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ABSTRACT  

   

Gas Diffusion Layers (GDL) based on PUREBLACK® carbon and VULCAN® 

(XC72R) carbon along with catalyst coated membranes were used to fabricate the 

membrane electrode assemblies for use in proton exchange membrane fuel cells 

(PEMFCs). Polyethylene glycol was used as the pore-forming agent on the microporous 

layer to improve the lower and higher relative humidity performance of the fuel cells. 

Accelerated stress tests based on the dissolution effect of GDLs were conducted and the 

long-term performance of the GDLs was evaluated. A single-cell fuel cell was used to 

evaluate the effect of porosity of the micro-porous layer and the effect of different types of 

carbon powder on the performance of the fuel cell at different operating relative humidity 

conditions and compared with commercial GDLs. 

Both PUREBLACK® and VULCAN®  (XC72R) based GDLs show crack-free 

surface morphology in the Scanning electron microscopy and hydrophobic characteristics 

in the contact angle measurements. The fuel cell performance is evaluated under relative 

humidity conditions of 60 and 100 % using H2/O2 and H2/Air at 70 ℃ and the durability is 

also evaluated for the sample with and without 30% PEG for both carbons. The pristine 

PUREBLACK® based GDL sample with 30% pore-forming agent (total pore volume of 

1.72 cc.g-1) demonstrated the highest performance (peak power densities of 432 and 444 

mW.cm-2 at 100 and 60 % RH respectively, using H2/Air). There was a significant increase 

in the macropores when GDLs are aged in H2O2 and the contact angle dropped to about 14 

and 95° for PUREBLACK® and VULCAN®  carbon, respectively. Overall PUREBLACK® 

based GDLs performed the best after ageing both in H2O2 and H2O (average performance 

degradation of 8% in H2O2 and 8.25% in H2O).  
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CHAPTER 1 

INTRODUCTION 

1.1 Why Fuel Cells 

Global energy demand fell by 3.8% (150 Mtoe) in the first quarter of the year 2020 

with up to 10% reductions in some regions, mainly due to the confinement measures taken 

to prevent the spread of Covid-19 [1]. Global coal (8%) and oil (5%) demand were hit the 

hardest mainly due to the reductions in electricity demand (-2.5%).  However, there was 

an increase (about 1.5%) in the Renewable energy demand, due to the new wind and solar 

projects completed in past years. EIA predicted that carbon emissions are still going to 

increase till the year 2050 owing to the high economic growth scenario [2]. This strongly 

indicates the need to find more clean energy solutions to tackle climate change, especially 

in the transportation sector as internal combustion engines are the major contributors to 

global CO2 emissions [1]. Renewable energy sources have the potential to overcome these 

challenges, and in this regard, sustainable hydrogen energy is seen as a promising solution, 

as it can reduce global greenhouse gas emissions [3], [4]. By 2050, hydrogen will have 

about a 6% share in the global energy consumption as predicted by IRENA, whereas the 

hydrogen council suggests that a share of around 18% is possible because hydrogen can be 

produced from a variety of sources that are in abundance on earth [5]. By combining 

electricity and hydrogen we may be able to form a permanent system known as a “hydricity 

economy” which will be able to satisfy all future energy needs [6].  

Among all the available alternatives fuel cells can be used for a variety of applications 

including transportation, stationary batteries (using Solid Oxide Fuel cell technology), the 

proton exchange membrane Fuel cells (PEMFC) can be a suitable candidate to replace 
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conventional power systems because of their high power density and environmental 

compatibility with transport applications [7]. Some other advantages of fuel cells include 

low cost, efficiency, less complex, environment-friendly, silent operation [8]. 

Fig. 1 – A sustainable model of Hydricity economy 

1.2 Fuel cell Principles 

The first fuel cell demonstration was done by scientist Sir William Grove in 1839, 

which used the basic principle of electrolysis of water. It was called the Gas Voltaic Battery 

by sir W.R. Grove, but the working principle was the same as a Fuel cell. The water was 

separated into hydrogen and oxygen when an electric current was passed through it, and 

when the electrolysis is reversed – hydrogen and oxygen combine to produce an electric 

current [9].  

However, the basic reactions in the PEMFC are the same as the acid-based fuel cell 

developed by Sir Grove in 1839. The principal reaction undergoing the fuel cell is: 

2𝐻2 + 𝑂2 → 2𝐻2𝑂      [1.1] 

And electrical energy is generated in the reaction. Hence, a Fuel Cell is an electrochemical 

device that converts chemical energy into electrical energy, and the output is direct current 

(DC) [10]. However, the individual reactions taking place at the electrodes of the fuel cell 

are: 

At Anode, hydrogen ionizes into proton and electrons, 
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2𝐻2 → 4𝐻+ + 4𝑒−      [1.2] 

At Cathode, the oxygen reacts with hydrogen to produce water, 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂     [1.3] 

Which is equivalent to  

1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂     [1.4] 

Fig. 2 – (a) Hydrogen and oxygen are separated when an electric current is passed through the 

electrolyte. (b) Recombining hydrogen and oxygen produces an electric current 

 

This makes it clear that the electrons travel via an external circuit from the anode 

side to the cathode and on the other hand, the protons get transferred through the 

electrolyte, whose primary responsibility is to make sure that only protons are transferred 

through it [9]. Research has allowed using certain polymers as an electrolyte which are 

known as Polymer electrolyte membranes or proton exchange membranes [11].  

The key components of the PEM fuel cell are membrane, Catalyst layer, gas 

diffusion layers, electrodes, and bipolar plates, however, the main focus of the thesis is the 
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performance and the durability of different gas diffusion layers with and without the pore-

forming agent, which will be discussed in further chapters.  

There were 2 sets of experiments conducted during the research mentioned in the 

thesis. The first was to evaluate the best composition of the PUREBLACK® based GDLs 

with and without PEG, and a comparison was made to the commercial GDL (AvCarb GDS 

2120) to assess the feasibility of the research. It is worth mentioning that the MEAs with 

GDLs containing a single layer exhibited ~450 and ~1350 mW cm-2 in H2/Air and H2/O2, 

respectively both at 60 and 100% RH conditions See figure 1. 

Table 1. Configuration of the GDL samples for phase-1. 

Sample ID MPL sublayer PEG (wt. %) 

1 1 0 

2 1 30 

3 4 0,10,20,30 

Commercial 1 - 

 

Table 2. GDL samples for phase – 2 according to the time interval 

 

The second phase of the study focused on the accelerated stress tests to access the 

durability of the PUREBLACK® based GDLs along with the VULCAN®  (XC72R) carbon-

GDL Method Time intervals 

PUREBLACK® 

(PB) 

H2O2 PB0 PB8 PB16 PB 24 

H2O PB250 PB500 PB750 PB1000 

VULCAN®  

(VL) 

H2O2 VL0 VL8 VL16 VL24 

H2O VL250 VL500 VL750 VL1000 

Commercial 

(COM) 

H2O2 COM0 COM8 COM16 COM24 

H2O COM250 COM500 COM750 COM1000 
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based GDLs while keeping all the other constituents (pore-forming agent, catalyst, 

membrane, etc) same. Only one composition (using 30% PEG) with repetitions for each of 

the GDLs were tested and a comparison was made with the commercial GDL. 

1.3 POLYMER ELECTROLYTE MEMBRANE FUEL CELLS 

The first Polymer electrolyte membrane fuel cell was developed by General Electric 

in the early 1960s, which was used in the U.S. Space Gemini program [12]. These fuel 

cells used solid Sulfonated polystyrene membranes functioning as the electrolyte, which 

were later replaced by Nafion® membranes made by Dupont in 1966 [10], [12]. 

Nafion is the commercial name for the copolymer sulfonated tetrafluoroethylene and its 

structure is given in figure 3. Nafion is considered the ‘industry standard’ and is made by 

substituting fluorine for hydrogen in the polyethylene polymer. Then a side chain of 

sulphonic acid is added, this process is called Sulphonation. 

Fig. 3. One of the possible structures of Nafion or sulfonated fluoroethylene 

1.3.1 Membrane  

The key component of the PEMFC is the Polymer membrane which works as the 

electrolyte allowing the conduction of only protons from the anode side to the cathode and 

is also impermeable to gases. Therefore, it is often referred to as the Proton exchange 
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membrane. This membrane is sandwiched between two electrodes as shown in figure 4. 

usually made of carbon cloth or carbon fiber paper, which are porous and conducts 

electricity. This arrangement is known as the membrane electrode assembly (MEA) as 

shown in figure 4, which is usually connected in series using bipolar plates known as the 

stack to create the practical potential required. Nafion membrane (membrane NR-211) 

from Ion Power was used for all the samples in this study. 

Fig. 4 – Membrane electrode assembly 

1.3.2 Catalyst  

A catalyst (typically platinum) is needed to break the diatomic bond of the diatomic 

gases at both the cathode and anode sides, this catalyst is formed into very small particles 

on the surface of larger particles of finely divided carbon powders, and hence the layer 

formed is known as the Catalyst layer (CL). The CL is between the porous electrode and 

the polymer membrane and hence the CL is defined as the region where the electrochemical 

reactions take place [11].  

The catalyst particles are joined to the electrolyte on one side and the gas diffusion 

layer (GDL) on the other side. Also, a thin layer of electrolyte is in contact with the catalyst 
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to promote the three-phase contact between electrolyte, catalyst, and the reactant gas to 

increase the performance of the MEA. Many types of research focus on new materials for 

the catalyst or improving the efficiency of the already existing catalysts. However, this 

study used the same catalyst for all the samples and focused on the effect of the GDLs on 

the fuel cell performance.  

1.3.3 Gas Diffusion Layers 

In PEM Fuel Cells the layer between the catalyst layer and the bipolar plates is called 

the gas diffusion layer, electrode substrate, or diffusor/current collector [10], and the 

reactant gases hydrogen, and air/oxygen, flow to the catalyst layers from the flow channels 

through the GDLs. GDL also maintains the smooth transfer of gas and liquid water within 

the fuel cell [13], [14]. Some other important functions of GDL include: establishes an 

electrical connection between the catalyst layer and bipolar plates, heat removal from the 

catalyst layer to the bipolar plate, prevents sagging of MEA by providing mechanical 

support. Hence the GDL should have these required properties: Sufficiently porous, the 

proton conductivity is directly proportional to the water content, but excess water might 

block the pores in the electrolyte or the GDL and can cause flooding [8], electrically and 

thermally conductive, pores facing CL must not be too big and it must be rigid enough to 

support the MEA with optimum bending stiffness, crack-free surface morphology, 

durability at various operating conditions [10], [15], [16].  

Independent properties like water management, porosity, and graded structure of GDL 

have a strong effect on the performance of the PEMFC. Pore structures influence the flow 

of water droplets as explained by Kannan et al., which concludes that water flows with 

fewer restrictions in the concave and hydrophilic pore [17].  
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1.3.4 Substrates 

The gas diffusion media also knows as the microporous substrates are generally made 

of either carbon fiber materials such as carbon fiber paper or woven carbon fabrics mainly 

because they can work in an acidic environment, have high gas permeability and electron 

conductivity, and is elastic on compression [18]. 

To enhance the mechanical strength and electron conductivity of the carbon fibers 

graphitization at high temperatures (>2000 ℃) is done. These carbon fibers are usually 

impregnated with a thermoset resin, on the other hand, spinning and weaving are 

incorporated to produce carbon cloths, then they are subjected to carbonization or 

graphitization [19], [20].  

The substrate used was a non-woven, teflonized carbon paper (GD07508G) & 

(GD07508T) from Hollingsworth & Vose Company, USA, for phase -1 and phase – 2 

respectively.  

1.3.5 Hydrophobic and hydrophilic Treatments 

The water management in the Gas diffusion media is usually maintained by 

hydrophobic treatments. Several hydrophobic agents have been implemented including, 

Polytetrafluoroethylene (PTFE), fluorinated ethylene propylene (FEP), and polyvinylidene 

fluoride (PVDF) [21]–[23].  

But, substrates are usually treated with PTFE to avoid flooding, this is done by making it 

hydrophobic at both the anode and cathode sides. The PTFE loading generally ranges from 

(5% to 30%) and is usually applied by dipping the substrate in the PTFE solution, then 

drying and sintering at high temperatures [10]. Gas and water transport could be improved 

by adding PTFE, but excessive PTFE content could lead to a high flooding level in the 



  9 

catalyst layer, hence an optimized PTFE content is required for the best performance of the 

MEA [24], [25].  

The GDLs are strongly reliant on the microporous substrate and there is a strong 

link between gas permeability and distribution of pore size along with water management 

and hydrophobic pores. Liquid water is formed at the interface between the cathode catalyst 

layer and the microporous layer (MPL) during the activity of the fuel cell. The liquid water 

can easily transfer (or transport) to the flow field channels, primarily through the larger 

pores of the MPL and the carbon substrate [26], [27]. Owing to their hydrophobic 

properties, the smaller pores of the microporous layer (MPL) restricts liquid water and 

serve as routes for the transport of reactant gases to the reaction region [28]. The remaining 

water is pushed to the anode side through the membrane due to the insufficient capillary 

pressure needed for the water to reach the smaller pores, leading to reduced flooding of the 

GDL and the catalyst layer and improved membrane hydration [29].  

A highly conducting porous carbon slurry along with a hydrophobic binder was 

used to fabricate the MPL on the GDL layer [13]. In the early stages, PUREBLACK®  

carbon was used as conducting matrix in lithium-ion battery [30] and was later introduced 

by Kannan et al. for the development of the MPL of the GDL, due to its partly graphitized 

core-shell property, this carbon had uniform as well as graded porosities [31], [32].  

According to the following equation,  

𝐷𝑒𝑓𝑓 =
𝜀

𝜏𝐷
                                 [2.1]  

Where 𝜀 is the porosity, D is the binary diffusion coefficient of oxygen in nitrogen, and 𝜏 

is the tortuosity, bulk porosity is expected to influence the effective diffusion coefficient 

(Deff) of the porous media[33].  
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The porosity, ε, also depends on the compressed thickness: 

ε = 1 −
𝑊𝐴

𝜌𝑟𝑒𝑎𝑙𝑑
      [2.2] 

where 𝑊𝐴 is the weight per unit area, d is the thickness, and 𝜌𝑟𝑒𝑎𝑙 is the solid phase 

density[10].  

Gas diffusion media including GDL are made typically of multi-layered carbon 

porous materials that are by definition porous. GDLs are usually porous materials based on 

multi-layered carbon. Having a macro-porous substrate or backing provides the gas 

reactants and the water product with mechanical power, electrical conductivity, and mass 

transport, and they also contain at least one microporous layer that enhances electrical 

conductivity and water management. The pore size of the macro-porous substrates is much 

larger than the catalyst layers' average pore size [17]. Mercury porosimetry or immersion 

method can be used to measure the bulk porosity of the GDL.  

1.3.6 Surface morphology and structure 

The capillary law explains the relationship between pore diameter up and the applied 

pressure p, assuming that all pores are cylindrical.  

𝑑𝑝 =
4𝛾𝐶𝑜𝑠𝜃

𝑝
      [2.3] 

Where γ = surface tension, θ = contact angle with the microporous layer. In the micro-

porous layer, the micro-porous channels have a strong capillary force to absorb the gas 

input and water output [17]. 

The structure and the surface morphology of the GDL can be used to determine its 

functionality. The pore size structure and the gradient of pore sizes from the macro-layer 

to the micro-layer can be revealed by the microscopic view of the cross-section of the 
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GDLs. Several treatments have been documented to bring about structural modifications 

to the GDL and impart the necessary balance of hydrophilicity and hydrophobicity. The 

macro-porous gas diffusion backing and micro-porous layer are usually found in the GDL 

layers. On one side or two sides of the GDL, the micro-porous coating consisting of carbon 

black powder and a hydrophobic agent is used. In GDL, this layer is the main part to 

improve the efficiency of the fuel cell as it functions both as a valve that moves water away 

from the GDL to the flow field to minimize water flooding and transports the input gas into 

the catalyst layer from the flow field. 

1.3.7 Fuel Cell Performance 

‘Gibbs free energy’ – defined as the energy available to do external work, is the most 

important ‘chemical energy’ in the fuel cell. The movement of electrons around the 

external circuit is referred to as the ‘external work’ in a fuel cell. Equation 1.4 depicts that 

for each molecule of hydrogen used and for each molecule of water produced, two electrons 

must pass through the external circuit. Therefore, for each mole of Hydrogen 2N (N  

Avogadro’s number) electrons are used. Hence, the Gibbs free energy released will be 

equal to the electrical work, if the system is reversible or is loss-free. And, the fundamental 

equation of the electromotive force (EMF) or the open-circuit voltage of the Fuel cell can 

be given by: 

𝐸 =
−Δ𝑔𝑓̅̅ ̅̅

2𝐹
      [2.4] 
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Where E = electromotive force, −Δ𝑔𝑓̅̅ ̅ = Gibbs free energy, F = Faraday constant. The 

voltages that can be obtained if the system was 100 % efficient would be, 1.48 (using the 

HHV) and 1.25 (using the LHV). However, in practice, the voltage is usually low as 

some fuel has to pass unreacted [8].  

Fig. 5 – A single cell configuration of PEMFC and its working mechanism 

1.3.7.1 Voltage Losses 

Even when no external current is generated, the open-circuit voltage is 

significantly lower than the theoretical voltage. It goes below 1 V in most cases, which 

clearly illustrates the presence of losses in the fuel cell system. The factors influencing 

the voltage losses are as follows: 

• The internal resistance of the circuit, electrical or ionic 

• Stray currents 

• Transmission losses in carrying reactants to reaction sites 
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• Electrochemical reactions kinetics 

• Reactant crossover 

In electrochemistry language, terms like polarization or overpotential are usually used 

instead of voltage losses, although the same physical meaning of these terms is the same 

[8].  

1.3.7.2 Activation Polarisation 

Due to the slow electrode kinetics, starting the electrochemical reaction from 

equilibrium requires some voltage difference. This electrochemical process caused by an 

overpotential introduced during current flow through the electrochemical cell to move an 

electrochemical cell from its equilibrium state is called Activation polarization [8], [34]. 

Activation polarization losses are usually lower when the exchange current density is 

higher. There are other losses including, Internal currents, crossover losses, ohmic losses, 

and concentration polarization, but are not discussed in depth in this study. The effect of 

each loss if present is mentioned in the further sections. If we subtract all the losses 

(activation polarization, ohmic, concentration polarization losses) from the equilibrium 

potential, we will get the polarization curve which is given in figure 6. These curves are 

the most important characteristic to measure fuel cell performance. These curves are used 

for the diagnostic, sizing, and controlling of fuel cells.  

 

 

 

 



  14 

Fig.6 – Voltage Losses in Fuel cell 

1.3.8 Durability 

Certain lifetime conditions for high-temperature PEMFC have to be satisfied to 

enable the commercial use of these technologies in transport as well as stationary 

conditions, and that is still a developmental challenge for some of its applications. Under 

realistic operating conditions, DOE targets the operation of 40,000 hours and 5,000 hours 

for stationary and transportation fuel cells, respectively. The conditions that may result in 

stresses on the chemical and mechanical stability of the fuel cell materials, components, 

and interfaces, like fuel impurities, starting and stopping, freezing and thawing, and 

humidity and load cycles, can be considered under realistic operating conditions [35]. 
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Catalyst layer degradation has been the main focus of the degradation studies for 

some time [36], [37], but recent studies show that the degradation of the GDLs also has a 

significant impact on the Fuel cell performance [38]. GDL degradation can be 

characterized in two main categories, mechanical and chemical degradation as given in 

figure 7. Any physical breakdown of the GDL can be classified as mechanical degradation 

whereas carbon corrosion is the main factor for chemical degradation, this might be due to 

the structural breakdown during conditions like local fuel starvation, start-up, and shut-

down, where the water washes away the carbon [39], [40]. A decrease in hydrophobicity 

and the increase in the mass transport resistance were the major outcomes of the GDL 

degradation as reported in some studies [36]–[38], [41]–[43].  

Fig.7 – Degradation mechanisms of GDLs 

According to the first fuel cell law, which states that at least two parameters undergo 

a change if one parameter of the fuel cell is changed, and hence one cannot just change 

only one parameter of a fuel cell. Therefore it becomes necessary to isolate the degradation 

of the GDL, in this regard some ex-situ methods have been developed and performed where 

a loss in hydrophobicity was observed [42], [44], [45]. A comprehensive study by J Park 

et al. reviews the durability and degradation of the GDLs in the PEMFC [40]. 
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For phase-2 of the study, the dissolution effect on GDL was used to conduct the 

Accelerated stress tests.  

1.3.8.1 Dissolution effect on GDLs 

As mentioned in earlier chapters, water is produced in the fuel cell during the 

electrochemical reaction when oxygen and hydrogen react. This exposes the GDL to water 

or an oxidative environment, and the water can get accumulated onto the GDL. This causes 

the degradation of the carbon material of the GDL as it gets dissolved and produces oxides, 

hydroxide, and other species [46], [47]. 

H2O2 is produced when two-electron reduction occurs on the platinum catalyst [48].  

𝑂2 + 2𝑒− + 2𝐻+ ↔ 𝐻2𝑂2 (E0 = 0.695 VRHE) 

On the other hand, carbon dioxide is produced after the complete oxidation of elemental 

carbon by water [49]. 

𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝐸−  (E0 = 0.207 VRHE) 

1.3.8.2 Accelerated Stress test 

Bosomoiu et al. [38] performed the degradation study of the GDL hydrophobicity 

for 1000 hours of operation which was one of the longest recorded studies under in-situ 

conditions. This shows the huge amount of time and resources utilized in the research and 

hence presents a need to find the solutions in terms of accelerated degradation mechanisms 

[50].  

Several protocols like freeze/thaw cycling and others, which focuses on mechanical 

degradation of the GDL have been developed for the in-situ accelerated degradation of the 

GDLs in the literature [51], [52] along with the protocols established by the DOE and the 
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Fuel Cell Technical Team of the US Drive who have developed the ex-situ and in-situ 

component-level accelerated stress tests [35], [53]. 

In this study two different methods for the ex-situ ageing of the GDLs were implemented, 

one was to age the GDL samples in 30% Hydrogen peroxide (H2O2) solution at 90 ℃  for 

24 hours [54], and the second approach was to age the GDL samples by immersion in water 

at 80 ℃ for 1000 hours [55]. A comparison between the durability of the PUREBLACK® 

based GDLs and VULCAN®  (XC72R) carbon-based GDL alongside a commercial GDL 

was made. 
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CHAPTER 2 

METHODOLOGY  

2.1 Pore Size distribution 

The total pore volume can be measured using the mercury pore size analyzer by 

calculating the amount of mercury penetrating the pores of the GDL as a function of the 

pressure applied. The pressure required depends upon the diameter of the pores [17]. 

PoreMaster-60 Automatic Mercury Intrusion Analyser by Quantachrome Tech, Florida 

was used to measure the pore size distribution of the GDL samples under low and high-

pressure modes.  

Pore size measurement from over 1100 (at contact angle 150) micron to 0.0036 microns in 

pore diameter is possible with the PoreMaster 60 porosimeter, which generates pressure up 

to 60,000 psia.  

2.2 Surface Morphology of GDLs 

XL-30 Environmental FEG (FEI) Scanning Electrode Microscope (XL30ESEM-FEG) 

was used to investigate the surface morphology and cross-section of the GDL samples. At 

pressures as high as 10 Torr and sample temperatures as high as 1,000°C, the XL30 SEM-

FEG provides high-resolution secondary electron imaging. For observation of samples in 

conventional high vacuum SEMs, the XL30 FEG-SEM uses a stable, high brightness 

Schottky Field Emission Source. 

An electron probe with a diameter of 2-50 nm is focused on the specimen in scanning 

electron microscopy (SEM). A scan generator rasters this concentrated beam across the 

sample while also driving the image monitor's x- and y-scan coils. Then a 2-D map of the 
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near-surface topology, composition, and possibly electronic nature can be build by using 

the monitor intensity which is modulated by these signals. 

2.3 Contact Angle 

The contact angle is the angle created at the point where water, air, and solid 

meet, and its value indicates the probability of the surface being wetted by the 

water. Sessile-drop goniometry (Kruss Simple Drop) was used to examine the surface-

wetting characteristics of the GDLs. A mixture of IPA-water (30:70) was used to evaluate 

the hydrophobic and hydrophilic properties of the surface of the PUREBLACK® and 

VULCAN®  (XC72R) based GDLs with and without PEG along with the commercial GDL. 

The mixture was used keeping in mind the hydrophobic properties of the GDLs, mixing 

the water with IPA helps the droplets to stay longer on the surface of the GDLs. 

 

Fig.8 – CAD model for reference of the single-cell Fuel cell 
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2.4 Fuel Cell Performance 

For the evaluation of the catalyst coated membranes (CCMs) and the GDL samples, 

a single cell fuel cell from Fuel Cell Technologies Inc, USA was used (Fig. 8). A uniform 

torque of 4.5 Nm was used along with the silicone coated fabric gaskets (Product # CF1007, 

Saint-Gobain Performance Plastics, USA) for the gas sealing of the fuel cell. The industry-

standard testing station (Figure 9) from Greenlight (G40, Hydrogenics, Canada) was used 

to evaluate the performance of the fuel cell at 70 °C. 

 

Fig. 9 – Fuel cell testing station (G40, Hydrogenics, Canada) 
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CHAPTER 3 

EXPERIMENTAL 

In this study, Pt catalyst (TEC10E50E, 46% Pt on carbon, Tanaka) ink in isopropyl 

alcohol (15 mL for 1 g of catalyst) was used to fabricate the Catalyst Coated Membranes 

(CCMs). The ink also contained 1.2 mL of Nafion dispersion (LIQUION LQ-1105, 5 wt 

% Ion Power, Inc.,) [56]. The geometrically active area of the Nafion membrane 

(Membrane NR-211) was 5 cm2 which was sprayed with the catalyst ink using the micro-

spray technique on both anode and cathode sides, which gave the uniform Pt loading of 

~0.4 mg per cm2. 

In the first phase, GDLs were manufactured using PUREBLACK® carbon-based 

slurry to achieve graded and fixed porosity with and without a pore-forming agent in the 

MPL.  

Nano-chain carbon powder PUREBLACK® 205-110, from Superior Graphite Co., Teflon 

Emulsion (PTFE DISP30) from Dupont, sodium dodecyl sulfate (SDS) from Acros 

Organics (CAS# 151-21-3) and polyethylene glycol (PEG-1500) from Aldrich Chemistry 

(CAS# 25322-68-3) were used for preparing slurry for fabricating the MPL. 0.5 g of 

PUREBLACK® carbon was dispersed in 80 mL isopropyl alcohol solution (Sigma-

Aldrich, 99.7%, CAS# 67-63-0) containing 120 mg of SDS and various amounts of PEG 

(see Table 1), by sonication for 30 min, followed by stirring for 60 min. To achieve 

homogenous slurry, the Teflon emulsion (34 wt. %) was added dropwise into the mixture 

and stirred for 15 minutes.  The carbon slurry was coated on a 10 x 10 cm2 carbon paper 

substrate using the micro-spray technique. To achieve a uniform distribution of PTFE on 

carbon powder and thermal decomposition of PEG, the coated samples were dried 
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overnight at room temperature and sintered in air at 350 °C for 30 min. [57]. Later, to 

eliminate the SDS and the residual PEG, the samples were rinsed thoroughly in DI water. 

As mentioned above, the GDL samples in this study were fabricated with MPLs with and 

without PEG and the carbon loading was 3 ± 0.15 mg cm-2, the configurations of the 

samples are given in Table 1. The same amount of carbon powder (~0.75 ± 0.04 mg cm-2 ) 

was used for each layer and just the weight percent of PEG was varied to achieve the graded 

porosity for sample 3. 

In the second phase, GDLs were manufactured using PUREBLACK® and 

VULCAN®  (XC72R) carbon-based slurry with the pore-forming agent (30 % PEG) in the 

MPL. Several repetitions of the same composition of the GDLs were made for different 

testing and analysis.  

VULCAN®  (XC72R) (by Cabot Corporation, MA, USA) was used as the carbon 

powder, and other factors in the MEA were kept the same as Sample #3 form phase -1 

which had the best performance. Accelerated stress tests were conducted using these GDLs 

and a fuel cell performance comparison between VULCAN®  and PUREBLACK® based 

GDLs was made along with the commercial (AvCarb GDS 2120) based GDL. Quincy Lab 

40GC Lab Oven was used to maintain the constant temperature of 80 ℃ for 1000 h and 

GDL samples (5 Nos. of 2.5 × 2.5 cm2), immersed in deionized water, were placed. Then 

the samples were rinsed in DI water and dried at 80 ℃ overnight [44]. 

GDLs were submerged in 30 % H2O2 solution at 90 ℃ for 24 using the Heraeus 

UT12P Lab oven, this helps the accelerated degradation of the gas diffusion layer through 

carbon corrosion. Every 8 h the concentration of the hydrogen peroxide was measured 

using the manganometric redox titration with KMnO4.  Afterward, the samples were rinsed 
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and soaked in DI water for 12 h and dried at 80 ℃ overnight [58]. surface morphology, 

surface-wettability, and pore size distribution analysis were done for both 

the PUREBLACK® and VULCAN®  GDLs before and after ASTs. 

Galvanostatic polarization method at 60 % and 100 % RH using H2/O2 and H2/air 

was used on the testing station while maintaining the flow rate of 200 SCCM at the anode 

and 300 SCCM at the cathode. The current was set at constant (600 mA.cm-2) for durability 

testing at all conditions.  

In phase - 1, the durability testing was done for only the PUREBLACK® based 

GDLs with and without 30 % PEG using H2/Air at 60 and 100 % RH conditions. 

For phase - 2, the durability testing was done for both the PUREBLACK® and VULCAN® 

(XC72R) based GDLs with 30 % PEG using H2/Air at 60 and 100 % RH conditions 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Phase – 1  

4.1.1 Pore size distribution 

Pore size distribution was measured to study the effect of the pore-forming agent on 

the performance of the fuel cell. The configuration of all the three different GDL samples 

used in phase – 1 is given in Table 1 and is represented in figure 10. The porosity gradient 

is from the flow fields to the catalyst layer of the MEA.  

Figure 10 - Configuration of gas diffusion layer samples 1 - 3. 

 

The comparison of the pore size distribution of the PUREBLACK® based GDLs with and 

without PEG is given in figure 11 and table 2. 

Table 2. Total pore volume, contact angle, and porosity of all samples 

Sample ID 
Contact angle 

(Degrees) 

Pore 

volume 

(cc.g-1) 

Low pressure 

pore diameter 

(µm) 

High pressure 

pore diameter 

(nm) 

Porosity 

1 130 ± 2 1.48 47 90 ~50 

2 115 ± 2 1.72 44 90 ~55 

3 125 ± 2 1.23 43 90 ~40 

Commercial 87 ± 2 1.45 54 ~300 ~50 

1 2 3 
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Fig. 11 - Pore size distribution for PUREBLACK® based GDLs (samples 1-3) along with 

commercial GDL (AvCarb GDS 2120), (Phase – 1). 

 

The meso and micropores are represented by the high-pressure region below 1 mm 

and the macropores are represented by the low-pressure region above 1 mm, the 

micro/mesopores are responsible for the gas transfer while the macropores are responsible 

for expelling water [59]. Nanopores can be seen in the GDL with 30% PEG (Sample 2), 

this might help retain the electrolyte conductivity at lower RH conditions by keeping the 

product water at the catalyst layer and electrolyte reaction zone. Table 2 gives the total pore 

volume of all the samples, of which the total pore volume of sample 2 is the highest (1.72 

cc.g-1). Also, in the low-pressure area (macroporous carbon substrate), sample 2 displays 

the highest distribution of pore size, confirming its ability to efficiently water removal. 

It is evident from Table 2 that increasing the PEG content significantly increased 

the pore size distribution in samples 2 and 3 as compared to the GDL without PEG 
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(sample1). This resulted in better gas transport to the reaction zone in samples 1 and 2. The 

commercial GDL, on the other hand, showed poor water transport characteristics at both 

low and high RH conditions, this can be attributed to its larger pore sizes in both regions, 

these larger pores might be due to the presence of surface cracks along with larger pores in 

MPL. Lobato J. et al. mentioned the presence of larger pore blockage of one MPL sublayer 

when the next sublayer was deposited can cause flooding at high RH conditions, this can 

be observed of the 4 sub-layered GDL with graded porosity (sample 3) with decreased pore 

size distribution [60].  

4.1.2 Surface morphology of GDLs 

The surface morphology of the PUREBLACK® based GDLs with and without PEG 

along with the commercial GDL sample is given in figure 12. Relatively smaller pores can 

be seen in sample 1 (single MPL sublayer without PEG), figure 12a, and sample 3 (four 

MPL sublayers with the top layer without PEG) figure 12b compared to sample 2 (single 

MPL sublayer with 30 % PEG) figure 12c. But larger mud-cracks on the surface are visible 

in multiple locations of the commercial GDL figure 12d. Some research reported 

reductions in electrical conductivity of the GDL with larger pores [61], but, efficient water 

removal that prevents flooding and uniform gas transport to the reaction zone can be 

achieved by the presence of a smooth, crack-free surface and homogenous nature of the 

MPL [62]. Water accumulation and forming defects around the cracks can take place due 

to the cracked surface of the commercial GDL, which can lead to rapid MPL degradation 

and can also lead to non-uniform reactant gases distribution and water removal which can 

also cause hot spots at the reaction zone [61], [63]. 
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Fig. 12 - Scanning electron micrographs of (a) to (c) PUREBLACK® based GDLs (samples 1-3), 

and (d) commercial GDLs (AvCarb GDS 2120), Phase – 1. 

To examine the bulk characteristics and the thickness of the GDLs, cross-section 

images were recorded PUREBLACK® based GDLs with and without PEG along with the 

commercial GDL sample (figure 12). Accurate measurement was difficult due to carbon 

bleed through the uncoated side of the macroporous substrate but as seen from Figure 

13(a)-(c), the MPL thickness of the PUREBLACK® based GDLs ranges between 60-70 

μm and the commercial GDL (Figure 13(d)) ranges between 25-30 μm. The commercial 

GDL is, therefore, more prone to flooding due to the relatively thinner MPL coating as the 

MPL provides a higher back-diffusion rate from the cathode to the anode through the 

membrane, reducing the liquid water saturation level in the catalyst layer [64].    
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Fig. 13 - Scanning electron micrographs (cross-section) of (a) to (c) PUREBLACK® based GDLs 

(samples 1-3), and (d) commercial GDLs (AvCarb GDS 2120), Phase – 1. 

 

4.1.3 Contact Angle 

To examine the hydrophobic and hydrophilic characteristics of the GDLs with and 

without the pore-forming agent, the surface wettability was studied. In the first stage of the 

testing, the contact angle values for the PUREBLACK® based GDLs were well within the 

range of two degrees for 5 samples in each category of the GDLs tested (Table 2), and the 

values for the contact angle were 130°, 115°, and 125° for the PUREBLACK® based GDLs 

(fig 14(a-c)). Gas flow to the catalyst layer was expected to improve due to the relatively 

higher hydrophobic surface of the MPLs which expels the excess water efficiently [65]. 

Also, due to the higher porosity of the MPL of the GDL sample 2, a lower contact angle 
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was observed (fig 14(b)). On the other hand, a lower contact angle (87°) was observed in 

the commercial GDL which can lead to flooding and lower fuel cell performance at 100% 

RH condition [27]. 

 

Fig. 14 – Contact angle images for (a) to (c) PUREBLACK® based GDLs (samples 1-3), and (d) 

commercial GDLs (AvCarb GDS 2120) 

 

4.1.4 Fuel Cell Performance (Phase - 1) 

Figure 15-16 shows the Fuel cell performance for all the GDL samples in phase – 

1 including PUREBLACK® based samples and the commercial, at 70 ℃ using H2/O2 and 

H2/air both at 60 % and 100 % RH conditions. The testing was done at 100 % RH first to 
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reduce the effect of membrane hydration, then the RH was dropped to 60 % at both the 

anode and cathode sides. The fuel cell performance using O2 and air as oxidants at 60 and 

100 % RH conditions for the PUREBLACK® based GDLs (sample 1) without a pore-

forming agent is given in fig. 15(a) and 15(b). 

Fig. 15 - Fuel cell performance at 70 ℃ using H2/O2 at 60 and 100% RH for MEAs with (a) to (c) 

PUREBLACK® based GDLs (samples 1-3), and (d) commercial GDLs (AvCarb GDS 2120), 

Phase – 1. 
 

The peak power density at 100% RH is much lower (1255 mW.cm-2) compared to that at 

60% RH (1430 mW.cm-2) when using O2 as the oxidant (fig. 15(a)). With air as the oxidant, 

the peak power density values of 436 and 397 mW.cm-2 at 60 and 100 % RH, respectively 

were observed which reflects the same trend as in O2 (Fig. 16(a)). The reduced performance 

of GDL sample 1 without PEG can be attributed to the lower pore volume (see Figure 11), 



  31 

due to which the MEA starts flooding at 100 % RH condition [66]. The fuel cell 

performance using PUREBLACK® based GDL with 30 % PEG as a pore-forming agent in 

the MPL using O2 and air as oxidants is given in Figures 15(b) and 16(b), respectively. It 

can be noticed from fig 15(b) that the peak power density values while using O2 as the 

oxidant were 1325 mW.cm-2 at 100 % RH and 1355 mW.cm-2 at 60 % RH. A similar 

performance trend is shown with air as oxidant (Fig 16(b)) with peak power density values 

of 444 and 432 mW.cm-2 at 60 and 100 % RH, respectively.  

Fig. 16 - Fuel cell performance at 70 ℃ using H2/air at 60 and 100% RH for MEAs with (a) to (c) 

PUREBLACK® based GDLs (samples 1-3), and (d) commercial GDLs (AvCarb GDS 2120), 

Phase – 1 

 

The higher porosity (see Figure 11) could be the reason behind the higher fuel cell 

performance at both 60 and 100 % RH (using O2 or air), as it prevents flooding by 
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facilitating better water transport, in particular at 100 % RH conditions [67]. MEA with 

GDL Sample 2 showed higher peak power density using air as oxidant at 60 % RH 

condition, this might be due to the presence of nanopores (Figure 11) that prevents the 

electrolyte from drying by retaining the product water [68]. 

The fuel cell performance using PUREBLACK® based GDL (sample 3) with 

graded porosity (0, 10, 20, 30% PEG) using O2 and air as oxidants at 60 and 100 % RH 

conditions are given in Figure 15(c) and 16(c). The peak power densities for 60 and 100 % 

RH are 1425 and 1224 mW.cm-2 with O2 gas, and 442 and 400 mW.cm-2 with air as oxidant 

gas, respectively which shows that the graded porosity did not have a significant effect on 

the fuel cell performance. The MPL carbon can block some of the larger pores created in 

each previous sublayer because the first MPL sublayer deposited on the carbon substrate 

has a greater amount of PEG and is followed by sublayers with a progressively reduced 

amount of PEG. Lower fuel cell performance is possible due to flooding that can happen 

in this configuration with a reduced number of macropores (Figure 11)  as it inhibits 

efficient water transport at 100 % RH conditions [60]. For comparison purposes, the fuel 

cell performance for the MEAs with commercial GDL using O2 and air as oxidants at 60 

and 100 % RH conditions are given in Figures 15(d) and 16(d). The commercial samples 

exhibit very poor fuel cell performance with peak power densities of 761 at and 370 

mW.cm-2 at 100 % RH in H2/O2 and 258 at 60 % RH and 134 mW.cm-2 at 100 % RH, in 

H2/air. The poor performance of the commercial GDL sample can be attributed to its 

inability to efficiently transport water due to the presence of cracked surface morphology 

[61] (see figure 12) along with highly hydrophilic characteristics [27] (see Figure 14) of 

the microporous layer, and lower pore volume (see Figure 15) of the macroporous layer. 
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Lower fuel cell performance is also due to the presence of thinner MPL which reduces the 

membrane conductivity due to increased water saturation level in the GDL [69]. 

4.1.5 Durability 

Owing to its high and stable performance at both RH conditions, the GDL with 30% 

PEG on the MPL (sample 1 and 2) were selected for the durability test using H2/air as 

oxidant. Polarisation was performed before each RH change along with fully hydrating the 

system [70]. Before evaluating the performance stability at each RH condition, the fuel cell 

performance for the MEA with the GDLs (Fig. 17(c)) containing 30 % PEG using H2/air 

at 60 and 100 % RH was conducted and is given in Figure 17(a). Fig. 17(b) and (d) show 

the cell voltage at 600 mAcm-2 for 50 h at 100% RH first and then for 50 h at 60% RH 

conditions for the MEAs containing GDLs without and with 30% PEG, respectively. 

Overall, the performance of the fuel cell at 60 % RH remains identical (~400 mAcm-2) after 

50 h of continuous cell operation and has a negligible degradation at 100 % RH after 50 h 

of operation, which can be seen in Fig. 17(c). Figure 17a shows that the fuel cell 

performance is higher at 60 % RH condition, but there is a slight deflection in the voltage 

between 0.59 and 0.62 V after ~35 h of operation. This voltage is still higher in comparison 

to 100% RH, but the drop observed might be due to temporary O2 starvation caused by 

flooding [71]. The voltage drops (to 0.58 V) at 100% RH are insignificant as the fuel cell 

performance is not governed by mass transport in this region. Resistance to corrosion 

during fuel cell operation was observed in the GDLs based on PUREBLACK® carbon with 

a well-defined graphitic structure [32], [72]. The assumption that under high current 

density a reduction in the O2 transport to the reaction zone due to flooding is present under 

saturated conditions (100% RH), confirms the fuel cell improvement at 60 % RH after 10h 
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of operation [73]. The presence of nano-sized core-shell PUREBLACK® carbon-based 

microporous layer with 30% PEG increased the durability of the MEA as clearly seen from 

figure17(d) which shows a stable voltage of  0.58 V both at 60 and 100% RH conditions 

[74], [75].  

Fig. 17 - Fuel cell performance at 70 oC using H2/air at 60 and 100% RH for 1, 2 and commercial 

sample, respectively (a)-(c) (b), and durability at 600 mA.cm-2 for samples 1 and 2 (d)-(e), and at 

400 mA.cm-2 for the commercial sample (f). 
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The fuel cell performance was very poor during the durability testing of the commercial 

GDLs sample, this might be due to the excessive flooding. Hence the durability testing of 

the commercial GDLs were done at lower current density than the sample #1 and #2 

4.2 Phase – 2  

4.2.1 Selection criteria  

The goal of the second phase was to evaluate the performance degradation of the 

GDLs under ASTs and to compare the two types of carbon with the commercial GDL. 

Hence it made sense to use the composition of the best performing sample (#2 with 30% 

PEG) from phase – 1 for both the carbon types for the AST study.  

Fig. 18 - Fuel cell performance for PUREBLACK® GDL aged in water using H2/O2 at (a) 100%, 

(b) 60% RH and H2/air at (c) 100% and (d) 60% RH. 
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A comparison was made between the pristine and the most degraded sample for both the 

PUREBLACK® and VULCAN® -based GDLs. Commercial GDLs were not selected as 

they showed an increase in the peak power density after degradation, this might be due to 

the weak structure of the GDL and its unsteady performance.  

Fig. 19 - Fuel cell performance for PUREBLACK® GDL aged in hydrogen peroxide using H2/O2 

at (a) 100%, (b) 60% RH and H2/air at (c) 100% and (d) 60% RH. 

 

The fuel cell performance for the PUREBLACK® based GDLs during and after the 

AST tests is given in Figure 18(Hydrogen peroxide) and 19(water). It is evident from the 

graphs that the performance at higher relative humidity conditions suffers a greater loss. 

Also, the performance loss increased during the ASTs for the PUREBLACK® GDLs. 

Similarly, figures 20(Hydrogen peroxide) and 21(water) depict the Fuel cell performance 

for the VULCAN®  GDLs, and the performance loss was greater at high relative conditions.  
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Figure 20. Fuel cell performance for VULCAN®  GDL aged in water using H2/O2 at (a) 100%, (b) 

60% RH and H2/air at (c) 100% and (d) 60% RH. 

Fig. 21 - Fuel cell performance for VULCAN®  GDL aged in hydrogen peroxide using H2/O2 at 

(a) 100%, (b) 60% RH and H2/air at (c) 100% and (d) 60% RH. 
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PUREBLACK® performed better than VULCAN®  in dry conditions. The samples 

which degraded the most after the ASTs were selected for further characterization. 

4.2.2 Surface morphology of GDLs 

Scanning Electron microscopy of the pristine samples for both PUREBLACK® (fig. 

22(a)) and VULCAN®  (fig. 22(b)) revealed a smooth surface as shown in figure 22. There 

were no signs of deep penetration or cracks, but some black spots were visible on the 

surface of the PUREBLACK® samples (fig. 22(b)) after immersion in hydrogen peroxide 

for 24 hrs. This suggests the overall pore hydrophobicity was not affected and the 

wettability changes might just be insignificant [76]. After 1000 h (fig. 22(c)) in warm 

water, the surface of the PUREBLACK® GDL looks coarse and loss of carbon can be seen 

which exposed the larger pores and the carbon fibers of the substrate in comparison to the 

pristine sample (fig. 22(a)). Noto et al. confirm the washing of carbon as carbon dioxide 

due to the water produced in the fuel cell [77]. Whereas changes in water management, 

loss of porosity, and mechanical degradation can be present in the VULCAN®  GDLs as 

shown in figure (fig. 22(e)) due to the irregular and cracked surface resulting from surface 

oxidation [78]. Due to the presence of larger cracks, these effects are seen in the MPL that 

results in the surface roughness and are caused by the change in hydrophobicity [79], [80].  
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Fig. 22 - Surface morphology on GDLs with PUREBLACK® (a) pristine, (b) 24 h in hydrogen 

peroxide, (c) 1000 h in water, and VULCAN® -XC 72R (d) pristine, (e) 24 h in hydrogen 

peroxide, and (f) 1000 h in water. 

 

4.2.3 Contact Angle 

Figure 23 shows the contact angle for both the PUREBLACK® and VULCAN®  

GDL, and the effect of degradation can be seen as manifested by the decrease in the contact 

angle. The decrease in the VULCAN®  GDL was greater compared to the PUREBLACK® 

GDL. The results for the contact angle along with the performance degradation are 

summarized in table 4. The main reason behind the loss in hydrophobicity of the 

VULCAN®  GDL might be due to its structural dissimilarities (particle size, pore size, and 

volume) and also due to the fact, the VULCAN®  carbon is not graphitized [32], [81]. Other 

factors including porosity change [82], [83], hydrophobic losses of the surface of MPL, 

improper water management [76], surface cracks increasing surface roughness [79], [80] 

can be attributed to the change in the hydrophobicity of the VULCAN®  MPL. Decreased 

hydrophobicity cannot be attributed to the PTFE decomposition as SEM images (figure 22) 

shows no signs of PTFE loss [41], [84]. Graphitization can reduce the surface heterogeneity 
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while increasing the corrosion stability and hence can be attributed to the smaller loss of 

hydrophobicity [30], [85]–[87]. 

Fig. 23 - Contact angle on GDLs with PUREBLACK® (a) pristine, (b) 24 h in hydrogen peroxide, 

(c) 1000 h in water, and VULCAN®  XC-72R (d) pristine, (e) 24 h in hydrogen peroxide, and (f) 

1000 h in water. 

4.2.4 Pore Size Distribution 

The Pore size distribution of both samples were measure before and after the ageing 

to evaluate the effect of degradation and is given in figure 24.  

Figure 24. Pore size distribution before and after ASTs for (a) PUREBLACK® and (b) 

VULCAN® GDLs  
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It can be seen that the porosity increased compared to the pristine GDLs for all samples 

after ageing. This is due to carbon corrosion which was also seen in the SEM micrographs 

(Fig. 22). There are structural changes in all GDL samples, this is due to the increase in the 

macropore area in both types of carbon. Ageing can cause significant changes on the pore 

size distribution[88] of the GDL while having low effect on the porosity[89]. VULCAN®  

GDLs show a significant decrease in the micropore region after ageing, and hence can be 

attributed to the creation of larger pores due to the destruction of smaller pores. SEM (fig. 

22 (e)) verifies the presence of larger pores on MPL and contact angle (fig. 23 (e)) verifies 

the hydrophobicity losscdue to carbon corrosion. As discussed earlier, larger pores 

facilitate water transport and the smaller pores facilitate the gas transport, but through-

plane electronic conductivity decreases when the pore size increases and the gas 

permeability is decreased due to water filled in the cracks [33]. This reduces the fuel cell 

performance [59]. PUREBLACK® GDLs exhibit similar trends, however the changes in 

pore size distribution are not as dramatic. Also, the samples aged in hydrogen peroxide 

does not show any significant changes on the surface characteristics, but there was a small 

drop in contact angle which may be due to increased porosity [72]. 

Table 4. Summary of all PUREBLACK® and VULCAN®  samples before and after AST. 

 

Sample 

ID 

Contact 

angle 

(degrees) 

Total porosity 

(%) 

Performance degradation (%) 

O2 Air 

100% 60% 100% 60% 

PB0 140 58 - - - - 

PB24 126 65 14 6 10 2 

PB1000 134 60 14 5 12 2 

VL0 136 63 - - - - 

VL24 43 69 15 12 19 11 

VL1000 68 65 19 12 16 16 
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4.2.5 Fuel cell performance 

To calculate the effect of the ASTs on the performance of the GDLs fuel cell 

performance was evaluated at both 60 and 100% RH in H2/O2 and H2/air at 70 ℃ before 

and after AST. The results are summarized in Table 4.  The fuel cell performance of both 

PUREBLACK® and VULCAN®  before and after the AST using hydrogen peroxide is 

given in figure 25.   

Fig. 25 - Fuel cell performance of PUREBLACK® and VULCAN®  GDLs before and after AST 

in hydrogen peroxide in H2/O2 at (a) 100%, (b) 60% RH and H2/air at (c) 100%, and (d) 60% RH. 

 

The effect of degradation is seen for both the carbons after the tests, which is evident 

from the mass transport losses visible in the polarization curves at high RH (fig. 24(a) and 

(c)). Grigoria A. et al. showed the durability and performance of PUREBLACK® with 30% 
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PEG as the pore-forming agent, this configuration showed better water management 

preventing flooding at both 60 and 100% RH [90]. This might be due to the pore size 

distribution and the surface characteristics of the GDL, which is similar to the results of 

this study.  

Fig. 26 - Fuel cell performance of PUREBLACK® and VULCAN®  GDLs before and after AST 

in water in H2/O2 at (a) 100%, (b) 60% RH and H2/air at (c) 100%, and (d) 60% RH 

 

A drop of 14% in H2/O2 and 10% in H2/air in the fuel cell performance at high RH 

for PUREBLACK® GDL after ageing in hydrogen peroxide for 24 h was recorded. 

Flooding is the main reason why the fuel cell performance was so low after ageing in 

hydrogen peroxide, this is because it facilitates the chemical corrosion of carbon, which 
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causes improper water management in the GDLs [58], [91]. At lower current densities mass 

transport losses are observed, due to the voltage drop. This happens when the fuel cell is 

flooded and produces water that covers the GDL pores which inhibits the flow of reactant 

gases to the catalyst layer [92], [93]. This is the reason for the mass transport loss in the 

PUREBLACK® GDL at high RH conditions under the current density of 1500 and 600 

mA.cm-2 in H2/O2 and H2/air, respectively. The fuel cell performance degradation is greater 

in the VULCAN®  GDL (see table 4) and mass transport losses are visible at around 1000 

and 400 mA.cm-2 in H2/O2 and H2/air, respectively, this shows that carbon corrosion affects 

VULCAN®  more and hence creates more imperfections in its GDL structure [94], [95].  

Figure 26 shows the fuel cell performance for both GDLs before and after AST in 

water and table 4 presents the summary of the percentage loss. VULCAN®  shows more 

mass transport loss at higher RH conditions for both H2/O2 and H2/air, this is also seen in 

PUREBLACK® based GDLs. But the performance degradation for VULCAN®  was higher 

than PUREBLACK® GDLs, this shows the greater susceptibility to carbon corrosion for 

VULCAN® . The flooding effect caused by GDL degradation is less in low RH conditions 

than in wet conditions, but the degradation rate for VULCAN®  tends to be higher in all 

conditions as compared to PUREBLACK®. As mentioned earlier this can be attributed to 

the graphitization of the PUREBLACK® which provides carbon corrosion resistance, 

whereas VULCAN®  is non-graphitized leading to higher carbon carrion. 

4.2.5 Durability 

For the second phase of the research unaged samples for both the PUREBLACK® 

and VULCAN®  GDLs were selected for the durability test, to compare the performance 

of the two carbon types. The conditions for the durability tests were the same as the phase 
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– 1, i.e., H2/air was used as the oxidant, the current density was kept constant at 600 mA.cm-

2. To achieve ideal membrane hydration the MEAs were evaluated at 100% RH initially 

and then at 60% RH. The performance of both GDLs is presented in figure 27.  

Fig. 27 – Durability test using H2/air for 50h at 100% and 50 h at 60% RH at 70 ℃ and constant 

current density of 600 mA.cm-2 for pristine (a) PUREBLACK® and (b) VULCAN®  GDLs. 

  

The graphs show that the PUREBLACK® is much more constant and the voltage drop after 

50hrs at 100% RH was negligible, whereas at 60% RH it was noticeable. However, for 

VULCAN® , there are irregularities in the graph which shows the voltage irregularities that 

can be due to the high stability of the water droplets. This is because of the loss of 

hydrophobicity which is caused by the channel clogging as it makes it difficult to separate 

the water droplet from the GDL surface [41].  
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CHAPTER 5 

CONCLUSION 

The study was conducted in 2 parts. Phase – 1 of the research was conducted to find 

the best composition of the GDL with and without pore-forming agent using 

PUREBLACK® carbon. The second phase of the research was to extend the research to 

two sets of carbon types and including VULCAN®  carbon and comparing with 

PUREBLACK® and commercial GDLs and testing for the durability of each type using the 

accelerated stress tests.  

Microporous layers were fabricated on the carbon paper substrate using different 

types of carbon and commercial GDL (AvCarb GDS 2120) and were evaluated using a 

single cell PEM fuel cell. H2/O2 and H2/air were used as the oxidants under 60 and 100% 

RH conditions. SEM was used to study the surface morphology, contact angle 

measurements were done to assess the surface wettability characteristics and mercury 

intrusion porosimetry was used to evaluate the pore size distribution. During phase – 1, 

sample – 2 (with 30% PEG) performed best overall at both RH conditions and both 

oxidants, (with the highest pore volume of 1.72 cc.g-1) the fuel cell performance was 444 

and 432 mWcm-2 at 60 and 100% RH respectively using air. The final confirmation of the 

better performance of the PUREBLACK® GDL was the durability testing (at 600 mAcm-

2), where after 50h at 100% RH and 50 h at 60% RH conditions, the performance was better 

compared to the commercial GDL. This proved that for stable performance of the fuel cell 

optimum pore size distribution and the crack-free hydrophobic characteristics of the GDL 

are required.  
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For Phase – 2, One single composition (30% PEG) was used for all GDL samples 

and tested for accelerated tests using hydrogen peroxide and warm water. The GDL with 

PUREBLACK® carbon performed best overall. This was attributed to the graphitized core 

of the carbon in PUREBLACK® which prevents the corrosion of carbon by the dissolution 

effect. The performance degradation after the AST in hydrogen peroxide was 10 and 2% 

at 100 and 60% RH respectively using air as an oxidant. Whereas, in VULCAN® , it was 

19 and 11% at 100 and 60% RH, respectively. Similarly, in warm water, the performance 

of PUREBLACK® was better than the VULCAN®  and commercial GDLs.  
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