7.0 cm Ĭ 2.5 

cm. In the case of the double-sided samples, the 1.25 mg/cm2 loading was applied first. The 

sample was allowed to dry thoroughly before being flipped and the 0.25 mg/cm2 coating was 

applied to the opposite side. This was to ensure that the first side had dried out properly so that 

it would not be damaged when the 0.25 mg/cm2 coating was applied. All of the MPL slurries 

contained PTFE at 20 wt. %. Figure 3-2 shows photos of the double-sided MPL coating carried 

out in the laboratory. The example shows Ketjenblack used for the MPL coating, image A 

shows a 1.25 mg/cm2 loading and image B a 0.25 mg/cm2 loading. It can be seen by visual 

inspection, that side B has less coverage than side A. However, it still has good overall coverage 

over the GDL substrate. This will be investigated further with scanning electron microscope 

(SEM) imaging. 

 

 

 

 

 

 

 

 

 

 

Figure 3-2 Picture of the two sides of a double-sided MPL coated GDL. Featuring Ketjenblack. A: 1.25 mg/cm2 

B: 0.25 mg/cm2. 
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3.3.2 In-plane Electrical Conductivity 

The in-plane conductivity of the GDL samples was measured using the 4-probe method as 

described by Smits [209]. To experimentally measure the electrical conductivity of a sample, 

the method uses four probes spaced at equal intervals as shown in Figure 3-3. 

 

Figure 3-3 In-plane electrical conductivity experimental set-up [89]. 

The correction factor also needs to be evaluated; it is a function of two ratios. The first ratio is 

between the length of the sample and its width (a/b). The second shows the ratio between the 

width of the sample and the spacing between the probes (b/s) [209]. In this study, these ratios 

were found to be 3 and 1.25 respectively. This gave a correction factor of 0.9973. The resistivity 

(”) can be calculated using the following formula [209]: 

” ὅὸὙ σȢρ 

Where ὅ  is the correction factor, ὸ  is the thickness of the sample and Ὑ  is the electrical 

resistance. Following this, the electrical conductivity, „ , of the GDL can be found by the 
reciprocal of the resistivity: 

„  
ρ

”
 σȢς 

Sample thickness was measured using a micrometre. However, the GDL thickness varied from 

one GDL type to another and even from one sample to another. Also, within the sample itself, 

there was a slight variation in the thickness from one position to another. Therefore, the 

thickness of each GDL sample was measured at five equally spaced positions and the average 

value was taken. Following this, the GDL samples were positioned on an insulating plate. 

Copper electrodes (10 mm Ĭ 10 mm Ĭ 5 mm) were then placed onto the GDL sample. The 

distance between the probes was kept constant; this was done by fixing the probes in a 

rectangular plastic body. The spacing between the probes was 2 cm. A high-resolution 

ohmmeter (RS Pro 804, RS Components, UK), with a resolution of 0.01 mɋ, was used to read 

the electrical resistance of the sample. An electrical current passed through the sample via the 

copper electrodes and the voltage between the internal probes (see Figure 3-3) was measured. 

This allows for the resistance to be calculated using Ohmôs law.  
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3.3.3 Permeability 

Permeability can be estimated using Darcyôs law. Darcyôs law states that a flow rate (ὗ) through 

a porous substance is equal to the product of the permeability (Ὧ), cross-sectional area (ὃ) and 
pressure drop (Ўὖ) divided by the product of viscosity (‘) and thickness (ὒ) of the sample [42].  

ὗ  
ὯὃЎὖ

‘ὒ
 σȢσ 

The permeability can be measured experimentally; Figure 3-4 shows an experimental set-up 

used by Orogbemi et al. [101]. The GDL sample is clamped between two plates in the middle 

of the lower fixture and nitrogen is then passed through using a mass flow controller [101]. 

 

Figure 3-4 Experimental setup used to measure through-plane permeability [101]. 

The experimental setup depicted in Figure 3-4 consists of two fixtures, one positioned upstream 

and the other downstream. This arrangement allows for the controlled flow of air through the 

sample, with the resulting pressure drop being measured. The sample used was obtained using 

a circular punch with a diameter of 25.4 mm. However, when the sample is fixed between the 

fixtures, only a 20 mm diameter area is exposed to the airflow. To ensure accurate 

measurements, the pressure drop is recorded at multiple flow rates, using extremely low rates 

to minimise inertial losses which enables the use of Darcyôs Law. To control the flow rate of 

nitrogen gas, an HFC-202 flow controller is utilised, providing a range of 0.0-0.1 SLPM 

(standard litre per minute). The pressure difference across the sample is measured by 

employing a PX653 differential pressure sensor, capable of measuring within a range of Ñ12.5 

Pa. By applying Darcy's Law (Equation 3.3), the gas permeability of the sample can be 

calculated. The permeability is determined for each sample at different flow rates and then the 
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average value is calculated. The entire process is repeated for all five samples in each category, 

as outlined in Table 3-1. 

3.3.4 Pore Size Distribution 

Pore size distribution is an important characteristic to understand as it provides insights 

regarding the mass transport modes of gas and liquid water within the fuel cell porous media. 

Further, it is a major parameter when it comes to the modelling and optimisation of mass 

transport processes in the fuel cell [126]. Mercury intrusion porosimetry (MIP) is a widely used 

method to determine pore size distribution within a material. It is based on the high surface 

tension of mercury. In the process of MIP, a small sample of the GDL is immersed in mercury. 

Due to the high surface tension of mercury, it does not readily enter the pores of the GDL. The 

mercury pressure is then increased in increments. This causes the mercury to enter into the 

pores of the GDL, the larger pores are initially filled, gradually followed by subsequently 

smaller pores [126]. The pore size distribution is found by measuring the intrusion pressure of 

the mercury which is inversely proportional to the pore size. A key assumption made when 

using this method is that the pore shape is cylindrical. Also, MIP does not account for closed 

pores. However, this is acceptable when considering carbon papers [207]. The pores of a GDL 

typically fall into three main categories: pores with radii less than 50 nm are micropores; pores 

with radii ranging between 50 and 7000 nm are mesopores; and pores that have a radius larger 

than 7000 nm are designated as macropores [63]. The GDL mainly consists of macropores [79] 

but the addition of an MPL can influence the pore size distribution by increasing the amount 

of micropores and mesopores. In general, macropores facilitate the diffusion of gases, whereas 

micropores allow for the removal of liquid water [208].  

3.3.5 Contact Angle 

The contact angle is a measure of the wettability of the material in question. If the contact angle 

is less than 90Á the substance is considered hydrophilic. A contact angle greater than 90Á and 

the substance is deemed hydrophobic [90]; see Figure 3-5. Determination of the contact angle 

for the samples was carried out using the sessile drop method. Single drops of water were 

placed on the surface of the GDL sample. High-resolution photographs were then taken within 

the first three seconds of the droplet settling on the surface to account for the transient 

behaviour of the water [208]. Contact angle values were then measured. Each sample 

underwent five measurements and then an average value was taken. 

 

Figure 3-5 A typical water droplet on the surface of a GDL sample. 
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3.3.6 Morphology 

SEM imaging is a good way to analyse the surface morphology and fibre structure of the 

GDL/MPL. The SEM micrographs often assist in analysing the characteristics of the GDL 

materials and/or the fuel cell performance [[203], [210], [211]]. The morphological 

characteristics of the GDL were analysed using a scanning electron microscope (JEOL - Model 

JSM-6010LA). GDL samples were cut into 1 cm x 1 cm squares. The squares were then 

attached to SEM stubs and secured in the specimen stage. The SEM was then set at 10 kV and 

each sample was examined at various magnifications. 

To obtain the cross-sectional images of the GDL samples, the samples were first frozen in liquid 

nitrogen and then cut with a scalpel. This helped preserve the cross-section of the GDL for 

clear imaging. 

3.3.7 In-situ Fuel Cell Testing 

The membrane electrode assembly (MEA) was prepared by assembling the cathode and anode 

side GDLs with the catalyst coated membrane (CCM). GDL coated with MPL samples 

investigated in this study were placed on the cathode side, while Freudenberg H2315 C2 MPL 

coated GDL was placed on the anode side. A CCM (Johnson Matthey) was used, comprising a 

211 Nafion membrane with a thickness of 25 Õm. Catalyst layers with a platinum loading of 

0.2 mg/cm2 were applied to both sides of the Nafion membrane. The active area for the fuel 

cell was 2.25 cm x 2.25 cm. The MEA was then hot pressed at 140ÁC for 2 minutes. The MEAs 

were fitted into a PaxiTeck single-cell fixture. This consisted of graphite monopolar plates 

containing a single serpentine flow field channel measuring 1 mm in width and depth. The 

current collector plates were made of gold-plated copper, while the end plates were made of 

aluminium, which allowed for the use of electric heating elements to separately control the 

anode and cathode temperatures. The cathode graphite monopolar plate was fitted with a 

Negative Temperature Coefficient (NTC) sensor to measure the cell temperature, while the cell 

potential was measured between the monopolar plates. The cell was connected to a Bio-logic 

FCT-50S test station that had a maximum load current of 50 A and 250 W power, which was 

computer-controlled using FC-labÈ software. The reactant temperature and humidity were 

regulated by sensors and electrical heaters, which measured and controlled the temperature of 

the anode and cathode humidifiers and reactant lines. The fuel cell system operated with a 

specific backpressure of 1.5 bar on the anode side and 1.3 bar on the cathode side. Gas flow 

rates were set based on stoichiometric ratios. For hydrogen, the stoichiometry ratio is 1.3, 

resulting in an estimated flow rate of 120 mL/min. For air, the stoichiometry ratio is 1.5, leading 

to a flow rate of approximately 300 mL/min. 

The fuel cell was then set to a temperature of 80ÁC. The inlet gas humidifiers (hydrogen and 

air) were also set at 80ÁC, this was subsequently changed to vary the relative humidity 

conditions. Following this, the polarisation and EIS data were collected for four different 

relative humidity (RH) conditions: 25, 50, 75 and 100%. 
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3.4 Results and Discussion 

The abbreviations of the samples are shown in Table 3-2, these will be referred to throughout 

this section.  

Table 3-2 Abbreviations of the samples used in this investigation. 

 

 

 

 

 

 

 

 

  

Sample Type Abbreviation 

Uncoated GDL GDL 

Single sided MPL coated GDLs 

Single Sided Vulcan black MPL coated GDL SVB 

Single Sided Vulcan black MPL with a 1.25 mg/cm2 loading SVB 1.25 

Single Sided Ketjenblack MPL coated GDL SKB 

Single Sided Ketjenblack MPL with a 1.25 mg/cm2 loading SKB 1.25 

Double sided MPL coated GDLs 

Double Sided Vulcan black MPL Coated GDL DVB 

Double Sided Vulcan black MPL with a 1.25 mg/cm2 loading DVB 1.25 

Double Sided Vulcan black MPL with a 0.25 mg/cm2 loading DVB 0.25 

Double Sided Ketjenblack MPL Coated GDL DKB 

Double Sided Ketjenblack MPL with a 1.25 mg/cm2 loading DKB 1.25 

Double Sided Ketjenblack MPL with a 0.25 mg/cm2 loading DKB 0.25 
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3.4.1 In-plane Electrical Conductivity  

The in-plane conductivity was measured for all five samples of each category of GDL. Each 

sample was measured five times and the values of the resistance were averaged. The results for 

the in-plane conductivity per category are displayed in Figure 3-6. It can be seen from the 

results that there is a difference of around 5000 S/m between the highest value and the lowest 

value for the average conductivity. In general, there are no recognisable trends: regardless of 

loading or the fact that it is single-sided or double-sided. The conductivities of all the MPL-

coated GDL samples are similar to each other and are within the error bars ranges. Notably, the 

in-plane conductivity of all the MPL coated GDLs is less than that of the uncoated GDL. This 

could be attributed to the fact that the MPLs contain a sizable amount of the electrically 

insulating PTFE (20 wt. %) compared to the carbon substrate (10 wt. %). It is noteworthy that 

the conductivity of the uncoated GDL (~ 20000 S/m) fits closely with values from the literature 

for the same type of Toray GDL [63]. It should also be noted that the through-plane 

conductivity of the MPLs applied to the GDL is highly expected to be similar to the in-plane 

conductivity, this is due to the uniformity of the MPL structure. Error bars of Ñ5 % have been 

added to the data reflecting the potential for uncertainty in the measurements. It can be seen 

that there is some overlap for the coated samples, both Vulcan black and Ketjenblack. However, 

the uncoated sample of GDL is distinctly outside of the error bar region, suggesting that 

statistically the value is distinctly higher than the MPL coated samples. 

 

Figure 3-6 In-plane electrical conductivity of the tested GDL samples. Note that the numbers correspond to the 

MPL loading on either the GDL side facing the catalyst layer or the side facing the bipolar plate. 
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3.4.2 Gas Permeability  

Figure 3-7 shows the permeability values for the different samples. It can be immediately seen 

that there is almost one order of magnitude difference between the permeability of the uncoated 

GDL and the permeability of the MPL coated samples; this is due to the addition of the less 

porous MPL to the carbon substrate. Interestingly, the results show that the gas permeability of 

the coated samples is more sensitive to the type of carbon black than to the GDL being single-

sided or double-sided MPL coated. Namely, the permeability of the Ketjenblack GDL samples 

is significantly higher than that of the Vulcan black GDL samples. This difference is most likely 

due to the presence of a higher volume fraction of macropores in the former samples, as will 

be demonstrated in the next section. Furthermore, it appears that the addition of a second MPL 

does not make a significant difference to the mass transport resistance of the GDL sandwich. 

This is most likely due to the relatively low loading of the second MPL (0.25 mg/cmĮ). 

 

Figure 3-7 Gas permeability of the tested GDL samples. 
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3.4.3 Pore Size Distribution 

The results of the MIP tests are displayed in Figure 3-8, which shows a wide distribution of 

pore sizes. This is in line with the literature as it has been found in previous studies that the 

microstructure of a GDL is anisotropic with a wide range of pore sizes [212]. Figure 3-8 also 

shows that the gas diffusion layer has a distinctive change in pore size distribution once the 

MPL coating is applied. To identify these structural changes in pore size Figure 3-8 has been 

divided into three pore categories: micropores, mesopores and macropores. They are divided 

based on the categories discussed above. It was found that the micropores and mesopores 

expectedly arise upon applying the addition of the MPL. The first observation is that the volume 

and size of macropores decrease with MPL addition. It could be also seen that the Ketjenblack 

samples, both single-sided or double-sided coating, have only micropores. On the other hand, 

Vulcan black samples were shown to have both micropores and mesopores. Furthermore, as 

expected, the volume of the micropores and/or mesopores was found to increase with the 

addition of the second 0.25 mg/cm2 MPL; see Figure 3-8 (b). The variation appears to affect 

the efficiency of removing liquid water from the GDL to the flow channel, which, as 

demonstrated in the final section, subsequently influences fuel cell performance. Moreover, 

Table 3-3 displays the porosity and the average pore diameter for each of the samples. The 

porosity is the measure of empty spaces or voids within the material, typically expressed as a 

percentage of the material's total volume [213]. The introduction of an MPL to the samples 

results in an overall reduction in porosity. This outcome is in line with expectations as when 

the MPL is applied, it will naturally fill in the pores of the carbon substrate. Comparatively, 

there is a minimal difference between the porosities of the samples when looking at the type of 

carbon black used. There is also little difference between the single-sided and double-sided 

configurations. However, it can be seen that when a second coating is applied, there is a 

reduction in porosity. Ketjenblack experiences a 3.8% reduction in porosity when the second 

MPL is applied and Vulcan black shows a 2.1% reduction.  

 

Table 3-3 The porosity of the GDL samples. 

 

 

 

 

 

 

 

 

 

 

 

Sample 

Type 

Porosity 

(%) 

GDL 76.4 

SKB 75.1 

SVB 74.9 

DKB 71.3 

DVB 72.8 



90 

 

 

 

 

 

 

 

  

Figure 3-8 (a) Pore size distribution of the tested GDL samples and (b) micropores and mesopores ranges of the 

samples. 

(a) 

(b) 
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3.4.4 Contact Angle 

From the contact angle measurements (Figure 3-9), it can be seen that the addition of an MPL 

generally increases the contact angle. The uncoated sample of GDL measures 138Á and the 

coated samples measure between 139Á and 142Á. This could be attributed to the high amount 

of PTFE loading in the MPL (20 wt. %) compared to the carbon substrate (10 wt. %). Further, 

for the double-sided MPL coated GDLs, the 1.25 mg/cm2 side was found to demonstrate a 

slightly higher contact angle than the 0.25 mg/cm2. This is most likely because, as will be 

shown in the following micrographs, the MPLs with 0.25 mg/cm2 do not fully cover the surface 

of the carbon substrate, thus allowing for the structure of the carbon substrate (which has a 

lower contact angle) to lower the contact angle of the latter MPL. It should also be noted that 

there is overlap between the Ñ5 % error bars which would suggest that the actual differences 

between the values may be statistical rather than observational. 

 

Figure 3-9 Contact angle of the tested GDL samples. 
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3.4.5 Morphology 

The SEM images used to examine the morphology of the samples are displayed in Figure 3-10 

and Figure 3-11. Figure 3-10 shows the uncoated Toray GDL and the conventional single 

coating of MPL of Vulcan black and Ketjenblack with an MPL loading of 1.25 mg/cm2. Figure 

3-11 shows both sides of the double-sided coating of MPL for both Ketjenblack and Vulcan 

black samples. The loading of these samples is 1.25 mg/cm2 facing the catalyst layer and 0.25 

mg/cm2 facing the BPP. Firstly, it can be seen that for both the carbon blacks, the 1.25 mg/cm2 

has full uniform coverage of the substrate. In the case of the 0.25 mg/cm2, it can be seen that 

there are protrusions of the carbon fibre strands from the substrate. This is expected as a lower 

loading would result in a thinner MPL. As discussed in the methodology, the loading of 1.25 

mg/cm2 was applied first. It was then allowed to dry out, flipped and the 0.25 mg/cm2 was then 

applied. This had the potential to damage the MPL loading on the 1.25 mg/cm2 side when the 

doctor blade applicator was being used. However, it can be seen from the SEM imaging, that 

there is no noticeable damage to the 1.25 mg/cm2 MPLs. Furthermore, Figure 3-10 and Figure 

3-11 show that Vulcan black has much finer particles than the Ketjenblack; the Ketjenblack 

appears slightly coarser on the surface. Upon examining the cross-sectional image presented in 

Figure 3-11, it is evident that the penetration of the Vulcan black MPL into the GDL substrate 

is more pronounced compared to the Ketjenblack. This is potentially the reason that the Vulcan 

black GDL samples have fewer macropores compared to Ketjenblack samples. 

  



93 

 

 

Figure 3-10 SEM images for (a) uncoated Toray GDL, (b) single-sided coated GDL with 1.25 mg/cm2 Vulcan 

black and (c) single-sided coated GDL with 1.25 mg/cm2 Ketjenblack. 

 

  

a b 

d e 

c 

f 

Figure 3-11 SEM images for (a) double-sided coated GDL with 1.25 mg/cm2 Ketjenblack, (b) double-sided coated 

GDL with 0.25 mg/cm2 Ketjenblack, (c) cross-sectional of double-sided coated GDL with Ketjenblack (d) double-

sided coated GDL with 1.25 mg/cm2 Vulcan black and (e) double-sided coated GDL with 0.25 mg/cm2 Vulcan black 

(f) cross-sectional of double-sided coated GDL with Vulcan black. 

a b 

c 
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3.4.6 Fuel Cell Performance  

The fuel cell was tested for its performance at four different RH conditions (25, 50, 75 and 

100%); Figure 3-12 shows the polarisation curves for the fuel cell operating with the 

investigated GDL samples at these humidity conditions. Furthermore, for reference, Table 3-4 

shows the peak power density and the maximum current density (extracted from the 

corresponding polarisation curves) for each of the cases investigated. There are some 

observations that one could deduce from the polarisation curves. The first observation is that 

the fuel cell with the cathode uncoated GDL performs reasonably well at low humidity 

conditions (25% RH); however, the performance becomes worse as the relative humidity 

increases. The lack of the MPL renders the GDL unable to remove excess liquid water as 

effectively as compared to an MPL coated GDL, thus resulting in water flooding [87]. This 

result is corroborated by the EIS measurements (Figure 3-13) that show that the fuel cell 

operating with the cathode uncoated GDL demonstrates a significant charge transfer resistance 

at high humidity conditions (75 and 100% RHs). The second observation is that the fuel cell 

with double-sided Vulcan black coated GDL significantly outperforms all other GDL samples, 

as it shows the lowest charge transfer resistance (Figure 3-13). This could be attributed to the 

fact that this GDL lowers the contact resistance with the bipolar plate and has balanced volume 

fractions of micropores and mesopores (Figure 3-8); this turned out to be crucial when it comes 

to draining excess liquid water, particularly for the side facing the bipolar plate. Research has 

indicated that MPLs with a suitable combination of micropores and mesopores exhibit 

improved water removal capabilities in high-humidification conditions [81]. 

On the other hand, the fuel cell with double-sided Ketjenblack coated GDL does not perform 

as well as the double-sided Vulcan black coated GDL. The MIP results are shown in Figure 

3-8, show that the Ketjenblack GDL samples have only micropores that are smaller than those 

Vulcan black samples. Such small micropores at both sides of the GDL appear to act as a trap 

for liquid water, which is an issue at higher current densities. This premise is corroborated by 

the fact that the single-sided Ketjenblack coated GDL performs slightly better than the double-

sided Ketjenblack coated GDL at high humidity conditions (75 and 100% RH), implying that 

the second MPL facing the bipolar plate hinders the removal of liquid water from the GDL.  

It is important to acknowledge that conducting fuel cell testing at lower relative humidity (RH 

25%) is not ideal for optimal performance of the Nafion membrane [[214], [215]]. This 

suboptimal condition can impact the overall results due to membrane dehydration, leading to, 

membrane shrinkage, low ionic conductivity and poor contact between the membrane and 

electrode [[214], [215]]. Despite this limitation, it can be seen that SVB and DVB samples 

demonstrate satisfactory performance under these challenging conditions. 
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Figure 3-12 The polarisation curves of the fuel cell operating with the investigated GDL samples at various 

humidity conditions (RH 25%, RH 50%, RH 75% and RH 100%). Note that the cell temperature was kept constant 

at 80°C. 
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Table 3-4 The peak power density and maximum current density for the cases investigated. 

 

 

Relative 

Humidity  

Sample 

Type 

Peak Power 

Density (W/cm2) 

Maximum Current 

Density (A/cm2) 

25% 

 

GDL 0.71 1.33 

SVB 0.88 1.62 

SKB 0.79 1.52 

DVB 0.82 1.67 

DKB 0.51 1.13 

50% 

GDL 0.61 1.51 

SVB 0.79 1.36 

SKB 0.67 1.11 

DVB 0.96 1.85 

DKB 0.68 1.22 

75% 

GDL 0.32 0.91 

SVB 0.61 0.96 

SKB 0.66 1.10 

DVB 0.89 1.76 

DKB 0.55 0.89 

100% 

GDL 0.27 1.08 

SVB 0.62 1.01 

SKB 0.62 1.02 

DVB 0.83 1.74 

DKB 0.56 0.97 
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Figure 3-13 EIS measurements for the fuel cell operating with the investigated GDL samples at 0.6 V. 
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3.5 Conclusion 

The impact of double-sided MPL on key properties and fuel cell performance has been 

investigated and compared with conventional single-sided MPL coatings. Two types of carbon 

black (Vulcan black and Ketjenblack) were employed to evaluate the sensitivity of the results 

to the type of carbon black. The MPL loadings applied to the surfaces of the GDL facing the 

catalyst layer and the bipolar plate were 1.25 and 0.25 mg/cmĮ, respectively. 

The results indicated that the in-plane electrical conductivity of all the MPL-coated GDLs is 

slightly lower than that of the uncoated GDL. This decrease was attributed to the lower PTFE 

content in the carbon substrate. Furthermore, the study demonstrated that the in-plane electrical 

conductivity exhibits minimal sensitivity to the MPL loading or carbon black type. The 

permeability measurements indicated that the permeability is almost insensitive to whether the 

GDL is single or double-sided MPL coated. It is more sensitive to the type of carbon black 

used. The MIP data showed that the addition of an MPL results in a favourable shift in pore 

size distribution, with prominent micropores observed in both single and double-coated MPLs. 

The double-sided MPL coating slightly increased micropores and mesopores when compared 

to the single-sided MPL coating. Contact angle measurements showed a slight increase in 

hydrophobicity with the addition of MPL, but no significant differences were observed between 

the carbon black types or loading levels. SEM imaging showed that the 0.25 mg/cmĮ loading 

does not fully cover the surface of the GDL. Also, the level of MPL penetration into the carbon 

substrate is higher in the case of Vulcan black compared to Ketjenblack. In-situ fuel cell testing 

revealed that the DVB case performed exceptionally well under high humidity conditions, 

outperforming SKB, DKB, and SVB at 50%, 75%, and 100% relative humidity. This can be 

attributed to the fact that, as indicated by the MIP results, the DVB case demonstrates a 

favourable balance of mesopores and micropores (when particularly compared to DKB) that is 

necessary for the effective management of excess water. At 25% relative humidity, the SVB 

case exhibited better performance than the DVB case, indicating its suitability for low humidity 

conditions. This is attributed to the shorter diffusion paths demonstrated by the former case.  

Further investigations can explore the behaviour of double-sided MPL coated GDL with novel 

materials like graphene, providing insights for optimisation and enhanced performance in fuel 

cell applications. Such efforts hold potential for improved fuel cell efficiency and performance. 
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Chapter 4: Characterisation of Double-Sided Graphene Based 

Microporous Layer Coated Gas Diffusion Layers 

for the Improved Performance of Polymer 

Electrolyte Membrane Fuel Cells 
 

4.1 Abstract 

This study aims to experimentally evaluate the effects of double-sided microporous layer 

coated gas diffusion layers, comparing the addition of graphene in the microporous layer to 

traditional Vulcan black. Various key properties were analysed alongside the fuel cell 

performance. The findings indicated that in-plane electrical conductivity was enhanced with 

the inclusion of graphene. The graphene microporous layer samples displayed higher gas 

permeability than those using Vulcan black. Vulcan black microporous layers exhibited a 

favourable shift in pore size distribution, with significant micropores and mesopores present in 

both the single and double-sided microporous layer-coated gas diffusion layers. In contrast, 

pure graphene coatings did not generate as many micropores or mesopores. Contact angle 

measurements remained consistent across all microporous layer coatings, suggesting that this 

characteristic is more dependent on polytetrafluoroethylene content rather than the type of 

carbon employed. Scanning electron microscope images revealed that Vulcan black results in 

a smooth surface, whereas graphene exhibited numerous surface cracks. In-situ fuel cell testing 

revealed that the double-sided microporous layer, with Vulcan black facing the catalyst layer 

and graphene facing the bipolar plate, showed superior performance under high humidity 

conditions as it facilitates the expulsion of excess water through the cracks in the graphene 

layer. Furthermore, the single-sided Vulcan black microporous layer-coated gas diffusion layer 

performed better under low humidity conditions due to the presence of a good amount of 

micropores required to retain water for membrane humidification. 
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4.2 Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) are a highly promising technology for 

harnessing hydrogen and playing a significant role in the transition to sustainable energy. 

PEMFCs can efficiently transform the chemical energy stored in hydrogen directly into 

electricity via electrochemical reactions, yielding only water and heat as its by-products [23]. 

PEMFCs are a particularly attractive technology due to their high efficiency, ability to operate 

at low temperatures, and ease of assembly [203]. PEMFCs are well adapted to facilitate the 

integration of hydrogen into a range of applications, such as stationary, automotive and portable 

use [23]. 

The gas diffusion layer (GDL) is an essential component of the PEMFC. The GDL serves 

multiple functions within the PEMFC. Firstly, it ensures the even distribution of hydrogen and 

oxygen to the active sites of the catalyst layer (CL). Additionally, it plays a pivotal role in 

managing water; ideally, it should remove excess water while keeping the membrane 

adequately hydrated. Lastly, it provides structural support to the delicate membrane and 

catalyst layers [54]. Due to the varied tasks it must perform, the GDL is typically made from 

carbon fibre material, as this best fulfils the multifunctional requirements. A microporous layer 

(MPL) is conventionally incorporated onto the surface of the GDL. The MPL consists of an 

ink composed of carbon black and polytetrafluoroethylene (PTFE). Research has shown that 

the addition of an MPL to the GDL improves water management within the membrane 

electrode assembly (MEA) [[158], [165]] and enhances electrical contact between the GDL and 

the catalyst layer [[89], [216]] consequently, leading to improved overall fuel cell performance 

[[130], [159], [151], [216], [217]]. 

During the operation of fuel cells, various types of losses occur. Ohmic polarisation losses 

primarily result from the bulk resistances from induvial fuel cell components and the contact 

resistance at the interfaces between these components. Contact resistance occurs because of the 

differences in structure and morphology of the different components. This leads to transitional 

regions forming at the boundary of these components, increasing the electrical contact 

resistance [180]. One area particularly affected by the contact resistance is the GDL. This is 

because it is positioned between the CL and the bipolar plate (BPP). Numerous studies have 

explored strategies to reduce contact resistance between the GDL and BPP. These 

investigations have utilised both simulation-based approaches (e.g. [188], [189], [190] and 

[205]) and experimental methods (e.g. [121], [122], [191], [192] and [193]). The primary 

consensus emerging from these research efforts is that the application of an MPL, especially a 

double-sided MPL-coated GDL, proves effective in decreasing contact resistance. Additional 

research is required to gain a comprehensive understanding of the potential of double-sided 

MPL-coated GDLs in reducing contact resistances and reducing the necessity for increased 

compression in fuel cells. The current studies have predominantly relied on polarisation curves 

and electrochemical impedance spectroscopy (EIS), offering only limited insights into this 

matter. Furthermore, these studies have only considered conventional carbon black as the main 

constituent of the MPL. This study aims to examine the use of the novel material of graphene 

in the context of the double-sided MPL coated GDL and seeks to further improve the contact 

resistance between the CL and the BPP. 

Novel material usage in MPL fabrication is becoming more widespread, as they are shown to 

increase the capabilities of the MPL. In particular, graphene shows great promise [218]. The 

aim of using novel materials is to take advantage of their natural properties and increase the 

performance of the MPL, in particular, reducing contact resistance, improving bulk 

conductivity and enhancing mass transport processes. Graphene as a novel material for the 

MPL has recently been a subject of exploration [[142], [143], [211], [219], [220], [221], [222], 
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[223]]. Graphene consists of a two-dimensional monolayer of graphitic carbon atoms. 

Graphene has excellent properties such as high electrical and thermal conductivity, large 

surface area, chemical stability and mechanical strength [[141], [219], [224]]. 

Leeuwner et al. [142] identified the contact resistance between the MPL and CL as an area of 

poor electrical conductivity. They conducted a comparative analysis of various MPLs 

(conventional carbon black, graphene foam, and graphene sheets). Notably, graphene foam 

exhibited advantageous interfacial properties that contributed to improved electrical 

conductivity. This can be attributed to grapheneôs capacity for strong interfacial adhesion 

coupled with its high electrical conductivity. This combination proved to be optimal and 

resulted in enhanced overall performance [142]. Additionally, at mid-range current densities, 

graphene had a higher peak power density (graphene: 362 mW/cm2, conventional carbon black: 

334 mW/cm2). However, at higher current densities, the conventional MPL outperformed 

graphene. This was because graphene was less efficient in expelling water. Leeuwner et al. 

[222] also investigated electrochemically exfoliated graphene and compared it with reduced 

graphene oxide and natural graphite as an MPL. The graphene samples were deposited onto 

the Toray TGP H-060 carbon paper with a PTFE loading of 20 wt. %. The graphene MPLs 

showed a reduced contact resistance and a lower in-plane electrical resistance, compared to a 

conventional MPL. However, at high humidity levels, flooding took place and this reduced 

mass transport; this was due to their lower hydrophobicity. A composite MPL made from a 

mixture of carbon black and graphene was shown to perform better at higher relative humidity. 

Similarly, Ozden et al. [220] investigated water management and overall enhanced 

performance for a graphene-based MPL. The graphene-based MPL was characterised by 

examining morphological, structural, physical and electrochemical properties. It was also 

compared to a conventional MPL made from Ketjenblack. It was found that the graphene had 

higher in-plane electrical conductivity and better water-retaining abilities compared with 

Ketjenblack. In high humidity conditions, the graphene-based MPL showed comparable 

performance to the conventional Ketjenblack MPL. Under low to medium humidity conditions, 

graphene showed a peak power density improvement of 55%. Ozden et al. [143] further 

examined a graphene MPL compared to a Vulcan black MPL. The results showed that the 

graphene MPL had a unique morphology composed of horizontally packed graphene flakes 

that improved in-plane electrical conductivity by 2 times. The graphene MPL also performed 

better in fully and partially humidified conditions, with peak power densities 43% higher than 

those obtained for Vulcan black MPL. This was due to the graphene having less ohmic 

resistance, particularly under partially humidified conditions [143]. This could be attributed to 

the structure of the graphene flakes used in this study; they have a slightly different 

microstructure as compared to the platelet type of graphene. 

Najafabad et al. [219] created an MPL from electrochemically exfoliated graphene. It was 

observed that the MPL with graphene saw a decrease in overall ohmic losses. However, 

graphene did not perform as well as the conventional MPL under high humidity conditions. 

Najafabad et al. [219] also made a composite MPL composed of graphene and carbon black in 

a 1:1 ratio. This composite MPL performed better than pure graphene and pure carbon black 

during the in-situ polarisation curve tests. Furthermore, it was found that the composite MPL 

provided optimal water management as it was able to prevent the PEMFC from flooding but 

also kept the membrane hydrated. At low relative humidity (20%) the composite MPL was 

shown to perform better than pure carbon black or graphene. The maximum power density at 

20% RH was 1188 mW/cm2 which changed very little from RH 100% at 1173 mW/cm2. The 

optimum loading of the MPL with the additional graphene was found to be 1.5 mg/cm2. 
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Mariani et al. [221] investigated three different types of graphene: small-size graphene 

nanoplatelets, medium-size graphene nanoplatelets and exfoliated graphite with average 

particle sizes of 5 ɛm, 25 ɛm and 500 ɛm respectively. These were examined individually and 

then also mixed in a 1:1 ratio with carbon black (Vulcan Black), with a 10 wt. % carbon 

nanotubes (CNTs). A 40 ɛm MPL coating was then applied to the GDL. The exfoliated 

graphene performed the worst out of all the MPL samples. At higher current densities, the fuel 

cell experienced a sharp voltage drop due to flooding. The small size of graphene nanoplatelets 

allowed for the maintenance of optimal membrane hydration under the different RH conditions. 

The medium-sized graphene nanoplatelets performed best overall in all the different RH 

conditions. However, there were issues with flooding at higher humidity for all graphene-based 

MPLs, as the MPL did not have sufficient micropores to transport the water away from reactive 

sites. The addition of carbon black to these samples had an overall effect of increasing the 

performance. The use of the combined MPL of carbon black and graphene can take advantage 

of a more favourable pore size distribution. The packing behaviour of the graphene plates helps 

to form more mesopores and macropores, which help in water retention. This is particularly 

beneficial at low relative humidities. The carbon black helps to create more micropores which 

helps to reduce the accumulation of excess water.  

Lee et al. [223] experimentally determined the characteristics of graphene-based MPLs in order 

to optimise hybrid MPLs containing varying ratios of graphene to Vulcan black. Single-cell 

tests were conducted at different relative humidities and temperatures to understand how the 

graphene-based MPL composition affects fuel cell performance. Incorporating graphene into 

the MPL altered the pore size distribution, resulting in more mesopores (with pore sizes 

between 70 nm and 5000 nm). The findings showed that adding a small amount of graphene 

(30 wt. %) improved fuel cell performance at low humidity (RH 25%) conditions. Conversely, 

at high humidity (larger than RH 50%), higher graphene content (Ó50 wt. %) enhanced 

performance by creating sufficient mesopores to manage excess water at high current densities. 

Higher graphene content in the MPL also improved electrical conductivity; it was shown that 

even a small addition of graphene (30%) could significantly improve the in-plane electrical 

conductivity of the sample. 

The growing interest in enhancing the GDL and reducing contact resistance underscores the 

potential of novel materials, notably graphene, due to its improved surface contact and higher 

electrical conductivity. However, grapheneôs application in the MPL is still in its early stages 

and is limited in scope. More research is needed to determine the optimal graphene quantities 

for MPL, particularly in high-humidity conditions where efficiency may diminish. Surprisingly, 

there is a lack of studies on the impact of novel materials, especially in the context of a double-

sided MPL-coated GDL. The double-sided MPL architecture has demonstrated improved 

PEMFC performance [[121], [122], [191], [192], [193], [225]] and graphene could further 

enhance this. Moreover, the double-sided MPL-coated GDL exhibits better performance across 

various humidity conditions compared to conventional MPL. Investigating how a graphene-

based double-sided MPL performs under different relative humidities is an intriguing avenue 

for research. Mixing graphene with carbon black has the potential to optimise MPL, as previous 

studies have shown. Additionally, the unique architecture of the double-sided MPL-coated 

GDL could compound the advantages of a novel structure with novel material, further 

improving PEMFC performance. 
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4.3 Materials and Methodology 

This investigation will systematically analyse the double-sided MPL coated GDL at the cathode 

side, to assess the overall performance resulting from the introduction of graphene. Also, it will 

be identified, if applicable, on which side of the GDL that graphene exhibits the most 

significant performance improvement. As detailed in Figure 4-1, one side of the double-sided 

MPL coated GDL will be maintained constant with the Vulcan black, whilst the other side will 

change composition (Vulcan black, graphene and Vulcan black/graphene). This approach is 

designed to facilitate an in-depth examination of the consequences arising from the 

introduction of graphene into the MPL. 

 

Figure 4-1 The two configurations used for double-sided MPL coated GDL. 
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4.3.1 Fabrication Procedure 

The GDL used for all of the cathode samples was Toray Carbon Paper 060 PTFE 10 wt. % 

(Fuel Cell Earth, Woburn, MA, USA). The MPL coatings consisted of Vulcan Black XC 72 R 

(Sigma AldrichÈ, Gillingham, UK) and graphene nanoplates (Sigma AldrichÈ, Gillingham, 

UK). The categories of samples that were used for the investigation are shown in Table 4-1. 

The anode side GDL was kept constant: Toray Carbon Paper 060 PTFE 10 wt. % (Fuel Cell 

Earth, Woburn, MA, USA) was used. The loadings of each side of the MPL were kept constant 

at a 1.25 mg/cm2:0.25 mg/cm2 ratio as detailed in the previous study [225]. The PTFE content 

in all MPLs will be kept constant at 20 wt. %. 

A mixture was prepared, consisting of 800 mg of Vulcan black (Sigma AldrichÈ, UK), 200 mg 

of a 60 wt.% PTFE dispersion (Sigma AldrichÈ, Gillingham, UK), methylcellulose (Sigma 

AldrichÈ, UK), and 21.6 Õg of Triton X 100 (Sigma AldrichÈ, UK). This mixture was blended 

with deionised water and stirred at 800 rpm for 30 minutes until a viscous consistency was 

achieved. This MPL ink was then adequate to create up to five samples of a single-sided MPL-

coated GDL. To create the graphene based MPL, the same procedure was followed, but with 

the substitution of Vulcan black for graphene nanoplates. In the case of the Vulcan 

black/graphene mixture, these were mixed in a 1:1 ratio. The MPL ink was then applied to 

Toray carbon paper after it was secured to a hot plate set at 90ÁC. The 1.25 mg/cmĮ loading 

was applied first using the doctor blade apparatus. If the sample was a double-sided MPL 

coated GDL, it was then flipped and the 0.25 mg/cmĮ loading of MPL was subsequently applied. 

The samples were then sintered in a nitrogen-rich environment at 1 bar and 350ÁC, for half an 

hour. Each category described in Table 4-1 was comprised of 5 samples with dimensions of 7 

cm Ĭ 2.5 cm.   
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Table 4-1 GDL samples prepared for the investigation. 

Abbreviation  MPL Material  Total MPL Loading 

Side 1 (CL) (mg/cm2) 

Total MPL Loading 

Side 2 (BPP) (mg/cm2) 

Graphene 

% in the 

MPL  

Side the 

Graphene is 

Applied to 

Single sided MPL coated GDLs 

SVB Vulcan black 1.25 - - - 

SVBG Vulcan black /Graphene 1.25 - 50% - 

SG Graphene  1.25 - 100% - 

Double sided MPL coated GDLs 

DVB Vulcan black 1.25 0.25 - - 

D_VBG50_VB100 Vulcan black /Graphene 1.25 0.25 50% Side 1 

D_VB100_VBG50 Vulcan black /Graphene 1.25 0.25 50% Side 2 

D_VBG50_VBG50 Vulcan black /Graphene 1.25 0.25 50% Side 1 and 2 

D_G100_VB100 Vulcan black /Graphene 1.25 0.25 100% Side 1 

D_VB100_G100 Vulcan black /Graphene 1.25 0.25 100% Side 2 

DG Graphene 1.25 0.25 100% Side 1 and 2 
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4.3.2 Preparation of the Membrane Electrode Assembly 

The catalyst ink was prepared by combining Pt/C (TEC10E50E, lot 1019-8581, 46.8 wt. Pt %, 

Tanaka, Japan), with 5 wt. % Nafion solution (Wako, Japan), deionised water, and super-

dehydrated ethanol (99.5 vol%, Wako, Japan). To ensure thorough mixing, the catalyst ink was 

subjected to 30 minutes of sonication using an Ultra Sonic Homogeniser UH-600 from SMT 

Corporation. For the assembly of the MEA, Nafion 212 membranes were carefully positioned 

on a movable-hot plate and masked, leaving an exposed area of 1 cm2. The catalyst ink, with a 

catalyst loading of 0.3 mg Pt/cm2 and a Nafion content of 28 wt. % was then sprayed directly 

onto the Nafion membrane. This spraying process was carried out using the pulsed spray mode 

of an automated spraying device (Nordson K.K., C3J). Finally, the resulting MEAs were placed 

in a hot press at 132 ÁC and 0.3 kN for a duration of 180 seconds, using the Sinto Digital Press 

CYPT-10. This step ensured the proper bonding and integration of the components. 

4.3.3 In-plane Electrical Conductivity 

The GDL samples' in-plane conductivity was experimentally assessed through the utilisation 

of the 4-probe technique, as outlined by Smits [209]. This method employs four probes 

positioned equidistantly, as depicted in Figure 4-2. 

 

Figure 4-2 In-plane electrical conductivity experimental set-up [89]. 

When using the Smits method, the correction factor needs to be obtained which is based on 

two geometric ratios. The sample's length and width (a/b) give the initial ratio, while the 

sample's width and the spacing between the probes (b/s) give the second ratio [209]. In this 

investigation, these ratios were determined to be 3 and 1.25, respectively. Consequently, this 

gave a correction factor of 0.9973. The resistivity, denoted as ”, can then be computed using 
the subsequent formula [209]: 

” ὅὸὙ τȢρ 

Where ὅ  is the correction factor, ὸ  is the thickness of the sample and Ὑ  is the electrical 
resistance. Following this, the electrical conductivity, „ , of the GDL can be found by the 
reciprocal of the resistivity: 

„  
ρ

”
 τȢς 
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A micrometre was used to obtain the thickness of the samples. Notably, the thickness of the 

GDL varied among the different samples. Additionally, within each sample, slight thickness 

variations were observed at different positions. To account for this variability, thickness 

measurements of each GDL sample were taken at five evenly spaced positions and then an 

average was taken. Subsequently, the GDL samples were secured to an insulating plate. The 

copper electrodes measuring 10 mm Ĭ 10 mm Ĭ 5 mm were positioned onto the GDL sample. 

Using a high-precision ohmmeter (RS Pro 804, RS Components, London, UK) with a 

resolution of 0.01 mɋ, electrical resistance measurements of the samples were taken. 

4.3.4 Permeability 

The permeability of the samples can be estimated by using Darcyôs law: 

ὗ  
ὯὃЎὖ

‘ὒ
 τȢσ 

The flow rate ὗ through a porous material equals the product of the permeability Ὧ, cross-

sectional area ὃ, and pressure drop Ўὖ, all divided by the product of the sample's viscosity 
‘  and its thickness ὒ  [102]. To help calculate the permeability of the samples, the 

experimental setup displayed in Figure 4-3 was used [101]. 

 

Figure 4-3 Experimental setup used to measure through-plane permeability [101]. 

The configuration of the experimental setup consists of two fixtures: one fixture is placed 

upstream and the other downstream. This enables controlled airflow through the sample and 

measurement of the resulting pressure drop. The sample itself is prepared using a circular punch 

with a 25.4 mm diameter, but when placed between the fixtures, only a 20 mm diameter area 

is exposed to the airflow. An HFC-202 flow controller is employed to control the flow rate of 

nitrogen gas, providing a range of 0.0-0.1 standard litres per minute (SLPM). Measurement of 

the pressure difference across the sample is carried out using a PX653 differential pressure 
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sensor, capable of measuring within a range of Ñ12.5 Pa. Utilising Darcy's Law (Equation 4.3), 

the gas permeability of the sample can be calculated. This permeability is determined for each 

sample at different flow rates, and an average value is taken. The entire process is replicated 

for all five samples within each category, as outlined in Table 4-1. 

4.3.5 Pore Size Distribution 

Mercury intrusion porosimetry (MIP) is a widely used technique for determining pore size 

distribution in materials. In the MIP process, a small sample of the GDL is immersed in mercury. 

Initially, due to mercury's high surface tension, it does not easily penetrate the GDL's pores. 

The pressure on the mercury is then incrementally increased, causing it to gradually infiltrate 

the GDL's pores, starting with the larger ones and progressively filling smaller ones [126]. The 

resulting pore size distribution is determined by measuring the intrusion pressure of the 

mercury, which is inversely related to pore size. It is important to note that this method assumes 

the pores to be cylindrical and does not account for closed pores. However, for materials such 

as carbon papers, this assumption is deemed acceptable [207]. 

Pore size distribution plays a crucial role in understanding the mass transport mechanisms of 

gas and liquid water within the porous GDL media. Additionally, it is a key parameter for 

modelling and optimising mass transport processes in fuel cells [126]. In general, the pores in 

a GDL can be classified into three main categories based on their radii: micropores (less than 

50 nm), mesopores (50 to 7000 nm), and macropores (larger than 7000 nm) [63]. Macropores 

predominantly constitute the GDL [79], but the introduction of an MPL influences the pore size 

distribution of a sample by increasing the presence of micropores and mesopores. Macropores 

primarily facilitate gas diffusion, while micropores play a crucial role in liquid water removal 

[[208], [210]]. 

4.3.6 Contact Angle 

The contact angle serves as a measure of a material's wettability. When the contact angle is less 

than 90Á, the material is classified as hydrophilic. Conversely, if the contact angle exceeds 90Á, 

the material is considered hydrophobic [90]. To determine the contact angle of the samples, the 

sessile drop (DMs-401, Kyowa Interface Science Co., Ltd, Japan) method was employed. In 

this method, individual water droplets were carefully deposited onto the surface of the GDL 

sample (Figure 4-4). High-resolution photographs were then captured within the first three 

seconds after the droplets settled on the surface; this is to account for the transient behaviour 

of the water [208]. Subsequently, contact angle values were measured, with each sample 

undergoing ten measurements, and then an average value was calculated. 
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Figure 4-4 A typical water droplet on the surface of a GDL sample. 

4.3.7 Morphology 

Scanning electron microscopy (SEM) was utilised to scrutinise the morphological 

characteristics of the GDL samples. This enabled the analysis of the surface morphology and 

fibre structure of the samples. SEM micrographs play a significant role in evaluating GDL 

morphology and assessing fuel cell performance [[203], [210], [211]]. In this analysis, GDL 

samples were first cut into 1 cm2 squares. These squares were then securely attached to SEM 

stubs using carbon tape and placed on the specimen stage. The SEM (JEOL - Model JSM-

6010LA), operating at 10 kV, facilitated the examination of each sample at various 

magnifications. This method ensured the conservation of the GDL's delicate fibres when cut to 

examine the cross-section. 

4.3.8 In-situ Fuel Cell Testing 

A 1 cm2 active area single cell was used for the testing from the Japanese Automotive Research 

Institute (JARI). The fuel cell was fitted with graphite bipolar plates with serpentine type flow 

fields. The fuel cell operated under counter flow conditions, with constant volumetric flow 

rates of 0.139 L/min for hydrogen at the anode and 0.332 L/min for oxygen at the cathode. 

To ensure proper control of the experimental conditions, a fuel cell test station (AUTOPEM-

CVZ01, Toyo Corporation, Japan) was employed. This test station allowed for precise 

regulation of humidification, cell temperature, and gas flow throughout the testing process. An 

electrochemical interface impedance analyser (Solartron SI-1287) was used to measure the 

polarisation curves. Before conducting the in-situ measurements, the cell underwent a 

conditioning process at a voltage of 0.6 V for a duration of 16 hours. 

The fuel cell was set to an operating temperature of 80ÁC. The inlet gases (hydrogen and air) 

were also set at 80ÁC. The fuel cell was then humidified via the inlet gases. Once this had been 

done, the polarisation and EIS data were subsequently collected for four different relative 

humidity (RH) conditions: 25%, 50%, 75% and 100%. These varying humidity conditions 

allowed for a comprehensive assessment of the fuel cell's performance across different 

humidity levels. 
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4.4  Results and Discussion 

The abbreviations of the samples used in this investigation are shown in Table 4-2, these will 

be referred to throughout this section. 

 

Table 4-2 Abbreviations of the samples used in this investigation. 

Sample Type Abbreviation  

Single sided MPL coated GDLs 

Single sided Vulcan black 

  

SVB 

Single sided Graphene 

  

SG 

Single sided Vulcan black and graphene composite 

  

SVBG 

Double sided MPL coated GDLs  

Double sided Vulcan black 

  

DVB 

Double sided coating with 50% composition of Vulcan black and 

graphene facing the CL and 100% Vulcan black facing the BPP 

  

D_VBG50_VB100 

Double sided coating with 100% Vulcan black facing the CL and 

50% composition of Vulcan black and graphene facing the BPP 

  

D_VB100_VBG50 

Double sided coating with 50% composition of Vulcan black and 

graphene facing the CL and 50% composition of Vulcan black 

and graphene facing the BPP 

  

D_VBG50_VBG50 

Double sided coating with 100% graphene facing the CL and 

100% Vulcan black facing the BPP 

  

D_G100_VB100 

Double sided coating with 100% Vulcan black facing the CL and 

100% graphene facing the BPP 

  

D_VB100_G100 

Double sided coating with graphene DG 
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4.4.1 In-plane Electrical Conductivity  

In-plane electrical conductivity of the samples is displayed in Figure 4-5. Note that the error 

bars in this figure (and other figures) represent the 95% confidence intervals around an average 

value of the 5 samples that were measured. There is some overlap in the error bars which must 

be considered, as this could suggest that some of the differences in the data can be attributed 

to statistical factors. It can be seen that when graphene is introduced into the MPL, it leads to 

an enhancement in its electrical conductivity. This increase in electrical conductivity can reach 

a difference of approximately 800 S/m when compared to the conductivity of the pure Vulcan 

black (SVB, DVB) samples, emphasising graphene's conductive properties. This outcome 

aligns with expectations, given the excellent electrical conductivity of graphene, which is 

widely documented in scientific literature [211]. Therefore, it is expected that the inclusion of 

graphene in the MPL composition consistently enhances the in-plane electrical conductivity 

across all MPL samples that contain graphene. It is a particularly interesting observation, that 

when graphene is incorporated into a 50% composite with Vulcan black (SVBG, 

DVB100_GVB50, D_VB100_VBG50, D_VBG50_VBG50), the resulting electrical 

conductivity shows a comparable improvement to that observed with the pure graphene 

samples (SG, DG, D_G100_VB100, D_VB100_G100). This suggests that even a modest 

addition of graphene can elevate the conductivity levels to be on par with those achieved by 

pure graphene. Furthermore, it's worth noting that the variation in electrical conductivity is not 

so much influenced by whether the material is double-sided or single-sided, but rather by the 

type of carbon used in the MPL. This observation underscores the significance of the carbon 

source in determining the electrical conductivity of an MPL. Additionally, the through-plane 

electrical conductivity of the MPLs is highly expected to be similar to the in-plane conductivity, 

due to the uniformity of the MPL particle structure. 
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Figure 4-5 In-plane electrical conductivity of the MPL samples. 

4.4.2 Gas Permeability  

The permeability of the gas diffusion layer is intricately tied to its physical structure and 

morphology, particularly in relation to porosity and pore size distribution [89]. Firstly, it can 

be seen in Figure 4-6 that the double-sided configuration exhibits lower permeability compared 

to the single-sided configuration. This outcome aligns with expectations, as the addition of an 

extra layer of MPL facing the BPP not only increases the thickness of the GDL but also fills in 

the surface pores of the GDL substrate. Specifically, double-sided Vulcan black (DVB) has a 

difference of 0.9Ĭ10ī13 m2 decreasing permeability, compared to single-sided Vulcan black 

(SVB). Similarly, double-sided graphene (DG) experiences a decrease of 0.7Ĭ10ī13 m2, 

compared to single-sided graphene (SG). Additionally, the composite MPLs comprised of 

Vulcan black and graphene (DVB100_GVB50, D_VB100_VBG50, D_VBG50_VBG50), 

exhibit a similar decrease in permeability of around 1Ĭ10ī13 m2 compared to the single-sided 

MPL samples (SVB, SVBG, SG).  

The second significant observation is that the introduction of graphene enhances the sample's 

permeability. For example, the permeability of single-sided graphene (SG) is higher than that 

of single-sided Vulcan black (SVB) increasing by 2.2Ĭ10ī13 m2. Similarly, the double-sided 

graphene sample (DG) has a greater permeability, by 2.4Ĭ10ī13 m2, compared to the double-

sided Vulcan black (DVB). This phenomenon can be attributed to the morphology of graphene, 

which features more surface cracks and generally larger pores compared to Vulcan black. This 

will be elaborated on when exploring the morphology and pore size distribution of the samples. 

It can also be observed that the GDLs with a more predominant type of carbon in them, will 

behave more like the pure carbon counterparts. For example, GDLs with an MPL configuration 
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that contains more graphene than Vulcan black (e.g. DG, D_G100_VB100) will have a 

permeability more similar to the pure graphene samples than the pure Vulcan black samples 

(DVB). This would also suggest that permeability is primarily influenced by the type of carbon 

used rather than the double or single-sided structure. 

 

Figure 4-6 Permeability of GDL samples 

4.4.3 Pore Size Distribution 

Figure 4-7 shows the pore size distribution of the samples. Firstly, it is important to highlight 

that there is a broad spectrum of pore sizes; literature has identified the anisotropic 

microstructure of the GDL which gives rise to the range of pore sizes [212]. In order to 

delineate between the significant pore sizes, Figure 4-7 has been segregated into three distinct 

categories of pores: micropores (< 50 nm), mesopores (50 - 7000 nm), and macropores 

(7000 nm), aligning with the classifications discussed in above. Assessing the comparison 

between Vulcan black and graphene samples when it comes to the pore size distribution shows 

some significant results. 

Vulcan black as an MPL material, tends to create a greater number of micro and mesopores in 

comparison to graphene based samples. Specifically, when examining single-sided graphene 

(SG) and double-sided graphene (DG), it becomes evident that they possess the lowest quantity 

of micropores among the samples. Contrastingly, the samples containing pure Vulcan black 

(SVB and DVB) display the highest proportion of micropores. Moreover, a clear trend can be 

seen, where the introduction of more Vulcan black into the MPL, leads to an increase in 

micropores, as demonstrated by DVB and D_VB100_GVB50, which exhibit the highest 

micropore counts and have the highest content of Vulcan black. The increase in the number of 

micropores has an impact on the transport of reactant gases and liquid water within the GDL, 
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thus leading to consequential effects on the fuel cell's performance, which will be discussed in 

further detail in the next sections. 

The type of MPL configuration (single-sided and double-sided coating) also displays some 

differences. Examining the pure Vulcan black samples, the DVB shows an increase in the 

quantity of micropores compared to the SVB samples. This trend is also present in the SG and 

DG samples. As the second coating of MPL is applied to the GDL, this creates more micropores 

as more of the larger pores of the GDL are filled in with the MPL ink. 

The porosity values displayed in Table 4-3, do not display much of a variation between the 

types of carbon black particles used for the MPL. They also do not highlight any differences 

between the single-sided or double-sided configuration. 

 

Table 4-3 Porosity of the GDL samples. 

Sample Type Porosity (%) 

SVB 72.8 

SG 73.8 

SVBG 73.9 

DVB 71.3 

D_VB100_GVB50 73.6 

D_GVB50_VB100 72.8 

D_GVB50_GVB50 73.1 

D_G100_VB100 72.9 

DG 73.2 

D_VB100_G100 72.5 
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Figure 4-7 (a) Pore size distribution of the samples and (b) zoomed-in image highlighting micropores and mesopores ranges of the 

samples. 

(a) 

(b) 
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4.4.4 Contact Angle 

The wettability of a GDL plays a pivotal role in overall PEMFC performance, especially 

concerning liquid water management. The wettability of a GDL depends upon a combination 

of the material's physical properties and the surface structure. These factors determine the 

interactions occurring between the MPL surface and water droplets. The results of these 

measurements, shown in Figure 4-8, revealed a consistent trend across all GDL samples. Each 

sample was hydrophobic, exhibiting a contact angle greater than 130Á. The minor variations 

observed in the measured contact angles of MPLs containing graphene, Vulcan black and the 

composite mixture of Vulcan black and graphene, suggest that the primary factor governing 

wettability is the PTFE content which was made constant at 20 wt. %. Furthermore, when 

considering the error bars, there is significant overlap, suggesting that there is not much 

variability in the contact angle observations. This consistency in PTFE content implies that it 

plays a dominant role in dictating the wettability characteristics of these MPLs, rather than the 

type of carbon particles used in the fabrication of the MPL.  

 

Figure 4-8 Contact angle measurements of the GDL samples. 
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4.4.5 Morphology 

Scanning Electron Microscopy (SEM) was employed to visualise the surface structure and 

morphology of both the different MPL surfaces, as well as the GDL cross-sections. Figure 4-9 

shows a series of SEM micrographs that compare the surface structures of Vulcan black, 

graphene, and Vulcan black/graphene for both the 1.25 mg/cm2 loading and the 0.25 mg/cm2 

loading. These images reveal striking disparities in surface structure and morphology between 

the MPLs containing Vulcan black and those that incorporate graphene. These distinctions are 

contingent on the physical attributes of the different carbon materials. Vulcan black gives a 

smooth surface while graphene gives a much rougher surface with clusters of carbon which 

form on the surface. Also notable, is the graphene MPL structure has more micro-cracks on the 

surface. MPL surface cracks emerge naturally during the fabrication process. This arises as a 

result of solvent evaporation during the thermal treatment phase [226]. Such surface cracking 

is a common trait of MPLs based on carbon black and has been a subject of study in literature 

[[170], [226]]. With regards to the graphene MPLs, these cracks are more pronounced 

compared to Vulcan black MPLs. This could be due to the agglomeration of the graphene 

particles which means it does not fully spread over the surface of the substrate, thus lending 

itself to be more susceptible to surface cracks. 

On the side facing the BPP, with the 0.25 mg/cm2 loading, the carbon fibres of the GDL 

substrate can be easily seen, for all samples. This is expected as the lower the loading of the 

MPL, the lower the thickness of the coating on the surface. The pure Vulcan black exhibits a 

smooth surface much like in the 1.25 mg/cm2 loading, the smooth surface allows for the 

effective filling of the substrate surface pores, despite the exposure of the carbon fibres. The 

graphene on the other hand, as it clusters, occupies fewer of these surface pores, allowing the 

substrate to remain more visible, with visibly larger pores present. The Vulcan black/graphene 

composite features a smooth surface, similar to the pure Vulcan black. However, there are small 

clusters of carbon forming on the surface, similar to the pure graphene samples. 
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Figure 4-9 SEM images for (a) Vulcan black 1.25 mg/cm2 loading, (b) Graphene 1.25 mg/cm2 loading, (c) Vulcan 

black/Graphene 1.25 mg/cm2 loading, (d) Vulcan black 0.25 mg/cm2 loading, (e) Graphene 0.25 mg/cm2 loading, (f) 

Vulcan black/Graphene 0.25 mg/cm2 loading. 

a b c 

d e f 
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4.4.6 Fuel Cell Performance 

Figure 4-10 displays the polarisation curves for the samples, at 25%, 50%, 75% and 100% RHs. 

Figure 4-11 shows the corresponding power density curves and Figure 4-12 displays the EIS 

data. Firstly, it can be seen that in general, the double-sided configuration exhibits better fuel 

cell performance compared to the single-sided counterparts, at relative humidities of 50%, 75%, 

and 100%; this is (given that the fuel cell is not membrane resistance limited) due to presence 

of MPLs facing the bipolar plates and consequently better electrical contact with these plates. 

Conversely, the single-sided configuration outperforms the double-sided samples at 25% RH; 

this is due to a lower diffusion path (i.e. lower mass transport resistance) demonstrated by the 

single-sided samples.  

Considering the single-sided samples (SVB, SVBG, SG) at 25% RH, it can be seen that there 

is a trend where the SVB and SVBG perform the best and SG performs the worst. This could 

be attributed to the fact that the SVB and SVBG samples contain a high amount of micropores 

(Figure 4-7) that is necessary to retain water required for membrane humidification at relatively 

low humidity conditions [223]. This is corroborated by the EIS measurements at 25% RH 

(Figure 4-12) that show that the SVB and SVBG samples, compared to SG, have less ohmic 

resistance (represented by the left intercept of the semicircle with the x-axis) signifying better 

membrane humidification and consequently less membrane resistance. 

Among the samples, D_VB100_G100 demonstrates the best overall performance, closely 

followed by the DVB sample. This could be attributed to the fact that, under relatively high 

humidity conditions, the double-sided MPL coating lowers the contact resistance with the BPP. 

Furthermore, these samples (D_VB100_G100 and DVB) have a good balance of micropores 

and mesopores, which is important for draining excess liquid water at high current densities, 

particularly for the side facing the catalyst layer. Research has shown that a combination of 

micropores and mesopores improves the water removal capabilities of a GDL in high humidity 

conditions [223]. The EIS measurements of the above samples (Figure 4-12) at high relative 

humidities (Ó 50%) show that they, compared to other samples, demonstrate less membrane 

resistance and less charge transfer resistance (represented by the diameter of the semi-circle). 

This signifies both adequate membrane humidification and mitigated water flooding at the 

catalyst layer. Additionally, the D_VB100_G100 sample, which contains graphene facing the 

BPP, performed slightly better than the DVB sample due to the combined positive effects of 

the enhanced conductivity and the presence of cracks (Figure 4-9) in the graphene layer facing 

the BPP; these cracks help expel excess liquid water.  

Notably, samples containing pure graphene (SG and DG) consistently perform the worst across 

various humidity conditions. Despite grapheneôs enhanced electrical conductivity, its inferior 

mass transport properties offset this advantage. The very low content of micropores and 

mesopores in pure graphene samples (Figure 4-7), compared to the Vulcan black samples, 

results in less retention of liquid water produced at the cathode catalyst layer, thus lowering the 

ionic conductivity of the membrane electrolyte. The composite samples containing higher 

graphene content (D_G100_VB100, D_GVB50_GVB50) also behaved similarly to the pure 

graphene samples due to the decreased presence of micropores/mesopores in the MPL facing 

the catalyst layer, resulting in deteriorating performance due to poor retention of liquid water. 
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Figure 4-10 The polarisation curves of the fuel cell operating with the investigated samples at various humidity 

conditions (RH 25%, RH 50%, RH75% and RH 100%). 
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Figure 4-11 The power density curves of the fuel cell operating with the investigated samples at various 

humidity conditions (RH 25%, RH 50%, RH75% and RH 100%). 
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Figure 4-12 The EIS curves of the fuel cell operating with the investigated samples at various humidity conditions 

(RH 25%, RH 50%, RH75% and RH 100%). 
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4.5 Conclusion 

The impact of double-sided MPL coated GDLs, compared to conventional single-sided MPL 

coated GDLs, was investigated in terms of key characteristics and fuel cell performance. Two 

types of carbon for the MPL coatings were employed, Vulcan black and graphene. This was to 

evaluate the effects of introducing a novel material to the double-sided MPL coating and to see 

where improvements could be made. The MPL loadings applied to the surfaces of the GDL 

facing the catalyst layer and the bipolar plate were 1.25 and 0.25 mg/cmĮ, respectively. The 

following key findings were made from the ex-situ and in-situ tests:  

¶ Graphene samples displayed a higher gas permeability compared to Vulcan black 

samples, this is due to the presence of a higher amount of cracks in the former samples. 

Expectedly, graphene samples displayed a higher in-plane electrical conductivity than 

the Vulcan black samples. Notably, the introduction of graphene at a 50% mixture with 

the Vulcan black results in a conductivity increase equivalent to that of a sample 

composed entirely of pure graphene. When analysing the contact angle, there is no 

notable variation. This suggests that contact angle is a factor more dependent on the 

PTFE content rather than the type of carbon used in the MPL. 

¶ MIP analysis showed that for all samples, the addition of Vulcan black MPLs created 

micropores and mesopores that are essential for efficient water removal at high current 

densities. The double-sided Vulcan black MPL coating increased the amount of 

micropores and mesopores. On the other hand, the pure graphene samples produced the 

lowest content of micropores and mesopores. SEM micrographs of the samples showed 

that the graphene samples exhibited a higher number of surface cracks, while Vulcan 

carbon black samples displayed a smoother surface. 

¶ Under low humidity conditions (25% RH), it is advisable to use single-sided MPL 

coated GDLs as the fuel cell, under these circumstances, is gas diffusion limited. These 

samples, compared to double-sided coated GDLs, offer lower diffusion paths and 

consequently lower mass transport resistance. Notably, the single-sided Vulcan Black 

(SVB) and the single-sided composite of Vulcan Black and Graphene (SVBG) samples 

performed significantly better than the single graphene (SG) sample. This is due to the 

presence of micropores necessary to retain water for membrane humidification under 

low humidity conditions. 

¶ Under relatively high humidity conditions (Ó 50% RH), double-sided MPL coated 

GDLs generally performed better than single-sided MPL coated GDLs as they offer 

better electrical contact with the bipolar plates. Notably, the GDL with Vulcan Black 

MPL facing the CL and graphene MPL facing the BPP (D_VB100_G100) 

demonstrated the best overall performance. This configuration allowed for the correct 

water retention required for membrane humidification at the CL, yet it also facilitated 

the expulsion of excess water through the cracks available in the graphene MPL facing 

the BPP. 
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Chapter 5: Characterisation of Double-Sided Microporous Layer 

Coated Gas Diffusion Layers Treated with Pore 

Forming Agents for the Improved Performance of 

Polymer Electrolyte Membrane Fuel Cells 
 

5.1 Abstract 

This study experimentally evaluates the effects of double-sided microporous layer coated gas 

diffusion layers, incorporating pore-forming agents to modify the microporous layer facing the 

bipolar plate. The investigation utilised two different particle sizes of pore-forming agents, 10 

Õm and 30 Õm, at varying concentrations to assess their impact on the structural and functional 

properties of the GDLs. Scanning electron microscope images confirmed that the pore-forming 

agents degraded under standard MPL sintering conditions, successfully leaving behind 

artificial pores. These artificial pores often expanded the naturally occurring pores, thus 

creating a distinct difference in pore structure between samples with smaller and larger pore-

forming particles. Key properties characterised, included in-plane electrical conductivity, 

contact angle, permeability, porosity, and pore size distribution. The findings revealed that the 

in-plane electrical conductivity and contact angle remained unaffected by the addition of pore-

forming agents. This stability is advantageous, as it ensures that the excellent electrical 

conductivity and hydrophobic properties of the MPL are maintained, even with the structural 

modifications made using the pore-forming agents. Pore size distribution analysis showed a 

well-balanced mix of micropores and mesopores across all double-sided samples. However, 

the introduction of pore-forming agents caused a slight shift, reducing the number of 

micropores while increasing the number of macropores. Permeability measurements indicated 

an increase when pore-forming agents were added, with the extent of the increase being more 

influenced by the concentration of the pore-forming agent rather than the particle size. This 

suggests that the overall porosity of the GDL can be effectively tuned by adjusting the amount 

of pore-forming agent used. The study also observed a direct correlation between the 

concentration and particle size of the pore-forming agents and the porosity of the GDLs. Higher 

concentrations and larger particle sizes resulted in increased porosity, with the highest porosity 

observed in samples containing the larger (30 Õm) particles at higher concentrations.  
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5.2 Introduction 

The drive to mitigate climate change has necessitated prioritising the reduction of fossil fuel 

use. In recent years, there has been an increasing shift towards generating and applying low-

carbon hydrogen. This shift is partly due to the growing interest in polymer electrolyte 

membrane fuel cells (PEMFCs), which are recognised for their high efficiency, low-

temperature operation, and ease of assembly [203]. The versatility of PEMFCs enables their 

use in stationary, automotive, and portable applications, making them particularly 

advantageous for promoting hydrogen adoption as a clean energy source [23]. 

The gas diffusion layer (GDL) plays a crucial role in the performance of PEMFCs. It carries 

out several critical functions, including the uniform delivery of hydrogen and oxygen gas to 

the catalyst layer's active sites. Additionally, the GDL is integral to water management, aiming 

to remove excess water while maintaining membrane hydration. It also provides essential 

structural support to the more fragile membrane and catalyst layers [54]. They are typically 

made from carbon fibre (carbon paper or cloth) to meet their functional requirements 

effectively. The GDL often incorporates a microporous layer (MPL) on its surface, facing the 

catalyst layer (CL). The MPL is made from a mixture of carbon black particles and 

polytetrafluoroethylene (PTFE). The MPL has been demonstrated to enhance the membrane 

electrode assembly's (MEA) water management [[158], [165]] and to improve electrical 

conductivity with the catalyst layer [[89], [216]]. These improvements are pivotal for 

optimising fuel cell performance [[130], [151], [159], [216], [217]]. 

During fuel cell operation, various losses occur, including ohmic losses. These losses mainly 

arise from the resistance encountered at the interfaces between different components of the fuel 

cell and the internal resistance of these components. The differences in structure and 

morphology at the interfaces create transitional regions, leading to increased electrical contact 

resistance [180]. A significant area of contact resistance is found in the GDL, located between 

the catalyst layer and the bipolar plate (BPP). Factors such as the surface material, its roughness, 

and the pressure exerted between components play crucial roles in determining the extent of 

contact resistance within fuel cells. A study by Netwall et al. [182] suggests that 55% of ohmic 

losses in fuel cells can be traced back to interfacial contact resistances, particularly between 

the GDL/BPP, GDL/CL, and membrane/CL interfaces, while the rest, about 45%, are due to 

bulk resistances within the components. The interaction between the GDL and both the BPP 

and CL significantly contributes to ohmic losses. Addressing these contact resistances is vital 

for reducing major losses and enhancing fuel cell performance [183]. 

A wide range of studies have been conducted to find ways to minimise the contact resistance 

between the GDL and the BPP, employing both simulations ([188], [189], [190] and [205]) and 

experimental techniques ([121], [122], [191], [192] and [193]). The primary consensus 

emerging from these studies is that using an MPL, particularly when applying a double-sided 

MPL to the GDL, significantly lowers the contact resistance. 

To fully understand the impact of double-sided MPL-coated GDLs on reducing contact 

resistance, further research is needed. Current investigations mainly focus on in-situ 

characterisations such as polarisation curves and electrochemical impedance spectroscopy 

(EIS). In addition, these studies have generally focused on using conventional carbon black for 

the MPL, suggesting the exploration of MPL modifications could be beneficial. This study 

investigates the use of the double-sided MPL coated GDL and the treatment of the MPL facing 

the BPP with pore forming agents to modify the MPL structure. This study will explore this 

novel microstructure in an attempt to reduce contact resistance and improve the water 

management of the PEMFC. 
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Several researchers have explored the use of different pore forming agents within the MPL 

using a range of experimental methods to improve PEMFC performance [[81], [171], [173], 

[227], [228], [229], [230]]. Use of pore forming agents can artificially modify the 

microstructure of the MPL, in particular, the porosity and pore size distribution. This in turn 

affects the overall fuel cell performance. 

According to research studies, the porosity and pore size distribution play a significant role in 

mass transport processes for PEMFCs [60]. A higher porosity in the MPL can facilitate the 

removal of water and improve the transport of oxygen, leading to better performance of the 

fuel cell [60]. Some researchers have also found that a larger median pore diameter and pore 

volume are necessary to prevent cathode flooding under high-humidity conditions [231].  

Adding pore forming agents to the MPL can modify the pore structure and lead to improved 

performance of PEMFCs [227]. Typically, decomposable salts and polymers are used as pore 

forming agents, which generate gas when they decompose, creating pores on the substrate. It 

should be noted that an important property of a pore forming agent is that it can be removed 

from the MPL without compromising the overall structural integrity of the material. 

Kong et al. [228] investigated the effects of using Li2CO3 as a pore forming agent to examine 

the effects of the pore size distribution of the samples and oxygen transportation [228]. They 

removed the pore-forming agent from the MPL via acid treatment. They found that they 

managed to increase the volume of macropores in the MPL, with diameters ranging from 5 to 

10 Õm. This, in turn, resulted in improved performance of the fuel cell when operating both 

under H2/O2 or H2/air. They found that with the modifications, there was less oxygen diffusion 

limitation. This suggests that pore size distribution is an important factor in mass transport 

processes. 

Simon et al. [171] conducted a study where they used a polymeric pore former to reduce oxygen 

transport resistance in MPLs. They characterised the materials using various techniques such 

as mercury intrusion porosimetry (MIP), nitrogen adsorption, and scanning electron 

microscope (SEM). Their results showed that all MPLs performed similarly under dry 

conditions. However, at high humidity conditions, MPLs with larger pore diameters exhibited 

increased performance. This was attributed to the effective removal of liquid water through the 

larger pores, while oxygen transport could still take place in the smaller pores. 

Chun et al. [81] conducted a study on the impact of pore forming agents and drying conditions 

on the pore size distribution of MPLs and their effects on the performance of PEMFCs. They 

found that the contents of pore forming agents control the pore size distribution. The authors 

varied the sintering temperature to adjust the pore size distribution and characterised the 

samples using a field emission scanning electron microscope (FE-SEM) and MIP. Their results 

showed that increasing the sintering temperature led to higher macropore content 

(approximately 1000 ï 2000 nm), which had a positive impact on gas supply, whereas moderate 

amounts of micropores were beneficial in removing water at high relative humidity. The 

performance of single cells with different MPLs was evaluated under two different 

humidification conditions, and they observed that the MPL treated at a higher temperature 

performed better under lower humidification conditions, while the MPL dried at a lower 

temperature performed better under high humidification conditions. The authors found that a 

moderate amount of micropores in the MPL is beneficial for removing water at high relative 

humidity, while macropores are effective in providing a gas supply. 

Liu et al. [229] examined the influence on MPL pore structure using four different pore forming 

agents: PEG-200, (NH4)2C2O4), NH4HCO3, and NaCl. Their findings revealed that in all GDL 

samples, there was an increase in both the primary and secondary average pore diameters. The 
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modifications involving (NH4)2C2O4 displayed the most favourable activity for the oxygen 

reduction reaction. This result could be attributed to the MPL's increased pore volume and 

larger secondary pore diameter. 

Li et al. [230] investigated the impact of hierarchical pore structures within the MPL. They 

constructed two layers of MPLs, with the layer closest to the carbon paper being modified using 

a pore forming agent. They carefully controlled the pore former content and the duration of 

sonication to create MPLs with varying levels of porosity. Their findings indicated that the 

modified MPL exhibited reduced transmission impedance across different humidity conditions. 

They proposed that the pore sizes within the range of 7 ï 20 Õm and 20 ï 100 Õm played crucial 

roles in facilitating gas and water transport, respectively. Therefore, enhancing the pore volume 

within these specific size ranges (7 ï 20 Õm and 20 ï 100 Õm) is advisable to enhance the 

performance of PEMFCs. 

Tang et al. [173] utilised ammonium chloride (NH4Cl) as a pore forming agent to create a 

porosity-graded MPL consisting of three layers with different porosities (the MPL next to the 

CL had 10 wt. %, the middle MPL contained 30 wt. %, and the MPL on the substrate had 50 

wt. % of NH4Cl). The performance of the fuel cell with the porosity-graded MPL was found to 

be better than homogenous MPLs containing only 10 or 50 wt. % NH4Cl as a pore forming 

agent, especially at higher current densities (greater than 0.7 A/cm2). The results indicated that 

the porosity gradient in the MPL, with thicker pores closer to the catalyst layer and thinner 

pores closer to the GDL, created a higher capillary pressure for water flow compared to MPLs 

with straight pores, resulting in improved water management at the cathode. 

The high capillary pressure generated by the small, hydrophobic PTFE-treated pores in the 

MPL leads to the preferential transport of liquid water through sudden releases via larger pores 

and cracks. These larger openings can be inherent flaws within the GDL or intentionally 

constructed. X-ray imaging studies have detailed how liquid water moves through these 

perforations and fissures. Fuel cell experiments with materials featuring deliberately created 

larger pores within the MPL/GDL have demonstrated improvements in overall fuel cell 

efficiency, increased limiting current density, and reduced oxygen transport resistance. This 

can be attributed to the capillary pressure in hydrophobic pores and the release of water through 

the larger pores and cracks [171]. 

Porosity and pore size distribution are important characteristics of GDLs, with the former 

directly influencing the GDL's permeability and the latter affecting the gas and water mass 

transport properties. Variations across different pores considerably impact mass transfer 

capabilities, highlighting that changing the pore size distribution can affect the overall fuel cell 

performance. With regards to the double-sided MPL coated GDL, this is of importance to 

consider as there are two coatings of MPL. The use of pore forming agents could help modify 

the double-sided MPL coated GDL and thus improve water and gas management, whilst also 

keeping the benefits of good electrical contact with the CL and BPP.  
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5.3 Materials and Methodology 

As mentioned, the use of pore forming agents in the context of a double-sided MPL coated 

GDL has not been explored. In this chapter, experimental studies were carried out to evaluate 

the effects of the MPL treated with pore forming agents facing the BPP.  The loadings of each 

side of the MPL are kept constant at a 1.25 mg/cm2: 0.25 mg/cm2 ratio as detailed in the first 

study of this thesis [225]. PTFE content in all MPLs will be kept constant at 20 wt. %. 

This investigation systematically analyses both sides of the double-sided MPL coated GDL in 

order to assess the overall performance resulting from the introduction of pore forming agents. 

The side facing the BPP will be modified with pore forming agents, whilst the side facing the 

CL remains constant. Figure 5-1, shows the configuration of the double-sided MPL coated 

GDL and where the pore forming agents are employed. 

 

Figure 5-1 Double-sided MPL coated GDL configuration with the application of pore forming agents. 

5.3.1 Fabrication Procedure 

The GDL used for all of the samples was Toray Carbon Paper 060 PTFE 10 wt. % (Fuel Cell 

Earth, USA). The MPL coatings consisted of Vulcan Black XC 72 R (Sigma AldrichÈ, UK) 

and PTFE dispersion (Sigma-AldrichÈ). Pore forming agent, ChemisnowÊ MX Series (Soken, 

Japan), was used to treat the MPL facing the BPP. Soken kindly provided pore forming agents 

from their MX series in two different particle sizes 10 Õm (MX-10HN) and 30 Õm (MX-30H). 

The categories of samples that were used for the characterisation study are shown in Table 5-1. 

 

  



129 

 

 

 

Table 5-1 GDL samples prepared for the investigation. 

Abbreviation Sample Type Total MPL Loading 

Side 1 (CL) (mg/cm2) 

Total MPL Loading 

Side 2 (BPP) (mg/cm2) 

Pore Size Content of Pore 

Forming Agent 

Single sided MPL coated GDLs 

            

SVB Single Sided MPL coated GDL 1.25 - - - 

Double sided MPL coated GDLs 

            

DVB Double Sided MPL Coated GDL 1.25 0.25 - - 

S10_10 Double Sided MPL Coated GDL 1.25 0.25 S (10 Õm) 10% 

S10_20 Double Sided MPL Coated GDL 1.25 0.25 S (10 Õm) 20% 

S10_30 Double Sided MPL Coated GDL 1.25 0.25 S (10 Õm) 30% 

            

L30_10 Double Sided MPL Coated GDL 1.25 0.25 L (30 Õm) 10% 

L30_20 Double Sided MPL Coated GDL 1.25 0.25 L (30 Õm) 20% 

L30_30 Double Sided MPL Coated GDL 1.25 0.25 L (30 Õm) 30% 
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MPL loadings of 1.25 mg/cmĮ and 0.25 mg/cmĮ were chosen for all the samples. All of the 

MPLs contained a constant polytetrafluoroethylene (PTFE) content at 20 wt.% [225]. A blend 

including 800 mg of Vulcan black, 200 mg of a 60 wt. % PTFE dispersion (provided by Sigma-

AldrichÈ, UK), methylcellulose (Sigma AldrichÈ, UK), and 21.6 Õg of Triton X 100 (Sigma-

AldrichÈ, UK) were prepared. This mixture was diluted with deionised water and mixed at 

800 rpm for 30 minutes until it reached a viscous consistency, suitable for generating up to five 

samples of the single-sided MPL-coated GDL. 

The prepared MPL ink was then evenly spread on Toray carbon paper fixed on a hot plate with 

a temperature set to around 90ÁC. Utilising the doctor Blade apparatus, the ink for the 1.25 

mg/cmĮ loading was first applied. For the double-sided MPL coated GDL samples, the carbon 

paper was then turned over for the subsequent application of the 0.25 mg/cmĮ MPL loading. 

Following application, the samples were sintered at 350ÁC for 30 minutes in a nitrogen-rich 

atmosphere at 1 bar pressure. Each category described in Table 5-1 was comprised of 5 samples 

with dimensions of 7 cm x 2.5 cm. 

For the samples with the pore forming agents, they were created in the same way but with the 

addition of the pore forming agent to the MPL mixture. Table 5-2, shows the composition of 

the MPL inks with pore forming agent used to make up a mixture containing 0%, 10%, 20%, 

and 30% pore forming agent. This was repeated for particle sizes 10 Õm and 30 Õm. It is 

important to note that the samples treated with pore forming agent were also sintered at the 

same temperature of 350ÁC. This temperature was hot enough to cause pore forming particle 

degradation. The sintering process didnôt need modifying for the pore forming agents, thus 

keeping the fabrication methodology consistent across all samples. 

 

Table 5-2 Pore forming agent MPL compositions. 

VB 

(mg) 

PTFE 

(mg) 

Pore Former 

(mg) 

VB 

(%) 

Pore Former 

(%) 

PTFE 

(%) 

Total 

(mg) 

800 200 0 80 0 20 1000 

700 200 100 70 10 20 1000 

600 200 200 60 20 20 1000 

500 200 300 50 30 20 1000 
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5.3.2 In-plane Electrical Conductivity 

The in-plane conductivity of the GDL samples was evaluated using the 4-probe technique, as 

described by Smits [209]. This approach involves positioning four equidistant probes on the 

sample, a configuration of which is illustrated in Figure 5-2. 

 

Figure 5-2 In-Plane Electrical Conductivity Experimental Set-up [89]. 

When applying the Smits method, obtaining the correction factor is crucial, which depends on 

two geometric ratios: the ratio of the sample's length to its width (a/b) and the ratio of the 

sample's width to the spacing between the probes (b/s) [209]. For this study, these ratios were 

calculated to be 3 and 1.25, respectively, resulting in a correction factor of 0.9973. The 

resistivity, represented by ɟ, is then calculated using the formula provided [209]. 

” ὅὸὙ υȢρ 

Where the resistivity ὅ is the correction factor, ὸ is the thickness of the sample and Ὑ is the 
electrical resistance. Following this, the electrical conductivity, „, of the GDL can be found by 
the reciprocal of the resistivity: 

„  
ρ

”
 υȢς 

To measure the thickness of the samples, a micrometre was employed. There was variability in 

thickness among the GDL samples and even slight variations within individual samples at 

different locations. To address this, thickness measurements were taken at five evenly spaced 

points on each GDL sample, and an average value was calculated. For electrical resistance 

measurements, the GDL samples were fixed to an insulating plate, and copper electrodes 

measuring 10 mm Ĭ 10 mm Ĭ 5 mm were placed on the samples. Using a high-precision 

ohmmeter (RS Pro 804, RS Components, UK) with a resolution of 0.01 mɋ, the electrical 

resistance of the samples was recorded. Resistance values were then determined in accordance 

with Ohm's law. 
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5.3.3 Permeability 

The permeability of the GDL samples can be approximately determined using Darcyôs law. 

This is because the gas flow rates used in the following experimental setup were kept very low. 

ὗ  
ὯὃЎὖ

‘ὒ
 υȢσ 

The flow rate ὗ  through a porous material is calculated by taking the product of the 
permeability Ὧ , cross-sectional area ὃ , and pressure drop Ўὖ , and dividing it by the 
product of the viscosity ‘  of the fluid and the thickness ὒ  of the sample [42]. The 

permeability was determined experimentally using the setup shown in Figure 5-3, as utilised 

by Orogbemi et al. [101] .  

 

Figure 5-3 Experimental setup used to measure through-plane permeability [101]. 

The setup is shown in Figure 5-3 includes one fixture upstream and another downstream, 

allowing for a controlled flow of air through the sample while measuring the pressure drop 

across it. The samples are prepared with a 25.4 mm diameter punch. The circular samples are 

then placed between the fixtures, which exposes a 20 mm diameter area to airflow. The nitrogen 

gas flow rate is regulated using an HFC-202 flow controller, adjustable from 0.0-0.1 standard 

litres per minute (SLPM). A PX653 differential pressure sensor, with a measurement range of 

Ñ12.5 Pa, records the pressure difference across the sample. By applying Darcy's Law 

(Equation 5.3), the gas permeability of each sample is calculated across various flow rates, 

averaging the results. This procedure is repeated for all five samples in each category detailed 

in Table 5-1. 
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5.3.4 Pore Size Distribution 

Mercury intrusion porosimetry (MIP) is a technique frequently used for analysing the pore size 

distribution of materials. In MIP, mercury is introduced to a sample of the GDL. Initially, the 

mercury resists penetration into the GDL pores due to its high surface tension. As pressure is 

incrementally increased, the mercury begins to enter the GDL's pores, initially filling the larger 

pores and subsequently the smaller ones [126]. The measurement of mercury intrusion pressure, 

which inversely correlates with pore size, allows for the determination of the pore size 

distribution. This method presumes pores are cylindrical and overlooks closed pores, a 

simplification considered reasonable for carbon paper materials [207]. 

Understanding the pore size distribution is vital for insights into the mass transport dynamics 

of gases and liquid water within the GDL's porous structure. It is also crucial for the modelling 

and enhancement of mass transport processes within fuel cells [126]. 

GDL pores are generally categorised into micropores (under 50 nm), mesopores (between 50 

and 7000 nm), and macropores (over 7000 nm), with macropores being the most abundant in 

the GDL structure [63]. However, incorporating a microporous layer (MPL) can modify this 

distribution, enhancing the proportion of micropores and mesopores [79]. While macropores 

assist in gas diffusion, micropores are essential for the efficient removal of liquid water [[208], 

[210]]. 

5.3.5 Contact Angle 

The wettability of a material is quantified by its contact angle. Angles less than 90Á indicate 

hydrophilicity and angles over 90Á show hydrophobicity [90]. To assess the contact angle on 

the GDL samples, the sessile drop method was utilised, involving the precise placement of 

water droplets on the GDL's surface. High-resolution images were taken within the initial three 

seconds of droplet placement to capture the dynamic contact angle accurately [208]. This 

procedure was repeated for ten measurements per sample to determine an average contact angle, 

reflecting the material's wettability characteristics accurately. Figure 5-4 shows a typical 

contact angle image taken from the measurements in this study. 

 

 

Figure 5-4 A typical water droplet on the surface of a GDL sample. 

  



134 

 

5.3.6 Morphology 

Scanning Electron Microscopy (SEM) allows the GDL surface morphology, MPL and fibre 

structure to be examined. This level of detail can reveal how the structural characteristics of 

the GDL influence key functions, such as facilitating gas distribution, managing water within 

the cell, and providing mechanical support to the membrane and catalyst layers. The ability to 

closely observe these microscopic features aids in understanding how modifications to the 

GDL, like changes in fibre density or the addition of an MPL, can lead to improvements in 

overall fuel cell efficiency and durability [[203], [210], [211]]. 

In this analysis, GDL samples were first cut into 1 cm x 1 cm squares, then attached to SEM 

stubs, and placed on the specimen stage. The SEM (JEOL - Model JSM-6010LA), operating at 

10 kV, was used to capture the micrographs. 
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5.4 Results and Discussion 

The abbreviations of the samples used in this investigation are shown in Table 5-3, these will 

be referred to throughout this section. 

 

Table 5-3 Abbreviations of the samples used in this investigation. 

Sample Type Abbreviation 

Single sided MPL coated GDLs 

Single sided Vulcan black 

  

SVB 

Double sided MPL coated GDLs 

Double sided Vulcan black 
 

DVB 

Double sided coating containing small pore forming particles (10 Õm) 

at 10% content 
 

S10_10 

Double sided coating containing small pore forming particles (10 Õm) 

at 20% content 

S10_20 

Double sided coating containing small pore forming particles (10 Õm) 

at 30% content 

S10_30 

Double sided coating containing large pore forming particles (30 Õm) 

at 10% content 

L30_10 

Double sided coating containing large pore forming particles (30 Õm) 

at 20% content 

L30_20 

Double sided coating containing large pore forming particles (30 Õm) 

at 30% content 

L30_30 
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5.4.1 In-plane Electrical Conductivity Measurements 

When considering the in-plane conductivity (Figure 5-5), it is important to note that the error 

bars in this figure, represent the 95% confidence intervals around an average value derived 

from the five samples that were measured. The error bars must be taken into account when 

examining the data, as they suggest that some of the differences are down to statistical 

occurrences.   

All the samples exhibit a high degree of similarity. This can be attributed to the use of the same 

carbon black (Vulcan black) for the MPL across all samples. A comparison between the 0.25 

mg/cm2 and 1.25 mg/cm2 loadings reveals only a minor difference, the largest variation 

between the highest and lowest values being ~ 800 S/m. This observation aligns with the 

expectation, given that all the samples are composed of the same material. Interestingly, for the 

MPLs treated with pore forming agent, there is no significant difference observed for the in-

plane electrical conductivity. Thus, the consistency in the results across different loadings and 

sample compositions underscores the uniform characteristics of the material used. Importantly, 

the pore forming agent treated MPL retains its electrical conductivity properties. 

 

Figure 5-5 In-plane electrical conductivity of the MPL samples. 
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5.4.2 Permeability Measurements 

The permeability of the gas diffusion layer is intimately linked to its physical structure and 

morphology, especially in terms of porosity and pore size distribution [89]. As depicted in 

Figure 5-6, the double-sided configuration demonstrates lower permeability compared to the 

single-sided configuration. This result is consistent with expectations, as the inclusion of an 

additional layer of MPL facing the BPP not only increases the thickness of the GDL but also 

fills in the surface pores of the GDL substrate. Specifically, the permeability decreases from 

7.9Ĭ10ī13 m2 for the SVB to 5.9Ĭ10ī13 m2 for the DVB. 

Upon the addition of the pore former, a noticeable increase in permeability is observed. While 

there is minimal difference between the pore former particle sizes of 10 Õm and 30 Õm, a 

significant difference is seen when the content of pore former is increased. As more pore 

forming agent is added, the samples progressively become more permeable. For instance, in 

the samples with the largest amount of pore forming agent (30% composition), S10_30 has a 

permeability of 6.9Ĭ10ī13 m2 and L30_30 has a permeability of 7.1Ĭ10ī13 m2. This is an 

increase in permeability compared to the DVB sample which contains no pore forming agent. 

When examining the error bars of the data, it can be seen that the SVB sample, containing no 

pore forming agents, is distinctly different to the rest of the samples. The double-sided MPL 

coated GDLs all have slight error bar overlaps which could mean that there are some statistical 

differences in the data that are not due to experimental measurements. Overall, this data 

suggests that the permeability can be influenced by the addition of pore former, and the more 

pore former added, the more permeable the sample becomes. This observation underscores the 

role of pore formers in modifying the permeability of the GDL. 

 

Figure 5-6 Permeability of the GDL samples. 

  






































































































