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Abstract 

A Gas Diffusion Layer (GDL) is an integral component of a PEM fuel cell stack, which 

plays a significant role in determining its performance, durability and the dynamic 

characteristics. An ideal GDL function to simultaneously transport three of the five 

essential elements, namely gas, water and heat involved in the electrochemical reaction. 

In addition, it also transports the electron produced in the electro chemical reaction and 

serves as an armour to safeguard the membrane (Nafion), which is a delicate and most 

expensive component of the PEM fuel cell stack. However, the conventional carbon-

based GDL materials suffer from degradation issues during PEM fuel cell operation, and 

the predominant one is the electrochemical voltage oxidation. 

The electrochemical degradation is due to the oxidation of the carbon present in the 

carbon paper to carbon dioxide especially at voltages greater than 0.207 V on a standard 

hydrogen electrode (SHE). Operating a PEM fuel cell stack at a low voltage (<0.207 V) 

is not practically possible since it can severely aggravate the operating efficiency and 

power density of the PEM fuel cell stack. Incorporating a GDL that is free from carbon 

can be a promising solution to circumvent these issues about the electrochemical 

oxidation. Also, the conventional GDL manufacturing technique had a tedious and 

complicated process, which involves multiple stages. These multiple production stages 

also led to its high manufacturing costs and increased lead-time. 

The proposed research work is estimated to address both these issues of GDL durability 

and manufacturing costs. The additive manufacturing method incorporating selective 

laser sintering (SLS) technique aims to provide a comprehensive solution to address both 

these issues. The concept of SLS is that the laser beam robotically scans the composite 

powder (base and conductive powder) at points in a space defined by a 3D model, fusing 

and subsequently binding the composite material together to create a solid-state structure. 

Thus, SLS can be a favourable route to fabricate a carbon-free GDL as well as to reduce 

its manufacturing costs and lead-time. At the end of the experimental investigation, 
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holistic characterisation studies were performed to have a general insight on the 

characteristics of the proposed material. Valuable information is extrapolated from the 

characterisation studies, which can assist, to fine-tune the material selection and SLS 

process parameter. In addition, ground-breaking findings from the perspective of the 

structural and functional relationship of the proposed GDL specimen had been made 

considering the first principles of the diverse field of engineering. Though the 

performance based on the experimental results are inferior, it gives us the buoyancy that 

the proposed proof of concept can be a promising route to fabricate durable and cost-

effective gas diffusion layers based on the critical observations of the SLS process.  
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Chapter 1: Background 

“Thousand Miles Journey Begins with the First Step” 

       Lao Tzu 

1.1 Introduction 

Energy is an indispensable constituent and key driver for the sustainable growth of 

any nation. Conventional energy systems, though highly reliable, pose devastating 

consequences due to toxic gas emission. To circumvent this effect, the use of alternative 

energy systems has been significantly increasing over the last few decades. Regrettably, 

the most accredited clean systems, such as wind and solar power systems pose concerns 

due to their intermittent nature, causing a mismatch between the energy supply and 

demand. Fuel cells can be a promising solution to address these issues, as they have the 

potential to be both a clean and reliable power system. In addition, their operating 

efficiency can be as high as 85% for combined heat and power [1]. Furthermore, fuel 

cells have economic implications for petroleum importing nations by reducing a 

dependency on imported petroleum and enhancing the energy security. The present 

chapter deals with the fuel cell fundamentals, fuel cell types, fuel cell performance 

characteristics, fuel cell efficiency, advantages of PEM fuel cells, and various key 

components of the PEM fuel cell stack. The chapter also includes an outline of the 

thesis. 

1.2 Fuel Cell Fundamentals 

Fuel cells have been in existence since 1838 a few decades before Nikolaus Otto 

designed the Internal Combustion (IC) engine. In the December 1838 edition of The 

London and Edinburgh Philosophical Magazine and Journal of Science, Welsh 

physicist  William Grove explained the basic concept of fuel cell [2] operation. Grove 

used a combination of sheet iron, copper and porcelain plates, and a solution of sulphate 

of copper and diluted acid. 

https://en.wikipedia.org/wiki/Nikolaus_Otto
https://en.wikipedia.org/wiki/William_Robert_Grove
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In a fuel cell, the chemical energy of the fuel is converted directly to electrical energy, 

unlike traditional generators, where the chemical energy is first converted to the 

mechanical energy (by IC engine) and then to electrical energy (by generator) as 

illustrated in Figure 1.1. 
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Figure 1.1 Energy Conversion Path of Conventional Systems 

 

Furthermore, the fuel cells retain the best attributes of both batteries and internal 

combustion (IC) engines making it a versatile energy conversion system [3]. It is known 

that fuel cells are the only static energy systems that are adaptable to a wide range of 

power levels, e.g., microwatt (implantable devices), kilowatt (transportation) and 

megawatt (industrial) applications. However, the types of fuel cell systems to be used for 

specific applications will depend on the functional requirement, compatibility and 

economic constraints. Among the various fuel cell types, polymer electrolyte membrane 

(PEM) fuel cells are anticipated to be optimum for future technology applications due to 
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their versatile characteristics such as high power density (compatible for transportation), 

low operating temperature (60-90oC) and dynamic response [4].  

1.3 Fuel Cell Reaction 

The basic concept of the fuel cell (irrespective of type) is that it produces electricity 

with hydrogen (or hydrogen-rich fuel) and oxygen (air) as fuel in the electro chemical 

process, producing water and heat as the by-product. The anode, cathode and the net 

reaction of a PEM fuel cell are as follows: 

Anode:  𝐻2 (𝑔𝑎𝑠) → 2𝐻+
(𝑎𝑞) + 2𝑒− 𝐸𝑎

𝑜 = 0 𝑉

Cathode: 1
2⁄ 𝑂2 (𝑔𝑎𝑠) + 2𝐻+

(𝑎𝑞) + 2𝑒− → 𝐻2𝑂(𝑙𝑖𝑞) 𝐸𝑐
𝑜 = 1.229 𝑉

Net 

Reaction: 𝐻2 (𝑔𝑎𝑠) + 1
2⁄ 𝑂2 (𝑔𝑎𝑠) → 𝐻2𝑂(𝑙𝑖𝑞)+Power+Heat 𝐸𝑜 =   𝐸𝑐

𝑜 − 𝐸𝑎
𝑜

 𝐸𝑜 = 1.229 𝑉     

The ideal standard potential (𝐸𝑜 ) at 298 K for a fuel cell in which H2 and O2 react is

1.229 V with the liquid water as product or 1.18 V with the gaseous water as product  [5]. 

Each case assumes gaseous products as its basis. The open circuit potential of a fuel cell 

is influenced by the reactant concentrations and the maximum ideal potential occurs when 

the reactants at the anode and cathode are pure. In an air-fed system or if the feed to the 

anode is other than pure hydrogen, the cell potential will be reduced. 

1.4 Fuel Cell Classification 

Fuel cells are generally classified based on the electrolyte and characteristics of widely 

used fuel cells namely Alkaline Fuel Cell (AFC), Phosphoric Acid Fuel Cell (PAFC), 

Molten Carbonate Fuel Cell (MCFC), Solid Oxide Fuel Cell (SOFC), and Polymer 

Electrolyte Membrane Fuel Cell (PEMFC). Table 1.1 summarises the properties of the 
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most widely used fuel cells, their characteristics, and applications based on their 

temperature.  

Table 1.1 Classification of Fuel cells [Organised from high to low temperature] 

Fuel Cell Type Electrolyte/ 

Charge Carrier 

System 

Efficiency 

Advantages 

Solid Oxide 

Fuel Cell 

(SOFC) 

Yttria-stabilized 

zirocnia, or more 

recently, lanthanide 

doped ceria 

O2- 

50-60% High operating temperature. 

Therefore, nonnoble catalysts 

and can operate on cheap 

fuels. 

Molten 

Carbonate 

Fuel Cell 

(MCFC) 

Immobilized 

Carbonate solution 

CO3
2−

50-60% High operating temperature. 

Therefore, non-expensive 

catalysts and can operate on 

cheap fuels. 

Phosphoric 

Acid 

Fuel Cell 

(PAFC) 

Immobilized 

Phosphoric acid 

soaked in a matrix 

H+ 

40-45% Can use impure H2 as fuel and 

can tolerate up to 1.5% CO 

(carbon monoxide). 

Alkaline 

Fuel Cell 

(AFC) 

Potassium 

hydroxide, soaked in 

a matrix 

OH- 

60% Aqueous electrolyte promotes 

fast cathode reaction and high 

performance. 

Polymer 

Electrolyte 

Membrane 

Fuel Cell 

(PEMFC) 

Perfluoro- 

sulfonic acid 

(Nafion) 

H+ 

60%        High power density, Low 

temperature and quick startup 

(excellent for vehicle 

applications).  
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Direct Alcohol Fuel Cell (DAFC) 

Direct Alcohol Fuel Cell is a subset of PEM fuel cells that incorporates similar proton 

exchange membranes where the alcohol is fed directly into the anode of the stack instead 

of hydrogen gas. In these systems, the anode catalyst draws the hydrogen from liquid 

fuels (Hydrogen carrier). The empirical equation that governs the oxidation of alcohols is 

given by [6] as: 

𝐶𝑛𝐻2𝑛+1𝑂𝐻 + (2𝑛 − 1)𝐻2𝑂 → 𝑛𝐶𝑂2 + 6𝑛𝐻+ + 6𝑛𝑒−

The limitation in hydrogen storage, low operating temperatures, and high energy density 

makes this DAFC an appropriate candidate for low power applications to energize mobile 

and other portable electronic kits [6]. 

Regenerative Fuel Cell (RFC) 

The Regenerative Fuel Cell (RFC) is also usually a subset of PEM fuel cells capable of 

operating in both the fuel cell and electrolyser mode. While operating in fuel cell mode, 

it produces electricity from the hydrogen and oxygen/air. In the reverse mode, it acts as 

an electrolyser for generating hydrogen (which can be stored and used in fuel cell 

operational mode) and oxygen. The most significant advantage of RFC is that it can be 

bi-functional and can be used to deliver power ON demand.  

1.5 Polarisation Curve and its Significance 

The significance of the polarisation curve is that it is used to analyse the fuel cell 

performance and losses. The polarisation curve is the basic kinetic law for any 

electrochemical reaction and is a plot of current density (I) versus potential (V) for a 

specific electrode-electrolyte combination. The losses in a fuel cell that produces voltage 

drops are: a) Activation losses, b) Ohmic losses, c) Mass transport/Concentration losses. 

A typical fuel cell has a polarisation characteristic as shown in Figure 1.2. 
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Figure 1.2 V-I Characteristics of Fuel Cells 

The output voltage of the single PEM fuel cell is defined by the following equation [10]. 

ConOhmicactFc VVVEV  0

Vact represents the activation losses that are caused by sluggish electrode kinetics, the 

electrocatalyst material, and reactant activities. VOhmic represents the Ohmic losses, which 

arise due to the resistance to the flow of ions in the electrolyte and resistance to flow of 

electrons through the electrode. In addition, the contact resistance at the cell terminals 

contributes to Ohmic losses. As a rule of thumb, PEM fuel cells are predominantly 

operated in the Ohmic region. VCon represents the concentration or mass transportation 

loss, which is due to a decrease in the gas concentration at the surface of the electrode-

electrolyte interface. In a PEM fuel cell, the GDL plays a significant part in reducing not 

only the mass transport related losses but also Ohmic losses. Thus, the function of the 

GDL is directly correlated to the performance of PEM fuel cell. 
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1.6 Fuel Cell Efficiency 

For a fuel cell, the useful energy output is the electrical energy produced, and energy 

input is the enthalpy (energy content) of the fuel (hydrogen). Assuming that all of the 

Gibbs free energy can be converted into electrical energy, the maximum possible 

theoretical efficiency (𝜂𝑡ℎ) of a fuel cell operating at 25°C by using the hydrogen higher 

heating value  [7]: 

𝜂𝑡ℎ =
Δ𝐺𝑓

𝑜

Δ𝐻𝑜
=

237.1
𝑘𝐽

𝑚𝑜𝑙

286
𝑘𝐽

𝑚𝑜𝑙

 

          = 83% 

Where; 

 Δ𝐺𝑓
𝑜 = Gibbs free energy of fuel 

 Δ𝐻𝑜= Enthalpy (or heating value of fuel) 

 

The theoretical efficiency also termed the thermodynamic efficiency. As mentioned 

previously, the ideal voltage of a cell operating reversibly on pure hydrogen and oxygen 

at 1 atm pressure and 25ºC is 1.229 V. Thus, the thermodynamic efficiency of an actual 

fuel cell operating at a voltage of cellV  is given by: 

 

η𝑎𝑐𝑡 = 0.83 × 𝑉𝑐𝑒𝑙𝑙 𝐸𝑖𝑑𝑒𝑎𝑙⁄  

                                                         = 0.83 × 𝑉𝑐𝑒𝑙𝑙 1.229⁄  

          = 0.675 × 𝑉𝑐𝑒𝑙𝑙          

  

However, in fuel cells, the fuel (hydrogen) is not entirely converted - unlike most types 

of heat engines. To attain the total stack efficiency of a fuel cell, the ideal thermodynamic 

and voltage efficiency should be multiplied by the utilization factor, which refers to the 

fraction of the total fuel or oxidant introduced into a fuel cell that reacts electrochemically. 
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1.7 PEM Fuel Cells: Principle and Integral Components 

Amongst the various fuel cell types, PEM fuel cells are intensively studied due to their 

distinctive characteristics such as high-power density, low-operating temperatures (60-

80ºC), rapid start-up and dynamic response. 

 

 

Figure 1.3 PEM fuel cell Stack Component and Ion transfer. 

 

Figure 1.3 [8] is a schematic representation of a typical PEM fuel cell revealing the 

membrane and electrode components (MEA), flow field plates, gas diffusion layer (GDL) 

components and ion transport.  

1.7.1 Membrane and Electrode Assembly (MEA) 

For a PEM fuel cell, the Membrane and Electrode Assembly (MEA) is the core structure 

entailing an electrolyte (proton-exchange membrane) with surfaces coated with 

catalyst/carbon/binder layers and sandwiched by gas diffusion layers and current 

collectors. The components of a typical MEA and their functions are elaborated in Table 

1.2. 
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Table 1.2 Integral Membrane and Electrode Components and their Function 

Components Functions 

Proton Exchange or 

Polymer Electrolyte 

Membrane (PEM)  

e.g., Nafion 

i. Conducts protons and impedes the flow of electrons. 

ii. Must be thin (to reduce ohmic loss) and should have high 

protonic conductivity (to pass protons) 

Catalyst Layers (CL) 

e.g., Pt., Ru. 

i. The active site, where the reaction takes place. 

ii. Must have optimal mass transport characteristics. 

Gas Diffusion Layers 

(GDL). 

e.g., C-Paper and 

Cloth 

i. Facilitates diffusion of reactant gases across the catalyst 

layer. 

ii. Aids the transportation of electricity, heat and product 

water from MEA. 

iii. Prevents the water flooding in the electrode, by 

consistently removing the by-product water.   

iv. Optimally maintains temperature distribution.   

1.7.2 Flow Field (Graphite) Plate 

The flow field or bipolar plate is usually made of graphite, and it functions to transfer 

electrons between adjacent cells. It can be made of either metal (stainless steel, titanium, 

aluminium, and several metal alloys) or conductive carbon polymer (high-density graphite 

made of polymer resin-impregnated graphite). These conductive plates act as an anode for 

one half-cell and as the cathode for the adjacent half-cell. A variety of bipolar plate designs 

are known, and the conventional designs typically comprise either pin, integrated cooling 

flow fields, interdigitated flow field, parallel or serpentine designs [9]. The bipolar plates 

provide a structural support and path for the products of the reaction to be evacuated from 

the cell [9]. In addition, the bipolar plates also assist in an efficient thermal management.  

1.7.3 Electro-catalysts Layer and its Characteristics 

Conventional PEM fuel cells use platinum on porous carbon as catalysts and nano 

platinum particles under certain conditions as they have a higher surface area. Physically, 

the catalyst layer is in direct contact with the membrane and the gas diffusion layer. 
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Platinum-Ruthenium (Pt/Ru) based alloys may be used where ‘impure’ hydrogen is used 

[10]. The catalyst layers need to be designed to generate high rates of the desired reactions 

and minimize the amount of catalyst necessary for attaining the required power output. 

The catalyst either covers the surface of the GDL or directly coats the surface of the 

membrane (catalyst-coated membrane).  

1.7.4 Gas Diffusion Layer (GDL) 

The GDL electrically interconnects the catalyst and current collector. The GDL acts as a 

pathway to the catalyst layer from the flow channels. It anatomically comprises of two 

layers, a hydrophobic agent (Poly Tetra Fluoro Ethylene) and a microporous layer made 

of Toray carbon paper or a carbon cloth that is covered with a microporous layer. GDL 

also aids to remove the product water or else flooding can occur where water blocks the 

GDL site and this limits the reactants ability to access the catalyst, and this significantly 

decreases performance. Several GDL microscopic variables such as porosity, tortuosity, 

and permeability impact the behaviour of the fuel cells [11]. The functions of an ideal 

GDL have been previously elaborated in Table 1.2. Figure 1.4 represents examples of 

commercial gas diffusion layers: a) carbon paper and b) carbon cloth. 

 

 
a) Carbon paper 

 

 
b) Carbon cloth. 

Figure 1.4 Conventional gas diffusion layer a) Carbon paper b) Carbon cloth. 

1.8 Outline of the Thesis 

A gas diffusion layer (GDL) is one of the critical components in PEM fuel cells, and 

hence it has been given more emphasis due to its multifunctional characteristics of 

transporting the reactant gases, electric current, heat and product water. The general 
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objective of the thesis is to fabricate a durable and economical GDL, which can contribute 

to the commercialisation of the PEM fuel cell stack. The thesis is organised as follows: 

 

I. Chapter 1 provides a snapshot of the fundamentals of PEM fuel cells, their 

performance, efficiency, operating principles and key components.  

 

II. Chapter 2 comprehends the role of the currently available gas diffusion layer in 

PEM fuel cell stacks and establishes the characteristics of them including the 

geometry, porosity, conductivity and fabrication techniques. These characteristics 

influence the performance of the PEM fuel cell stack, and consequently, they were 

methodically reviewed. The chapter also envisages the research question as well 

as the contributions to the knowledge made.  

 

III. Chapter 3 deals with the methodology to perform the experiment, as well as the 

complete list of materials required systematically. The chapter also briefly 

illustrates the SLS principle of operation. In addition, the chapter provides a 

snapshot of the rationale for choosing the various materials as well as their 

characterisation.  

 

IV. Chapter 4 presents an initial trial executed through the two-independent processes 

namely, selective laser sintering (SLS) and micro fabrication technique. Chapter 

4 also comprehensively deals with the characterisations studies that are performed 

to the GDL specimen, i.e. graphene-coated alumide specimen.  

 

V. Chapter 5 describes an experimental process using an iterative technique, which 

provides us with the feasibility to attain faster and flexible GDL product 

development. The investigation is performed with Alumide/Polyamide as base 

polymer and Titanium (micron and nano) as a functional powder. The various 

combinations of the base powder and the metallic powders in the composition is 

critically considered for analysis. Various characterisation studies such as 

thickness, surface morphology, electrical conductivity, tensile strength, 

hydrophobicity, porosity and thermal conductivity are performed and the 
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observations from these characterisation studies are comprehensively discussed. 

Chapter 5 also deals with the real-time evaluation of the proposed GDL through 

an experiment in the PEM fuel cell environment. A polarisation study is 

performed to find out the appropriate material. 

 

VI. Chapter 6 critically analyses the results and envisages the holistic assessment of 

the experiment based on the characterisation studies involved. The chapter also 

correlates the functional relationship of thermal conductivity, electrical 

conductivity and hydraulic conductivity for the proposed gas diffusion layer. This 

kind of interdisciplinary investigation is also a first of its kind for a PEM fuel cell 

application and can provide a more holistic insight into the material property from 

the various perspectives of Engineering. The chapter also analyses the various 

limitations of the present work holistically. The chapter also provides critical 

assessment and recommendations required in the proposed proof of concept. 

 

VII. Chapter 7 concludes with the significant contributions made by this thesis and 

demonstrates the various key findings. Apparently, future work is also discussed 

in the chapter. 
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Chapter 2: Literature Review 

“If I was given 6 hours to cut a Tree, I would spend the first 4 hours in Sharpening 

the Axe.”                   

Abraham Lincoln 

2.1 Introduction 

PEM fuel cell is a reliable power system due to its characteristics such as dynamic 

response, high power density and operating efficiency [12]. The membrane and electrode 

assembly (MEA) is the integral component of a PEM fuel cell stack and is sometimes 

acknowledged as the “heart of the PEM fuel cell stack”. Gas diffusion medium is a critical 

component of a MEA that not only influences the characteristics such as dynamic 

response and power density, but also durability as well. Fundamentally, gas (hydrogen 

and air) being the reactants in PEM fuel cell is converted to electrical energy and heat. 

Therefore, the amount of gas passing through the diffusion layer is proportional to the 

current and heat produced in the stack. 

Consequently, there are numerous engineering phenomena involved in its design, and 

there are numerous literatures about it. The present chapter provides a comprehensive 

review of the gas diffusion mechanism as well as the structural characteristics of the 

conventional GDL. The various characteristics involved in the GDL and the 

characteristics that govern the transport of reactant and product gas, transports of electric 

current, heat and product water. The chapter also deals with a snapshot of the 

advancement in modern GDL and novel manufacturing techniques involved in GDL 

fabrication.  

 

2.2 Gas Diffusion and Structural Characteristics of GDL  

 

Gas diffusion is a transport process involved in fuel cell stack, and Fick’s law [13] 

predicts how diffusion causes the concentration to change with time, and the equation is 

governed as follows: 

         
∂𝐶𝑖

∂t
    =   𝐷𝑖

𝑒𝑞 ∂2C𝑖

∂𝑧2
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Where; 

 Ci  is the concentration. 

 𝐷𝑖
𝑒𝑞

 is the diffusion coefficient. 

 z is the position [length].  

 

Fick’s law is insufficient in approximating the mass diffusion process due to its fine pore 

sizes and, as a result, the effective diffusion coefficient is modified by Bruggeman’s 

correction. This alteration is employed in species transport of oxidants and fuels in the 

porous media of the PEM fuel cells. However, the texture of porous media is very 

complex and, the relative influence of ordinary diffusion or Knudsen diffusion on species 

transport is governed by the pore geometry [14].  

Mass transfer can take place by Knudsen or Fickian diffusion if the pores are sufficiently 

small [15] as well as the diffusion characteristics of the macroporous layer can be 

examined by Fick’s laws, while the microporous layer exhibits Knudsen diffusion. The 

Knudsen number, Kn used to characterize the regime of diffusion is defined as: 

Kn = λg/dp                                

                                                                        

Where; 

λg is the mean molecular free path. 

 dp is the pore diameter. 

 

An estimate of Kn under practical cell operating conditions shows that this usually occurs 

for the gases in a PEM fuel cell when the permeability is in the range of 10−16 to 10−17 m2 

and for λg/dp  <<1 the Knudsen diffusion effect is neglected [16]. The effective diffusion 

coefficient (Deff) is related to the bulk diffusion coefficient (D) through the MacMullin 

number and is governed by the equation: 

                                          𝑁𝑀 =
𝐷

𝐷𝑒𝑓𝑓
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The MacMullin number is determined only by the morphology of the GDL and can be 

expressed as a generalized relationship with tortuosity (τ) and porosity (ɛ): 

  𝑁𝑀    = 𝑓(𝜏, 𝜀) =  𝜏𝑛

𝜀𝑚⁄                                                         

Where n and m are constants that depend on the geometrical model of the porous media, 

under some conditions of an operating fuel cell, pores in the GDL can be filled with liquid 

water, which effectively decreases the porosity for the gas stream. Porosity quantifies the 

reduction in a cross-sectional area available for gaseous transport, while tortuosity 

characterizes the convoluted nature of the porous pathways followed by diffusing species. 

The tortuosity (𝜏) of each sample was estimated using the Bruggeman equation [17]: 

𝜏 =
1

𝜀1/2
      

The theoretical determination of tortuosity is model dependent and extremely 

cumbersome. A study by Springer et al. [18] reveals that the effective tortuous path length 

for gas diffusion in the cathode backing is about 2.6 times the thickness. 

Observations by Fishman et al. [19] revealed that the GDL had been shown to be an 

anisotropic and heterogeneous material with transport properties varying significantly 

between the in-plane and through-plane directions. Ironically, Gostick et al. [20] claimed 

that most of the GDL materials were found to display higher in-plane than through-plane 

permeability. Measurement of relative permeability of GDL has received little attention; 

however, some early attempts to measure air relative permeability were reported by Koido 

et al. [21]. Properties of the GDL such as permeability, porosity, tortuosity, and the 

hydrophobic treatment can affect the degree of flooding, thus impacting the fuel cell 

performance [22]. The absolute gas permeability of PEM fuel cells using various gas 

diffusion layer (GDL) materials were analysed in three perpendicular directions to inspect 

the anisotropic properties, and it is observed that most materials were found to display 

higher in-plane permeability than through plane. Hussaini et al. [23] measured the 

absolute permeability and air-water relative permeability functions for typical GDL 

materials such as Toray carbon paper and E-Tek carbon cloth and concluded absolute 

permeability of the carbon paper materials, in the in-plane directions, are found to be 

higher than their through-plane values by about 18%, whereas for carbon cloth, through-

plane permeability is found to be higher by about 75%. PEM fuel cell performance may 
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be strongly influenced by the in-plane permeability of the GDL [24], and liquid water 

saturation is found to be a linear function of a capillary number. At a given capillary 

number, carbon papers show similar saturation in both directions whereas carbon cloth 

shows higher saturation in the through-plane than in-plane. Physical characterization 

studies on diffusion mediums by Benziger et al. [25] provided details about the pore sizes 

of different gas diffusion media. Rofaiel et al. [26] presented a novel method for 

measuring heterogeneous through-plane PTFE distributions within the bulk of the GDL 

using energy dispersive X-ray spectrometry (EDX) imaging. Table 2.1 provides the 

physical characterization of diffusion medium. 

Table 2.1 Physical characteristics of diffusion medium [25, 26] 

Media 

Dry areal 

mass (kg/m2) 

 

Areal mass after 

liquid water 

contact (kg/m2) 

Void 

fraction 

Advancing/ 

Receding 

contact 

angle 

Carbon paper 

(Toray) 
0.259±0.007 0.469±0.052 0.72±0.05 115o /30o 

Carbon paper + 

20% Teflon 
0.374±0.007 0.423±0.035 0.69±0.05 170o /120o 

Carbon paper + 

40% Teflon 
0.456±0.010 0.525±0.047 0.59±0.05 170o /120o 

Carbon paper + 

60% Teflon 
0.476±0.009 0.526±0.044 0.50±0.05 170o /120o 

Carbon cloth 0.355±0.009 0.484±0.027 0.75±0.05 95 o /30 o 

Carbon cloth + 

20% Teflon 
0.476±0.012 0.551±0.047 0.73±0.05 170o /120o 

Carbon cloth + 

40% Teflon 
0.595±0.011 0.648±0.041 0.68±0.05 170o /120o 

Carbon cloth + 

60% Teflon 
0.697±0.017 0.839±0.055 0.52±0.05 170o /120o 

E-TEK/ELAT 

electrode 
0.435±0.011 0.620±0.036 0.74±0.05 170o /120o 

 

2.3 Electrochemical Characteristics of GDL 

Electrochemical impedance spectroscopy is, perhaps, the most reliable tool for in-situ 

fuel cell characterization [27]. The process of gas diffusion creates impedance called 

Warburg impedance, which depends on the frequency of the potential perturbation at high 
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frequencies, the Warburg impedance is small since diffusing reactants do not have to 

move very far, and at low frequencies, the reactants have to diffuse farther, increasing the 

impedance.  

 

2.4 Conventional Gas Diffusion Medium (Carbon Paper vs. Carbon Cloth) 

A GDL typically consists of a macro porous layer and a microporous layer (MPL). 

Carbon cloth or non-woven carbon paper is widely used as a GDL due to its high gas 

permeability, electronic and heat conductivity. The appropriate candidates for diffusion 

of reactant gases in PEM fuel cells are the carbon fibre-based products such as non-woven 

papers and woven cloths due to their high porosity (>70 %) and electrical conductivity. 

The typical properties of these two materials are specified in Table 2.2   

Table 2.2 Comparison of features of carbon paper and carbon cloth [28]. 

a Reported by Toray (unless indicated otherwise)  
b Reported by Ballard Material Systems (unless indicated otherwise) 
c Measured at General Motors (GM), includes diffusion-media bulk resistance and two contact     

resistances (plate to diffusion media) 
d Measured at GM, uncompressed, average of resistivity in the machine and cross-machine direction. 
e Measured at GM, uncompressed, 1 Darcy =10-12 m2 

 

Properties Method Carbon 

papera 

Carbon 

clothb 

Thickness (µm) Callipers at 7 kPa 0.19 0.38 

Areal weight(gm-2) Gravimetric 85 118 

Density (gcm-3) At 7kPa Calculated 0.45 0.31 

Resistance 

(Through-plane, Ωcm2) 

Two flat graphite 

blocks at 1.3 MPa 

0.009c 0.005 c 

 

Bulk Resistivity 

(Through-plane Ωcm) 

Mercury contacts 0.08 NA 

Bulk Resistivity 

(In plane Ωcm) 

Four probe 0.0055d 0.0091d 

Gas permeability  

(through plane, Darcy) 

Gurley 

permeometer 

8e 55e 

Material description 4301 Toray Avcarb 1071 
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Gallo Stampino et al. [29] studied the electrical performance of PEM fuel cells with GDL 

made of carbon paper/cloth and demonstrated that a carbon paper-based specimen has 

superior performance in a wide range of current densities starting from OCP to 0.8 A/cm2. 

Sasikumar et al. [30] investigated the performance of gas diffusion electrodes fabricated 

using carbon paper and carbon cloth and observed better performance with carbon paper.  

Their studies showed that the limitation of mass transport was a concern with carbon cloth 

under non-pressurized operating conditions, especially at higher current densities, due to 

the higher thickness and density. Yuan-Kai Liao et al. [31] compared the performance of 

conventional carbon cloth and Polyacrylonitrile based cloth that uses phenolic resin to 

improve the characteristics of the gas diffusion layer (GDL). Yun Wang et al. studied the 

structure-performance relationship of carbon cloth and paper as GDL [28] and revealed 

that under dry conditions, the carbon paper was found to be better due to its higher 

tortuous pore structure, which retained product water in the MEA and enhanced the 

membrane conductivity by reducing ohmic loss. However, they have observed that 

carbon cloth gives a better performance under humidified conditions. The experiment 

conducted by Williams et al. [32] was also in line with that of Yun Wang et al. Park and 

Popov [33] have analysed the influence of a GDL based on carbon paper and cloth 

through various  techniques like mercury porosimetry, surface morphology analysis, 

polarisation techniques, ac-impedance spectroscopy, contact angle and water permeation 

measurement and observed that the MEA fabricated using carbon paper exhibited better 

performance compared to the carbon cloth, because of  high water flow resistance owing 

to less permeable macro porous specimen, and more hydrophobic and compact 

microporous layer. The ac-impedance technique reveals that a micro porous layer that has 

a high volume of micropores and more hydrophobic property allows oxygen to diffuse 

freely towards the catalyst layer due to the active removal of water from the catalyst layer 

to the flow channels. Xie Zhi-Yong et al. [34] compared the performance of PEM fuel 

cells with pyrocarbon and conventional carbon paper composites as a gas diffusion layer. 

The carbon paper was fabricated using a conventional precursor and coating with 

pyrocarbon by pyrolyzing propylene via a chemical vapour deposition (CVD) method. 

For comparison, conventional carbon paper composites were prepared using 

polyacrylonitrile based carbon felt as the precursor followed by impregnation with resin, 

moulding and thermal treatment. Chunyu Du et al. [35] proposed a scheme of fabricating 

http://www.sciencedirect.com/science/article/pii/S0378775308021745


19 

 

a hierarchy of carbon paper with carbon nano tubes uniformly grown on carbon fibres 

and observed it to be good for the self-humidifying PEM fuel cells. They claimed that 

carbon paper facilitated the self-humidifying characteristics and can be attributed to its 

higher hydrophobic nature. 

 

2.5 Significance of Micro-Porous layer (MPL) and its Fabrication 

A Micro Porous Layer (MPL) is a sub-component, and is usually sandwiched between 

the GDL and the CL to reduce the ohmic resistance. It usually comprises of carbon black, 

Teflon as a hydrophobic binder and pore forming agents. The binders such as Teflon or 

PTFE serve two functions namely:  (i) Binding the high surface area carbon particles into 

a cohesive layer (ii) Imparting hydrophobicity to the layer to facilitate the removal of 

water [36]. The MPL also provides a non-permeable support during catalyst deposition 

and manages liquid water flow during fuel cell operation [37-40]. Studies on the effect of 

varying carbon loadings in MPL fabrication were carried out to achieve higher 

performance in PEM fuel cell operation, and there are numerous publications discussing 

various types of carbon for MPLs [41]. Table 2.3 shows the physical properties of various 

carbon blacks used to fabricate MPL [42-45]. 

 Table 2.3 Physical properties of various carbon blacks used to fabricate MPL [42-45] 

Type of carbon Particle 

size (nm) 

Surface 

area (m2/g) 

Pore 

Volume(cm3/g) 

Averaged 

pore radius 

(µm) 

Shawinigan 

acetylene black 

(SAB) 

40 –50 70 0.594 1.7 

Vulcan XC-72 30 250 0.489 1.8 

Black Pearl 2000 

carbon 

15 1501.8 2.67 -- 

Asbury graphite 

850 

-- 13 0.346 3.5 

Mogul L -- 140 0.276 6.0 

 

The results acquired by various researchers by varying PTFE loading in MPL are 

summarized in Table 2.4. The literature [46][68][47, 48] shows that the superior 
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performances are obtained with the lowest PTFE loading, but it is not possible to totally 

eliminate it.  Yan et al. [49] used fluorinated ethylene propylene (FEP) as a hydrophobic 

agent in GDL preparation and achieved the best performance with 20 % FEP content in 

MPL. 

Table 2.4 Effect of PTFE content in MPL on PEMFC Performance [48, 50-52] 

 

2.6 Novel Gas Diffusion Medium 

Limited exploration with other GDL apart from carbon cloth and carbon paper is available 

in the open literature.  Few attempts have been made using metallic thin film as GDL by 

Fushinobu et al. [53], with micro-machined titanium film as GDL due to its high 

endurance property. A similar sort of experiment was also performed by Hottinen et al. 

[54] using titanium sinter material, and their investigation illustrated the applicability of 

titanium sinter as a GDL in free-breathing PEM fuel cells. Micromachined silicon has 

also been used as gas diffusion layer for micro PEM fuel cell applications tested with 

hydrogen/air [41]. The technique of incorporating sintered stainless steel fibre felt was 

implemented by Yi et al. [55] and they inferred that the compressive modulus and 

ductility of GDL were improved. In addition, they observed that the characteristics of 

treated stainless steel fibre felt were comparable to carbon paper. Glora et al. 2001 [56] 

and Long et al. [57] tried using  aerogels to replace conventional gas diffusion layers and 

observed several advantages with aerogels over traditional carbon supports for fuel-cell 

catalysis including large surface areas (typically > 500 m2/g), high-fractional mesoporous 

pore volumes for gas transport, synthetic control over structural properties, and 

Gas 

Diffusion 

Medium 

 

Reactants 

PTFE (%)  

Membrane 

Power 

Density 

(W/cm
2
) 

Range Optimum 

Carbon 

Paper 

H2/Air 25-45 35 Nafion-112 0.360 

Carbon 

Paper 

H2/Air 10-60 30-40 Nafion-112 0.493 

Carbon 

Paper 

H2/O2 10-40 30 Nafion-115 0.250 

Carbon 

Paper 

H2/Air 10-60 20 Nafion-117 0.360 
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availability in monolithic forms [57]. Glora et al. [56] employed a resorcinol-

formaldehyde aerogel with the thickness of less than 500 μm and the highest achieved 

electronic conductivity was about 28 Scm-1 in an 80% porous GDL structure. Wang et al. 

[51] experiment were also in line with that of Glora et al. [56], and the carbon aerogel is 

prepared from a resorcinol-formaldehyde mix by a pyrolysis technique in an inert gas 

atmosphere, and their properties are elaborated in Table 2.5. 

  

Table 2.5 Properties of Carbon Aerogels [51]. 

Parameters Values 

Density(gcm-2) 0.1 - 0.6 

Surface Area (m2/g) 400-1000 

Average pore size (nm) 4 – 30 

Electrical conductivity (Scm-1) 1– 10 

 

Feng-Yuan Zhang et al. [58] developed a novel porous gas diffusion medium with 

improved thermal and electrical conductivity and controllable porosity using MEMS 

technology. The gas diffusion medium had a dimension with 12.5 µm thick copper foil 

and by applying a Micro Porous Layer (MPL) on it to enhance the in-plane transport. 

 

2.7 Durability of GDL   

Durability is one of the most significant issues impeding successful commercialization of 

PEM fuel cell stack. Studies on GDL components of PEM fuel cells degrade in different 

protocols, and the mechanisms involved in the degradation are not entirely implicit, 

because there are, different techniques employed to prepare functional components at 

various operating conditions which are not well quantified by the researchers. 

Specifically, the GDL plays an important role concerning the durability of the MEAs, 

which is a critical concern [59] as well as an abnormally high current density which 

significantly accelerates the deterioration of the GDL. In addition, corrosion on the GDL 

will increase resistance and decrease electrical conductivity. The snapshot on the vital 

degradation factors for GDL is revealed in Figure 2.1. 
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Figure 2.1 Key Degradation factors for Gas Diffusion Layer 

 

The potential chemical causes for the GDL degradation may be due to carbon erosion, 

carbon corrosion, as well as changes in the characteristics such as porosity, 

hydrophobicity, microstructure, etc., which principally leads to mass transport problems. 

Hydrophobicity of GDL accomplishes water management in a fuel cell, and 

polytetrafluoroethylene (PTFE) is used as a hydrophobic agent. Changes in 

hydrophobicity lead to excess water accumulation (flooding problem), which can block 

the gas pathways to the catalyst sites, and accelerate the degradation  [60, 61].  

Thus, the various mechanisms in PEM fuel cell are interrelated, and one degradation 

mechanism may essentially trigger or exacerbate another. For instance, when the applied 

stress of GDL increases, it significantly decreases not only the electrical conductivity but 

also the porosity. Another such example is that water build-up at the cathode catalyst 

layer arises not only due to the product water but also due to the electro-osmotic drag, 

which can also drastically decline the cell performance by hindering the gas diffusion 

[62]. Wu et al. compared the physical characteristics of the GDLs before and after 

corrosion tests and validated that GDLs are susceptible to electrochemical oxidation [63]. 

Chen et al. [64] performed an effective ex-situ method for characterizing electrochemical 

durability of a gas diffusion layer (GDL).  

Gas Diffusion

Layer Degradation

Electrochemical Degradation

i. Oxidation of Carbon to Carbon 
Dioxide

ii. Low RH, High Temperature and 
High Voltage Accelerate Carbon 

corrosion

Mechanical Degradation

i. Clamping Pressure

ii. Reactant Flow 

[Predominantly Humidified]

iii. High Temperature
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In addition to the electrochemical degradation issues, a multifaceted manufacturing 

process that is followed to fabricate conventional GDL material severely increases the 

manufacturing cost. 

 

2.8 Conventional Manufacturing Technique of GDL  

Though, there are numerous GDLs in the literature whose manufacturing techniques are 

parallel; the proposed thesis considers SIGRACET® grade GDL 39 BC (325-μm 

thickness) as a baseline material. The unique characteristics of SGL 39 BC to consider 

is that it is denser and has a thicker microporous layer than its precursors (SGL 10 BC), 

and has a better water-retaining capability [9]. The manufacturing steps involved in the 

conventional GDL (SGL 39 BC) are illustrated in Figure 2.2, and more technical 

informations about it are provided in Appendix A.  

 

POLYMERISATION SPINNING
SIZING

CHOPPING

STABILISATION CARBONISATION

CARBONISATION CURING

SINTERING
MPL 

COATING

PTFE DIP

DISPERSION

PAPER 
MAKING

IMPREGNATION

Fully-treated
SIGRACET GDL

Water Polymeric
 binder

Carbon 
(Precursors)

BONDING

Carbon,
PTFE

Additives

Acrylonitrile

 
Figure 2.2 Manufacturing steps involved in the conventional GDL-SGL 39 BC [9] 

 

The manufacturing step is that of the well-known wet laying technology where the 

chopped carbon fibres are processed to a primary carbon fibre. The raw paper is then 
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impregnated with carbonizable resins (carbonizable resins with the optional addition of 

carbon fillers), cured and recarbonized/graphitized [9].  The characteristics of the SGL 

39 BC are demonstrated in Table 2.6. 

Table 2.6 Properties of SGL 39 BC [Baseline-GDL] 

Integral Properties Units Sigracet-SGL 39 BC 

Thickness µm 325 

Area Weight g/m2 105 

Open Porosity % 50-52 

Through-Plane Gas 

permeability (Gurley) 

cm3cm-2s-1 1.0-1.5 

Hydrophobicity 

(Water Contact Angle) 

(θ) 

 

118.2 ± 10.98 

In-Plane 

Conductivity** 

Scm-1 2.0-2.2 

Through-Plane 

Conductivity** 

Scm-1 170/145 

Thermal Conductivity Wm-1K-1 0.25 

 

** compressed with 1 MPa 

 

The conventional manufacturing technique is an integral reason for the GDLs 

expensiveness. 

 

2.9 Research Questions 

Understanding the technical challenge (concerning to electrochemical oxidation) and 

manufacturing challenge of the conventional GDL. There arise two fundamental 

questions (issues) contributing to the specific research questions namely: 

I. Can we develop a carbon-free gas diffusion layer (GDL) for PEM fuel cell 

application? 

II. Can we streamline the GDL manufacturing technique and achieve the department 

of energy (US-DoE) target? 
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2.10 Contributions to knowledge 

 

The thesis aims to be bi-functional in addressing the issues. Figure 2.3 answers the 

aforementioned research questions functionally through a Venn representation.  

 

 

              

Figure 2.3 Functional chart on the contribution to Knowledge 

 

The contribution to the knowledge of the present work is that the durability, 

manufacturing complexity, and cost can be significantly improved in a positive manner 

by the SLS (3D printing) manufacturing technique. Therefore, the contribution to 

knowledge in the proposed work is to: 

I. Improve the durability of GDL as they are susceptible to electrochemical 

oxidation [63, 65]. The electrochemical degradation is due to the oxidation of 

carbon (present in the carbon paper) to-carbon dioxide and is illustrated in 

equation: 

𝐶 +  2𝐻2𝑂 →  𝐶𝑂2  + 4𝐻+  +  4𝑒 −       Eo = 0.207 V vs. SHE                        
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II. Apparently, simplify the manufacturing process by an additive manufacturing 

technique namely the Selective Laser Sintering (SLS). SLS is an additive 

manufacturing technique for fabricating specimen in precise geometry using 

computer-aided design (CAD) and computer-aided manufacturing (CAM). In 

particular, SLS scores the best regarding processing polymers in powder form. A 

CO2 laser is commonly used considering the laser absorptivity of polymeric 

materials, and the powder material is converted into solid state thin films based 

on the raster path data generated from CAD files. The interconnected porosity of 

the sintered part can be controlled through material selection, physical design, and 

processing parameters.  

 

III. The US-DoE target of $5.45/m2 for a mass GDL production of 500,000 [66] can 

be easily accomplished through this manufacturing technique, because the process 

is predominantly single-stage unlike multiple stages for the conventional GDL 

production. In addition, the lead-time can also be reduced radically, thereby, 

leading to an improved productivity. 

 

 

IV. The thesis also correlates the structural and functional relationship of the GDL 

material fabricated through the SLS process. This analysis can provide an in-depth 

understanding of the change in the materials’ functional property with regard to 

its structural modification.   
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Chapter 3: Methodology and Materials 

“Methodology Should Not be a Fixed Track to a Fixed Destination” 

                                                                                            J.C Jones 

 

3.1 Introduction 

 

The gas diffusion layer (GDL) is a multi-functional PEM fuel cell component, which 

functions to transport the reactant gases, product water, heat generated and the current 

diffusion. This chapter provides a brief discussion of the methodology and approach 

involved in the fabrication of a durable, cost-effective GDL by an additive manufacturing 

technique that incorporates the selective laser sintering (SLS) route.  The rationale to 

select the SLS route in the present study is that it has the potential to fabricate a multi-

functional component by scanning the base powder or composite powder multiple times 

using laser beam overlap. Thus, the desired attributes are acquired based on the functional 

requirement. The chapter also deals with the various base and filler materials involved in 

the present investigation. The chapter also envisages the characterisation technique 

involved in the present investigation along with the appropriate justification. A systematic 

design methodology is formulated and illustrated through the flowchart as shown in 

Figure 3.1 to attain the necessary characteristics. As illustrated in the flowchart, selective 

laser sintering processes were considered appropriate for the study due to its numerous 

advantages that are elaborated in the forthcoming section.  
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Start

Select SLS Process

Identify the appropriate material

Functional Characteristics

Thickness, SEM, Tensile, 

Porosity, Hydrophobicity, 

Electrical and Thermal 

Conductivity

If Functional 

Characteristics are nearing 
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Validation

Perform Polarization Study

Stop

Modify the iteration 

incrementally

Critical Assessment

 

Figure 3.1 Flowchart illustrating the methodology and material selection 

 

The initial step is the selection of appropriate materials for the SLS process, which is a 

crucial factor in the design of an end product. However, in the context of product design, 

the primary goal of material selection is to minimize the cost without any sacrifice in the 

performance [67]. In the successive step, the experiments are performed with the selected 

material with the objective to attain desired physical characteristics such as thickness, 
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surface morphology, tensile strength, porosity, hydrophobicity, electrical conductivity 

and thermal conductivity. Alterations are made in the material composition until the 

desired features are attained. Finally, the product is tested and validated against the 

baseline material. The list of various instruments used for the characterisation studies is 

also comprehensively assessed along with its specification.  

 

3.2 Additive Manufacturing 

Additive manufacturing refers to a 3D design process used to build up a multilayer 

component by stacking the appropriate material. The term "3D printing" is increasingly 

used as a synonym for additive manufacturing and has witnessed an extensive growth, 

since its induction by Charles Hull [68]. The unique feature of an additive manufacturing 

technique is that it manufactures parts in an additive manner (i.e. additive manufacturing) 

due to their complex shape production abilities, tool-less processing [69] and apart from 

that, multifunctional characteristics of a material can be easily attained. 

 

3.2.1 Selective laser sintering 

The SLS process, which is a subsection of additive manufacturing technique, was 

developed and patented in the 1980s by Carl Deckard from the University of Texas, USA. 

As an additive manufacturing layer technology, SLS involves the use of a high 

power laser (for example, a carbon dioxide laser) to fuse small particles 

of plastic, metal, ceramic or glass powders into a mass that has a desired three-

dimensional shape. A vast variety of materials and characteristics of strength, durability, 

and functionality is possible with this cutting-edge technology. Nylon-based materials are 

predominant base materials for the present investigation and are illustrated in Table 3.1. 

The laser selectively fuses powdered material by scanning cross-sections generated from 

a 3D digital description of the part (for example from a CAD file or scan data) on the 

surface of a powder bed. After each cross-section was scanned, the powder bed is lowered 

by one layer thickness, a new layer of material is applied on top, and the process is 

repeated until the desired component is fabricated. Figure 3.2 provides the general sketch 

of the SLS process. 

https://en.wikipedia.org/wiki/Laser
https://en.wikipedia.org/wiki/Carbon_dioxide_laser
https://en.wikipedia.org/wiki/Plastic
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Ceramic
https://en.wikipedia.org/wiki/Glass
https://en.wikipedia.org/wiki/Computer-aided_design
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Figure 3.2 Selective laser sintering process 

The distinct advantages of an SLS process is that: 

I. It is the fastest additive manufacturing technique and entirely self-supporting; it 

allows parts to be built within other parts in a process called nesting – with highly 

complex geometry that simply could not be constructed through any other 

approach. 

II. The components can be optimised to possess high strength, good conductivity, 

and good chemical resistance. 

III. Diverse finishing possibilities (e.g., metallization, stove enamelling, vibratory 

grinding, tub colouring, bonding, powder, coating, flocking) and functional 

possibilities (biocompatible) are possible. 

IV. Complex parts with interior components, channels, can be built without trapping 

the material inside and altering the surface from support removal. 

V. The fastest additive manufacturing process for printing functional, durable, 

prototypes or end-user parts. 

 



31 

 

The limitation of SLS process is that the printed parts have surface porosity. Incidentally, 

that limitation favours the GDL fabrication, as the GDL material must be porous to 

transport the reactant gases and eliminate the product water. 

A series of experiments are performed by the SLS technique through an iteration 

technique to fabricate the gas diffusion material. The composite powder (combination of 

base and functional powder) is usually deposited in the powder bed to ensure the flatness 

of the surface. The initial temperature of the powder bed was maintained at above half 

the melting temperature. A manual powder dispersion method is used to produce the GDL 

test specimens.  

 

3.3 SLS Process parameters 

Laser Sintering is a complex process, which is impacted by materials structure and 

geometry. These factors are in turn correlated to the amount of energy delivered to the 

surface of the powder. The laser power and scanning speed can significantly determine 

the final properties of the specimen and have a substantial impact on the properties, like 

porosity and hardness of the end product layer [70]. Also, incorporating characteristics 

such as electrical conductivity can be easily accomplished. The energy density of the laser 

beam per unit area is defined as [71]: 

𝐸. 𝐷 =  𝑃/ (𝐷 × 𝑣)         

Where; 

𝐸. 𝐷 is the Energy Density (J/mm-2). 

𝑃 is the laser power (W). 

𝐷 the laser beam diameter (mm).  

𝑣 is the laser scan velocity (mm/s). 

 

3.4 Material Selection  

Not all the materials that can be processed using the existing SLS infrastructure can be 

used to synthesise the gas diffusion material for the PEM fuel cells application. The 

desired material characteristics depend on a combination of properties, such as thickness, 

porosity, electrical conductivity, hydrophobicity and thermal conductivity. In addition, 

the material must be non-corrosive in the PEM fuel cell environment. The material 
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selection for GDL application depends on the selection of appropriate base materials and 

the filler material. 

 

3.4.1 Selection of Base Material 

The base material contributes to a significant percentage of the composite; therefore, it 

must be selected carefully knowing the application of end products. Table 3.1 provides 

the list of base materials that are compatible with the SLS process. 

Table 3.1 List of base polymer materials. 

Product 

class 

Product name Main properties Typical applications 

Polyamide 

12 

PA 2200 Multipurpose material 

Balanced property profile 

Functional parts 

PrimePart® 

PLUS 

(PA 2221) 

Economical multipurpose 

material 

Balanced property profile 

Variety of certificates 

available 

(Biocompatibility, Food 

contact) 

Functional parts 

PA 2202 black Balanced property profile 

Pigmented throughout 

Functional parts in 

anthracite black colour 

Polyamide 

12, glass 

bead filled 

PA 3200 GF High stiffness 

Wear resistance 

Improved temperature 

performance 

Stiff housings 

Parts with requirements 

on wear and abrasion 

Parts used under 

elevated thermal 

conditions 
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Table 3.2 List of base polymer materials (Contd…) 

Product 

class 

Product name Main properties Typical applications 

Polyamide 

12, 

aluminium 

filled 

Alumide® Easy post-processing, 

good machinability 

High-temperature 

performance 

Thermal conductivity 

(limited) 

High stiffness 

Applications with 

metallic finish 

Parts requiring 

machining 

Parts with thermal 

loads 

Polyamide 

12, carbon 

fibre 

reinforced 

CarbonMide® Extreme strength and 

stiffness 

Thermal and limited 

electrical conductivity 

Best strength/weight ratio 

Light and stiff 

functional parts 

Metal replacement 

Polyamide 

11 

PA 1101 High ductility and impact 

resistance 

Otherwise balanced 

property profile 

(similar to PA 2200) 

From renewable sources 

Functional parts 

requiring impact 

resistance 

Parts with functional 

elements like film 

hinges 

PA 1102 black Similar to typical 

applications for PA 1101 

Additionally: black, mass-

colored applications, 

which remain black even 

under abrasive wear / 

scratching 

Similar to typical 

applications for PA 

1101 

Additionally: black, 

integrated colour 

Through mass-

colourisation suitable 

for scratch resistant 

parts 

 

Among the various materials prescribed as a base powder for SLS, CarbonMide® features 

to be an appropriate choice due to its high electrical and thermal conductivity, which are 

the essential functional requirements of the GDL constraint. However, it is not selected 
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as the research objective is to develop a carbon-free GDL and consequently, alumide and 

polyamide were selected as the appropriate base materials. Thus, the base material used 

for this study is alumide and polyamide (PA). The SEM image of alumide and PA 

powder are shown in Figure 3.3 and Figure 3.4 respectively. Though the structural 

configuration of these two polymers is similar to their elemental composition (Figure 

6.11 and Figure 6.12) reveals that they exhibit different functionality.  

 

 
              

 
             

Figure 3.3 SEM image of alumide 

 

 
               

 
               

Figure 3.4 SEM image of polyamide 

The advantage of alumide as the base material is it is relatively higher electrical 

conductivity and stiffness than many other materials used in 3D printing. In addition, 

inherently it possesses good flexural strength [72] and can also withstand much higher 

thermal loads, thus maintaining its desired shape. The experiment with PA as a base 

material is also performed because, as explained earlier, PA can serve as a promising 

x100 x500 

x200 x500 

200 um 100 um 

500 um 100 um 
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alternative to alumide specifically in a PEM fuel cell operating environment where 

metal ions (for instance, aluminium in the alumide) can potentially damage the 

membrane. The PA considered for the present investigation is PA2200. 

 

3.4.2 Selection of Conductive Filler Material 

Conductive filler materials are added to the base materials to infuse electrical and thermal 

conductivity. However, they must be selected based on the corrosion resistance and its 

compatibility with PEM fuel cell working environment. As a consequence, a short 

assessment of the corrosion rate of various conductive materials was performed and are 

enumerated in Table 3.3 [73].   

Table 3.3 Corrosion rates of materials [73] 

Material Corrosion rate (μm per year) 

Aluminum ∼250 

Copper >500 

Gold <15 

Graphite <15 

Nickel >1000 

Silver <15 

Tin >10000 

Titanium <100 

Tungsten <100 

Zinc >2000 

Gold-nickel ∼500 

Phosphorous-nickel <30 

SS 316L <100 

 

However, it is eminent that these metallic material properties alone cannot be considered 

as a standard due to the diverse operating conditions in PEM fuel cell operating 

environments such as low pH, high power/high voltage, and high-temperature operation. 
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This operating condition while happening concurrently can potentially damage even low 

corrosive material like graphite (graphite is a carbon allotrope and can be oxidised to 

CO2) specifically at a voltage greater than 0.207 V [63]. 

 

𝐶 +  2𝐻2𝑂 →  𝐶𝑂2  + 4𝐻+  +  4𝑒 −       Eo = 0.207 V vs. SHE                                   

      

Despite being carbon graphene is still employed in the initial study, due to its two-

dimensional structure, and has become a versatile candidate for the numerous scientific 

and engineering applications over the last decade. In addition, it also possesses unique 

property combinations which other composite materials do not, such as malleability, 

exceptional thermal and electrical conductivity, high strength, the ability to be rigid as 

well as lightweight [74]. In addition, its corrosion-protecting property has been well 

established [75], and as a consequence, it is considered for the initial investigation to have 

a general insight. 

Metals like, Aluminium and Nickel can also be prone to oxidation in the PEM fuel cell 

environment and the metal ions formed could potentially damage the expensive 

membrane component. Few authors [76-78] reported that aluminium bipolar plates 

exposed to an operating environment similar to that of a PEM fuel cell are prone to 

corrosion. The corrosion rate of Titanium is higher than that of graphite as evident from 

Table 3.3. Paradoxically, in the PEM fuel cell operational environment, Titanium exhibits 

higher corrosion resistance and has been previously well established by various authors 

[54, 79-81] for GDL and bipolar plate fabrication respectively. Also, titanium is well 

recognized for its high strength-to-weight ratio, which rationalises that it is potentially a 

safe, durable and reliable filler material for GDL application and therefore considered 

commendable for this investigation. 

  

The SEM image of Titanium (micron) and Titanium (nano) at various levels of 

magnification are shown in Figure 3.5 and Figure 3.6 respectively. The high surface area 

of the nano particles is revealed in Figure 3.6. 
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Figure 3.5  SEM image of Titanium (micron) Powder 

 

  
                

Figure 3.6 SEM image of Titanium (nano) Powder 

Table 3.4 provides the general information on the base and conductive filler materials 

along with the supplier specifications.  

Table 3.4 Base polymer and conductive filler materials  

SLS Base Material Filler Material 

 

Alumide 

Polyamide 

(EOS Plastic Materials) 

 

Conductive Graphene  

Ultra-high Concentration of Graphene Nanoplatelets 

purchased from graphene supermarket™ 

 

Titanium Micron Powder 

(US Research Nanomaterials, Houston, TX, USA) 

 

Titanium Nano Powder 

(US Research Nanomaterials, Houston, TX, USA) 

 

x10.0k x20.0k 

x1.00k x5.00k 

5 um 2 um 

50 um 10 um 
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3.5 Experimental methods and equipment 

A comprehensive understanding of all the measurement instruments employed for the 

material (GDL) characterisation is a prerequisite and are specified in Table 3.5 along with 

the justification on its significance. 

Table 3.5 Characterisation Techniques and the related Measuring Instruments  

Characterisation Measuring Instrument Rationale 

1a. Thickness Vernier Calliper 

 

Measure the thickness 

1b. Surface 

Characterisation 

SEM, EDX 

 

Hitachi SU-70, Tokyo, 

Japan 

Measure the Surface 

Characterisation and 

Elemental composition 

2.Tensile Characterisation 

 

Texture analyser 

Stable Micro Systems Ltd. 

Godalming, UK 

Measure the Tensile Strength 

of the GDL 

3.Porosity and 

Permeability 

Gurley Method Measure the Air Porosity and 

Permeability through the 

GDL 

4.Surface Contact 

angle/Hydrophobicity 

Syringe 50 µL –Hamilton 

HD Camera 

Measure Surface Contact 

Angle 

5.Electrical 

Characterisation 

Tektronix,  

OR, USA 

Measure In plane Electrical 

resistance 

6.Thermal Characterisation Laser Flash Analyser 

(NETZSCH, Bavaria, 

Germany) 

Measure Thermal 

conductivity 

 

7.Polarisation Curve Electronic load Bank 

Amrel, USA. 

Graph (V Vs. I) 

Measure the Performance 
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3.6 Characterisation Techniques 

Characterisation techniques refer to the broad and general process by which a material's 

structure and properties are explored based on its configuration and measured values. It 

is an essential process in the field of material science, without which no scientific 

understanding of engineering materials could be validated or established. The present 

dissertation has a wide range of characterisation techniques, which are subsequently 

discussed in the following sections. 

 

3.6.1 Thickness and Surface Characterisation 

 

Thickness is a significant factor in achieving the desired PEM fuel cell performance and 

the GDL specimen. The morphology of the GDL structure was inspected using SEM 

images, which provides insight into the specimens’ topography and composition. The 

scanning electron microscope (SEM) delivers both secondary electron and backscattered 

electron imaging, with a resolution of the order of μm at a high voltage of about 30 kV 

thereby establishing higher magnification of microstructure image. 

 

 

Figure 3.7 SEM with the integrated Energy Dispersive Spectrometer (EDX) 

https://en.wikipedia.org/wiki/Topography
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Figure 3.7 portrays the SEM facility that is integrated to Energy Dispersive Spectrometer 

(EDX) for fundamental chemical/elemental analysis via the Noran System 7 (NSS).  

The EDX characterisation capabilities are due in a large part to the fundamental principle 

that each element has a distinctive atomic structure allowing a unique set of peaks on its 

electromagnetic emission spectrum [84], which is the central principle of spectroscopy. 

 

3.6.2 Tensile characterisation 

The tensile test analyses the mechanical strength of the proposed GDL material to have 

minimal strength to be used for PEM fuel cell application, as it has to withstand the 

air/water flow and current/heat drift. ASTM D882 test method is used in the present work, 

to estimate the tensile properties of the thin films as the thickness is less than 1.0 mm. To 

avoid the tear and premature specimen failure, the tensile test was conducted at a speed 

of 0.5 mm/s along the machine direction (MD). The thin film GDL material is clamped 

between two fixtures and tested. For the present investigation, tensile strength is 

expressed in force per unit of length as it is the convention to measure tensile strength for 

a given paper or fabric [82]. As a consequence, N/cm is used as the unit of tensile strength 

throughout the course of the study. Figure 3.8 portrays the texture analyser used in the 

study. 

 

 Figure 3.8 Texture analyser to perform Tensile Test 
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3.6.3 Porosity/Air-Permeability Measurement (Gurley Method) 

One of the features required of any gas diffusion layer is its access to the catalytic layer 

[83] and as a consequence porosity and permeability measurements are a prerequisite to 

analyse those characteristics.  The Gurley method is considerably compatible to measure 

the air resistance of thin film material, and it adheres to ISO 5636 standard. It applies to 

thin film/papers, which have air permeance between 0.1 and 100 µm/Pa.s. For the samples 

whose porous nature is high, an Image J technique is used to compute the porosity through 

the SEM image. 

 

3.6.4 Surface contact angle measurement 

An optimal hydrophobicity is an essential criterion for PEM fuel cell application. The 

GDL must be hydrophilic to maintain the good proton conduction of the Nafion 

membrane. Ironically, too much hydrophilic nature results in the flooding phenomenon 

of the electrodes by-product water as well as the humidified gas. Therefore, gas diffusion 

layers are usually coated with optimal hydrophobic materials. Thus, the measure of 

surface contact angle measurement becomes an integral component. The degree of 

hydrophobicity is determined by the simple concept that is proposed by Zamora et al. 

[83], in which a 20-μL drop was deposited on a  sample and after stand-up for 1 hour, 

zoom shooting was conducted for the sample and then the contact angle was measured 

between the droplet and the surface. A higher contact angle means a higher 

hydrophobicity and a lower value signifies hydrophilic nature. This measurement, though 

not an ASTM or ISO standard, provided the measured values are close to an error of 

±15%. 

 

3.6.5 Electrical Characterisation 

Electrical Conductivity is a key property, which directly influences the fuel cell 

performance [39]. The figure of merit of the electrical characterisation signifies the ease 

with which electron transfer to facilitate the electrochemical reaction along the in-plane 

and the through plane. Electrical resistivity measurements of films are of significant 

concern in many applications, like solar cells [84] and PEM fuel cells. The In-plane 

electrical resistance was measured using the 4-wire Kelvin method as reported by 
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Williams et al. [32]. GDL samples of 2 mm width and 100 mm length were manually cut 

and the resistance was measured at 10 mm increments (10 points in total). The measured 

resistance (R) values were plotted against distances (l) and yielded a linear relationship 

whereby the slope of the line represented the in-plane resistance per unit of distance (R’). 

However, for the present GDL specimen since the dimension is 50 mm x 50 mm, the 

values for only 5 points were recorded. The slope of the curve that is plotted with the 

distance along the x-axis and the resistance across the y-axis provides the value of the 

measured in-plane resistance neglecting the effect of contact resistance. Figure 3.9 

represent the digital multimeter to measure resistance (R). 

 

Figure 3.9 Digital Multimeter to measure the in-plane resistance 

 

3.6.6 Thermal Characterisation 

PEM fuel cells under nominal operation produce an equivalent amount of thermal power 

comparable to their electrical power output [85]. The membrane is sensitive to excessive 

heat, and an active thermal management of the cell is mandatory. Removing the waste 

heat produced in an operating fuel cell is one of the significant functions of the GDL, and 

an optimal thermal conductivity of a GDL facilitates removing the waste heat and 

prevents large temperature gradients from forming within the cell [21]. The thermal 

conductivity of the GDL sample material was measured using three sets of instruments 

namely: 

i. The Armfield Linear Heat Conduction instrument that has been designed to 

demonstrate the application of the Fourier equation to simple steady-state 

conduction in one dimension. 

                         𝑘 = − 𝑞/ 𝛻. 𝑇                                                                                                   
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                               𝑘 = Thermal Conductivity [Wm-1K-1] 

                   𝑞 = Local heat flux density [Wm−2] 

                   𝛻. 𝑇 = Temperature gradient [Km−1]       

                                                                                      

The units can be configured as a simple plane wall of uniform material and 

constant cross-sectional area or composite plane walls with different materials or 

changes in cross-sectional areas to allow the principles of heat flow by linear 

conduction to be investigated. Measurement of the heat flow and temperature 

gradient allows the thermal conductivity of the material to be calculated. The 

design allows the conductivity of thin samples of insulating material to be 

determined. 

ii. Thermtest TC-30. This is capable of measuring thermal conductivity in the range 

0.033 to 9.58 Wm-1K-1. It is a guarded pulse technique and uses a pulse time of 

0.5 seconds for the samples (regression from 0.2 to 0.5 seconds). 

iii. NETZSCH laser flash apparatus LFA 467 HyperFlash® (Figure 3.10) is also used 

in the study, which provided us with the most accurate values. The sample was 

tested at several temperatures according to their behaviour in the desired 

temperature range of 25°C to 160°C. The measurements are carried out in a foil 

sample holder (ø 25.4 mm) and the values of 25°C, 80°C, and 140°C. 

 

 

Figure 3.10 Laser flash apparatus NETZSCH 
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The formula to compute the thermal conductivity using the Laser flash apparatus is given 

as follow;  

𝑘 =  ά𝜌𝐶𝑝                                                                                                                   

k = Thermal Conductivity [Wm-1K-1] 

ά = Thermal Diffusivity [mm2/s] 

ρ = Bulk density [g/cm3] 

Cp = Specific heat J/(g.k) 

 

As stated in the equation, the thermal conductivity is mathematically equal to the product 

of thermal diffusivity, bulk density and specific heat of the material (Cp). The 

incorporation of three independent instruments for the thermal conductivity provided us 

with more information and insight about the thermal conductivity measurement and the 

related challenges.  

Apart from these characterisation studies, a general polarisation curve is performed for 

all the samples, which are elaborated in Chapter 5. 

 

3.7 Closure 

The present chapter deals with a broad-spectrum on the experimental design and 

methodology on how to selectively choose the base polymer and functional materials 

considering the PEM fuel cell operating environment and the SLS compatibility. The 

various measuring instruments involved in the characterisation are listed in the present 

chapter. The forthcoming chapter discourses a preliminary investigation and the related 

characterisation studies performed with those instruments discoursed in the present 

chapter. 
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Chapter4: Preliminary Investigation and 

Measurement Techniques 

“It is impossible to Control a variable if you cannot Measure it.” 

                                                                              Lord Kelvin 

 

4.1 Introduction 

To understand the figure of merit of a material and operating process an appropriate 

rationale is a prerequisite before the tangible experimentation. In the present chapter, an 

initial trial is executed to have a fundamental insight, as the proposed concept of 

incorporating the selective laser sintering (SLS) technique is first of its kind for GDL 

fabrication. This initial investigation provides a general understanding and integration of 

the SLS/microfabrication process and its compatibility for the gas diffusion layer 

fabrication. A snapshot of the measuring instrument involved in the characterisation 

studies is also executed apparently.  

 

4.2 Initial Investigation 

A smooth transition is always better for attaining the desired characteristics of new 

product development [86, 87] precisely when there is no adequate literature available. As 

a consequence, the initial experiment is performed with the well-established concept of 

using carbon (graphene) based conductive material, which has been used in PEM fuel cell 

application  [88, 89] and alumide was used as a base material. As explained previously, 

alumide offers excellent flexibility for a 3D print and is cost effective.  

The initial trial involves two independent phases with the first phase involving a) 

Fabrication of gas diffusion specimen (by SLS) and subsequent phase involves b) Micro 

fabrication coating applied to the specimen with the conductive graphene (by Spin 

coater). The selective laser sintering technique is used in the first phase of the initial trial, 

and Figure 4.1 illustrates the line sketch of the experimental set-up. As already discussed, 

during SLS, tiny particles or polymer powders are fused together by heat from a laser to 

form a solid, three-dimensional object. The laser heats the powder either below its boiling 
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point (sintering) or above its boiling point (melting), which fuses the particles in the 

powder together into a solid form. Like any other 3D printing technique, an object printed 

with an SLS machine starts as a computer-aided design (CAD) file. CAD files are 

converted to the .STL format, which can be interpreted by a 3D printing apparatus 

controlled by an appropriate processing unit. The operating parameters such as laser 

power and scanning speed are maintained at 15 W and 700 mm/s respectively. The 

powder was deposited on the powder bed and spread uniformly to ensure the flatness of 

the surface. The powder bed is sustained at around 60oC to maintain the solid-state 

sintering in the processed layers.  

 

 

 

Figure 4.1 Line sketch of SLS experiment set-up [90] 

Figure 4.2 is an actual photograph of the gas diffusion material synthesised by the 

selective laser sintering technique using just the alumide polymer. The fabricated 

specimen had most of the desired properties of the GDL, except the conductivity. 

 

 

Laser
Optics

Powder 
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Chamber

Anode Cathode
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Figure 4.2 Actual Photograph of Alumide Thin film 

 

Following the SLS process, in the second phase of the initial trial, a minor surface 

modification is performed by a spin coater, onto the specimen (fabricated from phase-I) 

to infuse electrical conductivity to the alumide specimen. Figure 4.3 portrays the spin 

coater used for microfabrication, which is operated in a well-ventilated space working 

under a chemical hood. The distinctive feature of the spin coater is that it provides a 

uniform surface coating to fabricate a defect-free GDL specimen. 

 

 

Figure 4.3 Spin coater used for Microfabrication 

Thus, the spin coating technique is used to deposit ultra-thin and uniform conductive 

(graphene) coating across the specimen (alumide film). The speed of the spin coater is 

varied from 5000-5500 RPM. Thus, the initial trial involves an integrated approach 

combining two independent processes namely SLS and spin coating.  
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4.3 Characterisation Techniques 

Characterisation techniques refer to the broad and general process by which a material's 

structure and properties are explored based on its configuration and measured values. It 

is an essential process in the field of materials science, without which no scientific 

understanding of Engineering materials could be validated or established. The present 

dissertation has a wide range of characterisation techniques from micro to macro level. 

In the forthcoming section, the characterisation techniques for the gas diffusion material 

fabricated in the initial trial (graphene coated alumide material) are conversed. 

 

4.3.1 Thickness and Surface Characterisation 

Thickness is a significant factor in achieving the desired PEM fuel cell performance and 

the GDL specimen fabricated in the initial trial had a thickness of 595 µm. Though 290 

µm was the thickness of just the alumide substrate, it almost doubled due to the micro-

fabrication coating. The morphology of the GDL structure was inspected using SEM 

images, which provided insight into the specimens’ topography and composition. Figure 

4.4 illustrates the SEM that portrays the surface morphologies of the alumide specimen 

coated with conductive graphene at various levels of magnification.  

  

 

(a) 

 

(b) 

Figure 4.4 Surface morphology of graphene coated specimen at various levels of 

magnification 

Though the surface of the graphene-coated thin film seemed to possess a smooth texture 

evident from high magnification SEM inspection; a small amount of roughness and is 

evident from the Figure 4.4.  

x500 x100 

500 um 100 um 

https://en.wikipedia.org/wiki/Topography
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(a) 

 
 (b) 

Figure 4.5 Cross-Sectional SEM of graphene coated on alumide specimen 

 

The semi-fibrous nature of the graphene is also reasonably observed from the cross-

sectional SEM image (Figure 4.5 (b)). A micro-thin coating fabricated through the spin-

coater on the surface of alumide specimen with minimal defects and the corresponding 

elemental surface analysis is obvious from Figure 4.6. The EDX analysis also indicates 

that carbon (graphene) is the significant contributor with traces of aluminium, silicon, and 

zirconium. The insight into the fibre structure determines the porosity, permeability, and 

electrical properties of the GDL [25]. Though the porosity is marginally reduced through 

spin coating, the addition of graphene significantly escalated the in-plane electrical 

conductivity. 

 

 

 

 

Figure 4.6 EDX of the graphene-coated alumide surface 

x300 x500 

100 um 100 um 
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4.3.2 Tensile Characterisation 

The tensile test is employed to analyse the mechanical strength of the proposed GDL 

material to have minimal strength to be incorporated into PEM fuel cell application. 

ASTM D882 test method is followed in the present work to estimate the tensile properties 

of the thin films, as the thickness is less than 1.0 mm. To avoid the tear and premature 

specimen failure, the tensile test was conducted at a speed of 0.5 mm/s along the machine 

direction (MD).  

The thin film GDL material is clamped between two fixtures and tested to measure its 

tensile strength in N/cm and its value is measured to be ca. 25 N/cm, which is higher than 

the tensile strength of the baseline material which had a tensile strength of ca. 20 N/cm. 

A higher thickness attributed due to the graphene coating is the predominant reason for 

such a high tensile strength. 

4.3.3 Porosity/Air-Permeability Measurement (Gurley Method) 

One of the features required for any GDL is its access to the catalytic layer [83]. Porosity 

and permeability measurements are conducted to analyse those characteristics.  The 

Gurley method is considerably compatible to measure the air resistance of thin film 

material, and it adheres to ISO 5636 standard. It applies to thin film/papers, which have 

air permeance between 0.1 and 100 µm/Pa.s.  The specimen of the sintered composite 

GDL material microfabricated with the graphene possessed high porosity and air 

permeability. The integral reason for such a high porosity and air permeability is due to 

the SLS route, where the porosity is the default characteristics. Table 4.1 represents the 

porosity and air permeability value of the alumide and graphene specimen.  

Table 4.1 Porosity/air permeability measurement of the alumide/graphene specimen 

 Proposed 3D printed 

specimen 

Alumide/Graphene  

Baseline 

material SGL-39 

BC (Measured) 

Porosity (mL/min) 24000 916 

Permeance (µm/Pa.s) 541.2 20.66 
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Despite the incorporation of the graphene particles by a spin coater, the proposed alumide 

graphene specimen exhibited a phenomenally good porosity and air permeability values 

based on the experimental observation from the Gurley method. With the development of 

digital images and computer software, image processing is a new and convenient method 

which can determine the pore size, pore size distribution, porosity and microstructure 

[91]. For the porosity measurement, Image J software technique is used where the 

porosity is computed from the SEM images. 

 

4.3.4 Surface contact angle measurement 

 

An optimal hydrophobicity is an essential criterion for PEM fuel cell application. The 

GDL must be hydrophilic to maintain the good proton conduction of the Nafion 

membrane. Ironically, too much hydrophilic nature results in the flooding phenomenon 

of the electrodes by-product water as well as the humidified gas. Therefore, gas diffusion 

layers are usually coated with optimal hydrophobic materials. Thus, surface contact angle 

measurement becomes an integral component. 

The degree of hydrophobicity is determined by the simple concept that is proposed by 

Zamora et al. [83], in which a 20-μL drop was deposited on a  sample and after stand-up 

for 1 hour, zoom shooting was conducted for the sample and then the contact angle was 

measured between the droplet and the surface. A higher contact angle means a greater 

hydrophobicity and a lower value signifies hydrophilic nature and is expounded in Figure 

4.7. This measurement, though not an ASTM or ISO standard, provided the measured 

values close to an error of ± 15% by comparing it against baseline material. 

 

Figure 4.7 Surface Contact angle measurement a) Hydrophilic b) Hydrophobic 
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The graphene coated alumide material exhibited a surface contact angle of around 15o 

which validates that the specimen is exceptionally hydrophilic. 

4.3.5 Electrical Characterisation 

Electrical conductivity is a key property, which directly influences the fuel cell 

performance [39]. The figure of merit of the electrical characterisation signifies the ease 

with which electron transfer to facilitate the electrochemical reaction along the in-plane 

and the through plane. Electrical resistivity measurements of films are of major concern 

in many applications, like solar cells [84] and PEM fuel cells. In-plane electrical 

resistance was measured using the 4-wire Kelvin method as reported by Williams et al. 

[32]. GDL samples of 2 mm width and 100 mm length were manually cut and the 

resistance was measured at 10 mm increments (10 points in total). The measured 

resistance (R) values were plotted against distances (l) and yielded a linear relationship 

whereby the slope of the line represented the in-plane resistance per unit of distance (R’). 

However, for the present GDL specimen since the dimension is 50 mm x 50 mm, the 

values for only 5 points were recorded. The slope of the curve that is plotted with the 

distance along the x-axis and the resistance along the y-axis provides the value of the 

measured in-plane resistance neglecting the effect of contact resistance. 

 

Figure 4.8 In-plane resistance measurement of graphene coated alumide specimen. 
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The slope of measured resistance as depicted in the graph (Figure 4.8) is 26.41 Ωcm-1 for 

the graphene coated alumide specimen compared against the baseline material which 

exhibited a lower in-plane resistance of 0.313 Ωcm-1. 

 

4.3.6 Thermal Characterisation 

The thermal conductivity of the graphene-coated GDL specimen is found to be                

0.31 Wm-1K-1, which is higher than the baseline material, which had a thermal 

conductivity of 0.25 Wm-1K-1 (as per White paper attached-Appendix A) and                    

0.21 Wm-1K-1 as per measured value. 

4.4 Summary Initial Trial 

To re-establish the selection of graphene, it is perceived that the graphene-based materials 

are of specific interest in this study based on the promising literature results obtained in 

PEM fuel cell applications with graphene as a catalyst support [88] and as the catalyst  

[89]. Also, graphene’s properties such as high electrical conductivity, high heat transfer 

rate, high specific area [92, 93] and corrosion resistance add value to the proposed 

requirement. 

 

Figure 4.9 Cross-sectional image revealing graphene (point 3 and 4) and alumide (point 

1 and 2) 
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Table 4.2 EDX cross-sectional analysis of the graphene coated alumide specimen 

   C  Al  Si   S  Ca  Zr 

Graphene 1(3)_pt1    2.36   94.12       3.52 

Graphene 1(3)_pt2    3.00   93.50       3.50 

Graphene 1(3)_pt3   91.24    1.07     0.26     7.43 

Graphene 1(3)_pt4   89.93    0.40    1.29    0.34    0.35    7.70 

 

The EDX analysis in Table 4.2 reveals that the cross-sectional regions 1 and 2 are the 

alumide particles along the axial and are evident from Figure 4.9 that the graphene 

particles in point 3 and 4 are semi-fibrous in nature and have a better malleability 

compared to the alumide particles, which are more rigid. These characteristics of 

graphene have been well established by various authors and are in line with the literature 

[74, 94]. However, the alumide powder does not have similar malleability and it still 

remains a bulky grain. The polarisation curve of the graphene-coated alumide specimen 

is provided in Chapter 5 along with other GDL materials fabricated by SLS route. 

 

4.5 Closure 

This chapter proposes an initial investigation that integrates an SLS and a 

microfabrication technique. Though microfabrication coating of graphene with alumide 

by spin coater is an inexpensive technique to induce electrical conductivity; it still remains 

quite complex due to two independent phases, which was the limitation of this trial. In 

addition, the microfabrication technique that was used to increase the electrical 

conductivity, incidentally also increases the thickness of the GDL material. Apart from 

that, technically, the hypothesis aims to fabricate a ‘C’ free GDL material (as graphene is 

carbon). Despite these challenges in the initial investigations, this chapter provides an 

opportunity to have an insight into the measurement techniques and the related 

instruments involved in the contemporary research through an initial investigation.  
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Chapter 5: Experimental and Characterisation 

Studies 

“A Theory can be proved by Experiment, but no Path leads from Experiment to the 

birth of a Theory.”  

                                                                                                        Albert Einstein 

5.1 Introduction 

It is obvious that if experiments are executed randomly, reliable results might not be 

acquired. Therefore, it is essential to plan and organise the experiments in a systematic 

fashion so that trustworthy information is obtained [95]. Characterisation studies are 

performed after each set of experiments to evaluate the materials’ structural and 

functional competence against the baseline material. The material analysis includes 

macroscopic techniques such as mechanical testing and thermal analysis [96] and the 

microscopic analysis such as SEM. The present work, however, has both the macroscopic 

and microscopic characterisations to substantially validate the materials’ competence in 

the PEM fuel cell operating environment. There are totally seven characterisation 

techniques as discussed in Chapter 3. However, there have been few limitations involved 

in performing them due to the materials’ nature and lack of standardised protocol. The 

final characterisation is an in-situ where the real time behaviour of the PEM fuel cell is 

assessed through a polarisation curve. 

5.2 Experimental Design 

The series of experiments in the present investigation is executed using an iterative 

technique, in which the incremental weight of optimizing the properties that aim to 

provide new product development flexibly. However, it is important to change one 

bottleneck at a time. Trying to do things in parallel without validating the impact of the 

specific parameter, will lose track on that specific parameter that assisted to attain the 

desired characteristics.  

Due to lack of sufficient literature, a trial and error iterative process is used in the present 

study that involves selection of materials based on the PEM fuel cell, SLS operational 
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characteristics, the design of the experimental plan, measuring, analysis, optimization, 

and validation until the minimal level of fitness is attained. Figure 5.1 exemplifies the 

process involved in the proposed product development from stage A-E sequentially 

through an iteration process to attain faster, flexible and reliable convergence for a new 

gas diffusion medium that is immune to voltage oxidation and easy to be manufactured. 

 

 

 

Figure 5.1 Systematic procedure of Experimental Process 

 

A functional configuration was used to compute the minimal acceptance criterion 

based on the following properties: Thickness, Surface morphology (SEM), Tensile 

Strength, Porosity and permeability, Hydrophobicity, Electrical Conductivity, 

Thermal conductivity and Polarisation studies. Though porosity is one of the vital 

requirements for the GDLs functional requirement, it is learned from literature [97] 

that porosity is the default characteristics of any material processed through the 

selective laser sintering (SLS) method. Thus, inherently one of the essential 

Experimental

Design for

SLS

Plan

[B]

Measure/

Analyse

[C]

Iterate  based on 
Acceptance 
Criteria & 
Evaluate

[D]

Characterisation 
studies &

Polarisation [E]

SLS process/ 
Identify

Appropriate

Material  [A]



57 

 

characteristics is accomplished through the SLS pathway. As explained in Chapter 3, 

alumide and polyamide are considered as the base material for this investigation. 

Conductive filler namely, titanium (micron and nano) powder is added to base powders 

to infuse appropriate electrical and thermal conductivity. Though the utilization of 

sintered titanium structures has already been proposed by Hottinen et al. [54] for GDL 

application, the proposed technique of 3D printing (SLS) is the first of its kind for 

GDL fabrication by a precise Laser beam. The composite powder (base polymer + 

conductive filler) is sintered in a precise mode (powder particles are fused together 

into a solid-state specimen) through this laser beam regulated by the computer through 

the CAD file to attain the desired functional characteristics. 

 

 

Figure 5.2 Functional chart of the experimental flow process 

 

Figure 5.2 represents the functional chart of the experiment flow that is to be followed in 

the present thesis. 

 

5.3 Experimental Iteration-I 

The iteration-I is performed based on the feedback and the critical observation that is 

inferred from the initial trial. The potential limitations encountered in the initial trial are 

namely: 

• Base Polymer-Alumide

• Functional Filler- Ti -Micron 

• Proposition: 90/10, 80/20, 70/30

Experimental 

Iteration-I

• Base Polymer-Polyamide

• Functional Filler- Ti-Micron Powder

• Proposition: 90/10, 80/20, 70/30

Experimental

Iteration-II

• Base Polymer-Polyamide

• Functional Filler- Ti Nano Powder

• Proposition: 95/5

• [Laser Power 9 W & 12 W]

Experimental  

Iteration-III
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i. The microfabrication technique incorporated to increase the electrical 

conductivity also causes an increase in the thickness of the gas diffusion layer. An 

increase in the thickness is non-favourable as it can lead to the corresponding 

increase in the Ohmic loss as well as an increase in the PEM fuel cell stack 

dimension (area and volume). 

ii. The overall production process involves two independent phases that can probably 

be reduced to a single phase.  

iii. Graphene, which is used in phase two of the initial trial, is also carbon, which can 

potentially be oxidised to CO2 [63, 65].  

 

𝐶 +  2𝐻2𝑂 →  𝐶𝑂2  + 4𝐻+  +  4𝑒 −       Eo = 0.207 V vs. SHE                                          

 

It must be deliberated that the key research objective is to fabricate a carbon-free GDL. 

To circumvent these issues, in the present iteration a functional filler namely titanium 

micron powder in the appropriate percentage of 10%, 20%, and 30% is added directly 

into the base powder (alumide) and mixed mechanically using a mortar. For the 60% 

alumide/40% Ti composition there was a flammability due to the contact of laser heat 

with the high weight % Ti powder, and consequently, that composition was ignored for 

investigation. 

The composite powder in the percentage of 10%, 20%, and 30% is fed into the powder 

bed of the SLS machine. To study the sintering, diffusion and subsequent bonding of the 

composite powder the experiments are executed by varying the power as illustrated in 

Table 5.1 for a fixed scanning speed of 450 mm/s. 

Table 5.1 Laser power required to sinter various configuration of Alumide/Titanium  

Laser Power 

(W) 

Alumide/Titanium  

Composition (%) 

15 90/10 

12 80/20 

9 70/30 
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Thus, the experiments of iteration I are performed on a trial and error basis sequentially 

and systematically. Subsequently, the characterisation studies are also executed to 

understand the SLS mechanism.  

 

5.4 Characterisation for Iteration-I 

5.4.1 Thickness and Surface Characterisation- Iteration-I 

The thickness of the sample is measured to be around 550 µm for the Alumide/Titanium 

composition of 90/10, 445 µm for the Alumide/Titanium composition of 80/20 and 410 

µm for the Alumide/Titanium composition of 70/30. The surface morphology 

characterisation of various combinations of alumide/titanium composites is performed 

and elaborated in the following section along with the SEM images for various 

magnification.  

 

 

 

 

 

 

 

 

        (a) 
 

 (b) 

Figure 5.3 SEM of gas diffusion specimen fabricated with 90% Alumide and 10% Ti   

The initial experiment with the iteration I was performed with the composition of 90% 

alumide/10% Ti powder and subsequently adding it to the powder bed and selectively 

sintering it layer by layer through the laser beam. The sintered gas diffusion layer exhibits 

non-uniform thickness with flakes (due to the non-effective sintering process) which is 

well observed in the SEM image. The specimen is highly disordered and exhibits a 

relatively higher anisotropic nature. The white shining flaky grains (inferred from the 

SEM – Figure 5.3 and Figure 5.4) are the titanium particles and are revealed by the EDX 

point analysis.  

x30 x1.00k 

1.00 mm 50.0 um 
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Figure 5.4 Point analysis SEM image of 90% alumide/10% Ti. 

 

Figure 5.4 illustrates the SEM point analysis where there are white titanium rubbles (point 

1 and 3) exposed. Though the particle size of the base powder and the conductive powder 

are in micron scale an inappropriate sintering has caused the alumide powder to swell 

considerably, however, the titanium powder sizes are relatively unaltered. 

Table 5.2 also authenticates that the elemental composition corresponding to points 1 and 

3 of Figure 5.4 are predominantly titanium particles compared to point 2.  

Table 5.2 EDX analysis of GDL fabricated with 90% alumide and10% Ti. 

   C   N  Al  Ti 

cs(3)_pt1    1.50    2.58    0.02   95.90 

cs(3)_pt2   94.47     0.02    5.51 

cs(3)_pt3    2.61    5.09    0.01   92.29 

 

In the subsequent investigation, the SLS experiment is performed with 80% alumide/20% 

Ti and 70% alumide/30% Ti. Figure 5.5 shows the SEM image of 80% alumide/20% Ti 

and this combination is observed to be a relatively good blend with less anisotropic nature.  
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Figure 5.5 SEM image of 80% alumide/20% Ti at various levels of magnification 

In addition, the GDL composite fabricated with 20% Ti exhibited, relatively a better 

conductivity (among the three combinations), which might be attributed due to the 

equiaxed titanium distribution, and interconnected path, unlike the other combination. 

This phenomenon might have substantially aided the electron transport property.  

 

(a) 

 

 

 (b) 

Figure 5.6 SEM image of the GDL fabricated with 70% alumide/30% Ti. 

 

Figure 5.6 portrays the SEM image of a GDL with 30% Ti and this combination has a 

unique surface characteristic compared to the previous two combinations with 10 % Ti 

and 20% Ti composites. With the given energy densities, for the composition with 30% 

titanium and 70% alumide the particles are sufficiently fused since the higher quntity of 

titanium absorbs more energy which is transferred through the polymer, and the pore size 

 
(a) (b) 
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decreased considerably, indicating significant melting and subsequent inter-particle 

coalescence and bonding. However, large voids (Highlighted in the red colour of Figure 

5.6) are randomly created probably due to the presence of Titanium particles increasing 

the viscosity of the melt pool as well as the resistance to the melt flow. 

 

Table 5.3 reveals the elemental composition of the GDL specimen with 10%, 20% and 

30% Titanium. Trace elements such as Zr is also present for all the combinations besides 

the oxide presence, which is one of the significant observation.  

Table 5.3 Weight % elemental composition of entire GDL for Iteration-I 

   C   N   O  Zr  Al  Ti 

Ti_10% 

Al_90% 

71.78 3.81 3.6 1.6 13.5 5.71 

Ti_20% 

Al_80% 

69.1 3.87 7.41 1.77 8.87 8.98 

Ti_30% 

Al_70% 

64.7 5.66 

 

9.92 1.42 6.8 11.5 

 

5.4.2 Tensile characterisation- Iteration-I 

 

The measured values of all three specimens are detected to have a low tensile strength 

due to the materials’ high porous and fragile nature. However, it was observed that the 

combination of 80% alumide and 20% Titanium had a relatively high tensile strength, 

which was measured to be 4 N/cm along the machine direction (MD). For the GDL of 

combinations with 90% alumide/10% Ti and 70% alumide/30% Ti, it is difficult to fix 

the specimen to the fixture due to their inherent brittle nature. 

 

5.4.3 Porosity and Air permeability test- Iteration-I 

 

Porosity is the default characteristics of the SLS process. The porosity and air 

permeability measurement using the Gurleys method was not competent to be performed 

due to the specimen’s high porous nature as well low mechanical strength. Therefore, the 

non-invasive computational technique, namely Image J is incorporated, which validates 

that the GDL material is porous compared to the baseline material. 
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For the iteration II with 70% Alumide/30% Ti the material exhibited too high porosity 

and air permeability (evident from the SEM Figure 5.6). The material is too delicate to 

perform any of the characterisations except the SEM/EDX and hydrophobicity. However, 

few critical observations are derived from the analysis, which is illustrated in summary 

in the Section 5.4.7.  

5.4.4 Surface contact angle - Iteration-I 

It is evident from Table 5.4 that the surface contact angle of the GDL specimen for the 

composition with 80% alumide/20% Ti the material is more hydrophobic compared to 

the specimen fabricated with the composition of 90% alumide/10% Ti and 70% 

alumide/30% Ti. 

Table 5.4 Surface contact angle measurement for Alumide/Titanium composition 

Alumide/Titanium 

Composition (%) 

 Surface contact Angle (θc) 

90/10 20o [Hydrophilic] ± 3o 

80/20 70o [Less Hydrophilic] ± 10.5o 

70/30 50o[Hydrophilic] ± 7.5o 

 

The surface contact angle for the baseline material is 118.2o ± 10.98o and is hydrophobic 

in nature. 

 

5.4.5 Electrical Characterisation- Iteration-I 

The In-plane electrical resistance of the specimen was measured and varied from few 

hundreds (for 20 %Ti and 80% alumide) to thousands of Ωcm-1 for other combinations, 

and such a deviation might be attributed due to the anisotropic and porous nature of the 

material, improper sintering of the base powder and conductive filler especially at the 

backside of the specimen where the laser beam is not exposed.   

5.4.6 Thermal Characterisation- Iteration-I 

The thermal conductivity of the GDL specimen formed with 90% alumide/10% Ti, and 

70% alumide/30% Ti is not able to be measured due to this porous nature and brittle 

nature, which might have affected the thermal conductivity. However, the thermal 
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conductivity values for this specimen is found to be 0.26 Wm-1K-1  for the composite with 

80% alumide and 20% Ti which is marginally higher than the baseline material. 

 

5.4.7 Summary- Iteration-I 

I. The general observation from the iteration I is that the thickness of the GDL 

specimen decreases when the titanium (% weight) increases. The composition of 

80% Alumide/20% Ti exhibited relatively good overall characteristics including 

the microstructure characteristics and conductivity. It is also evident from the 

EDX that there is an oxide formation for all the composites with 10%, 20% and 

30% Ti, which is one of the significant observations. The oxide formation might 

be either due to the presence of aluminium (in alumide) or titanium. However, 

during the EDX analysis of initial trial (refer Figure 4.6), there was no oxide 

formation while using alumide. Therefore, obviously, the oxide formation is due 

to the presence of titanium micron powder. The presence of oxide is crucial 

because the reason for a low electrical conductivity despite an increase in 

gravimetric titanium concentration might be attributed due to this phenomenon. 

Due to the non-uniform thickness, porosity and high anisotropic nature, the 

sample with 10% Titanium possessed low tensile strength and conductivity, 

whereas the sample with 30% Titanium had neither good electrical conductivity 

nor the tensile strength as the specimen is more smooth, porous and fragile.  

 

II. To summarize the critical observations, for the 30% titanium composition, it is 

inferred that, Laser converts the Titanium micron particles into metal oxides that 

is evident from the EDX and is well revealed in Table 5.3. Titanium oxides are 

non-conducting (semi-conductor) like materials, which might not have 

contributed to an increase in conductivity. In addition, these materials resembled 

the property of a ceramic material; which might have also been due to the presence 

of titanium oxide. The publications from Nature Letters [98], and Nature 

Materials [99] authenticate our observation where the titanium oxide (transition 

metal oxide) is used as the dielectric (insulator) for the ceramic capacitor.  
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III. In addition, the composition with 70% alumide/30% titanium, having more 

metallic powder might have absorbed more heat, might have melted the base 

material, liquidified it, and dispersed evenly along the surface of the specimen. 

This phenomenon is evident from the SEM of Figure 5.6 where the surface is 

smooth due to this effect. Though the polymer matrix is uniformly sintered due to 

the fusion and a smooth layer formation, there is also an increased agglomeration 

of the fused melt pool of polymer along the scan raster line. The SLS operational 

process is being solely driven by the reduction of surface energy of the base 

polymer, and it is unable to overcome the inter-agglomerate attractive forces and 

results in a mottled microstructure with alternating regions and random 

distribution of the polymer matrix. These observations are in line with the results 

of Velu et al. [90] for the selective laser sintering of polymer biocomposites. 

 

The hydrophobic nature of the GDL specimen with 30% Ti and 70% alumide might also 

have been attributed due to this reason.  

Either factor I or II or the combination of both I and II could have been the key cause of 

the reduced conductivity. In addition, the composite with 30% titanium exhibited a highly 

porous nature and a lower thickness, and consequently, the characterisations such as 

tensile and permeability analysis have not been able to be performed using the ASTM 

standard. Therefore, the Image J is used to perform the porosity measurement, which 

validates the proposed material to be more porous than the baseline material. 

The fundamental concept that an increase in the electrical conductivity of the specimen 

proportionally increased with the Ti concentration (% weight) but is limited to the present 

investigation. The relatively high conductivity of the composite with 20% Titanium and 

80% alumide might be because the titanium particles are equiaxially distributed along the 

specimen. The equiaxial titanium distribution must have aided the electron transport 

property due to its well-interconnected path. 

With regard to the porosity and hydrophilic measurements, all three compositions have 

significantly different surface morphology. For instance, the composition with 10% and 

30% Ti is predominantly hydrophilic. The composite with 20% Ti has the metallic 

particles uniformly dispersed and moderately hydrophobic. The other challenges that are 



66 

 

encountered in the iteration I are those pertaining to the measurement, which is elaborated 

in the next chapter. 

 

5.5 Experimental Iteration-II 

The necessity for iteration II is to overcome the potential limitation of iteration I 

namely: 

1. Aluminium present in alumide can be converted to aluminium ions under PEM 

fuel cell operating environment and few researchers [76], [77, 78] have 

previously reported that aluminium bipolar plates exposed to such an 

environment are prone to corrosion.  

2. In addition, the low tensile strength of the GDL specimen while using 

alumide/titanium composition is also a significant factor. 

 

As a consequence, in the successive iterations, alumide is replaced by polyamide as 

the base material to fabricate the GDL film. The experiments of iteration II are 

performed parallel to iteration I with 10%, 20% and 30% titanium micron powder. Similar 

to the previous iteration for the Ti composition of 40% there was a flammability limiting 

us to perform the experiment. The Laser power required to sinter various configurations 

of Polyamide/Titanium is illustrated in Table 5.5.  

 Table 5.5 Laser power to sinter Polyamide/Titanium composite powder 

Laser Power (W) 
Polyamide/Titanium 

Composition (%) 

15 90/10 

12 80/20 

9 70/30 

 

It must be noted that when the titanium composition increases, the laser power is 

decreased because the energy absorption increases resulting in a wider sintered zone, in 

terms of higher energy absorption as the laser scans a given point and subsequent 

dissipation of the same, resulting in the augmented heating of the surrounding matrix 

phase. 
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5.6 Characterisation for Iteration-II 

 

5.6.1 Thickness and Surface Characterisation - Iteration-II 

The thickness of the GDL specimen is measured to be ca. 570 µm for the 

Polyamide/Titanium composition of 90/10 (measured through SEM instrument and is 

evident from Figure 5.7 b), ca. 440 µm for the Polyamide/Titanium composition of 80/20 

and ca. 410 µm for the Polyamide/Titanium composition of 70/30. It is observed that the 

thickness of the specimen decreases when the titanium weight (%) increases analogous 

to the previous iteration. The more heat energy absorption by the titanium particle at the 

high concentration (%wt.) has potentially caused the reduction in the specimen thickness. 

The surface and cross-sectional are morphology of the specimen produced using SLS 

process is exemplified in Figure 5.7. The porous and non-homogeneous nature is well 

evident from the SEM image of the composition with 90% PA/10% Ti. The base powder 

and conductive fillers are loosely bound to each other and are not well sintered (evident 

from the cross-sectional SEM image) and this reason causes the specimen to be of high 

thickness and non-homogenous nature (b).  

 

 
(a) (b) 

Figure 5.7 SEM image of the GDL with 90% PA/10% Ti (a) Surface View (b) Cross-

sectional view 
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Figure 5.8  Cross-sectional view of the composite specimen with 80% PA/20% Ti. 

The polymer matrix of the composite material is observed by the Cross-sectional view 

and is shown in Figure 5.8 

5.6.2 Tensile Characterisation- Iteration-II 

 

The tensile strength is measured to be around 5 N/cm along the MD of the composition 

with 80% PA/20% Titanium, which is higher than the previous iteration, however, lower 

than the baseline material. For, the composite with 30% Titanium the value is ca. 5 N/cm 

whereas for the composition with 10% Ti, the tensile strength is too low that it cannot 

even be clamped to the fixture. The in-effective sintering of the base and conductive 

powder has been attributed to its intrinsic nature and evident from the SEM Figure 5.7. 

 

5.6.3 Porosity/Air permeability test Iteration-II 

Though the conventional Gurley technique cannot measure the porosity and the air 

permeability measurements of the specimen, it is evident from Image J analysis of the 

SEM image that the material possessed a high porosity and pore size distribution 

compared to the baseline GDL. 

5.6.4 Surface contact angle - Iteration-II 

The material exhibited a predominantly hydrophilic nature with the surface contact angle 

measurement of 10°±1.5o for the PA/Titanium composition of 90/10, 45°±6.75o for the 

PA/Titanium composition of 80/20. The surface contact angle measurement for the 

x100 

500 um 

https://en.wikipedia.org/wiki/Composite_material
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PA/Titanium composition of 70/30 is ca. 80°±12o [region 1] and ca. 10°±1.5o [region 2] 

where the region 1 and 2 are highlighted in Figure 5.9.  

 

5.6.5 Electrical Characterisation- Iteration-II 

The in-plane electrical resistance of the various composite materials (with the different 

proposition of PA/Titanium) is implemented along the surface of the GDL specimen, 

which is exposed to SLS. The in plane-electrical conductivity is relatively higher for the 

GDL specimen with the composition of 80% PA/20% Ti powder; compared to the 

composition with 90% PA/10% Ti powder and 70% PA/30% Ti powder. The values are 

in the range of ca. Ωcm-1 for the composition of 80% PA/20% Ti powder. 

5.6.6 Thermal Characterisation- Iteration-II 

The measured value of thermal conductivity of all the titanium/polyamide combinations 

is observed to be higher than the baseline material (carbon paper Sigracet 39 BC). Table 

5.6 provides the thermal conductivity for the GDL specimen with PA/Titanium 

combination. 

Table 5.6 Thermal conductivity of GDL specimen fabricated with PA/Titanium 

composite.  

PA/Titanium 

Composition (%) 

Thermal conductivity 

Wm-1K-1 

90/10 0.37 

80/20 0.54 

70/30 0.59 

5.6.7 Summary Iteration-II 

The challenges in the measurement of the GDL specimens with 90% PA/10% Ti and 70% 

PA/30% Ti in the Iteration-II due to the materials non-linear and anisotropic nature, as 

well the non-uniform thickness of the material. Parenthetically, it was quite easy to 

measure the combination with 80% PA/20% Titanium, which had a reasonable tensile 

strength, electrical and thermal conductivity, and hydrophobicity that are reasonably close 

to the Baseline GDL material.  
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Though 20% titanium powder was the actual weight proportion contributed for the gas 

diffusion specimen preparation, it is sensed in the EDX (Table 5.7) that the weight as low 

as 14.8% has been used towards the specimen formation, the EDX analysis is contrary to 

the one performed in the initial trial as well the iteration III where the titanium particles 

are more than actually cast-off (By weight %).  

Table 5.7 EDX analysis of the GDL specimen sintered with 80% PA/20% Ti 

   C  N O  Ti Zr 

S7-_PA   66.1    8.3  9.1   14.8 1.7 

 

The following possibilities (similar to the Iteration I) that might have happened in the 

SLS process are: 

i. An increase in the Ti alone doesn’t provide a feasible solution to enhance the 

electrical conductivity because, with the present experimental set-up (non-

inert atmospheric condition), the titanium present in the composite might be 

oxidised to titanium oxide. 

ii. Performing the experiment in argon condition can drastically enhance the 

electrical conductivity, and under such an operating condition, an increase in 

the Titanium can actually enhance the electrical conductivity of the gas 

diffusion material. If the SLS is operated under such an argon environment, a 

higher percentage of titanium such as 30% or 40% might be actually feasible. 

Another critical observation of the iteration II is that for the GDL specimen with 70% 

PA/30% Ti the tensile strength along the sintered region 1, shown in Figure 5.9 has a 

much higher value compared to the non-sintered region. In addition, the in-plane 

electrical conductivity was also found to be higher in this region despite the region being 

brittle. Correlating these two phenomena, it is concluded that a GDL (thin film) polymer 

must be well sintered over the SLS process to have a reasonable tensile strength as well 

as the electrical conductivity. It also raises a query that if an increase in tensile strength, 

could contribute to the improved conductivity for this kind of material combinations.  
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Non-Sintered Region

Contributes to a low tensile
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Figure 5.9 SEM of a GDL fabricated with 70% PA/30% Ti 

 

5.7 Experimental Iteration-III 

The change in the iteration III is the incorporation of titanium nanopowder as the 

conductive filler instead of titanium micron powder, which was used in the iteration I and 

II.  The motivation to use titanium nano powder is that: 

i. Expected functional characteristics were not attained with the titanium micron 

powder. 

ii. Incidentally, titanium nano-particles have a wide range of electronic applications 

and metal-oxide nano-composites, microsensors [100]. In addition, they have high 

surface area, volume, and energy, which drives their utilization of them. 

 

However, the percentage as low as 5% was used for the study because even with a quite 

higher percentage of 10% there was severe flammability and deformation due to the 

higher surface energy of the nano-powder, in augment to the laser energy.  

Figure 5.10 exposes to the SEM image of the GDL specimen formed with 90% PA/10% 

Ti (Nano). There was a structural deformation of the specimen and crack formation, 

which was evidently revealed in the SEM image. 

 

500 um 1.00 mm 
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Figure 5.10 GDL specimen formed with 90% PA/10% Ti (Nano) 

 

As a consequence, of this deformation and material’s brittle nature, the investigations for 

composition with 90% PA/10% Ti have not been able to be performed, except the SEM. 

 

5.8 Characterisation for Iteration-III 

 

The characterisation studies were executed for the GDL composite formed with 5% 

titanium nano and 95% polyamide. However, for this iteration, the investigations were 

performed by varying the key operating parameter, namely laser power. The two different 

laser powers considered for the investigations were 9 W and 12 W respectively. 

Though the percentage of titanium was relatively low, thought-provoking results were 

acquired which are discussed in the forthcoming sections. 

 

5.8.1 Thickness and Surface Characterisation- Iteration-III 

The minimal thickness of the GDL specimen is 417 µm for the 95% PA/5% titanium nano 

composition at 9 W laser power. However, the thickness of the GDL specimen is 

condensed to ca. 361 µm for the same composition at 12 W laser power. The thickness 

values were directly computed through the SEM instrument and are evident in Figure 

5.15. The SEM image of the specimen at various magnifications is shown in the Figure 

5.11 and Figure 5.12 respectively. 

 

Crack Formation for GDL specimen 

  90% PA& 10% Ti [Nano] 
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Figure 5.11 Low magnification SEM Images for 95% PA/5% Ti-Nano composites 

 

          

 

         

Figure 5.12 High magnification SEM of 95% PA/5% Ti-Nano composites 

 

With the nano-sized powder, there was an agglomeration of the nano powder, unlike the 

micron particles, which are apparently visible with the high magnification SEM image in 

Figure 5.12. The heat energy absorbed by the nano-particles augmented with its high 

surface energy would have contributed to the phenomenon of agglomeration. Though 5% 

in weight is the actual composition, it is inferred from the SEM and the EDX point 

analysis that there are more Ti particles present, which is the unique feature of Nano 

particles attributed due to its intrinsically high surface-area. 
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5.8.2 Tensile Characterisation- Iteration-III 

The tensile characterisations are observed to be high compared to iteration I and II. The 

values are measured to be around 20 N/cm for both the Laser power. 

 

5.8.3 Porosity/Air permeability test- Iteration-III 

The GDL material fabricated with Titanium nano powder possessed a high porosity and 

pore size distribution, which is evident from the SEM analysis through Image J.  

 

5.8.4 Surface contact angle Iteration-III 

The GDL specimen exhibited a reasonably a high surface contact angle of ca.110o °±16.5o 

at the sintered surface. The value of hydrophobicity is the same for both the specimens 

fabricated at the laser speed of 9 W and 12 W. The surface contact angle authenticates 

that the material is predominantly hydrophobic. These values of hydrophobicity are 

higher than the iteration I and II and therefore Ti-nano particle would be the significant 

contributor. 

 

5.8.5 Electrical Characterisation- Iteration-III 

The electrical conductivity is observed to be as high as that of graphene coated alumide 

specimen; however, with a much lower thickness. The in-plane electrical resistance of the  

specimen fabricated with 95% PA/5% Ti-nano is ca. 35 Ωcm-1 and ca. 21 Ωcm-1 for the 

Laser power of 9 W and 12 W respectively. 

 

5.8.6 Thermal Characterisation Iteration-III 

The thermal conductivity is measured to be 0.43 Wm-1K-1 for the laser power of 9 W and 

0.49 Wm-1K-1 for the laser power of 12 W. Though the values are quite a bit lower than 

the PA/ Ti (micron), combination, it is higher than the baseline material. 

 

5.8.7 Summary- Iteration-III 

 

The crucial inference in Iteration-III is that: though 5% is the gravimetric weight of 

titanium in the PA/titanium nanocomposite, it can be observed there are numerous active 

titanium particles spread throughout the specimen. In addition, there is also a Titanium 
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agglomeration that is revealed in Figure 5.13, which is more predominant than in the case 

of titanium micron powder that is used in the iteration I and II. Incorporation of 

nanoparticle would have been the substantial reason for the agglomeration effect. The 

GDL material also exhibited a substantial hydrophobicity compared to iteration I and II. 

The electrical conductivity is reasonably high for all the iterations, which is possibly due 

to the presence of nano titanium particles. The potential of nanoparticle surface energy 

augmented with the SLS energy (which had caused the base powder to melt and 

successively bond it along with the titanium nano particle) might be one of the possible 

reasons for the evenhanded characteristics of the mechanical, structural and electrical 

properties.  

 

 
(a)  

 
(b) 

 
(c) 

 
(d) 

 

Figure 5.13 SEM point analysis/Mapping of Ti-Nano/PA composites 

 

In line with the agreement in Figure 5.13, there is also an agglomeration of the 

nanoparticles, which are unique attributes of nanopowder [101]. The SEM mapping 
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comprehensively illuminates the titanium nano powder agglomeration effect as well the 

presence of titanium particle. 

 

 

Figure 5.14 Cross-Sectional View of the GDL for 95% PA/5% Ti (Nano). 

Figure 5.14 refers to the sintered specimen fabricated with 95% PA/5% Titanium Nano 

which provides the three regions of the specimen impacted by the laser power. The first 

region along the righthand side is the well-sintered region which is directly exposed to 

the SLS laser beam (direct contact), the lefthand side region is the one opposite to the 

SLS contact and consequently it is not sintered effectively; in between the two regions is 

an intermediate state which is moderately sintered. Table 5.8 correlates the data for the 

elemental composition for the points 1 (total area), 2 (right-hand side), 3 (left-hand side) 

and 4 (middle region). The well sintered region exhibited relatively high electrical 

conductivity and hydrophobicity compared to the other side. 

Table 5.8 EDX analysis of various zones of the sintered GDL for the 95% PA/5% Ti 

(Nano) composition. 

   C   N   O  Ti  Zr 

CTi Nano(1)_pt1   53.00    2.26    5.26   23.25   13.35 

CTi Nano(1)_pt2   75.04     11.03   13.94 

CTi Nano(1)_pt3   29.63     4.19   39.10   14.44 

CTi Nano(1)_pt4   39.98    1.43    4.83   37.11   15.23 

 

The presence of titanium particles is relatively more along the moderately sintered and 

unsintered regions. Despite the high titanium concentration along point 3 (left-hand side), 

it is that region that exhibited poor electrical conductivity compared to point 2, which is 

x30 

1.00 mm 
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the well-sintered region. Thus, it is established, “The presence of titanium particle alone 

does not determine the electrical conductivity for the proposed GDL specimen,” which is 

a significant observation. It is also evident from the EDX Table 5.8 that provides the 

elemental composition. The oxide presence is low compared to the micron powder, and 

this might be a potential reason for the high electrical conductivity apart from the 

incorporation of nanopowder.  

 

5.8.8 Significance of Laser Power   

The final experimentation of the iteration III is performed with the laser power of 9 W 

and 12 W respectively to investigate the impact of the laser power on the structural and 

functional characteristics.  

 

Figure 5.15 GDL Specimen of 95% PA/5% Ti-Nano a) Cross-sectional view at 

Laser Power of 9 W b) Cross-sectional view at Laser Power of 12 W  

500 um 
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For both the cases, it was possible to fabricate a more homogeneous GDL material with 

a lower thickness, compared to the Iteration I and II, which is evident from the cross-

sectional SEM. For an increased laser power (12 W), the thickness is still lower compared 

to the laser power of 9 W and this phenomenon is evident from Figure 5.15. Though the 

two GDL specimens (Figure 5.15 a & b) belong to the same material composition (95% 

PA/5% titanium), it is evident that the composite powder subjected to high laser power 

has relatively more strength. It was found that the sintered GDL thickness has a strong 

influence on microstructural effect. In addition, the level of micro porosity is reduced 

apparently with the thickness and also the surfaces become more hydrophobic when the 

laser speed is increased from 9 W to 12 W. These factors are also evident from the SEM 

analysis.  

 

5.8.9 Balling Effect 

The unique observation with regard to the incorporation of Titanium nano particles is the 

Balling effect, which is an unfavourable defect that occurred in the SLS-process and is 

shown in Figure 5.16. This phenomenon is due to localised irregularities resulting from 

cracks, heat affected zone, atmospheric conditions, and residual stress. Balling effect is 

fragmentation or droplets resulting from melt pool due to capillary instability [102, 103]. 

The predominant cause is that the stability of melt pool may be affected by increasing the 

scan speed as this can cause “balling effect” in the elongated liquid pool. Balling effect 

is an undesirable phenomenon related to laser-based processing and is a complex physical 

metallurgical process [104]. This phenomenon is significantly observed in the iteration 

where there is either high wt.% (Iteration I) of titanium or nano-tianium (Iteration III) and 

is evident from the high-resolution SEM image. It was initially considered that these 

balling effects are due to nano particle agglomeration but on meticulously evaluating the 

various literature [102, 103] of the laser processing technique, it is concluded that these 

effects are solely due to the laser sintering process which is absolutely a different 

phenomenon compared to agglomeration. 
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Figure 5.16 Balling effect in SEM image for 95% PA/5% Ti-Nano 

The experiments of iteration III validate the following: 

a. Higher hydrophobicity is possible in the SLS processing, which can exhibit a 

high-water flow resistance for PEM fuel cell application. 

b. Oxide formation significantly reduced while using the Nano powder. 

c. The lower thickness and higher tensile strength can also be potentially possible 

by increasing the Laser power from 9 W to 12 W. 

d. The phenomenon of agglomeration (significance of Nano particles) and Balling 

Effects (significance of SLS process) are evident from the study. 

 

5.9 PEM Fuel Cell Experimental Set-up 

 

The MEA was prepared by coating Platinum (Pt) black catalyst on both sides of a Nafion 

membrane, by the screen printing method. Catalyst ink was first prepared by 

ultrasonicating required quantity of Pt catalyst powder, Nafion 5 wt% solution in water 

(Dupont Inc, USA), propylene glycol, and isopropyl alcohol for 30 minutes. The catalyst 

ink was then coated on either side of Nafion membrane (DuPont, USA), by screen 

printing technique. The catalyst coated area (active area) was 5cm2,  Pt loading  in the 

catalyst layer was 0.25mgcm-2 on both sides, and the Nafion ionomer content was 

maintained at 40% in the catalyst layer for best performance [105].  The catalyst coated 

membrane was then dried at 50oC for 5 hours, washed, and humidified with demineralized 

water. The bonding of the catalyst layer to the membrane was good, no peeling of the 

catalyst layers was observed. Complete MEA was prepared by placing the GDL, 

x1.50k 

30.0 um 
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fabricated by SLS, on both sides of the catalyst coated membrane and was hot pressed at 

130oC, for 1 minute at a low pressure of ca. 50 psi, so that the pressing does not adversely 

affect the GDL pore structure. The sintered region of the GDL faces the membrane coated 

with a thin layer of catalyst ink, before hot pressing, for better bonding and for reducing 

the contact resistance and to facilitate the electron transfer.  

An MEA was also made for comparison purposes using a commercially available 

standard GDL, Sigracet-39BC, These MEAs were then used to assemble a Fuel cell and 

were characterised in a fuel cell test station. 

The fuel cell was assembled by placing the MEA between two graphite plates, 

with parallel gas flow channels and silicone gaskets in a single cell test fixture. The 

graphite plates were provided with inlet and outlet ports for passing the reactants. Copper 

plates were placed on outer sides of both the graphite plates for current collection. The 

cell assembly was clamped between two end plates by applying a uniform torque of 75 

kgf at the bolts. 

The fuel cell was connected to the fuel cell test station, which was equipped with 

gas humidifier, gas flow meter, temperature indicator and controller, for testing the fuel 

cell at various environmental conditions.  The fuel cell test station was also provided with 

an electronic load box (Amrel, USA) for operating the fuel cell under constant voltage or 

current conditions. The fuel cell terminals were connected to the two terminals of the 

electronic load box and are portrayed in the Figure 5.13 b.  Hydrogen (99.99% purity) 

and oxidant canisters fitted with high pressure gas regulators were connected to the fuel 

cell test station and the gas outlet line from the fuel cell test station was connected to the 

inlet ports of fuel cell assembly. The gas pressure from the gas cylinder to the fuel cell 

test station was kept at 1 kg/cm2.  A line sketch set-up and the photograph of the 

experiment with fuel cell, fuel cell test station, and electronic load bank is shown in Figure 

5.17 (a) and (b) for better understanding. 
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(a) 

 
(b) 

Figure 5.13 a) Line sketch of the Cell Assembly and b) Photograph of the Fuel cell 

experiment 
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5.10 Polarisation curve 

In the previous ex-situ characterisation, the fabricated GDL specimen had been assessed 

based on its appropriateness of thickness, tensile strength, permeability (to percolate the 

gas and product water), electrical conductivity (to transport the electron), and thermal 

conductivity (to transport the heat). However, it provided a basic insight into the GDL 

specimens’ fitness relative to the baseline material (Sigracet-SGL 39 BC), which is 

attached in the Appendix A. 

Polarisation curve is the integral characterisation technique used to analyse the tangible 

PEM fuel cell performance of real-time operating environment. Polarisation 

characterisation provides a more comprehensive insight of the PEM fuel cell stack from 

the perspective. The load is applied to the cell using an electronic load bank and the 

voltage is measured. The graph is plotted with the current density along the x-axis and the 

cell voltage along the y-axis and is portrayed in Figure 5.18. 

 

 

Figure 5.18 PEM Fuel cell Polarisation Curve 
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The factor to be considered while measuring the polarisation curves is that it should be 

determined only after the open-circuit electrode potential of the test material has attained 

a steady-state value. Though the general polarisation curve is performed for all the 

samples, the GDL films fabricated through iteration I and II are not competent enough to 

facilitate the electron transfer resulting in poor performance. However, the samples 

produced in the initial trial and those samples produced with the PA/titanium nano 

exhibited a better performance and are evident from the Figure 5.18. 

 

5.11 Closure  

 

In the present experiment, three iterations were performed to fabricate a GDL material 

and the appropriate characteristics were executed. Though these three iterations are too 

low to converge, it provided us with valuable information pertinent to the GDL 

fabrication by SLS route. At this stage, most of the characterisations that are required for 

the desired GDL fitness are verged with the buoyancy to attain the required feature. The 

experimental set-up of the fuel cell testing is also accomplished and the test values are 

evaluated based on the polarisation curve. From the polarisation curve, it is inferred that 

the GDL of the Iteration-III exhibit a reasonable performance among all the samples 

tested. Fine tuning SLS operational parameters and selection of appropriate materials are 

the key requirements to attain those attributes. This chapter comprehensively analyses the 

observations that are made in the characterisation study and validates that the proposed 

technique leads to an alternative and a simple manufacturing route for GDL fabrication. 

The forthcoming chapter deals with the in-depth interpretation of various limitations 

witnessed in the present investigation. 
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Chapter 6: Discussions and Recommendations 

“The Aim of argument, or of Discussion, should not be Victory, but Progress” 

 

Joseph Joubert 

6.1 Introduction 

 

The functional characteristics of the fabricated GDL specimen are assessed critically to 

derive valuable information. Although the functional characteristics, namely 

porosity/permeability, electrical conductivity and thermal conductivity belong to a 

different branch of engineering, it is inferred from the present investigation that there is a 

strong functional interrelationship amongst them. Insight into this correlation can also 

fine-tune the GDL characteristics. GDLs’ functions to transport the reactant gases/product 

water, electrons and heat can be significantly impacted by this interrelationship and the 

present chapter comprehensively deals with it, grounded on the critical observation of the 

material fabricated. The unprecedented challenges encountered in the present study are 

the appropriate material selection, measurement system, and SLS process parameters, 

which have been discussed extensively. 

 

6.2 Structural and Functional Relationship 

 

The following observations have been made which are critically assessed: 

 

6.2.1 Structural-Mechanical-Electrical Relation 

I. The gas diffusion material synthesised by SLS process has most of the desired 

properties but it lacked the appropriate electrical conductivity that is comparable 

to the reference material [82]. The addition of conductive filler materials to the 

base material that is intended to boost the electrical conductivity did not deliver a 

linear result. As per the literature,  general characteristics of composite (polymer 

and metallic) materials must have their electrical properties close to the metals 

and the mechanical properties typical to that of plastics [106]. Ironically, as per 
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the present investigation, the GDL specimen fabricated with the proposed SLS 

process lacked an increase in the electrical conductivity despite an increase in 

titanium. However, a clear understanding of the various possible causes for such 

an eccentricity is systematically and comprehensively studied. 

 

II. From the SEM image of the GDL specimen with 90% Polyamide/10% Ti 

[micron], it is inferred that the ineffective sintering of base and conductive 

particles has resulted in the non-uniform thickness. This observation is detected 

for both the micron scale as well the nanoscale, which is evident from the SEM 

image of the GDL specimen Figure 6.1. However, the degree of variation is 

different for the micron and nano scales. The possible reason for this phenomenon 

might be due to the different degree of heat absorption due to the deviation in the 

geometry level, which caused a gradient in the surface energy absorption by the 

titanium nano particles. 

 

 

Figure 6.1 (a) SEM image of GDL with a) 90% Alumide/10% Ti [Micron] and 

b) 95% PA/5% Ti [Nano] 

 

Though the nature of non-uniform thickness and anisotropicity is the resemblance in both 

cases, there is a dissimilarity with the level of tensile strength, electrical and thermal 

conductivity. The high tensile strength and conductivity of the GDL specimen fabricated 

with Ti Nano particles might be attributed to this reason. This raises a doubt regarding 

the functional interrelationship of tensile strength and electrical conductivity for this kind 

of thin film composites fabricated by the SLS process. From these experimental 
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observations, it is evident that a minimal level of tensile strength is a prerequisite for these 

thin film composite specimens (encompassed with metallic filler) fabricated by the SLS 

process so as to have an optimal electrical conductivity or vice versa. This tensile strength 

can also be proportional to the interconnected path that is highlighted in red is well 

observed for both the baseline material (a) as well as the graphene-coated alumide 

specimen (b) and are illuminated in Figure 6.2. The unique attributes of graphene are 

malleability, exceptional thermal and electrical conductivity and high strength to weight 

[94]. These characteristics of graphene have been well established by various authors and 

have been published in renowned literature [74, 94]. However, it must be noted that the 

interconnected path of the graphene-coated alumide specimen has thicker connectors and 

is malleable compared to the baseline material, which is thin and tubular. 

 

  

 

Figure 6.2 Role of Interconnector in Electrical Conductivity 

 

The interconnected path for the Carbon paper (Baseline material) and the Graphene 

coated alumide are substantial contributors for the improved transport properties, which 

includes the electrical and thermal conductivity. Ironically, it must be noted that in the 

present investigation these interconnectors are visible only for the carbon-based 

specimen.  
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6.2.2 Hydrophobicity–Tensile Strength-Electrical Conductivity Relation 

 

The unique observation with regard to the hydrophobicity for Iterations, II and III is that 

the polyamide composition with higher titanium (micron scale) content i.e. 70% PA/30% 

Ti (Micron) and the composition with 95% PA/5% Ti (Nano) exhibited similar surface 

morphology and hydrophobicity characteristics. The reason for the similarity is due to the 

fact that in the former case the titanium micron particles are in higher concentration, 

which has absorbed more laser heat and caused the melting of the base powder, thus 

instigating hydrophobicity. In the latter case, the higher hydrophobicity is attributed due 

to the higher surface energy/area of the titanium nano particles (though 5%) to liquefy the 

base polymer (polyamide) which flows throughout the specimen more effectively causing 

more hydrophobic nature to the specimen.  

 

The positive aspect of these hydrophobic coatings is that there is no need for separate 

physical coating with a wet-proof agent like PTFE as in the case of the conventional 

techniques. Since the PTFE coating is attached to the specimen by means of weak Van 

der Waals forces, it could separate from the specimen surface due to physical changes 

like expansion and contraction, water penetration into the PTFE and carbon interface, and 

shear force by fluid flow during the operation of a fuel cell [107].  

 

However, in the case of iteration III, the hydrophobicity is achieved through the laser heat 

that can provide more resistance to shear force (physical property) as well as resistance 

to voltage oxidation (chemical property) without the addition of any wet proof agent. It 

is also evident from the Figure 6.3 (SEM image) that the pore size was dwindled by this 

coating, which is hydrophobic and water-repellent. 

 

The negative aspect of this hydrophobic covering is that it may possibly cover the metallic 

powder and be one of the potential reasons for the reduced electrical conductivity, which 

is overshadowing the active metallic (Ti) sites, and this phenomenon is well revealed in 

the Figure 6.3 (a) and (b) and is encircled; however, it must be noted that those regions 

of agglomeration (rectangle) have immunity to the hydrophobic coating. 
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 Figure 6.3 Hydrophobicity nature of GDL specimen fabricated with (a) 70% PA /30% 

Ti (Micron) and (b) 95% PA /5% Ti (Nano)   

It has been well quantified in the literature of the SLS that the controlled porosity and 

mechanical property combinations are conceivable by optimizing the material 

composition and process parameters. However, in the present work, we would like to 

establish that in addition to the controlled porosity and mechanical property, the SLS 

technique has potential to achieve the electrical conductivity. Though the measured 

values of electrical conductivity are low, it provides a confidence that it can be boosted 

in future. 

However, the constraint in the time frame is one of the severe limitation of the present 

study to selectively play with the material and the SLS operating parameters to improve 

the electrical conductivity. 

 

6.2.3  Porosity-Electrical Conductivity-Thermal Conductivity Relation 

The outcome of variation in GDL porosity is a non-uniform mass transportation and 

consequently, even a small change in the porosity may severely lower the overall cell 

current density. Thus, the porosity influences the electrical conductivity and the fuel cell 

performance [108]. It is also evident from the literature that [109] the thermal 

conductivity decreases steeply with increasing porosity for the nano materials. 

 

6.3 Challenges in Measurement System 

The proposed GDL specimen is a composite of base powder (alumide and polyamide) 

and conductive filler (Titanium micron and nanopowder). The combination of these two 
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materials possesses totally different characteristics that augmented with the non-

optimised SLS process parameter condition results in a more heterogeneous, more non-

linear and more anisotropic material. Therefore, the measurement approaches used for 

evaluating the characteristics are not appropriate due to this nature. In addition, there are 

no regulated measurement standards to compute the characteristics of this kind of hybrid 

materials. Nevertheless, the conventional measurement technique can provide an 

approximate and relative value that is followed in the present thesis. The unprecedented 

challenges involved in the measurement of these GDL specimens have been observed 

almost throughout the study specifically for the electrical and thermal conductivity, 

tensile characterisation, and porosity. Among these properties, the electrical and thermal 

measurement techniques were the most challenging ones. 

 

6.3.1 Electrical and Thermal Measurements [Electrical Conductivity vs. Thermal 

Conductivity] 

 

I. One of the significant challenges pertaining to the electrical characterisation is the 

low resistance measurements using the conventional instruments, which are 

typically between tens to hundreds of Ω. At this level, it is important to use test 

equipment that minimises errors introduced by the test-lead resistance and/or 

contact resistance between the probe and the material being tested. In addition, 

the impact of contact resistance, which is the resistance to current flow through a 

closed pair of contacts, is also not considered. These limitations, due to contact 

resistance, is not only encountered in the electrical resistance but also for the 

thermal resistance measurement. The general characteristics of thin films are 

highly anisotropic with very different properties along the cross-plane and in-

plane directions [110]. The proposed material is a more complex thin film due to 

its non-homogeneous and non-uniform thickness apart from the anisotropic 

nature.  

II. In addition, the through-plane electrical resistance measurement, which provides 

the information of current flow in direction perpendicular through the GDL, is not 

feasible due to these characteristics of heterogeneous and anisotropic nature. The 
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primary reason is due to the fact that electron flow across the GDL is severely 

limited where the composite powders are not well sintered. 

III. The four-wire Kelvin method used to compute the in-plane electrical resistance 

(illustrated in Figure 6.4) to perform the test as stated by Williams et al. [32] is 

not a standardised method and highly depends on the materials intrinsic nature 

and linear operating range. As a consequence, applying Ohm’s Law to this non-

linear material is not the absolute measurement technique and can be erroneous in 

most of the conditions. The GDL samples in-plane electrical resistance per unit of 

distance (R’) values are usually calculated using Ohm’s Law as shown in 

Equations  

   R = ρxl/A           

   ρ = [R/l] x A          

   ρ = (R’) x A                                                                                 

R = in-plane electrical resistance of the GDL sample (Ω) 

R’= in-plane electrical resistance per unit of distance of the GDL sample ((Ω)/cm) 

ρ = in-plane electrical resistivity of the GDL sample (Ωcm) 

A = Area of cross-section of the GDL sample (cm2) 

 

Figure 6.4 In-plane Electrical Resistance Measurement technique 

IV It is observed that resistance of the baseline (carbon-based) and graphene coated 

alumide GDL had a linear relationship with respect to the distance. This 

phenomenon is evident from the graph illustrated in Figure 4.8. Conversely, such 

a linearity in sheet resistance (resistance per unit length) is not observed for the 

3D printed GDLs which raises concerns about the applicability of Ohm’s law to 
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these anisotropic polymeric materials (3D printed GDLs). In addition, while 

evaluating the thermal conductivity measurement using Fourier’s law for these 

GDL materials it exhibited similar measurement challenges. Nevertheless, this 

critical observation in the present study causes the uncertainty about the 

applicability of Ohm’s law measurement to the GDL specimen fabricated by SLS 

because of the following reasons pertaining to the electrical-thermal analogues: 

“Thermal conductivity measurement incorporating Fourier’s law was also not 

able to be applied to compute the thermal conductivity of the proposed GDL 

specimen”. This is observed due to the technical issues to measure the thermal 

conductivity of these thin films GDL samples with the linear heat conduction 

instrument namely Armfield HT11 that has been designed to demonstrate the 

application of the Fourier Rate equation to simple steady-state conduction. Figure 

6.5 refers to the linear heat conduction instrument, which was attempted to analyse 

the thermal conductivity. 

 

Figure 6.5 Armfield HT11 for Linear Heat Conductivity Measurement 

This technique allows the measurement of the heat flow and temperature gradient 

allowing the thermal conductivity of the material to be calculated. However, the test was 

unable to be performed due to the inapplicability of Fourier’s laws to compute the thermal 

conductivity, which raised severe concerns about the applicability of Ohm’s law as well 

as to these materials. Thus, the Ohm’s Law-Fourier’s law comparison of the composite 

gas diffusion specimen is because, “In steady state conduction, all the laws of direct 

current electrical conduction can be applied to heat currents. In such cases, it is possible 

to take thermal resistances as the analogue to electrical resistances and temperature 
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functions the role of voltage, and heat transfer rate (heat power) is the analogue of electric 

current”. To further reinforce our claim it is also stated in the literature that the heat 

transfer by Fourier heat conduction theory is generally thought [111] not necessarily to 

be applicable for thin films which further strengthens our hypothesis. The proposed GDL 

material, which is also a thin film, with more non-linear and anisotropic characteristics 

might follow a similar trend for the electrical behaviour as well. However, the specimen 

which is fabricated in the initial trial and the baseline material exhibited a linear 

characteristic.  

6.3.2 Air porosity/permeability measurement 

The porosity is the default characteristic of any material fabricated through the SLS. From 

the perspective of air porosity/permeability measurement, the Gurley permometer 

technique, which is used to measure the air porosity and permeability, is inappropriate for 

rough-surfaces (similar to the proposed material) due to the limitation in securely 

clamping to avoid significant edge leakage. The proposed composite GDL surface is 

rough which had limited its utilization for all the iterations except the initial trial. As a 

consequence, non-invasive computational measurement techniques namely Image J is 

used to have an insight on porosity through the SEM image. The limitation of this 

technique is that it is a non-ASTM standard and the porosity measurement is limited to 

those areas which are under the SEM. 

 

6.3.3 Surface contact angle/Hydrophobicity measurement 

The hydrophobic effect is an important phenomenon in PEM fuel cells, which represents 

the tendency to repel water, and can substantially improve the PEM fuel cell performance. 

Thus, the investigation of surface contact angle measurement becomes an integral concept 

in the present study. The degree of hydrophobicity is determined by the simple technique 

that is proposed by Zamora et al [83], in which a 20-μL drop from the syringe was 

deposited in a  sample and after stand-up for 1 hour, zoom shooting was conducted for 

the sample and then the contact angle was measured between the droplet and the surface. 

Although this technique is a non-ASTM standard, it provides a reasonable relative value 

while performing the calibration against the baseline material (Sigracet-39 BC) with a 

discrepancy of ± 15o. 



93 

 

6.3.4 Necessity for Real-Time Dynamic Measurement Technique 

The circumstantial challenge with GDL layer measurement is the fact that it is subjected 

to multiple physical impacts due to the diverse operating environment, such as high 

clamping forces, substantial current transients, temperature gradients, high voltage and 

low pH conditions.  The impact becomes more predominant when these conditions occur 

simultaneously. Therefore, a more advanced and explicit measurement technique 

considering all these dynamic operating constraints is a prerequisite to have a 

comprehensive understanding. Design of such a measurement system can provide more 

insight into the actual operating performance 

6.3.5 Uncertainty Analysis 

Experimental uncertainty estimates are needed to evaluate the confidence in the results 

and assessing them in a physical measurement unavoidably involves an element of 

subjective judgment [112]. However, in the proposed experiments uncertainty analysis 

had not been performed due to the materials non-homogeneous nature that provides us 

with a relative value rather than an absolute one. In addition, elemental analysis (EDX) 

is normally a semi-quantitative and consequently the results have significant uncertainty. 

Measuring the values against the baseline materials is rationale in the present 

investigation to assess the relative performance and this approach has been followed. 

 

6.4 Materials Limitation and Operational Environment 

Finding out appropriate conductive and base materials will contribute significantly to the 

present work on the development of this novel composite gas diffusion material. 

It has been well established in the literature that the Sintering behaviour of titanium 

powder has not been well understood due to its high reactivity and complex diffusion 

behaviour and this phenomenon is in line with the present observation [113]. One of the 

potential limitations with the conductive filler is that the titanium used in the study is 

converted to titanium oxide. If we can use conducting titanium oxides (Magnéli phase) 

which is already in the oxide state the challenge pertaining to the oxide formation can be 

averted because these conducting metal oxides cannot be further oxidised during the SLS 

process. These substoichiometric titanium oxides, [Ti n O2n−1 (n = 4–9)], are often 
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referred to as Magnéli phase TiO x and have attracted much attention recently because 

of the growing demand for conductive materials [114].  

The complexity encountered in the synthesis as well as procurement of those conducting 

titanium oxides limited us to incorporate it in the present study; however, future 

experiments will be performed using these advanced solid-state materials. 

In addition to the appropriate conductive filler selection, the appropriate base polymer 

material is also a mandatory factor. The commonly applied SLS base polymers powder 

to date are those of the polyamide family, which have poor conductivity [115] limiting us 

to play with the wide range of materials combination for the SLS manufacturing route. 

Performing the investigation in a non-argon environment is one of the limitations 

pertaining to the current SLS experimental set-up. 

 

6.5 SLS Process Parameter Limitation 

In addition, SLS process parameters play a key role in influencing the quality of the 

product. The key process parameters involved in the present SLS process are the energy 

density of the SLS instrument that is governed by the laser power, beam diameter and the 

laser scan velocity. In the present experiment, the laser power and the laser speed are kept 

constant (except for the iteration III where the Laser Power is marginally varied) 

throughout the course of the experiment, which can be one of the severe limitations to 

attain the desired functional characteristics. 

In addition to the operating parameters, namely laser power and speed, there are also other 

independent operating parameters that govern the GDL specimen’s geometry and 

functional characteristics. For instance, the energy input to the surface is a function of the 

pulsed flux, the duration of the pulse, and the delay between successive pulses. These 

three parameters are computed as a function of the independent operating parameters. 

The flow diagram in Figure 6.6 shows how the energy to the surface of the composite 

powder is a function of the independent operating parameters. The calculation of the 

energy input is based on the assumption that the laser output has a Gaussian intensity 

distribution. However, this assumption is valid for the CO2 laser that is most commonly 

used in the SLS process [116].  
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Figure 6.6 Effect of various operating parameters on the energy input to surface 

The laser spot size can be represented by a characteristic radius, ω that can be measured 

using a beam profilometer. The beam profilometer measures the intensity profile across 

the laser spot at the surface of the powder bed using a knife edge method [117]. The 

maximum intensity is in the beam centre and decreases radially as governed by the 

equation: 

I = Io exp (-2r2/ω2)           

Where; 

 I is intensity of field 

 r is Radial coordinate 

ω is Beam radius 

This Gaussian equation is equivalent to the distribution of electro-magnetic field in the 

cavity that is reproduced itself during frequent propagation of light wave between 

resonator mirrors. However, the real divergence of laser radiation differs from that of 

ideal Gaussian beam [118]. 



96 

 

The scan radius, SCR, is the distance from the fast axis-scanning mirror to the sintering 

plane. The scan radius determines the maximum scan width because the galvo mirrors 

only have a range of 40° over the surface of the powder bed [116]. The scanning speed is 

a function of the scan radius and the laser operating parameters as exposed in equation: 

Beam Speed = 1.04378 
𝑆𝑆𝑥𝑆𝐶𝑅

𝑆𝑃
                               

The laser power is often the preferred operating parameter to control due to the simplicity 

to regulate it. When the power is increased, the sintering energy at the surface also 

proportionally increases. The laser scanner parameters, SS (step size) and SP (step 

period), specify the speed at which the galvo mirrors turn and in conjunction with the 

scan radius define the beam speed. The scan spacing, SCSP, is the distance between 

adjacent scan vectors. The scan spacing can be adjusted to change the amount of beam 

overlap during a scan prior to sintering when the layer is divided into a series of parallel 

scan vectors [116]. All these independent parameters can significantly influence the 

process performance that in turn can influence the functionality and aspect ratio of the 

GDL specimen. In the future experiments, fine-tuning of these parameters will be 

implemented to fabricate the appropriate GDL specimen.  

6.5.1 Causes of Improper Sintering 

One unique observation that is witnessed throughout the course of all the iterations is an 

inappropriate sintering process especially on the backside of the specimen where the laser 

beam is not well exposed. 

  

Figure 6.7 Improper SLS along the Bottom of the GDL specimen 
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Figure 6.7 reveals that the base powder is not sintered along the bottom region for the 

sample with 70% polyamide/30% Ti that ironically had a high level of sintering in the 

laser-exposed region. This phenomenon might be one of the potential limitation to attain 

the desired conductivity and tensile strength. In addition, weighing the impact of SLS 

operating parameters is not incorporated in the present investigation due to the limitation 

in the time frame and the lack of sufficient literature. 

In the present experiment, the operating parameters considered are the Laser power and 

Laser speed and even that has been almost constant throughout, the course of the 

experiment for the fixed GDL composition (except the iteration III). 

6.5.2 Balling effect Vs. Agglomeration 

The unique observation with regard to the incorporation of Titanium nano particle as well 

the high %wt. of Titanium (micron) is the Balling effect, which is an unfavourable defect 

occurring due to irregularities from cracks, heat affected zone, atmospheric conditions, 

and residual stress. Balling effect is fragmentation resulting from melt pool due to 

capillary instability [102, 103] and is an undesirable phenomenon related to laser-based 

processing and is a complex physical metallurgical process [104]. This phenomenon is 

significant in the iteration where there is either high wt.% (Iteration II) of titanium and 

also for the nano-tianium (Iteration III) which is sintered at high laser power of 12 W. It 

was initially considered that these balling effects are due to agglomeration but on 

meticulously evaluating various literature [102, 103] of the laser processing technique, it 

is concluded that these effects are solely due to the laser sintering process which is 

absolutely a different phenomenon compared to agglomeration. Figure 6.8 refers to the 

balling and agglomeration effect in the present investigation. Nano crystalline powders 

have a large specific surface area and a high defect density which might have contributed 

to the agglomeration effect. 
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(a) 

 

(b) 

Figure 6.8 Balling and Agglomeration Phenomenon GDL composition 

Last but not least, in the present investigation, a basic mortar and pestle arrangement is 

attempted for mixing the base and conductive powder to prepare the composite powder. 

However, this arrangement might be insufficient to achieve a homogeneous GDL 

specimen. Alternative tools such as the advanced ball can be more efficient to fabricate a 

homogeneous, conductive and more isotropic gas diffusion material.  

 

6.6 Repercussion of Wiedemann–Franz law  

 

It is very evident from the measurements that the presence of titanium metallic powder 

has actually contributed to an increase in the thermal conductivity. In fact, an increase in 

titanium powder (%wt.) is proportional to the increase in the thermal conductivity and is 

evident from iteration II. The composite powder having proportionate metallic titanium 

powder is correspondingly supposed to obey Wiedemann–Franz law, which states 

the thermal conductivity is proportional to the electrical conductivity at constant 

temperature and is given by [119]. 
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Figure 6.9 Linear increase in the Thermal conductivity with Ti [Iteration II] 

Figure 6.9 validates an increase in thermal conductivity with an increase in the titanium 

wt% for the iteration II. The potential role for the electrical conductivity improvement is 

undoubtedly possible by the addition of titanium metallic powder analogous to the 

thermal conductivity [as the composite powder has a finite amount of metallic titanium 

powder] as well. Correlating the present finding to follow the Wiedemann–Franz law 

gives more confidence and it further rationalises our hypothesis through the findings from 

the fundamental Physics perspective. 

The limitation for an increase in electrical conductivity such as conversion of titanium-

to-titanium oxide and the lack of infrastructure to perform the experiment in argon 

conditions is already illustrated in the previous chapters and can be mitigated in future 

studies. Under that circumstance, an increase in electrical conductivity is finitely possible. 

Selecting appropriate base material and the conductive filler that is mutually compatible 

with the SLS manufacturing technique can accelerate the foundation of a state of the art 

GDL. 

 

6.7 Critical Assessment 

GDLs influence the performance of the PEM fuel cell stack not only on the ohmic region 

but also on the mass transport region. As illustrated in Figure 6.10 an ideal GDL can 

minimise the Ohmic and mass transport loss thereby significantly influencing the PEM 

fuel cell performance and enhancing the power density.  
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Figure 6.10 V-I Characteristics of Fuel Cells 

However, this process is not exactly linear as the exothermic reaction augments to the 

heat in addition to the Ohmic heat. In addition to this non-linearity, the PEM fuel cell 

operational environment is also subjected to diverse operational conditions such as high 

voltage, high current, high temperature, high/low humidification and low pH, which 

increases the level of complexity. Similarly, the SLS process is also a complex process. 

Integrating the two complex processes (PEM fuel cell and SLS operation) involves a 

holistic understanding on both the subjects comprehensively to attain the desired 

attributes. A general thought on the SLS operational process and material selection is a 

pre-requisite to attaining the anticipated gas diffusion material characteristics. 

The role of percolation model, which is an already matured concept, can be used to 

construct a GDL as well as optimize the volume/weight of GDL materials. The thickness 

of the GDL is about 90-200 µm for each electrode and it can increase along the stacking 

direction [120]; a similar level of thickness is also witnessed with the current 3D printed 

GDL. In addition, it must be noted that the percolation threshold is the critical loading of 

the filler leading to the conductive network formed in the matrix. The percolation 

threshold also depends on the particle size of the conductive filler, this observation is in 

agreement with the study by Jie Jin et al. [121] which can actually complement SLS. In 

future, this percolation threshold value can be fed to the SLS printer to get only the desired 

material with appropriate functional characteristics (thermal, electrical and hydraulic 
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conductivity) as a rule of thumb. This percolation threshold can possibly be added to the 

material datasheet, like the conductivity, porosity, hydrophobicity, etc., which might 

provide the users/researchers with an insight into the nature of the material. Such a 

progress is not only limited to GDL of PEM fuel cell application but also to the GDL used 

in the PEM electrolysers and batteries.  

 

6.8 Presence of Zirconium in the proposed GDL specimen 

 

One of the unique observations in all the specimens of the GDL fabricated through the 

SLS process is that small traces of Zirconium are present throughout the study.  

 

 

 

Figure 6.11 Zirconium presence in Alumide powder 

The presence of Zirconium in the alumide and polyamide powder is evident from SEM 

and is revealed in Figure 6.11 and Figure 6.12 respectively. 
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Figure 6.12 Zirconium presence in Polyamide powder. 

 

 

However, Zirconium would have also been present in the Titanium micron and nano 

particles because Zirconium and Titanium have a similar crystal structure and atomic size 

[122] and have similar properties and are in the same group in the periodic table. As a 

consequence, Zirconium indication might also have been due to an X-ray interference 

effect and is observed to be scattered uniformly which is illuminated in the SEM Figure 

5.13 (d). 

Conversely, Zirconium is a conductive metal and has a strong resistance to corrosion. 

Also, it slightly adds a yield strength to titanium [122] which is actually an advantage for 

our requirement. Beyond all, Zirconium has not been observed to interfere with the PEM 

fuel cell operating environment in any of the previous literature. 
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6.9 Closure 

 

The structural morphology of the GDL specimen is correlated to the material 

characteristics such as electrical conductivity, thermal conductivity, porosity and tensile 

strength. Though the aforementioned correlation requires further investigation in order to 

draw more quantitative results, it provided us with a basic understanding. A more 

comprehensive understanding of the SLS operational process and material selection that 

has a good compatibility and is a prerequisite to attain the anticipated gas diffusion 

material characteristic. 
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Chapter 7: Conclusion and Future Work 

“The Conclusion of Good Research Leads to the Introduction of New Products”                                                                                                                                                                        

                                                                                Arunkumar Jayakumar 

 

The gas diffusion layer is one of the integral components of a PEM fuel cell stack and in 

the present investigation, it has been attempted to fabricate a GDL that addresses the 

specific research questions that are formulated in Chapter 2. Table 7.1 addresses the 

research gaps that were identified in the course of this project, and the outcomes achieved, 

together with potential future developments. 

Table 7.1 Research Questions, Outcomes and its Implications 

Research Question What/How was Done Implications 

Can we develop a carbon-

free gas diffusion layer 

(GDL) for PEM fuel cell 

application? 

 

Yes, an attempt to develop 

carbon free GDL 

incorporating SLS has been 

identified. 

An iterative approach is 

followed. 

The characteristics of the specimen validate 

that the SLS technology can be a promising 

methodology for GDL fabrication. 

Selection of appropriate materials and fine-

tuning of SLS operational parameters play 

a significant role to optimize the final GDL. 

Can we streamline the 

GDL manufacturing 

technique to reduce the cost 

to achieve the target of US 

department of energy 

(DoE) target? 

Yes, and apparently the 

reduction in the lead time can 

also be achieved by the SLS 

technique. 

A standardised protocol has to be prepared 

for optimising the materials and SLS 

operational parameters for this 

manufacturing process. 

 

The specific findings and the future direction of this research work are: 

 

1. A novel approach to synthesise a carbon-free GDL for a PEM fuel cell stack by a 

selective laser sintering (3D printing) is attempted. The proposed GDL specimen 

is a composite of base polymer powder (alumide and polyamide) and conductive 

filler (Titanium micron and nanopowder) with the different composition. These 

two materials are of different physical and chemical properties (one being a 
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polymer and the other a metallic powder) which are fused together to fabricate a 

novel specimen with desirable hybrid characteristics. Table 7.2 provides the 

quantitative characteristics of the GDL specimens fabricated by SLS process 

which converges towards the conventional GDL material.  

 

Table 7.2 Quantitative Results of the Proposed GDL Material 

Properties Iteration I 

Base Polymer-Alumide 

Functional Filler- 

Ti -Micron 

Iteration II 

Base Polymer-Polyamide 

Functional Filler- 

Ti-Micron 

Iteration III 

Base Polymer-

Polyamide 

Functional Filler- 

Ti Nano 

90/10 80/20 70/30 90/10 80/20 70/30 95/5 

Laser 

Power 

9 W 

Laser 

Power  

12 W 

Thickness 

(μm) 

550  445 410 570 440 410 417 361 

Tensile 

Strength 

(N/cm) 

<< 4 4 << 4 Not 

Measur

able 

5 5 20 20 

Porosity and 

Air-

Permeability

*  

More 

Porous 

Porous More 

Porous 

More 

Porous 

More 

Porous 

More 

Porous 

More 

Porous 

More 

Porous 

Surface 

contact angle  

20o ± 

3o 

70o  ± 

10.5o 

50o ± 

7.5o 

10°± 

1.5o 

45°± 

6.75o 

80°±12o  

and 

10°±1.5o 

110o 

°±16.5o 

110o 

°±16.5o 

In-plane 

electrical 

resistance 

Ωcm-1 

Few  

thousa

nds 

Few 

hundre

ds 

 

Few 

thousand

s 

- Few 

hundre

ds 

- 35  21 

Thermal 

Conductivity 

Wm-1K-1 

Not 

Measu

rable 

0.26 Not 

Measura

ble 

0.37 0.54 0.59 0.43 

 

0.49 

*Porosity is the default characteristics in SLS Process 

 

2. Porosity is the default characteristic, which is attained through the SLS process 

[97] and this attribute is observed for every GDL specimen fabricated throughout 

the course of the experiment.   
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3. The proposed gas diffusion material exhibited a highly anisotropic and non-linear 

nature. Though there were limitations involved in the application of Ohm’s Law 

to compute the electrical conductivity and Fourier’s Law to compute the thermal 

conductivity; it provided an opportunity to learn the nature of the gas diffusion 

materials. The drawback involved in performing the through-plane conductivity 

measurement is also due to this anisotropic and non-homogeneous nature of the 

material. 

 

4. Most of the GDL materials fabricated in the present SLS process exhibited a 

hydrophilic nature. Ironically, the hydrophobic nature is observed for the 

composition with 5% Ti (Nano) and 95% Polyamide. Thus, the SLS experiment 

validates that incorporation of hydrophobicity is achievable through the present 

approach without the need of PTFE. 

 

5. Laser power is often the preferred control parameter due to the simplicity of its 

regulation. However, there are also other independent SLS process parameters, 

such as scan speed, laser spot size, beam diameter, scan radius, step size and scan 

spacing. The size of the laser spot and the scan radius are both machine specific 

and may differ from one SLS machine to another. Fine-tuning these parameters 

can potentially yield a more desired material with better structural and functional 

characteristics. However, understanding the significance of these operational 

parameters is a prerequisite. There are also numerous combinations of the SLS 

operating parameters and understanding the integrated effect can provide a more 

holistic insight.   

 

6. The predominant reason for not attaining the desired electrical conductivity is that 

the laser energy converts the titanium particles (at least a small amount) to the 

titanium oxides, which limits the improvement in the conductivity. However, 

performing the SLS experiment under inert conditions (Argon condition) can be 

a promising approach to circumvent this issue. There have been numerous 
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literatures [123-125] that validate better performance characteristics under argon 

environment. 

 

7. On the other hand, it is observed from the successive experiments that there is a 

linear increase in the thermal conductivity of the GDL specimen with the increase 

in the titanium concentration (%Weight). Therefore, hypothetically, in accordance 

with the Wiedemann Franz law, since the GDL specimens have a finite amount 

of metallic titanium powder, the electrical conductivity can also be linearly 

increased. Performing the SLS experiment under inert conditions using a more 

advanced ball mill to blend the base and conductive powder can significantly 

improve the overall product fitness.  

 

8. Selecting an appropriate base polymer and conductive filler material can 

accelerate the product development with more augmented fitness. However, it 

must be noted that not all the existing SLS base materials are compatible with the 

GDL fabrication and not all the materials appropriate for the GDL application are 

compatible with the SLS manufacturing technique.  

 

9. An increase in metallic filler to the polymer alone cannot lead to the increase in 

the electrical conductivity and this phenomenon is observed in the present 

investigation. Another critical observation of the present thesis is the structural-

functional relationship exhibited by the 3D printed GDL specimen. From the 

experimental investigation correlating all the functional characteristics, it is 

observed that the material with reasonable conductivity also exhibited a good 

tensile strength and vice versa. Thus, an effective sintering is an essential criterion 

to incorporate the SLS technique for GDL application. Selecting the appropriate 

material, size, geometry and aspect ratio can also significantly influence the final 

characteristics of the GDL specimen. More time, processing equipment and 

related infrastructure pertaining to materials and SLS operating parameters are 

required to perform the successive iterations with additional material 

combinations of varying geometry (micron to nano). 
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10. The SLS process parameters, and their fine-tuning enable the optimization of the 

GDL characteristics. For instance, in the iteration III, the two GDL specimens 

fabricated with the same material composition (95% polyamide/5% titanium 

nano); exhibited different functional characteristics. i.e. the composite powder 

subjected to laser power of 12W had high conductivity, high tensile strength and 

lower thickness compared to the one fabricated with 9 W. This clearly illustrates 

the significant effect of regulating only one operating parameter (Laser power). 

The combined synergistic effect of adjusting more operating parameters can 

contribute more significantly. 

 

11. The US-DoE target of $5.45 /m2 [66] for a mass GDL production of 500,000 fuel 

cell stacks can be easily accomplished through this SLS practice. In addition, the 

manufacturing complexity can also be drastically reduced by the SLS technique. 

The proposed concept provided us with promising interpretations and can be fine-

tuned with more qualitative research before going into mass-production.  
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