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ABSTRACT 

The polymer electrolyte fuel cell (PEFC) is a promising clean power conversion 

technology that directly converts chemical energy into electrical energy at relatively 

low operation temperatures. A wet-proofed, porous layer located between the 

catalyst layer and flow-field plate in the PEFC is termed as the gas diffusion layer 

(GDL). The commercially available GDLs are mostly made of electrically conductive 

carbon fibre-based materials. However, such materials are likely to be subject to 

different types of degradation. Hence, many studies have been conducted to 

investigate alternative materials for the GDLs.  

Metal foams have attracted a good deal of attention to be used as GDL materials and 

this is due to their appealing features: high mechanical strength, high and 

controllable porosity, high electrical and thermal conductivity, and high specific 

surface area. Nickel (Ni) foam is particularly of great interest to PEFC developers, and 

this is owing to, in addition to the above-mentioned features, its relatively high 

corrosion resistance. To this end, the main aim of this work is to further explore the 

viability of the use of nickel foams for PEFC GDLs.  

The first phase of this thesis focuses on developing a computationally economical X-

ray computed tomography (X-ray CT) framework to precisely estimate the crucial 

structural and transport properties of nickel foam-based GDL. The findings indicate 

that the nickel foam-based GDL shows a greater level of uniformity and isotropy in 

comparison to the traditional carbon-based GDLs, along with enhanced structural 
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and transport properties, thereby reinforcing its potential as a suitable GDL material 

for PEFC applications.  

The second phase of the thesis is to investigate the effects of compression on the key 

structural and transport characteristics using a custom-built compression device and 

X-ray computed tomography-based models. A key discovery from this research is 

that, in contrast to porosity and ligament thickness, the average pore size 

considerably decreases with compression. Moreover, the study revealed that the gas 

permeability, as opposed to effective diffusivity, exhibits a significant degree of 

anisotropy under compression. This observation is critical for PEFC modelling, as the 

GDL properties are commonly assumed to be isotropic.  

The last phase of the thesis presents a three-dimensional model that was developed 

to study the impact of the compression imposed by the ribs of the bipolar plates on 

the fuel cell performance operating with carbon fibre-based or nickel foam-based 

GDLs. The findings show that the nickel foam-based GDLs display a significantly more 

uniform oxygen and water distribution than the conventional carbon-based 

counterpart. Notably, while reduced channel sizes tend to improve cell performance, 

they also demand increased pumping power because of substantial pressure drop in 

the flow channels. For the carbon-based PEFCs, the highest net power density 

observed was 0.473 W/cm2 with 1 mm channel height and 0.75 mm channel width. 

Conversely, the nickel foam-based PEFCs reached the highest net power density at 

0.945 W/cm2 with a channel height of 0.25 mm and a width of 1 mm. 
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Chapter 1 

  
                       Introduction to Fuel Cell Technologies 

 

 

 

 

1.1 INTRODUCTION  

The polymer electrolyte fuel cell (PEFC) is a promising clean power conversion 

technology that converts chemical energy to electrical energy at low operation 

temperatures efficiently without any combustion process. There is a great number of 

PEFC-employing applications ranging from small electronic devices such as mobile 

phones to automotive (e.g. buses) and stationary power plants [1–3].  

The cathode electrode is the main source of the performance loss of PEFC due to the 

low utilization of the cathode catalyst and the slow reaction rate [4]. Therefore, the 

main aim of this project is to image and investigate the conventional and state-of-
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the-art cathode electrodes using X-ray computed tomography (X-ray CT). These 

captured images will be used to obtain insights into how to better design the cathode 

electrodes through first performing pore-scale simulations and to extract effective 

morphological and transport parameters. 

1.2 CLEAN ENERGY DEMAND 

One of the crucial problems the world is facing is to fulfil the energy demand of 

human beings with sustainable, clean, and suitable ways [2]. In previous decades, the 

world has undergone rapid climate change [5]. Clearly, the main contribution to this 

crucial problem is the production of carbon dioxide (CO2) by fossil fuel combustion. 

To date, fossil fuels have been widely utilized in order to meet people’s enhancing 

needs. More than 70% of the world’s electrical energy is generated by fossil fuels [6]. 

This fuel combustion process to generate energy has caused the greenhouse effect 

by produced CO2. Figure 1.1 interprets the energy consumption in different sectors 

in quadrillion British Thermal Unit (BTU) from 2010 to 2020 [7].  It is apparently seen 

that the transportation sector is the most dominant fraction of the global energy 

utilization. To exemplify, in 2014, the transportation sector comprised of in the order 

of 55% of the global total energy consumption and 30.9% of the CO2 emission [7]. 

Since the outset of the 20th century, both greenhouse gasses and global temperature 

are inclined to increase exponentially with time [8].   
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Figure 1. 1 – Energy consumption in different sectors between 2010 and 2020  

(adapted from [8]). 

Fossil fuels are not only unsustainable and contaminant but also they are inclined to 

be affected by economic and political issues between countries. To exemplify, the 

Arab-Israeli conflict in October 1973 ignited the 1973 oil crisis which is also called “the 

first oil shock” and the price of oil sharply quadrupled from 3 $/barrel to 11.65 

$/barrel [9,10]. In subsequent years, governments have understood the importance 

of alternative energy systems such as solar, wind, ocean-wave, and hydropower so 

as to take measures [11]. In terms of the transportation sector, this crisis has pushed 

not only governments but also scientists and entrepreneurs to develop oil-free 

technologies to apply in vehicles [8]. It is foreseen that the oil demand for using 

vehicles will have considerably abated by the 2020s, albeit the growing global car 
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sector (the number of cars will have doubled by 2040) [12].  In addition, the quantity 

of electric vehicles will have reached 900 million by 2040 due to supplementary 

policies and infrastructural investments. 

All around the world, the electric vehicle technology is thought to be due to their 

both environment-friendly and low energy cost feature [8]. In terms of operation 

costs, electric vehicles (EVs) are much more economical than internal combustion 

engine vehicles (ICEVs).  The operation cost of EVs is 2 cents per mile, while that of 

ICEVs is 12 cents per mile [13]. Moreover, an average ICEV driver wastes 

approximately 41 hours and 40 minutes per year at gas stations to purchase fuel. In 

addition, EVs are extremely convenient to be integrated with cutting-edge-

technology electricity generation techniques, such as fuel cells, solar panels, as well 

as regenerative braking systems. During the last decade, there remains numerous 

researches with regards to fuel cell applications on EVs [14–16]. Fuel cell electric 

vehicles (FCEVs) utilize electricity, such as conventional EVs but their electricity 

source is a fuel cell stack rather than batteries [2]. The first time a fuel cell powered 

electric vehicle, named Electrovan, was launched commercially was in 1966 by 

General Electric [17]. An alkaline fuel cell system and pressurized hydrogen and 

oxygen tanks were employed in this vehicle. In the last decade, the polymer 

electrolyte fuel cell (PEFC) has been widely used in FCEVs due to its inherent 

advantages [18]. The PEFC-based FCEVs use pure hydrogen and oxygen and therefore 

only pure water is emitted rather than traditional tailpipe pollutants. Furthermore, 

this sort of fuel cell exhibits high power density and their operation temperature 
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ranges are fairly low (60 – 80°C). In 2004, the Japanese industrial giant Honda 

introduced their PEFC-powered FCEVs, the model FCX Clarity. They had developed 

this vehicles by 2007. In 2007, the model FCX Clarity which is the first PEFC-powered 

car was presented in Los Angeles [19]. The other breakthrough moment was the 

announcement of Toyota’s new PEFC-powered FCEVs MIRAI, which means “the 

future” in Japanese, with an affordable price ($57,500) in December 2014 [20]. Other 

renowned PEFC-powered FCEVs are Nissan X – Trail FCV 04, Benz F – Cell, Mercedes 

– Benz F800, Hyundai Tucson Fuel Cell, Hyundai ix35 FCEV, Ford Focus FCV, 

Volkswagen Golf Hymotion,  and Kia Borrego FCEv [7,16]. Even though PEFC-powered 

FCEV technology is seen to be highly promising, there remains many challenges to be 

overcome in order to increase PEFC performance. The main problems are the 

degradation phenomenon of the PEFC components, flooding-sourced performance 

losses, highly costly materials used in catalyst layer, and life duration.  

1.3 FUEL CELL TECHNOLOGY       

Previous studies predominantly defined the fuel cell as an electrochemical device 

which transposes the chemical energy of fuels and oxidants to useful electrical energy 

without any combustion reaction [1,21,22]. Unlike batteries, fuel cells are able to 

generate electricity as long as fuel and oxidants are supplied. This is the paramount 

difference between a fuel cell and a battery.  

The basic principles of the fuel cell were discovered by Christian Schonbein in 1838. 

Due to the observations of Mr Schonbein, the first fuel cell was developed by Sir 

William Grove in 1839 [1].  In 1932, Thomas Francis Bacon initiated the manufacture 
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of the first fuel cell stack utilizing hydrogen and oxygen. During World War II, Bacon 

had developed a fuel cell system to use in the Royal Navy submarines [23]. A 5 kW 

fuel cell stack was developed and manufactured by him in 1952. In terms of the 

practical applications of fuel cells, the first time a fuel cell was used in a system was 

the Gemini program, the U.S. space program, in the early 1960s. In the following 

years, NASA had used the fuel cell technology in the Apollo program in order to 

produce electricity for astronauts’ life support systems, navigation systems, and 

communication systems.  As mentioned before, General Motors manufactured a fuel 

cell-powered van named Electrovan in the middle of the 1960s. In the end of 1980s, 

Perry Energy Systems and Ballard Ind. collaborated to develop a PEFC-powered 

submarine [1]. In 1993, fuel cell powered buses were demonstrated by Ballard Ind. In 

the beginning of 2000, most vehicle giants were profoundly inspired by fuel cell 

technology as aforementioned in Chapter 1.2.  

1.3.1    The types of fuel cells 

There are numerous numbers of fuel cells used as an energy production system in 

many applications. Fuel cells can be categorised by the type of electrolyte or the fuel 

they used. The main type of fuel cells are the alkaline fuel cell (AFC), polymer 

electrolyte fuel cell (PEFC), solid oxide fuel cell (SOFC), direct methanol fuel cell 

(DMFC), phosphoric acid fuel cell (PAFC), and molten carbonate fuel cell (MCFC) are 

the most prevalent fuel cell types. Figure 1.2 illustrates the comparison of these fuel 

cell types. 
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Figure 1. 2  – Different fuel cell types. 

1.3.1.1             Alkaline fuel cell (AFC)   

The alkaline fuel cell (AFC) utilizes potassium hydroxide (KOH) solution as an 

electrolyte in their applications [24,25]. The high concentration KOH solution (85 wt 

- 
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%) is employed at high operation temperatures (~220°C), whereas the diluted KOH 

solution (35-50 wt %) is used at lower operation temperatures (<120°C). Equation 

(1.1) and Equation (1.2) exhibit the electrochemical reactions occurring at both the 

anode and cathode electrodes, respectively. Equation (1.3) shows the overall 

reaction. The most important advantages of this sort of fuel cell are the lower cost of 

materials and high efficiency (~60 %). The earliest AFC concepts were used in space 

missions in the 1950s by both the U.S. and the Soviet Union [25,26].    

 

Anode:      2𝐻2 + 4𝑂𝐻− → 4𝐻2𝑂 + 4𝑒−   (1.1) 

 

Cathode:      𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−   (1.2) 

 

Overall:      2𝐻2 + 𝑂2 → 2𝐻2𝑂     (1.3) 

 

1.3.1.2             Solid oxide fuel cell (SOFC)   

The solid oxide fuel cell (SOFC) is a sort of elevated temperature fuel cell which is 

operated between a range of temperatures 500°C – 1000°C [27]. That is because the 

higher electrolyte temperatures are demanded to secure proper ionic conductivity of 

O2- in the solid phase ceramic electrolyte [25]. A solid, non-porous metal oxide Y2O3 

stabilized ZrO3 (YSZ) or Gadolium doped Ceria (GDC) is typically employed as an 

electrolyte in SOFC [1,28]. Also, nickel/yttria stabilized zirconia (Ni/YSZ) and 

perovskite-type oxides (LaMnO3, LaCoO3, LaFeO3, etc.) are mostly used as the SOFC 

anode and cathode materials [24,29]. In terms of the bipolar plates, they are made 

by cermet, doped ceramic, or metallic materials in order to supply high-temperature 
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endurance. The main advantages of these sort of fuel cell systems are (i) produced 

by non-precious materials, (ii) fuel type flexibility (for instance, methane, methanol, 

ethanol, and biomass sourced gasses such as carbon monoxide), and (iii) highly 

applicable to integrated other type’s electricity generation systems to enhance the 

overall electrical efficiency and produce useful products such as steam and hot water. 

In the literature, there is much research being conducted regarding the combined 

SOFC and other traditional energy and electricity generation methods, especially 

combined heat power (CHP) and Organic Rankine Cycle (ORC) [30–33]. The anode 

and cathode as well as the overall electrochemical reactions are given as follows:   

 

Anode:      𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒−    (1.4a) 

                    𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒−            (1.4b) 

 

Cathode:      𝑂2 + 4𝑒− → 2𝑂2−     (1.5) 

 

Overall:      𝐻2 + 𝑂2  +  𝐶𝑂 → 𝐻2𝑂 +  𝐶𝑂2  (1.6) 

 

1.3.1.3             Polymer electrolyte fuel cell (PEFC) 

The polymer electrolyte fuel cell (PEFC) is an electrochemical device that generates 

electricity through the energy of hydrogen and oxygen without any burning reaction. 

The architecture of a standard PEFC is composed of anode and catalyst layers, 

wherein the electrochemical reactions occur, gas diffusion layers, a proton 

conductive electrolyte (especially Nafion®-based membrane), and flow-field plates. 

During the half cell reaction at the anode side, which is also named the hydrogen 
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oxidation reaction (HOR), hydrogen ions (H+) and electrons (e-) synchronously 

occurred. These hydrogen ions migrate through the electrolyte from the anode to 

cathode. Besides, the electrons move in the same direction via an external circuit; 

therefore, desirable electricity is generated. In the cathode side, oxygen reduction 

reaction (ORR) takes place and water and heat are produced. The HOR, ORR, and the 

overall reaction are given as follows, respectively:  

Anode:      𝐻2  →  2𝐻+ + 2𝑒−     (1.7) 

 

Cathode:     
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂 + ℎ𝑒𝑎𝑡  (1.8) 

 

Overall:     
1

2
𝑂2 +  𝐻2  →  𝐻2𝑂 +  ℎ𝑒𝑎𝑡  (1.9) 

 

In comparison to internal combustion engines, PEFC are becoming more prominent 

in the transportation and aerospace sectors due to its many advantages [25]. The 

main merits of the PEFC are (i) low working temperature range (50-80 °C), (ii) high 

power density, (iii) environmentally friendly side products (pure water), and (iv) quiet 

and vibration-free operation [34]. Due to these advantages, this kind of fuel cells has 

become highly popular for the transportation sector as aforementioned in Chapter 

1.3. However, there remain numerous challenges for the PEFC technology, such as 

degradation of PEFC components, albeit its advantages and potential. The prominent 

problems observed in PEFC are the flooding-sourced performance losses (especially 

in the cathode gas diffusion layer), highly costly materials used in the catalyst layer, 

and the life duration. 
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1.3.1.4             Direct methanol fuel cell (DMFC) 

The direct methanol fuel cell can be defined as a subcategory of the PEFC that utilize 

a methanol solution as the fuel. Likewise the PEFC, DMFC employs carbon-supported 

platinum catalyst (Pt/C), a proton conductive electrolyte (mostly a Nafion®-based 

membrane), gas diffusion layers, and flow-field plates. However, carbon-supported 

platinum – ruthenium catalyst (Pt - Ru/C) is used as an anode catalyst in DMFC due 

to the decrease in the detrimental effect of the intermediates from the surface [35].  

The operation temperature range of DMFCs is from 60°C to 80°C; however, there are 

some articles in regards to the high temperature DMFCs which employ temperature-

resistive composite membranes rather than commercial Nafion®-based membranes 

[36]. The foremost merits of DMFC are (i) lower emission values, (ii) high energy 

density of methanol (3800 kcal / L), (iii) easy storage capacity, and (iv) ability to 

operate without a reformer [37,38].  The application areas of DMFCs are portable 

devices, such as laptops and backup power systems and some vehicles such as boats 

and caravans [24]. The electrochemical reactions occur at the anode and cathode 

sides, which are named methanol oxidation reaction (MOR) and oxygen reduction 

reaction (ORR), are given by, respectively;  

 

Anode:      𝐶𝐻3𝑂𝐻 +  𝐻2𝑂 →  𝐶𝑂2 +  6𝐻+ + 6𝑒−   (1.10) 

 

Cathode:     
1

2
𝑂2 + 6𝐻+ + 6𝑒− →  3𝐻2𝑂   (1.11) 

 

The overall electrochemical reaction is given by;   
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Overall:     𝐶𝐻3𝑂𝐻 +  
1

2
𝑂2  →  𝐶𝑂2 +  2𝐻2𝑂   (1.12) 

 

1.3.1.5             Phosphoric acid fuel cell (PAFC) 

The phosphoric acid fuel cell (PAFC) uses highly concentrated (>95%) phosphoric acid 

solution (H3PO4) containing a porous silicon carbide (SiC) ceramic matrix as an 

electrolyte. This type of fuel cell operates around 160-220°C temperature range. Pure 

hydrogen or hydrogen-rich gases are fed as fuel at the anode side, whereas air is fed 

at the cathode side as an oxidant. Equation (1.13) and (1.14) show the 

electrochemical reactions that happened at both the anode and cathode electrodes, 

respectively. Equation (1.15) exhibits the overall reaction. Compared to the PEFC, this 

type of fuel cell employs a liquid-based acidic electrolyte and operates at a higher 

operation temperature. In addition, the efficiency of PAFC is lower than the other 

type of fuel cells (35%-50%). PAFC stacks (~200kW/stack) are commercially available 

to generate electricity for stationary applications [1].  

Anode:      𝐻2  →  2𝐻+ + 2𝑒−     (1.13) 

 

Cathode:     
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂 + ℎ𝑒𝑎𝑡  (1.14) 

 

Overall:     
1

2
𝑂2 +  𝐻2  →  𝐻2𝑂 +  ℎ𝑒𝑎𝑡  (1.15) 
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1.3.1.6              Molten carbonate fuel cell (MCFC) 

Molten carbonate fuel cell (MCFC) employs combined alkali (Na, K, Li) carbonates as 

an electrolyte in a porous ceramic matrix. The operating temperature range is 600°C 

– 700°C for MCFCs. Therefore, this type of fuel cell does not require to be fed pure 

hydrogen at the anode side.  Coal-derived gasses or natural gas can be fed as fuel at 

the anode side. Air is used at the cathode side as an oxidant. One advantage of MCFC 

is that it does not have to use expensive metals as catalysts due to high operating 

temperatures. The electrochemical reactions that occurred at both anode and 

cathode sides are represented in Equation (1.16) and (1.17), respectively. Equation 

(1.18) shows the overall reaction. The MCFC can be used for large-scale stationary 

heat and power applications.  

 

Anode:      𝐻2 +  𝐶𝑂3
3− →  𝐻2𝑂 + 𝐶𝑂2 + 2𝑒− (1.16) 

 

Cathode:     
1

2
𝑂2 + 𝐶𝑂2 + 2𝑒− → 𝐶𝑂3

2−  (1.17) 

 

Overall:     
1

2
𝑂2 +  𝐻2  →  𝐻2𝑂 +  ℎ𝑒𝑎𝑡 (1.18) 

 

1.4 MAIN FUEL CELL COMPONENTS 

A standard PEFC is made up of anode and cathode flow-field plates, and a membrane 

electrode assembly (MEA). In terms of the MEA, it consists of a proton-conductive 

membrane, anode and cathode catalyst layers, and anode and cathode gas diffusion 

layers (microporous layers and substrate). Figure 1.3 exhibits these main components 



 

Chapter – 1 

 

14 

 

of the standard PEFC and in the subsequent chapters provide detailed insights in 

regards to these prominent components (from Chapter 1.4.1 to Chapter 1.4.4). 

During the PEFC operation, humidified hydrogen (H2) gas was fed through the anode 

flow-field plate which possesses parallel channels to the gas diffusion layer surface. 

The supplied H2 diffuses through the void spaces of the anode gas diffusion layer 

substrate into the anode microporous layer. Due to the porous structure of the anode 

microporous layer, H2 reaches the anode catalyst layer and HOR occurs (Equation 

(1.7)); there hydrogen ions (H+) and electrons arise after this reaction. These 

electrons flow through an external circuit to the cathode side. At the same time, 

hydrogen ions (H+) pass from the anode catalyst layer to the cathode catalyst layer 

due to the proton conductive Nafion ionomers in the anode catalyst layer and the 

membrane. In the cathode side, oxygen gas (O2) or air is supplied through the cathode 

flow – field plates. In the ideal conditions, this oxygen gas should be smoothly 

transferred from the cathode flow – field plate to the cathode catalyst layer due to 

the superior porous structures of both the cathode gas diffusion layer and the 

cathode microporous layer. In the cathode catalyst layer, Equation (1.8) applies; 

hence, liquid water and heat are produced during this reaction. Excessive water is 

forced to leave from the cathode reaction region due to the capillary pressure which 

predominantly depends on the porous structure of the cathode gas diffusion layer 

[39].      
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Figure 1. 3 – The main components of PEFC. AFFP: anode flow – field plate, AGDL: 

anode gas diffusion layer, AMPL: anode microporous layer, ACL: anode catalyst 

layer, M: membrane, CCL: cathode catalyst layer, CMPL: cathode microporous 

layer, CGDL: cathode gas diffusion layer, CFFP: cathode flow – field plate. 

1.4.1    Membrane 

A membrane used in the PEFC can be defined as a selective permeable barrier that 

allows hydrogen ions to pass to the other side whereas it physically separates both 

the electrochemical sides of the fuel cell. One of the most extensively used PEFC 

membrane is commercially available Nafion® membranes which are 

perfluorosulfononic acid (PFSA) type membranes [40]. Nafion® membrane’s chemical 

structure is demonstrated in Figure 1.4. It is apparent that the Teflon (PTFE) backbone 

of the membrane exhibits a hydrophobic characteristic, while sulfonic acid (SO3H+) at 

the end of the side chain shows high hydrophilic. The membrane hydration is crucial 
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in order for the ions transportation from the anode side to the cathode side. This 

hydration is generally secured by the humidification process of the inlet gasses and 

the production of liquid water during the ORR at the cathode side. Nonetheless, 

excessive liquid water is likely to render flooding which hinders the transport of 

reactant gasses to the reaction regions. Moreover, too small amount of water will 

reduce the durability of the membrane and this situation causes the electrodes to 

stand to the membrane surface inadequately [41]. Inevitably, it is clear that the water 

management is essential to enhance the performance of the PEFC. This phenomenon 

is profoundly investigated in Chapter 1.4.3. In the literature, the required properties 

of a membrane can be; (i) high proton conductivity, (ii) electrical isolation, (iii) to 

prevent oxygen pass from cathode to anode, (iv) to prevent hydrogen crossover from 

anode to cathode, and (v) to provide mechanical and chemical stability under the 

working conditions [24]. 
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Figure 1. 4 – The chemical structure of the Nafion® membrane. 

1.4.2    Anode and cathode catalyst layers  

The anode and cathode catalyst layers can broadly be defined as the electrochemical 

structures where the HOR and ORR occur, respectively [22].  Traditional anode and 

cathode catalyst layers are compositions of larger carbon particles supported by 

noble metals (mostly platinum), ionomer particles (Nafion particles), and void spaces 

[21]. Therefore, the consummate catalyst layers are able to be defined as; (i) to 

include high catalytic activity, (ii) to secure large surface area, (iii) to own continues 

pathways for effective proton transport, (iv) to include uninterrupted void space 

networks for effective reactant and product transportation, (v) to supply continuous 

paths for effective electron conduction, and (vi) to secure excellent stability.   



 

Chapter – 1 

 

18 

 

The PEFC catalyst platinum nanoparticles (~2 – 3 nm) are not employed by 

themselves because of their tremendously expensive nature, hence they are 

combined with intrinsically high-surface-area carbon powder such as Vulcan XC – 72 

(~30 -40 nm) [21,42]. By means of this catalyst modification, it is possible to use less 

amount of precious catalyst material to create a larger effective catalyst surface. To 

exemplify, at the outset of the PEFC technology, highly large amount of platinum was 

utilized to manufacture the catalyst layer (up to 28 mg cm-2), yet this loading value 

was decreased to 0.3 – 0.4 mg cm-2 [1]. The most renowned carbon support materials 

are Vulcan XC72R (Cabot Corp.), Black Pears BP 2000, and Ketjen Black International 

(Shanghai Tengmin Industry Co., Ltd.).  

1.4.3    Anode and cathode gas diffusion layers  

A wet-proofed, porous layer between the catalyst layer and flow-field plate is named 

as the gas diffusion layer (GDL) [1].  Commercially available GDLs are mostly made of 

electrically conductive carbon-based materials due to the superior characteristic of 

carbon. The largest GDL manufacturing giants all around the world are Ballard Ind., 

Sigracet Group, Toray Inc., Freudenberg Group, E TEK, and CeTech [43]. 

Carbon fibres are employed to manufacture both carbon papers and carbon cloth 

which have intrinsically non-woven and woven architecture, respectively. In addition, 

carbon paper GDLs possess two sort of fibre structures; straight fibres and spaghetti 

fibres [43].  The carbon paper is bound by webbing (carbonized thermoset resin); on 

the other hand, no binder is required in the carbon cloth due to its woven structure 

[44]. The fibre structures of these carbon papers and carbon cloth are exhibited in 
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Figure 1.5. The pore size distribution, electrical conductivity, and the fuel cell 

performance is directly related to the arrangement of these fibres.   

 

(a) 

 

(b) 
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(c) 

Figure 1. 5 – The structure of (a) carbon paper possessing straight fibres, (b) 

carbon paper possessing spaghetti fibres, and (c) carbon cloth [43]. 

The GDLs have a crucial role in the fuel cell working by controlling the mass, heat and 

electron transport [1,45]. The essential roles of the GDL in a PEFC operation condition 

can be listed as (i) to regulate the reactants and by-products between the catalyst 

layer and the flow-field plate, (ii) to impart proper pathways for electron conduction 

from the CL to the flow-field plate, (iii) to handle a proper water management balance 

between the membrane hydration and water removal, and (iv) to reinforce the CL as 

a mechanically rigid backbone [43,46]. In addition to these roles, some requirements 

listed below should be fulfilled by an optimal GDL; (i) possess adequate porosity, (ii) 

secure a balance between hydrophobicity and hydrophilicity, (iii) provide high 

through- and in-plane electrical and thermal conductivity, (iv) remain a crack-free 

morphology and long-term operation availability, (v) mechanical and chemical 

stability during operation conditions, and (vi) lower cost [1,21].  
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In some applications, an additional layer, which is named as the microporous layer 

(MPL), is coated on the fibre structure of the GDL to enhance the mass, heat, and 

electricity transport [45]. The MPL is a simple composite structure made of carbon or 

graphite powder and a polymeric binder. An ideal MPL should perform the following 

functions; (i) to improve the reactant and oxidant distribution on the CLs, (ii) to 

reduce the liquid water saturation from the CL to the flow-field plate, (iii) to reduce 

the interfacial electrical resistance of the CL and GDL, (iv) to improve the mechanical 

compatibility between the GDL and CL, (v) to secure a mechanical backing for fragile 

CL, and (vi) to increase the catalytic utilization by suppressing the precious metal 

catalyst particles into the GDL [46]. The average pore size in the MPL is of the order 

of 1 – 10 µm, whereas this value is approximately 10 – 100 µm for GDL and about 

0.001 – 5 µm for CL.    

Water transport management is one of the crucial issues in the GDL in order to 

prevent flooding. It is inevitable that the electron, hydrogen ion, and mass transport 

are strongly affected by excess water [47]. This situation can be defined as “the 

flooding” which is one of the reasons for the low performance on the ORR. On the 

one hand, an adequate amount of hydration is a must for proton conductive 

membranes since the PFSA type membranes are only able to possess proton 

conductivity when they are perfectly hydrated [48]. On the other hand, excess liquid 

water is likely to clog the porous pathways in the GDL and hence this situation can 

attribute to hinder the oxygen transport from flow-field plates to CL. Therefore, 

water management aspects are becoming more vital for fuel cell studies. 
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During the cell operation, water is produced into the membrane / CCL interface as a 

side product of ORR [39,49]. A portion of water is forced to move to the anode side 

owing to the hydraulic pressure occurring at the membrane/CCL interface. This 

transport is known as “back diffusion”. In addition, a small amount of water is carried 

from the anode side to the cathode side due to the hydrogen ion transport. This 

phenomenon is named as the electro-osmotic drag.  All these water movements in a 

PEFC are depicted in Figure 1.6.  

 

Figure 1.6 – Water movement into a PEFC (adapted from [49]). 

1.4.4 Flow-Field Plates 

The anode and cathode flow-field plates are employed as reactant and oxygen 

distributors and water collectors in the PEFC. According to Li and Sabir [50], flow-field 

plates consist of more than 60% of the total weight and 30% of the total cost in a fuel 
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cell stack. To date, many researchers have focused on not only the effect of the FFP 

design to achieve a more efficient reactant and oxidant distribution  but also the rib 

and channel geometries to optimize the FFP [25,51].  In the literature, there are many 

sorts of flow field designs that have been evaluated; such as parallel, serpentine, 

parallel serpentine, interdigitated, mesh, and spiral. In addition to the traditional 

designs, bio-inspired flow-field designs are likely to draw more attention due to their 

superior capacity of a uniform velocity distribution [52].  

The flow-field plates are one of the most prominent components of PEFC stacks 

which have to fulfil some crucial functions during the operation [1,50]. These 

functions are as follows; (i) electrically linking adjacent cells, (ii) separating the gases 

in adjacent cells, (iii) providing a structural support for the cell, and (iv) conducting 

heat from the cell to the cooling channels.  In addition, the flow-fields should be 

electron conductive, highly corrosion resistant, cheap, and easy to manufacture.  

In terms of flow-field materials, graphite is the most used material due to its superior 

chemical stability in the fuel cell environment [1]. On the other hand, graphite 

possesses a porous nature which makes it tend to be destructive in a PEFC 

environment. Moreover, graphite is inherently inclined to be brittle because of its 

fragile character. Furthermore, the graphite manufacturing process is genuinely more 

costly than that of metal-based materials. Due to these reasons, metal-based flow-

field plates have been developed by numerous research groups. Although these kind 

of metal materials (such as aluminium, steel, titanium, and nickel) are prone to 

corrode into the PEFC operation environment, metallic FFPs exhibit excellent thermal 
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and electrical conductivity, low gas permeability, low-cost, easy manufacturing, and 

have a thinner structure compared to the graphite FFPs [53].  

1.5 ELECTROCHEMISTRY OF FUEL CELL  

An operating PEFC possesses a cathode electrode with a higher potential than the 

anode electrode. This electrical potential difference between the cathode and anode 

electrodes is named the actual cell potential. The best possible cell potential for a 

PEFC under standard conditions and utilising pure hydrogen and oxygen gas is 

1.229V, also known as the reversible cell voltage. However, due to continuous 

electrochemical reactions and related irreversibility’s, a fuel cell always faces energy 

losses that result in electric potential losses during actual operation, thereby the cell 

potential is likely to decline to approximately 1 V. These electrical potential losses are 

denoted as “overpotentials” and cause a notable decline in the fuel cell potential [54].  

As for the PEFC performance testing, a polarisation curve is widely used to gain a 

better insight into the overall cell performance. Polarisation curves fundamentally 

show the relation between the current density and its cell voltage. It should be noted 

that the fuel cell voltage losses can be categorised into three regions; activation 

polarisation, ohmic polarisation, and concentration polarisation (displayed in Figure 

1.7). These regions are categorised according to the dominant influencing transport 

phenomena in the current density range. However, it should be noted that all 

transport phenomena are likely to be present in very wide current density ranges 

[39].  The output cell voltage (𝐸𝑐𝑒𝑙𝑙) may be given as Equation 1.19: 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑂𝐶𝑉 −  𝜂𝑎𝑐𝑡 −  𝜂𝑜ℎ𝑚 −   𝜂𝑐𝑜𝑛   (1.19) 
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where 𝐸𝑂𝐶𝑉 designates the open circuit voltage, 𝜂𝑎𝑐𝑡  is the activation polarisation 

losses,  𝜂𝑜ℎ𝑚 is the ohmic losses, and 𝜂𝑐𝑜𝑛 is the concentration polarisation losses.  

The activation polarisation losses, dominant at low current densities, cause energy 

losses due to sluggish electrochemical reactions on the catalyst surfaces. Even though 

these losses occur at both the anode and cathode, the oxygen reduction reaction 

(ORR) is much slower than the hydrogen oxidation reaction (HOR); therefore, the 

oxygen reduction reaction (ORR) requires much higher overpotentials. Notably, in the 

activation polarisation region, the cell voltage is high; however, the current density is 

quite low. Thereby, the power density output is low and practically this region is 

unlikely to be used for PEFC operation. Activation polarisation is naturally non-linear 

and could be represented by the Butler-Volmert model as Equation 1.20:  

𝑖 =  𝑖0  [𝑒𝑥𝑝 (
𝛼𝑎𝑛𝑜𝑑𝑒 𝑛 𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡) − 𝑒𝑥𝑝 (

𝛼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝑛 𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡) ]  (1.20) 

where 𝑖 is the current density (A/m2), 𝑖0 is the exchange current density 

(A/m2), 𝛼𝑎𝑛𝑜𝑑𝑒 and 𝛼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 respectively denote anodic and cathodic charge transfer 

coefficient, 𝑛 is the number of electrons are transferred, 𝐹 is the Faraday’s constant 

(96485 C/mol), 𝑅 is the universal gas constant (8.314 J mol-1K-1), 𝑇 is the temperature, 

and 𝜂𝑎𝑐𝑡  is the activation polarisation losses (V).  

The second region is the ohmic polarisation which is associated with the moderate 

current densities. In the ohmic polarisation region, the losses occur owing to the 

resistance of the ions flow through the electrolyte and the electrons flow through the 

electrically conductive fuel cell components. These ohmic losses could be expressed 
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by the Ohmic law as given in Equation (1.21). This polarisation region inherently

possesses a linear characteristics (as can be seen in Figure 1.7).  

𝜂𝑜ℎ𝑚 = 𝑖 ∙ ∑ 𝑅Ω     (1.21) 

where 𝜂𝑜ℎ𝑚 denotes the ohmic losses, 𝑖 is the current density (A/m2), and 𝑅Ω is the

total internal resistance (including ionic, electronic, and contact resistance) (Ω·m2). 

The third region is the concentration polarisation region which is restricted by the

reactant and side-product transports from/to the reaction sites. These losses are

mainly led by gas diffusion, excess water flooding (into CL, GDL, and FFP channel). It

should be noted that the concentration polarisation losses are dominant at the high

current densities (shown in Figure 1.7).   

Figure 1.7 – A typical polarisation curve of the PEFC. 
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1.6 GAPS IN KNOWLEDGE AND RESEARCH OBJECTIVES 

The cathode gas diffusion layer (GDL) possesses a critical function in the PEFC by 

controlling the mass, heat, and electron transport. However, the majority of 

commercial GDLs are made from anisotropic fragile carbon fibres. As for 

transportation applications, these sorts of fragile and brittle structures are unlikely 

to be ideal materials because of the probable vibrations and shocks during the 

operation of the vehicles. Besides, these materials tend to deform under a 

compression force because of their macro-scale pores and fragile nature. Apparently, 

the extensive clamping force directly affects the transport characteristics of the 

porous GDL materials. Therefore, the superior metal based-materials, especially 

nickel foam, used for PEFCs are critically reviewed and investigated in this thesis. In 

particular, nickel foam material has a great potential to be utilized in PEFCs as a 

cathode GDL due to its outstanding interior characteristics such as lower density, 

higher surface area, superior gas permeability, and higher electrical and thermal 

conductivity.  

Although nickel foam has been employed in different energy-related applications, 

there have been no reported studies in the literature that have thoroughly 

investigated the transport properties of the nickel foam numerically and its potential 

to be used as PEFC GDLs. In addition, there have been only a few studies in regards 

to the X-ray computed tomography (X-ray CT) investigation of the nickel foam-based 

flow fields; however, the X-ray CT detailed inspection of the nickel foam-based GDLs 

has not been fully studied yet. Moreover, the structural and transport characteristics 
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of the nickel foam-based GDLs under the PEFC compression conditions have not been 

detailed examined in detail by X-ray CT. In terms of the computationally-economic X-

ray CT based model, there have been no elaborated studies about the effects of the 

nickel foam-based GDLs on the structural and transport characteristics under the 

operational compression conditions. To this end, nickel foam will be computationally 

investigated using X-ray CT to assess its suitability to act as a GDL in PEFCs through 

estimating it’s morphological and transport characteristics which will be compared 

and contrasted with conventional GDLs. In addition, the effects of the fuel cell 

compression on the morphological and transport characteristics of nickel foam-based 

GDL will be examined by X-ray CT.  In the last phase of the thesis, the developed nickel 

foam-based GDLs will be numerically investigated under the realistic rib and channel 

compression to provide much better insight into the overall cell performance.  

1.7 RESEARCH OUTLINE 

This thesis is divided into six chapters. The first chapter is a brief introduction into the 

global energy demand and the fundamentals of fuel cell technology. The first chapter 

also presents the main fuel cell types, components, and the fundamental 

electrochemistry of fuel cell investigations. At the end of the chapter, the aims of the 

thesis and the outline are given briefly.  

The second chapter is a comprehensive literature review of the porous metal 

materials-based GDLs and FFPs used for PEFCs. In the first part of the chapter, there 

is a brief introduction to the range of porous metal materials used in engineering 

applications. Afterwards, different types of porous metal materials used in PEFCs are 
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reviewed. The last part of the chapter introduces the X-ray computed tomography 

(X-ray CT) imaging technology and provides fundamental information about this non-

destructive and non-invasive imaging method. Next, the captured image processing 

and the construction of the 3D microscale porous structure are briefly described. 

Finally, at the end of the chapter, the X-ray CT imaging of the PEFC GDLs is reviewed 

in detail. 

The third chapter is the first technical chapter. First, the structural properties 

(porosity, tortuosity, pore size, ligament thickness and specific surface area) and 

transport properties (gas permeability and effective diffusivity) are investigated by 

nickel foam based-GDLs using X-ray CT based computationally-economic COMSOL 

Multiphysics numerical models.  

The fourth chapter is the second technical chapter that the developed 

computationally-economic X-ray CT-based numerical model was employed to 

evaluate the effects of the nickel foam-based GDLs on the structural and transport 

characteristics under the fuel cell operation compression conditions.  

The fifth chapter is the third technical chapter that nickel foam-based GDL used PEFC 

are comprehensively investigated under the realistic rib and channel compression. A 

3-D numerical model was developed using the COMSOL Multiphysics 6.0. The results 

are compared with the commercial carbon-based GDL used PEFCs.  

The sixth chapter is the conclusion and future works. The key findings of Chapters 3, 

4, and 5 are highlighted, and recommendations for future works are shared in this 

chapter.  
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2.1 POROUS METAL – BASED GDLS AND FLOW-FIELDS 

2.1.1 Introduction 

Porous metal materials are becoming more prevalent materials to employ in various 

engineering fields because they possess alluring superior properties, such as high 

porous architecture, controllable permeability, high superior electrical and thermal 

conductivity, and high specific surface area. Clearly, the combination of these 

characteristics cannot be observed with dense metals and ceramics [1]. Even though 

porous metal materials were initially used in engineering applications at the outset 

of the 20th century, sintered powder and meshes were used commercially in 
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engineering applications. For example, sintered powder has been employed to 

manufacture batteries, filters as well as self-lubricated bearing systems since the 

1920’s.   

Porous metal materials are attracting immense worldwide attention for developing 

new theories, models, technologies and application areas. For instance, metal-based 

porous materials have hitherto been used for some engineering applications such as 

filtration and separation, heat exchangers, flow distributors, heat pipes, catalyst 

supports. Intrinsically, porous metal materials can be divided into two main 

subcategories: closed-cell porous materials and open-cell porous materials. The 

former shows good mechanical strength and load-carrying capacity but it cannot 

access their internal pores. In terms of the latter type of porous materials, the load-

bearing is likely not to be the primary aim. Yet, this kind of material is mainly used for 

fluid flows, heat and thermal management applications. In the PEFC and DMFC 

studies, this type of material is mostly used as a flow-field/flow distributor, gas 

diffusion layer as well as a catalyst support [2]. To date, numerous research studies 

have been conducted to comprehensively investigate the possible implementation of 

these materials in PEFC and DMFC. Usually, carbon is the most chosen material used 

for PEFC and DMFC components such as flow-field plates, gas diffusion layers as well 

as catalyst supports. With respect to the flow-field plates, they comprise 60% of the 

total weight and 30% of the total cost of a PEFC stack [3]. The traditional graphite 

flow field plates are fabricated by grooving either one or both sides of the graphite 

plates using cutting methods.  However, the drawbacks of this type of graphite flow 
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field plates are that they are brittle, thus problematic to manufacture, and have high 

material and manufacturing costs. In addition, the conventional flow-field designs 

(serpentine, parallel, interdigitated, etc.) mostly utilize the classical channel/land 

configurations which usually results in channel flooding and non-uniform reactant gas 

distribution, thereby both the fuel cell performance and lifetime can be adversely 

affected [4,5].  On the other hand, porous metal materials (particularly, aluminium-, 

nickel-, stainless steel- as well as copper- based) could be an excellent remedy to 

overcome all these difficulties due to their very thin and light nature and of an easy 

processed structure. As a result of these difficulties, considerable efforts have been 

made to develop alternative materials to use in gas diffusion layers and flow field 

plates. According to some researchers, using metal foams is supposed to be a solution 

in order to avoid these problems [6]. In the recent years, there has been an upward 

trend in the porous metal materials used as the PEFC and DMFC components and this 

change is undergoing, what is frequently called “metal revolution” in the PEFC society 

[7].      

Metal porous materials, for instance, sintered stainless steel fibre felts; aluminium 

fibre felts; titanium, copper, and nickel meshes; aluminium, stainless steel, titanium, 

nickel, and nickel-chromium alloy foams; and copper foils have been hitherto a 

promising material to be used in PEFCs to remove the handicaps of the traditional 

carbon-based MPSs. In terms of the conventional carbon-based MPSs, they normally 

constitute of anisotropic fragile carbon fibres and a high proportion of their volume 

is comprised of macro-scale pores. In terms of the transportation applications, such 
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kind of brittle and extra-fine carbon fibres in MPSs can be seen to be ‘’doubtful” 

because of the potential vibrations and shocks during the operation of the fuel cell 

[8]. Moreover, such materials are inevitably prone to deformation under a 

compressive force because of their macro-scale pores and fragile nature [9]. Not only 

the flow-field plates but also the GDLs and other fuel cell components have to be able 

to withstand the clamping force on the fuel cell under realistic working conditions. 

The excessive clamping deformations increases the random pore characteristics, such 

as the uncontrolled alternation in the pore characteristics, and a significant reduction 

in the porosity. As a result of these deformations, the capillary pressure tends to 

increase and the water is driven through the MPS. Thus, this undesired incident 

facilitates the “water flooding” phenomenon.        

Metal-based materials have been researched and developed as potential substrates 

due to their superior intrinsic properties such as mechanical strength, plasticity, high 

electrical and thermal conductivity, controllable pore size, permeability, high specific 

surface area, etc. Although metal based materials possess the above mentioned 

merits, they are still under the development stage for the use in new technology and 

industry.  In the literature, there remains much scope to profoundly unravel the 

mechanisms of the porous materials used in PEFC and DMFC performance. In 1990, 

Hryniewicz et al. [10] conducted a precursory study on the fuel cell area and 

investigated the nickel porous sinter as the electrodes for hydrocarbon fuel cells at a 

moderate temperature. They pointed out that the sinters provided high real surface 
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area and sufficient porosity. In addition, different sizes of nickel particles were used 

and the smallest particle size was preferred since it produced the greatest porosity.      

Metal-foam materials and metal fibre sintered felts are extensively employed as 

catalyst supports in microreactors owing to their superior pore structure and 

excellent mechanical performance. Although nickel foam, aluminium foam, FeCrAl 

foam, and Cu-Zn foam have been used in microreactors in order to generate 

hydrogen. However, the metal fibre sintered felt is a state-of-the-art type material 

which has reticulated the 3D architecture, and completely connected the pore size 

and high porosity. Due to these inherent characteristics of the metal fibre sintered 

felt, the catalyst is able to be supported on the surface of the metal fibre sintered 

felt, and the adherence strength of the catalyst is likely to be enhanced. Thus, 

stainless steel fibre sintered felts (316) have hitherto been employed as the catalyst 

support in microreactors to decompose ammonia [11]. 

2.1.2 Copper fibre felt-based GDLs and flow-field plates 

The copper fibre sintered felt can be defined as a state-of-the-art material that 

possesses a 3D net-like structure and fully connected pores high porosity. This felt is 

intrinsically a good electrical and thermal conductivity but such a felt has a lower 

corrosion resistance and it is inherently prone to corrode in PEFC operational 

conditions. Thereby, this material has been seldom used as a GDL and the flow-field 

plate in fuel cell applications [12]. To overcome this issue, alloying treatments or 

surface coating methods are used to improve the corrosion resistance of copper-

based fuel cell components for PEFC applications [13,14]. Graphene has been 
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recently started to be employed as a corrosion-resistant coating for stainless steel, 

copper as well as nickel-coated flow-fields used in PEFCs [14–17]. For example, the 

graphene treatment on the copper is likely to enhance the metal corrosion resistance 

1.5 times higher than bare copper [18]. Ren et al. [14] pointed out that the charge 

transfer resistance of the graphene coated copper is on the order of 3 times higher 

than that of the bare copper.  Therefore, the graphene coatings are expected to 

improve the corrosion resistance of copper-based bipolar plates. In addition, the 

graphene coated copper flow-field using PEFC clearly outperformed that of the bare 

copper flow-field [15]. The reason why the bare copper flow-field showed lower 

performance after 5 h working is because of the surface oxidation. Figure 2.1 shows 

photographs of the copper fibre felt-based flow-field and the assembled PEFC.  

  

Figure 2. 1 – Photographs of (a) the assembled copper fibre felt-based PEFC and 

(b) the copper fibre felt-based flow-field plate (adapted from [12]). 
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Tang et al. [19] manufactured the highly porous copper fibre sintered felt (CFSF) using 

the sintering method and compared this material as a catalyst support to that of 

sintered stainless steel fibre felt (SSSFF) for the hydrogen production process. 

Recently, Li et al. [20] manufactured and investigated the porous copper fibre 

sintered felt as an alternative flow field plate to use for PEFC. They reported that the 

copper fibre sintered felt provides more uniform pressure and velocity distribution 

compared to the serpentine FFPs. Notably, the best performance was obtained from 

70% porosity copper fibre sintered felt-based FFP on 70°C cell temperature. Likewise, 

in a very recent study by Lian et al. [21], copper fibre sintered felt was employed as a 

FFP for PEFC. The sintering process of the copper fibres created tortuous pathways 

through the fibres; resulting in increased water transport capability.  The 

experimental findings revealed a notable increase in pressure drop as the porosity 

decreased. For example, the pressure drop was measured at 0.51 kPa for 80% 

porosity, whereas it rose to 2.08 kPa for 60% porosity.  It should be noted that the 

fuel and oxidant supplies become more difficult and required pumping power is likely 

to increase considerably.  Moreover, the optimum porosity was determined as 70% 

and the peak power density was ~19% higher than serpentine FFP. 

2.1.3 Copper foil-based GDLs and flow-field plates 

Copper materials have hitherto attracted substantial attention for exploiting as a GDL 

material due to its affordable cost, superior thermal and electrical conductivity, 

exceptional resistance to electromigration, and high durability [22]. In addition, 

etching techniques have been used to convert copper foils in porous materials with 



 

Chapter – 2 

 

45 

 

a collection of micron-scale holes in order for them to be utilised in fuel cells as a GDL. 

With the aim of achieving the required patterns of holes, a proper mask design is 

needed to regulate several factors, such as the chemical etchant type, etching 

duration, etching rate, and operation temperature. For example, Zhang et al. [22] 

experimentally evaluated the impact of the mask shape, mask width and etching time 

for super thin copper (110) foil. The etching rates that are requires to acquire micro-

scale features are approximately 1-2 µm/min, and this is primarily dominated by the 

mask width owing to the mass transport resistance. In another attempt to investigate 

the copper foil for the PEFCs, by Zhang et al. [23], a metallic porous gas diffusion layer, 

with enhanced electrical and thermal conductivities, comprising of a 12.5 µm thick 

copper foil (Cu110), was developed and evaluated under PEFC operational 

conditions. At the lower flow rates, the fuel cell using the copper foil-based GDL 

renders an enhanced water management ability. In addition, the fuel cell 

performance is not affected by the lower flow rates, in contrast to the commercial 

Toray TGP-H-060 carbon paper which is likely to decline up to 30%. SEM images of 

the copper foil based GDL is shown in Figure 2.2.  
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Figure 2.2 – SEM image of the copper foil-based GDL [23]. 

2.1.4 Stainless steel fibre felt-based GDLs and flow-field plates 

Li et al. [24] utilized the stainless steel (316L) fibre felt material at both the cathode 

backing layer and cathode current collector for micro DMFC applications. In the scope 

of this work, the novel structure could significantly hinder the methanol crossover; 

therefore, the performance was likely to be enhanced at higher methanol 

concentrations. Moreover, the water management at room temperatures inclined to 

be improved due to the stainless steel cathode electrode. Likewise, Yi et al. [8] 

experimentally investigated the sintered stainless steel (316L) fibre felt as gas 

diffusion layers in PEFC. The sintered stainless steel fibre felt is layered with an 

amorphous carbon (a-C) film in order to improve the corrosion resistance and 

decrease the contact resistance. The outcome clearly showed that the sintered 

stainless steel fibre felt GDL is an auspicious solution to enhance the fluid 

permeability of the GDL under compression owing to its intrinsically higher 
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compressive modules and ductility. Similarly, Lu et al. [25] experimentally evaluated 

the feasibility of stainless steel fibre felt FFPs for PEFC. The results showed that gold-

coated stainless steel fibre felt FFP produced 125 mW/cm2 at 2500 mA/cm2. 

According to their findings, the coating may increase the corrosion resistance of 

stainless steel fibres.  

Tang et al. [19] manufactured a highly porous copper fibre sintered felt (CFSF) using 

the sintering method and compared this material as a catalyst support to the sintered 

stainless steel fibre felt (SSSFF) for the hydrogen production process. The Cu/Zn/Al/Zr 

catalyst was coated on the CFSF surface by the impregnation technique and the 

catalyst-coated CFSF was employed in the methanol steam reformer (MSR) in order 

to produce hydrogen. As a result of this study, the CFSF material indicated augmented 

stability of the catalyst layer, an increase in the contact time as well as an increase in 

the colliding opportunities of the CFSF surface and methanol-water mixture. 

Furthermore, the CFSF revealed that the methanol conversion, the reformate gas 

flow rate, and H2 generation rate for MSR using CFSF are superior to the SSSFF.      

2.1.5 Perforated stainless steel sheet-based GDLs and flow-field plates 

The potential use of a perforated stainless steel sheet as a MPL was experimentally 

evaluated by Leeuwer et al. [26]. The paramount goal in this study was to provide 

insight into alternative MPLs, i.e. graphene foam, perforated graphitic layer, and 

perforated stainless steel sheet, with improved interface characteristics. In the scope 

of this scientific study, the commercial MPL exhibited a considerably higher in-plane 

resistivity compared to the alternative MPLs. The main reasons for the higher in-
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plane resistivity were the presence of non-conductive PTFE and the particulate 

characteristic of carbon. Furthermore, the perforated stainless steel sheet exhibited 

the lowest in-plane resistivity due to the inherently nonporous architecture which 

renders an uninterrupted pathway for the in-plane electrical conduction. The overall 

through-plane resistance also strongly depends on the compression force. In 

addition, the perforated stainless steel sheet possesses the most uniform and 

smoothest surface.  

Likewise, Blanco et al. [27] analysed how the structural parameters of perforated 

stainless steel sheets affect the PEFC performance, i.e. the sheet thickness, the 

channel width, the channel depth, the perforation diameter. They reported that the 

perforated stainless steel sheet as a GDL reveals poorer performance than the 

commercial Sigracet® 25BC GDL and this is because of the lack of in-plane diffusion, 

the perforated stainless steel sheet showed a similar performance at the low current 

densities regardless of the geometric dimensions mentioned above. As for the in-situ 

and ex-situ tested perforated stainless steel sheet-based PEFCs, the best 

performance, and the lowest resistance were observed by the perforated stainless 

steel sheet with 1 mm perforations and 34.7% open area owing to the best balance 

between the electrical contact and gas permeability. Also, the potential improvement 

in the manufacturing capabilities of this sort of perforated material is supposed to 

facilitate the utilisation of such materials for specific fuel cell applications.  

More recently, Tanaka et al. [28] focused on the development of carbon-based MPLs 

to cover the top surface of the perforated stainless steel sheet to augment the gas 
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diffusion from the perforated holes to the solid area of the MPSs in order to hinder 

flooding on the hydrophilic surface of the MPSs’ holes.  For this aim, they 

experimentally and numerically evaluated the MPL coated perforated stainless steel 

sheet as a GDL and the channel/land ratio of the flow-field plate design in PEFCs. 

According to their findings, the microporous layer was a key component in the 

hindering the flooding and to promote the gas diffusion in this sort of perforated 

metal sheet-based GDLs. In addition, the clamping force exhibited an immense 

implication on the electrical resistance, contact resistance, and gas diffusion around 

the MPL, therefore, the cell performance has a significant correlation with the 

clamping force. 

2.1.6 Metal mesh-based GDLs and flow-field plates 

Tanaka and Shudo [29], developed a 50 µm thick stainless steel fibre with 0.1 µm 

thick gold plating microcoils to be employed on the cathode side of the PEFCs as both 

MPS and flow-field plate. The main motivation in the developing of this up-to-date 

system stemmed from the need for eliminating the flooding in the GDL. The 

microcoil-based PEFCs yielded a flood-free performance, whilst a grooved flow-field 

plate with a Toray TGP-H-060 GDL showed there was flooding because of the non-

uniform architecture of the commercial carbon paper. In addition, it should be noted 

that the microcoil-based PEFC exhibited a higher-frequency resistance than that of 

the grooved flow-field plates with a Toray TGP-H-060 GDL and this was because of 

the differences in the electron conduction path and the in-plane electron 

conductivity in the MPL.  
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The same researchers (Tanaka and Shudo [30]) reported, when using a straight-

shaped or meandering-shape corrugated stainless steel meshes as both MPS and 

flow-field plate placed directly on the MPL, then it is likely to render a reduction in 

the flooding. In terms of the polarisation curve, the corrugated-mesh-based PEFC 

exhibited a lower flooding tendency at higher current densities, whereas the fuel cells 

using such materials were prone to show a considerably high-frequency resistance 

because of the lower contact area between the corrugated-mesh and MPL.   

Tanaka and Shudo [31] evaluated the use of a corrugated stainless steel mesh GDL in 

PEFCs instead of use of the conventional carbon-based flat GDLs. This study yielded 

that the corrugated stainless steel mesh GDL attributes more uniformly distributed 

gasses to lower the flooding even at higher current densities. However, the inner 

electrical resistance of the corrugated stainless steel mesh GDL used in the fuel cell 

is much higher than that in the conventional fuel cell since the corrugated mesh GDL 

and the MPL possess a low contact area with just point contacts. Furthermore, the 

contact resistance and the conductivities of each of the materials in the corrugated 

stainless steel mesh GDL using PEFCs were evaluated under several different 

clamping forces. In addition, an electrical-electrochemical-mechanical model was 

developed by STAR-CCM+ software to investigate the impact of the electrical 

resistance on the PEFC performance. 

2.1.7 Metal foam-based GDLs and flow-field plates 

Metal foams can be defined as new types of porous materials that have gained 

considerable attention owing to its superb characteristics which are suitable over a 
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broad spectrum of engineering applications [32,33]. Various names such as, cellular 

solids, cellular metal, porous metal, cellular metallic material, sintered porous 

structures, syntactic foam, etc., have been suggested as a suitable name for the metal 

foams [34]. Such materials possess excellent intrinsic properties, such as the high 

large surface area (owing to its elaborate architecture), low density, superb gas 

permeability, excellent electrical and thermal conductivity, and high strength-to-

weight ratio. Thereby, metal foams can be considered as an auspicious material used 

in energy applications, such as fuel cells and batteries. In engineering, the terms 

“pore” and “cell” are prone to be misunderstood because these terms are used to 

define the same structure in a different manner. The “pore” term means a small 

void/space/perforation. Likewise, the “cell” term can be defined as a minute 

unit/structure/compartment in a larger structure.  In the literature, metal foams are 

divided into two main groups named closed-cellular metal foams and open-cellular 

metal foams. The closed-cellular metal foams generally consist of continuous walls 

that separate the cells from each other. On the other hand, open-cellular metal foams 

are inherently inclined to enable the fluid to flow through one cell to another. Open-

cellular metal foams can be defined as auspicious materials to be utilized for the 

future automotive fuel cell applications since such materials are extremely light, have 

great porosity (more than  80%), as well as superior electrical and heat conductivity 

[35]. At this moment, the term metal foam is used for only open-cellular metal foams. 

Figure 2.3 indicates the open-cellular metal foam, closed-cellular metal foams, as well 

as the terms “pore” and “cell” in an open-cellular metal-foam. 



 

Chapter – 2 

 

52 

 

(a)  (b) 

 

(c) 

Figure 2.3 – An illustration of (a) the open-cellular metal foam, (b) closed-

cellular metal foam, and (c) the terms of “pore” and “cell” in open-cellular 

metal foam (adapted from [36,37]). 

The metal foam applied PEFCs are prone to exhibit reduced mass transport losses and 

higher performance [35]. In addition, such foams can secure a tortuous gas flow 

through the structure and a low pressure drop between the inlet and outlet. More 

recently, the same research group has developed a 3D computational fluid dynamic 

electrochemical model for metal foam-based flow fields and they have compared it 
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to a conventional flow-field both experimentally and numerically [38]. The results 

show that the metal foam-based flow field secures smoother hydrogen and oxygen 

distributions between the inlet and outlet and outperformed the conventional flow-

field. Moreover, according to the model outcomes, the metal foam-based flow-field 

showed better water and heat management than the conventional flow-field.     

Wang [39] proposed an approach to develop a flow-field approach for the metal foam 

to provide support over the GDL and decrease the contact resistance under the 

channel. A 3D numerical model was constructed to examine the low humidity 

operations of the PEFC with both a traditional hollow channel designed flow-field and 

a metal foam-filled channel designed flow-field. According to the simulations 

outcomes, the metal foam-filled channel designed flow-field exhibited an enhanced 

heat and electrical transport capacity and a design flexibility for possible further 

studies. In addition, the conducted analyses indicated that the in-plane channel 

dimension and the GDL thermal property have a negligible effect on the local 

temperature variations and ohmic losses for the metal foam filled channel designed 

flow-field, however, they are prominent for the traditional hollow channel designed 

flow-field. Likewise, in 2014, the effectiveness of metal foam-based flow-field plates 

was examined for PEFC to replace conventional serpentine flow-field plates by the 

use of both computational fluid dynamics (CFD) models and experimental methods 

[40]. The conducted analyses and experiments clarified that the optimised metal 

foam can ensure superior gas flow through the fuel cell, diminish the pressure drop 

between the inlet and outlet, and increase the PEFC performance compared to the 
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traditional serpentine flow-field design. In the same year, Choi et al. [41] developed 

a promising next-generation titanium (Ti) foam-based GDL to utilise as an anode GDL 

in PEFC. The results indicated that the Ti foam-based GDL used PEFC’s current density 

at 0.7V (~0.46 A/cm2) is approximately 160% higher than carbon based Toray-060 

GDL (0.28 A/cm2). Moreover, they highlighted that the Ti foam-based GDL possesses 

superior corrosion resistance and provides a long-term reliability and chemical 

stability. More recently, the performance of the metal foam-based FFP was 

numerically compared to the serpentine FFP by Son et al. [42].  According to this 

study, metal foam–based FFP with two-turn serpentine channel structure showed 

about 6% higher performance than traditional serpentine FFP. Nevertheless, it should 

be noted that the longer flow path means the higher pressure drop which requests 

higher parasitic pumping power.  

A 3D steady-state PEFC model using porous metal foam as a flow field material has 

been developed and compared to the traditional flow field plate which possesses 

rectangular channels [2]. They emphasized that the permeability has a crucial effect 

on the performance of the fuel cell. The decreasing permeability of flow field plate 

indicated better cell performance. As a result, traditional machined channelled flow 

field plates cannot be decreased below the 10-8 m2 permeability values because of 

the difficulties in the machining process. For this reason, the metal foam flow field 

plate is proposed as the flow field plate for PEFCs. This phenomenon may be 

explained by the increase in the pressure drop which can enhance the mass transfer 

between the flow field and the electrode-membrane reaction interface through 



 

Chapter – 2 

 

55 

 

forced convection. In addition, the numerical results of Hontanon et al. [43] 

reinforced the outcome. In addition, Ni-Cr metal foam, stainless steel (SS-316) metal 

foam, conventional multi-parallel machined stainless steel (SS-316), as well as carbon 

cloth were investigated experimentally as flow fields in PEFC. The performance of Ni-

Cr metal foam based flow field is higher than that of other material based flow fields 

followed by stainless steel (SS-316) metal foam, conventional multi-parallel 

machined stainless steel (SS-316), and carbon cloth [44]. The main reason why the 

carbon paper showed the lowest performance is because of the high contact pressure 

in the cell which induces the pressing of the cloth and the clogging of the void spaces 

in the carbon cloth.  Likewise and more recently, the potential usage of the Ni-Cr 

foam as FFP was evaluated for PEFCs by Lee et al. [45].  They emphasised the stainless 

steel-based FFP has some potential drawbacks such as lower electrical conductivity 

and corrosion resistance. They found that the uncoated Ni-Cr foam-based FFP and 

self-assembled three-dimensional graphene coated FFP show highly close power 

density performances; 340 mW/cm2 and 380 mW/cm2 (at 0.5V), respectively. 

However, when the Ni-Cr foam was coated with web-like graphene and gold, the 

power density performance significantly improved; 480 mW/cm2 and 500 mW/cm2 

(at 0.5V), respectively. This situation arises from the reduced ohmic and kinetic 

resistances.       

The performance improvement of the PTFE-coated metal foam-based flow field used 

for PEFC has been inspected by Tsai et al. [46]. Compared with the conventional 

graphite serpentine flow-field based PEFC, the PTFE-treated metal foam-based PEFC 
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exhibited a better performance. Likewise, the performance of three different flow-

fields (parallel, baffle restricted, and metal foam-based) were studied numerically by 

Afshari et al. [47]. It is apparent from their studies that when using metal foam as a 

cathode flow-field then it was likely to enhance the current density and oxygen 

concentration at the cathode catalyst surface and more effectively spread them. In 

addition, the temperature distribution was much more uniform compared to the 

other flow-fields. They also concluded that increasing the metal foam porosity is likely 

to enhance the current density value and diminish the pressure drop, whilst it does 

not affect the temperature distribution. A very recent experimental study was 

conducted by Wilberforce et al. [48] to elaborately investigate the Aluminium foam-

based, copper foam-based, and stainless steel foam-based flow field plates compared 

to serpentine flow field plates.  They found that the metal foam based FFPs exhibit 

superior performance with using less hydrogen and oxygen consumption than the 

serpentine one. It should be noted that the Aluminium foam-based FFP generates 

more current compared to other metal foam-based FFPs with lower weight structure.     

More recently, Azarafza et al. [49], numerically analysed the conventional parallel, 

serpentine, and interdigitated cathode flow-field configurations and metal foam-

based flow-field on the cathode side of a PEFC. They established a 3D, multiphase, 

non-isothermal CFD model, which includes the anisotropic nature of GDLs. The 

outcome exhibited that the highest fuel cell performance is observed with the metal 

foam-based flow-field plate and this was because it has the lowest water saturation, 

more uniform current density and temperature distribution as well as the relatively 
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moderate pressure drop were rendered in this flow-field. Similarly, Bao et al. [50] 

proposed a 3D volume of fluid dynamics model to examine both single- and two-

phase flow dynamics in metal foam-based flow-field and conventional parallel flow-

field. The results showed that the gas convection and uniform distribution are 

improved in a metal foam-based flow-field compared to the conventional parallel 

channels.  In addition, even though water removal is relatively slower in metal foam-

based flow fields compared to the parallel design, the connected void structure 

renders numerous gas pathways and supplies gas with high concentration.  Hence, 

the water flooding in the flow-field reduces owing to the outstanding porous 

structure of the metal foam and a large number of pores which induce many gas 

pathways. Likewise, the potential of the metal foam-based flow-field to enhance the 

water management capacity for PEFCs has been also investigated most recently by 

Wu et al. [51] via an in-operando neutron radiography technique. They have 

emphasised that using metal-foam based flow-field improves the reactant 

distribution uniformity by eradicating the classical “land/channel” geometry. The 

outcome of this study primarily showed that the metal foam-based flow field has a 

superior tolerance to dehydration at 1000 mA cm-2 than the serpentine flow field. 

Thus, the maximum power density of the metal foam-based flow field is about twice 

higher than that of the serpentine design owing to the excellent characteristics of the 

metal foam. Awin and Dukhan [52] experimentally evaluated the various aluminium 

foam-based FFPs with various porosity values and compared them to the 

conventional serpentine FFP.  They first reported that all aluminium foam-based FFPs 

succeeded to remain their operating temperature within the allowable ranges for 
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safe operating temperature. Secondly, the output power of the aluminium foam-

based FFPs surpassed the performance of the conventional serpentine FFP in all 

cases.  The best performance improvement was recorded for the lowest porous case 

(ε= ~70%) as about 10%. Thirdly, they stated that the aluminium foam-based FFPs 

consumed less oxygen (4.2%) and hydrogen (4%) than serpentine one whereas they 

improved the conversion efficiency by 3.9%. Finally, they also emphasised that the 

new aluminium foam-based FFP designs can help to reduce the weight by 

approximately 28% compared to graphite-based serpentine FFPs.      

The performance of the metal foam based high-temperature polymer electrolyte fuel 

cell (HT-PEFC) as the flow-field plate was experimentally evaluated by Tseng et al. 

[53]. The outcomes yielded that metal foam-based flow-fields entails high gas 

permeability, superb gas convection and diffusion, and enhances the reaction 

opportunity with the catalysts. In addition, the porous structure of the metal foam 

was able to decrease the contact resistance between the flow-field plate and the 

carbon paper. The HT-PEFC with a metal foam showed 20% higher current density (at 

0.6 V) than that of the conventional graphite serpentine flow channels. Moreover, 

the long-term stability (200 and 300 hours) exhibited that there is no substantial 

increase in the resistance. Moreover, the mass resistance is likely to be insignificant 

in metal foam-based fuel cells. Jo and Ju [54], showed the consequence of utilising 

metal foam as a flow-field plate for realistic low humidification automotive PEFC 

environment, that was numerically evaluated, and the water management capacities 

of such contemporary flow-fields compared to the serpentine flow-field designs. The 
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results clarified that the use of metal foam-based flow fields for PEFCs induces higher 

fuel cell performance than serpentine flow-fields. In addition, the harmful oxygen 

depletion is eradicated and the membrane hydration is likely to be better due to the 

weaker convective flow and the absence of the channels and ribs in metal foam based 

flow-fields. On the other hand, the excess water in the metal foam-based fuel cell 

was efficiently removed, therefore the flooding occurred due to the weaker 

convective flow. For this reason, they suggested the use of metal foam-based flow-

fields for low humidity PEFC applications.  

2.1.7.1             Copper foam-based GDLs and flow-field plates 

In the fuel cell literature, copper foam based GDLs and FFPs are attracting more 

attention owing to the excellent properties of copper. Copper is one of the ideal 

materials to be used as a GDL or FFP since it is a cheap material, has 3D pores, high 

porosity, increased electrical conductivity, and likely to exhibit high performance 

[55]. Parvanian and Panjepour [56] evaluated the utilisation of copper foam for the 

flow-field in PEFCs. They concluded that the copper foam is a potential to employ as 

a FFP owing to its significant superior bending strength with decreasing porosity. In 

addition, the permeability of the copper foams is less than 10 -8 m2, which is an ideal 

value of the permeability, therefore they are promising to employ for PEFCs as FFPs. 

More recently, Park et al. [55], investigated the feasibility of the various copper foams 

for PEFC to be used as a FFP. They concluded that the optimized copper foam 

possessing a large contact area and small ribs are ideal for the mass transfer and 

ohmic resistance. Moreover, the pressure produced on the inside of the copper foam 



 

Chapter – 2 

 

60 

 

increased the reactant’s partial pressure, therefore this led to an enhanced 

performance.              

2.1.7.2             Nickel foam-based GDLs and flow-field plates 

The nickel foam reveals it to have an exceptional potential to function as a suitable 

material owing to its large surface area (due to the highly complex geometry), lower 

density, superior gas permeability and high strength-to-weight ratio [57]. Nickel 

foams also provide relatively higher electrical conductivity, catalytic activity, and 

corrosion resistance, thus the Ni foams are employed in numerous energy 

applications, such as batteries and solar cells as electrodes, SOFCs as current 

collectors, PEFCs (as GDLs and flow-field plates) etc. Furthermore, nickel foams have 

perfect characteristics for heat transfer and thermal management systems, such as 

heat exchangers [32].  In addition, such foams possess excellent mechanical 

properties and are lightweight. Furthermore, the nickel foams show a much better 

resistant to corrosion than copper foam and other metal foams [58]. The 

characteristic of the nickel form has variable important parameters, such as the 

permeability, the size of pores, pores per inch (PPI), etc.  

As mentioned in the Chapter 2.1.7, there are two type of metal foams; the closed 

cellular metal foams and the open-cellular metal foams. In contrast to the closed 

cellular metal foams, the open cellular metal foams are able to allow the fluid to flow 

through one cell to another. As for the closed cellular metal foams, such metal foams 

were made by continuous walls which separate one cell from the other. The cell 

geometry is generally spherical shape. The characteristics of the metal foams are able 
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to be adjusted to meet the design requirements. As of now, the term metal foam is 

only used to define open-cellular metal foams. In the literature, there are many nickel 

foam manufacturing methods, namely: (i) freeze casting, (ii) vapour deposition, (iii) 

3D printing, (iv) electrolytic deposition, and (v) powder metallurgy.     

According to Tan et al. [32], there has been an incremental increasing trend to utilise 

the metal foams for renewable energy applications. For instance, metal foams have 

been started to be used in solar energy harvesting systems as a heat transfer media 

as well as in fuel cells as an electrode, GDL, and flow-field plate. Due to a declining 

trend of the cost of foams, such materials are becoming more popular in fuel cells. 

For instance, an US company, Alcoa, presented a new continuous foam casting 

method and one of their aims was to reduce the foams’ manufacturing cost. They 

estimated that the cost of such materials is reduced to 5 US$/kg when the large-scale 

mass production will become available [1]. The cost of the nickel foam activated 

carbon cathode in microbial fuel cells (MFC) is also 1/30 of that of carbon cloth Pt 

cathode [59]. According to Hussain et al. [58], the cost of nickel foam is lower than 

that of copper foam, aluminium foam, and graphite/graphene foam. Bidault et al. 

[60] evaluated the use of nickel foam as a cathode electrode substrate in alkaline fuel 

cells. Compared to the nickel mesh, nickel foams possesses a lower weight-to-surface 

ratio as well as it being considerably less expensive than the nickel mesh.  In this 

study, silver deposited onto the nickel foam producing an outstanding 

electrochemical performance compared with that of the nickel mesh owing to a 

decline in both the ohmic resistance and ORR charge transfer resistance. More 
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recently, Toghyani et al. [61] has developed a 3D CFD model to investigate the 

performance of the nickel foam-based flow-field using a proton exchange membrane 

electrolyser cell (PEMEC) and compared the cell performance with conventional 

parallel and serpentine flow-field plates. The numerical results indicated that the 

simple nickel foam-based flow-field produced the highest performance owing to the 

uniform current density distribution, the uniform distribution of the hydrogen mass 

fraction as well as the lower temperature gradients. Moreover, the outcomes are that 

the pressure drop in the nickel foam-based flow field plate is significantly lower than 

that in the serpentine flow-field plate. They concluded that the pressure drop of the 

system inclines to be considerably enhanced by decreasing the permeability; 

however, the performance is slightly improved.    

Tseng et al. [62] experimentally evaluated the possibility of using nickel foam based 

flow-field plates in PEFCs. To prevent the corrosion, nickel foams were treated with 

a corrosion resistant material, such as PTFE, and thus they did not only hinder the 

corrosion but also reinforced hydrophobicity. The porosity of the nickel foam is about 

95-98% and they applied compression to it to increase the electrical conductivity, 

albeit with a slight decrease in porosity. The results show that the non-PTFE coated 

nickel foam-based PEFC experiences water flooding at a very early stage (at 0.74 V 

and 139 mA cm-2), therefore the performance severely deteriorates. On the other 

hand, 40% PTFE-treated nickel foam based PEFCs show a better performance than 

that of the 60% PTFE-treated. Therefore, they concluded that 40% PTFE treatment is 

the optimum value for this study. When the PTFE content is below the optimum level, 
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water occurs and the gas transport decreases. On the other hand, if the PTFE content 

is higher than the optimum value, the porosity is severely affected because of the 

obstructed pores.  The through-plane and in-plane pores are shown in the Figure 2.4. 

Moreover, the behaviour of the metal foam under compression is examined and the 

pore size in the through-plane direction is likely to be larger than that in the in-plane 

direction due to the uni-directional compression. This means that the gas flow 

capacity is better in the through-plane direction than the in-plane direction. 

Moreover, both the electrical conductivity and the cell performance improves due to 

the compression. Tabe et al. [63] experimentally investigated the nickel foam-based 

cathode flow-field plate used in the PEFC under high and low humidity conditions and 

strived to clarify the internal phenomenon in the cell which affect the cell 

performance. They also compared the cell performance with conventional serpentine 

and straight flow-field plane designs. Their results exhibited that the nickel foam-

based PEFC is more stable rather than the conventional design-based PEFCs at higher 

current densities; however, at the lower current densities, such flow fields tend to be 

less stable than conventional designs. In addition, the nickel foam-based flow-fields 

were observed to produce a higher cell performance than conventional designs due 

to their hydrophilic porous nature. As a result of this property, the nickel foam-based 

flow-field is prone to be superior in draining the excess water from the GDL surface. 

On the other hand, the temperature increases in the nickel foam-based flow-field 

plate and it is likely to be larger than in the conventional designs because of the low 

heat removal capacity. Thereby, the nickel foam-based PEFC is inclined to be unstable 

at relatively low humidities. Baroutaji et al. [64] used a nickel foam-based flow-field 
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for air breathing PEFCs and compared their results with the serpentine flow-plate 

results. The results demonstrated that the nickel foam-based PEFC exhibited better 

cell performance than that of the serpentine based. In addition, the impact of the 

hydrophobic treatment on the nickel foam-based flow-field plate was examined and 

it is stated that the PTFE coated nickel foam-based flow-field possessed superior 

hydrophobicity and corrosion resistance to the uncoated nickel foam-based flow-

field plates. More recently, Shin et al. [65], utilised four nickel foams with different 

cell size (450 µm, 580 µm, 800 µm, and 1200 µm) as the cathode flow-field plate and 

experimentally improved the cell performance.  Also they developed a mixed type 

nickel foam which was made by 450 µm cell size nickel foam as a front triangular and 

800 µm nickel foam as a back triangular. The former was used to increase the contact 

surface and the latter was utilized to boost the gas diffusion. Finally, they suggested 

that the mixed type nickel foam may be an ideal flow-field to increase the cell 

performance. According to their results, the mixed nickel foam-based flow-field 

design is able to increase the fuel cell maximum power by approximately 60.1% 

compared to the conventional serpentine flow-field design. Kim et al. [66] 

experimentally evaluated the potential usage of the nickel foam-based FFP for PEFCs. 

The results exhibit that the nickel foam-based FFP (for both anode and cathode sides) 

provides approximately 35% higher power density (1.21 W/cm2) compared to the 

conventional parallel type FFP (0.90 W/cm2). Especially, there is an apparent 

improvement in the concentration polarisation region when nickel foam is utilised as 

anode and cathode FFPs. The reasons behind this phenomenon are improvements in 

gas diffusion, water management and lower electrical resistance when the nickel 
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foam is chosen as FFP. Likewise, Chen et al. [67] pointed out that the nickel foam-

based FFPs has a good potential to handle the water flooding issue in PEFCs. 

Therefore, they conducted many experimental works to evaluate the up-to-date FFPs 

performance and durability. According to their findings, the increased compression 

ratio (~70%) on cathode make ensures the voltage stability during a 3-hour current 

density test. On the other hand, the similar stability was obtained from ~40% 

compressed nickel foam on the anode side. Moreover, the optimised nickel foam-

based FFPs exhibit approximately 10% higher power density than conventional 

graphite parallel FFP. The reason for this situation is the air velocity is likely to 

increase with the nickel foam compression; thereby, the pressure drop through the 

inlet and outlet is significantly enhanced. Thus, the accumulated water is forced to 

evacuate the reaction area. Moreover, the compression increases the contact area 

between nickel foam and membrane electrode assembly (MEA).  Similarly, Liu et al. 

[68] aimed to improve the PEFC performance using nickel foam-based FFPs with 

various compression ratios. It should be noted that the higher compressed nickel 

foam-based FFPs show better performance owing to lower electrical resistance, 

smaller pore diameter and uniform flow distribution. The maximum power density 

for optimised nickel foam-based FFP was enhanced by 6% (1.76 W/cm2) with the 

conventional graphite serpentine FFP (1.66 W/cm2).  In 2021, Wan et al. [69] similarly 

proposed the use of nickel foam as a promising FFP for PEFCs due to eliminate the 

channel/rib geometry. This experimental study aimed to evaluate the impact of 

different arrangements of nickel foam-based and graphite-based FFPs on the anode 

or cathode sides. The results demonstrated that employing nickel foam on both the 
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anode and cathode sides resulted in a highly uniform temperature distribution at the 

membrane, which is vital for ensuring the membrane durability. Furthermore, 

utilising nickel foam on both sides appeared to be an effective strategy to prevent 

water flooding within a relative humidity range of between 0% and 80%. However, it 

is important to note that this configuration had certain drawbacks for 100% relative 

humidity conditions. The experimental findings indicated that incorporating a nickel 

foam-based FFP on anode side and a graphite-based FFP on cathode side resulted 

~16% higher performance compared to using graphite-based FFPs on both sides 

PEFC. On the other hand, whilst the nickel foam-based FFPs were utilised on the both 

sides of PEFC, only a modest improvement of ~9% in performance was observed than 

the fully graphite-based PEFC configuration. Inevitably, this configuration used nickel 

foam on both sides encountered the flooding phenomenon, particularly on the 

cathode side. This flooding led to liquid water accumulation and reverse diffusion into 

the anode side. Even though the authors did not provide a specific suggestion to 

address this issue, it is plausible to optimise the interior structure of the nickel foam 

(by identify the ideal clamping ratio) and increasing the air stoichiometry are likely to 

handle this problem. In a more recent study by Park et al. [70], they mainly aimed to 

decrease the component cost of large-scale stationary PEFC applications by using 

nickel foam-based FFPs. For this goal, the mass transfer characteristics of reactant 

and oxidant were numerically investigated through the GDL and nickel foam-based 

FFP and experimentally validated. The findings revealed that using the nickel foam-

based FFP led to an enhancement in water removal efficiency by approximately 

6.55%.  Moreover, the PEFC performance increased by ~9% when nickel foam-based 
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FFPs used. The authors also emphasised that the cell performance is likely to be 

enhanced by ~15% in case of using highly porous and permeable GDL. It can be seen 

that the optimised GDL properties indeed have a significant effect on the cell 

performance.  

  

(a)  

 

 (b) 

Figure 2.4 – Photographs of (a) the through-plane and (b) the in-plane pores of 

nickel foam (adapted from [71]). 
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More recently, the mechanical behaviour of nickel foam-based flow field plates under 

a clamping force was investigated via X-ray computed tomography (X-ray CT), 

electrochemical tests and a finite element analysis [72]. They found that the cell 

performance improved by 42% when the clamping force was increased from 20% to 

70%. This considerable increase in the performance can be explained by a decline in 

the interfacial contact resistance between the nickel foam and GDL. Moreover, the 

interfacial contact area between the nickel foam and GDL is about 10 times higher 

than that of the nickel foam and a stainless steel flow-field plate.  In the same year, 

Fly et al. [73] conducted ex-situ experiments to visualise the movement of the liquid 

water into the nickel foam-based flow-field plate to consider the effect of the 

hydrophobicity, pore size, as well as air flow rate. In addition, a two-phase CFD model 

was developed to investigate the fundamental water transport behaviour in the 

nickel foam-based flow-field plate. Both the experimental and numerical results 

showed that the air flow rate does not have a significant impact on the water removal 

in the nickel foam-based flow-field plate owing to the higher surface tension between 

the water and foam pore ligaments, and this is in contrast to the conventional flow-

fields.  In addition, the hydrophobic foam was observed to be prone to transporting 

the water away from the injection point faster than the hydrophilic foam. They also 

emphasised that the best way to manage the water distribution in the nickel foam-

based PEFC is to control the hydrophobicity and the pore size. 



 

Chapter – 2 

 

69 

 

2.1.8  Summary 

This section is a short literature review of porous metal-based GDLs and flow-field 

plates. The reviewed porous metal-based GDLs and flow fields can be listed as 

follows;  

• Copper fibre felt-based GDLs and flow-field plates 

• Copper foil-based GDLs and flow-field plates 

• Stainless steel fibre felt-based GDLs and flow field plates 

• Perforated stainless steel sheet-based GDLs and flow field plates 

• Metal mesh-based GDLs and flow field plates 

• Metal foam-based GDLs and flow field plates 

• Copper foam-based GDLs and flow field plates 

• Nickel foam-based GDLs and flow field plates 

The abovementioned studies have shown that nickel foam-based PEFC components 

are likely to enhance the cell performance since they have great potential to improve 

the mass transfer and water management. Thus, the nickel foam-based GDLs are 

receiving more attention owing to its superior structure and potential as a cathode 

GDL.  However, it can be clearly seen in the report that the most of the nickel foam-

based PEFCs studies have focused on the flow-field plates rather than GDLs. However, 

very few studies have examined nickel foam-based GDLs for PEFCs. Besides, although 

the nickel foam-based materials have been experimentally investigated in the 

literature, there are no any comprehensive studies that have been conducted to 

investigate the transport characteristics of such sorts of metal-based GDLs. 
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2.2 X-RAY COMPUTED TOMOGRAPHY (X-RAY CT) 

X-ray computed tomography (X-ray CT) has been defined as a non-destructive and 

non-invasive imaging method that uses X-rays to generate two dimensional (2D) 

transmission images of a specimen from different orientations [74]. These captured 

images have been then employed to generate three dimensional (3D) structures via 

software to give a good insight into the interior architecture of the specimen. X-ray 

tomography utilizes the capacity of the X-ray radiation to penetrate the objects 

examined [75]. The first X-ray CT imaging system was invented by Godfrey Hounsfield 

and Allen Cormack in 1972 and as a result they won the Nobel Prize in 1979 [76,77]. 

The ‘tomography’ term is derived from two Greek words, ‘tomos’ and ‘graphein’, 

which mean ‘slice’ and ‘to write or record the image’, respectively [74].  

Both the X-ray CT technique and the magnetic resonance imaging (MRI) technique 

have existed in the medical imaging field since the 1970s to provide 2D x-ray images.  

Despite both techniques being similar to each other, both of them use 

electromagnetic radiation, the former employs ionizing radiation while the latter uses 

non-ionizing radiation like radio frequency radiation [74]. Therefore, these two 

techniques are employed in different application areas. MRI is likely to be convenient 

to investigate the soft animal tissues, whereas X-ray CT is prone to examine the higher 

atomic number elements of compound structures. After the invention of X-ray CT 

systems to be employed in the medicine sector, the potentials of these systems were 

discovered to be used in geology and engineering areas [78]. Early geology 

applications of X-ray CT were mostly regarding the soil science, petroleum geology 
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and sedimentology. Moreover, this imaging technique is able to be used in industry 

to obtain a much better insight into the interior structures and physical properties 

(e.g., porosity, tortuosity) and detect some material defects such as cracks, voids, 

detrimental fatigues, and geometrical defects [75,78,79]. Besides, more recently X-

ray CT imaging methods have been employed to investigate the electrodeposition of 

metallic lithium batteries [80]. 

2.2.1 Fundamental principles of X-ray computed tomography  

A standard X-ray CT system comprises an x-ray source, a rotational stage with a 

sample holder, and an x-ray detector to measure the x-ray density, as shown in Figure 

2.5 [81]. The emitted x-ray from the source crosses throughout the sample and is 

logged by the detector which is located next to the rotational stage. Afterwards, the 

rotating stage is turned 0.5° or 1° to repeat this process until the rotating stage is 

rotated 360°. In the last step, the 2D transmission slices are compiled to create the 

3D structure of the sample.   

 

Figure 2.5 – A standard X-ray CT system and its components [81]. 
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Among the imaging methods, the X-ray CT technique has superiorities over the other 

imaging techniques. The advantages of this system are as follows: (i) available for 

non-destructive investigation, (ii) being able to quickly and accurately examine the 

interior structure of the sample, (iii) significantly lower inspection cost, and (iv) the 

samples are able to be investigated under the realistic working conditions [74,82]. In 

the fuel cell researches to investigate the interior structure of the GDL, there are 2 

types of X-ray computed tomography that are used frequently; (i) microscale X-ray 

computed tomography (µ-X-ray CT) and nanoscale X-ray computed tomography 

(nano-X-ray CT). The range of the provided resolution of the µ-X-ray CT is 1-10 µm, 

whilst the provided resolution of the nano-X-ray CT is under than 100 nm [83].     

2.2.1.1 2D image acquisition 

Image acquisition can be defined as the digitally encoded representation of the visual 

characteristic of an inner structure of an object. In the X-ray CT imaging technique, 

2D grey shadow slices are captured by the detector for each position of the sample 

holder as the abovementioned. After that, the obtaining of these greyscale slices are 

compiled by an image processing software such as MATLAB® image processing 

Toolbox, Fiji, CT-analyser software, Avizo Lite®  [81,84,85].    

2.2.1.2 Threshold and image processing 

To discriminate the void volumes and solid volumes on the greyscale, the heuristic 

thresholding method and Otsu’s thresholding method has been frequently used. The 

Otsu’s thresholding method is utilized to decide the optimum greyscale level to be 

employed [86]. Yet, this method is likely not to be always trustworthy and it is prone 
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to be costly when the number of images is high. On the other hand, the heuristic 

thresholding method is implemented using a reference 2D scanning electron 

microscopy (SEM) image. Subsequently, the greyscale image is adjusted according to 

the average pore diameter and fibre diameter into the reference 2D SEM image 

[83,85,87]. This thresholding method is relatively faster and more trustworthy than 

the previous method [87].     

2.2.1.3 3D reconstruction process 

The captured and thresholded 2D binary images are compiled in order to create the 

3D structure. This process is named as 3D reconstruction process. To generate the 3D 

microporous structure, several software and algorithms are employed such as the 

SkyScan reconstruction software, Fiji/ImageJ software, marching cubes algorithm, 

double time cubes algorithm [85].  As a result of the reconstructed 3D model, the 

structural and transport parameters (i.e. porosity, tortuosity, surface area, pore size 

distribution, anisotropy, permeability, and effective diffusivity) can be examined.   

2.2.2 X-ray computed tomography for PEFC studies 

Reducing the cost of the fuel cell electric vehicles (FCEV) is one of the most crucial 

concerns for the commercialization of this technology [88,89]. The cost of the 

precious platinum (Pt) consists of an important part of the total PEFC cost. The higher 

current density operation with lower Pt loading is likely to be a useful method to 

decrease the costs. Thus, it is possible to reduce not only the total Pt usage in PEFC 

but also the stack size.  However, under the high current density operation 

conditions, the oxygen, water, and electron transports are inclined to increase that 
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causes the over potential is affected severely. Clearly, understanding the mass 

transport phenomenon in porous materials is critical to reduce not only the oxygen 

and electron losses and also the flooding phenomena which is mentioned detailed in 

Section 1.4.3. Due to all these aims to understand these phenomena, the inherently 

elaborate microstructure of the GDL should be examined by microscale X-ray 

computed tomography.   

In the fuel cell and X-ray CT literature, there are numerous scientific studies to give 

insight into the interior 3D structure of the commercially available woven and non-

woven GDL’s fluid flow analysis. The porosities and thicknesses of the commercial 

carbon-based GDLs are in the order of 0.6 – 0.9 and 100 – 400 µm [90]. Moreover, 

the mean pore radii are about 10 µm. However, such GDLs show high anisotropy 

between the through-plane and in-plane directions as a result of the carbon fibres 

arrangements in the planes. Besides, such structural properties of the GDLs are likely 

to vary in the material plane through the machine and cross-machine directions 

because of the orientation of the fibres [91].  

Fishman et al. [92] examined the heterogeneous in-plane and through-plane porosity 

distributions of the commercial carbon fibre paper, carbon felt and carbon cloth GDLs 

used in PEFC by both µ-X-ray CT and nano-X-ray CT. They aimed to contribute to 

obtaining a better comprehension of the GDL porosity to provide superior input data 

for multiphase transport modelling. They represented the carbon felt GDL 

microstructure to have a more uniform core region and a higher difference between 

the average core porosity and effective bulk porosity than the carbon paper GDL. 
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Besides, all investigated GDLs possess a linear transitional region which provides high 

porosity regions to the GDL. In this study, the authors emphasised that the through-

plane porosity is likely to be non-uniform because of the GDL manufacturing methods 

and they recommended that the paper GDL manufacturing methods should be 

remedied to decrease the peaks and valleys in the GDL core region. In another study, 

in order to understand the structural properties of commercial GDLs under 

compression was inspected by the µ-X-ray CT technique [90]. The GDL porosity, 

tortuosity, and pore-size distribution were evaluated under different compressions 

via the µ-X-ray CT technique. The GDL porosity and the pore size distribution were 

able to be calculated from the reconstructed 3D model whereas the tortuosity was 

determined by a finite-element simulation. The findings presented that the porosity 

values of all GDLs are likely to decrease with compression. In terms of the tortuosity, 

the TGP series and SGL series GDLs exhibited the highest tortuosity and heterogeneity 

rather than the MRC and H2315. In addition, the tortuosity exponent of the MRC and 

Freudenberg GDLs were the lowest under the compression due to the pores shapes. 

James et al. [81] investigated the porous transport properties such as the gas 

diffusion, tortuosity factor, permeability, and electrical conductivity of commercial 

SGL – 30 – BA GDL under 3 different non-homogeneous compression values (0%, 20%, 

and 40%) by µ-X-ray CT. The results showed that the electrical conductivity and 

diffusivity are largest in the in-plane directions due to the carbon fibres alignment 

direction. Moreover, the through-plane effective diffusivity was likely to decline with 

the compression whereas the effective electrical conductivity was prone to increase. 

Under the uncompressed condition, the in-plane effective electrical conductivity 
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was approximately 3 – 4 times higher than that of the through-plane. Furthermore, 

under the non-homogeneous compression conditions, the transport properties were 

different about a factor of about 2 under the channel and land.  The outcomes also 

presented that the effective diffusivities are in the range of 15% and 50% of the 

predicted the Bruggeman relation. Inoue et al. [88] provided insight into the oxygen 

transport resistance and electron transport resistance of the MPL and GDL under 

compression (0 – 4 MPa) by the µ-X-ray CT in dry conditions. In addition, a numerical 

reconstruction from these captured microporous structures was created to 

investigate the oxygen transport. Moreover, they compared the oxygen diffusion 

characteristics with the experimental results to understand the presented structures’ 

physical limits. Their reconstructed 3D structure revealed both gas diffusion 

properties and electrical conductivity were almost equivalent to the experimental 

values of the same components.    

The quantitative liquid water examination for the Toray – H – 060 GDL was conducted 

in both the vertical and horizontal cell concepts via in-situ µ-X-ray CT imaging under 

the realistic conditions [93]. Although the liquid water flowing into the GDL can be 

reconstructed, the blurred boundaries occurred because of the liquid water droplets 

in the channel.  Therefore, the neutron radiography (NR) technique was also used to 

collaborate with the µ-X-ray CT imaging to understand the elaborate liquid water – 

porous structure interaction. Likewise, two anode MPL coated GDLs were 

investigated with combined X-ray CT (for ex-situ characterisation) and NR (for in-

operando analysis) to evaluate the liquid water distribution [94]. In this study, for the 
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first time both the structure and composition of the GDLs (captured by X-ray CT, TGA, 

SEM, and EDS) are compared against the in-plane water distribution under the 

operation (obtained NR) in order to understand the relationship between the PEFC 

structure and performance.  In 2018, the microstructure of the commercial carbon 

felt GDLs (SGL10 BA and SGL 10 BC) and carbon paper GDLs (SGL 25 BA and SGL 25 

BC) used in the PEFC was examined by µ-X-ray CT and the liquid water accumulation 

into the various GDLs’ microstructure was observed as a function of the current 

density via in-operando synchrotron x-ray radiography [95]. The results revealed that 

the core region of the carbon felt GDLs are likely to possess more uniform porosity. 

On the other hand, the carbon fibres in the GDL have a more tendency to penetrate 

the MPL under the compression. In terms of the water management, the water 

accumulation in carbon felt GDLs without MPL was more significant than carbon felt 

type GDLs without MPL. In addition, both the MPL coated carbon felt and carbon fibre 

GDLs had similar liquid water content due to the presence of the MPL. In another 

study, the effects of the cathode inlet gas relative humidity and the current density 

on the through-plane water accumulation and the mass transport resistance in the 

cathode GDLs (SGL – 25 – BA , SGL – 25 – BC  and SGL – 29 – BC ) were in-situ and in-

operando examined by µ-X-ray CT and synchrotron X-ray radiography techniques 

[96]. The results exhibited the lower cathode relative humidity at the lower current 

densities (<0.5 A· cm-2), and the liquid water was not monitored. In this range, the 

cathode inlet relative humidity reinforced the ionomer hydration. Consequently, the 

lower cathode relative humidity levels in the higher oxygen transport resistances 

were observed owing to the low ionomer hydration in the catalyst layer. At the 
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intermediate current densities (1.5 – 2.1 A· cm-2), the liquid water saturation into the 

GDL was considerably sensitive to the cathode relative humidity, therefore the 

increased cathode relative humidity levels were  observed in the highest oxygen 

transport resistances. At the higher current densities (>3 A· cm-2), high liquid water 

saturation values were observed for all inlet relative humidity levels owing to the high 

generation of liquid water. For this reason, the oxygen transport resistance was less 

sensitive to the cathode inlet relative humidity. In addition, the outcomes showed 

that the liquid water was prone to gather in the higher local porosity in the GDL.      

In the PEFC literature, the effects of the hot-pressing methods on the microstructure 

have been also inspected by µ-X-ray CT technique. In 2017, Meyer et al. [97] 

investigated the effects of the various hot-pressing temperatures (at 100°C, 130°C, 

and 170°C) on the PEFC microstructure by nano-X-ray CT, thermogravimetric analysis 

(TGA), atomic force microscopy (AFM), and differential scanning calorimetry (DSC). 

When the hot-pressing temperature was 170°C, the Nafion membrane was destroyed 

and penetrated the electrode, therefore the catalyst layer became degraded and the 

pores in the GDL are filled. They concluded that a 130°C hot-pressing temperature 

was the optimum value because of the superior interface between the Nafion and 

catalyst layer. Hack et al. [98] examined the electrochemical and mechanical 

microstructure of membrane electrode assemblies (MEAs) which were hot-pressed 

or non-hot-pressed and assessed the MEAs at the beginning-of-test and end-of-test.  

They utilized the µ-X-ray CT imaging method to provide insight to changes into the 

electrode’s microstructure.  The results demonstrated that the solid phase volume 
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fraction and interfacial contact area decreased from the beginning-of-test to end-of 

the test with the same degradation rate for both hot-pressed and non-hot pressed 

MEAs.   

Garcia-Salaberri et al. [91] provided insight into the transport processes that occurred 

in carbon fibre paper to assist to understand the PEFC performance and durability. 

The representative elementary volume (REV) in carbon fibre papers is examined by 

µ-X-ray CT images using the lattice Boltzmann method to evaluate the regional 

characteristics (core and surface region) and the permeability, mass diffusivity as well 

as the electrical and thermal conductivity in both the through-plane and in-plane 

directions. The outcomes of the study demonstrated that the high porous surface 

region decreases the through-plane electrical and thermal conductivity. Kotaka et al. 

[89] comprehensively examined the inherent structure of the GDL under the various 

compression conditions (0 – 3 MPa) by nano-X-ray CT and analysed the oxygen and 

electron transport in the both MPL and GDL in order to show the relation between 

the inherent structure and transport. They emphasized that the interior GDL 

structure is the most dominant aspect of the transport resistance. The findings 

showed that the mass transport in the GDL is highly reliant on the local 

microstructural variations (e.g. local pore/solid volume ratio and connectivity). 

Nonetheless, the numerical and experimental results for the electron transport in the 

MPL were highly different because of the effect of the PTFE volume fraction and the 

effect of the contact resistance between the carbon particles. Also they concluded 

that the reducing of the contact resistance between the particles and/or contact 
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points is critical to the enhancement of the electron transport in the MPL to reach 

the higher current densities. Likewise, Atkinson et al. [99] showed the morphological 

changes of the MPL and GDL under various compression levels via µ-X-ray CT. They 

used carbon paper type (SGL-29-BC) and carbon felt type (Freudenberg H2315 C2) 

GDLs in this elaborated study.  The results showed that the initial structure of the SGL 

GDL changed suddenly with the clamping force, however the inner structural change 

of the Freudenberg GDL was more moderate. This situation is likely to detrimentally 

affect the oxygen diffusivity in SGL GDLs. In terms of the MPL, the increasing clamping 

force induced a decrease of the surface cracks and depths.     

Fly et al. [72] investigated the superior mechanical behaviour of the nickel foam– 

based flow field PEFC under the various compression values by electrochemical tests, 

µ-X-ray CT imaging, compression tests, and numerical modelling. The results 

captured by µ-X-ray CT demonstrated that when the compression on the nickel foam-

based flow field increased, the transport losses are likely to be enhanced because of 

a decrease in the flow field porosity which severely affects the reactant distribution 

and produced liquid water removal.  On the other hand, increasing the compression 

is supposed to enhance the fuel cell performance due to the reducing contact 

resistance. Under the 25% compression conditions, the nickel foam ligaments are 

penetrating more than 50% of the GDL thickness. Besides, the peak power value was 

enhanced by 42% when the compression was increased from 20% to 70%. Moreover, 

the intersection between the nickel foam – based flow field and carbon paper – based 

GDL possess superior contact areas (10 times higher than between the nickel foam 
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and stainless steel flow field) and a continuous porosity distribution profile. Recently, 

Park et al. [100] aimed to investigate the flow characteristics of nickel foam for 

different fluid velocities using  a µ-X-ray CT-based numerical model. Their study 

focused on examining the behaviour of fluid particles at various velocities within the 

nickel foam. They concluded that at high velocities, fluid particles near the nickel 

foam ligaments tend to lose their kinetic energy due to friction. Therefore, the 

velocity decreases, even reaching zero at certain points, and creates vortices. 

Moreover, they recommended that pressure drop should be minimised to decrease 

the required pumping power. In 2021, Wu et al. [101] evaluated the different 

compression levels (6%, 37%, and 69%)  for nickel foam-based FFP by using µ-X-ray 

CT and experimental methods. The findings indicated that increased compression 

considerably decreased the average pore size, porosity, permeability, and ohmic 

resistance; whereas it enhanced the tortuosity. They figure out that the best 

performance, with a power density of 853 mW/cm2, was observed at the 37% 

compressed nickel foam. Additionally, the results exhibited that the lowest 

compression level (6%) resulted in the highest accumulation of liquid water 

compared to the moderate and maximum compression levels.  

In the fuel cell literature, although there are numerous X-ray CT investigations of the 

carbon-based GDLs and very rare X-ray CT investigation of the nickel foam-based FFP, 

there have been no comprehensive studies on the nickel foam-based GDLs for PEFCs 

under the operation conditions by X-ray CT.   
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2.2.3 Summary 

In Section 2.2, the fundamental X-ray CT imaging technique is briefly introduced and 

a literature review of the X-ray CT imaging for GDLs is reported. In addition, in the 

literature, there are only a few studies in regards to the X-ray computed tomography 

(X-ray CT) investigation of the nickel foam-based flow fields; however, the  X-ray CT 

detailed inspection of the nickel foam-based GDLs has not been fully studied in the 

literature. Therefore, the transport characteristic of the nickel foam-based GDLs 

under the working conditions have not been detailed examined by X-ray CT. 

Moreover, while there are very few numerical models regarding the carbon-based 

GDLs, there have been no comprehensive study about the channel optimisation and 

the analysis of pumping power demand for nickel foam-based GDL used in PEFC.   
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Chapter 3 

  
A Novel Computationally Economical Approach for 

Determining the Structural and Transport 

Characteristics of the Nickel Foam-based PEFCs 

 

 

 

3.1 SUMMARY 

Nickel foams are excellent candidate materials for gas diffusion layers (GDLs) for 

polymer electrolyte fuel cells (PEFCs) and this is due to their superior structural and 

transport properties. A highly computationally-efficient framework has been 

developed to not only estimate the key structural and mass transport properties but 

also to examine the multi-dimensional uniformity and/or the isotropy of these 

properties. Specifically, multiple two-dimensional X-ray CT images and/or numerical 

models have been used to computationally determine the porosity, the tortuosity, 
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the pore size distribution, the ligament thickness, the specific surface area, the gas 

permeability and the effective diffusivity of a typical nickel foam sample. The results 

show that, compared to the conventionally used carbon substrate, the nickel foam 

sample demonstrate a high degree of uniformity and isotropy and that it has superior 

structural and mass transport properties, thus underpinning its candidacy as a GDL 

material for PEFCs. All the computationally-estimated properties, which were found 

to be consistent with the corresponding literature data, have been presented and 

thoroughly discussed.         

3.2 INTRODUCTION  

The polymer electrolyte fuel cell (PEFC), which directly converts the chemical energy 

of hydrogen and oxygen into electrical energy, is a favourable power source for a 

multitude of portable, stationary and automotive applications [1–6]. A wet-proofing, 

porous layer located between the catalyst layer and flow-field plate is termed as the 

gas diffusion layer (GDL) [7,8]. The main functions of the gas diffusion layers are to: 

(i) supply reactant gases of oxygen and hydrogen to the active areas in the catalyst 

layer, (ii) mitigate the detrimental impact of  excess water and (iii) electrically connect 

between the catalyst layers and the flow field plates to power the external load [9–

11].  

Water (mostly in the form of liquid) is produced as a by-product of the oxygen 

reduction reaction (ORR) taking place at the cathode catalyst layer. Furthermore, the 

reactant gasses fed to the fuel cell are mostly humidified to ensure the initial 
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humidification of the membrane electrolyte. Insufficient or excess amount of water 

are both detrimental for the operation of the fuel cell. Namely, an insufficient amount 

of water causes the membrane to dry out, and subsequently reduce the membrane 

ionic conductivity. On the other hand, an excess amount of water, which is likely to 

occur at high current densities, induces flooding which may partially/completely 

block the voids within the GDL and hinder the transport of the reactant gases to the 

catalyst layers, thus resulting in mass transport losses [12–16]. These losses are more 

detrimental while the PEFC is operated at the saturated conditions. Thus the water 

management in PEFC (particularly at its cathode) is highly crucial for its sustainable 

operation.  

The commercially available GDLs are customarily made of electrically conductive 

carbon fibre-based materials and they are often made in the form of carbon papers 

or carbon cloths [17–19].  However, such materials are likely to be, due to their low 

mechanical strength, subject to different types of degradation: mechanical 

degradation due to compression; thermal degradation arising from freeze/thaw 

cycles; dissolution; and erosion caused by the flow of gases [20–22]. Hence, many 

studies have been conducted to explore and investigate alternative materials for the 

GDLs.  

Metal foam-based materials have attracted a great deal of attention as promising 

components in a variety of energy and engineering related applications such as:  

filtration and separation, heat exchangers, flow distributors, thermal energy storage, 

heat pipes, electrolysers, catalyst supports, lithium-ion batteries, etc. [23–32] . 
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Recent studies have reported that nickel foams are promising materials that could be 

used as PEFC cathode flow field plates (FFPs) and/or GDLs and this is, compared to 

the conventionally-used materials, due to their higher: volume-to-weight ratio, cost 

effectiveness, electrical and thermal conductivity, porosity and specific surface area 

[33–36]. Some recent investigations experimental investigation have explored the 

potential use of the nickel foam as a cathode FFP and showed that such a FFP 

demonstrates better fuel cell performance and durability than those of the 

conventional graphite FFPs [35,37–42]. For instance, Shin et al. [41] experimentally 

tested a PEFC equipped with various  nickel foam-based cathode FFPs  and compared 

it with that running with a conventional graphitic serpentine FFP. They showed that 

the fuel cells operating with nickel foam cathode FFP are more stable and 

demonstrates a 50.6% better performance than that of the graphitic serpentine FFP. 

Likewise, similar findings were reported by Liu et al. [42] who indicated that the 

catalytic activity and gas diffusion are likely to increase when using cathode nickel 

foam FFPs.  

The PEFC performance is highly influenced by the structural and effective transport 

characteristics of the GDLs and as such it is important to estimate these 

characteristics and subsequently understand how various quantities are transported 

within the GDLs [43]. A variety of methods are used to estimate the structural GDL 

characteristics and the following are some examples [3]. Mercury intrusion 

porosimetry (MIP) is widely used to determine the GDL porosity and the pore size 

distribution; see for example [44–46]. Under vacuum conditions, gradually-increased 
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pressure is applied to force the non-wetting mercury to penetrate the pores and 

subsequently determine the pore size distribution and the porosity of the porous 

media.  The superficial two-dimensional images generated by the scanning electron 

microscopy (SEM) are often used to measure the thickness of the fibres; see for 

example [47]. However, these superficial images do not necessarily provide accurate 

measurement of the fibre thickness. The Brunauer–Emmett–Teller (BET) absorption 

method is normally used to estimate the specific area of the GDL materials, e.g. 

[48,49]. Most of the characterisation techniques, including the above mentioned 

ones, provide some “global” properties of the investigated material [50]; however, 

they do not resolve the heterogeneity of some materials that often lead to significant 

anisotropic transport properties as is the case for typical GDL materials.   

X-ray computed tomography (CT) has been a handy tool to resolve the nano- or 

micro-scale local structural variation within the investigated PEFC materials, including 

the GDLs. Compared to other similar techniques, the X-ray CT technique is (i) non-

destructive, (ii) quick and accurate, (iii) cost-effective and (iv) enable the examination 

under the realistic working conditions [51–53]. The micro-structure of the carbon 

fibre based GDL has been extensively investigated using X-ray CT. For example, 

Zenyuk et al. [54], Fishman et al. [45,55,56], James et al. [57], Meyer et al. [58,59], 

Fazeli et al. [60], and Garcia-Salaberri et al. [61] used X-ray CT to determine the 

structure-related properties such as porosity, tortuosity and pore size distribution. 

On the other hand, the microstructure of nickel foams as alternative materials for 

PEFCs was investigated using X-ray CT in several studies [62–65]. For instance, Fly et 
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al. [63] performed imaging using the μ-X-ray CT and conducted electrochemical and 

mechanical tests to investigate the potential use of  nickel foam as a FFP. The X-ray 

CT images show that the contact area between the nickel foam and the carbon paper 

GDL is ten times higher than that between the nickel foam and the stainless-steel FFP. 

Furthermore, the X-ray CT-based 3D models have also been employed to determine 

the structural and transport characteristics of the carbon-based and metal foam-

based materials [66–68]. However, these 3D models require high computational 

resources and are very computationally expensive. To reduce the computational 

time, some researchers [69,70] have investigated the structural properties of some 

conventional GDL materials using a two-dimensional Lattice-Boltzmann model that 

was created by employing SEM images. However, the SEM images do not provide 

information regarding the interior structure of the investigated material.  

To the best of the author’s knowledge, there have been no in depth studies on the 

structural and the transport characteristics of the nickel foams as potentially-used 

GDLs in PEFCs. Therefore, the characteristics of a typical nickel foam have been 

estimated using a workflow that involves imaging using an X-ray CT facility, image 

processing and numerical modelling. In this chapter, the non-uniformity of the 

material has been innovatively resolved through solving multiple computationally-

economic two-dimensional models representing some local slices of nickel foam 

within the imaged structure. The estimated properties using the above workflow (i.e. 

imaging, image processing and numerical modelling) have been presented and 

discussed.   
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3.3 METHODOLOGY 

3.3.1 X-ray CT and Image Processing 

X-ray CT images were captured using the SKYSCAN 1172 X-ray microscopy platform 

(Bruker, US). The platform comprises: an X-ray source, a rotational stage with a 

specimen holder and an X-ray detector to measure the X-ray density (Figure 3.1). A 

commercially-available nickel foam sheet with 99.5% purity (GoodFellow, Cambridge 

Ltd., UK) was punched, creating 12.7 mm-diameter samples. The specimen was fixed 

on the rotational stage in the through-plane direction by a plastic-made apparatus. 

The emitted X-ray from the source crosses throughout the sample and then the 

detector that is located next to the rotational stage collects it. The scan was 

performed every time that the stage was rotated by 0.7° until the full 180° rotation 

was reached. The exposure time was 0.885 second and 1025 projections (i.e. two-

dimensional slices) were collected. The source voltage was 80 kV and the beam 

current was 124 µA.  The image resolution was 7 µm per pixel.  
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(a) 

 

(b) 

Figure 3.1 – Photographs of (a) the SKYSCAN X-ray CT platform and (b) the 

obtained two-dimensional slices. 

The captured slices were 2D grey shadows and were processed by the NRecon 

Reconstruction (SKYSCAN, Belgium) software to reconstruct the cross-section images 

from the X-ray CT projection images and Bruker CTan Micro-CT software to threshold 

the slices. The scanning and image processing processes were given step by step in 

the Appendix-I. To discriminate between the gaseous and solid phases, Otsu’s 
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thresholding method was used. The processed images were imported to COMSOL 

Multiphysics® 5.5 using MATLAB® and LiveLink™ for MATLAB®.  

3.3.2 Numerical modelling  

The continuity equation and conservation of momentum equation were, using 

COMSOL Multiphysics® 5.5, solved for 20 two-dimensional computational domains, 

representing 20 equally-spaced scanned slices taken within 350 µm distance of the 

scanned nickel foam sample. The length and height of each slice are 6.65 and 1.05 

mm, respectively. The flow within the computational domains was assumed to be 

steady-state, laminar (Reynolds numbers << 2300) and incompressible (Mach 

numbers << 0.3) and as such the continuity and momentum equations are expressed 

as follows:   

∇  ∙  (𝜌𝒖) = 0           (3.1) 

where ∇ is the operator (
𝜕

𝜕𝑥
+

𝜕

𝜕𝑦
), 𝜌 is the fluid density (kg/m3), and  𝒖 is the velocity 

vector. 

𝜌(𝒖 ∙  ∇)𝒖 =  ∇  ∙  [−𝑝𝑰 +  𝜇(∇𝒖 +  (∇𝒖)𝑇) − 
2

3
𝜇(∇ ∙  𝒖)𝑰  ]         (3.2) 

where p is the pressure, I is the identity matrix, and 𝜇 is the dynamic viscosity (Pa·s). 

The conservation of chemical species (oxygen gas in our case) is given by: 

∇ ∙ (−𝐷𝑂2 ∇𝐶𝑂2) =  𝑅          (3.3) 
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where 𝐷𝑂2 is oxygen diffusion coefficient (cm2/s), 𝐶𝑂2 is the oxygen concentration 

(mol/m3), and  𝑅 is the source term which is zero in our case (there is no reaction 

taking place within the GDL).  

The 2D meshing procedure is conducted for each of the 20 slices using the COMSOL 

Multiphysics® 5.5 software. To ensure mesh-independent solutions, the number of 

elements has been systemically changed and the property of interest has been 

computed for all the various meshes and the computation time has been observed 

for the all the corresponding meshes. For example, Figure 3.2 shows how the 

computed through- and in-plane gas permeability and the corresponding 

computation time changes with the number for elements for the 200th CT slice. The 

figure shows that the computed permeability values become almost insensitive to 

the number of elements with around 600,000 elements (the corresponding times are 

reasonably short: 100-200 seconds). The mesh independency test has been 

performed for all the 20 equally-spaced CT nickel foam slices and the minimum 

number of elements that achieves the mesh-independent solution was found to be 

between 400,000 and 650,000. The fluid flow was assumed to be air (mimicking the 

real-life situation in which air is fed to the cathode side of the fuel cell) and some 

arbitrary values of air velocity and oxygen concentration were used for the boundary 

conditions. Namely, the velocity was prescribed at the inlet of the domain (0.1 m/s) 

and the pressure was set at the outlet of the domain (0 Pa). Note that the bulk oxygen 

diffusivity coefficient 𝐷𝑂2 at 20°C and 1 atm is around 0.219 cm2/s [71]. In addition, 

it is assumed that the inlet air comprises 21% oxygen and 79% nitrogen. As for the 
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conservation of the species, the inlet oxygen concentration, 𝐶𝑖𝑛,𝑂2, is 8.73 mol/m3 

and the outlet oxygen concentration is 7.73 mol/m3. It has been shown in the 

Appendix–II how the inlet concentration of oxygen has been calculated. The 

governing equations (3.2) and (3.3) were solved independently for each direction (i.e. 

through-plane direction (Figure 3.3a) and in-plane direction (Figure 3.3b)) to 

respectively solve for the distributions of velocity and oxygen concentration within 

the computational domain and subsequently estimate the gas permeability and 

effective diffusivity for each principal direction. It is noteworthy that the convective 

term is not considered in Equation (3.3) as the objective is to estimate the effective 

diffusivity of the porous media and for this to be achieved, one only needs to solve 

for the concentration, and not the velocities. It should be noted that symmetry 

boundary conditions were used for the left and the right sides (through-plane case) 

and wall boundary conditions were used for top and bottom sides (in-plane case). 

The solid-phase within the domains (Figure 3.3) are the white areas and the no-slip 

boundary conditions were used for the walls of these areas. The simulations were 

performed assuming that the temperature of the inlet is 20°C. The models were 

numerically solved using a small workstation (Inter® Xenon® CPU E3-1246 v3@ 3.50 

GHz, 16 GB installed RAM) and the computational time for each modelled slice was 

found to be between 140 and 220s. The estimated properties using the above 

workflow (i.e. imaging, image processing and numerical modelling) have been 

presented and discussed. Figure 3.4 is a flow chart that schematically shows the 

methodology and the order of the investigations.    
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(a) 

 

(b) 

Figure 3.2 – Change of through-plane (a) and in-plane (b) permeability (and the 

corresponding computation time) of the 200th slice with number of elements. 

Yellow strip shows the selected number of elements which is around 600,000. 
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Figure 3.3 – The meshed computational domain for a typical modelled nickel 

foam slice, labelled with boundary conditions, when solving the conservation of 

momentum and conservation of species equations in (a) the through-plane and 

(b) the in-plane directions. Note that the white areas in the domains represent 

the solid phase (i.e. the ligaments of the nickel foam).    

(a) 

(b) 
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Figure 3.4 – The flow chart of the methodology. 
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Figure 3.4 – The flow chart of the methodology (cont.).
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3.3.3 Structural properties  

3.3.3.1 Porosity 

The porosity (ε) is the ratio between the void volume and the total volume of the 

porous medium. All the transport properties of the porous media are a strong 

function of the porosity. For example, the mass transport properties (e.g. gas 

permeability and diffusivity) increase with increasing porosity while the electrical and 

thermal conductivity decrease with increasing porosity [72]. The porosity values are 

often determined using mercury intrusion porosimetry (MIP) or other standard 

porosimetry methods. The maximum reported value for the porosity of a 

commercially available carbon fibre-based GDL is 0.9 while the porosity of nickel 

foam could be as high as 0.98 [3,73,74], signalling higher transport properties of the 

latter structure (i.e. the nickel foam). The porosity of the nickel foam sample was 

estimated for each imaged slice by using the COMSOL Multiphysics® 5.5 to measure 

the void phases and solid phases. The porosity of the nickel foam sample was 

estimated for each imaged slice within the Geometry node of the COMSOL 

Multiphysics® 5.5 by separately measuring the areas for each of the void and the solid 

phases. Evidently, the porosity for each slice is estimated by dividing the area of the 

void by the total area (which is the sum of the void and solid phases [75]:  

𝜀 =  
𝑉𝑜𝑖𝑑 𝑝ℎ𝑎𝑠𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑝ℎ𝑎𝑠𝑒𝑠
        (3.4) 
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3.3.3.2 Tortuosity 

The tortuosity (τ) is, as implied by its name, a measure of how tortuous is the pathway 

for the transported fluid; the higher is the tortuosity, the longer is the pathway for 

the fluid. It also provides insight into the interconnections between the pores of the 

porous media. The following Equations (3.5) and (3.6) (which were found to be 

suitable for two-dimensional domains) could be (and have been in this work) used to 

estimate the tortuosity values [70,76]:   

𝜏𝑇𝑃 =  
𝑢𝑚𝑎𝑔

𝑢𝑦
      (3.5) 

𝜏𝐼𝑃 =  
𝑢𝑚𝑎𝑔

𝑢𝑥
       (3.6) 

where 𝑢𝑚𝑎𝑔 is the velocity magnitude averaged over the computational domain and 

𝑢𝑦 and 𝑢𝑥 are, respectively,  the velocity components in the through- and in-plane 

directions, averaged over the computational domain.    

3.3.3.3 Pore size distribution 

The “pore” term means a small void/space/perforation that connects the cells. The 

pore size distribution strongly impacts on the transport of reactant gases and liquid 

water within the GDLs, particularly those at the cathode side, and subsequently 

impacts the performance of the fuel cell [19,41]. The pore size distribution was 

estimated for the selected imaged 20 slices using an open-source ImageJ/Fiji 

software package [77]. All the pores are manually measured and counted through 

the slices using ImageJ/Fiji software and the pore size distributions have been given 

in Section 3.4.3. It should be noted that, with SEM images, one could only compute 
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the pore size distribution on the surface of the scanned structure while the X-ray CT 

enables one to obtain the multiple local interior pore size distribution of the 

structure.  

3.3.3.4 Ligament thickness distribution 

The ligament or the strut is a solid metal rod that forms the cellular structure in the 

nickel foam. The ligament thickness directly affects the electrical and the thermal 

conductivity, and the mechanical strength of the nickel foam. As with the pore size 

distribution, the range of the ligament thickness of the nickel foam and its 

distribution was determined for the selected imaged 20 slices using an open-source 

ImageJ/Fiji software [77]. Likewise measuring the pore size, the ligaments have been 

manually measured and counted through the slices, and the ligament thickness 

distributions have been presented in Section 3.4.4.     

3.3.3.5 Specific surface area  

The specific surface area is the surface area of the material per unit of volume [78]. 

As with the other above mentioned structural properties, the specific surface area of 

the nickel foam affects the mass, heat and charge transport distributions [79,80]. The 

nickel foams inherently possess a very high surface area and this is due to their 

tetradecahedron structure [81]. The Brunauer Emmett Teller (BET) volumetric and 

gravimetric methods are often used to measure the specific surface area of porous 

materials, including the metal foams [82,83].  Further, the knowledge of the porosity 

and the pore size distribution allows for the estimation of the specific surface area as 
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demonstrated in  [84,85]. The total length of the borders and the area of the solid 

phase were calculated within COMSOL Multiphysics® 5.5 and when these two 

quantities are divided, the specific surface area is obtained for the investigated slice.  

3.3.4 Mass transport properties 

3.3.4.1 Gas Permeability 

The gas permeability is, as implied by the name, a measure how permeable is the 

porous medium to gases. The low permeability of the GDL leads to higher gas 

pressure gradients which leads to higher water saturation in the cathode GDLs and 

potentially undesirable water flooding phenomena particularly at the cathode side 

[3,18,86–91]. Furthermore, the high gas permeability increases the convective flow, 

which translates into an increased amount of the reacting gas supplied to the catalyst 

layer and ultimately better fuel cell performance [8,12,92–98]. Therefore, it is always 

desirable for the GDL materials to demonstrate high permeability values. For 

sufficiently low velocities, the viscous resistance is dominant and the inertial 

resistance is negligible and this enables one to use the simple linear equation of 

Darcy’s Law (rather than the Forchheimer equation) to estimate the permeability of 

the porous media, K, as follows [93,94,99]:   

∆𝑃

𝐿
=  

𝜇

𝐾
𝑢       (3.7) 

where ∆𝑃 is the pressure difference across either the thickness (through-plane) or 

the length (in-plane)  of the GDL material (𝐿) and µ is the dynamic viscosity of the 

flowing fluid. Following the solution of the conservation of the momentum equation, 
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as described in Section 3.3.2, the pressure drop was computed for each of the 20 

modelled nickel foam slices in both the through- and in-plane directions; this enables 

one to calculate the respective gas permeability values. It should be noted that 𝑢 has 

been set to be the velocity prescribed at inlet of the computational domain (i.e. 0.1 

m/s). It should be noted that the gas permeability is an intrinsic property of the 

material and it is therefore invariant with velocity. Figure 3.5 shows that the pressure 

gradient changes linearly with the inlet velocity and Figure 3.6 shows that the gas 

permeability values (in both directions) for arbitrarily selected CT slices are almost 

insensitive to the inlet velocity. The through-plane gas permeability of the nickel foam 

was also experimentally estimated using an in-house setup [8,95] to validate the 

corresponding computed permeability values. The setup consists of top and bottom 

fixtures, a flow controller (HFC-202, Teledyne Hastings, UK) and a differential 

pressure sensor (PX653, Omega, UK).  The through-plane gas permeability 

experimental setup is shown in Figure 3.7. Seven circular samples (25.4 mm in 

diameter) were punched out of a nickel foam sheet and each sample was placed 

between the fixtures. Nitrogen gas was passed through the sample and the pressure 

drop was recorded for each flow rate. Finally, using all the knowledge of all the 

parameters shown in Equation 3.7, the gas permeability of each sample was 

calculated and then the gas permeability values for all the samples were averaged. It 

should be noted that the dynamic viscosity of nitrogen is 1.751 × 10-5 Pa.s at 20°C 

which was the temperature of the room in which the test was conducted [100].    
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(a) (b) 

Figure 3.5 – Pressure gradient versus inlet velocity for (a) through-plane and (b) in-

plane directions for the 200th, 500th and 800th slices.  

 

 

(a) (b) 

Figure 3.6 – Permeability versus inlet velocity for (a) through-plane and (b) in-plane 

directions for the 200th, 500th, and 800th slices.  



 

Chapter – 3 

 

121 

 

 

 

Figure 3.7 – A diagram of the through-plane gas permeability experimental setup 

(adapted from [101]). 
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3.3.4.2 Effective Diffusivity   

Diffusion is the main mode of transport for the gases in the conventional carbon fibre 

based GDLs and this is due to their relatively low permeability (> 10-13 m²) [96] and 

is, at least, expected to play a crucial role in transporting the chemical species within 

the nickel foam based GDLs. The effective diffusivity is a measure on how diffusive 

the chemical species into each other within the porous medium. The effective 

diffusivity of the species 𝑖 into the species 𝑗 within the GDL, 𝐷𝑖𝑗
𝑒𝑓𝑓

, could be estimated 

using the following form of Fick’s law: 

𝐽 = 𝐷𝑖𝑗
𝑒𝑓𝑓 ∆𝐶

𝐿
        (3.8) 

where 𝐽 is the molar flux (mol/(m2·s)), and ∆𝐶 is the concentration difference 

between the inlet and outlet across either the thickness (through-plane) or the length 

(in-plane) of the GDL material (𝐿). The molar flux was, following the solution of the 

conservation of the chemical species equation as described in Section 3.3.2, 

computed for each of the 20 modelled nickel foam slices in both the through- and in-

plane directions. With this and with the knowledge of ∆𝐶 (1 mol/m³) and 𝐿 (1.05 mm 

for the through-plane direction and 6.65 mm for the in-plane direction), the 

respective effective diffusivities could be calculated. It should be noted that the 

species 𝑖 and 𝑗 were taken to be oxygen and nitrogen in this study, mimicking the 

real-life situation in PEFCs where air is typically fed into the cathode of the fuel cell. 

In addition, it is worth mentioning that the concentration difference does not have 

an impact on the estimated effective through- or in-plane diffusivity of oxygen as the 

molar flux proportionally changes with the concentration difference, thus 
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maintaining the proportionality factor (the effective diffusivity of oxygen) constant; 

see Figure 3.8 and Tables A3.1 and  A3.2 in the Appendix-III.  

 

 

(a) (b) 

Figure 3.8 – Effective diffusivity of oxygen into nitrogen for (a) through- and (b) in-plane directions 

for seven different outlet oxygen concentrations (and oxygen concentration differences, ΔC) for 

the 200th, 500th, and 800th slices. 

3.4 RESULTS AND DISCUSSION 

Figures 3.9 and 3.10 show the velocity profiles, for the through- and in-plane flow 

directions, respectively, within one of the modelled CT slices. It is evident that the 

random position and the size of the ligaments of the foam significantly influence the 

velocity magnitude and direction within the modelled CT slice, thus resulting in highly 

non-uniform velocity profiles. Similar profiles were obtained for the other modelled 

CT slices (not shown). Notably, a slightly more uniform velocity profile is obtained for 

the in-plane flow compared to the through-plane direction. As will be shown in 

Section 3.4.2, this could be attributed to the smaller tortuosity values as 
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demonstrated by the nickel form in the in-plane direction than in the through-plane 

direction. The following subsections present the computationally-estimated 

structural and mass transport properties of the nickel foam.    

 

 

 

 

 

 

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 3.9 – The numerical-estimated velocity profile for the through-plane flows within the modelled CT 

nickel foam slice 200 (a and b), 500 (c and d) and 800 (e and f). 

 

 

 

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 3.10 – The numerical-estimated velocity profile for the in-plane flows within the modelled CT 

nickel foam slice 200 (a and b), 500 (c and d) and 800 (e and f). 

3.4.1 Porosity 

Figure 3.11 shows the porosity values for each of the equally-spaced selected 20 

slices. The range of the porosity is from 0.844 to 0.873 and the mean values for the 

porosity values of all the slices is 0.856 with a 95% confidence interval of ±0.003. 

These porosity values are in agreement with those reported in the literature [102–

107]. For instance, the porosity of the nickel foam was experimentally determined by 

Oun and Kennedy [104] as 0.88. Also, the porosity of the nickel foam was reported 

by Khayargoli et al. [105] to be between 0.83 and 0.90, and by Slade [108] to be 

between 0.85 and 0.97. Moreover, Vicente et al. [107] computed the porosity of 

some nickel foam samples employing 3D CT images and found that it lies between 

0.87 and 0.93. These relatively wide ranges for the porosity values and/or the slight 

discrepancies between the values/ranges reported by the various research groups 

could be attributed to the potentially different manufacturing settings used [50]. The 
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multiple 2D CT images using computational method, unlike the conventional 

experimental methods and the 3D numerical X-ray CT studies, reveal how uniform 

the nickel foam is in terms of porosity. This uniformity and the high values of porosity 

of nickel foams is expected to facilitate mass transport within the PEFCs.    

 

Figure 3.11 – Computationally computed porosity values for 20 equally-spaced CT 

nickel foam slices.  

3.4.2 Tortuosity 

The through- and in-plane tortuosity values for the 20 equally-spaced two-

dimensional CT slices are presented in Figure 3.12. The average through-plane 

tortuosity is 1.175, which is between those values reported in the literature by 

Khayargoli et al. (i.e. 1.15) [105] and Kopanidis et al. (i.e. 1.26) [109]. The average in-

plane tortuosity (i.e. 1.124) was found to be slightly less than that in the through-

plane direction and in line with those reported in the literature by Brun et al. (i.e. 1.09 
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– 1.13) [110]. It is noteworthy that the latter authors estimated the tortuosity making 

use of the X-ray CT images generated for a nickel foam material. The results shows 

that the tortuosity of the nickel foam are significantly less than those of the 

conventionally-used carbon substrates; the smallest reported tortuosity for an SGL 

and Toray carbon substrates were found to be 1.33 and 2.50, respectively [111,112]. 

This suggests that, compared to the carbon substrates, the reacting gases and/or 

excess water would flow through more straight pathways when using nickel foams as 

the GDLs, thus reducing the mass transport resistance and potentially mitigating the 

water flooding, particularly beneath the ribs of the flow-field plates.  

  

(a) (b) 

Figure 3.12 – Computationally computed (a) through-plane tortuosity and (b) in-

plane tortuosity for 20 equally-spaced CT nickel foam slices. 
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3.4.3 Pore size distribution 

The pore size distribution histograms for 10 CT slices are shown in Figure 3.13. 

Considering all the slices, the average pore size was calculated to be around 390 (±16) 

µm and the range of the pore size is between 100 and 750 µm. The above average 

pore sizes are in line with those reported in the literature. Namely, it lies between 

that reported by Khayargoli et al. [105], i.e. 360 µm, and that reported by Milazzo et 

al. [113], Oun and Kennedy [114], and Hellmann et al. [114], i.e. 450 µm. The average 

pore size of the nickel foam is two orders of magnitude higher than those of the 

conventional carbon fibre based GDLs [111], which suggests that, as with the 

tortuosity, that less mass transport resistance is demonstrated by nickel foam based 

GDLs. It is noteworthy that the nickel foam exhibits a slightly larger pore size 

compared to other metal foams and this due to the relatively thinner ligament 

thickness of the former foam [115]. Large pore size in the porous material is beneficial 

for effective mass transport [116]; Crosnier et al. [117] stated that the larger is the 

pore diameter, the smaller is the pressure drop and the higher is the permeability. As 

the pore size of nickel foam decreases, the specific surface area increases which 

creates an additional flow resistance.  
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

  

 

 

 (j)  
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Figure 3.13 – The pore size distribution for the CT nickel foam slice number: (a) 0, (b) 100, 

(c) 200, (d) 300, (e) 400, (f) 500, (g) 600, (h) 700, (i) 800, and (j) 900. 

3.4.4 Ligament thickness distribution 

The ligament thickness distribution histograms for 10 CT slices are shown in Figure 

3.14. Considering all of these 10 slices, the average ligament thickness was calculated 

to be around 99 (±3) µm and the range of the ligament thickness is between 60 and 

180 µm. This calculated average ligament thickness is consistent with those reported 

in the literature. Namely, Tsolas et al. [118] experimentally and numerically evaluated 

the properties of nickel foams and reported the ligament thickness as 95 µm.  

Further, Miwa and Revankar [102] experimentally evaluated the structural 

characteristics of nickel foam and reported an average ligament thickens that is 

almost identical to that reported in this study, i.e. ~ 99 µm. It should be noted that 

the average ligament thickness of nickel is significantly larger than the average carbon 

fibre thickness of the conventionally used GDLs; the carbon-based GDLs fibre 

diameter has been reported to be between 7 and 10 µm [119,120].      

   

(a) (b) (c) 
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(d) (e) (f) 

   

(g) (h) (i) 

   

 (j)  

Figure 3.14 – The ligament thickness distribution for the CT nickel foam slice number: (a) 0, 

(b) 100, (c) 200, (d) 300, (e) 400, (f) 500, (g) 600, (h) 700, (i) 800, and (j) 900. 

3.4.5 Specific surface area 

Figure 3.15 shows the specific surface area (SSA) for 20 equally-spaced two-

dimensional CT slices. As seen from the figure, the range of the SSA is between 

around 40500 and 46100 m-1. The average SSA for all the slices is around 43560 (±310) 
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m-1 which is in accordance with those reported in the literature. Namely, Yang et al. 

[121] experimentally investigated nickel foam as a cathode electrode for aluminium-

hydrogen peroxide fuel cells and they reported the SSA of the nickel foam as 42800 

m-1. Similarly, Langlois and Coeuret [122] experimentally assessed the structural 

properties of  nickel foams and they, using  a BET analysis, reported that the SSA of 

the nickel foam sample to be around 41000 m-1. Compared to the conventionally used 

carbon substrates, nickel foam possess significantly higher SSA; this implies that they 

have superior heat and electrical conduction due to the better contact to the flow-

field plates [114].    

 

Figure 3.15 – Computationally computed specific surface area values for 20 

equally-spaced CT nickel foam slices. 

3.4.6 Gas Permeability 

The through- and in-plane permeability was calculated as described in Section 3.3.4.1 

for all the 20 equally-spaced two-dimensional CT slices; see Figure 3.16. The average 
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through-plane and in-plane permeability values are, considering the permeability of 

all the individual modelled slices, 1.26 × 10-9 and 1.39 × 10-9 m2, respectively. The 

range is between 9.81 × 10-10 and 1.51 × 10-9 m2 for the through-plane permeability 

and is between 8.63 × 10-10 and 1.84 × 10-9 m2 for the in-plane permeability. The 

above computationally-estimated through-plane permeability is in very good 

agreement with those experimentally estimated values using the in-house set-up 

which is 1.40 × 10-9 m2. Further, the above average permeability’s are in excellent 

agreement with those reported in the literature. Namely, Khayargoli et al. [105] and 

Medraj et al. [123] experimentally estimated the through-plane permeability of 

nickel foam as 1.30 × 10-9 m2. The average in-plane permeability computed in this 

study lies between that reported by Hugo et al. (1.38 × 10-9 m2) [103] and that 

reported by Miwa and Revankar (1.45 × 10-9 m2) [124]. Overall, the gas permeability 

of nickel foam is at least two orders of magnitudes higher than those of the 

conventionally used carbon fibre based substrates whose values are normally 

between 10-11 and 10-12 m² [111]. This signifies that nickel foam based GDL would 

demonstrate significantly higher convective flows than the conventionally used GDLs, 

thus improving the supply of the reactant gases to the catalyst layers and/or the 

removal of excess water from the catalyst layers. Another observation is that the gas 

permeability of nickel foam was found to be more isotropic than that of the 

commonly used carbon fibre based carbon substrates; the in-plane permeability of 

the latter material is larger than the through-plane permeability by almost one order 

of magnitude [12,125].     
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(a) (b) 

Figure 3.16 – Computationally computed (a) through-plane and (b) in-plane gas permeability 

for 20 equally-spaced CT nickel foam slices. 

3.4.7 Effective Diffusivity 

Figure 3.17 shows the through- and in-plane effective diffusivity of oxygen into 

nitrogen corrected for the structure of the nickel foam for the all the 20 equally-

spaced two-dimensional CT slices. The average through- and in-plane effective 

diffusivity are, considering all the 20 CT slices, 0.154 and 0.166 cm2/s, respectively. 

The range is between 0.142 and 0.165 cm2/s for the through-plane effective 

diffusivity and is between 0.156 and 0.176 cm2/s for the in-plane effective diffusivity. 

As with the gas permeability of nickel foam, the effective diffusivity of nickel foam 

shows a good degree of isotropy as evidenced from the comparable values for the 

effective diffusivity in the through- and in-plane directions. This should be compared 

with the effective diffusivity of the commonly used carbon substrates where the in-

plane diffusivity is higher than the through-plane value by a factor of 1.3 to 3 [61,126]. 
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Moreover, the nickel foam-based GDL yields a much higher effective diffusivity for 

both the through- and in-plane directions than those of the conventional carbon-

based GDLs which are typically between 0.066 and 0.120 cm2/s (for through-plane 

direction) and 0.085 and 0.124 cm2/s (for in-plane direction), respectively [127].  

 

  

(a) (b) 

Figure 3.17 – Computationally computed (a) through-plane and (b) in-plane effective 

diffusivity of oxygen into nitrogen for 20 equally-spaced CT nickel foam slices. 

3.5  CONCLUSIONS 

Nickel foams have a great potential to be used as gas diffusion layers in polymer 

electrolyte fuel cells and this is due to their superior structural and transport 

properties. In this chapter, some key structural (porosity, tortuosity, pore size 

distribution, ligament thickness distribution, and specific surface area) and mass 

transport (gas permeability and effective diffusivity) of a typical nickel foam sample 

have been determined using equally-spaced multiple computationally-efficient two-
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dimensional X-ray CT images and/or corresponding numerical models. This is, in 

addition to saving computational time through not solving computationally expensive 

three-dimensional images and/or numerical models, performed to check for the 

multidimensional uniformity of the nickel foam samples. The main findings could be 

summarised as follows:  

• All the computationally-determined properties of the nickel foam, compared to 

those of the conventionally-used carbon substrates, demonstrate better 

uniformity in the in-plane and through-plane directions and better isotropy as 

evidenced from the comparable individual values computed for all the two-

dimensional CT slices. Further, all of these computed properties were found to be 

in agreement with experimental and/or computationally-determined literature 

data.     

• The mean porosity and the mean pore size of the nickel foam sample were 

computed to be around 0.86 and 390 µm, respectively; these values are, 

compared to those of the conventionally-used carbon substrates, high; thus 

facilitating the mass transport of the gases and liquid water to/from the catalysts 

layers. Likewise, the relatively low through-plane (~1.18) and in-plane (~1.12) 

tortuosity lowers the mass transport resistance of the chemical species.  

• The mean ligament thickness was computed to be around 99 µm which is one 

order of magnitude higher than the mean carbon fibre diameter of the 

conventionally-used carbon substrates; thus implying better mechanical support 

by nickel foam for the delicate membrane electrode assembly of the fuel cell.  
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• The computed mean through-plane (1.26 × 10-9 m²) and in-plane (1.39 × 10-9 m²) 

gas permeability was found to be at least one order of magnitude higher than 

those of the normally-used carbon substrates, signifying higher contribution of 

convective flow to the mass transport of gases within the nickel foam based GDL. 

Likewise, the computed mean effective through-plane (0.154 cm2/s) and in-plane 

(0.166 cm2/s) gas diffusivity was found to be higher than those of the carbon 

substrates by an order of magnitude, meaning more effective diffusive transport 

to/from the catalyst layer and beneath the ribs of the flow field plates.                     
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Chapter 4 

  
X-ray CT-based Numerical Investigation of Nickel 

Foam-based GDLs under Compression 

 

 

 

4.1 SUMMARY 

Nickel foams feature superior structural and transport characteristics and are therefore 

strong candidates to be used as gas diffusion layers (GDLs) in polymer electrolyte fuel 

cells (PEFCs). In this chapter, the impact of compression on the key structural and 

transport properties has been investigated, including employing a specially-designed 

compression apparatus and X-ray computed tomography. Namely, 20 equally-spaced 

two-dimensional CT based images and numerical models have been used/developed to 

investigate the sensitivity of the key properties of nickel foams (porosity, tortuosity, 

pore size, ligament thickness, specific surface area, gas permeability and effective 

diffusivity) to realistic compressions normally experienced in PEFCs. Wherever 
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applicable, the anisotropy in the property has been investigated. One of the notable 

findings is that, unlike porosity and ligament thickness, the mean pore size was found to 

decrease significantly with compression. Further, unlike the effective diffusivity, the gas 

permeability was shown to be highly anisotropic with compression; this fact is of 

particular importance for PEFC modelling where the properties of GDLs are often 

assumed isotropic. In addition, all the computationally-estimated properties have been 

presented, validated and discussed in this chapter. 

4.2 INTRODUCTION  

The polymer electrolyte fuel cell (PEFC) is an electrochemical device that directly 

converts chemical energy into electrical energy [1–4]. The PEFC is a highly promising 

technology that could be utilised in the automotive industry due to its higher efficiency, 

quiet operation, fast refuelling and zero-emission at the point of use [5–10]. 

Consequently, in recent decades, PEFC-powered vehicles have attracted much attention 

from researchers and industries [11–15]. Despite the early deployment stage of the PEFC 

technology, many technical barriers concerning the performance, reliability, durability 

and low cost need to be addressed [16–18].  

A wet-proof, porous layer between the flow-field plate and catalyst layer is termed as 

the gas diffusion layer (GDL). The GDL plays a prominent role inside the PEFC in terms of 

being the exchange medium of mass, charge and heat between the catalyst layer and 

the flow channels grooved in the flow-field plate. The GDL should ideally: (i) provide 

sufficient air/oxygen gases to the active areas in the catalyst layers, (ii) ease the removal 
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of the excess water, (iii) facilitate charge and heat transfer between the catalyst layer 

and flow-field plate and (iv) mechanically support the membrane [19–26]. The most 

commonly-used GDLs are prevalently of carbon paper or carbon cloth forms [27–30]. 

However, these traditional GDLs, particularly those used at the cathode side, are in 

general vulnerable to various types of degradation including: mechanical degradation 

(due to the clamping pressure), thermal degradation (due to freeze/thaw cycles), carbon 

dissolution and erosion [31–34]. These degradations negatively affect the PEFC 

performance and the durability. Mechanical degradation is the most commonly type of 

degradation the GDL is subject to as its carbon fibres experience breakage, cracks and 

permanent deformation as a result of the assembly compression, thus leading to 

potential deterioration of the structural integrity of the GDL and reduced transport 

properties [35–39]. Hence, many researchers have been seeking alternative materials 

for the GDLs.  

Metal foams have attracted a good deal of attention as promising materials used in 

various components in a multitude of energy engineering applications [40–42]. Recent 

studies have reported that nickel foam is a propitious material for cathode flow field 

plates (FFP) and/or GDLs due to its superior properties such as: high porosity, excellent 

electrical and thermal conductivity, high cost-effectiveness, low weight-to-volume ratio 

and robust architecture. Hence, there have been only a few demonstrations in which 

the performance of the fuel cell equipped with nickel foam FFP has been compared to 

that of the conventional graphite FFP [43–51]. For instance, Tseng et al. [44] 

experimentally reported that the PEFC running with the nickel foam FFPs outperformed 
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that running with the conventional FFPs and this is due to their superior mass transport 

properties of the former FFPs. Similarly, Liu et al. [49] experimentally showed that the 

fuel cell with a compressed nickel foam-based cathode FFP has a higher peak power 

density than that with a conventional graphite FFP, thus proposing nickel foam as a 

replacement material to graphite for FFPs. Furthermore, Tabe et al. [50] experimentally 

investigated the nickel foam-based FFP and their results indicated that nickel foam-

based cathode FFP has, compared to the conventional FFPs, superior drainage ability 

and the fuel cell operating with it featured more stable operation at the higher current 

densities.  

The performance of a PEFC is directly related to the structural and effective transport 

properties of the GDL materials. Thus, it has become indispensable to accurately 

determine these GDL properties and understand how they impact the operation 

behaviour of the PEFC under various operational conditions [52–55]. Moreover, the 

anisotropic nature of the GDLs must be assessed while the structural and transport 

properties are evaluated [36,56,57]. The structural and transport properties of the GDL 

might considerably differ between the through-plane and in-plane directions owing to 

the interior architecture of the material. To this end, numerous ex-situ methods are used 

to determine the structural properties of GDLs. For example, mercury intrusion 

porosimetry (MIP) is widely used to estimate the porosity and the pore size distribution 

of the GDLs [1,56,58]. Furthermore, the scanning electron microscope (SEM) is used to 

image the surface of the GDL to measure, for example, the fibre thickness [19]. The 

Brunauer-Emmett-Teller (BET) absorption technique is used to determine the specific 
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surface area of the GDL [59,60]. Most of the above characterisation techniques are 

either destructive (e.g. focused ion beam) or do not provide insights into the interior 

structure of the GDLs. To illustrate, SEM typically provides high-resolution images; 

however, these images are only two-dimensional and superficial [40].      

X-ray computed tomography (CT) is a highly versatile technique to provide detailed 

insight into the nano- or micro-scale morphological and transport characteristics of the 

PEFC components, including GDLs. The main advantages of X-ray CT are that it is: (i) non-

destructive, (ii) relatively fast and accurate, (iii) cost-effective, (iv) available for a wide 

variety of sample sizes and (v) allowing for investigation under the realistic operation 

conditions [61–63]. The commercial carbon-based GDLs have been widely investigated 

using the X-ray CT method to resolve the interior structure of the GDL [64–70]. This 

method has also been employed to understand the GDL structural properties under 

realistic fuel cell compression. For example, Zenyuk et al. [71] comprehensively 

investigated the morphological structures of various types of carbon-based GDLs (TGP, 

SGL, MRC and Freudenberg) by using X-ray CT tomography under compression. They 

evaluated the porosity, tortuosity, and pore size distribution under varying compression 

ratios; the researchers can then use these morphological into their numerical PEFC 

models. Similarly, Je et al. [72] investigated a Toray GDL using a compression apparatus 

hosted in an X-ray CT system. The porosity of the uncompressed GDL was found to 

decrease 0.79 by about 30% to be 0.56 with about 52% compression ratio. In addition, 

X-ray CT has been used to investigate the impact of compression on the nickel foam-

based flow field fields used in PEFCs. For instance, Fly et al. [73] examined nickel foam 
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as a flow field plate under different compression ratios using X-ray CT and finite element 

analysis. They showed that the fuel cell peak power density increased by 42% when 

increasing the compression from 20% to 70%. This improvement is because the 

penetration of nickel foam ligaments into the GDL increases with compression, thus 

allowing for more convective flow to reach the catalyst layer and better electrical 

contact between the nickel foam FFP and each of the GDL and the stainless-steel plate. 

Likewise, Wu et al. [74] investigated the nickel foam-based flow field plates under 

compression using X-ray CT. Their findings showed that the mean pore size decreased 

considerably with increasing compression ratios (6%, 37%, and 69%), while the porosity 

decreased insignificantly. Moreover, it was shown that the increased compression 

caused a higher pressure drop, higher airflow through the nickel foam and subsequently 

better removal of excess liquid water. In addition, the peak power density was found to 

be maximum with 37% compression ratio (853 mW/cm2) and minimum with 6% 

compression (568 mW/cm2).  

To the best of my knowledge, there have been no studies investigating the impact of 

compression (that is normally encountered in operating PEFCs) on the structural and 

transport properties of nickel foam based using a non-distractive technique of X-ray CT. 

The above mentioned conventional characterisation techniques (e.g. SEM and MIP) 

cannot be used to determine the properties of the GDL under compression [71]. Ercelik 

et al. [75] investigated the potential use of nickel foam as a GDL for PEFCs using X-ray 

CT. They developed computationally-economic X-ray CT image-based two-dimensional 

models to determinate the key structural and transport properties of the nickel foam-
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based GDL. As a valuable and important extension to this investigation, the objective of 

the present study is to evaluate the structural (the porosity, tortuosity, pore size 

distribution, ligament thickness distribution, and the specific surface area) and transport 

(gas permeability and effective diffusivity) of nickel foam based GDLs under compression 

ratios normally encountered in operating PEFCs. Furthermore, the anisotropic nature of 

the nickel foam-based GDL under compression is evaluated. To achieve this, a specially 

designed compression apparatus was manufactured through 3D printing and used in an 

X-ray CT chamber to image the compressed nickel foam. The X-ray CT-based images are 

then used to create computationally-economic 2D models. 

4.3 METHODOLOGY 

4.3.1 Compression Apparatus 

A special compression apparatus was designed, manufactured and used inside an X-ray 

CT chamber (Figure 4.1) in order to investigate the structural and transport properties 

of the nickel foam based GDL under compressions that the GDL is subject to inside the 

PEFC. The apparatus parts were designed using SolidWorks® 2015 and manufactured 

using Ultimaker 2+ Extended® 3D printer (Ultimaker, Cambridge, MA, US). The material 

for 3D printing was polylactic acid (PLA) which possesses high X-ray radiolucent 

characteristic. Likewise, nylon M5 bolts, nuts and washers were employed owing to their 

X-ray transparency properties. 



 

Chapter – 4 

 

167 

 

 

  

(a) (b) (c) 

Figure 4.1 – (a) The designed compression apparatus, (b) the exploded view and the 

main components of the apparatus and (c) the manufactured compression 

apparatus.   

 

4.3.2 X-ray CT and Image Processing 

SKYSCAN 1172 (Bruker US) X-ray microscopy system was employed during the X-ray CT 

imaging process. This system consists of an X-ray source, a detector and a rotational 

stage where the compression apparatus is fixed. The emitted X-ray from the source 

traversed through the sample and the detector captured the X-rays weakened due to 

solid ligaments. Figure 4.2 shows the main components of the X-ray CT system. A 

commercially available nickel foam sheet with 99.5% purity (Goodfellow, Cambridge 

Ltd., UK) was punched to create a 12.7 mm diameter sample. The sample was carefully 

located in the compression apparatus and the apparatus was then fixed on the 

rotational stage. The scanning processes were performed every time the stage was 

rotated by 0.7° until the full 180° rotation was reached. The exposure time was 0.885 
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second and 1025 projections were collected for each scanning. The source voltage was 

80 kV, and the beam current was 124 μA. The image resolution was 7 μm per pixel. The 

compression of the apparatus was increased step by step after each scanning. 

 

         

 

 

 

 

(a) (b) 

Figure 4.2 – (a) SKYSCAN X-ray CT system and (b) its main components. 

The 2D shadow images were obtained and processed using the NRecon Reconstruction 

software (SKYSCAN, Belgium) to reconstruct the cross-sectional images from the X-ray 

CT projection images. The images were then processed using Bruker CTan Micro-CT 

where Otsu’s thresholding method was employed to separate the solid and void phases. 

Finally, the processed images were imported to COMSOL Multiphysics® 5.5 using 

MATLAB® and LiveLink™ for MATLAB®.     

4.3.3 Numerical modelling  

The continuity and momentum conservation equations were solved within COMSOL 

Multiphysics® 5.5 for 20 equally-spaced X-ray CT slices with a 350 µm distance for each 

compression level of nickel foam. It is noteworthy that the effect of the number of slices 

(from a range that starts with 5 slices and ends with 30 slides) on the structural and 
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transport properties of the nickel foam was investigated in the Appendix – IV; see 

Figures A4.1 to A4.7. It was shown that the values of the structural and transport 

properties of the nickel foam starts to saturate with 10 equally-spaced X-ray CT slices. 

Therefore, the selected number of equally-spaced X-ray CT slices (i.e. 20) should be 

highly representative of the nickel foam material. The length of each slice was 6.65 mm 

and the height changed depending on the compression applied. Namely, the heights 

were 1.05, 0.84 and 0.63 mm for 0, 20 and 40% compressions respectively; the 3D X-ray 

CT-based representations of the nickel foam under the abovementioned compressions 

are shown in Figure 4.3.  

The flow regime in the computational domains was assumed to be steady-state, 

incompressible (Mach numbers << 0.3) and laminar (Reynolds numbers << 2300). 

Thereby, the continuity and momentum conservation equations can be given as follows: 

∇  ∙  (𝜌𝒖) = 0           (4.1) 

where ∇ is the operator (𝑖
𝜕

𝜕𝑥
+ 𝑗

𝜕

𝜕𝑦
), 𝜌 is the fluid density (kg/m3) and 𝒖 is the velocity 

vector. 

𝜌(𝒖 ∙  ∇)𝒖 =  ∇  ∙  [−𝑝𝑰 +  𝜇(∇𝒖 +  (∇𝒖)𝑇) − 
2

3
𝜇(∇ ∙  𝒖)𝑰  ]         (4.2) 

where p is the pressure, I is the identity matrix and 𝜇 is the dynamic viscosity (Pa·s). The 

conservation of chemical species, which is oxygen in our case, is expressed as follows: 

∇ ∙ (−𝐷𝑂2 ∇𝐶𝑂2) =  𝑅          (4.3) 



 

Chapter – 4 

 

170 

 

where 𝐷𝑂2 is the oxygen diffusion coefficient (m2/s), 𝐶𝑂2 is the oxygen concentration 

(mol/m3), and 𝑅 is the source term which is zero in our case (there is no reaction taking 

place within the GDL).  

 

Figure 4.3 – The three-dimensional X-ray CT representations of the nickel foam at 

0, 20 and 40% compressions.  

The 20 CT slices were meshed within COMSOL Multiphysics® 5.5 at each level of 

compression. All the computational domains were checked for mesh-independent 

solutions. Figure 4.4 exhibits how the through- and in-plane gas permeability’s (and the 

corresponding computation time) change with the number of element numbers for an 

arbitrarily selected 20% compressed slice (the 200th Slice). The computed permeability 

values were shown to be almost insensitive to the number of elements beyond around 
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550,000 elements and the corresponding computation times were found to be relatively 

short: around 100 seconds. Overall, the mesh-independent solutions for all the 20 

computational domains were found to be between 400,000 and 700,000; Figure 4.5 

shows a typical meshed computational domain along with the boundary conditions used 

to solve the models.  

The gas flowing through the nickel foam was assumed to be air which is the normally-

used oxidant at the cathode of the PEFCs. As for the gas permeability investigation, the 

inlet air velocity and outlet pressure were arbitrarily set as 0.1 m/s and 0 Pa, 

respectively. Notably, under relatively low flow rates (Darcy’s regime), the pressure 

gradient linearly changes with the inlet air velocity and as such the gas permeability, 

which is an intrinsic property of the material, evidently does not change with velocity as 

demonstrated in Figures 4.6 and 4.7 in Section 4.3.5.1. Moving to the effective diffusivity 

investigation, the inlet air (molar fraction-wise) consists of 21% oxygen and 79% 

nitrogen. Hence, the inlet concentration of oxygen (Cin) is 8.73 mol/m3 at 20°C and 1 atm 

whereas the outlet concentration was assumed to be 7.73 mol/m3. It should be noted 

that there is no impact of the concentration difference on the estimated effective 

oxygen diffusivity since the molar flux of oxygen proportionally changes with the 

concentration difference; see Figure 4.8, and Tables A5.1 and A5.2 in the Appendix-V. 

The bulk oxygen diffusivity coefficient is 0.219 cm2/s at 20°C and 1 atm. Equations (4.2) 

and (4.3) are solved independently for each direction (i.e. through- and in-plane 

directions) to estimate the gas permeability and effective oxygen diffusivity for each 

direction.  
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The boundary conditions used for the models are shown in Figure 4.5. Namely, the top 

edge was defined as an inlet while the bottom was set as an outlet for the through-plane 

direction analyses. In addition, the right and the left edges were prescribed as symmetry 

boundary conditions. On the other hand, the left and the right edges were defined as an 

inlet and an outlet for the in-plane direction analyses, respectively, whereas the top and 

the bottom edges were set as walls. Furthermore, the borders surrounding the 

ligaments were defined as no-slip boundary conditions. It should be noted that the 

numerical simulations were conducted assuming that the inlet temperature is 20°C. The 

models were numerically solved using a small-scale workstation (Inter® Xenon® CPU E3-

1246 v3@ 3.50 GHz, 16 GB installed RAM), and the computational time for each 

modelled CT slice was found to be between 100 and 200 s. 

 

(a) 
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(b) 

Figure 4.4 – (a) The through-plane and (a) in-plane permeability’s (and the 

corresponding computation time) as they change with number of elements for a 

20% compressed CT slice (the 200th slice). The shaded areas highlights the number 

of elements with which the mesh-independent solutions are realised.  

 

 

 

 

 

 

 

 

Figure 4.5 – The boundary conditions and the meshed computational domain for (a) 

through-plane and (b) in-plane directions. The white areas are the solid phase (i.e. 

the ligaments of the nickel foam). 
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4.3.4 Structural properties  

4.3.4.1 Porosity 

The porosity (ε) is a structural property of the medium that represents the ratio 

between the volume of the void and the total volume of that material. The transport 

properties (e.g. gas permeability and effective diffusivity) strongly depend on the 

porosity and typically decline with decreasing porosity. On the other hand, the 

electrical and thermal conductivities are inversely proportional to the GDL porosity. 

Many experimental methods, such as mercury intrusion porosimetry (MIP) or other 

standard porosimetry techniques, are normally used to measure the GDL porosity. 

These methods, nevertheless, may not provide accurate and/or detailed results and 

this is mainly due the compressible and inhomogeneous structure of the GDL material 

[71]. Therefore, these techniques are mainly used to measure the GDL porosity for 

the uncompressed situation; however, the operational fuel cells are assembled with 

the assistance of a clamping force [71]. On the other hand, the X-ray CT provides 

insight into the interior structure and inhomogeneity of the GDL with/without 

realistic compressions. The maximum reported porosity of an uncompressed carbon 

fibre-based GDL is about 0.90 [1,76], whereas the maximum reported porosity of an 

uncompressed nickel foam porosity is 0.98 [77]. Evidently, increasing the 

compression on the GDL decreases its porosity. In this study, the porosity values for 

a nickel foam-based GDL under three compression ratios were determined for 20 

equally-spaced X-ray CT slices using the COMSOL Multiphysics® 5.5. This was achieved 
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through measuring and summing the areas for each of the void and the solid phases 

and then dividing the total area of the void phase by the total area of the slice: 

𝜀 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑣𝑜𝑖𝑑 𝑝ℎ𝑎𝑠𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑙𝑖𝑐𝑒
    (4.4) 

For comparison purposes, the porosity was also theoretically calculated using the 

following equation:  

𝜀𝑡ℎ𝑒𝑜 =
𝜀0−𝑋𝑐𝑜𝑚𝑝

1−𝑋𝑐𝑜𝑚𝑝
     (4.5) 

where 𝜀𝑡ℎ𝑒𝑜 is theoretical porosity, 𝜀0 is the uncompressed porosity, and 𝑋𝑐𝑜𝑚𝑝 is the 

compression ratio of the compressed nickel foam. It should be noted that, in Equation 

(4.5), it is assumed that only the void that decreases with compression [73].  

4.3.4.2 Tortuosity 

Tortuosity is a structural characteristic that denotes the ratio of the actual length of 

the flow path to the straight path between the two ends of that path [78]. In other 

words, tortuosity equals to unity if the flow path is straight and tortuosity more than 

unity mean that the flow needs to travel longer distance than that of the fictitious 

straight path of the flow. Furthermore, the tortuosity provides information on how 

the pores are interconnected within the porous medium. The tortuosity values for 

through- and in-plane directions within a two-dimensional CT slice can be obtained 

using the following equations [79]:  

𝜏𝑇ℎ𝑟𝑜𝑢𝑔ℎ−𝑝𝑙𝑎𝑛𝑒 =
𝑢𝑚𝑎𝑔

𝑢𝑦
    (4.6) 
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𝜏𝐼𝑛−𝑝𝑙𝑎𝑛𝑒 =
𝑢𝑚𝑎𝑔

𝑢𝑥
                   (4.7) 

where 𝑢𝑚𝑎𝑔 is the velocity magnitude averaged over the computational domain, and 

𝑢𝑦 and 𝑢𝑥 are the velocity components in the through- and in-plane directions, 

respectively.  

4.3.4.3 Pore size distribution 

The pore size distribution of the nickel foam-based GDL considerably affects the 

transport properties of reactant gases and liquid water. Large pores within the foam 

ease the transverse of fluids from one cell to another. The pore size distributions for 

all the compression cases for all the 20 CT slices were determined using an open-

source ImageJ/Fiji software [80]. Unlike SEM images, which only show the superficial 

morphology, three-dimensional or multiple two-dimensional CT images allow for the 

access to the interior structure of the compressed/uncompressed porous material.  

4.3.4.4 Ligament thickness distribution 

Ligaments (or struts) are the solid metal rods that constitute the cellular web-like 

structure of the nickel foam. The structures and thicknesses of the ligaments could 

significantly affect the electrical and thermal conductivity and the mechanical 

integrity of the foam. As with the pore size distribution, the ligament thickness 

distribution for the all the 20 CT slices under all the investigated three compression 

ratios were determined using the ImageJ/Fiji software [80].  
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4.3.4.5 Specific surface area  

The specific surface area (SSA) can be defined as the surface area per the volume 

unit. As with all the  structural properties, the specific surface area of the nickel foam 

impacts the mass, heat and charge transport within it [81,82]. The nickel foam 

typically possesses a high specific surface area due to its web-like cellular 

architecture. However, this property expectedly increases with increasing 

compression [83]. The total length of the borders of the solid phase and its areas 

were measured for all the 20 CT slices under the three investigated compression 

ratios using COMSOL Multiphysics®.  

4.3.5 Mass transport properties 

4.3.5.1 Gas Permeability 

The gas permeability represents how permeable the porous media is. It is an 

important GDL property particularly at the cathode side. High gas permeability leads 

to lower pressure gradients within the GDL and subsequently lower water saturation, 

thus mitigating the water flooding phenomena [84–86]. Furthermore, high gas 

permeability enhances the convective flow from the flow channels to the catalyst 

layer, the availability of reactant gases and, therefore, the PEFC performance [1,87–

89]. The GDLs within the fuel cell are under compression and therefore the transport 

properties should be quantified under that compression to obtain more accurate 

values for these transport properties. For this purpose, the through- and in-plane gas 

permeability for nickel foam under a realistic set of compression ratios were obtained 
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through solving Equations (4.1) and (4.2) that were applied to the two-dimensional 

CT-based computational domains. For low velocities, the viscous resistance is 

dominant and the inertial resistance is negligible. Therefore, the linear Darcy’s Law 

(rather than the quadratic Forchheimer equation) was used to estimate the 

permeability values of the porous medium: 

∆𝑃

𝐿
=  

𝜇

𝐾
𝑢    (4.8) 

where ∆𝑃 denotes the pressure difference between the inlet and outlet boundaries, 

𝐿 is the length of the GDL material across the flow length, μ is the dynamic viscosity 

of the flowing fluid (air), 𝐾 is the gas permeability of the porous medium and 𝑢 is the 

inlet gas velocity. 𝐿 represents the length of the nickel foam GDL (i.e. 6.65 mm) for 

in-plane gas permeability simulations and represents its thickness (i.e. 1.05, 0.84 and 

0.63 mm for 0, 20 and 40% compression ratios) for the through-plane gas 

permeability simulations. The dynamic viscosity of air (𝜇) at 20°C and 1 atm is 1.751 

x 10-5 Pa.s [90]. The inlet velocity of the computational domain (𝑢) has been set as 

0.1 m/s for each compression ratio. It is noteworthy that the sensitivity of gas 

permeability to relatively low inlet gas velocities are almost negligible, as shown in 

Figure 4.6; this figure shows that the pressure gradient scales linearly with the inlet 

velocity under different compression ratios. Similarly, Figure 4.7 demonstrates that 

the gas permeability negligibly changes with inlet velocity under different 

compression ratios.  
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(a) (b) 

Figure 4.6 – Pressure gradient versus inlet velocity for (a) through-plane and (b) in-

plane directions for 0, 20 and 40% compression ratios for the 200th CT slice. 

 

  

(a) (b) 

Figure 4.7 – Gas permeability versus inlet velocity for (a) through-plane and (b) in-

plane directions for 0, 20 and 40% compression ratios for the 200th CT slice. 
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4.3.5.2 Effective Diffusivity   

Diffusion within the GDL plays a significant role in transporting reactant gases 

between the flow channel and the catalyst layer; this role is more profound for the 

conventional carbon fibre-based based GDLs and this is due to their low gas 

permeability values [20–22,28,88,91,92]. The effective diffusivity represents how 

chemical species diffuse into each other within a porous medium. The effective 

diffusivity of oxygen into nitrogen in a porous GDL can be estimated by Fick’s Law:  

𝐽 =  𝐷𝑂2,𝑁2
𝑒𝑓𝑓

 
∆𝐶

𝐿
    (4.9) 

where 𝐽 is the oxygen molar flux (mol/(m2·s)), ∆𝐶 is the oxygen concentration 

difference between the inlet and outlet across the thickness (for through-plane 

diffusivity simulations) or length (for in-plane diffusivity simulations) of the GDL. As 

with the gas permeability simulations, 𝐿 is the length of the nickel foam GDL (6.65 

mm) for the in-plane diffusivity simulations and is the GDL thickens (i.e. 1.05, 0.84 

and 0.63 mm for 0, 20 and 40% compression ratios) for the through-plane diffusivity 

simulations. The oxygen concentration difference (∆𝐶) is assumed to be 1 mol/m3 for 

each compression scenario. It is noteworthy that (as shown in Table 4.1, Table 4.2, 

and Figure 4.8) the oxygen concentration difference does not impact the effective 

diffusivity since the oxygen molar flux changes proportionally with the concentration 

difference of oxygen.  
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(a) (b) 

Figure 4.8 – Effective diffusivity of oxygen into nitrogen for (a) through- and (b) in-plane directions 

for seven different outlet oxygen concentrations (and oxygen concentration differences, ΔC) for 0, 

20 and 40% compression ratios for the 200th CT slice. 

4.4 RESULTS AND DISCUSSION 

The velocity profiles of the flowing air through the uncompressed, 20% compressed, 

and 40% compressed nickel foam-based GDL are shown in Figures (4.9) and (4.10) for 

the through- and in-plane directions, respectively. In general, the position and the 

thickness of the ligaments considerably affect the magnitude of the air velocity and 

the direction of the flow, resulting in relatively high non-uniform velocity profiles. It 

is evident from Figures (4.9) and (4.10) that the velocity magnitudes, in either the 

through- or in-plane directions, become higher as the compression ratio increases. 

This is understandable due to the fact that the voids between the ligaments are 

closed up due to the compression resulting in smaller flow openings and 

subsequently higher local velocities for a given boundary flow rate.     
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(a) (b) 

  

 

 

 

(c) (d) 

 

 

 

 

 

 

(e) (f) 

Figure 4.9 – The through-plane velocity profiles for the 100th slice under uncompressed (a and b), 20% 

compressed (c and d), and 40% compressed (e and f) situations. 
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(a) (b) 

  

(c) (d) 

 

 

(e) (f) 

Figure 4.10 – The in-plane velocity profiles for the 100th slice under uncompressed (a and b), 20% 

compressed (c and d), and 40% compressed (e and f) situations. 
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4.4.1 Porosity 

The porosity values for all the 20 equally-spaced X-ray CT slices are shown in Figure 

4.11(a) for three different compression ratios. The mean porosity value for the 

uncompressed sample is 0.894±0.008 and it varies between 0.861 and 0.921. This 

value is highly consistent with the experimental results reported in the literature for 

nickel foam material. For instance, Oun and Kennedy [83] experimentally estimated 

the porosity of uncompressed nickel foams and found it to be 0.88. The range of 

porosity for uncompressed nickel foams was investigated utilising 3D X-ray CT 

imaging by Vicente et al. [93] and was reported to be between 0.87 to 0.92. Clearly, 

as the compression increases, the porosity of the metal foam decreases. The mean 

porosity range for 20 % compressed nickel foam is 0.866±0.007 and it varies between 

0.84 and 0.90. The porosity continues to slightly decrease with 40% compression and 

becomes 0.842±0.011 and it varies between 0.799 and 0.883. As with the 

uncompressed nickel foam case, the results are highly consistent with the porosity 

values reported in the literature. For example, Fly et al. [73] investigated the nickel 

foam flow field plates using 3D X-ray CT imaging and reported the porosity for 

uncompressed, 17% compressed and 35% compressed nickel foams as 0.892, 0.875, 

and 0.834, respectively.  

Furthermore, the actual (obtained from the new X-ray CT-based method) and the 

theoretical (obtained from Equation (4.5)) porosity of the nickel foam sample are 

shown in Figure 4.11 (b). It is clear that there is a very good agreement between the 

actual and the calculated values of the porosity for the uncompressed and 20% 
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compressed nickel foam cases. However, the theoretical porosity is slightly less than 

the actual porosity at 40% compression. The reason behind this discrepancy is that 

Equation (4.5) assumes that the volume reduction of the void only takes place in the 

open spaces between the ligaments. However, there exists isolated voids between 

the ligaments that are normally created as a result of the corresponding 

manufacturing process. The reduction in volume of these isolated voids are not 

included in Equation (4.5), thus resulting in the underestimation of the porosity of 

the nickel foam subject to the relatively high compression (i.e. 40%). 

 

 

(a) 
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(b) 

Figure 4.11 – (a) Porosity values for the uncompressed, 20% compressed, and 40% 

compressed CT nickel foam slices and (b) the actual and theoretical porosity of 

nickel foam. Note that the error bars represent 95% confidence intervals. 

4.4.2 Tortuosity 

The tortuosity in the through- and in-plane directions for all the 20 CT slices are 

shown in Figure 4.12 for the three investigated compression ratios. The mean 

through-plane tortuosity for the uncompressed situation is 1.179±0.011. This value is 

in very good agreement with those reported in the literature: Khayargoli et al. (i.e. 

1.15) [94], Ercelik et al. (i.e. 1.175) [75] and Langlois and Coeuret (i.e 1.15±0.10) [95]. 

The in-plane tortuosity of the uncompressed nickel foam is 1.138±0.011 and 

therefore is slightly lower than that of the through-plane direction. As with the 

through-plane tortuosity, the computed in-plane tortuosity of the uncompressed 

nickel foam is in very good consistence with those reported in the literature, which 
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were found to be between 1.09 and 1.13 [96]. It should be noted that the tortuosity 

values of the conventional carbon fibre-based GDLs are considerably higher than 

those of the nickel foam. For example, the minimum tortuosity values for the SGL and 

Toray GDLs were reported to be 1.33 and 2.50, respectively [19]. With 20% 

compression ratio, the mean through- and in-plane tortuosity values, compared to 

those of the uncompressed foam, increase to 1.20±0.022 and 1.168±0.022, 

respectively. It is evident that the voids between the ligaments are closed up with 

increasing compression, thus leading to more tortuous paths throughout the foam. 

As the compression increases to 40%, the mean values of the through- and in-plane 

tortuosity become closer to each other: they are 1.184±0.017 and 1.189±0.014, 

respectively. One may notice that the in-plane tortuosity increases as the 

compression increases from 0 to 40%; however, the through-plane tortuosity was 

found to increase as the compression increases from 0 to 20% and then decrease as 

the compression increases from 20 to 40%. This could be attributed to the 

observation that the structure of the nickel foam is more or less “nest-like” and 

therefore the “entanglement” of the ligaments, which is mainly in the in-plane 

directions, increases with increasing compression. On the other hand, the through-

plane pathways appear to straighten after a certain threshold compression.   
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(a) (b) 

Figure 4.12 – (a) Through-plane and (b) in-plane tortuosity values for the uncompressed, 20% 

compressed, and 40% compressed CT nickel foam slices. 

4.4.3 Pore size distribution 

The pore size values for all the 20 CT nickel foam slices are shown in Figure 4.13 for 

the uncompressed, 20% compressed, and 40% compressed cases. The pore size 

histograms of all the cases (60 cases representing 20 CT slices and 3 compression 

ratios) are shown in Figures 4.14 to 4.16. The mean pore size value of the 

uncompressed nickel foam is 175±5 µm and the range of pore sizes is between 151 

and 217 µm. The mean pore size of the uncompressed nickel foam is in very good 

agreement with those reported in the literature; for example Miwa and Ravankar [97] 

reported the mean pore size of some nickel foam samples as a range of from 172 µm 

to 182 µm while Milazzo et al. [98] measured it as 230 µm. The mean pore size and 

the lower and the upper limits of its range expectedly decrease with increasing 

compression due to reduction in the volume of voids of the nickel foam. Namely, the 
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mean pore size, with 20% compression, decrease to 110±4 µm for and the limits of 

the range decrease to 92 and 119 µm. Likewise, the mean pore size decrease to 71±2 

µm and the limits of its range decrease to 55 and 81 µm with 40% compression.  

   

Figure 4.13 – Mean pore size for the uncompressed, 20% compressed, and 40% 

compressed CT nickel foam slices. Note that the error bars represent 95% 

confidence intervals.  
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Figure 4.14 – The pore size distribution for the uncompressed nickel foam CT slices 

numbered as: (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250, (g) 300, (h) 350, (i) 400, (j) 

450, (k) 500, (l) 550, (m) 600, (n) 650, (o) 700, (p) 750, (r) 800, (s) 850, (t) 900 and (u) 

950.  
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Figure 4.15 – The pore size distribution for the 20% compressed nickel foam CT slices 

numbered as: (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250, (g) 300, (h) 350, (i) 400, (j) 

450, (k) 500, (l) 550, (m) 600, (n) 650, (o) 700, (p) 750, (r) 800, (s) 850, (t) 900 and (u) 

950.  
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Figure 4.16 – The pore size distribution for the 40% compressed nickel foam CT slices 

numbered as: (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250, (g) 300, (h) 350, (i) 400, (j) 

450, (k) 500, (l) 550, (m) 600, (n) 650, (o) 700, (p) 750, (r) 800, (s) 850, (t) 900 and (u) 

950.  

4.4.4 Ligament thickness distribution 

The ligament thickness values for all the 20 CT nickel foam slices are presented in 

Figure 4.17 for the uncompressed, 20% compressed, and 40% compressed cases. The 

histograms of the ligament thickness distribution are shown in Figures 4.18 to 4.20. 

The mean ligament thickness is 100±1 µm for the uncompressed nickel foam, which 

is in very good agreement with those reported in the literature. For instance, Miwa 

and Revankar [97] found that the mean ligament thickness of nickel foam is between 
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99 and 107 µm. Interestingly, the ligament thicknesses were found to significantly 

decrease with increasing compression; the mean ligament thickness decreases to 

96±1 with 20% compression and to 90±1 µm with 40% compression. This is primarily 

due to the fact that the ligaments are not entirely solid and they enclose some of the 

void that shrinks as the compression increases.  

 

Figure 4.17 – Mean ligament thickness for the uncompressed, 20% compressed, and 

40% compressed CT nickel foam slices. Note that the error bars represent 95% 

confidence intervals. 
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Figure 4.18 – The ligament thickness distribution for the uncompressed nickel foam CT 

slices numbered as: (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250, (g) 300, (h) 350, (i) 400, 

(j) 450, (k) 500, (l) 550, (m) 600, (n) 650, (o) 700, (p) 750, (r) 800, (s) 850, (t) 900 and (u) 

950.  
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Figure 4.19 – The ligament thickness distribution for the 20% compressed nickel foam 

CT slices numbered as: (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250, (g) 300, (h) 350, (i) 

400, (j) 450, (k) 500, (l) 550, (m) 600, (n) 650, (o) 700, (p) 750, (r) 800, (s) 850, (t) 900 

and (u) 950.  
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Figure 4.20 – The ligament thickness distribution for the 40% compressed nickel foam 

CT slices numbered as: (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250, (g) 300, (h) 350, (i) 

400, (j) 450, (k) 500, (l) 550, (m) 600, (n) 650, (o) 700, (p) 750, (r) 800, (s) 850, (t) 900 

and (u) 950.  

4.4.5 Specific surface area 

Figure 4.21 displays the specific surface area (SSA) for all the 20 CT nickel foam slices 

for the uncompressed, 20% compressed, and 40% compressed cases. The mean 

specific surface area of the uncompressed nickel foam is 55700±2700 m-1. The 

specific surface area increase with increasing compression (due to the evident 

volumetric decrease); it increases to 57100±2800 m-1 with 20% compression ratio and 

to 61000±2900 m-1 with 40% compression ratio. These results are in accordance with 
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the findings reported in the literature that shows that the specific surface are of nickel 

foams increase with increasing compression [99–101]. High specific surface area is 

expected to increase mass transport resistance; this will be touched on in the 

following section. On the other hand, high specific area areas are favourable for the 

electrical and the thermal conductivity as well as the electrical contact with either 

the catalyst layer or the flow-field plate [102,103].        

 

  

(a) (b) 

Figure 4.21 – (a) Specific surface area values for the uncompressed, 20% compressed, and 40% 

compressed CT nickel foam slices and (b) the mean specific surface area as a function of the 

compression ratio. Note that the error bars represent 95% confidence intervals. 

4.4.6 Gas Permeability 

The gas permeability values for all the 20 CT nickel foam slices were computationally 

estimated under the three compression ratios: 0, 20 and 40%; see Figure 4.22. The 

average through- and in-plane permeability values were respectively computed to be 
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1.63 × 10-9 and 1.64 × 10-9 m2 for the uncompressed nickel foam. The mean through-

plane and in-plane permeability values are very close to each other and this signifies 

the high isotropy of the uncompressed nickel foam; the anisotropy ratio (which is the 

ratio between the through- and the in-plane transport properties) is almost one. 

Figure 4.22 shows that the through-plane permeability of the CT nickel slices vary 

between 1.02 × 10-9 and 2.17 × 10-9 m2. Likewise, the corresponding in-plane 

permeability varies between 1.12 × 10-9 and 2.31 x 10-9 m2. These permeability values 

are in very good agreement with those reported in the literature. For instance, 

Khayargoli et al. [94] and Medraj et al. [104] experimentally estimated the through-

plane permeability to be around 1.30 × 10-9 m2. Gerbaux et al. [105] experimentally 

estimated the in-plane permeability of nickel foam as 1.94 × 10-9 m2. Likewise, Topin 

et al. [106], Hugo et al. [107], and Bonnet et al. [41] measured the in-plane 

permeability as 1.38 × 10-9, 1.38 × 10-9 and 1.85 × 10-9 m2, respectively. It is 

noteworthy that the gas permeability of the uncompressed nickel foam-based GDL is 

at least two orders of magnitude higher than the conventional carbon fibre based 

GDLs [19]. The permeability is evidently decrease with compression; see Figure 4.22. 

The mean through- and in-plane permeability of the 20% compressed nickel foam are 

respectively 9.96 × 10-10 and 6.89 × 10-10 m2, and the lower and the upper limits are 

1.39 × 10-10 and 6.48 × 10-10 m2 for the through-plane permeability and 5.09 × 10-10 

m2 and 1.08 × 10-9 m2 for the in-plane permeability. Clearly, as shown in Sections 

4.4.1 and 4.4.3, compression decreases the pores between the ligaments and, 

subsequently, the porosity of the foam. It is well-known that gas permeability 

decreases with decreasing porosity as evident from Carman-Kozeny equation [108]. 



 

Chapter – 4 

 

205 

 

With 40% compression ratio, the mean through- and in-plane permeability values 

further reduce to 5.57 × 10-10 and 3.51 × 10-10 m2 respectively, and the lower and 

upper limits decrease to 3.07 × 10-10 and 8.69 × 10-10 m2 for the through-plane 

permeability and to 1.21 × 10-10 and 6.68 × 10-10 m2 for the in-plane permeability. 

Notably, the permeability in the in-plane direction is more sensitive to compression 

than that in the through-plane direction as compression increases to 20; this is more 

evident in Figure 4.22. This is most likely due to the fact that the ligaments are mainly 

oriented in the in-plane directions and therefore there would be less resistance to 

compressive forces to close up the gaps parallel to these ligaments than those normal 

to them.    

 

  

(a) (b) 
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(c) 

 

Figure 4.22 – (a) Through-plane and (b) in-plane permeability values and (c) the mean 

permeability values for the uncompressed, 20%, and 40% compressed CT nickel foam slices. 

Note that the error bars represent 95% confidence intervals. Note that the error bars 

represent 95% confidence intervals. 

The average through- and in-plane permeability values are almost the same for the 

uncompressed nickel foam signifying the high isotropy of this material; the 

anisotropy ratio was calculated as 1.04 with 0% compression ratio (Figure 4.23). This 

value is in good agreement with those reported in the literature for the anisotropy 

ratio of the nickel foam [109–111]. Interestingly, the anisotropic ratio starts to 

increase to around 1.48 with 20% compression ratio and to around 1.82 with 40% 

compression ratio. As mentioned earlier, this is due to the gas permeability being 

more sensitive to the compression in the in-plane direction than the through-plane 

direction. Therefore, when using nickel foam as GDLs, the validity of the assumption 

that the nickel foam GDL is isotropic in the PEFC models needs to be carefully 

examined.  
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Figure 4.23 – The anisotropy ratios of the gas permeability of nickel foam under 

different compression ratios. Note that the error bars represent 95% confidence 

intervals. 

4.4.7 Effective Diffusivity 

The effective diffusivity of oxygen into nitrogen in both the through- and in-plane 

directions were computationally estimated for all the 20 CT nickel foam slices; see 

Figure 4.24. The mean effective diffusivity values in the through- and in-plane 

directions for the uncompressed nickel foam are 0.161 and 0.170 cm2/s, respectively. 

As with the permeability, the effective diffusivity is expected to decrease with 

compression. The through-plane and the in-plane effective diffusivity values become 

0.152 and 0.154 cm2/s with 20% compression ratio, and 0.145 and 0.143 cm2/s with 

40% compression ratio. These effective diffusivity values are notably higher than 
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those of the conventional carbon fibres based GDLs. For example, the through-plane 

effective diffusivity for the uncoated SGL GDL was reported to be between 0.153 and 

0.08 cm2/s and for Toray GDL to be between 0.081 and 0.033 cm2/s [71,112]. 

Similarly, the in-plane effective diffusivity of Toray GDL was found to vary between 

0.78 and 0.02 cm2/s. It should be noted that the above lower limits are for the 

compressed GDLs while the upper limits are for the uncompressed GDLs. Unlike the 

gas permeability of compressed nickel foam, the effective diffusivity of the nickel 

foam was found to be highly isotropic even with high compression ratios. Namely, 

the anisotropic ratio of the effective diffusivity is 1.05 with 0% compression ratio, 

1.03 with 20% compression ratio and 1.01 with 40% compression ratio; see Figure 

4.25.  

  

(a) (b) 

Figure 4.24 – (a) The through-plane and (b) the in-plane effective diffusivity values for the 

uncompressed, 20% compressed, and 40% CT nickel foam slices.  
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Figure 4.25 – The anisotropy ratios of the effective diffusivity of nickel foam under 

different compression ratios. Note that the error bars represent 95% confidence 

intervals. 

4.5 CONCLUSIONS 

Nickel foam is a serious candidate for gas diffusion layers in polymer electrolyte fuel 

cells and this is due to their superior structural and transport properties. In this work, 

the impact of realistic compression (mimicking those applied to the PEFCs) on some 

of the key structural and transport properties has been investigated using 

computationally-efficient two-dimensional X-ray CT based images and numerical 

models. These investigated structural and transport properties are: porosity, 

tortuosity, pore size distribution, ligament thickness distribution, and specific surface 

area, gas permeability and effective diffusivity. The following are the main findings of 

this chapter:  
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• The porosity of nickel foam was found to decrease slightly with realistic 

compressions. Namely, the mean porosity of nickel foam (~ 0.89) decreased by 

less 6% (0.84) when compressed by 40%. These values are higher than those 

demonstrated by the conventional carbon substrates under similar compressions; 

this implies less mass transport resistance when using nickel foam as GDLs.  

• The pore size was shown to considerably decrease with compression; the mean 

pore size of nickel foam (~ 175 µm) decreased by around 60% (71 µm) when nickel 

foam was compressed by 40%. Interestingly, the ligament thickness was found to 

decrease by around 10% when compressing nickel foam by 40%; the ligament 

thickness decreased from ~ 100 µm to ~ 90 µm with 40% compression ratio and 

this is due to the fact that the ligaments encapsulate some small pores. On the 

other hand, the specific surface area was shown to increase with compression; it 

increases from 55700 m-1 (uncompressed nickel foam) to 61000 m-1 with 40% 

compression ratio.     

• The in-plane tortuosity of nickel foam increases with compression; it increased 

from ~ 1.14 to 1.19 with 40% compression ratio. On the other hand, its through-

plane tortuosity (~ 1.18) was found to increase with 20% compression (~ 1.20) and 

then decrease (~ 1.18) with 40% compression. This is most likely due to the 

observation that the ligaments are mainly oriented in the in-plane directions and 

therefore the pores parallel to these ligaments are closed up with compression; 

thus creating more in-plane tortuous flow paths. However, a compression beyond 

a certain value appear to straighten the pathways in the through-plane directions. 
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• The gas permeability of nickel foam significantly decreases with compression 

particularly in the in-plane direction; the mean through-plane permeability (1.63 

× 10-9 m2) decreased by around 65% (5.57 × 10-10 m2) and mean the in-plane 

permeability (1.64 × 10-9 m2) by around 80% (3.51 × 10-10 m2) with 40% 

compression ratio. The numbers show that gas permeability of the uncompressed 

nickel foam is highly isotropic; the anisotropic ratio (which is the ratio between the 

through-plane and in-plane gas permeability) is around unity. However, this factor 

increases significantly with compression; it increased to around 1.5 with 20% 

compression ratio and to around 1.8 with 40% compression ratio. This is mainly 

due to the ligaments being mainly oriented in the in-plane direction, thus allowing 

for easier closing up of the gaps between them compared to those normal to the 

ligaments.    

• Unlike the gas permeability, the effective diffusivity of oxygen into nitrogen was 

found to be highly isotropic and less sensitive to compression. Namely, the 

through-plane effective diffusivity (0.161 cm2/s) decreased by around 10% (0.145 

cm2/s) and the in-plane effective diffusivity (0.170 cm2/s) decreased by around 

15% (0.143 cm2/s) with 40% compression ratio. Interestingly, the isotropy of the 

effective diffusivity was found to slightly decrease with compression; the 

anisotropic ratio decreased from 1.05 to 1.01 with 40% compression ratio.  
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Chapter 5 

  
Polymer Electrolyte Fuel Cell Operating with Nickel 

Foam-based Gas Diffusion Layers 

 

 

5.1 SUMMARY 

Due to their outstanding structural, transport and electrical characteristics, nickel 

foams serve as excellent candidate materials for gas diffusion layers (GDLs) in 

polymer electrolyte fuel cells (PEFCs). In this work, a new three-dimensional PEFC 

model was developed to explore the local and global fuel cell performance with nickel 

foam-based GDLs. The fuel cell operating with nickel foam GDL was shown to have, 

due to its superior mass and charge transport properties, higher oxygen and water 

concentration and current density compared to that operating with the conventional 

carbon fibre-based GDLs. The results show that the pumping power should be taken 

into account when optimising the dimensions of the flow channels and as such the 

net power density must be the criterion for optimisation. The optimal dimensions of 
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the flow channels for the fuel cell operating with nickel foam based GDLs were found 

to be 0.25 mm for the channel height and 1 mm for the channel width; the maximum 

net power density with these dimensions was around 0.95 W/cm2 which is two times 

higher than that operating with carbon fibre based GDLs. All the results have been 

presented and critically discussed.   

5.2 INTRODUCTION  

The polymer electrolyte fuel cell (PEFC) is a promising clean energy conversion 

technology that directly converts the chemical energy stored in hydrogen to electrical 

energy without producing greenhouse gases [1,2]. The PEFC technology has been 

employed for transportation applications due to its favourable features: high power 

density and efficiency, zero-emission, low operating temperature, and compact 

design [3–6]. A standard PEFC is composed of several key components: (i) a proton-

conductive polymeric membrane electrolyte, (ii) anode and cathode catalyst layers 

where half electrochemical reactions take place, (iii) anode and cathode gas diffusion 

layers, and (iv) anode and cathode flow field plates.  

The gas diffusion layer (GDL) is a wet-proof porous medium that is positioned 

between the catalyst layer and the flow field plate. The properties of the GDL 

significantly affect the transport of mass, heat, and electrons between the catalyst 

layer and the flow field plate [7,8]. A GDL should ideally fulfil the following functions: 

(i) supply sufficient oxygen/hydrogen to the catalyst layers, (ii) ease the removal of 

excess water, (iii) enable fast charge and heat transfer between catalyst layers and 
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flow field plates, and (iv) mechanically support the membrane [9,10]. The most used 

form of GDL is carbon paper [11,12]. Nevertheless, the carbon paper-based GDLs are 

generally susceptible to various forms of degradation including: mechanical 

degradation, thermal degradation, carbon dissolution, and erosion [13–15]. These 

degradations detrimentally affect the PEFC performance and lifespan. As a result, 

more robust GDL materials are required to be developed for PEFC applications.  

Metal foams have recently gained significant attention as a prospective GDL material 

for PEFC applications. This interest stems from their outstanding advantages 

surpassing conventional carbon fibre-based GDLs. Nickel foam is a promising material 

for PEFC applications as a GDL and/or flow field plate (FFP) due to its superior 

electrical and thermal conductivity, high specific surface area, and porous structure. 

Shin et al. [16] experimentally compared the nickel foam-based cathode FFP to 

conventional graphite cathode FFP with serpentine channels. They showed that the 

nickel foam-based FFP exhibits approximately 50% higher fuel cell performance and 

more stable operation. Similarly, Tseng et al. [17] evaluated the nickel foam-based 

cathode FFP in PEFCs. Their results indicated that the nickel foam-based FFP 

performed better than the conventional graphite-based FFPs. The maximum power 

density with carbon-based FFP was 0.95 W/cm2 at 0.5 V, whereas it was 1.35 W/cm2 

with nickel foam-based FFP. This is due to the superior mass transport characteristics 

of nickel foam-based FFP. Likewise, Tabe et al. [18] conducted an experimental 

investigation on the nickel foam-based FFP as an alternative to the conventional 

graphite-based FFPs. Their results showed that the nickel foam-based FFP exhibited 
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better water drainage capability and higher stability than the conventional graphite-

based FFPs. Ercelik et al. [19] investigated the structural and transport characteristics 

of the nickel foam-based GDL using X-ray computed tomography. Their findings 

revealed that the nickel foam-based GDLs have superior porosity, specific surface 

area, gas permeability, and effective diffusivity compared to carbon fibre-based 

GDLs. The same research group [20] evaluated the nickel foam-based GDL under 

realistic fuel cell compression. They reported that, compared to the almost isotropic 

uncompressed sample, the anisotropy of the nickel foam becomes significantly more 

profound with increasing compression. Furthermore, their findings indicated that as 

the compression increased, the mass transport properties decrease and the specific 

surface area increases.  

Adequate water management is crucial for PEFCs to achieve high performance and 

extended lifetime [21,22]. Water is produced at the cathode catalyst layer as a results 

of the oxygen oxidation reaction (ORR). Furthermore, the reactant and oxidant gases 

are normally humidified to ensure that the membrane is adequately hydrated, 

particularly at the start of the fuel cell operation. A portion of the water produced at 

the cathode may transport to the anode through the membrane due to concentration 

difference [23]. This mode of transport for dissolved water through the membrane is 

normally referred to as back diffusion. On the other hand, water at the anode is 

transported to the cathode through electro-osmotic drag; this may lead to 

dehydration of the anode side of the membrane. Excess water, particularly at the 

cathode side, normally leads to water flooding that prevents the supply of the 
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reactant gases to the catalyst layer, thereby degrading. The design of the flow 

channels was, amongst other factors, found to be crucial in removing excess water 

and maintaining high fuel cell performance [24–27]. The flow channels are grooved 

into the flow field plates which are conventionally made from graphite. However, 

metallic flow field plates have been increasingly employed in PEFCs and this is due to 

the low manufacturing cost, high mechanical strength, being lightweight, and high 

electrical and thermal conductivity [28].  

When designing flow channels, it is vital to optimise both the mass and charge 

transports. Evidently, wider flow channels allow for better mass transport to/from 

the catalyst layers, whereas broader ribs enhance electrical conduction between the 

FFPs and the catalyst layers. Conventional FFPs normally host rectangular cross-

section flow channels [29]. However, there have been numerous studies investigating 

the impact of the design of the flow channel on the fuel cell performance. For 

example, Khazaee and Sabadbafan [30] numerically investigated three different 

cross-section designs (rectangular, triangular, and elliptical) for flow channels and 

they reported that the rectangular cross-section exhibited slightly higher 

performance at the lower cell voltages. Moreover, for all three cross-section designs, 

the fuel cell performance was found to significantly improve when the cross-sections 

increased from 1 to 2 mm2. Similarly, Tian et al. [31] investigated the impact of three 

different flow channel cross-section designs: rectangular, trapezoidal, and hybrid that 

involves a rectangular inlet and a trapezoidal outlet. They found that the hybrid 

design demonstrated a higher performance as the gas velocity within the channel 
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increases with this design, thus supplying higher amounts of reactant gases to the 

catalyst layers through convection. Carcedea et al. [32] created a multiphase and 

non-isothermal three-dimensional model aiming to assess how the rectangular 

channel size impacts the PEFC performance. Expectedly, they found that as the 

channel height or width decrease, the cell performance improves. For instance, when 

the channel width was reduced from 3 mm to 0.5 mm, there was an 11% increase in 

the maximum cell power. Higier and Liu [33] experimentally investigated the current 

density distribution beneath the channel and rib regions and they found that the 

best-performing FFP channel configuration is that with narrower channels. Their 

outcome showed that the current density at 0.4 V was approximately 0.6 A/cm2 for 

2 mm channel width, while it was 0.8 A/cm2 for 1 mm channel width. Likewise, Yoon 

et al. [34] carried out an experimental study to investigate the effects of channel and 

rib dimensions. The dimensions of the ribs were varied between 0.5 and 3 mm while 

keeping the channel width at 1 mm. They found that the fuel cell performance 

becomes better as the ratio between the areas of the channel and the rib increases. 

Scholta et al. [35] experimentally found that the ideal width for both the channel and 

the rib ranged between 0.7 and 1 mm. They also reported that very small channel 

dimensions are technically challenging and costly. Moreover, very narrow or shallow 

flow channels may be clogged with water droplets. On the other hand, a channel 

height of more than 1.5 mm was found to cause a considerable amount of wasted 

oxygen. Carcedea et al. [36] numerically and experimentally evaluated the influence 

of the channel dimensions of a large-active-area (200 cm2) PEFC. They observed an 

improvement of up to 7% in the fuel cell peak power density with the smallest 
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channel height (i.e. 0.25 mm); this was attributed to the enhanced removal of excess 

liquid water.  

Kerkoub et al. [37] numerically investigated parallel, serpentine and interdigitated 

flow configurations with different channel widths (0.4 - 1.4 mm). They showed that, 

for all the configurations, the fuel cell performance improves with decreasing channel 

width (and increasing rib width). As the channel width decreases, the convective flow 

beneath the ribs increases, leading to higher reactant velocity beneath these ribs and 

supplying more reactant gases to the catalyst layer. Similar findings were reported by 

Liu et al. [38]. Kaplan [39] developed a 3D PEFC numerical model to evaluate the 

effect of the dimensions of rectangular channels on the cell performance. Their 

results showed that the maximum current density was achieved with a 0.2 mm 

channel width and a 1 mm channel height due to reduced contact resistance and 

enhanced oxygen consumption. Chowdhury et al. [40] developed a 3D PEFC 

isothermal model. They showed that, for a given channel height, the fuel cell 

performance improves with decreasing channel width. They also highlighted that 

channel height and width are equally important for the cell performance. In addition, 

they emphasised that the pumping power must be taken into the account when 

optimising the dimensions of the channel dimension. Considering both the peak 

power density and pumping power requirements, the optimal dimensions of the 

channel were found to be 1 mm for the channel width and 1 mm for the rib width. 

Heidary et al. [41] introduced baffles within the channels to boost mass transport and 

mitigate water flooding at high current densities. The cell performance was improved 
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by 28% when these baffles were arranged in a staggered configuration rather than 

in-line configuration. Likewise, Chen et al. [42] developed a two-dimensional 

numerical model to examine the impact of baffled flow channels on the PEFC 

performance. They found that the baffles in the channels improved the mass 

transport and cell performance; however, these baffles caused an increase in the 

required pumping power. To optimise cell performance and minimise pumping 

power, they proposed introducing small baffles at the start of the channels and 

transitioning to larger baffles towards the end of the channels. Cooper et al. [43] 

conducted a comprehensive experimental study to optimise the channel dimensions 

within a range of 0.25 – 1 mm. They emphasised the importance of accounting for 

the required pumping power when optimising these dimensions. They found that, for 

the parallel FFP, the peak power density was achieved by a 0.25 mm channel height 

and a 0.25 mm channel width. However, when the required pumping power was 

taken into consideration, the highest net output power was obtained with a 0.5 mm 

channel height and a 0.5 mm channel width.  

The above literature survey underscores the crucial role of the channel dimensions 

in attaining high performance. Due to its superior interior characteristics, nickel foam 

emerges as a promising material for GDLs in PEFCs; however, there have been no 

comprehensive PEFC modelling studies focusing on the use of nickel foam as a GDL. 

This work aims at assessing the performance of PEFC equipped with conventional and 

nickel foam GDLs. The pressure drop and pumping power required were taken into 
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account when optimising the dimensions of the flow channels. To this end, a three-

dimensional PEFC was created to identify these optimal dimensions. 

5.3 METHODOLOGY 

The geometrical models were constructed using the COMSOL Multiphysics® 6.0 

software. Figure 5.1 depicts the computational domain for the baseline case, where 

both the channel height and width are set as 1 mm. As shown in the figure, a single 

straight flow channel has been modelled to save computational time and resources. 

The following assumptions and considerations were taken into account when 

developing the current model: 

• The operation of the fuel cell is steady state. 

• The flow in the channels is laminar (Re << 2300) and incompressible (Ma << 

0.3). 

• The gas mixtures are treated as ideal gases. 

• The catalyst layers and membrane are assumed to be isotropic, whereas gas 

diffusion layers are anisotropic. 

• The membrane is impermeable to gases. 

• The gas diffusion layer intrusion into the channel is considered.  

• The interfacial contact resistances between components are negligible. 

In this study, the channel dimensions were optimised for two different GDL materials: 

carbon fibre-based and nickel foam-based. A total of 32 scenarios were investigated 

in this study. The gas diffusion layers were considered 20% compressed under the 

channel area and 40% compressed under the rib area. The inlet volumetric flow rates 
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on the anode and cathode sides were 0.1 L/min and 0.5 L/min, respectively. The 

outlet pressure of both anode and cathode flow channels was set to be zero gauge 

pressure. The symmetrical boundary conditions were defined as shown in Figure 5.1. 

Table 5.1 shows the parameters used in the numerical model.  

 

(a) 

 

(b) 

Figure 5.1 – The PEFC computational domain and the associated boundary 

conditions: (a) the cross-section and (b) the isometric views. 
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Table 5.1 – Parameters used in the model [20,43–53] 

Parameter Value Unit 

Channel length (L) 70 mm 

Channel height (h) 1 – 0.25 mm 

Channel width (w) 1 – 0.25 mm 

Carbon fibre-based GDL height under rib  0.191 mm 

Carbon fibre-based GDL height under channel 0.254 mm 

Nickel foam-based GDL height under rib 0.63 mm 

Nickel foam-based GDL height under channel 0.84 mm 

Catalyst layer thickness 0.014 mm 

Membrane thickness 0.051 mm 

Carbon fibre-based GDL porosity under rib  0.6 - 

Carbon fibre-based GDL porosity under channel 0.7 - 

Nickel foam-based GDL porosity under rib 0.842 - 

Nickel foam-based GDL porosity under channel 0.866 - 

Catalyst layer porosity 0.4 - 

Carbon fibre-based GDL permeability under rib 

(through-plane) 

7 × 10-13 m2 

Carbon fibre-based GDL permeability under rib (in-

plane) 

3 × 10-13 m2 

Carbon fibre-based GDL permeability under channel 

(through-plane) 

2 × 10-12 m2 

Carbon fibre-based GDL permeability under channel 

(in-plane) 

5 × 10-13 m2 
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Nickel foam-based GDL permeability under rib 

(through-plane) 

5.6 × 10-10 m2 

Nickel foam-based GDL permeability under rib (in-

plane) 

3.4 × 10-10 m2 

Nickel foam-based GDL permeability under channel 

(through-plane) 

9.7 × 10-10 m2 

Nickel foam-based GDL permeability under channel 

(in-plane) 

6.9 × 10-10 m2 

Catalyst layer permeability 1 × 10-12 m2 

Carbon fibre-based GDL electrical conductivity under 

rib (through-plane) 

600 S/m 

Carbon fibre-based GDL electrical conductivity under 

rib (in-plane) 

5000 S/m 

Carbon fibre-based GDL electrical conductivity under 

channel (through-plane) 

53 S/m 

Carbon fibre-based GDL electrical conductivity under 

channel (in-plane) 

4000 S/m 

Nickel foam-based GDL electrical conductivity under 

rib (through-plane) 

500000 S/m 

Nickel foam-based GDL electrical conductivity under 

rib (in-plane) 

500000 S/m 

Nickel foam-based GDL electrical conductivity under 

channel (through-plane) 

470000 S/m 

Nickel foam-based GDL electrical conductivity under 

channel (in-plane) 

470000 S/m 

Catalyst layer electrical conductivity 53 S/m 
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Membrane conductivity 10 S/m 

Carbon fibre-based GDL thermal conductivity under 

rib (through-plane) 

2 W/(m·K) 

Carbon fibre-based GDL thermal conductivity under 

rib (in-plane) 

33 W/(m·K) 

Carbon fibre-based GDL thermal conductivity under 

channel (through-plane) 

1.27 W/(m·K) 

Carbon fibre-based GDL thermal conductivity under 

channel (in-plane) 

21 W/(m·K) 

Nickel foam-based GDL thermal conductivity under 

rib (through-plane) 

95 W/(m·K) 

Nickel foam-based GDL thermal conductivity under 

rib (in-plane) 

95 W/(m·K) 

Nickel foam-based GDL thermal conductivity under 

channel (through-plane) 

91 W/(m·K) 

Nickel foam-based GDL thermal conductivity under 

channel (in-plane) 

91 W/(m·K) 

Catalyst layer thermal conductivity 0.3 W/(m·K) 

Nickel foam-based GDL effective diffusivity under rib 

(through-plane) 

0.145 cm2/s 

Nickel foam-based GDL effective diffusivity under rib 

(in-plane) 

0.143 cm2/s 

Nickel foam-based GDL effective diffusivity under 

channel (through-plane) 

0.152 cm2/s 

Nickel foam-based GDL effective diffusivity under 

channel (in-plane) 

0.154 cm2/s 
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Diffusivity of oxygen in nitrogen 2.19 × 10-5 m2/s 

Anode catalyst coefficient 0.5 - 

Cathode catalyst coefficient 1 - 

Relative humidity of inlet gases 90 % 

Oxygen molar ratio in air 0.21 - 

Nitrogen molar ratio in air 0.79 - 

Cell temperature, T  60 °C 

Atmospheric pressure  101325 Pa 

Reference exchange current density at cathode 0.004 A/m2 

Reference exchange current density at anode 30 A/m2 

Specific surface area of catalyst layer 1 × 107 m2/m3 

Anode volumetric flow rate 0.1 L/min 

Cathode volumetric flow rate 0.5 L/min 

Faraday’s constant, F 96485 C/mol 

Universal gas constant, R 8.314 J/(mol·K) 

Isobaric specific heat capacity of air, cp 1008 J/(kg·K) 

Specific heat ratio of air, 𝑘 1.401 - 

Efficiency of compressor, 𝜂𝑐𝑜𝑚𝑝 70 % 

 

The following set of conservation equations were used in the model [30,54,55]. The 

conservation of mass is expressed as follows:  

∇ (ρ ∙ 𝒖) = 𝑆𝑚  (5.1) 
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where ∇ is the operator (𝒊
𝜕

𝜕𝑥
+ 𝒋

𝜕

𝜕𝑦
+ 𝒌

𝜕

𝜕𝑧
), ρ is fluid density (kg/m3), 𝒖 is the velocity 

vector, and 𝑆𝑚 is the source term. Below is the conservation of momentum equation:   

∇ ∙ (
𝜌 𝒖 𝒖 

𝜀2 ) = −∇𝑃 + ∇ ∙ 𝜇 [(∇ (
𝒖

𝜀
) + ∇ (

𝒖

𝜀
)

𝑇

) −
2

3
∇

𝒖

𝜀
𝐈] + 𝑆𝑢   (5.2) 

𝑆𝑢 =  −
𝜇

𝐾
𝒖 (5.3) 

where 𝜀 is porosity of porous medium, 𝑃 means the pressure, 𝐈 is the identity matrix, 

𝜇 is the dynamic viscosity (Pa·s), and K is the permeability (m2) of the porous media 

and 𝑆𝑢 is the momentum source term which represent Darcy’s law in this case. The 

porosity of the flow channels is evidently unity. The conservation of species equation 

is given as: 

∇ ∙ (𝜌 𝒖 𝑋𝑘) = ∇(𝜌 𝐷𝑘
𝑒𝑓𝑓

 𝑋𝑘) + 𝑆𝑘         𝑘 = 𝑂2, 𝐻2𝑂, 𝐻2 (5.4) 

where  𝐷𝑘
𝑒𝑓𝑓

 is effective mass diffusivity of the species 𝑘, 𝑋𝑘 is mass fraction of 𝑘, and 

𝑆𝑘 is the source term of the species 𝑘. The effective diffusivity values of carbon fibre-

based GDLs and catalyst layers are calculated using the Bruggeman correlation: 

𝐷𝑘
𝑒𝑓𝑓

=  𝜀1.5 𝐷𝑘  (5.5) 

where 𝜀 and  𝐷𝑘 are the porosity of the porous medium and the bulk diffusion 

coefficient of species k, respectively. It should be noted that the effective diffusivities 

of nickel foam were taken from the literature [20].  The source terms of species are 

only applicable in the catalyst layers:  

𝑆𝐻2
=  

−𝑀𝐻2  𝑖𝑎 𝑎𝑎 

2𝐹
  (5.6) 
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𝑆𝑂2
=  

−𝑀𝑂2  𝑖𝑐 𝑎𝑐 

4𝐹
  (5.7) 

𝑆𝐻2𝑂 =  
−𝑀𝐻2𝑂 𝑖𝑐 𝑎𝑐 

2𝐹
 (5.8) 

where 𝑀𝑘 is molecular weight of species 𝑘  (kg·mol-1) and F is Faraday’s constant 

(96485 C/mol). 𝑖𝑎 and 𝑖𝑐 are the anode and cathode volumetric current densities, 

respectively. 𝑎𝑎 and 𝑎𝑐 are the anode and cathode specific surface areas, 

respectively. The conservation of charge is represented by the following equations:  

∇ ∙ (−𝜎𝑠 ∇𝜙𝑠) = 𝑆𝑠  (5.9) 

∇ ∙ (−𝜎𝑙 ∇𝜙𝑙) = 𝑆𝑙  (5.10) 

where 𝜎𝑠 and 𝜎𝑙  are electrical conductivities of solid and membrane phases, 

respectively. 𝜙𝑠 and 𝜙𝑙  represent the solid and membrane phase potentials, 

respectively. 𝑆𝑠 and 𝑆𝑙 are the charge source terms which are equal to the volumetric 

transfer current densities at the anode or cathode electrodes. These current densities 

are obtained from the Butler-Volmer equations: 

𝑖𝑎𝑎𝑎 =  𝑖𝑎
𝑟𝑒𝑓

𝑎𝑎 (
𝑋𝐻2

𝑋𝐻2

𝑟𝑒𝑓)

0.5

[𝑒𝑥𝑝 (
𝛼𝑎,𝑎𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡,𝑎) − 𝑒𝑥𝑝 (−

𝛼𝑎,𝑐𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡,𝑐)] (5.11) 

             𝑖𝑐𝑎𝑐 =  𝑖𝑐
𝑟𝑒𝑓

𝑎𝑐 (
𝑋𝑂2

𝑋𝑂2

𝑟𝑒𝑓) [𝑒𝑥𝑝 (
𝛼𝑐,𝑎𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡,𝑐) − 𝑒𝑥𝑝 (−

𝛼𝑐,𝑐𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡,𝑐)]  (5.12) 

where 𝑖𝑎
𝑟𝑒𝑓

 and 𝑖𝑐
𝑟𝑒𝑓

 are the reference current densities at the anode and the cathode, 

respectively. 𝑎𝑎 and 𝑎𝑐 are the anode and cathode specific surface areas, 

respectively. 𝑋𝐻2

𝑟𝑒𝑓
and  𝑋𝑂2

𝑟𝑒𝑓
 represents the hydrogen and oxygen mass fraction at 
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reference conditions (25°C and 1 atm). 𝛼𝑎,𝑎 and 𝛼𝑎,𝑐 are anodic and cathodic charge 

transport coefficient at anode electrode. Likewise, 𝛼𝑐,𝑎 and 𝛼𝑐,𝑐 are anodic and 

cathodic charge transport coefficient at cathode electrode. 𝑅 is the universal gas 

constant (8.314 J/(mol·K)) and 𝑇 is the temperature. 𝜂𝑎𝑐𝑡,𝑎 and 𝜂𝑎𝑐𝑡,𝑐 are anodic and 

cathodic activation overpotentials:  

𝜂𝑎𝑐𝑡,𝑎 =  𝜙𝑠 − 𝜙𝑙   (5.13) 

𝜂𝑎𝑐𝑡,𝑐 =  𝜙𝑠 − 𝜙𝑙 − 𝑉0 (5.14) 

where 𝑉0 is the equilibrium cell potential and could be obtained using the following 

equation [56]: 

𝑉0 =  1.482 − 8.45 × 10−4 𝑇 + 4.31 × 10−5 𝑇 ln(𝑃𝐻2
 𝑃𝑂2

0.5)       (5.15) 

 The conservation of energy equation is given by:  

∇ ∙ (𝜌𝑐𝑝𝒖𝑇) = ∇ ∙ (𝜆∇𝑇) + 𝑆𝑇  (5.16) 

where 𝑐𝑝 is specific heat capacity (J/(kg·K)), 𝜆 is thermal conductivity (W/m·K), and 

𝑆𝑇 is the heat source term which takes the following forms in the catalyst layer and 

the membrane, respectively:   

𝑆𝑇,𝐶𝐿 = 𝑛 𝑖 + (
𝑇𝛥𝑆

𝑛 𝐹
 ) 𝑖   (5.17) 

𝑆𝑇,𝑚𝑒𝑚 =
𝑖2

𝜎𝑚𝑒𝑚
   (5.18) 
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The power required for pumping should be taken into account when computing the 

net output power needed for the optimisation study, and the cell power density is 

given by:  

𝐸𝑐𝑒𝑙𝑙 = 𝑖 ∙ 𝑉 (5.19) 

and the pumping power density (𝐸𝑝𝑢𝑚𝑝) is related to the pressure drop along the 

flow channel [57]: 

𝐸𝑝𝑢𝑚𝑝 =  
𝑚̇𝑎𝑖𝑟 ∙ 𝑐𝑃 ∙𝑇

𝐴 ∙ 𝜂𝑐𝑜𝑚𝑝
((

𝑃𝑖𝑛𝑙𝑒𝑡

𝑃𝑎𝑡𝑚
)

𝑘−1

𝑘
− 1)  (5.20) 

where 𝑚̇𝑎𝑖𝑟 is the air mass flow rate (kg/s), 𝑐𝑃 is the isobaric specific heat capacity of 

air (J/(kg·K)), 𝑇 is the temperature of air (K), 𝐴 is the cell active area (cm2), 𝜂𝑐𝑜𝑚𝑝 is 

the efficiency of compressor, 𝑃𝑖𝑛𝑙𝑒𝑡 cathode inlet pressure (Pa), 𝑃𝑎𝑡𝑚 is atmospheric 

pressure (Pa), and 𝑘 is the specific heat ratio of air. The required pumping power is 

directly related to the pressure drop through the flow channel [57]. Therefore, the 

net power density (𝐸𝑁𝑒𝑡) is given by:  

𝐸𝑁𝑒𝑡 = 𝐸𝐶𝑒𝑙𝑙 − 𝐸𝑃𝑢𝑚𝑝  (5.21) 

To ascertain mesh-independent results, the element number has been systematically 

changed for the base case (h = 1 mm and w = 1 mm) of nickel foam-based GDL 

analyses. Figure 5.2 exhibits the meshed geometry of the base case with nickel foam 

based GDL. Figure 5.3 shows the current density values at cell voltages of 0.3, 0.4, 

and 0.5 V and the corresponding computation time as they change with the number 

of elements. The figure shows that, to achieve a mesh-independent solution, the 
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required number of elements is ~80,000 with a computation time of approximately 

1,800 s. All the numerical simulations were run on a workstation (Intel® Xeon® CPU 

E5-1650 v4 @ 3.60GHz) with 192 GB of installed RAM. 

 

(a) (b) 

Figure 5.2 – Nickel foam-based PEFC meshed geometry. (a) The cross section of 

the meshed geometry and (b) the 3D view of the meshed geometry. 
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(a) 

 

(b) 

Figure 5.3 – The grid independency test of the modelled PEFC with nickel foam-based 

GDLs (h = 1mm, w = 1mm): (a) the current densities at three different cell voltages and 

(b) the equivalent computation times. The shaded yellow box shows the selected 

element numbers. 
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5.4 RESULTS AND DISCUSSION 

In order to validate the model’s accuracy for carbon fibre based PEFC, the results of 

the base case channel dimensions, h = 1 mm and w = 1 mm, were compared to the 

experimental results obtained by Wang et al [53], as shown in Figure 5.4. As observed 

in the figure, the simulated numerical polarisation curve is in good agreement with 

the experimental results.    

5.4.1   Local distributions 

A series of numerical simulations were carried out for different channel dimensions 

ranging from 0.25 to 1 mm to for carbon fibre-based and nickel foam-based PEFCs. 

Figures 5.5 show the mole fraction distributions at the cathode catalyst layer/GDL 

interface for carbon fibre-based PEFC taken near the inlet (y = 10 mm) and the outlet 

(y = 60 mm) for various channel widths at 0.4 V cell voltage for two channel heights: 

0.25 and 1 mm. Figures A6.1 to A6.5 in the Appendix – VI display the oxygen and 

 

Figure 5.4 – The simulated polarisation curve for the base as compared with the 

experimental polarisation curve reported in [53]. 



 

Chapter – 5 

 

252 

 

water mole fractions for carbon fibre-based GDLs across all channel heights and 

widths. As expected, for all the cases, the maximum oxygen concentration and 

minimum water concentration coincide with the centre of the cathode flow channel. 

The oxygen concentration diminishes from the centre of the cathode flow channel to 

the midpoint of the rib, reaching a minimum level; the concentration of water 

exhibits an opposite trend. Oxygen concentration expectedly decreases from the 

inlet to the outlet as it is consumed at the catalyst layer, while water concentration 

increases as it is produced at the catalyst layer. For example, for a channel with width 

and height both 1 mm (Figure 5.5a and e), the oxygen mole fraction drops from 0.136 

(at y = 10 mm) to 0.119 (at y = 60 mm), and water mole fraction increases from 0.242 

to 0.267 at the corresponding locations. Another notable observation is the rise in 

oxygen concentration and the decline in water concentration with a decrease in 

channel height. This is, for a given flow rate, evidently attributed to the increased 

convective flow within the GDL. Similar trends are maintained for the channel widths 

0.75, 0.50 and 0.25 mm. However, the uniformity of oxygen concentration decreases 

as the channel width decreases. For example, for 1 mm channel width and 1 mm 

channel height (Figure 5.5 a and e), moving from the centre of the flow channel to 

the centre of the rib, the mole fraction of oxygen decreases by 48%. On the other 

hand, for 0.25 mm channel width and 1 mm channel height (Figure 5.5d and h), 

moving from the centre of flow channel to the centre of the rib, the mole fraction of 

oxygen decreases by 98%. This is attributed to the widening of the rib as the channel 

width reduces. Likewise, for all the channel heights, the concentration of oxygen 

expectedly decreases with decreasing channel width.        
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        (a)        (b)         (c)        (d) 

 

        (e)         (f)         (g)         (h) 

Figure 5.5 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode carbon fibre-based GDL and the cathode catalyst layer near: (a-d) the inlet 

(y=10 mm) and (e-h) the outlet (y=60 mm) for channel heights 0.25 and 1 mm. 

Figure 5.6 shows the oxygen and water mole fractions at the interface between the 

cathode catalyst layer and GDL for the nickel foam-based PEFC for the cases where 

the channel heights are 0.25 and 1 mm. Figures A6.6 to A6.10 in the Appendix – VI 
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display the oxygen and water mole fractions for nickel foam-based GDLs across all 

channel heights and widths. Notably, for all the cases, the uniformity of oxygen and 

water concentrations across the flow channel and rib improves with nickel foam 

based GDLs compared to carbon fibre-based GDLs (this is more profound with 

shallow flow channels); this is attributed to superior mass transport properties of the 

former GDLs [19, 20]. For example, near the inlet (y = 10 mm), using nickel foam as a 

GDL for the case where the channel width is 1 mm and channel height is 0.25 mm, 

the oxygen mole fraction decreases only by 9% moving from the centre of the channel 

to the centre of the rib. On the other hand, for the same setting, using carbon fibre-

based GDL results in a decrease of 45%. This better uniformity with nickel foam based 

GDLs is beneficial as it mitigates local oxidant starvation and eases water transport 

beneath the ribs. One more notable observation is that, compared to the carbon 

fibre-based GDL, as the channel width decreases, the oxygen concentration increases 

and water concentration decreases within the cathode GDL. For example, near the 

outlet (y = 60 mm), for a channel height of 0.25 mm, the oxygen mole fraction under 

the middle of the rib increases from 0.107 to 0.121 with nickel foam based GDLs when 

the channel width decreases from 1 to 0.25 mm; however, for the same settings it 

decreases from 0.812 to 0.003 with carbon fibre-based GDLs. This is due to the flow 

being more dominated by convection in the case of nickel foam (which has superior 

gas permeability compared to the conversional GDL [19, 20]) as a result of the nickel 

foam’s significant intrusion into the channels; the intrusion of nickel foam (210 µ) into 

the channels is over three times higher than that of carbon fibre-based GDL (60 µ).  
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                  (a)                   (b)                   (c)                  (d) 

 

                 (e)                   (f)                   (g)                  (h) 

Figure 5.6 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode nickel foam-based GDL and the cathode catalyst layer near: (a-d) the inlet 

(y=10 mm) and (e-h) the outlet (y=60 mm) for channel heights 0.25 and 1 mm. 
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Figures 5.7 and 5.8 show the local current density across the flow channel and the 

ribs. The first evident observation is that the current density decreases from the inlet 

to the outlet; this is due to the decreased concentration of oxygen from the inlet to 

the outlet as a result of its consumption at the catalyst layer. Further, the figure 

shows that, for all the cases, the current density is a maximum near the edge between 

the flow channel and the rib as this place is optimal for the combined supply of both 

the reactant gas and the electrons [56,58]. The figures also show that, for a given 

channel height, the non-uniformity of current density increases with increasing 

channel width. This is attributed to the electrons having to travel longer distances to 

reach the area beneath the centre of the flow channel as the channel width increases. 

Another observation is that, as the channel height decreases, the uniformity of the 

current density improves for nickel foam based GDL. This is attributed to the 

increased convective flows. As with oxygen and water concentrations, Figures 5.7 and 

5.8 also show that, for all the cases, the current density is more uniform with a nickel 

foam based GDL compared to a carbon fibre-based GDL and this is evidently due to 

the superior mass and charge transport properties of the former GDL [19,20,47].  
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Figure 5.7 – Local current density distributions at the mid-cathode GDL in the carbon 

fibre-based PEFC at 0.4 V. The distributions are shown for different channel heights: 

(a, e, i, m) for h=1 mm; (b, f, j, n) for h=0.75 mm; (c, g, k, o) for h=0.5 mm; and (d, h, l, 

p) for h=0.25 mm. Note that the inlets are at the bottom of the domains.  
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Figure 5.8 – Local current density distributions at the mid-cathode GDL in the nickel 

foam-based PEFC at 0.4 V. The distributions are shown for different channel heights: 

(a, e, i, m) for h=1 mm; (b, f, j, n) for h=0.75 mm; (c, g, k, o) for h=0.5 mm; and (d, h, l, 

p) for h=0.25 mm. Note that the inlets are at the bottom of the domains. 

5.4.2 Polarisation curves 

Figure 5.9 displays the polarisation curves of the various cases for the fuel cell 

operating with carbon fibre-based GDLs. The results show that for most of the cases 

there are optimal channel dimensions that ensure sufficient mass and charge 

transport and subsequently maximise fuel cell performance. Specifically, a channel 



 

Chapter – 5 

 

259 

 

width of 0.50 mm proves to be optimal for most of the channel heights: 1 mm, 0.75 

mm, and 0.5 mm. Clearly, this channel width (and the corresponding rib width) 

ensure adequate mass and charge transport for the above channel heights. However, 

this is not the case when the channel height is only 0.25 mm as the fuel cell was found 

to perform better for most of the key regions of the polarisation curve with the 

minimum channel width: 0.25 mm. This is clearly due to the fact that, for a given flow 

rate, these small channel dimensions, compared to other configurations, increase the 

convective flow within the cathode GDL and subsequently ensure supply of adequate 

amount of oxygen to the catalyst layer.  

(a) 

 

(b) 

                         
(c) 

                      
(d) 



 

Chapter – 5 

 

260 

 

Figure 5.9 – The polarisation curves of the carbon fibre-based GDL for four 

different channel widths (w) for (a) 1 mm, (b) 0.75 mm, (c) 0.5 mm, and (d) 0.25 

mm channel heights (h).   

Figure 5.10 shows the polarisation curves of the various cases for the fuel cell 

operating with nickel foam based GDLs. The first observation is that, for all the cases, 

the fuel cell with nickel foam based GDLs preform considerably better than with 

carbon fibre-based GDLs; this is due to the superior mass and charge transport 

properties demonstrated by the former GDLs [19,20,47]. For example, for the case 

where the channel width and height are both 1 mm, the limiting current density with 

carbon fibre-based GDLs is 1.64 A/cm2 while it is 2.49 A/cm2 with nickel foam based 

GDLs. The second observation is that the cases where the channel width is 0.25 mm 

perform better than other cases for most of the channel heights particularly for the 

channel height of 1 mm. The enhancement in fuel cell performance observed with 

the 0.25 mm channel width is attributed to the increased convective flow resulting 

from the reduced cross-sectional area of the channel. Notably, for the 1 mm channel 

height, the fuel cell with a 1 mm channel width outperforms those with 0.75 mm and 

0.50 mm channel widths. The cross-sections of the flow channels with 0.75 mm and 

0.50 mm channel widths appear to be not small enough to generate adequately high 

gas velocities within the nickel foam GDL. The final observation is that, at the smallest 

channel height (0.25 mm), the fuel cell performance becomes insensitive to channel 

width. Under this channel height, the cross-sections of the flow channels are 
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sufficiently small to generate sufficient convective flow, thus supplying abundant 

oxygen to the catalyst layer. 

(a) (b) 

 

(c) (d) 

 

Figure 5.10 – The polarisation curves of the nickel foam-based GDL for four 

different channel widths (w) for (a) 1 mm, (b) 0.75 mm, (c) 0.5 mm, and (d) 0.25 

mm channel heights (h).   

5.4.3 Net power output 

Optimising the fuel cell flow channels involves more than just maximising the fuel cell 

output power. It is crucial to also take into account the pumping power required to 
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drive the reactant gases through the flow channels during this optimisation process. 

Figure 5.11 presents both the cell power and pumping power densities for the set of 

channel dimensions investigated in this study for the fuel cell operating with carbon 

fibre-based GDLs. For most of the cases, the peak cell power density was found to be 

at 0.4 V. Apart from the cases where the channel height is 0.25 mm, the channel 

width at which the cell power density is a maximum is 0.5 mm and this is due optimal 

transport of mass and charge with this setting. However, with 0.25 mm channel 

height, the cell power density was found to increase with decreasing width channel 

and this is, for a given flow rate, due to increased convective flow within the GDL. 

However, for this channel height (0.25 mm), the pumping power density increases 

significantly with decreasing channel width; the pumping power density was found 

to increase from 0.091 W/cm2 with 1 mm channel width to 1.373 W/cm² with 0.25 

mm channel width. On the other hand, the pumping power is minimal with larger 

channel dimensions. For example, it is only 0.003 W/cm2 with a channel width and 

height both set at 1 mm.  

(a) (b) 
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(c) (d) 

 

Figure 5.11 – The cell power density and the pumping power density for the fuel 

cell equipped with carbon fibre-based GDLs as a function of channel heights ((a) 

1 mm, (b) 0.75 mm, (c) 0.5 mm and (d) 0.25 mm) and channel widths.    

Figure 5.12 exhibits the net power density, which is the difference between the cell 

power density and the pumping power density, for all the above cases. The maximum 

net power density for the fuel cell equipped with carbon fibre-based GDLs is attained 

at 0.4 V when the channel height is 1 or 0.75 mm and channel width is 0.75 or 0.5 

mm, which is around 0.475 W/cm2. The pumping power density for these settings is 

always below 0.05 W/cm2. On the other hand, we have negative net power densities 

for the cases where the channel height is 0.25 mm and the channel width is 0.25 mm. 

This indicates that the power generated from the fuel cell is not sufficiently high to 

meet alone the increased pressure drop along the channels and that the pump or the 

compressor needs an external power source to drive the air through these small 

cross-sections.   



 

Chapter – 5 

 

264 

 

 

 

 

 

Figure 5.12 – The net power density for the fuel cell equipped with carbon fibre-based 

GDLs as a function of channel heights ((a) 1 mm, (b) 0.75 mm, (c) 0.5 mm and (d) 0.25 

mm) and channel widths. 

(a) 

(b) 

(c) 

(d) 
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Figure 5.13 shows the cell and pumping power densities for the set of channel 

dimensions investigated in this study for the fuel cell operating with nickel foam 

based GDLs. As with the fuel cell equipped with the conventional carbon fibre-based 

GDL, the peak power density for all the cases are attained at 0.4 V cell voltage. The 

cell power density was, for all the channel heights, found to increase with decreasing 

channel width. For example, for 1 mm channel height, the cell power density 

increases by 0.13 W/cm2 when decreasing the channel width from 1 mm to 0.25 mm. 

This can be attributed to the superior gas permeability of the nickel foam-based GDLs, 

leading to increased convective flows within the nickel foam-based GDLs as the flow 

channel cross-section decreases. The pumping power increases, but to a lesser extent 

compared to the carbon fibre-based GDLs, as the channel dimensions decrease. For 

example, the pumping power density increases from 0.004 W/cm2 with both channel 

height and width set at 1 mm to 0.660 W/cm2 with both channel height and width 

set at 0.25 mm.      

 (a)  (b) 
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 (c)  (d) 

 

Figure 5.13 – The cell power density and the pumping power density for the fuel 

cell equipped with nickel foam-based GDLs as a function of channel heights ((a) 1 

mm, (b) 0.75 mm, (c) 0.5 mm and (d) 0.25 mm) and channel widths.    

Figure 5.14 displays the net power density for the nickel foam based GDL cases. The 

maximum net power density, 0.945 W/cm2, is achieved at 0.4 V with a channel height 

of 0.25 mm and a channel width of 1 mm. Under this channel height, the channel 

width is adequately high, eliminating the need for significant pumping power. 

Notably, unlike cases involving carbon fibre-based GDLs, the net power density of the 

smallest cross-section has not been negative. This is clearly attributed to the superior 

mass transport properties exhibited by the nickel foam-based GDLs.   
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Figure 5.14 – The net power density for the fuel cell equipped with nickel foam-based 

GDLs as a function of channel heights ((a) 1 mm, (b) 0.75 mm, (c) 0.5 mm and (d) 0.25 

mm) and channel widths. 

(a) 

(b) 

(c) 

(d) 



 

Chapter – 5 

 

268 

 

5.5 CONCLUSIONS 

Nickel foam emerges as a compelling candidate for gas diffusion layers in polymer 

electrolyte fuel cells due to its superior structural and transport properties. To 

investigate the performance gain with nickel foam based GDLs, we have developed a 

three-dimensional PEFC model and simulated different scenarios in which the 

dimensions of the flow channel were realistically changed with either carbon fibre-

based or nickel foam-based GDLs. The following are the main findings of the study:  

• The concentrations of oxygen and water as well as current density within the 

GDL are higher and significantly more uniform with nickel foam GDLs 

compared to the conventional carbon fibre GDLs and this is due to superior 

mass and charge transport properties of the nickel foam GDLs. Notably, for all 

the cases, the maximum current density is near the interface between the 

flow channel and the rib as this is the location for the shortest pathways for 

both the reactant gas and the electronic charge.     

• The pumping power should be taken into account when optimising the 

dimensions of the flow channels. The flow channels with the smallest 

dimension (0.25 mm height and 0.25 mm width) were shown to demonstrate 

the best fuel cell power density owing to the increased convective flow within 

the GDL. However, these channels require higher pumping power to 

overcome the increased pressure drop along the flow channels. For example, 

for the fuel cell operating with carbon fibre based GDLs, the highest fuel cell 

power density (0.55 W/cm2) was observed for flow channel with 0.25 mm 
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height and 0.25 mm width. However, the pumping power density was 

extremely high with these channels (1.373 W/cm2), meaning that the net 

power density is negative and external power source is required to drive the 

flow along the channel.  

• Taking the pumping power into account, the optimal flow channel dimensions 

that maximises the net power density (~0.475 W/cm2) were found to be 

between 0.75 and 1 mm for the channel height and between 0.5 and 0.75 mm 

for the channel width for the fuel cell with carbon fibre based GDLs. On the 

other hand, the maximum net power density optimal flow channel 

dimensions that maximises the net power density (0.945 W/cm2) were found 

to be 1 mm for the channel width and 0.25 mm for the channel height for the 

fuel cell operating with the nickel foam based GDLs. The superior net power 

density demonstrated with the nickel foam GDLs underscores the superiority 

of its mass and charge transport properties.     
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Chapter 6 

  
                         Conclusions and Future Works 

 

 

 

 

6.1 CONCLUSIONS 

With their advanced structural and transport properties, nickel foams are 

increasingly being recognized as potential candidates for gas diffusion layers (GDLs) 

in polymer electrolyte fuel cells (PEFCs). In this thesis, an efficient X-ray CT based 

modelling framework has been created, designed for evaluating the essential 

structural and mass transport properties, as well as assessing the multi-dimensional 

consistency and/or isotropy of these characteristics (Chapter 3). In particular, a 

combination of two-dimensional X-ray CT images and numerical models have been 

employed to accurately compute various attributes of a typical nickel foam sample. 

These include its porosity, tortuosity, pore size distribution, ligament thickness, 
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specific surface area, gas permeability, and effective diffusivity. Similarly, the X-ray 

CT-based numerical models were used to investigate these structural and transport 

properties under the fuel cell compression conditions (Chapter 4). Finally, a 

comprehensive 3D COMSOL Multiphysics® PEFC model was developed to compare 

the conventional carbon-based and nickel foam-based GDLs with various channel 

dimensions (Chapter 5). The determination of the optimized channel height and 

width was guided by criteria that encompassed the maximization of both the fuel cell 

power output and net power output, ensuring a holistic approach to performance 

enhancement. The following key insights have been extracted from the 

comprehensive analyses presented within the technical chapters of this thesis, 

specifically Chapters 3, 4, and 5: 

• The computational analysis reveals that nickel foam possesses enhanced 

uniformity and isotropy in both the in-plane and through-plane dimensions, 

surpassing the attributes of conventionally used carbon substrates. This 

assertion is substantiated by the consistent values obtained from two-

dimensional CT slices, which align harmoniously with the existing 

experimental and theoretical literature data, attesting to the precision and 

reliability of the computational evaluations conducted. 

• The nickel foam GDL is characterized by a higher mean porosity and larger 

mean pore size compared to conventionally used carbon substrates. This 

distinction facilitates enhanced mass transport of gases and liquid water to 

and from the catalyst layers. Concurrently, the nickel foam displays reduced 
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tortuosity in both in-plane and through-plane directions, resulting in 

decreased mass transport resistance for chemical species. 

• The ligament thickness of nickel foam is significantly greater than the carbon 

fibre diameter of traditional carbon substrates, suggesting that nickel foam 

provides enhanced mechanical support for the delicate membrane electrode 

assembly (MEA). 

• The gas permeability and effective gas diffusivity of nickel foam are 

significantly higher than those of conventional carbon substrates. This 

indicates a superior convective flow and more efficient diffusive transport of 

gases within the nickel foam-based gas diffusion layer, optimizing the 

transport to and from the catalyst layer and beneath the flow field plates’ ribs. 

• The porosity of nickel foam slightly decreases with compression, yet it still 

retains a higher porosity compared to conventional carbon substrates, 

showcasing its potential for reduced mass transport resistance. 

• While compression results in a significant reduction in pore size, it 

concurrently leads to an increase in the specific surface area of nickel foam. 

• The in-plane tortuosity of nickel foam increases with compression, whereas 

through-plane tortuosity initially increases and then decreases, a pattern 

attributed to the ligaments’ orientation and the effects of compression. 

• The gas permeability of nickel foam decreases significantly with compression, 

especially in the in-plane direction. While uncompressed nickel foam exhibits 

high isotropy in gas permeability, compression increases the anisotropic ratio 
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due to the orientation of the ligaments. These ligaments, primarily aligned in 

the in-plane direction, facilitate the closing of gaps between them when 

compressed, altering the permeability characteristics significantly. 

• The effective diffusivity of oxygen into nitrogen in nickel foam is highly 

isotropic and shows minimal sensitivity to compression, contrasting with gas 

permeability. With compression, there is a modest reduction in both through-

plane and in-plane effective diffusivities. The isotropy of effective diffusivity 

slightly decreases under compression, evidenced by a small reduction in the 

anisotropic ratio. 

• The mole fraction of oxygen is lowest beneath the middle-rib area while the 

water mole fraction is at its peak. Oxygen mole fraction decreases, and water 

mole fraction increases along the flow direction, and this trend is amplified 

with reduced channel height and width. Nickel foam-based GDLs exhibit more 

uniform mole fraction distributions compared to conventional carbon-based 

GDLs. 

• The local current density decreased beneath the mid-rib area but peaked near 

the channel. The local current density typically reduces from the inlet to the 

outlet. The region beneath the rib area, adjacent to the flow channel, exhibits 

the highest local current density. This phenomenon can be attributed to the 

electrons in the mid-channel taking longer paths to reach the rib surface, 

combined with increased species transport in this area. While carbon-based 

PEFCs show uneven local current density distributions, nickel foam-based 
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PEFCs offer a more uniform distribution due to enhanced electrical 

conductivity and transport properties. 

• In both the carbon fibre-based and the nickel foam-based PEFC, the highest 

cell power density was observed at the smallest channel dimensions. 

However, these dimensions also required a significant pumping power, 

leading to a negative net power. The optimal net power density was achieved 

with larger channel dimensions and that optimal net power was found to be 

higher for the PEFC operating with nickel foam based GDLs.  

• Shallower channel dimensions offer promising avenues for future research 

aimed at creating more compact, cheaper and high-efficiency PEFC stacks that 

leverage nickel foam-based GDLs. Upcoming investigations will prioritize 

exploring the innovative potentials of these nickel foam-based GDLs within 

PEFC contexts. 

Overall, this study sheds light on the potential applications of the nickel foam-based 

GDLs for PEFCs. X-ray CT technique and numerical simulations provide insight into 

the superior interior structure and transport properties of the nickel foam-based 

GDLs compared to the carbon-based counterpart. Especially, under fuel cell assembly 

compression conditions, the key structural (such as porosity, tortuosity, ligament 

thickness, pore size, specific surface area) and transport (permeability and effective 

diffusivity) properties were thoroughly investigated. In the final stage, the 

comprehensive rib/channel compressed numerical model showed the species 

distribution, local current distribution, cell performance, required pumping power 



 

Chapter – 6 

 

286 

 

density and net power output for different channel heights and widths for both 

conventional carbon-based and nickel foam-based PEFCs. The nickel foam-based 

PEFCs exhibits more uniform species and local current density, alongside the higher 

cell performance and net power output. Further, the optimal channel dimensions 

have been ascertained for both types of PEFCs. Notably, the nickel foam-based PEFCs 

require shallower channels (0.25mm) for achieving maximum net power output, 

enabling manufacturers to design more compact fuel cell channels and stacks. 

Furthermore, the nickel foam-based GDLs could pave the way for the employment of 

metal materials in flow field plates. These materials, which offer more durability and 

a more cost-effective grooving process, are viable due to the considerably lower 

electrical and thermal resistances. Thus, the commercialisation of high performance 

nickel foam-based PEFCs will be encouraged for further development.  

6.2 RECOMMENDATIONS AND FUTURE WORKS 

This thesis mainly highlights the utilisation of nickel foam as an innovative GDL 

material in PEFC applications. The key structural and transport properties were 

determined for three compression levels using X-ray CT technique and 

computationally efficient numerical models. Further, the optimised channel 

geometries for nickel foam-based PEFC were established via 3D COMSOL 

Multiphysics® simulations, drawing comparisons with the conventional carbon-based 

counterparts. Despite the comprehensive insights offered, the research presented in 

this thesis can be extended to further understand on experimental output of both 
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carbon-based and nickel foam-based PEFCs. The future work for this study can be 

summarised as follows:  

• Embarking on experimental single cell tests for nickel foam-based PEFC with 

different channel dimensions. This experimental approach is anticipated to 

shed lights on the cell performance and pressure drop through the channels 

for nickel foam-based PEFCs.  

• The implementation of a thin microporous layer on both carbon-based and 

nickel foam-based GDLs on numerical analyses and further experimental 

studies. This additional layer is anticipated to facilitate improved transport of 

mass, heat, and electricity. This additional layer is also likely to enhance the 

reactant and oxidant distribution on the catalyst layer and reduce the 

interfacial electrical resistance of the catalyst layer and GDL.  

• Even though the current study evaluated channel height and width for the 

highest net power output, future research will focus on the comprehensive 

flow-field pattern designs. This channel optimisation research employed a 

single channel model to conserve computational resources. Future studies 

could extend to both numerical and potentially experimental single cell 

analyses investigating various channel designs such as single channel 

serpentine, multi-channel serpentine, parallel, pin-shape, interdigitated, and 

bio-inspired configurations. It should be noted that these designs will also 

require further optimisation concerning channel dimensions, overall design 

parameters, manifold dimension and position optimisation.  
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• Further, the metallic flow field plates are gaining attention due to their 

potentially high cell performance and simplified channel grooving process. 

Thus, they would be numerically and experimentally coupled with nickel 

foam-based GDLs. This strategy is projected to significantly mitigate contact 

resistance while simultaneously increasing electrical and thermal 

conductivity. The synergy of these metallic components could be promising 

for not only higher PEFC performance but also lower manufacturing costs 

which leads to the commercialisation of PEFC technology.     

• To advance the practical application of nickel foam-based GDLs, it is essential 

to investigate a small-scale, high-efficiency PEFC stack made from this 

material. Numerical analyses of the nickel foam-based stack would provide 

insights into hydrogen and oxygen utilisation, water management, heat 

distribution, local current density distribution, and pressure drop through the 

channels. Constructing a stack prototype will provide experimental data to 

validate the numerical results and will guide the researchers in further 

development and refinement of this promising technology.    

• In the light of the findings, nickel foam stands out as a considerably promising 

GDL material for further FCEV applications. Its potential to enhance fuel cell 

performance and enable the development of more compact fuel cell stacks is 

likely to attract significant attention from both industrial specialists and 

academic researchers. 



Appendix – I  
 

 

289 
 

APPENDIX – I 

X-ray CT Scanning Procedure 

 

Figure A.1.1. – (a) Bruker SkyScan 1172 µ X-ray computed tomography system and (b) its 

components. 

 

• Wearing nitrile gloves during cleaning process, sample preparing, and scanning. 

• Wipe the surfaces with 70% alcohol solution (do not spray directly on the surface) – Make 

sure the scanner door is shut and device is switch off before cleaning. 

• Open the computer (BRU-1) screen and create a new file. 

• To start the X-ray CT device (shown in Figure A.1.1), insert the key and twist to the “Start” 

position and return to the “ON” position.   

• Start the Skyscan 1172 – MicroCT software on the desktop and wait for a while. 

 

(a) (b) 
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Figure A.1.2. – Plastic tube, nylon foil, and different size chucks (sample holders). 

 

• A plastic tube and nylon foil can be used to fix nickel foam sample (or glue might be used) 

(Figure A.1.2). The sample is carefully wrapped by the transparent nylon foil and fixed on 

the chuck without any glue. The tube must be double-checked whether it moves or not.  

• Click the #1 icon button ( ) on the software interface (demonstrated in Figure A.1.3) 

to automatically open the system’s door. 
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Figure A.1.3. – The Skyscan 1172 MicroCT software interface and the icon buttons.  

 

• Locate the sample attached chuck on the sample platform (Figure A.1.4). Notably, the 

bolt must be strongly screwed up. Double-check the bolt and chunk is properly attached 

to the sample holder using your finger.  
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Figure A.1.4. – Fixed chuck and the sample on the sample holder.  

• When the sample is fixed, click #1 icon button ( ) to close the door.  

• Click to the #2 icon button ( ) to activate X-ray source. If you are the user of the day, 

the “ageing in progress” window will appear and it will take approximately 15-20 minutes 

to warm up. If the other users have been previously to the session, aging process should 

be skipped. 

• Click the #3 icon button ( ) to refresh the camera. Wait for a while because it might 

take time. 

• The sample’s location and position can be seen and controlled by using a video camera 

in the chamber. For this aim, the #4 icon button ( ) should be clicked. 

•  Arrange the sample’s position by using #6 and #7 bars and #8 icon button at the bottom 

of the screen. It should be noted that you should be patient because it might take time. 
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• Click the resolution section (#9 icon button) and set the resolution. Notably, for the 

medium image size 2000 pixel should be used; however, for the larger image size it 

should be chosen as 4000. 

• Click the filter option (#10 icon button) on the right hand side and select “Al-1.00 mm” 

option for metal samples. 

• Double click the right-hand-side bars and change the source voltage from 100 kV to 80 

kV manually. Wait for a short time and press “apply”. 

• Click on the pixel size option at the bottom of the screen. Type the pixel size (7 µm) and 

press apply.  

• Rotate the sample by using the adjustable degree options (#7 bar) at the bottom of the 

screen. So you can be sure the widest face fits on the screen. Manually try the values like 

90° or 135°.  

• Click the #5 icon button to set up to scan. 

• Choose your file location (where the images recorded). 

• Enter the rotation step (0.7° per scan), rotation (180°), and averaging value as 2. 

• The software will show the estimating scanning time. 

• Start the scanning process. 

• When the scanning process is finished, Turn off the radiation source (#2 icon button, 

). 

•  Open the door (#1 icon button, ) and carefully remove the chunk from the sample 

holder. 

• Disassemble the chuck 

• Close the Skyscan 1172-MicroCT software by clicking “Actions > Exit” on Actions menu. 
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• Turning the key to “OFF” position and remove the key and return to shelf above the 

scanner.  

• Backup the image files to external hard drive as soon as possible.  

• Remove the files from internal hard drive.  If they are left on the internal hard drive they 

are most likely to be deleted to make space for other scanning processes.    

 

NRecon Software Procedure 

• Copy the files from the scanner’s PC (BRU-1) to the construction PC. 

• Click the “open dataset” icon and select one of the sample images. 

 

Figure A.1.5. – Interface of the NRecon software. 
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• The red lines indicate the higher and lower borders and the green line is to preview the 

slice (shown in Figure A.1.5).  

• Arrange the contrast form outlet option “0.0 – 0.38” (Figure A.1.6.).  

• Choose “Scales = ON”.  

• Create a new folder in the document and add the destination (Figure A.1.6.). 

• Choose the file format (Figure A.1.6.). 

 

 

 

 

 

 

 

 

Figure A.1.6. – Contrast arrangement in NRecon software. 

 

• As can be seen in Figure A.1.7, in the setting option; 

o Inactivate the smoothing (off),  

o Ring artifacts reduction is 10, 

o Beam-hardening correction is 35% for the metallic sample, 



Appendix – I  
 

 

296 
 

o CS static rotation is 0°. 

• Create a new file.  

• Click the start button in the “start” menu. 

 

 

 

 

 

 

 

 

 

Figure A.1.7. – Settings for nickel foam sample in NRecon software. 

 

CTan Software Procedure 

• Click the “open image or dataset” icon and select one of the images (Figure A.1.8) 

• Select “Region of interest” (Figure A.1.8) 

• Select the area (rectangular or polygonal) 

o Be aware that you could not delete it so you should cut it. 
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Figure A.1.8. – Interface of CTan software. 

 

• Binary Selection  > Histogram > From dataset (Figure A.1.9 and A.1.10) 

o Binary selection is basically referring the thresholding process 

o Max=255, min is you should arrange it manually (It is 62 for nickel foam 

samples)  
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Figure A.1.9. – Region of interest. 

 

 

 

 

 

 

 

Figure A.1.10. – Histogram option. 

• Custom processing > Task List (Figure A.1.11) 

o Filtering (Filter: Gaussian blur, 3D space, radius: 0.65, kernel: square ) 
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o Thresholding (Global, Image, default levels: on) 

o Despeckle 

o 3D analysis (Basic values: on, Additional values: on, choose all of them, save 

results as → choose the file direction) 

▪ Copy a .csv file to the file direction and delete the data inside (therefore 

it can be save new data as .csv) 

o 3D model 

• The first 3 processes (Filtering, Thresholding, Despeckle) must be in the sequence. You 

can add new processes. 

• Click the blue play button. Filtering and Thresholding take much more time. Be patient. 

• The 3D model is automatically created in the direction as a .stl file. 

• For the porosity values : Morphometry > Analysis  

 

 

 

 

 

 

 

 

Figure A.1.11. – Custom processing. 
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Calculation of the Oxygen Inlet Concentration  

The following calculations show how the oxygen inlet concentration (which has been used as 

a boundary condition to solve Eq. (3.3) shown in Section 3.3.2) has calculated. Assuming 

standard temperature (293.15 K) and pressure (1.0133 x 105 Pa), the total concentration is 

calculated as follows:   

𝐶𝑡𝑜𝑡𝑎𝑙 =  
𝑃𝑎𝑡𝑚

𝑅 .𝑇
    (A.2.1) 

𝐶𝑡𝑜𝑡𝑎𝑙 =  
1.013 𝑥 105 𝑃𝑎  

8.31446 m3 Pa K−1mol−1   .  293.15 𝐾
 

𝐶𝑡𝑜𝑡𝑎𝑙 = 41.571 𝑚𝑜𝑙/𝑚3 

 

where R is the universal gas constant (8.31446 m3Pa K-1mol-1). Considering that the oxidant 

used is air (where the molar fraction of oxygen is typically 21%), the molar concentration of 

oxygen is given as follows:    

𝐶𝑂2 = 0.21 𝐶𝑡𝑜𝑡𝑎𝑙     (A.2.2) 

𝐶𝑂2 = 8.73 𝑚𝑜𝑙/𝑚3 

 

 

 

 



Appendix – III 
 
 

 

301 
 

APPENDIX – III 

The Impact of Outlet Oxygen Concentration on the Molar Flux and Effective 

Diffusivity 

 

Table A.3.1 – The effect of outlet oxygen concentration on the through-plane molar flux and the 

through-plane effective diffusivity of oxygen into nitrogen for 3 CT nickel foam slices. 

Number 

of Slice 

[-] 

Inlet Oxygen 

Concentration 

(Cin,O2), 

[mol/m3] 

Outlet Oxygen 

Concentration 

(Cout,O2) 

[mol/m3] 

Oxygen 

Concentration 

difference (ΔC) 

[mol/m3] 

Molar Flux (J) 

[mol/(m2 s)] 

The Effective 

Diffusivity of 

Oxygen into 

Nitrogen (Deff) 

[cm2/s] 

200 8.73 8.48 0.25 0.0038286 0.1608 

200 8.73 8.23 0.5 0.0076572 0.1608 

200 8.73 7.98 0.75 0.011486 0.1608 

200 8.73 7.73 1 0.015314 0.1608 

200 8.73 7.48 1.25 0.019143 0.1608 

200 8.73 7.23 1.5 0.022972 0.1608 

200 8.73 6.98 1.75 0.0268 0.1608 

500 8.73 8.48 0.25 0.003616 0.1519 

500 8.73 8.23 0.5 0.007232 0.1519 

500 8.73 7.98 0.75 0.010848 0.1519 

500 8.73 7.73 1 0.014464 0.1519 

500 8.73 7.48 1.25 0.01808 0.1519 
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500 8.73 7.23 1.5 0.021696 0.1519 

500 8.73 6.98 1.75 0.025312 0.1519 

800 8.73 8.48 0.25 0.003888 0.1633 

800 8.73 8.23 0.5 0.007775 0.1633 

800 8.73 7.98 0.75 0.011662 0.1633 

800 8.73 7.73 1 0.01555 0.1633 

800 8.73 7.48 1.25 0.019437 0.1633 

800 8.73 7.23 1.5 0.023325 0.1633 

800 8.73 6.98 1.75 0.027212 0.1633 

 

 

Table A.3.2 – The effect of outlet oxygen concentration on the in-plane molar flux and the in-plane 

effective diffusivity of oxygen into nitrogen for 3 CT nickel foam slices.  

Number 

of Slice 

[-] 

Inlet Oxygen 

Concentration 

(Cin,O2), 

[mol/m3] 

Outlet Oxygen 

Concentration 

(Cout,O2) 

[mol/m3] 

Oxygen 

Concentration 

difference (ΔC) 

[mol/m3] 

Molar Flux (J) 

[mol/(m2 s)] 

The Effective 

Diffusivity of 

Oxygen into 

Nitrogen (Deff) 

[cm2/s] 

200 8.73 8.48 0.25 6.61E-04 0.1757 

200 8.73 8.23 0.5 0.0013211 0.1757 

200 8.73 7.98 0.75 0.0019817 0.1757 

200 8.73 7.73 1 0.0026423 0.1757 

200 8.73 7.48 1.25 0.0033028 0.1757 

200 8.73 7.23 1.5 0.0039634 0.1757 
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200 8.73 6.98 1.75 0.004624 0.1757 

500 8.73 8.48 0.25 5.88E-04 0.1563 

500 8.73 8.23 0.5 0.001175 0.1563 

500 8.73 7.98 0.75 0.001763 0.1563 

500 8.73 7.73 1 0.002351 0.1563 

500 8.73 7.48 1.25 0.002938 0.1563 

500 8.73 7.23 1.5 0.003526 0.1563 

500 8.73 6.98 1.75 0.004114 0.1563 

800 8.73 8.48 0.25 6.44E-04 0.1712 

800 8.73 8.23 0.5 0.001287 0.1712 

800 8.73 7.98 0.75 0.001931 0.1712 

800 8.73 7.73 1 0.002574 0.1712 

800 8.73 7.48 1.25 0.003218 0.1712 

800 8.73 7.23 1.5 0.003862 0.1712 

800 8.73 6.98 1.75 0.004505 0.1712 
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APPENDIX – IV 

 

Selection of Representative Slice Number  

The sensitivity of the computed key structural and mass transport properties of the nickel 

foam sample, as well as the anisotropy of gas permeability and effective diffusivity, to the 

number of the CT slices was evaluated as shown in Figures A.4.1 – A.4.7. Evidently, the 20 CT 

slices (shaded in yellow in the latter figures) were found to be sufficient to accurately compute 

all the structural and transport properties and the anisotropy related to gas permeability and 

effective diffusivity.  

 

 

Figure A.4.1 – Porosity of nickel foam as it changes with number of CT slices. 
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        (a) 

 

    (b) 

Figure A.4.2 – (a) Through-plane and (b) in-plane tortuosity of nickel foam as they 

change with number of CT slices. 

 

 

Figure A.4.3 – Pore size of nickel foam as it changes with number of CT slices. 
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Figure A.4.4 – Ligament thickness of nickel foam as it changes with number of CT 

slices. 

 

 

 

Figure A.4.5 – Specific surface area of nickel foam as it changes with number of CT 

slices. 
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               (a) 

 

 

               (b) 

 

Figure A.4.6 – (a) Through-plane and (b) in-plane gas permeability of nickel foam as 

they change with number of CT slices. 
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               (a) 

 

 

                (b) 

 

Figure A.4.7 – (a) Through-plane and (b) in-plane effective oxygen diffusivity of 

nickel foam as they change with number of CT slices. 
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APPENDIX – V 

The Impact of Outlet Oxygen Concentration on the Molar Flux and Effective 

Diffusivity under Various Compression Ratios 

Table A.5.1 – The effect of outlet oxygen concentration on the through-plane molar flux and the 

through-plane effective diffusivity of oxygen into nitrogen under 0, 20 and 40% compression ratios 

for the 200th CT slice. 

Compression 

Ratio (%) 

Inlet Oxygen 

Concentration 

(Cin,O2), 

[mol/m3] 

Outlet Oxygen 

Concentration 

(Cout,O2) 

[mol/m3] 

Oxygen 

Concentration 

difference (ΔC) 

[mol/m3] 

Molar Flux (J) 

[mol/(m2 s)] 

The Effective 

Diffusivity of 

Oxygen into 

Nitrogen (Deff) 

[cm2/s] 

0 8.73 8.48 0.25 0.0039743 0.1669 

0 8.73 8.23 0.5 0.0079486 0.1669 

0 8.73 7.98 0.75 0.0119229 0.1669 

0 8.73 7.73 1 0.0158971 0.1669 

0 8.73 7.48 1.25 0.0198714 0.1669 

0 8.73 7.23 1.5 0.0238457 0.1669 

0 8.73 6.98 1.75 0.02782 0.1669 

20 8.73 8.48 0.25 0.004734 0.1591 

20 8.73 8.23 0.5 0.009467 0.1591 

20 8.73 7.98 0.75 0.014201 0.1591 

20 8.73 7.73 1 0.018935 0.1591 

20 8.73 7.48 1.25 0.023668 0.1591 
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20 8.73 7.23 1.5 0.028402 0.1591 

20 8.73 6.98 1.75 0.033135 0.1591 

40 8.73 8.48 0.25 0.006372 0.1580 

40 8.73 8.23 0.5 0.012744 0.1580 

40 8.73 7.98 0.75 0.019117 0.1580 

40 8.73 7.73 1 0.025489 0.1580 

40 8.73 7.48 1.25 0.031861 0.1580 

40 8.73 7.23 1.5 0.038233 0.1580 

40 8.73 6.98 1.75 0.044605 0.1580 

 

Table A.5.2 – The effect of outlet oxygen concentration on the in-plane molar flux and the in-plane 

effective diffusivity of oxygen into nitrogen under 0, 20 and 40% compression ratios for the 200th CT 

slice. 

Compression 

Ratio (%) 

Inlet Oxygen 

Concentration 

(Cin,O2), 

[mol/m3] 

Outlet Oxygen 

Concentration 

(Cout,O2) 

[mol/m3] 

Oxygen 

Concentration 

difference (ΔC) 

[mol/m3] 

Molar Flux (J) 

[mol/(m2 s)] 

The Effective 

Diffusivity of 

Oxygen into 

Nitrogen (Deff) 

[cm2/s] 

0 8.73 8.48 0.25 0.0006639 0.1766 

0 8.73 8.23 0.5 0.0013277 0.1766 

0 8.73 7.98 0.75 0.0019916 0.1766 

0 8.73 7.73 1 0.0026555 0.1766 

0 8.73 7.48 1.25 0.0033194 0.1766 

0 8.73 7.23 1.5 0.0039832 0.1766 
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0 8.73 6.98 1.75 0.0046471 0.1766 

20 8.73 8.48 0.25 0.000614 0.1633 

20 8.73 8.23 0.5 0.001228 0.1633 

20 8.73 7.98 0.75 0.001842 0.1633 

20 8.73 7.73 1 0.002455 0.1633 

20 8.73 7.48 1.25 0.003069 0.1633 

20 8.73 7.23 1.5 0.003683 0.1633 

20 8.73 6.98 1.75 0.004297 0.1633 

40 8.73 8.48 0.25 0.000606 0.1612 

40 8.73 8.23 0.5 0.001212 0.1612 

40 8.73 7.98 0.75 0.001818 0.1612 

40 8.73 7.73 1 0.002423 0.1612 

40 8.73 7.48 1.25 0.003029 0.1612 

40 8.73 7.23 1.5 0.003635 0.1612 

40 8.73 6.98 1.75 0.004241 0.1612 

 



Appendix – VI  
 
 

 

312 
 

APPENDIX – VI 

Oxygen and Water Mole Fraction Distribution 

  
(a) (b) 

 

  
(c) (d) 

 

 

 

(e) (f) 
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(g) (h) 

 
Figure A.6.1 – Water and oxygen mole fraction distribution within the modelled fuel cell 

equipped with carbon fibre-based GDLs for four different channel heights: 1 mm (a and 

b), 0.75 mm (c and d), 0.5 mm (e and f), and 0.25 mm (g and h).   

 

 
(a) 

 

 
(b) 
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Figure A.6.2 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode carbon fibre-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 1 mm channel width.  

 

 
(a) 

 

 
(b) 

 

Figure A.6.3 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode carbon fibre-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 0.75 mm channel width.  
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(a) 

 

 
(b) 

 
Figure A.6.4 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode carbon fibre-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 0.5 mm channel width. 

 

 
(a) 
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(b) 

 
Figure A.6.5 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode carbon fibre-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 0.25 mm channel width. 

 

  

(a) (b) 
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(c) (d) 
 

  

(e) (f) 
  

  

(g) (h) 
 

Figure A.6.6 – Water and oxygen mole fraction distribution within the modelled fuel cell 

equipped with nickel foam-based GDLs for four different channel heights: 1 mm (a and 

b), 0.75 mm (c and d), 0.5 mm (e and f), and 0.25 mm (g and h).   
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(a) 

 
(b) 

 
Figure A.6.7 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode nickel foam-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 1 mm channel width. 

 

 
(a) 
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(b) 

 

Figure A.6.8 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode nickel foam-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 0.75 mm channel width. 

 

 
(a) 

 

 

(b) 
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Figure A.6.9 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode nickel foam-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 0.50 mm channel width. 

 

 
(a) 

 

 
(b) 

 
Figure A.6.10 – Water and oxygen mole fractions at 0.4 V at the interface between the 

cathode nickel foam-based GDL and the cathode catalyst layer near: (a) the inlet (y = 10 

mm) and (b) the outlet across different channel heights with 0.25 mm channel width. 

 


