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ABSTRACT 
 
 
Proton exchange membrane (PEM) fuel cells are considered to be the promising 

alternatives of natural resources for generating electricity. This research is based on gas diffusion 

layers (GDL) fabricated in the laboratory from carbon fibers by electrospinning with different 

concentrations of hydrophobic and hydrophilic agents in proton exchange membrane fuel cells 

(PEMFC). The research investigates better water management, conductivity, and gas 

permeability in PEMFCs for their effective functionalization. 

Carbonized PAN nanofibers are utilized with some hydrophobic agents such as Ultra-

Ever Dry solutions (for top and bottom coatings) and Krytox 157 FSH Oil and hydrophilic 

agents such as potassium permanganate (KMnO4) and sulfuric acid (H2SO4) so as to impart 

their properties on the GDL which can perform better in a fuel cell by preventing water to enter 

into the electrodes and passing the oxygen through the hydrophobic area. The thermal, 

mechanical, and electrical properties of this GDL depicted better results. The water condensation 

tests on the surfaces (super-hydrophobic and hydrophilic) of the GDL show an important 

approach for improved water management in the fuel cell. The PAN GDL with different surface 

coatings enhanced the properties and functions of the GDL, thereby increasing the overall fuel 

cell performance. This study may open up new possibilities for developing high-performing 

GDL materials for future PEMFC applications.   
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1 Background 
 
The proton exchange membrane fuel cells (PEMFC) due to their higher power densities 

and environmental benefits are considered the promising sources to power automotive, stationary 

and transferrable equipment. The important part of the fuel cell is the membrane electrode 

assembly (MEA) which consists of proton exchange membrane with a layer of catalyst on both 

sides and a gas diffusion layer (GDL) in contact with catalyst layers. GDL is one of the critical 

part of a fuel cell that has the capability to influence the H2 /air system as its basic functions are 

transportation of the reactant gas from flow channels to catalyst effectively, draining out the 

liquid water from catalyst layer to flow channels, conducting electrons with low humidity [1].  

 
The power performance of the PEMFC is strongly influenced by the interdependent 

properties such as water management, porosity and graded structure of GDL. The GDL should 

possess the combined and balanced properties of hydrophobicity and hydrophilicity. These 

properties have to be balanced carefully to ensure that the fuel cell system works without 

flooding and high humidity. Generally, the GDL is frequently used in combination with the 

catalyst layer of a MEA highly porous and electrically conducting materials such as carbon cloth 

or carbon paper are typically used as a GDL material. The key functions of GDL are summarized 

in the following. 

 Providing diffusion paths through which reaction gases reach catalyst layers. 

 Providing routes through which water generated at the catalyst layer is discharged 

outside. 
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 Physically preserving and stabilizing the MEA to prevent its swelling over time. 

 Supplying thermal exchange paths through which heat generated by the 

electrochemical reaction of the catalyst layer exits. 

In order to fulfill the above requirements, the GDL should have high porosity of 50- 90% water 

repellency, high electric conductivity and the pore size of at least 20-40µm [1]. 

1.2 Motivation 

The gas diffusion layer plays an important role in fuel cells of permitting gas to be 

transported from the supply channel to the electrode/electrolyte interface. In proton exchange 

membrane fuel cells the GDL need also to allow water to be transfer from the electrode interface 

into the gas flow passages where it is convected out of the fuel cell. Due to porous property of 

the GDL, one of the function of it is also to permit the flow of the reactant gases to the 

electrolyte interface and provision of the excess water from the catalyst layer. This phenomena 

of the gas and liquid transportation is shown in Figure 1. When liquid water accumulates in the 

GDL the gas transport from the gas flow channel to the catalyst layer is obstructed due to which 

the power outcome from the fuel cell gets reduced. The problem of liquid water is especially 

acute at the cathode where water is formed in a catalyst layer at the electrode interface. At high 

current densities water accumulation at the cathode obstruct oxygen to enter the electrode which 

builds up mass transport limiting the amount of current density [2]. 
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Figure 1 Schematic of a PEM Fuel Cell 

 
The perfect GDL allows water removal process from the electrode without any 

obstruction of the gas transportation. Another important function of the gas diffusion layer 

should be electrically conductive to move electrons between the conductors of the flow channel 

and the catalyst layer. The GDLs are both porous media and electrically conductive that allows 

the gas flow to the electrode and the can provide required amount of current for the operation of 

the fuel cell. [3] The material of the GDL in some of the types of fuel cells such as Phosphoric 

acid fuel cells and Alkaline fuel cells are modelled in such a way that it holds the electrolyte in 

between the electrodes. To incur this property, the carbon GDLs are treated with some 

hydrophobic agents to resist the water entrance through the pores of the GDL to avoid flooding 

the flow channels. This water accumulated on the electrolytes is removed either by vaporizing 

though out the gas flow channels or by circulation process of the electrolyte and vaporizing the 

water. 
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1.3  Objective 

 

In the PEM fuel cell excess water must be removed through the GDL. If the GDL is made 

of a hydrophilic material liquid water will condense in the GDL and hinder the diffusion of 

oxygen to the cathode/electrolyte interface. However, if the membrane is hydrophobic it inhibits 

liquid water from entering the GDL due to which the accumulation of the water takes place at the 

catalyst membrane. Chances for absorbing the water into the membrane are very high which will 

cause the membrane to swell. The membrane swelling can compress the GDL building the 

pressure at the membrane will be sufficient to thrust the water through the hydrophobic pores. 

This paper reports measurements of the pressure required to push water through different layers 

of gas diffusion media. These measurements provide details about the pore sizes of different gas 

diffusion media, and elucidate the role of surface treatments of the GDL with hydrophobic and 

hydrophilic agents in affecting liquid water transport. [4] 
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CHAPTER 2 
 

LITERATURE REVIEW 
 
 

2.1 Fuel Cells, Types and Components 

 

A fuel cell is an electrochemical energy conversion device which converts the chemicals 

hydrogen and oxygen into water, and during the process it produces electricity. Fuel cell works 

just like a battery but, a battery has all of its chemicals stored inside it and it converts those 

chemicals into electricity too and eventually goes dead and we either throw or recharge it. In 

case of the fuel cell, chemicals constantly flow into the cell so it never goes dead. As long as 

there is a flow of chemicals into the cell, the electricity flows out of the cell.  A fuel cell provides 

a DC voltage that can be used to power motors, lights and many electrical appliances [5]. 

 
Fuel cells are classified in different types each using different chemistry in it and have 

various components in it. They are usually characterized by their operating temperature and the 

electrolyte type used. Most of the fuel cells are utilized in stationary power generation plants 

while some of them are useful in small portable devices or sometimes for powering cars and 

trains.  Some of the types of fuel cell are:  

 
2.1.1 Proton Exchange Membrane Fuel Cells 

 

Proton exchange membrane fuel cells also known as polymer electrolyte membrane fuel 

cells, use a proton-conducting polymer membrane as its electrolyte, with platinum based 

electrodes. One of the key parameter of PEMFC’s is that they have a high energy density and 

low-operating temperature which generally ranges from 60 to 80 degree Celsius or 141 to 176 

degree Fahrenheit and is considered as the main type of fuel cell which are used in most of the 
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applications. The proton conducting membrane is a thin sheet of plastic that allows only 

hydrogen ions to pass through and is coated on both sides with highly dispersed metal alloys 

made up of platinum which act as a catalyst. A typical PEM fuel cell still contains an anode, 

cathode, electrolyte and catalyst [6]. 

 
The anode is the negative post of the fuel cell and it conducts the electrons that are freed 

from the hydrogen molecules so that they can be used in an external circuit. It has channels fixed 

into it that diffuse the hydrogen gas over the surface of the catalyst uniformly. The Cathode 

which is the positive post of the fuel cell, has channels into it that distributes the oxygen gas to 

the surface of the catalyst and conducts the electrons back from the external circuit to the 

catalyst, where they can reunite with the hydrogen ions and oxygen to form water. Hydrogen fuel 

is passed at the anode where electrons are divided from protons on the surface of the catalyst. 

The protons pass through the membrane towards the cathode side of the cell and the electrons 

travel in an external circuit, producing the electrical output of the cell. On the cathode side, 

another precious metal electrode chains the protons and electrons with oxygen to produce water, 

which is expelled as the only waste product; oxygen can be provided in a purified form and 

removed at the electrode directly from the air. The reactions in the PEM fuel cell are like:  

 
Anode: 2H2 →4H+ + 4e- 

Cathode: O2 + 4H+ + 4e- →2H2O 

 
2.1.2 Components of PEM Fuel Cell 

 

Components consists of Membrane, electrode, Nafion, Gas diffusion layer (GDL) and 

bipolar plates which are briefed below. 
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Membrane  

 

Membrane along with the catalyst layers and diffusion media combines to form 

the membrane electrode assembly. The membrane looks similar to ordinary kitchen plastic wrap 

provides charged ions and blocks the electrons. It is considered the key to the fuel cell 

technology. It exhibits high proton conductivity and acts as a barrier preventing the mixing of 

fuel and reactant gasses thereby making the PEMFC possible to attain high power densities. 

Catalyst layer is added on both sides of the membrane- the anode layer on one side and the 

cathode layer on the other. Water content in the membrane plays an important role for all the 

above properties. This water content is generally expressed as grams of water per gram of dry 

weight of polymer or number of water molecules per sulfonic acid groups in a polymer [7]. 

 
Some of the required properties for a membrane in a fuel cell as a proton conductor are 

listed in the following as:  

 Good electrochemical, mechanical and chemical strength during the operation of 

fuel cell.. 

 High durability and low costs membranes. 

 High proton conductivity to support high currents with minimal resistive losses 

and zero electronic conductivity. 

 No absorbency to reactant types to exploit effectiveness. 

 Maintaining hydrolytic and thermal stability. 

 

Different polymer materials have examined and researched as membranes for PEMFC 

applications to deliver enhanced proton conductivity. 
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Electrode 

 
 The Electrode is an important part of a fuel cell membrane because of the 

electrochemical reaction will take place on the surface of the catalyst itself. As a fuel cell 

electrode is generally a thin catalyst layer present between the ionomer and a porous electrically 

conductive substrate. Mostly, catalyst used for oxygen reduction and hydrogen oxidation 

reactions is platinum. In the initial stages of the PEMFC proceedings, huge number of platinum 

catalyst were utilized. Many researches were put on and later it was concluded that the surface 

area of the catalyst is used but not the weight. The performance of fuel cells can be improvised 

by increasing the platinum utilization in the catalyst layer and not by increasing the platinum 

loading. [8] 

 
Anode Catalyst: Platinum is considered to be an excellent catalyst for the hydrogen 

oxidation reaction. Platinum has high current density but is vulnerable for CO poisoning. 

Unfortunately, in many practical observances, the trace levels of carbon monoxide (CO) in 

hydrogen rich gas assortment created by remodeling of hydrocarbon fuels is unavoidable. CO 

can adsorb on the Pt catalyst blocking the active area, thereby significantly decreasing its 

reactivity. The anode catalyst with lower affinity for carbon monoxide is under development and 

is the challenge for low temperature PEMFC systems. Several approaches have been attempted 

to reduce the CO poisoning. A number of platinum alloys or mixtures of platinum with noble or 

non-noble constituent have been proposed to address the CO poisoning issues. [9] 

 
Cathode Catalyst: The cathode electrode holds for about one third of the function losses 

in a PEMFC, specifically due to the limitations of the Oxygen reduction reaction catalyst which 

is considered as a challenging reaction to catalyze, in the sense that the catalyst material must be 
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stable under the extremely corrosive situations at cathode of the PEMFC. One condition is 

chemically active in order to activate oxygen and enough to be able to release the oxygen from 

the surface in the form of H2O. [10] 

 
The most promising catalyst for oxygen reduction reaction is platinum, because of its 

active participation and stability under the functional environments of the PEMFC. Platinum is 

expensive due to this the loading of Pt is reduced or to determine an alternative approach which 

can be a non-noble metal catalyst. This can be made by increasing the Pt catalytic activity 

incorporating transition metals and improving the Pt utilization by increasing the surface area 

and dispersion of Pt nanoparticles [11]. 

 
Nafion® 

 

Nafion® is the first synthetic polymer with ionic properties called ionomers was 

discovered in late 1960’s by DuPont is considered a sulfonated tetrafluroethylene based 

fluoropolymer-copolymer which is the backbone of Nafion®. The chemical formula and structure 

of Nafion® is shown in Figure 2. When water is placed in contact with Nafion®, the hydrolyzed 

form of Nafion® (SO3
-H3O+) will permit the effective passage across the membrane. Nafion® 

with its ionic characteristics combines with the physical and chemical properties of Teflon base 

materials to provide some unique properties to the final material. Nafion® is highly ion-

conductive unlike Teflon, acting as a cation exchange polymer. It is also permeable to water and 

can function at higher temperatures than many other polymers. The modulus of the Nafion® is 

calculated as greater than or equal to 100Mpa in the dry state and because of the semi-crystalline 

polytetrafluoroethylene matrix and Nafion® also exhibits resistance to dissolution while swelling 
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with hydrophilic diluents. Nafion®, with its existing ionic clusters and postulated inter-cluster 

channels, serves not only as a stable platform or template, but also as a catalyst.  

 
Figure 2 Chemical Formula of Nafion® 

 

The sulfonate exchange sites in the ionomer are extremely acidic. Therefore, the clusters 

in Nafion® serves as reaction vessels in which future polymerizations can occur without addition 

of an external catalyst [12]. Nafion® study has emerges several molecular models that have been 

published such as Yeager, Seko, Pineri, Perusich, Fujimura, Litt Dreyfus and Rubatat etc. The 

generally accepted model is that of Yeager, processed from an analysis of diffusion coefficients 

for cesium and sodium ions in a Nafion® membrane hydrated with a weight equivalent to 1200. 

The Yeager model proposed three regions in its structural chain for Nafion® membrane. The first 

region consists of chain structure of Polytetrafluroetileno with hydrophobic characteristic and 

large chemical and mechanical stability. The second region also known as intermediary is 

amorphous and hydrophobic which comprises of hanging chains, some little amount of water and 

some radical anions. The third region contains briquettes, ionic coexists where most ions 

sulphonated, cations and water molecules absorbed, giving an absorbing character to the 

membrane [13]. 

 



11 

Interest in Nafion® during recent years branches from the properties involved on the 

performances in fuel cells, encouraging technologies in power generation from chemical energy 

conversion. Particularly, the PEMFC is a uncontaminated technology to produce water and 

electricity at more efficiencies implemented in stationary and mobile services as the automotive 

transportation. More specifically, the properties of Nafion® membrane involved in the 

performance of a PEMFC reported in the literature include: Proton conductivity, water 

management and stability in the hydration at high temperatures sometimes up to 115oC, electro-

osmatic drag, and chemical stability, mechanical and thermal present at the Nafion® membrane.  

 
Nafion® membrane drives the protons during the hydrogen decomposition in the anodic 

electrode at the PEMFC into protons and electrons, while the electrons are rejected by the 

polymer electrolyte membrane and driven by an external circuit where their energy can be 

harnessed in some services. 

 
Gas Diffusion Layer 

The GDL is one of the critical components acting both as the functional as well as the 

sustenance for the MEA in the PEM fuel cells. It should be sufficiently porous to allow for the 

flow of both reactant gases and product water that flow in opposite directions. The character of 

the GDL is very diverse in the PEM fuel cell to practice it commercially viable. The optimization 

of the properties of the GDL’s can be done by understanding the role of its important 

characteristics such as structure, porosity, hydrophobicity, gas permeability, transport properties, 

water management and the morphology of the surface. The GDL should be thermally and 

electrically conductive and the pores of the GDL towards the catalyst layer should not be big 

because the catalyst is made of discreet small particles [14]. 
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The GDL is generally made up of carbon fiber- papers or woven carbon fabrics or cloths. 

This diffusion media is typically hydrophobic in nature to prevent flooding. In many events, the 

inner surface of the GDL is coated with a thin layer of high-surface –area carbon mixed with 

PTFE, called the microporous layer. The microporous layer adjust the balance between water 

retention and water release both cases are essential in membrane conductivity and diffusion of 

gases into electrodes. Optimal water management in PEMFC is a crucial process so as to enable 

high power and efficient energy conversion. Due to water flooding, the gas diffusion is limited to 

the electrochemical reaction sites, thereby decreasing fuel cell performance. Different methods 

and researches were performed and still going on in order to increase the performance of fuel cell 

by managing the water flooding in an appropriate manner. One method of doing this is saturation 

of carbon fibers by implementing the Polytetrafluoroethylene (PTFE) coatings on them. PTFE 

wet proofs the fibers to prevent water flooding, however, this coating reduces porosity which 

results in more tortuous diffusion pathways for gases [15]. 

 
The amount of PTFE utilized in the microporous layers of carbon fibers, the type of 

coating and the Nafion® membrane and catalyst amounts used in the catalyst layer have large 

effects on the fuel cell performance. As the PTFE content increases, the pore size of the carbon 

fibers decreases, resulting in higher mass transport resistance. In the opposite case, if the PTFE 

content gets too low, the water removal capability drops, which results in electrode flooding. In 

research the ideal PTFE content in a microporous layer for near saturates operation is suggested 

in between 15 and 20 wt%. 
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Bipolar Plates 

Bipolar plates are considered as a key component of proton exchange membrane fuel 

cells with universal properties. They equivalently dispense fuel gas and air, conduct electrical 

current from cell to cell, remove heat from the active area, and prevent leakage of gases and 

coolant. Bipolar plates also considerably contribute to the volume, weight and cost of PEM fuel 

cell stacks. Two types of materials are being used in the past: Metallic and graphitic. For mobile 

applications, metallic are used and for stationary applications where life time expectations are 

usually much higher graphitic materials are preferred. In addition, the plates must be corrosion 

resistant but not made up of expensive materials. Plates should be inexpensive and easy to 

produce to reduce the overall cost of the fuel cell. Some approaches use composites and plastics 

as the plates to reduce the cost and weight of the fuel cell. The bipolar plates are exposed to a 

very high corrosive environment in the fuel cell. Aluminum, steel and titanium easily corrode, 

resulting in the low ionic conductivity and reduction in overall life of the fuel cell. Therefore 

plates should be coated with a non- corrosive yet electrically conductive layer like graphite, 

conductive polymer or noble metals [16]. 

2.1.3  Direct Methanol Fuel Cell 
 

The liquid-fed Direct Methanol Fuel Cell (DMFC) has recently received much attention 

as it has been identified as a leading candidate to compete with the conventional batteries for 

powering portable electronic devices. However, the commercialization of the DMFC technology 

is still hindered by several technological problem, among which the water management is one of 

the key issues. It is similar to PEMFC where it utilizes a polymer membrane as an electrolyte 

while, the platinum-ruthenium catalyst on the DMFC anode pulls the hydrogen from liquid 

methanol, removing the essential for a fuel improver. Therefore pure methanol can be used as 
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fuel. Methanol as a fuel, is inexpensive but has a relatively high energy density. It can be 

supplied to the fuel cell unit from a liquid reservoir which can be kept topped up, or in cartridges 

which can be quickly changed out when spent. The schematic of DMFC operations are shown in 

Figure 3 

  
Figure 3 Direct Methanol Fuel Cell 

 

The chemical reactions occurring in a DMFC are the following: 

Anode Reaction: CH3OH + H2O →CO2 + 6H+ + 6e- 

Cathode Reaction: 3/2O2 + 6H+ + 6e-→3H2O 

Cell Reaction: CH3OH + 3/2O2 →CO2 + 2H2O 

 
DMFCs can operate in the temperature range from 60ºC to 130ºC and used in desired 

modest power applications such as mobile electronic devices or chargers and portable power 

packs. The other particular uses for DMFCs which is growing commercial tractions in different 

countries is the use of DMFC power units for materials handling vehicles, where the forklift 

trucks had been conventionally powered with battery packs. 
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2.1.4  Solid Oxide Fuel Cells 

The Solid Oxide Fuel Cells (SOFC) uses a solid ceramic electrolyte having a non-porous 

structure Solid oxide fuel cells have the capacity to work at very high temperatures of about 

800ºC to 1,000°C and they are over 60% efficient when converting fuel to electricity and if the 

heat produced by them is also added, then the overall efficiency can be over 80%. A further 

advantage of the high operating temperature leads to the improvement of the reactant kinetics, 

removing the need for a metal catalyst. Disadvantages are like these cells take longer to start up 

and reach operating temperature. SOFCs can operate well enough on hydrogen and mixtures of 

hydrogen and carbon monoxide, among other fuel cell. The operations of a SOFC is shown in 

Figure 4. 

 
Figure 4 Solid Oxide Fuel Cells 

 

The chemical reactions taking place in the SOFC are the following: 

Anode Reactions: 2H2 + 2O2- → 2H2O + 4e- 

2CO + O2
- → 2CO2 + 4e- 

Cathode Reaction:  

O2 + 4e- → 2O2
- 
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Oxygen ions are the charge carriers in these cells and the oxygen supplied to the cathode 

is split into oxygen ions and electrons are added. These oxygen ions travel through the 

electrolyte, reaching anode side to combine with hydrogen releasing electrons. The electrons 

travel through an external circuit, generating power and releasing heat as by-product. 

2.1.5 Alkaline Fuel Cells 

 

The Alkaline Fuel Cells (AFC) were one of the first fuel cell technologies developed and 

are widely used in the U.S space program. These fuel cells are used by NASA on space missions 

to generate power up to an efficiency of 70%. Like PEM fuel cells, AFC’s operate on pure 

hydrogen but have a lower power density. When compared theoretically, the efficiency of 

alkaline fuel cells is better than that of PEM.  There are both low and high temperature AFC’s. 

The high temperature AFC’s can operate at 100°C up to 250°C and the low temperature AFC’s 

can operate as low as 25°C up to 75°C. The schematic of an AFC is shown in Figure 5.  

 
Figure 5 Alkaline Fuel Cells 

 

The chemical reactions taking place in the cell are as folloes: 

Anode Reaction: 2H2 + 4OH- → 4H2O + 4e- 

Cathode Reaction: O2 + 2H2O + 4e- → 4OH- 
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2.1.6 Phosphoric Acid Fuel Cells 

Phosphoric Acid Fuel Cells (PAFC) are considered as the most advanced fuel cell 

technology. They are over 200 units installed till date and currently operating in offices, banks, 

hotels, hospitals and police stations, airports etc. Whereas still requiring hydrogen, PAFC 

technology has the added benefit in that is it more tolerant to impurities, in particular reformed 

hydrocarbon fuels. PAFC uses a liquid phosphoric acid as an electrolyte which is contained in a 

Teflon-Coated silicon carbide matrix with porous carbon electrodes composing the platinum 

catalyst. The basic operation of PAFC is shown in Figure 6. 

The chemical reactions taking place in the cell are as follows: 

Anode Reaction: 2H2 → 4H+ + 4e- 

Cathode Reaction: O2 (g) + 4H+ + 4e- → 2H2O 

Overall Cell Reaction: 2 H2 + O2 → 2H2O 

 

 
Figure 6 Phosphoric Acid Fuel Cells 

 

At Lower temperatures, phosphoric acid is a poor ionic conductor and poisoning of the 

platinum catalyst in anode by carbon monoxide becomes severe. Therefore these cells generally 
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operate within a temperature range of 150- 200oC with an electrical efficiency of between 37% 

& 42% - this rises to 85% with co-generation.  

2.1.7 Molten Carbonate Fuel Cells 

 

The Molten Carbon Fuel cells (MCFC) uses an electrolyte which is a fusion of carbonate 

salts; potassium carbonate and lithium carbonate, or sodium carbonate lithium carbonate. 

MCFC’s generally operate at very high temperatures of approximately 650oC. At these high 

temperatures, the salts melt and become conductive to carbonate ions. A key advantage of 

MCFC’s is that non-expensive catalysts can be used, in combination with a variety of fuels. Due 

to high temperatures and long start-up times, MCFC’s are inappropriate for domestic 

applications. The operations of MCFC are shown in Figure 7 

 

Figure 7 Molten Carbonate Fuel Cells 

 

The chemical reactions taking place in the cell are the following: 

Anode Reaction: CO3
2- + H2 → H2O + CO2 + 2e- 

Cathode Reaction: CO2+ ½O2 + 2e- → CO32- 
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Due to the high operating temperature feature, MCFC’s have several advantages. The 

high operating temperature intensely improves reaction kinetics and so it is not necessary to 

enhance these with a noble metal catalyst and also makes the cell less prone to carbon monoxide 

poisoning than lower temperature systems. As a result, MCFC systems can operate on a variety 

of different fuels, including coal-derived fuel gas, methane or natural gas, eliminating the need 

for external reformers. MCFC’s are largely used in stationary power generation, fuel cell plants 

with megawatt capacity, large combined heat and power and combined cooling and power 

plants. These fuel cells can work at up to 60% efficiency for fuel to electricity conversion, and 

overall efficiencies can be over 80% in (CHP) or (CCP) applications where the process heat is 

also utilized. 

 
2.2 Previous Studies 

 

Considerable research and development has been carried out and is still in progress 

relative to fuel cells and the challenges of making this a practical source of energy. More than a 

billion dollars has been spent on this type of research because fuel cells are much more efficient 

than other generation techniques, produce virtually no pollution, and dramatically reduce carbon 

dioxide. However, the problem of water flooding in the gas diffusion layer restricts it for use in 

some companies.  

 
Extensive research has been performed to improve the GDL and MEA of the fuel cell in 

order to improve the cell performance, examine the effective diffusivity of the unsaturated and 

partially-saturated GDLs comprising of various coatings of PTFE. Gug-Ho Yoon et al. [17] 

enhanced the hydrophobicity of GDL using a novel coating process. They coated the GDL with 

HTTS ((heptadecafluoro-1,1,2,2- tetrahydrodecyl)triethoxysilane)-derived instead of PTFE, 
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having strong hydrophobic ligands as well as siloxane bonds. The performance of fuel cells 

shows the HTTS superior to the PTFE-coated carbon paper.  

 
Jae-Hyun Park et al. [18] analyzed the electrospun nano fibers as a catalyst support for 

the PEMFC. They prepared electrospun carbon nano fibers (e-CNF) as Pt catalyst support which 

had high surface area and shallow pores with rough surfaces where as compared to XC-72R 

carbon paper had deep mesopores with small surface areas, indicating that PEMFC performance 

of the e-CNF was superior to that of XC-72R. The Pt utilization of the Pt/e-CNF electrode was 

69%, while that of Pt/XC-72R was 35%, giving higher catalytic activity for Pt/e-CNF.  

 
D. Spernjak et al. [19] examined the effectiveness of various gas diffusion layer (GDL) 

materials removing water away from the cathode and through the flow field over a range of 

operating conditions. Polarization curves as well as time evolution studies after step changes in 

current draw were obtained with simultaneous liquid water visualization with in the transparent 

cell.  The level of cathode flow field flooding, under the same operating conditions and cell 

current, was recognized as a criterion for the water removal capacity of the GDL materials. 

When compared at the same current density, higher amount of liquid water in the cathode 

channel indicated that water had been efficiently removed from the catalyst layer.  

 
J.P. Owejan et al. [20] experimented water accumulation by using a neutron radiography 

method to obtain two-dimensional distributions of liquid water in operating 50cm2 fuel cells. 

Flow field channels with hydrophobic coating retain more water, but the distribution of a greater 

number of smaller slugs in the channel area improves fuel cell performance at high current 

density. The cells constructed using diffusion media with lower in-plane gas permeability tended 

to retain less water.  
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S.G. Kandlikar et al. [21] investigated about the effect of compression resulting in GDL 

intrusion in individual parallel PEMFC channels and behavior of flow distribution due to it. Two 

methods were used to determine the intrusion one is an optical measurement in both the in-plane 

and through-plane directions of the GDL and the other an analytical fluid flow model based on 

individual channel flow rate measurements. The observation results in an uneven distribution of 

GDL intrusion into individual parallel channels. Therefore, uneven intrusion distribution, severe 

flow misdistribution and increased pressure drop occurrence have been analyzed. 

 
P.K. Sinha et al. [22] researched on the GDL morphology and wetting properties and 

stated that these are essential to get a clear picture of water flooding occurrence and to determine 

the factors to control it. A pore network model of liquid water transport in a GDL at the pore-

level is developed for the first time. It was observed at extremely low capillary numbers as 

encountered in the fuel cell application, liquid water transport in a homogeneously hydrophobic 

GDL is governed by fractal capillary fingering. The water flows through the GDL in the form of 

connected clusters, encounters several dead ends due to the presence of narrow regions, and 

eventually percolates through a path of least resistance.  

 
S. Litster et al. [23] visualized the liquid water transport in PEM fuel cell gas diffusion 

layers through unsaturated hydrophobic fibrous media. Fluorescein dye solution is pumped 

through the fibrous hydrophobic GDL and imaged with fluorescein microscopy. Transient image 

intensity data is correlated to the liquid surface height and is analyzed and presented in the form 

of three-dimensional reconstructions of the time –evolving gas/liquid interface inside the fibrous 

structure. The high spatial resolution of the visualization can resolve the dynamic transport of 

liquid water through distinct pathways, which helps to refine understanding regarding liquid 
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water transport mechanism within these porous layers. The physical observations suggest that the 

water is not transported via a converging capillary tree as suggested in prior work and models. 

Rather, transport is dominated by fingering and channeling. Based on the physical insight 

obtained from the experiments, a new water transport scheme is proposed as the basis for 

developing improved models for water transport in hydrophobic gas diffusion layers. 

 
E. Antolini et al. [24] analyzed the effects of two different carbon powders- oil furnace 

carbon black and acetylene black as materials for carbon cloth-based cathode gas diffusion layers 

on the performance of polymer electrolyte fuel cell electrodes. The best fuel cell performance 

was obtained at an oxygen pressure of 5 atm with acetylene –black in the cathode gas diffusion 

layer. 

 

M.M. Mannarino et al. [25] fabricated composite membranes of highly conductive and 

selective layer- by- layer (LbL) films and electrospun fiber mats were fabricated and 

characterized for mechanical strength and electrochemical selectivity. The LbL component 

consists of a proton-conducting, methanol-blocking poly (diallyl dimethyl ammonium 

chloride)/sulfonated poly (2, 6-dimethyl 1, 4- phenylene oxide) (PDAC/sPPO) thin film.  The 

electrospun fiber component consists of poly (trimethyl hexamethylene terephthalamide) (PA 

6(3) T) fibers in a nonwoven mat of 60-90% porosity. The bare mats were annealed to improve 

their mechanical properties, which improvements are shown to be retained in the composite 

membranes. 
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CHAPTER 3 
 

MATERIALS AND EXPERIMENTAL METHODS 
 
 

3.1 Materials 

 

During the whole research, a lot of materials have been utilized with different 

characteristics. Electro spun Carbon nano fibers are made from electrospinning and are used as 

the main base of the GDL. PTFE, Ultra Ever-Dry Solution and Krytox 157 FHS oil (Miller-

Stephenson chemicals Inc.) are used as hydrophobic agents coated on nano fibers with different 

constituents. Potassium permanganate and Sulfuric acid are used for hydrophilic properties of the 

nano fibers. 

 
3.2  Apparatus 

3.2.1 Hot Plate and Magnetic Stirrer 

 

A hot plate and a magnetic stirrer are utilized for mixing of the Polyacrylonitrile (PAN) 

solution. The hot plate was purchased from Fischer scientific. The process was done using a 

magnetic stirring bar which rotates at 500 rpm and 70oC. During mixing care should be taken so 

that the flask is covered on top and the heat is appropriate. If the heat is more for the solution 

then the flask will break and solution becomes viscous. This process is shown in Figure 8. 
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Figure 8 Mechanical Stirring of PAN Solution 

 

3.2.2 Electrospinning Equipment 

 

The electrospinning apparatus consists of high voltage power supplies purchased from 

Spellman High Voltage Electronics Corporation one acts as an anode and other as a cathode 

shown in Figure 9. The flow rate can be adjusted by KD Scientific legacy KDSP 270 continuous 

cycle pump ordered from fisher scientific. A syringe/spinneret containing the PAN solution is 

placed in the pump. The target surface wrapped in aluminum foil sheet on which the fibers will 

accumulate is placed at a distance of 25 centimeters from the cycle pump as shown in Figure 10. 

The distance can be varied according to the requirements of the experiments performed.  

 
Figure 9 High Voltage Supplies for Electrospinning Process 
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Figure 10 Electrospinning Process 
 

3.2.3 Glass Furnace for Carbonization 

 

The Carbonization apparatus consists of a glass tube furnace of 3”outer diameter and 

length of 40” inch purchased from MTI Corporation as shown in Figure 11. The apparatus has 

maximum temperature of 1250oC and a maximum heating rate of less than or equal to 20oC/min. 

The argon gas is passed through the furnace during the experiment. 

 
Figure 11 Glass Tube Furnace 

   

Syringe Containing Solution 

Target 



26 

3.2.4 Goniometer 

 

Goniometer is used to measure the water contact angle of a surface. The Sessile drop 

contact angle is measured by a contact angle goniometer using an optical subsystem to capture 

the profile of a pure liquid on a solid substrate. The apparatus is shown in Figure 12. 

 
Figure 12 Water Contact Angle Measurement Goniometer 

 

3.2.5 X-Ray Diffraction Apparatus 

 

A miniflex by Rigaku apparatus in the geology department of WSU is used to measure 

the X-ray diffraction behavior of the carbon fibers. The fibers are placed in between the plates 

and rays are targeted on it. The behavior is analyzed through a computer and plots are made from 

it. The apparatus can be seen in the below Figure 13. 
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Figure 13 X-Ray Diffraction Machine 

 

3.2.6 Scanning Electron Microscope 

 

The Scanning Electron Microscope (SEM) is one of the type of electron microscope 

which creates images of a sample through scanning it with highly focused electron beam. The 

interaction between electron and atoms inside the given sample produces different kind of 

signals that can be detected and contain information about the topography and composition of the 

sample. The SEM has different modes and the most common among these is detection of 

secondary electrons emitted by atoms excited by the electron beam. The SEM apparatus houses a 

Carl Zeiss Sigma VP Field Emission Scanning Electron Microscope. It is combine field emission 

SEM (FE-SEM) technology with advanced analytics which image particles, surfaces and 

nanostructures. The semi-automated 4-step workflow of sigma saves time by structuring the 

imaging and analysis routines and also increases productivity. The SEM apparatus is shown in 

Figure 14. 
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Figure 14 SEM Apparatus with Electron Beam 

 

The Gemini objective lens design combines electrostatic and magnetic fields to maximize 

optical performance while reducing field influences at the sample to a minimum. This enables 

excellent imaging, even on challenging samples such as magnetic materials. 

 
3.2.7 Electrical Resistivity (Sheet Resistivity Meter) 

 

The electrical or surface resistivity apparatus is a four-probe technique purchased from 

Guardian manufacturing consists of a Surface Resistivity Meter (SRM) which has a LCD meter 

which shows the readings in ohms/square range. The front panel has MODE, SELECT, STORE 

and POWER buttons to perform their respective functions. The 4- point probe assembly connects 

to it via an 8 pin telephone style connector on the top connectivity measurements. The batteries 

are connected to the SRM.  The four probes are placed on the fiber’s surface and the SRM shows 

the reading. The SRM and 4-probes can be seen in the Figure 15. 
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Figure 15 Probes Electrical/Surface Resistance Meter 

 

3.2.8 Fourier Transform Infrared Spectrometer 

 

The Fourier Transform Infrared Spectroscopy (FTIR) is a method in which an infrared 

spectrum of absorption, emission and photoconductivity of a solid, liquid or gas is obtained. The 

FTIR spectroscopy measures how well a sample absorbs light at each wavelength. The apparatus 

used here is Nicolet™ Avatar™ FT-IR Spectrometer is a routine analysis FT-IR that offers 

packaged solutions for the entire FT-IR process, from collecting data to reporting the results is 

shown in Figure 16. 

 
Figure 16 FTIR Apparatus: Thermo Nicolet Avatar 360 FTIR in WSU 

 

The Software EZ-OMNIC which is a spectra software creates a database of spectral data 

through is a unique combination of spectral identification tools, interpretation algorithms, and 
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scientific documentation that indexes information on your hard. In this experiment, the 

wavenumbers are measured versus the percentage transmittance of the carbon fibers. 

 
3.2.9 Differential Scanning Calorimeter 

 

Differential Scanning Calorimetry (DSC) is a thermal analysis process first introduced in 

1960s, which has been used to measure the temperatures and heat flows associated with 

transitions like glass transition temperature in materials as function of time and temperature. The 

apparatus is shown in Figure 17. 

 
Figure 17 DSC Machine in NIAR at WSU 

 

These measurements provides quantitative and qualitative information about physical and 

chemical changes that includes endothermic or exothermic processes or changes in heat capacity 

[26]. DSC is widely used for thermal analysis with applications to polymers and organic 

chemicals, as well as various inorganic materials. 
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3.3 Experimental Methods 

3.3.1 Preparation of PAN Solution 

 

The Polyacrylonitrile material in powdered form is dissolved in N, N-

Dimethylformamide (DMF) to prepare a PAN Solution for electrospinning as shown in Figure 

18. The ratio for mixing the DMF and PAN is 90:15 which constitutes to 18 grams of DMF and 

2 grams of PAN which are measured in accurate weighing scale Mettler Toledo XS 64. The PAN 

solution is prepared in conical flask on a hot plate and magnetic stirrer with 500rpm and at 70oC 

for about 2 hours. The solution is later placed in a syringe and is made ready for the 

electrospinning process which is shown in Figure 19. [27] 

 
Figure 18 PAN and DMF Solutions from Aldrich and Fisher-Scientific 



32 

 
Figure 19 Pan Solution Prepared and Filled in Syringe for Electrospinning Process 
 

3.3.2 Electrospinning 

 

Electrospinning uses an electrical charge to create an electric field between a droplet of 

polymer solution at the tip of the needle and a collector plate called target. As the electric charge 

travels in air, the solvent evaporates leaving behind a charged fiber that can be electrically 

deflected or collected on a metal screen. In this research, the PAN solution is made into electrical 

field and is pumped through the cycle pump towards the collector or target. The spinning nozzle 

of number 20 with a 0.5 mm diameter is used and 8 ml of solution is filled in it. The distance 

between the collector and nozzle is kept at 25 centimeters. The high voltage carrier discharges a 

voltage of 15 kV at the cathode and 10 kV at the anode. The cycle pump rate is kept at 1ml/hour 

there by taking 8 hours to complete the cycle of electrospinning. The complete set up is shown in 

Figure 20. [28] 

 
Fibers start accumulating on the collector on the half way of the experiment and hence on 

the completion of the cycle all the desired carbon fibers with required properties are formed. 
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After the experiment, the collector is dried by keeping it in atmospheric pressure and at 

atmospheric temperature for 24 hours. 

   
Figure 20  Electrospinning Process 

 

The resultant fibers after 24 hours are shown in the above Figure 21 and are stored to dry 
for the next process carbonization is shown in Figure 21. 

 

 
Figure 21 Resultant Electro-Spun Fibers 

 

3.3.3 Stabilizing and Carbonization 

 

The fibers are stabilized in the glass furnace at 280oC holding it for 1 hour in the 

atmospheric pressure condition. The fibers are then heated at a heating rate of 5oC/ min till 
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Syringe with 
PAN Solution 

Electrodes

Fibers formed 
on Target 
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850oC. During the process argon gas is passed through the furnace and is made to hold on at 

850oC for 1 hour. The complete set up is shown in Figure 22 

 
Figure 22  Stabilization Process 

 

 
Figure 23 Carbonization Process 

 

After that the apparatus is shut down and the fibers are kept for cooling down for about 

24 hours. [29]. The above process results in carbonized fibers which are shown in the Figure 24. 

The fibers can be placed for drying in the glass tube furnace for about 24 hours. The total 

temperature variations and time period are plotted in the Figure 25 which shows the stabilization 

and carbonization process. 
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Figure 24 Carbonized Fibers 

 

 
Figure 25 Temperature during Stabilization and Carbonization with Respect to Time 
 

3.3.4  Adding Hydrophobic and Hydrophilic Agents to Fibers 

The PAN-carbonized fibers were then treated with hydrophobic and hydrophilic 

substances to acquire their respective properties and characteristics. 

Hydrophobic Agents 

In the first attempt, the fibers are coated with PTFE (Polytetrafluoroethylene) to obtain 

more hydrophobic properties. After coating with it and drying for almost 8 hours the fibers didn’t 

show up to the point of increasing the contact angle. In addition, Krytox 157 FSH oil was 
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purchased from Miller-Stephenson Chemical Co., Inc. Due to the oily characteristics and 

properties of this agent, the fibers did not dry thoroughly, even after 72 hours, and there was a 

drastic reduction in the water contact angle. The PTFE and Krytox 157 FSH oil solutions are 

shown in Figure 26. 

 

  
Figure 26 PTFE Solution and Krytox Solution for Hydrophobic Coatings 

 

After using these agents, an Ultra-Ever Dry coating, ordered form Ultra-Tech 

International Inc., was used on the fibers. This special super-hydrophobic coating will repel 

almost all water-based and some oil-based liquids. It uses a proprietary omniphobic technology 

to coat an object and create a surface chemistry and texture with patterns of geometric shapes 

that have peaks or high points. As a result of these high points, water, some oils, wet concrete, 

and other liquids are repelled. [30] 

 
 The Figure 27 shows the two Ultra-Ever Dry top and bottom coatings. Fibers are first 

coated with the bottom coat and dried for two hours in atmospheric conditions. Then, they are 

coated with the top coat and dried under the same conditions. This hydrophobic agent immensely 

increased the hydrophobic property of the fibers.  
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Figure 27 Ultra Ever Dry Solution Top and Bottom Coat 

 

Hydrophilic Agents 

After treating with hydrophobic agents, the fibers are made in contact with the 

hydrophilic ones which absorb the water or oil rather than repelling it. The required GDL is to be 

prepared or manufactured in such a way that both the areas hydrophobic and as well as the 

hydrophilic should be beside each other. Hence, to work out this condition a special mask from 

composite sheet is prepared which is shown in the Figure 28. These mask or filter will only make 

the required area to come in contact with the hydrophilic agents and the other area which is 

hydrophobic will be covered and protected from getting affected. 
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Figure 28 Filter/Mask for Hydrophilic Coating 

 
The fibers that were already coated with hydrophobic agents were then treated with 

hydrophilic agents by placing them in the mask/filter. In the first attempt, potassium 

permanganate (KMnO4), which was ordered from Sigma-Aldrich, was used as the hydrophilic 

coating and the fibers were dried for 24 hours in atmospheric conditions. 

 
In the second attempt, concentrated sulfuric acid (H2SO4) is used for coating the fibers. 

The acid brush is used for coating the fibers. The fibers are coated with a little implementation of 

the acid on the areas where the mask is not covered. The fibers are made to dry for 24 hours in 

atmospheric conditions. The Sulfuric acid and potassium permanganate solution are shown in the 

Figure 29. The main sample with both the coatings are shown in Figure 30  
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Figure 29 Sulfuric Acid and Potassium Permanganate for Hydrophilic Coatings 

 

 
Figure 30 Main Sample with both Hydrophobic and Hydrophilic Regions 

 

3.3.5 Contact Angle Measurement 

 

A goniometer was used to measure the water contact angle dropped from a sessile, and 

the optical image was recorded by using the software CAM 100. This apparatus can be shown in 

Figure 31. [31] 
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Figure 31 Water Contact Angle Measuring Goniometer 

 

The water contact angle was measured on four different occasions: after carbonization of 

the electrospun fibers, after adding the hydrophobic agents to the fibers, after adding hydrophilic 

agents to the fibers, and comparing areas of the hydrophobic and hydrophilic sides.  

After carbonization of Electrospun Fibers: 

 
The electrospun fibers were made to carbonize in the stabilization and carbonization 

process, and then the contact angle was measured and the image recorded. More readings were 

taken in order to have the best possible value in agreement with the condition of the carbonized 

PAN fibers. PAN is considered as a nanoparticle and already exerts hydrophobic properties. 

 
After Adding Hydrophobic Agents to Fibers: 

 
After carbonization, the fibers are coated with different hydrophobic agents and for each 

agents several recordings were measured and compared. Contact angle is measured with 

different values each time when they were coated with PTFE, Krytox 157 FSH oil and Ultra ever 
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dry coatings. For each case, the water contact angle was varying and in the Ultra ever dry coating 

samples it was super hydrophobic about 165oC. 

 
After Adding Hydrophilic Agents to Fibers 

 
Other parts of the same carbonized fibers were treated with the hydrophilic agents  

potassium permanganate and concentrated sulfuric acid, and for each condition, several water 

contact angles were recorded and compared to the extent that they satisfied the condition of 

hydrophilicity, which is less than 50oC. Some of the readings for potassium permanganate 

exceeded the condition, but with sulfuric acid, the water contact angle satisfied the condition for 

all readings. Hence, sulfuric acid was taken into account for the hydrophilic coating of the PAN 

fibers. 

 
Comparison of Areas of Hydrophobic and Hydrophilic Sides 
 

The hydrophobic and hydrophilic conditions were satisfied by the Ultra-Ever Dry coating 

and sulfuric acid treatment, respectively. These two different coatings were applied to a single 

sample beside each other with the help of the mask/filter. After coating, the sample was dried for 

24 hours, and the water contact angle was measured on both affected areas. This sample is  

shown in Figure 32. 
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Figure 32 Final PAN Fibers Sample Showing both Properties of Superhydrophobic and 

Hydrophilic 
 

3.3.6 XRD Measurement 

 

The fibers are tested for X-ray diffraction using the Miniflex apparatus shown in Figure 

33. The fibers are placed in a flat position attached to a glass inside and X-rays are diffracted on 

them in a closed apparatus condition. The graph which demonstrates the Diffraction angle 

behavior can be evaluated and seen through a computer attached with the machine 

. 
The angles and Diffraction behavior is recorded and values are evaluated through which 

the graph can be demonstrated in Excel workbook or other mathematical software. 
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Figure 33 Miniflex XRD Machine 

 

3.3.7 Surface/Electrical Resistance Tests 

 

The fibers were then prepared for measuring the surface resistivity by using the four-

probe surface resistivity apparatus, as shown in Figure 34. The fibers were placed on a flat 

surface and arranged through the apparatus. The four-probe device was attached to the battery 

and placed on the fibers in order to measure the readings. Precaution and care was taken while 

measuring the reading because the four probes are very delicate and can move back into the 

device if more pressure is applied during the measurement. [32] 

 
Figure 34 Surface Resistivity Meter 
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Hence, a small amount of force must be implemented on the four-probes and on the 

fibers. The readings are evaluated and are noted down for different samples and a best value is 

considered for the remaining samples. 

 
3.3.8 SEM Tests 

 

The electrospun fibers, uncoated carbonized fibers, hydrophobic coated carbon fibers and 

combined (hydrophobic and hydrophilic coating) carbon fibers are cut into small pieces and are 

placed separately side by side as shown in the Figure below in the SEM apparatus in contrast 

with the electron beam. The specimens are made to be cut so that they can accommodate the 

sample area in the apparatus as shown in Figure 35. The apparatus pumped for about five 

minutes before the experiment was started. The camera resolution was adjusted before the actual 

specimen was in contact with the electron beam by focusing on the middle reference area in the 

metal specimen carrier. The resolution was adjusted to 2 µm,  10 µm, and 30 µm. [33] 

 
The first specimen of electrospun fiber is then focused in contact with the electron beam 

and the microstructure is captured and analyzed in three different resolutions of 2, 10 and 30µms.   

 
Figure 35 Specimens to be placed in the SEM Apparatus in Electron Beam Contact 
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The experiment is performed in a similar manner for uncoated carbon fibers, hydrophobic 

coated carbon fibers and combined (hydrophobic and hydrophilic coating) carbon fibers by 

rotating the metal specimen carrier inside the apparatus. The microstructure is analyzed in the 

same microscopic levels and the images are recorded. The Apparatus is then released from all the 

gasses which were pumped in before initiating the experiment and specimens are removed from 

the apparatus. 

 
3.3.9 FTIR Tests 

 

The Fourier transform infrared spectroscopy experiment was performed on the FTIR 

spectrometer in the Department of Chemistry at WSU, as shown in Figure 36. The specimens-

electrospun fibers, uncoated carbonized fibers, hydrophobic coated carbon fibers and combined 

(hydrophobic and hydrophilic coating) carbon fibers are examined for the wavelengths with 

respect to the percentage transmittance. The software EZ OMNIC is initiated and background is 

selected to acquire the data for the machine. Then the specimen holder background is cleaned 

with acetone and the specimen is placed according the same order as described above.  

 
Figure 36 FTIR Apparatus with Carbonized Fibers Placed 
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Wavelengths were calculated against the percent transmittance for each specimen of 

electrospun fibers, uncoated carbonized fibers, hydrophobic coated carbon fibers, and main 

carbon fibers sample. The different plots for different specimens were noted, analyzed, 

compared, and conferred [34] 

 
3.3.10 DSC Tests 

 

DSC tests were carried out in the NIAR facility at WSU using a Q1000 TA Instrument. 

The heat flow of the specimens was analyzed with respect to temperature. Here, a reference 

element and the sample were placed in an aluminum pan, as shown in Figure 37. Different 

properties, such as glass transition temperature, crystallization, and melting, were plotted on a 

graph. 

 
Figure 37 Sample and Reference Aluminum Pans Platforms 

 

The melting points and percent crystallinity were calculated for electrospun PAN 

nanofibers, carbonized nanofibers, and hydrophobic coated nanofibers. The experiment was 

conducted in the temperature range of 0°C to 350°C with a heating rate of 5°C/ min. The fibers 

were sealed in the aluminum pan before starting the experiment. [35] 
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CHAPTER 4 
 

RESULTS AND DISCUSSIONS 
 

 

4.1 SEM Analysis 

 

The SEM images were examined for each sample of electrospun fibers, carbonized fibers, 

Ultra-Ever Dry-coated fibers, and the main sample which was both hydrophobic and hydrophilic. 

The images were compared to better analyze the microstructure topography of the samples by 

observing the surface and cross section of the specimens. In Figure 38, the porosity of the PAN 

fibers for passing gasses and water can be clearly observed. The electrospun fibers permit gas as 

well as water to flow through their pores during the fuel cell operation. 

 

   
Figure 38  SEM Image of Electrospun Fibers 

 

Stabilizing the carbonized fibers shows the uniformly distributed pores for gas and water 

passage, similar to that of the electrospun fibers, as shown in Figure 39. The carbonized PAN 
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fibers analyzed at 2 µm shows some porosity, thereby indicating the application as GDL for the 

PEM fuel cell.. 

 
Figure 39 SEM Image of Carbonized Fibers 

 

Figure 40 shows a SEM image of Ultra-Ever Dry-coated fibers. The surface with coated 

areas repels water due to hydrophobicity. Fibers bonded with Ultra-Ever Dry super-hydrophobic 

coatings are assisted in repelling water and most oils. The pores here are smaller compared to 

electrospun and carbonized fibers without super-hydrophobic coatings. [36] 

 
Analysis showed that due to the coatings on PAN carbonized fibers, the size of the 

surface pores decreased. The results of Sadrjahani et al. [37] show a similar result, where the 

fibers are coated with HTTS in different concentrations. As the coating amount increased, the 

size of the pores was reduced, and the thickness of the HTTS-coated carbon fibers was 

unchanged. The super-hydrophobic coated samples were the main base for the GDL of a PEM 

fuel cell, and in order to make it more porous, it was treated with sulfuric acid on equally 

distributed areas. 
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Figure 40 SEM Image of Ultra Ever-Dry Coated Fibers 

 

The SEM image of the main sample, which has both the hydrophobic and hydrophilic 

areas, is shown in Figure 41. This image clearly shows the pores bonded in some top areas due to 

the super-hydrophobic coatings, and fibers burned or broken in the bottom areas of this image 

due to the acid treatment in order to make it hydrophilic. The pores are caused to this creating a 

provision of the diffusion paths through which reaction gases reach catalyst layers and also for 

water at the catalyst layer to dispense out of the fuel cell. 
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Figure 41 SEM Main Sample Hydrophobic and Hydrophilic 

 

4.2 Contact Angle Measurement Analysis 

 

The water contact angle measurement increased as the result of super-hydrophobic 

coating agents.  The Ultra-Ever Dry-coated samples showed an immense increase in the water 

contact angle to a maximum of 165oC, which is shown in Figure 42.  

  
Figure 42 Contact Angle of Ultra Ever Dry Coated Carbon Fibers 
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Table 1 shows the contact angle values of water with the Ultra-Ever Dry-coated fibers 

depicting the effect of the coating. The values are super-hydrophobic and in almost every 

instance show that water was repelled almost immediately [38]. Table 2 shows the comparison of 

the contact angles of carbon fibers with Ultra Ever Dry coated. 

 

TABLE 1 
 

 CONTACT ANGLE MEASUREMENT OF CARBON FIBERS COATED WITH ULTRA-
EVER DRY SAMPLE 

 

Time [s] CA [left] CA [right] CA [mean] 

0.00 161.22  155.78 158.50 

1.00 162.91 157.08 160.00 

2.00 149.02 154.59 162.41 

3.00 165.00 159.81 162.41 

4.00 145.87 145.29 145.58 

 

TABLE 2 
 

CONTACT ANGLE COMPARISON OF CARBON FIBERS COATED WITH ULTRA-EVER 
DRY SAMPLE 

 

 CA [left] CA [right] CA [mean] 

Average 156.81 154.51 155.66 

Min 145.87 145.29 145.58 

Max 165.00 159.81 162.41 

Range 19.13 14.52 16.83 

Standard Deviation 8.72 5.51 6.87 
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The variations of the water contact angles with different coated samples are analyzed and 

compared. Figure 43 which shows an increase in the angles with respect to the carbonized fibers.  

 
Figure 43 Contact Angles of PAN with Carbonized Fibers, Krytox and  

Ultra-Ever Dry Coatings 
 
The contact angles with different samples uncoated were compared with coated samples, 

and the percentage increase was analyzed. Figure 44 shows a large variation indicating that the 

Ultra-Ever Dry-coated samples with some hydrophilic treatment is an appropriate GDL for the 

PEM fuel cell operation 
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Figure 44 Comparison of Contact Angle with Uncoated and Coated PAN Fibers 

 

The percentage variations between uncoated carbonized PAN fibers and the coated nano 

fibers are shown in the table 2. The highest in the percentage increase in contact angle is 

observed with a 58% in one of the readings calculated during the same time period.  

 
TABLE 3 

 

PERCENTAGE INCREASE OF THE CARBONIZED PAN FIBERS 
 

Number of 

Readings of the 

Contact Angles 

Uncoated Carbonized 

PAN nano fibers  

(oC) 

Ultra-Ever Dry 

Coated PAN fibers 

(oC) 

Increase in Contact 

Angle 

(%) 

1 126.7 161.22 27% 

2 125.4 162.91 29% 

3 104.33 149.02 42% 

4 104.43 165 58% 

5 113.7 145.87 28% 
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4.3 Electric Resistance Analysis 

 

The resistance, R, of a wire of fiber (annular cross-section) with length l can be 

calculated as: 

 

R .
 (4.1) 

where R is the resistance of the conductor [Ω], l is the length of the conductor [cm], ρ is 

the electrical resistivity of a conductor [Ω/cm] and A is the cross-sectional area [cm2] 

 
Carbonized Fibers 

 
The surface resistivity measured using a four-probe apparatus is 97.59 Ω/sq., which is 

equal to the volume resistivity in ohms-cm. The thickness of the carbonized fibers is 0.02 mm or 

0.002 cms. Then multiplying the thickness in cm and ohms/square value gives 0.19518 ohms cm. 

This is due to the carbon fiber substrate, which is the dominant factor in the electrical 

conductivity of the GDLs. The four-probe electrical resistivity meter apparatus is shown in 

Figure 45. 

 
Figure 45 Four Probe Electrical Resistivity Meter 
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Ultra-Ever Dry Coated Carbonized Fibers  

 
The surface resistivity measured using the four-probe apparatus is 18.77 Ω/sq. The 

thickness of the coated carbon fibers is 0.10 mm or 0.010cms which gives the electrical 

conductivity as 0.1877 ohms-cm. [39] 

 
4.4 XRD Analysis 

The XRD image obtained from the carbonized fibers are shown in Figure 46.  A very 

strong diffraction peak at 2θ -25 appears which is ideal for carbonized fibers. The spacing of this 

peak is calculated as d= 3.56A˚ with reflection of (100) corresponding the α phase crystals. After 

the α-phase crystals, there is reduction in the peaks all over the results which is due to the large 

amount of carbon present in them.  

 

 
Figure 46 XRD Image Peaks of Carbon Fibers 
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4.5 FTIR Analysis 

 

Before stabilization, distinct absorption bands appeared at 2244.34, 1452, and 1370 cm−1 

as- signed to νC-H in CH2, νC≡N in CN, δC-H in CH2 , and δC-H in CH, respectively and also 

stating the presence of nitrile and carbon as shown in Figure 47. A band at 1249 cm−1 resulted 

from S=O groups of Dimethyl sulfoxide (DMSO) solvent, which were remained after spinning. 

A new small band at 773.13 cm−1 was observed with stabilized fibers. It is stated that the band is 

allocated to the α, β-unsaturated nitrile groups due to hydrogenation and isomerization of the 

ladder polymer. 

 
Figure 47 FTIR of Electrospun PAN Nano Fibers 
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Figure 48 represents FTIR results of the carbonized fibers. Two bands at 1545.2 and 

1129.93 cm
−1

 are observed for the crystalline state of carbon fibers. This shows a reduction of 

peak values due to the fact that stabilizing and carbonizing at high temperature weakens the 

bonding. 

 
Figure 48 FTIR of Carbonized PAN Fibers 
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Figure 49 FTIR of Ultra Ever Dry Coated PAN Fibers 

 

The wavenumbers with the Ultra-Ever Dry coated carbonized PAN fibers shows similar 

results with uncoated carbon fibers as shown in Figure 49. A unique peak was observed at 

1030.50 cm
−1

 indicating the presence of highly coated bonding of the PAN fibers. These CF2-, 

and, -CF3- groups provide hydrophobic properties to the carbon fibers. The PAN carbon fiber and 

the ultra-ever dry solution form covalent bonds between them which provides stronger and more 

stable binding, compared to the physically adsorbed PTFE particles on carbon fiber. [40] 
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The main sample with both superhydrophobic and hydrophilic coating areas indicates 

different peaks with the Ultra-Ever Dry coated PAN fibers as shown in Figure 50. Two different 

reducing peaks were observed at wavenumbers 1118.16 and 1025 cm
−1

  

 
Figure 50 FTIR of Main Sample PAN Fibers 

 

In conclusion, the reduction of peaks during stabilization is related to the cyclization of 

nitrile group which is very intense which is shown in Figure 51.  
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Figure 51 FTIR Comparison of Fibers 

 

4.6 DSC Analysis 

DSC was performed at NIAR using a Q1000 TA Instrument to analyze the heat flow of 

the specimens with respect to temperature. Heat properties such as glass transition temperature, 

crystallization, and melting were analyzed. 
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The PAN fibers before stabilization showed one exothermic peak at 306.95°C and an 

onset temperature was 304.80°C. The heat diffusion was calculated as 516.5 J/g. It is known that 

compared to itaconic acid modified PAN, which can have two separated peaks due to ionic and 

free radical mechanism, pure PAN fiber is cyclized only by a free radical mechanism, revealing 

one peak as shown in Figure 52 [41] 

 

 
Figure 52 DSC Electrospun Fibers 

 

The PAN fibers after stabilization showed more endothermic peaks at 147.04°C and at 

217.85°C. The onset temperature was 199.62°C. The heat diffusion was 151.9 J/g. Compared to 

unstabilized fibers, the heat of reaction decreased from 516.5 J/g to 151.9 J/g, which indicates 

that PAN molecules were stabilized for 60 minutes in a tube furnace. As the stabilized time 

increased, the peak was broader with a higher cyclization temperature. Furthermore, heat of the 

cyclization became smaller, and it is an evident that stabilization for more than 180 minutes led 

to a significant degree of cyclization, which is consistent with FTIR results, as shown in Figure 

53. [42] 
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Figure 53 DSC Carbon Fibers Uncoated 

 

The Carbonized PAN fibers after superhydrophobic coatings displayed more endothermic 

peaks at 131.61°C, 137.98°C and at 227.20°C.  An onset temperature was 197.32°C. The heat 

diffusion is 46.75 J/g shown in Figure 54.  

 
Figure 54 DSC Carbon Fibers Ultra Ever Dry Coated 
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The crystallization percentage is calculated by  

 %	 ∆

∆ .
100 (4.2) 

Where, 

∆  is the heat of diffusion of the material calculated from the melting peaks and  

∆ .  is the heat of diffusion of material at 100% crystallization. [43] The 100% 

crystallization value of heat of diffusion for PAN carbon fibers is 90 J/g [44]  

 
Figure 55 Crystallization % Variations of Samples 

 

4.7 Condensation Test of Carbonized GDL 

An ice cube is placed on the top of the sample for condensation test. When the ice cube 

totally melts, the hydrophilic area of the carbonized GDL got completely wet whereas, the 

superhydrophic area repelled the water towards hydrophilic side and stays dry. This shows the 

carbonized GDL exhibits the required properties and surface area in order to enhance the 

performance of the PEM fuel cell by maintaining better water management. [45]This phenomena 

is shown in the following Figures 56 and 57. It is observed that the hydrophilic area of the 

0%

10%

20%

30%

40%

50%

60%

70%

80%

Carbonized fibers Ultra ever dry coated samples

C
ry

st
al

li
ni

ty
 %

No. of Samples

% Crystallinity of Carbonized Fibers

Carbonized Fibers

Coated Carbon Fibers



64 

carbon fiber GDL absorbs the water and super hydrophobic area repels the water towards the 

hydrophobic side and due to this phenomena the water management is maintained appropriately 

eventually increasing overall performance and operation of the PEM fuel cell 

 
Figure 56 Condensation Test with an Ice Cube 

 

 
Figure 57 Condensation Results of Carbonized Nano Fiber GDL 
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CHAPTER 5 
 

CONCLUSION 
 
 

PAN-based carbon nanofibers were prepared as a base surface of the GDL of a PEM fuel 

cell. Experiments were performed to analyze the ideal thermal, chemical, and physical properties 

of the GDL. The water contact angle was increased to 58%, with super-hydrophobic coatings 

reaching 165°C. The carbonized PAN-fiber GDL was placed at the cathode electrode of the fuel 

cell from which oxygen gas is passed. 

The other commercial GDL was placed at the anode electrode of the fuel cell from which 

hydrogen gas is passed, and the electrons from hydrogen were passed through the external circuit 

producing the electricity. The super-hydrophobic area in the carbonized GDL repelled the water 

towards the hydrophilic side, which was the required goal. The hydrophilic area of the 

carbonized GDL absorbs and drains the water out of the fuel cell with the help of air flow for the 

purpose of reducing water flooding. The percent crystallinity was calculated from the DSC test 

to be 52% with the hydrophobic coatings, thus stating the ideal working conditions of a PEM 

fuel cell. 

The electrical resistance for the coated carbon fibers was measured to be 0.1877 Ω/sq., 

with a thickness of 0.01 cm, which shows good operation of the fuel cell, and this can be 

increased by varying the percentage of the coatings applied on the fibers and by varying the 

distance between the spinneret and the collector during the electrospinning process. 
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CHAPTER 6 
 

FUTURE WORK 
 
 

The Carbonized GDL will be placed at cathode electrode to perform a run on a complete 

fuel cell work station.  To calculate and improve the electricity produced by the fuel cell by using 

the ECS lab software. Maintaining the water management in an appropriate manner by removing 

excess water through air flow and heat to avoid the flooding Improvising the better efficiency of 

the fuel cell by carbonized GDL. 

 
The Carbon Fiber GDL can be produced with different material properties during the 

electrospinning by varying the distance between the spinneret and the collector. The 

superhydrophobic coatings can also be performed on the carbon cloth and all experiments can be 

performed to analyze the electrical conductivity of the fuel cell. 
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