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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,
iii



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

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



their versatile characteristics such as high power density (compatible for transportation),

low operating temperature (60-90°C) 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: HZ (gas) g 2H+(aq) + 2e” Eg =0V

Cathode: 1/, 0, (gas) + 2H" (4q) + 267 = H0(iq) E? =1.229V

Net

Reaction: H; (4qs) + 1/2 03 (gas) = H20(iq)+Power+Heat E° = E2—E?
E° =1.229V

The ideal standard potential (E°) at 298 K for a fuel cell in which H2 and O 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



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

Molten Immobilized 50-60% High operating temperature.
Carbonate Carbonate solution Therefore,  non-expensive
Fuel Cell coz- catalysts and can operate on
(MCFC) cheap fuels.
Phosphoric Immobilized 40-45% Can use impure H: as fuel and
Acid Phosphoric acid can tolerate up to 1.5% CO
Fuel Cell soaked in a matrix (carbon monoxide).
(PAFC) Hyt
Alkaline Potassium 60% Agueous electrolyte promotes
Fuel Cell hydroxide, soaked in fast cathode reaction and high
(AFC) a matrix performance.

OH-
Polymer Perfluoro- 60% High power density, Low
Electrolyte sulfonic acid temperature and quick startup
Membrane ! ¢ hicl
Euel Cell (Nafion) (excellent or vehicle
(PEMFC) - applications).




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:

CoHyns1OH + (2n — 1)H,0 - nCO, + 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 (1) 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, ¢) 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-1 Characteristics of Fuel Cells

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

VFc = E0 _Vact _VOhmic -V

Con

Vact represents the activation losses that are caused by sluggish electrode kinetics, the
electrocatalyst material, and reactant activities. Vonmic 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.



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 (n.,) of a fuel cell operating at 25°C by using the hydrogen higher

heating value [7]:

k]
AG]? _ 2371@
AH®°

Nen =

286k—]
mol

= 83%
Where;
AG? = Gibbs free energy of fuel
AH°= 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 25°C is 1.229 V. Thus, the thermodynamic efficiency of an actual

fuel cell operating at a voltage of Vg, is given by:

Nace = 0.83 X Vcell/Eideal
= 083 X Vcell/1.229
= 0675 X Vceu

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.



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-

80°C), rapid start-up and dynamic response.
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Figure 1.3 PEM fuel cell Stack Component and lon 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



Table 1.2 Integral Membrane and Electrode Components and their Function

Components

Functions

Proton Exchange or

Polymer Electrolyte

i. Conducts protons and impedes the flow of electrons.

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

Membrane (PEM) protonic conductivity (to pass protons)

e.g., Nafion

Catalyst Layers (CL) | i. The active site, where the reaction takes place.
e.g., Pt, Ru. 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
10



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:

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

performance, efficiency, operating principles and key components.

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.

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.

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.

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
11
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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.

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.
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, | 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:
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Where;
Ci is the concentration.
D% 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, K, used to characterize the regime of diffusion is defined as:

Kn = ig/dp

Where;
g 1S the mean molecular free path.

dp is the pore diameter.

An estimate of K, 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 107'¢ to 1077 m?
and for Ag/dp <<1 the Knudsen diffusion effect is neglected [16]. The effective diffusion
coefficient (Defr) is related to the bulk diffusion coefficient (D) through the MacMullin

number and is governed by the equation:

N D

M Desy

14



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

expressed as a generalized relationship with tortuosity (z) and porosity (¢):

Ny =f@e)="T"/em
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 () of each sample was estimated using the Bruggeman equation [17]:
U=k
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]

Dry areal Areal mass after . Advanc.lng/
: ) o Void Receding
Media mass (kg/m?) liquid water .
) fraction contact
contact (kg/m?)
angle
Carbon paper |, 5040007 |  0.469+0.052 | 0.7240.05 | 115°/30°
(Toray)
Carbon paper +
+ + + 0 0
20% Teflon 0.374+0.007 0.423+0.035 0.69+0.05 | 170°/120
Carbon paper +
+ + + 0 0
40% Teflon 0.456+0.010 0.525+0.047 0.59+0.05 | 170°/120
Carbon paper+ | 17610009 |  0526:0.044 | 0.5040.05 | 170°/120°
60% Teflon
Carbon cloth 0.355+0.009 0.484+0.027 0.75+0.05 | 95°/30°
Carbon cloth +
+ + + 0 0
20% Teflon 0.476+0.012 0.551+0.047 0.73+0.05 | 170°/120
Carbon cloth +
+ + + 0 0
40% Teflon 0.595+0.011 0.648+0.041 0.68+0.05 | 170°/120
Carbon cloth +
.697+0.017 .839+0. .52+0. 170°/120°
60% Teflon 0.697+0.0 0.839+0.055 0.52+0.05 0°/120
E-TEK/ELAT 0.435+0.011 0.620+0.036 0.74+0.05 | 170°/120°
electrode

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].

Properties Method Carbon Carbon
paper? clothP

Thickness (um) Callipersat 7 kPa | 0.19 0.38

Areal weight(gm™) Gravimetric 85 118

Density (gcm) At 7kPa Calculated | 0.45 0.31

Resistance Two flat graphite 0.009° 0.005°¢

(Through-plane, Qcm?) blocks at 1.3 MPa

Bulk Resistivity Mercury contacts 0.08 NA

(Through-plane Qcm)

Bulk Resistivity Four probe 0.0055¢ 0.0091¢

(In plane Qcm)

Gas permeability Gurley 8° 55¢

(through plane, Darcy) | Permeometer

Material description 4301 Toray Avcarb 1071

@ Reported by Toray (unless indicated otherwise)
b Reported by Ballard Material Systems (unless indicated otherwise)
¢ 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.

¢ Measured at GM, uncompressed, 1 Darcy =102 m?




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/cm?.
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
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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 | Surface Pore Averaged
size (nm) | area (m?/g) | Volume(cm?/g) | pore radius

(pm)

Shawinigan 40 -50 70 0.594 1.7

acetylene black

(SAB)

Vulcan XC-72 30 250 0.489 1.8

Black Pearl 2000 15 1501.8 2.67 --

carbon

Asbury graphite -- 13 0.346 3.5

850

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]

Gas PTFE (%) Power
Diffusion Reactants Membrane | Density
Medium Range | Optimum (W/cmz)
Carbon H,/Air 25-45 | 35 Nafion-112 | 0.360
Paper

Carbon H,/Air 10-60 | 30-40 Nafion-112 | 0.493
Paper

Carbon H,/O, 10-40 | 30 Nafion-115 | 0.250
Paper

Carbon H,/Air 10-60 | 20 Nafion-117 | 0.360
Paper

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 m?/g), high-fractional mesoporous

pore volumes for gas transport, synthetic control over structural properties, and
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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 um and the highest achieved
electronic conductivity was about 28 Scm™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?) 0.1-0.6
Surface Area (m?/g) 400-1000
Average pore size (nm) 4-30
Electrical conductivity (Scm™) | 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 um 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).
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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-um
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.

Acrylonitrile

Water Polymeric
binder

0O
J

Fully-treated
SIGRACET GDL

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 pum 325

Area Weight g/m? 105

Open Porosity % 50-52
Through-Plane Gas cmcm?st 1.0-15
permeability (Gurley)

Hydrophobicity ©) 118.2 +£10.98
(Water Contact Angle)

In-Plane Scm'? 2.0-2.2
Conductivity™

Through-Plane Scm? 170/145
Conductivity™

Thermal Conductivity | Wm?K 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?
Il.  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 VVenn representation.

Develop a "C" free
GDL as they are
susceptible to
Electrochemical
Oxidation

Apparently simplify
the Manufacturing
process by a SLS-3D
printing technique.

Contribution to
Knowled

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 + 2H,0 > CO, +4H* + 4e~  Eo=0.207 VV vs. SHE
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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
CO: 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.

The US-DoE target of $5.45/m? 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.

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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Characteristics are nearing
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A 4

Critical Assessment

w/ Stop

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, acarbon 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.

29


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

Roller

Mechanism

COz Data Feed

Laser /
System
Laser Beam A

Selective Laser Sintering *
-}

Raster Scanning

e

Sintered powder -

particles
Power Bed

S R R R

/ Part build chamber Unsintered powder

Figure 3.2 Selective laser sintering process

The distinct advantages of an SLS process is that:

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.

The components can be optimised to possess high strength, good conductivity,
and good chemical resistance.

Diverse finishing possibilities (e.g., metallization, stove enamelling, vibratory
grinding, tub colouring, bonding, powder, coating, flocking) and functional
possibilities (biocompatible) are possible.

Complex parts with interior components, channels, can be built without trapping
the material inside and altering the surface from support removal.

The fastest additive manufacturing process for printing functional, durable,

prototypes or end-user parts.
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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 Xv)
Where;
E. D is the Energy Density (J/mm?).
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 Product name | Main properties Typical applications
class
Polyamide | PA 2200 Multipurpose material Functional parts
12 Balanced property profile
PrimePart® Economical multipurpose | Functional parts
PLUS material
(PA 2221) Balanced property profile
Variety of certificates
available
(Biocompatibility, Food
contact)
PA 2202 black | Balanced property profile | Functional parts in
Pigmented throughout anthracite black colour
Polyamide | PA 3200 GF High stiffness Stiff housings
éz’ Slfafls | Wear resistance Parts with requirements
ead fille .
Improved temperature on wear and abrasion
performance Parts used under
elevated thermal
conditions
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Table 3.2 List of base polymer materials (Contd...)

Otherwise balanced
property profile

(similar to PA 2200)

From renewable sources

Product Product name | Main properties Typical applications
class
Polyamide | Alumide® Easy post-processing, Applications with
12, good machinability metallic finish
aluminium High-temperature Parts requiring
filled performance machining
Thermal conductivity Parts with thermal
(limited) loads
High stiffness
Polyamide | CarbonMide® Extreme strength and Light and stiff
12, carbon stiffness functional parts
fibre Thermal and limited Metal replacement
reinforced electrical conductivity
Best strength/weight ratio
Polyamide | PA 1101 High ductility and impact | Functional parts
11 resistance 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.

100um

100um

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
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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 (um 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
COy) specifically at a voltage greater than 0.207 V [63].

C + 2H,0 - CO, +4H* + 4e~  Eo=0.207 VV 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 3.6 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 Conductive Graphene

Polyamide Ultra-high Concentration of Graphene Nanoplatelets
(EOS Plastic Materials) purchased from graphene supermarket™

Titanium Micron Powder
(US Research Nanomaterials, Houston, TX, USA)

Titanium Nano Powder
(US Research Nanomaterials, Houston, TX, USA)
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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

la. 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

Syringe 50 uL —Hamilton

Measure Surface Contact

angle/Hydrophobicity HD Camera Angle

5.Electrical Tektronix, Measure In plane Electrical
Characterisation OR, USA resistance

6.Thermal Characterisation | Laser Flash Analyser Measure Thermal

(NETZSCH, Bavaria,

Germany)

conductivity

7.Polarisation Curve

Electronic load Bank
Amrel, USA.
Graph (V Vs. 1)

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 um 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)
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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 pum/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. lronically, 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-uL 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 (I) 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).

50 6-1

Toktronfx DMM IO

5200

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/V.T
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k = Thermal Conductivity [Wm?K™]

q = Local heat flux density [Wm 2]
V.T = Temperature gradient [Km™]

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.

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

0.033 to 9.58 WmK™. 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).

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 (# 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= &pCp
k = Thermal Conductivity [Wm*K™]
¢ = Thermal Diffusivity [mm?/s]
p = Bulk density [g/cm?]
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 60°C to maintain the solid-state

sintering in the processed layers.

Laser
Optics

' Powder
bed
Chamber

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.
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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 um. Though 290
pum 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.

500 um

(a) (b)

100um

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.
48


https://en.wikipedia.org/wiki/Topography

15.0kV 15.4mm x300 SE(M) 00um 15.0kV 15.8mm x500 SE(M)

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.

Graphene(3)
Full scale counts: 8717 Graphene(3)_pt1
C
8K+
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4K
2K+
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Figure 4.6 EDX of the graphene-coated alumide surface
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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 um/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 | Baseline
specimen material SGL-39
Alumide/Graphene BC (Measured)

Porosity (mL/min) 24000 916

Permeance (um/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. lronically, 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-uL 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 I1SO standard, provided the measured
values close to an error of £ 15% by comparing it against baseline material.

Hydrophilic (6.<90°) Hydrophobic (6.>90°)

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 15°

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 (1) 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.
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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 Qcm™ for
the graphene coated alumide specimen compared against the baseline material which
exhibited a lower in-plane resistance of 0.313 Qcm™.

4.3.6 Thermal Characterisation

The thermal conductivity of the graphene-coated GDL specimen is found to be
0.31 Wm?K™, which is higher than the baseline material, which had a thermal
conductivity of 0.25 Wm™'K? (as per White paper attached-Appendix A) and
0.21 Wm*K 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.

Graphene 1(3)

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

Cc Al Si S Ca Zr
Graphene 1(3)_ptl1  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.

45  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

51 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
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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.

+ Base Polymer-Alumide
» Functional Filler- Ti -Micron
* Proposition: 90/10, 80/20, 70/30

* Base Polymer-Polyamide
« Functional Filler- Ti-Micron Powder
« Proposition: 90/10, 80/20, 70/30

* Base Polymer-Polyamide

* Functional Filler- Ti Nano Powder
* Proposition: 95/5

* [Laser Power 9 W & 12 W]

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-1 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:
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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 CO,[63, 65].

C + 2H,0 - CO, +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 Alumide/Titanium
(W) Composition (%)
15 90/10

12 80/20

9 70/30
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Thus, the experiments of iteration | 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 pum for the Alumide/Titanium
composition of 90/10, 445 um for the Alumide/Titanium composition of 80/20 and 410
um 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.

1.00 mm

(b)

Figure 5.3 SEM of gas diffusion specimen fabricated with 90% Alumide and 10% Ti

The initial experiment with the iteration | 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.
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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)_ptl 1.50 2.58 0.02 95.90
cs(3)_pt2 94.47 0.02 551
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.

500 um 100 um

-----------

2.0kV 19.6mm x500 SE(M)

(a) (b)

2.0kV 18.6mm x100 SE(M)

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
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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

Ti 10% |71.78 |38L |36 |16 |135 |571
Al_90%
Ti 20% |69.1 |3.87 |741 |177 | 887 |8.98
Al_80%
Ti 30% |647 |566 |992 |142 |68 |115
Al_70%

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 Il 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 Surface contact Angle (6c)
Composition (%)

90/10 20° [Hydrophilic] £ 3°

80/20 70°[Less Hydrophilic] £ 10.5°
70/30 50°[Hydrophilic] + 7.5°

The surface contact angle for the baseline material is 118.2° + 10.98° 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 Qcm™ 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™K! for the composite with

80% alumide and 20% Ti which is marginally higher than the baseline material.

5.4.7 Summary- Iteration-I

The general observation from the iteration | 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.

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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I1l.  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 Il or the combination of both I and Il 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
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encountered in the iteration | are those pertaining to the measurement, which is elaborated

in the next chapter.

5.5  Experimental Iteration-11
The necessity for iteration Il 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 Il are
performed parallel to iteration | 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

Polyamide/Titanium
Laser Power (W) o
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-11

5.6.1 Thickness and Surface Characterisation - Iteration-11

The thickness of the GDL specimen is measured to be ca. 570 pm for the
Polyamide/Titanium composition of 90/10 (measured through SEM instrument and is
evident from Figure 5.7 b), ca. 440 um for the Polyamide/Titanium composition of 80/20
and ca. 410 um 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).

1.00 mm

15.0kV 17.2mm x50 SE(M)

(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-11

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-I1

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-I1I

The material exhibited a predominantly hydrophilic nature with the surface contact angle
measurement of 10°+1.5° for the PA/Titanium composition of 90/10, 45°+6.75° for the

PA/Titanium composition of 80/20. The surface contact angle measurement for the
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PA/Titanium composition of 70/30 is ca. 80°+12° [region 1] and ca. 10°+1.5° [region 2]
where the region 1 and 2 are highlighted in Figure 5.9.

5.6.5 Electrical Characterisation- Iteration-11

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. Qcm™ for the composition of 80% PA/20% Ti powder.
5.6.6 Thermal Characterisation- Iteration-11

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 Ther_rlna_llconductivity
Composition (%) Wm™K
90/10 0.37
80/20 0.54
70/30 0.59

5.6.7 Summary lteration-II

The challenges in the measurement of the GDL specimens with 90% PA/10% Ti and 70%
PA/30% Ti in the Iteration-1l 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 111 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 (@) Ti Zr
S7- PA 66.1 8.3 9.1 14.8 1.7

The following possibilities (similar to the Iteration 1) that might have happened in the

SLS process are:

. 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 Il 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

Figure 5.9 SEM of a GDL fabricated with 70% PA/30% Ti

5.7 Experimental Iteration-111

The change in the iteration Ill is the incorporation of titanium nanopowder as the
conductive filler instead of titanium micron powder, which was used in the iteration | and
Il. 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.
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100um

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-111

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-111

The minimal thickness of the GDL specimen is 417 pum 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 um 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.
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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-111
The tensile characterisations are observed to be high compared to iteration | and Il. The
values are measured to be around 20 N/cm for both the Laser power.

5.8.3 Porosity/Air permeability test- Iteration-111
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-111

The GDL specimen exhibited a reasonably a high surface contact angle of ca.110°°+16.5°
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 | and Il and therefore Ti-nano particle would be the significant

contributor.

5.8.5 Electrical Characterisation- Iteration-111

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 Qcm™ and ca. 21 Qcm™ for the

Laser power of 9 W and 12 W respectively.

5.8.6 Thermal Characterisation Iteration-I11

The thermal conductivity is measured to be 0.43 Wm™K for the laser power of 9 W and
0.49 WmK 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-I111

The crucial inference in Iteration-111 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 | and Il. Incorporation of
nanoparticle would have been the substantial reason for the agglomeration effect. The
GDL material also exhibited a substantial hydrophobicity compared to iteration 1 and 1.
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.

SUM o —:

© (@
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.

CTi Nano(1) Despite

Less Titanium

More
P More

Titanium l .

Conductivity

Less y_

Conductivity [}

(b)

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.

¢ N 0 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
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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 Il 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.

> 500um

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
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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 1) of titanium or nano-tianium (lIteration I11) 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.

78



| S - W L,
15.0kV 15.9mm x1.50k SE(M) 30.0um

Figure 5.16 Balling effect in SEM image for 95% PA/5% Ti-Nano

The experiments of iteration 11 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 5cm?, Pt loading in the
catalyst layer was 0.25mgcm 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 50°C 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,
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fabricated by SLS, on both sides of the catalyst coated membrane and was hot pressed at
130°C, 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/cm?. 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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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.

Polarisation Curve
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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 11 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-I11 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.

I[l.  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, 1l and 11 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 11, 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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5.0kV 18.8mm x500 SE(M)

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 Q. 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.

Il.  Inaddition, 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.

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 = pxl/A
p=[RA] XA
p=(R)xA

R = in-plane electrical resistance of the GDL sample (Q2)

R’=in-plane electrical resistance per unit of distance of the GDL sample ((2)/cm)
p = in-plane electrical resistivity of the GDL sample (Qcm)

A = Area of cross-section of the GDL sample (cm?)

4-wire Kelvin

9 lOll 12 13 14 15

i \‘IIHI\ I}ith H‘\III\ 1II}HH‘ H\1IIH|IIH’HIIiIHI|IIII}JIH)IIII|HII|H|!|II|I|IHI[IIII|I|II|I|I]‘I[II[IIII‘

Figure 6.4 In-plane Electrical Resistance Measurement technique

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-uL 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 + 15°.
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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, [TinOz2n-1 (n=4-9)], are often
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referred to as Magnéli phase TiO xand 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 Il 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 CO; laser that is most commonly
used in the SLS process [116].
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Independent Operating Parameters
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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, o 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 = 1o exp (-2r%/®?)
Where;

| is intensity of field
r is Radial coordinate
o 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].
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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:

SSxSCR
SP

Beam Speed = 1.04378

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.

1.0kV 14.9mm x50 SE(M) 00mm 15.0kV 15.5mm x100 SE(M)

Figure 6.7 Improper SLS along the Bottom of the GDL specimen

96



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 I11).
6.5.2 Balling effect VVs. 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.% (lteration Il) of titanium and
also for the nano-tianium (lteration I11) 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 1. 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].

K _ 7 koot
- = 5 ] (6.6)

K = Thermal Conductivity
o = Electrical Conductivity

(ko/e)? = Lorenz Number (constant)
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Figure 6.9 Linear increase in the Thermal conductivity with Ti [Iteration 1]

Figure 6.9 validates an increase in thermal conductivity with an increase in the titanium
wt% for the iteration I1. 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 um 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.
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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
(GDL) for PEM fuel cell

application?

layer

Yes, an attempt to develop
GDL
incorporating SLS has been
identified.

An

carbon free

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

technique to reduce the cost

manufacturing

to achieve the target of US
department  of
(DoE) target?

energy

Yes,
reduction in the lead time can
also be achieved by the SLS

and apparently the

technique.

A standardised protocol has to be prepared
for optimising the materials and SLS
for this

operational parameters

manufacturing process.

The specific findings and the future direction of this research work are:

1. Anovel 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 | Iteration 11 Iteration 111
Base Polymer-Alumide Base Polymer-Polyamide Base Polymer-
Functional Filler- Functional Filler- Polyamide
Ti -Micron Ti-Micron Functional Filler-
Ti Nano
90/10  80/20  70/30 90/10 80/20 70/30 95/5
Laser Laser
Power Power
9w 12w
Thickness 550 445 410 570 440 410 417 361
(nm)
Tensile <<4 4 <<4 Not 5 5 20 20
Strength Measur
(N/cm) able
Porosityand ~ More Porous More More More More More More
Alr- - Porous Porous Porous  Porous  Porous Porous Porous
Permeability
*
Surface 20°+ 70°+ 50°+ 10°+ 45°+ 80°+12°  110° 110°
contact angle  3° 10.5° 7.5° o o and °+16.5° °+16.5°
L5 6.75 10°+1.5°
In-plane Few Few Few - Few - 35 21
electrical thousa  hundre thousand hundre
resistance nds ds S ds
Qcm*
Thermal Not 0.26 Not 0.37 0.54 0.59 0.43 0.49
Conductivity =~ Measu Measura
WK rable ble

*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.

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.

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.

. 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

11.

GDL characteristics. For instance, in the iteration IlI, 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.

The US-DoE target of $5.45 /m? [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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SIGRACET® gas diffusion layer

Introduction

Gas diffuslon layers (GDLs) are cruclal components for proton
exchange membrane fuel cells (PEMFECs), since they modulate
all relevant transport processes (fuel, reactlon products,
electricity, heat) [1- 2.

Figure 1 shows a typlcal setup of a single cell PEMEC. It
consists of two flowfields, two GDLs, catalyst layers and the
proton exchange membrane (PEM). Gas diffusion layers act
as an Interface between the flow fields (structural cell parts,
millimeter-size features) and the electrocatalysts {reaction
layers, nanometer-size features), directing the fuel to the ac-
tive sites while removing heat and reaction products and elec-
trically wiring the reactlon layers with the current collectors.

Gas diffusion layers typically consist of a bilayer structure
consisting of 3 macro-porous backing material (carbon fiber
paper) and a micro-porous, carbon-based layer (MPL). The
fibrous backing material governs the mechantcal propertles
of the GDL (behavior upen compression, bending and shear
strengih) and also Impacts the thermal and electric param-
etars.

Its hydrophebic propertles and Its microstructure have a
slgnificant effect on the water management via the capillary
pressure-saturation relationship. Micro-porous kayers are
additional mediators of the water management of PEMFCs
where pore slze distribution, type of carbon and PTFE load
can be adjusted to optimize water management under the
prevalent operating conditions.

Additlonally, the MPL facilitates catalyst deposition and
effectively protects the proton exchange membrane against
perforation by the carbon fibers.

Flowfield

Catalyst

 Figure1: STUCtUre of @ PEMEC single call

Manufacturing Process

(Zas diffusion electrodes can be manufactured by depositing
catalysts onto GDLs. Carbon paper-type (prepared by wet-
laying of chopped PAN-based carbon fibers) gas diffusion
layers are the preferred solutlons since they can be manu-
factured at high volumes (scalability) and low thickness.

Chopped carbon fibers are processed to a primary carbon
fiber web using a papermaking {wet-laying) technology and
subseguent thermo bonding. The raw paper Is then Impreg-
nated with carbonizable resins (carbonizable resins with
optional addition of carbon fillers), cured and recarbontzed/
graphitized. (Figure Z)
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 Figure 2: Manuacturing process of SIGRACET (carbon poper-bose) gas difusionlayers

This procedure serves to adjust the porosity and to enhance
electric and thermal conductivity. Flgure 3 shows two GDL
backings with different filler content which are the base for
the finishing processes hydrophobic treatment with FTEE
and coating with a micTo-porous layer (MEPL.

Sintering (thermal annealing) 1s applied In order to bond the
substrate/MPL and to develop the full hydrophobic properties
of the GDL. Proper selectlon of raw materials and additives
ensures that the matertal 1s virtually free of heavy metals
which are detrimental to fuel cell applications.

A loading of the substrate with 5 wt% FTFE has proven to
be sufficlent for cbtalning a proncunced hydrophobicity
(BA types). Nevertheless, higher loads up to 30wt% are pos-
sible.

The standard microporous layer (C-typel 15 based on 77T wi%
carbon black and 23 wt% PTFE. This MPL composition has
been Identified as the optimum compositlon In PEMEC tests
{optimum level of porosity and hydrophobicity).

Mean pore slzes are In a range from 01 to 03 pm {mercury In-
truslon porosimetry) or 15 to 3 pm {calculated from capillary
flow porometry). The hydrophobic treatment produces water
repellent propertles for the substrate and for the MPL {water
contact angles by sesslle drop method »1507).

+ Figure 3: SEM Images of carbon paper with different fller content
(GO backing with high porosity (eft], low porosty right 1}
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Physical Properties

Table 1 and Z summarize the most Important material proper-
tles of GDL backings (AA prades) and fully treated GDLs

(BC grades). SIGRACET GDL grades comprise two porosity
and thickness levels. This portfollo allows for 2 wide range of

total pore volumes.

Table 1: Typical material data of SIGRACET* GDL backings (SIGRACET® AA grades)

Typical properties Units 28AA Z9AA 38 AA 39AA
Thickness m 190 180 280 280
Area weight gm 55 40 75 50
Open porosity % 82 B8 82 B0
Meaan pore diametar pm I5-44 48-51 25-29 42-44
TP area-specific resistance™* mi2om? <d <5 <5 <5
TP electric conductivity** Scm™ 4-5 35-4 E-E 4-5
IP electric conductivity (Y] Scm™! 2257200 190/170 Z70/240 215/180
TP thermal conductivity WmTK 05-086 0A4-05 <04 <03
IP permeability** 10°2m? 2-3 a-a 3-4 n-1z
Bending stiffness () mMm 2118 N5 5.5 S48
Compressibility {1 MPa) % 13 A 12 13
Table 2: Typical material data of SIGRACET® GDLs (SIGRACET= BC grades)

Typical properties Units 28BC 29BC 3B BC 3B BC
FPTFE load of backing wti 521 E Bl Bzl
PTFE content of MPL with k| ] 23 23
Thickness o 235 235 325 325
Area waight gm-t 105 o0 125 105
Open porosity % 3e-37 40-41 46-47 ED-52
TP gas permeability (Gurley)* cmicm 7 05-07 09-13 02-04 L0-15
TP gas permeability* 10-%m? 5-6 -7 7-8 12-15
IP gas permeability* * 10-%m? 14 18 23 7
TP area-specific resistance™* miZecm? 75-35 85-85 -1 n-iz
TP electric conductivity** Scm™? 24-27 20-23 25-128 20-22
IP electric conductivity {7Y)* Scm™ 200180 T75/155 2257200 7145
TP thermal conductivity® WmTK? 0.6 121 035 0.25
Compressibility {1 MPa) % 13 18 13 30
Recovery (2.5 MPa) % 65 E1 G5 54
Resiliency (2.5 MPa) % 13 il 13 30

IP=Inplane TP - though plane *uncompressed

=*compressed with 1 MPa
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Understanding the compression behavior of GDLs 1s
Important for minimizing contact reslstances and to optimize
water management In PEMFCs. Figure 4 and & show the
effect of compresslon load on the thickness, the area-specific
through-plane reslstance and on the In-plane pressure drop.

In order to characterize the compressibility, the difference

between uncompressed thickness {compression load of 5 psl)
and thickness at 2 load of 1 MPa (which results In a compres-
slon to around 75 to 85 % of the Initial thickness) can be used.

gy, (%) =[%} -100
Since a GDL typlcally shows a certaln fraction of elastic

and plastic inelastic) deformation, the recovery

dnl‘m_ di=
eCyg, (%) =[HBE—EL"&} -100

- duun:
and reslllency of 2 GDL

a5 diSure
res, g, (%) = =, 100

constitute additional metrics for the compression behavior
of GDLs.

0F T v — T ;
o — GOL28BC
§ 25 | ——GDL29BC
20k | ——GDL 38 BC
E | ——GDL39BC
IIE. 15 ¢
ﬁ 10+
5L
05 10 15 2.0
E 2000 . . .
E
= 1500t .
2
™
B
3
&
i
o
E u 1 1
05 10 15 2.0
Compression Load (MPa)

T Agure 5: Area-specicthrough-piane resistance and in-plane pressre
drop of §GRACET GDL grodes os o function of applied compression load

Thickness {pm)

0.0 05 1.0 15 20 25
Compression Load (MPa)

1 Figure 4: Compression plots of SIGRACET GDLs
{first (block curve) and secon d fred curve) compression cycie)
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Electrochemical Properties

GDLs are effective In supporting the water management In
PEM fuel cells. Hence, proper cholce of the GDL type Is favora-
ble to cbtaln the optimum cell performance. Flgure G shows
the typical PEMEC single cell performance of different GDLs
under dry (25 % relative humidity (RH)) and wet (100% RH)
operating conditions.

As evident In Figure 6, the GDL platforms 28 and 38 are prefer-
able for dry operatlon since the denser backing Is preventing
debhydration of the proton exchange membrane. Similarly,
GDL 38 BC 1s recommended for high temperature PEM fuel
cells (HT-PEMFCs) since 1t prevents leaching of phosphoric
acld from PRI membranes.

By contrast, GDL 29 and 39 are recommended If high gas
diffusivity Is needed (predominantly wet operation, high
current densitles or low pressure).

09

o8

or

06

0.5

04
09,

The following Table 3 presents a recommendation of different
EIGRACET GDL platforms for specific PEMFC types.

This has been based on long-term field observations of

the PEMFEC Industry. Further PEMFC application data

of SIGRACET GDLs can be found In |3 -11].

Table 3: Preferred SIGRACET* grade forvarious applications

Applications GDL 28 GDL 29 GDL 38 GDL 339
200 pm 200 pm 300 pm 300 pm
Loww High Low High
porosity porosity porosity porosity
PEMFC
- L] -e
stationary
PEMFC
. L] -e
automotive
PEMFC .
portable
HT-PEMFC .
DMFC . .
PEM . .
alectrolysis

Different modifications of finlshing treatments could be used
for further talloring of PEMFC performance. For Instance,
vartous PTFE load of the backing Gwt% — 20 wt%) and In the
MPL 3] and MPL with carbon blends [5 - 7]. The following
MPLs types are avallable {Table 4).

Cell Voltage (V)

08
o7
0.6
0.5

0.5 1.0 1.5
Current Density {Afcmr)

- Flgure §: Polori ation curves of single cells (25 cm) using different
SIGRACET GDLs under dry (25 % AH) and wet (100 % RH) operating
conditions (tempaaure 80°C, 1.5 bar, stolch lomery il 1.5/2.5,
CCM with 18 wm mambran e 0.5 mg/om?* Pr)

Table 4: Available MPL types

MPL types Features

c Well established MPL — suitable for a variety of
operating conditions

B Low loading MPL for enhanced mass transport

C-type MPL 1s a widely established Industrial standard which
15 characterized by a low amount of cracks and which can be

used for a varlety of conditions. The B-type MPL shows better
performance under wet conditions and high current densities.

Composite MPLs based on carbon nanotubes (MWCNT) and
carbon black or graphilte have reproducibly demonstrated
excellent PEMFC performance [5 - 7). but still need further
refining with respect to cost-efficlent manufacturing,
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MNon-Fuel Cell Applications

Glven 1ts high conductivity and surface area, gas diffusion
layers can Inherently be used In related applications such

as microbial fuel cells, PEM electrolysis, metal-alr batteries,
or redox flow batterles. The following Table 5 presents a
selection of non-fuel cell applications and the recommended
ESIGRACET grades.

Conclusions

Gas diffuslon layer technology has attained a high level of
maturlty. Nevertheless, the complex Interactlons among
various cell components constantly require a design match-
Ing of the GDL with adjacent materials and cell operation
strategy. Such an optimization Is only facilitated by detalled
foedback with respect to MEA/cellfstack performance.

Table 5: Selection of non-fuel cell applications and recommended SIGRACET® grades

Applications Material appliad as Recommended grade(s)
Redox flow batteries Porows electrode forzero-gap cell design GDL 20 AA33 AR
Metal-air batteries Cathode support (for GDE) GOL 39 AA/BABC
Microbial fusl calls Elactrode support GDL 39 AABC
PEM electrolysis Cathode support GOL 30 AABAJBC
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Abstract The operation of polvmer electmolyte membmne
(PEMFhased fuel cdls involves numerous physicochemical
processes and components actively governing its fundtion
and, amonyg them, gas tmnsport phenomena and s diffusion
layer (GDL) are noteworty, amd the present paper provides a
comprehensive assessment on gas diffusion mechanism, ge-
ometry of GDL components and related modelling smdies
involvedin GDL Gibnation. The impact of GDL on diffusion
of reactants, water managemant and the transport of ons has
also bes systematicall v deakt.

Kevwords PEM fuel cdl - Gas diffusion laver - Microporous
layer - Membrane electrode assembly - Carbon cloth - Carbon
paper

I ntroduwction

It is believed that there will be a time, in the future, when
global energy demands will be met by sources other than
fossil faels, and fuel cells are expecied to phy a remarkable
role in this becmse of their high fuel convesion efficiency
and environmental compatibility [1]. Among the various fael
cells, PEM fuel cells are considered as one of the promising
solutions and will attract numerous niche markets due to its
supenor charactensties and power density compared to con-
ventional genemtors or advanced battenies. In a PEM fuel cell,
hydrogen gas diffuses through the gas diffusion medium or

A Jayalumar (=) - M. Bamos - 1. Roberson - A, Al-Tumaily
Aucklnd University of Technology, Auckland, New Zealand
e-mail: ajayalamiiaut scnz

3. P. Sethu

Technische Universitit Miknchen - Campus for Besearch BExcellence
and Techmological Enterprise, | CREATE Way, Singapore 138602,
Singapone

gas diffusion layer (GDL) and reaches the anode catalyst site
where it is ekectrochemically oxidized to protons and elec-
trons. The membrang transports the protons to the cathode, but
the ekctrons are foreed o travel inoan extemal circuit (since
the membrane is ekctrically insulating) to penerate electric
power, At the cathode, oxygenair gets electrochemically re-
duced and combines with protons, thereby produang water
and heat as the by-products. The typical structure of a PEM
fuel cell, with flow field, membrane-electrode-assembly
(MEA), catalyst layer (CL), gas diffusion layer (GDL) and
electrochemical reactions is illustrated in Fig. 1.

The vital components of a PEM fuel call are bipolar plates,
membrane and electmdes, catalyst and a GDL. The mle of
bipolar/flow field phites are to distribute the reactant gas over
the surface of the eledrodes through flow channels. Thewv also
collect the current and form the supporting structure ofthe fusl
cell [2]. The function of the membrane 15 to condudt proton
and impade ekectron. DuPont’s Mafion membranes are widely
used dus to their high proton conductivity and excellent
chemical stability [3], and the dimension of stag-of-the-an
membrane ane about 50 pm [4]. Integration of the g diffu-
sion layer with the micropomus layer and catalyst laver is
termed as gas diffusion electrode (GDE). The membrane, the
catalyst (platmum supported on carbon particle) and the two
G DEs are assemblad into a smdwichstrueture to form a MEA
[5]. GDL is an integral part of a MEA, and its principal
functions are to efficiently tmnsport the meactants and
the products to and from the reaction sites as well as to
conduct heat and current [6]. GDLs are tvpically porous
composites and have a thickness in the range of 100 to
300 pm [7]. The GDL compnises of carbon for electrical
conductivity and PTFE for hydmophobicity [B]. Figure 2
represents the cross section of a gas diffusion laver that
provides a physical microporous support for the catalyst
layer while allowing ms and water to tmnsport to and
from the catalyst layer.
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Fig. 1 Line sketch of PFEM fuel
cell revealing the vital
oomponents and jon transpon
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Although, GDL significantly imfluences the performance of
a PEM fuel cell in all the three polarization regions, the mass
transpornt characteristics predominantly affect the peformance
of a g diffusion layer (GDL) in the proton exchange mem-
brane (FEM) fuel cell [9] as well its durability, An ideal GDL
should offer properties such as supenor gas diffusion with
optimum bending st fness, porosity, surface contact angle, air
pemmeability, water vapour diffusion, hvdmophobicity, hwdro-
philicity, cormsion resistance, cmck-free surface morphology,
high mechanical integnty and enhanced oxidative stability
alomg with durability at various opemting conditions inchidimg
freezing [10-14] Any weak spot in the GDL circuits will
adversely impact the ms diffusion processes which in tum
affect the performunce. Paganin et al. [15] perceived that the
diffusion laver has a small effect on the cell performmee;
however, later it has been revealed that altering the diffusion
layer composition can even lead to substantial improvenents
in the PEMFC performance [16]. Understanding the design
and functional characteristics of GDL may provide a signifi-
cant contribution in the gas diffusion proeess and components
S0 as to optimize the quality of MEAS and, consscutively, this
kind of comprehansive review can lead to the commercializm-

tion of PEM fael cell.

Gas diffusion and structural characteristics of GDL

Gras diffusive transport is a physical process mvolved i fael
cell stack; Fick"s law [17] predicts how diffusion causes the
concentration to change with time, and the equation is

governed as follows:

G el (1)
a & '
) Springer

Whens
C; is the concentration,
DE s the diffusion coefficient.
Z is the position [length].

Fick's law is insufficient in approximating the mass diffu-
sion process due to its very fing pore sios and as a result the
effective diffusion coefficent is modified by Bruggeman cor-
rection, This altemtion is emploved in species transport of
oxidants and fuels in the pomous media of the PEM fud cells.
However, the texture ofpomous media is very complex and the
relative influmce of ordmary diffusion or Knudsen diffusion
on speciss trmsport is govemed by the pore geometry [ 18], As
presented by Mam and Kaviany [19], the effective diffusion
coefficient in the porous media in PEM fuel cells is better
depicied by using peroolation theory, given as;

D" = fi=) x D} 2)
fle)=e =" 0.521 in-plane 1
\e)=e |—;.-J,',J =1 0.785 through-plane ~ ©?

Whene =, is the percolation critical value and has been report-
ed to be 0,11 and 0.13 by Pharoah et al. [20] and Lin and Wang
[21], mespectively. The results pmduced by the anisotropic
diffusion coefficient reveanl that the s flow is much higher
for n-plane direction than through-plane. Mass transfer can
take place by Knudsen or Fickian ddffusion if the pores ane
sufficiently small [22] as well as the diffusion characteristics
of the macroporous laver can be examined by Fick's laws,
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while the microporows laver penemlly exhibits Kmudsen dif
fusion. The Knudsen number, &, wsed to charactenze the
regme of diffusion is defined =

K, =M /d, (4)

Where A is the mean molecular free path and d, is the pore
diameter,

An estimate of £, under practical cd | opemting conditions,
shows that this usually occurs for the gases in a PEM fuel cell
when the parmesbility is in the rnge of 107 10 107 7 m” and
for Agd, =<1 the Knudsen diffusion effect can be negleced
[23].

The effective diffusion coefficient is melated to the bulk
diffusion coefficient through the MacMullin number and is
povernad by the equation

Ny =D/D.g (5}

The MacMulln number isa pammeter determined only by
the morphology of the GDL and can be expressed as a
peneralival rd ationship with tortucsity (7) and pomsity (= )

I

Nu=flrzg="/. (6

Where n and m are constants that depend on the geometncal
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. To account for this effect, an effective porosity is
generally used [24] and described by:

zeff = [ 1—5)=

Porosity quantifies the reduction in a cross-sectional anea
available for gaseous transport, while tortuosity charaderioes

o Camyst Layer J_.-‘
v
e
j ’
b
N ¢ 4,
i

[ M
R N

the convoluied nature of the porous pathways followed by
diffusing species. The tortuosity of sach sample ws estimated
using the Bruggeman equation [25]:

T=— (8)

The theoretical determination of tortuosity is model-
dependent and extremely cumbersome for all but the simplest
peometnies, Studies by Springer et al. [26] reveal that the
effective tortuous path length for s diffusion in the cathode
backing is about 2.6 times the thidness. The dependence of
the permeahility of a porous material on its porosity is often
described by the Carman—Kozeny equation [27]:

£ds
H=—l - (9)
Tokey(1-2)"

Tamavol and Bahmmi predicted that the in-plme perme-
ahility of GDLs 5 directly proportional to its porosity and the
fibres dismeter squared [28]. The geometry is also comelated
to the water and themmal management and was good in a
system with high permeability in at least one diresction (in-
plane or thmough-plane), whilke waterand thermal management
woere pooT in a svstem with low permesbility in both directions
[29]. Observations by Fishman et al. [30] revealed that the
G DL has bee shown to be an anisotropic and heterogensous
material with transport properties that vary signi ficantly be-
twesmn the in-plang and thmough-plane directions. Ironically,
Gostick et al., [27] claimed that most GDL materials wens
found to display higher inplane than through-plane parme-
ahility. Measurement of relative permeahility of GDL has
received little attention; however, some early attempts to
mensure air relative penneability wene reported by Koido
et al. [31]. Properties of the GDL such as permeability, poros-
ity, tortunsity and the hywdmophobic treatment con affect the
degree of flooding, thus changing the total fuel cell perfor-
manes [8]. The absolute gas permeahility of PEM fuel cells
using numerous gas diffusion laver (GDL) materials was

&) Springer
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measured in three perpendicular directions to investigate the
anisotropic properties, and it was observed that most materials
were found to display higher in-plane permeability than
through-plane. In their smdy, Hussaini et al. [32] measured
the absolute permeabilty and air-water relative penmeability
functions for typical fuel cell GDL materials such as Tomy
carbon paper and E-Tek cartbon cloth. Conclusions drawn
from this study are that catbon paper matenials and absolute
permeability 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 be strongly
influenced by in-plane permeability of the GDL [33], and
liquid water saturation is found to be a Imear function of a
capillary number. At a given capillary number, cartbon papers
show similar saturation in both directions, whereas carbon
cloth shows higher saturation in the through-plane than in
the in-plane. In genemal, GDL has a simpler structural config-
uration than the membrane and catalyst layer. A scanning
electron microscope has been used to observe the morphology
of the gas diffusion medium, namely carbon cloth and carbon
paper as showed in Fig. 3.

Physical characterization of diffusion mediums (Table 1)
are characterzed by Benzger et al. [34], and their measure-
ments provide details about the pore sizes of different gas
diffusion media. Rofaid et al. [35] presented a novel method
for measuring heterogeneous through-plane PTFE distribu-
tions within the bulk of the GDL using energy dispersive X-
ray spectrometry (EDS) imaging.

Electrochemical characteristics of GDL

Electrochemical impedance spectroscopy (EIS) is, perhaps,
the most reliable tool for in situ fuel cell characterization
[36]. Diffusion can also create impedance called Warburg
impedance, which depends on the frequency of the potential
perturbation at high frequencies; the Warburg impedance is
small since diffusing readants do not have to move very far
and at low frequencies, and the reactants have to diffuse
farther, increasing the impedance. The equation for the “infi-
nite” Warbung impedance is:

Zy = o(w) (1)
o is the Warburg coefficient defined as:
= RT { | N 1 )
FIAVR\C*?\Dy C*NDy
In which,

w  radial frequency
Dy diffusion coefficient of the oxidant
Dy diffusion coefficient of the reductant

(10}

(1)

€ springer

Fig.3 SEM image of a carhon cloth and b carbon paper

A surface area of the electrode
n number of electrons involved

AC impedance spectroscopy was performed by Springer
et al. [26]; the impedance spectm of gas diffusion cathodes are
measured under varous conditions, and it is inferred that air
cathode contains two fatures: a higher frequency loop or arc
determined by interfacial charge-tmansfer resistance and a
lower frequency loop determined by gas—phase transport lim-
itations in the backing,

Carbon paper vs. carbon cloth

A GDL typically consists of 2 gas diffusion medium (GDM)
and a microporous layer (MPL), and carbon cloth or non-
woven carbon paper is widely used as a GDM due to its high
gas pemneability, electronic and heat conductivity. The suit-
able candidates for diffusion of reactant gases in PEM fuel
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Table 1  Physical characerizstion of diffsion mediums [34]

Madia Dy area] mass {kgfm:] Aveal mas afler ligquid Wodd fraction Advancingfreceding
water contact (kgin) contact angle

Carbwon papeer {Toray) 0259+ 0,0K7 0A68+0.052 0. T2 10005 11577307

Carbon paper + 20 % Teflon 0374+ 0,07 042340035 06910005 1707 1 2407

Carbson paper + 40 % Teflon 04560010 052540047 059 +0.05 1707 1 2407

Carbson paper + 60 % Teflon 0.4 Tt 0 052640044 0.50+0.05 1707 1 2407

Carbsn cloth 035500 0ARAE0.027 075 +0005 WA

Carbon cloth + 20 % Teflon 0AT60U012 055140047 0.T3+0005 1707 1 2407

Carbon cloth + 40 % Teflon 0.595+0.011 6480041 .68 0005 170 1 2407

Carbon cloth + 60 % Teflon 069700017 0B3IBE0055 05240005 1707 1 2407

E-TEELELAT electrode 0A435+00011 62000036 0. 74 +0005 170 1 24P

cells is the carbon fibre-based products such as non-woven
carbon papers and woven carbon cloths due to their high
porosity (=70 %) and electrical condudtivity, They are com-
memcially available for mmy industrinl applicaions and ane
now being extended to PEM fuel cell applications. The typical
properties of these two materials are sped fied in Table 2.
Gallo Stampino et al. [38)] studied the electrical perfor-
mance of PEM fuel cdk with ms diffusion layvens made of
carbon paper and carbon cloth and demonstrated that carbon
paper substrate has superior perfformance in a vast rmge of
cument densities strting from open-circwt voltage to 0.8 A/
ent”, Saskurmar et al [39] investimted the peformance of gas
diffusion electrodes fabricated wsing @rbon paper and carbon
clothand chserved batter pedformmes when carbon paper was
used as the backing material. Their studies showed that the
limitation of mass transport was a concem with carbon cloth
under non-pressurized operating conditions, especially at
higher current densities, due to the higher thickness and den-
sity. Yuan-Eai Liso et al. [40] compared the performance of
conventional carbon fibre cloth and PAN-based cloth that uses

Table } Comparison of features of carbon paper and carbon cloth [37]

phenolic resin to impmove the chamcteristics of the gas diffu-
sion layer (GDL). Wang et al studied the structure—perfor-
manes relationship of corbon cloth and paper as GDM [37]
and revealed that under dry conditions, the corbon paper is
foumd to be better due to its higher tortuous pore structure,
which retains product water in the MEA and enhmees the
membrang conductivity by reducing ohmic loss. However,
they have observed that cartbon cloth gives a better perfor-
manee under humidified conditions. The experiment conduct-
ed by Williams et al. [41] was also in ling with that of Wang
et al. stating that the performance of the carbon cloth 15
superior to that of carbon paper at skevated humidity opera-
tions. Park and Popov [42] have anabysed the influmce of a
GDL based on cathon paper/carbon cloth through various
electrochemical techniques like memcury porosimetry, surfice
morphology analvsis, polanzation techniques, AC impedance
spectroscopy, contact angle and water permeation mesure-
ment. They have observed that the MEA fibricated using
carbon paper exhibited better performmce when compared
to carbon cloth, because of high water flow resstance owing

Properties Method Carbon paper” Carbon clath™
Thickaess {pm) Callipers at 7 kPa 019 038
Areal weight (gin”) Giravimetric #5 1§
Deensity {gicm) At T kPacaloulaed 045 03l
Resitance (through plame, 0 cm’) Two flat graphite blocks at 1.3 MPa 000" 0005
Bulk resigtivity { through plane £ em) Mercury contacts 008 MNA
Bulk resigtivity { in plane £ cm) Four probe 5 O
Gias permeability (throwgh plane, Daey) Carley permeometer F iF
Material description 4301 Toray Avcarh 1071
* Reporied by Toray (unles indicated oderwise)
B Reporied by Ballard Maierial Systems {umless indicaied otherwise)
* Meamred at general motors (GM), includes diffisim-media bulk resistance and two contact resistances { plate to diffusion media)
Mezsured st GM, moompressed, average of resistivity in machine and cros-machine direction
= Meamred at GM, uncampressed, 1 Darcy =107 m*
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to less permeable macro pomous substmte, and momre hwdro-
phobic and compact microporous laver. The ac-i mee
techmigque reveals that a microporous laver which has high
volume of micropores and more hyvdmphobic property allow s
oxvgen to diffuse freely towards the catalyst laver due to the
effective removal of water from the catalyst laver to the gas
flow charmels.

Sahu et al. successfully synthesized GDL mcompomting a
mesopomus cirhon with a high specific surface area and pore
sioe [43]. Xie Zhi-vong et al. [44] compared the performmes
of PEM fuel cells with pyrocarbon and conventional carbon
paper composites as GDM. The cartbon paper was fabricated
using a comventional precumsor and coating it with pyrocarbon
by pyrolwing propylens via a chemical vapour deposition
(CVD) method For comparison, conventional carbon paper
composites wene prepared using PAN-basad carbon felt asthe
precursor followed by impregnation with resin, moulding and
thermal treatment. SEM characterization signposted that
pyrocirbon was iniformly and tightly bonded on the surface
of the fibre; in contrast, cracks wene obsarved in the matnx
and debonding of fibres was reported to occur due to carbon-
ization shrinkage in the conventional carbon paper. Measun-
ments showed that the former had much better conductivity
and gas permeability than the latter. Additionally, cument
density—voltage performance revealed that the pyrocarbon
coating can also improve the properties of carbon papers used
w5 electmde materials. The carbon Gbres of both the cloth and
paper are slightly hvdmophobic; work must be done to pushthe
water into the hvdmphobic pores. The larger the pore, the less
work is requited to overcome the unfavoumble surface energy.
Coating the carbon fibres with Teflon makes the pores highly
hydrophobic and requires a higher pressure to push the water
into the pores. The pressure, P that must be applied to force
water into the pores of mdius . is gven by the Young and
Laphes equation:

AP = L

Foe

Where e 18 the surface tension of water, and  is the
contact angle of water with the surface of the pome [45].
Chumyu D et al. [46] proposed a new method of fabricating
a higmrchy carbon paper with CNTs uniformly grown on
carbon fibres and observed it to be good for the self-
humidifiving PEM fuel cells. They claimead that catbon paper
facilitated the selfhumidifving characteristics and can be
attributed to its higher hvdmphobic nature.

Movel gas diffusion medium
So fir, limited exploration with other ges diffusion medium

apart from carbon cloth and carbon paper is available in the
open literature, Few attempts have been made using metallic
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thin film as GDM by Fushinobu et al. [47], with
micromachined titanium film as GDM due to its high endur-
ance property. A similar sort of experiment was also per-
formed by Hottinen et al. [48] using titanium sinter material
and their mvestigation illustmted the applicability of ttmiom
sinter as a GDM in fres-breathing PEM fuel cells.
Micromachined silicon has also been used as GDM for
microPEM fuel cell applications tested with hvdrogen/air
[49]. The technique of moompomting sintered staimless stesl
fibre fielt was implemented by ¥i et al. [530] and they infemed
that the comprassive modulus and ductility of GDL wene
improved. In addition, they clammed that the characteristics of
treated stinless steel fibre flt wene compamble to catbon
paper. Ironically, Glora et al. [51] and Long et al. [htp!
wwwacs omnibooksonline com/data'papers 2004 1048 pdf]
tried using aerogels to replace conventional GDMs and
ohserved seveml adwvantapes with asrogels over tmditional
carbon supports for fusl-czll catalysis inchiding large surface
areas (typicalby =500 nt'/ g), high-Factional mesoporous pore
volumes for gas transport, synthetic control over structuml
properties md availability in monolithic forms [httpwaww:
acs ommibooksonline. com/data’papers 20041048 pdf]. Glom
et al. [51] emploved a resorcinol-formaldehvde asrogel with
the thickness of less than 500 pm and the highest achieved
electronic conductivity was about 28 S/em inan 80 % porous
GDL structure, Wang et al.s experiment [52] was also inling
with that of Glom et al. [51], and the carbon asmgel is prepared
from a mesorcmol-formaldehvdes mix by a pyrolvsis technique
in an inert gas atmosphens, and thar properties me in Table 3

Wariation in GDL pomsity could result in non-uniform
mass transportation and, a5 a consequence, even a small
changs in the porosity may seversly lower the overall cell
current density. In order to circumvent this problem,
Roshandd et al. [53] mathematically calculited the porosity
variaion in the GDL by considenng the applied pressume and
the amount of water generated in the cell, and they conduded
that a decrease in the average porosity causes the reduction in
oxvpen consumption, resulting in decressed electrical cument
density. Zhang et al. [54] developed a novel porous gas
diffusion medium with improved thennal and electrcal con-
ductivity and contmllable pomosity using MEMS technology
The gas diffusion medium is fabrcated with 12.5-pum thick
copper foil and by applyving a micropomus laver (MPL) on it
and enhancmg the inplane tmnsport. This novel-designed

Table3 Properties of carbon aerogels [52]

Parameters alues
Dhensity (glem’) 0106
Surface area {mrig) AR (e
Average pone sze (nm) 4-30
Electrical conductivity (S/cm) 1-10
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material exhibited multi-functionality such as high themmal
and glectrical conductivity and controllable permeability.

Treatments in DM

Treatment methods followed for GDM plavs a crucial role in
determining the performance of the PEMFCs, and water
flonding takes place through the following ways [55]:

(1) Water vapour from the humidified reactint feeds

(i1) Product water from cathode side

(iii) The electro-osmotic drag through the electrolyte
membrans

Carbon substrates used as diffusion meda are not genemlly
hyvdrophobic when received from the supplier, so they are
teflonized by pretreating with hydmophobic material usually
polvtetmfluoroethvlene (FTFE) inorder to increass the hvdro-
phobiaty. Staiti et al. was a pronser to revieal the rdationship
betwesn the water transport and the amownt of hvdrophobic
agent in the gas diffusion electodes [56]. Teflonization is one
of the most commonly used methods, by which the ms
diffusion media is immersed into an aqueous PTFE suspen-
sion whens the excess suspension 15 allowed to drip off, and
the remaining solvent is emoved by oven drying. Finally, the
PTFE is heted above 350 °C to sinter and to bind the FTFE
particles onto the GDL surface. The homogeneous PTFE
distibution throughout the thickness of the gas diffusion
media is very sensitive to the drving process. Rapid dryving
in a convective oven tends to result in FTFE concentrated in
the exposed surfaces of the diffusion media. On the other
hand, slow diffusive drying (e.g. air drving) results in the even
distribution throughout the bulk [57]. Bevers et al.’s [58]
explomtory analvsis has lad to m impemtive conclusion that
FTFE content and sinter temperture both comelate negatively
with conductivity and positively with hvdmphobicity. Park
et al. [59] studied the effects of PTFE content in the carbon
paper under various operaiing conditions in a Ha/Air PEMFC
systern and investigated to explons which drving forees (cap-
illary, shear or evapomtion) are dommant in controlling water
transport. Their results are summarised in Table 4 at vanous
porosity, which shows that lesser thickness and larger pore
digmeter in GDM are the factors which support good reactant
gas permeation and water management. A similar study by
Prasanma et al. [60] was also in ling and concluded that the gas
permenbility and pore diameter of the GDM are the vital
factors to be controlled for achieving acceptable performance.
In addition, they demonstmted that if hydrophobicity is less,
then the mactant s permeability is affected by poor water
removal. However, there would be a severe gs diffusion loss
if hvdrophobicity is high. The technique of emploving

fluorinated ethylens propylene (FEF) for imtroducing hydro-
phobicity in GDM was examined by Lim and Wang [61], and
they reported that lower polymer content (<10 %) is sufficient
to facilitate liquid water removal but at the same time laves
the GDM surfaces relatively accessible for the reactmts and
produa moving in and out. On the contrary, excess of FEP
impregnation results in significant blockage of surface pores
of corbon paper, highly restricted surface area for the reactant
trnsport and product removal.

Lin and Nguven [62] also investigated the effect of thick-
ness and hydrophobic polymer content of GDM on flooding
and observed that adding PTFE to the GDM could enhance
reactant gas and water tmnsport when a cell operates under
flooding conditions, On the contrary, excess PTFE can reduce
the hwdrophilic pathway and make it more difficult for water
to diffuse out of the catalyst laver and within the GDM, which
results in electrode flooding Generally, GDM with lower
thickness is beneficial due to low gas diffusion loss than
matermls with higher thickness, wheress very thin GDM s
susceptible to mass trans fer limitation, contwt resistance and
losses n mechanical properties. A study by Park et al. [63]
indicated that the optimized PTF E content of GDM resulted in
an effective water management and improved oxvgen gas
diffusion kinetics in the membrane—ekectrode assembly. Pai
et al. [64] observed that the usage of carbon tetra fluoride
plasma will effectvely improve the hydrophobic property of
GDM and the plasma treatment can modify the surface mor-
phologes of the wet-proofed GDL to enhance the fuel cell
perfrmance without the usage of expensive electmo catalvtic
elements. The method of coating the GDL with an entirely
new chemicl, namely fluore alkyl silane (FAS) having stong
hydrophobic ligands as well as siloxane bonds was mtroduced
by Yoon et al. [65] and they inferred that FAS4reated carbon
paper has an extremely thin and wniform coating surface
compared to PTFE, showing that they are firmly formed on
carbon fibres without any flaking-off.

Significan ce of microporous laver (MPL) and its
fabrication

A microporous layer (MPL) s a critical component
sandwiched betwesn the GDL and the CL and wsually com-
prises of carbon black Teflon as a hydmophobic binder and
pome-forming agent. The binders such as Teflon or FTFE serve
two fimctions, namely (i) binding the high-surface-are car-
bon particles into a cohesive laver and (i) imparting hydro-
phobicity tothe laverinonder to fwilitate the removal of water
[66]. The MPL also reduces the ohmic resistance batwesn the
catalyst laverand the GDM, providing non-permeable suppont
during catalvst deposition and manages liquid water flow
dunng fuel cell opemtion [15, 67-69]. The micropores in the
laver provide sufficient surfaie pores and hydmophobicity to
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Table 4 Effoct of PTFE condent on gas difusion medium properties [59)

s i fsion Thickness FTFE content Pore diameters Paorosity Adr permeshility Break throwgh
medium {m) (wiL%) { s (%) {em Ve sec) presure (KPa)
Caarbson paper 194y 1] 25933 T 1.5 1125

586 2619 T 15.75 557

17.1% 27.43 T5.30 17 532

2719 2505 TL67 12 582

34.75 2402 6045 B.5 607
Carbon cloth 250 4932 20079 BLRS 15 T2

1] 22406 T2 10 6.0 1321

4.72 2249 TL™ .0 648

1424 2110 6943 6.25 691

27483 20094 6483 6.5 697

2802 0.7 6513 53 T2

44 32 AR 5560 1.0 G939

aviord flooding and ako reduce the lignd saturation in the
catalvst laver. In addition, the MPL on the anode side can
serve as o diffusion barrier, preventing membrame dehydration
under low humidity conditions [70]. Another positive impact
of sddng a MPL is the prevention of diffusion media fibre
intrusion into the CL. Due to its critical mle in improving
water manmrement, prior reseamch efforts [63, 71-73] have
been focused on investigating the effect of phwsial properties
of the MPL (i.e. cartbon black, hydrophobic agent, thickness,
ete. ) on fuel cell performance. In addition, it is also intended to
prevent the catalvst ink from leaking imto the GDM, thereby
increasing the catalvst utilization. PEM fuel cell pedformmce
cun be improved by altering the properties of MPL and this
can be achieved by modifving the amounts, nature and char-
actenistics of the above components. Seveml authors exam-
ined diverse properties of the microporous layer for near-
saturated (~ 100 % E.H.) operation in various aspects. FTFE
has been the most commonly used hyvdmophobic agent in the
diffusion laver and as its conient increases, the pomosity de-
cremes, resulting in higher oxypen tmnsport resistance. How-
ever, as the PTFE comtent gats too low, there is madequate
water removal capability and the optimum PTFE content for
near-saturated opemtion was found between 15 and 20 wit.%
[41]. If the thickness of the microporous laver is too low, the
cell total resistance mcreases due to an insufficient carbon/
FTFE laver to establish good electronic contact betwesn the
rough macroporous substrate and the catalyvst Lover. Thus, it is
evident that the thickness of the microporous laver is a critical
pammeter for fuel cell performance [41]. Different kinds of
carbon powder, besides the widely used Vulean corbon blck
powder in the micropomus laver, have been studied. Acety-
lene bladk was found to be supenor just because of its char-
actenistics nvolving surfuwe area, pore volume and pore-size
distribution [61]. The micropomus carbon layer should have
optimum  hydrophobicity to remove the product water
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effactively from the adive layer [74]. Pasaogul brt and Wang
[70] inferred that placinga MPL between GDL and membrane
enhmces lguid water removal and reduces the liquid satira-
tion in the catalyst laver. However, analysis of MPL effect is
Imited to liguid water tmnsport in the cathode gas diffusion
medium. Wang et al. [75] performed an extensive chameteri-
zation on the effect of vanous carbon powdens such as acety-
lene black, black pearls 2000 and composite carbon black in
the micmopomus layer (MPL) and inferred a superior fuel cell
performance with peak power density of 091 Wiem® with 10
wit Black Pearls 2000 i composite carbon black, Giorg
et al. [76] studied the performance opemted with both oxygen
and air as oxidants with the insertion of MPL in GDL fabri-
cation and observed that GDL porosit v decneases considembly
with inareasing FTFE content. In a similar study, Passalacqua
et.al [77] established a better pedformance when a hvdmopho-
bic MPL was used with a hydmgen/air system. Investi mtion
on several carbons, namely Vulean XC-72, Shawinigan acet-
vlene black (SAB), Mogul L and Asbury 850 graphite with
different specific surface areas were used for the diffusion
layers. SAB which has a high pore volume and a small
avermge pore size exhibited better pedformance; this may be
attributed to reduced mass transport problems, pobably con-
nected to improved water trans port.

The remarkable effect of MPL on water managament of
fuel cells was also explained by Chen et al. [78]. It reveals a
mone uniform water profile throughout the fiel cell opemtion,
when MPL wis used than when it was absent. The effects
were particularly imperative for 2 non-humidified fuel Karan
et al. [79] mvestigated the effect ofa MPL at the cathode on
the net water transport in a PEM fuel cell and established that
the MPL on the cathode nather enhances back-diffusion nor
water removal from the cathode catalvst laver to the gas
diffusion medium; their experimental results wen in contrary
to the frequenty asserted hyvpothesis that the MPL enhmess

134



Tonics (2015) 21:1-18

back-diffusion of water from the cathode to the anode [R0].
Studies on the effect of wvarving carbon loadings in MPL
fabrication were camal out to achieve higher pedformince
in PEM fuel cell operation, and there are numemus pub-
lications discussing various types of carbon for MFPLs
[49]. Table 5 shows the properties of various carbons used
to fabricate MPL.

Passalacqua et al. [B5] investigated the effect of using
carbon blacks and graphite as candidates for diffusion laver
fabrication in PEMFC electrode and a power density of about
360 mWem  in hydrogen-ai-operated at 70 °C wing SAB
a5 carbon which has a high pore volume and a small avempe
prore size. An improvement in the performance of PEM fael
cell was observed by Jordan [86] and Antolin etal. [87] using
MEA with electmde diffusion-lovers made from acetviene
black as a substitute of Vulcan carbon. Litersures of Wing
et al. [75] revenls that a novel MPL prepared with composite
carbon black consisting of acetvlene black md Black Pearls
2000 (10wt %) form an effective bi-functional pore stctune
and mve a maximum power density of 910 mWem™ in
hydrogen/air opemtion. An article by Park et al [88] adopted
carbon nanotube (CNT) and carbon nanofibre (CNF) to facil-
itate thin microlavers and concluded that a composition of
25 % CNF and 75 % Vulan XC-72 in the micropomus laver
gives higher parformance by enhancing the electronic con-
ductivity and gas permeshility. Kannmn et al [89] have also
studied the usage of single-walled CNT as an effective MPL
for fabricating GDL. The GDL fibnicated by the use of pure
black carbon (jointly developed by a superior grphite com-
pany and Colunbian Chemicals Company) exhibits superior
performance in hydmgen/air system without amy back pres-
sure [64]. The PEM fuel cell performance has been compared
using nin-processed Ketjenblack EC-6000D and Vulean XC-
72 as the MPL material [90, 91], and better performances were
ohserved with high-surface-area Ketjen black. Apant from the
effect of various carbons in MPL preparation on PEM fuel cell
pefommance, researchers have also focused on influence of
carbon loading in MPL, and the results accomplished by
various researchers in this area have been summarized in
Tuble 6.

Han et al. [92] discussed the influence of PTFE content in
the corbon-filled diffusion laver at optimal carbon loadings,
and their result reveaks that increasing the carbon loading can

reduce the intemal resistance of the cell and, hence, mprove
the fuel cell performance by decreasng the contact resistance
between the interfaces of GDL/CL. In addition, it cm also
reduce the mass transport limitation due to the improvement
of water management. However, they also suppest that exces-
sive loading in such carbon-filled GDL would decrese the
pomsity and incresse the concentration over-potential, in par-
ticular, in the Halwir-fed fusl cell. The results acquired by
various researchers by vanving PTFE loading in MPL are
summarized in Table 7. The lterature [67, 92, 93, 96] shows
that the pre-eminent performinees ans obtained with the low-
est FTFE loading, but it is not possible to totally eliminate it
Yan etal. [94] used fluonnated ethyvlens propylene (FEF) as a
hydrophobic agent in GDL prepamtion and achieved the best
performance with 20 % FEP content in MPL

From diverse litemtures [72, 74, 97-100], we infer that the
use of MPLs typical b results in a better fud cdl perfonmance,
incremes eledrical conductivity and improves water manage-
ment and in tum the power density. MPL improves perfor-
mance by reducing mass tmnsport limitations, especially with
the ar feed and also by reducing ohmic losses especially with
oxvpen feed [76). Latormta et al. [101] coated the micropo-
rows lavers (MPLs) prepared with and without corboxyvmeth-
vleellulose (CMC), 2 unigque technique, and compared their
electrical performances with a single fuel cell. They revealed
that at high cument density (CD), the CMC-hased GDLs suffer
witer management, and such behaviour was attibuted to a
hydrophilic character of the GDL dus to residual amounts of
CMC in MPL coating [101].

Impact of pore former n MPL fabrication

Porosity of the GDL isa critical parmmeter for dgermining the
miss ransport process which in tum impacts FEM fael cell
performance especially at high cument density regions for
which a pore fonmer such as ammonium bicarbonate, lithium
carbonate and sucrose is included during the fabriation pro-
cess of the diffusion laver. Chebbi et al. [102] studied the
effects of pone-size distribution on reactnt tmnsport by intmo-
ducing lithium carbonate as a pore former and sugpested that
pore distribution should be bi-modal, faciltaing the water
discharge through lrge pores and gas diffusion through small
pores. However, complete removal of Li-ions from the

Table 5 Physical propenies of various carbon blacks used w fabricate MPL [#1-84]

Type of caron Particle size {nm) Surface area (1) Pore volume (e ig) Averaged pone radius (pm)
Shawinigan acetylens black (SAB) A0-50 To 0594 1.7
Vulean XC-T2 k1] 250 0ARY 18
Black Pear] MWKy cadwon 15 1508 267 -
Ashury graphite 850 - 13 0346 is
Mogul L - 14 0276 6.0
&) Springer
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Table & Influence of Carbon loading in micropomus layer of PEM fuel cell performance [75, 86, 91-95]

Types of carbon powder Gz diffusion medium Loading (mgem™) Reactant Paower density (Wiem™) Electrolyie
Range Chpitivnam

Acetylene black Carbon pager 0128 25 Ha/Air 051 Naflom112
Acetylane biack Corbon paper DL2s Lo Ha/Alr 03 Maflon112
Acetylane black Corbon paper 020 s Ha/Alr 051 Maflon112
Wulcan XC-72 Carbon paper 810 ol Hyihir AR Mafion-112
Carbmn black Carbon paper 404 4.0 HalAir 038 Maflon-112
Wulcan X(C-72 Carbon paper L3100 L Ha/lAir 066 GORE

Wulcan X(C-72 Carbon paper L5100 5 Halk 024 Maflon-115

electmde needs to be ensured and to circumvent these issues.
Selvamni et al. [103] ntmoduced sucrose as a pore former
during the GDL fabrication process and reported that the un-
leachal pore former cn be easily burned as a carbon during
the s diffusion electmde-backing process. They found the
optimum content of pore former in the GDL to be 50w/ for
effective gas tmnsport and product removal. Kong et al. con-
trolled the pore-size distribution by addng isopropyl aleohol
and lithiuvm carbonate as a pore former, together with carbon
powder and PTFE [98] and followed by the heat treatment led
to a dual fundionakty, namely higher porosity and bimodal
water transport. Tang et al. [104] examined the effect of
porosity graded microporous laver prepared by using ammo-
nium chloride as pore former. Their result disclosed that, MPL
with grded porosity is beneficial for the electode process of
fuel cell reaction by Facilitating the liquid water transportation
through large pores, increasing the capil by foree of praded
microporous laver and s diffusion via small porous in
graded micropomous lavers. Kitshara et al. [105] made a
phyvsical analysis compared to the adding of chemical pore
former by varving the mean pore diameter of MPL from [ to
10 mom and observed that the through-plane permeability
increases with MPL mean pore stee. The pedformance was
imvestignted at low and high cathode humidity with anode
humidification to be 100 % inboth cases. At low humidity, the
perfommance was the best whene the GDL had the smallest
MPL pore see and lowest through-plne permeability because
the MPL prevented MEA déhvdration. At high humidity, the
pre-eminent parformmee wis found wing GD'Ls with a maan

MPL pore dismeter of 3 mm and had an intermediate throwgh-
plane permeability vahie as it was alsoreported in [106]. Such
kind of GDLs facilitates the tmnsport of rengents from a gas
charmel to a catalyst surface aswedl aswater transport from an
electrode to the gas phase.

Assessment on compression and thermal conductivity
of GDL

GDL compression and thermal conductivity are also signifi-
cant factors that should be precisely controlled and, as a result,
are briefly dealt with. The effects of changing the bolt torgue
on the performance of a PEM fuel cells gas diffusion laver
have been mvestigated at fixed swichiometme flow rabes for
the reatant by Lee et al. [107], and they ohserved that the
thickness of the GDL may also be affected by the amount of
torgque exertad on the bolts. In addition, the change in GDL
thickness during compression can be converted to porosity
and the relationship batween measured permeability and po-
rogity can be compared. Jabin Ge et al. [107] peformed a
similar comelation study on the GDL compression and fuel
cell performance by evaluating two different GDL matenials.
Their experimental results implied that the fusl cel perfor-
mance decreses with the increase in compression and, in
addition, a unique fuel cell test fixture was designed; it was
conduded that the effect of GDL compression is significant
for both carbon cloth and paper and signi ficant b in the high

Table 7 Effect of FTFE content

inmicroporows byeron PEM fuel  (Gas diffusion Reactants FTFE {%) Membrane Power density (Wiem™)
cell performance [52, 61, 75, 96]

Madium Range Opitinmem

Carbon paper Ha'Air 2545 is Mafion-112 0360

Carbson paper HalAir 1060 30 Mafion-112 0493

Carbson paper Hafs 1040 k1] Mafion-115 0250

Carbon paper HylAir 10-60 20 Mafion-117 0360
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current density region, GDL is subgected to compressive stress
at high tempemturss along with polvmer eledrolve mem-
brne in the fabrication process and in assembling the fael
cell stacks. Lee etal. [107] assered from expenmentl results
that an optimal bolt torque was acguired for a soft commercial
diffusion layer because of pomsity and electrical contact ne-
setance changes. In addition, both the bolt torque and the gas
diffusion layer type are significant Getors for the PEM fuel
cell performmee, A similar experiment by Senthi Velan et al.
deseribes that compressive stress decreases the GDL thick-
ness, electncal condud rvity, permeability and affects the pores
[108]. Lee and Merida studied [109] GDL compressive strain
under steady-state and freexing conditions. GDL strain was
measursd to occur under steady-state aging conditions. An
increase in m-plane and through-plane air parmeability (18
and B0 %, respectively) was attributed to material loss during
pemeahility measurements and the ex situ tests showed that
comvective aiflow can cause material loss, resultng in in-
cremed permeabil it v and further convection. Effective thermal
condudivity is also a vital transport parameter that plays an
important role in fuel cell performance analvss [110]. A
recent study shows that the thermal conductivity incremses
erdually with the water content [111]. In another study, it
has been shown experimentally as well as numerially that a
temperature gradient across diffusion media mduces addition-
al water tmnsport due to phase change [112-114]. Yablecki
et al examinad the ansotropic thermal conductivity of the
GDL using the two- and three-dimensional two-phase conju-
gate fluid-solid thenmal latice Boltemann mode and con-
cluded that the anisotropic structure of the GDL causes aniso-
tropic themal conductivity, with a higher value for the n-
plane themmal conductivity than the through-plane themmal
condudtivity [112] Khandelwal and Mench [115] measured
the thmugh-plane thermal conductivity of GDLs by examin-
ing two dissimilar commenial GDLs with a vanety of thick-
nesses and pomsities. They studied the effect of temperature
and polvtetrafluoroethvlene (FTFE) content on the effective
thermal condudtivity and oblamed values in close agresment
with the manufacturer data kronically, Sadeghi et al. [116]
sudied on the parameter’s that determine the effect ve themmal
conductivity as well as the themal contwet resistance associ-
ated with the mterface between the GDL and adjacent lavers
by building a test bed and observed that effective thermal
conductivity mcreases with the compressive load and de-
cremses with anincresse with operating tempemture, how ever,

independent to ambient air pressune,
Durability of GIDL
Durability is ong of the most significant issues impeding

successful commercalization of PEM fiel cdl svstems, and
studies on GDL degmdation and dry opemtion might provide

more insight into fusl cell performance as there are only a
lmnited mumber of studies currently in open literature. Specif-
ially, the GDL plavs an important role concerning the dura-
bility of the MEAs, which is a critical concem for the end
users [117] as well as an abnormalby high current density
which sigmificantly accelerates the deterioration of the gas
diffusion medium. Also, cormosion on the GDL will menease
resisnes and decrease ekectrical condudivity, Wu etal. com-
parad the physical chameteristics of the GDLs before and after
cormsion tests and validated that GDLs are susceptible to
electrochemical oxidation [118]. Chen et al. [119] performed
an effect ve ex situ method for chameterizmg ekectrochemical
dumbility of a s diffusion lover (GDL). Wood et al. [120]
discussed the physical properties required o understand GDL
durahility and longtenn performance for next-gensmation
GDL components. Y1 et al. [121] have studied a numerical
model for predicting gas diffusion layer falure in proton
exchangs membrane fuel cels, Cormelations betwesn perfor-
manes loss and deviations in GDL properties might contribute
to enhanced understanding on dumbility.

Rmulits extrapolated from various modelling studies

Dawwvn M. Bemandi and Mark W, Verbrugge [122] were the
piomeers in pedforming the one-dimensional mode on the gas
diffusion medium. They modelled both membrane and gas
diffusion electrodes sothat it follows extensions to account for
heat transfer and pressure gradients. In their subsequent re-
search, they claimed that the anode diffusion layer needs o be
included in the cell model to properly account for water
transport. It is referred to as BY, and the value of the gas
diffusion electrods thickness is 0.26 mm [ 123].

One of the mitially used PEFC models capable of
predicting both membmne msistance and water babnes is
described by Springer etal. [ 124]. Preliminary research papers
on GDL modelling used the Brugeeman expression, which
determines an effective diffusive coefficient in pomous medi-
um by multiplying the binary gs coefficient by =' = [124], and
these approximations were initiated by De La Rue and Tobias
[125] to hold for conduction through a hetermgemeous micum
of random non-conducting spheres, Forthcommg, modelling
works have revealed that mass transport in the g diffusion
pomus medium constitutes a significant pedfommance loss in
the fuel cell, especmlly when liquid water is present [23, 68,
124].

Chimg and Chu [126] mvestigated the effects of transport
phenomena and performance of PEM fusl cdl by using a
three-dimensional mode and found that a thin GDL genemtes
mone current at low cell voltage due to the merits of better
reactant gas transport and Lguid water deivery

Um et al. [127] developed a computational fuel cell dyv-
namics model, and theirresults show that foreed convection of
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gasgs through GDL helps to improve performance at high
cument densities. Gurau et al. [ 128] presented a computational
fluid dynamic model to capture multiphase phenomena at the
cathode gas diffusion layer—charmel interface, and their anal-
waes provides insight for designing diffusion media with con-
trolled structural properties at the interfice with the chinnel,
such as pore-size distibution or pattem of orifices punctunsd
during the fihnication process.

Yietal [121] studied a numerical model for predicting gas
diffusion laver Bilure in proton exchange membrans fuel cells
basic mechanism and concudead that assembly pressure on the
bipolar plate should be below 2.0 MPa to ensure the integnty
of GDL. Zhou et al. [129] developed a numerical modd and
ohserved that large GDL compression deformation and po-
rosity variat on reduced the transport ability of the reactant gas
and liquid water in the GDL. Sadeghi et al. [116] also pro-
prosed a modd to compute the themal resistinees, which was
in ling with experimental data over a wide mnge of compres-
sive loads from 0.2 to 1.5 MPa. Table B provides the tansport
equations for the s and liquid phase in GDL. Wang et al.
[130] presented a novel model that encompasses both single-
and two-phase reprmes and concluded that transport of both
liquid and vapour water is controlled by capillary action and
molecular diffusion, respectvely, dus to neghmble small air
vielocity withm the porous GDL.

The potential distribution in the GDL is described by [135]:

= =,
1 &y 1 &

E ot ; e

=0 (1%
The boundary conditions ane

=]
x =10, II}_;'}::E_D

dy + d, g
x= CH D_;'}l.j—_ﬂ
d
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Mitta et al. [136] developed a two-dmmensional model to
study the effects of inhomogensous compression of GDLs on
local timsport phenomena within a PEM fuel cell and pre-
dicted a uniform temperature profile along the active area,
with a varation of ca. 1 °C. The compressed GDL thickness
under the rib affects the current density distribution and the
temperature profile. Su et al. [137] mvestigated numerically
and developed a three-dimensional model to analvse the
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Table 8 Transpon equations n GIL [13, 128, 131-134]
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Table & Diifference in general

claracieristics of carbonclohand  Carbon papers

Carbon cloth

paper obaerved from lie s wnes
Qi brittle

Less thickness and causes les chimic kss

Optimal for non-lumid operation
ey litte compre ssibil ity

Mechanically nobust
High thickness and causes high dmic kss

Opitinral for humid operation
Goorind compresaila lity

impact of transport properties of the GDL, specifically pomos-
ity and permeabiity. Three different configurations of tans-
prort properties were tesied, e, uniforn uncompressed GDL
properties, uniform compressed GDL properties and non-
homogensous GDL propertiss and found that the non-
homogeneous structre shows noticenble differences in pre-
dicted cdl performance. Dotelli et al. [138] compared two gas
diffusion layvers of PEM fuel cels based on the same corbon
cloth substmte, coated with micropomus lavers of different
hydrophobicities assembled in. Each confipumtion of polan-
zation curves were recorded; n onder to evaluate the role of
different GDLs, AC impedmoes spectroscopy of the ninning
cell was also performed and inferred that higher compression
ratio womened the cell performances at a higher temperatures
and the presence of the micropomus laver onto the carbon
cloth resulted in extremely beneficial opemtions especially at
high current density. Moreover, it sensibly reduces the high
frequency resistance. Pasasogullan et al. developed an analyt-
ical model and inferred that capillary tmnsport is the dominant
transport process to emove water from flooded GDLs, In
addition, flooding dininishes the el performance as a result
of decreasad oxypen transport and surface coverage of acive
catalyst by hiquid water [139]. Modelling of GDL by lattice
Boltzmann simulation technique for understanding the behav-
iour of two-phase flow of complex fluid in porous medium
wits studied by Koido etal. [31] and Tabe et al [140], and they
asserted that capil lry—pressure satumtion relaionship and
wettability of the channel are the two phenomenons that can
sevenely influsnce the GDL performance. Invest mtion on the
anisotropic parmeability of a carbon cloth GDL [141] based
on the mtegmtion of X-ray micro4tomography and lattice
Boltemamn (LB) simulation was perfformed by Rama et al,
and their msults demonstmted that the simulated through-
plane permeahility is shout four times higher than the in-
plang parmesbility. The simulated results are also applied to
penemte a parametne cosfficient for the Koseny—Caman
(KC) method of determining permeahility. Niu et al. [4] ex-
amingd a model to simulate water—gs transportations in the
GDL based on the diffise interface theory and emploved two
distributions so that multiphase flows with lanze density mtios
and various viscosities can be controlled To numerically
realize the boundary conditions for the complicated structure
like GDL, besides the stndard bounce back condition used
for the nonslip condition, an approximated average scheme

hased on the extmpobition mathodis denved tomimic wetting
boundaries.

Summary and recommendation

Dynamic behaviour is a key property of PEM fuel cells to be
used for sutomotive application [142], and the stuctiral de-
sign of GDL signifimntly nfluences the dvnamic response
[143]. From the vanous studies in open literature [42-57], it is
ohserved that though carbon cloth and carbon paper have their
own pros and cons, cirbon paper has been recommended by
most of the authoms especially for low humidity opemtion and
carbon cloth for high humidity opemtion. The worst perfor-
manee of the caorbon cloth is likely to be attributed to contet
resistiness; however, at high cumrent density, cathon papers
have some issuss pertaining to water management. The mod-
ified carbon fibre cloth can eliminate assembly difficulties
with a relatively low resin content and exhibits good
through-plane mresistance, resulting in good cdl performance
[40]. Carbon papers are brittle and quite comprassible and, as
results, are pood for designs where a tighter tolerance is
permitted in the compression and where the thin GDL is a
critical factor. However, in general characteristics such as
fraction of hydrophobic pons-siee distribution, gas permeabil-
ity, surface morphology and electronic resistivity predomi-
nantly defines the finctionality of the GDL, despite the fact
that some limitations may ocour for measurement of each
quartities. Table 9 provides a difference in characteristics of
carbon cloth and paper perceived from vanous litemturs.
The cathode electmochemical reactions produce a largs
amount of liquid water at low-opemting voltages, and if the
ligquid water is not appropriately purgad it may accumulate in
the pores of the diffusion lavers and restrict the oxyvgen trans-
pott to the gas diffusion and the catalvst Lover, thereby redue-
ing the reaction rate. Diffusion media characterization and
development still relv heavily on in situ testing because
wel Festablished cormelations between in situ performmes re-
sults and ex situ characterization data are not vet available.
The carbon cloth is the most fexible and is generally mbust,
but mesults in higher ochmic loss due to its thickness and, in
contmst, novel matenals like pyrocarbons ame vat to achieve
significant performances levels. Modified carbon paper can be
a clewr winner among the gas diffusion layver if precise water
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management stmtegies and gas fow designs ane formulated
Increased carbon loadings in MPL can reduce contact resis-
tance between the interfices of GDL/aitalyst layer and hence
improve the fuel cell performance. However, excassive carbon
loading in GDL tends to decnease the porosity and increase the
concentration over potential, in particular, for hydrogen-fair-
fied PEM fuel cell, which is dus to an increased diffusion path
in carbon-filled GDL. Hence, care should be taken for carbon
loading in GDL fabrication fior attaining optimal performance.
An optimized carbon loading had a sigrificant posttive impact
om the PEMFC pedformance. Acetylene black was chosen for
mest MPLs because of the favoumble combination of water
management and corrosion resistance [144]. Assesment of
cathode and anode GDL has been performed by seveml aw-
thors, and it has been concluded that the cahode GDL deter-
mings the macimum possible current and power density [26,
145, 146]. Tmnsport equations pertinent to GDL [13, 128,
131-134] clarified the impact ofoperational parameters onthe
thermmal properties of GDLs and provided new insights on the
importance of a key imterfacial phenomenon. Flooding can
dmstically dechine the fuel cell perfformance by hindering the
gas diffusion and blockng the electm-catalyst sites [139]. In
specific, cathode flooding cm result in a catastrophic decreass
of performance by reducing the oxyvgen transport to the reac-
tion sites and decreasing the effective catalvst aea which has
been observed over a wide mnge of operating conditions.
Cathode flooding can be detected expermmentally and signif
icanthy depends on GDL properties (e.g porosity and hydro-
phobidty) [147-150]. In a hydrophilic GDL, thers would be
no restriction to hgquid flow and it would begin with any
applied pressure and, for example, thick diffision laver atiri-
butes to a long resctant transport passage and the flooding
pmblam, whensas thin layens ane susceptible to mmss tmnsfer
and contect resistance losses. Another significant factor stud-
ied from the meview is that the contadt resistance could be
higher between the bipolar plates and the GDLs due to the
flow channels companed to that between GDLs and catalvsts
layers. Materials with the most lighly aligned fibres showed
the highest anisotropy and the permesbility. There is a ek of
fundamental experiments on water transport in GDLs, and the
mist challenging issue in the GDL fibrication is to develop a
compatible GDL for both hvdmphilic and hydrophobic oper-
ations. GDL components of PEMFCs degmde in different
marmers, and the mechanisms mvolved m the degradation
are not completdy implicit. This might be becmse there ane
different techniques emploved in prepanng those fmetional
components and operating conditions are not well declared
The various mechanisms are related, so one degradation
mechanism may trigger or exacerhate another. Future designs
could integrate the GDL, current collector and flow field to be
manufictured seamlessly by automated MEMS processes
[54], and this would be akey to address mumerous challenges
inchuding the hydmphilic and hwdmophobic conditions. The

4 Springes

aforementioned details evidently validate the role of GDL in
the design and performance of the PEM fuel cells, especially
pertaming to the charactenistics, fabrication techniques and
related components. Incorporation of carbon nanotube as gas
diffusion eledrode for the nest-penemtion PEM fuel cells dus
to its exceptionally high tmnsport mtes are shown to be asa
result of the inherent smoothness of the nanotubes [151] and
will be one of the cornerstones of the cuting edge msearch
and may guide PEM fuel cells to a succsssful level of

commercialization,

Conclus ions

Drespite its critical function, the role of GDL in PEM fuel cell
performanees 15 not well asserted and this has been an impetus
for the authom to review the GDL chameterstics, peometry,
fabncation techmiques and rd sed components. The best com-
ponents for each functionality cannot make the best GDL: a
trude-off between the properties will evolve the weal GDL.
The review of the authors may pave the way for the futune
research to be concentmted on a holistic appmach i the
evolution of GDL.
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Abstract The conventional gas diffusion layer (GDL) of polymer electrolyte membrane (PEM) fuel
oells incorporates a carbon-based substrate, which suffers from electrochemical oxidation as well as
mechanical degradation, resulting in reduced durability and performance. In addition, it involves
a complex manufacturing process to produce it. The proposed MJ‘mu.]uE aims to resolve both these
issues by an advanced 3D printing technique, namely selective laser sintering (SLS). In the proposed
work, polyamide (PA) is used as the base powder and titanium metal powder is added at an optimised
level to enhance the electrical conductivity, thermal, and mechanical properties. The application of
selective laser sintering to fabricate a robust gas diffusion substrate for FEM fuel cell applications is
quite novel and is atempted hene for the first Hme.

Keywords: PEM fuel cell; gas diffusion layer; membrane and electrode ascembly; polyamide;

titanium; carbon paper; selective laser sintering

1. Introduction

Among the various fuel cell types, polymer electrolyte membrane (FEM) fuel cells ane expected
for futume technology applications due to their versatile characteristics such as high power density
(compatible for transportabion), low operating temperature (60-90 °C), and dynamic response [1].
In addition, PEM fuel cells retain the best attributes of both batteries and internal combustion (1)
engines, making them a versatile energy conversion system [2].

The membrane and electrode assembly (MEA) is the prime component,’heart of a PEM fuel
cell stack, and consists of an electroly te (proton-exchange membrane ) sandwiched between two gas
diffusion electrodes (GDEs). Figure 1 provides a 2D view of all the key functional components of
a GDE. It is apparment from the figure that gas diffusion layers (GDLs) serve as an armour to protect the
principal components—namely, the catalyst layer and membrane of the PEM fuel cell stack [3].
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Figure 1. A 2D view of a gas diffusion electrode (GDE) indicating the catalyst layer and gas diffusion
layer {GDL; comprising a backing layer and mesoporous layer, MPL)

The desirable characteristics of a GDL include (i) relative stability in the fuel cell environment;
(i) good electrical conductivity; (iii) high permeability for gases and liquids; and (iv) elastic property
under compression [4]. Carbon in the form of either paper or cloth are widely used GDL base materials,
and both them have their own pros and cons [3]. Though the conventional carbon-based GDILs
(non-woven carbon paper and carbon cloth) are functionally similar, they possess different structural
characteristics, which might significantly influence the transport of heat, current, neactant gas, and
water. Conwentional GDLs are typically porous composites and comprise carbon-based material to
enhance the electrical conductivity and polytetrafluoroethylene (PTFE) to improve hy drophobicity
characteristics [5]. However, these materials contribute to the durability issues. Apart from the
durability, the complex manufacturing process also augments the issues pertaining to PEM fuel
cell commercialization.

L GDL Degradation

The conventional GDL material suffers from several degradation issues, and the predominant
ones are mechanical and electrochemical degradation. Mechanical degradation is due to the high
compression and results in GDL deformation and changes in thickness due to the breakage and
displacement of fibnes under high pressures. Electrochemical degradation is due to the oxidation of
carbon to carbon diowide, and is illustrated in Equation (1):

C+2H;0 — COz +4H™ + 4¢, Eo = 0.20F V vs. Standard Hydrogen Electrode (1)

However, operating a PEM fuel cell stack at such a low voltage (<0.207 V) is not practically
possible. Incorporating a GDL that is free from carbon can be a promising solution to evade this issue.

Excess water accumulation (flooding) can acoelerate the degradation of the catalyst and the gas
diffusion layer due to polytetrafluoroethylene loss [6,7]. Apart from degradation issues, conventional
GDL materials are fabricated by a multifaceted manufacturing process as shown in Figume 2, which is
one of the prime reasons for its high cost.
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Figure 2 Manufacturing steps involved in comventional GDL fabrication (SGL 39 BC) [8].
FTFE: polytetrafluoroethy lene.

The hypothesis of the present work is that the durability, complexity, and cost can be significantly
improved in a positive manner by the 3D printing manufacturing technique. Therefore, the contribution
to know kedge in the proposed work is to:

i Improve the durability of GDL as they are susceptible to electrochemical oxidation [9].
il Simplify the manufacturing process by an advanced 3D printing technique, which can be
a promising solution to drastically reduce the costs and lkad-time.

3. Experimental Procedure

The manufacturing process employed in the present work involves the use of a selective laser
sintering (SLS) system, where the desired material in the powder form can be consolidated layer upon
layer through laser heating. Sufficient inter-particle and inter-layer consolidation are achieved by
optimising the laser energy flowing into the powder substrate [10]. The energy density (Ep, J-mm 2
per unit area along the scan line can be evaluated as per Equation (2) [11];

Ep=P/(D x o). 2)

The thmee critical parameters governing the SLS (3D printing) mechanism ane laser power (F), scan
speed (7) and beam diameter (D) [11]. The SLS system used for the work employs a beam deflection
svstem (galvano mirrors) to achieve the laser scanning as required.

Material Selection for SLS

Mot all the materials that can be processed using the existing SLS infrastructure can be used to
synthesize the gas diffusion material for the PEM fuel cell application. In the previous investigation,
alumide [12] was used as the base material since it is stiffer than many other materials used in 3D
printing and it contributes to good flexural strength and higher thermal load [13].
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Though the mechanical and ekectrical characteristics of alumide are compatible for PEM operating
conditions, one of the seven limitations from the fundamental chemistry perspective is that the
aluminium present in the alumide is prone to oxidation in the PEM fuel cell environment, resulting in
the possibility that metal ions formed could pokentially damage the expensive membrane component
Other researchers [14-16] eported that aluminium bipolar plates exposed to a PEM fuel cell operating
environment are prone to such a corrosion. Consequently, in the following work polyamide (PA) is
used as the base material to develop the thin film samples,

The utilization of Hitanium structures has already been proposed by Hottinen et al. [17], and
it is a safe material for GDL application. Titandum powder (US Research Nanomaterials, Houston,
TX, USA) was added to polyamide in appropriate percentages to infuse appropriate conductivity, as
polvamide i= a non-conducting polymer, however well compatible with the SLS process,

In this present study, the base powder (PA) was sinfered in a precise mode; appropriate functional
material (Ti in the present study) was added to the base powder to attain the desirable functional
characteristics. In the preliminary investigations, it was observed that sufficient electrical conductivity
was not attained with 10% ttanium, and consequently the experdment was performed with 20% and
30% titanium. For the 30% titanium composition, the laser was not able to sinter the composite
powder, as the laser power oxidised the titanium metallic powder in the composite nstead of
selectively binding it. Thus, the composite with 30% titanium was too brittk and was left out of
the subsequent investigation.

Based on this, the 20% Ti and 80% polyamide composite was considered for further evaluation,
The composite powder was spread on the build platform layer upon layer, achieving a uniform
dispersion and a flat top surface. The initial femperature of the powder bed was kept at around
70 degmees to keep the powder substrate dry and free of moisture. To study the diffusion and bonding
of the titanium powder, the experiments were executed by varying the power as illustrated in Table 1
for a fixed scanning speed of 450 mm /s These combinations of laser power and material composition
wiene established based on trial and error experimentation and the mesulting sintered structures. Tt may
be noted that with increasing titanium content, the laser power requined is decreased in order to
achieve a continuous sintered layer. This is because the ftanium component absorbs the heat from
the laser and burns partly, which is an exothermic reaction, resulting in excessive thermal energies,
Consequently, the higher the titanium content, the lower the energy density level for laser sintering,

Table 1. Laser power required to sinter various configurations of pelyamide (PA)/ titanium.

Laser Power (W} Polyamide/Titanium Composition (%)
15 1o/90
12 20/80
Q 300470

4, Characterization

The characterization studies wen performed to investigate the mechanical, physical, and electrical
PE‘IJ'PEI‘HE&E of the Fmpuuzd gas diffusion material. The characterization studies involved in the present
work amre as follows:

(a) Swurface and Elemental Energy Dispersive X-ray Analysis (EDX) characterization to investigate
morphology and composition, Hydrophobicity, and Porosity measurement.

(b)  Electrical characterization to investigate in-plane resistance.

ic) Thermal characterization to investigate thermal conductivity.

(d) Tensik characterization to investigate tensile strength.

The proposed paper considers SIG RACET® grade GDL 39 BC (325-um thickness) as a baseline
material. The unique characteristics of SGL 39 BC to consider is that it is denser and has a better
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water-retaining capability than its precursors (SGL 10 BC) [8]. Therefore, it is observed that SIGRACET®
grade GDL 39 will be an appropriate material for baseline consideration.

4.1. Surface Morphology—SEM

Surface characterization: The sample produced using SLS process was investigated and
characterised using a Schottky field emission scanning electron microscope (SEM) (Hitachi SU-70,
Tokyo, Japan). Figure 3 reveals the SEM image of (a) surface and (b) cross-section of the novel
carbon-free gas diffusion material.

Figure 3. 5EM image of the proposed gas diffusion material. (a) Surface; (b) Cross-section.

The Table 2 provides the elemental analysis of the proposed composite material.

Table 2. The elemental analysis of the proposed composite material after selective laser sintering (SL5).

C N 0 Ti Ir
57-_PA b6.1 8.3 9.1 14.8 1.7

4.2. Hydrophobicity

Contact angle measurement is a powerful diagnostic for understanding the interaction of GDL
material with water. The degree of hydrophobicity is determined by the simple concept proposed
by Zamora et al. [18], in which a 20-pL drop was deposited on a sample and after stand-up for 1 h,
zoom shooting was conducted for the sample and the contact angle was measured between the droplet
and the surface. The material exhibited predominantly hydrophilic nature with the contact angle
measurement [8 ~20°].

4.3. Electrical Characterization

Electrical conductivity is a key property which directly influences the fuel cell performance [19].
Polymers filled with metal are of substantial interest because the electrical characteristics of such
composites are close to metal properties with mechanical properties and processing procedures typical
to that of plastics [20]. The figure of merit of the electrical characterization signifies the ease with which
electrons transfer along the in-plane.

The electrical conductivity of the substrate was measured to be 1-10 5/cm; however, it was
sensed to be low and consequently a nano-conductive platinum coating was provided by means
of an ion sputter coater (Hitachi-E-1045, Tokyo, Japan) along both surfaces for few minutes, which
surged the in-plane electrical conductivity of the substrate. The surface roughness of the substrate
(as shown in the SEM image of Figure 3a) might be one of the factors that caused an effective physical
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absorption/diffusion of Pt towards the 3D matrix of the substrate; In addition, the grain sizes of Pt
are smaller than gold, which validate the advantage of Pt over gold in ion sputtering. The four-wire

Kelvin method was used to measure the electrical properties (in-plane resistance) of the GDL using the
DMM 4040 meter (Tektronix, OR, USA).

4.4, Thermal Characterization

The thermal diffusivity of the sample material was measured using the laser flash apparatus
LFA 467 HyperFlash® (NETZSCH, Bavaria, Germany). The sample was tested at several temperatures
according to their behaviour in the desired temperature range of 25-160 °C. The measurements
were carried out in a foil sample holder (@ 254 mm) at the values of 25 °C, 80 °C, and
140 °C. In agreement with theory, the thermal diffusivity of the material decreased with higher
temperatures, while specific heat values increased. Table 3 provides the thermophysical properties of
polyamide-titanium composite.

Table 3. Thermophysical properties of polyamide-titanium composite.

Thermal Diffusivity Specific Heat Thermal Conductivity
(=]
Temperature/*C mm2/s kJ/(kg-K) Wiim-K)
25 0.680 1.289 0.588
80 0.521 1.559 0.544
140 0.408 1.870 0.512

4.5. Tensile Strength

Tensile test was performed using a TAXT Plus texture analyser (Stable Micro Systems Ltd.
Godalming, Surrey GU7 1YL, UK) to analyse the mechanical strength characteristics of the proposed
material. ASTM D882 test method was piloted to estimate the tensile properties of the proposed thin
films (as the thickness is less than 1.0 mm). To avoid tearing and premature specimen failure, the
tensile test was conducted at a speed of 0.5 mm/s. The thin film material was clamped between two
fixtures and tested to measure its tensile strength and was found to be approximately (ca.} 4 N/cm.

5. Polarization Curve

The MEA was fabricated as follows. Catalyst-coated membrane (CCM) was prepared by giving
a coating of 0.5 mg Pt/ cm? on either side of the Nafion membrane. The fabricated GDL (by 3D printer)
was attached on both sides of the CCM, after applying a thin coating of Pt black on the GDL side facing
the membrane, such that the additional Pt loading was about 0.1 mg;’cmz. The above MEA was placed
in the fuel cell test fixture. The graphite plates with a serpentine flow channel were used for the single
cell studies. The experiments were performed in both dry and humidified conditions (100% humidity
at a cell temperature of 75 “C). The reactant gases—namely H; and O;—were fed at a pressure of 15 psi.
The cell was connected to a Hewlett Packard DC electronic load bank for the polarization studies. All
the operating parameters were kept constant throughout the course of the experiment.

Figure 4 displays the polarization curve, and it is obvious that the cell performance with 3D printed
GDL showed a much more inferior performance than the commercial SGL-based GDL. However, it is
inferred that the performance of the 3D printed GDL displayed a marginally improved performance
with humidified conditions.
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Figure 4. Polarization plots for the 3D-printed GDL [80% PA + 20% Ti] used membrane and electrode
assembly (MEA) and normal MEA tested with humidified Hy/ O, at 75 °C and 15 psi pressure.

6. Discussion and Limitation

The values of the proposed material were compared against a wide range of conventional GDLs,
and their values are illustrated in Table 4, which compares the properties of the proposed material
(fabricated by 3D printing) and Carbon paper Sigracet™ 39 BC. The functional characteristics as
specified in Table 4 authenticate that this material can be a hopeful candidate for GDL, as it is carbon
free and possesses optimal multifunctional characteristics such as thickness, porosity, and conductivity.
The low electrical conductivity is one of the prime limitations in this study, which might be attributed
to the porous nature of 3D-printed GDL.

Table 4. Comparison of functional properties of the proposed material with Sigracet™ 39 BC [8].

Proposed Material (Polyamide-80% &

Material Properties Titanium-20%) Fabricated by SLS Sigracet™ 39 BC
Thickness (um) 430 325
Basic Weight (gm~—2) 380 105
In-Plane Conductivity (S/cm) 1-10*S/cm 170
Thermal Conductivity (W/(mK))  0.588-0.512 (Using Laser Flash Analysis) 0.25
Porosity (%) ca. 42% (Using Image]) 52
Tensile Strength (N/cm) >4 NA

* Uncompressed; ** Compressed with 1 MPa.

The characterization studies authenticate that the proposed material can be an economical
alternative to the conventional carbon-based GDLs (woven carbon cloth and non-woven carbon
paper) preparation route. One of the unique features of SLS to be compatible for GDL application
is its porosity characteristics by default [21]. The numerical values of the various characteristics
of the proposed GDL exhibited a minor deviation as elaborated in Table 4 due to the material’s
anisotropic nature.

Though titanium has been previously used in the literature by Hottinen et al. [17], they were
unable to achieve the desired thickness and porosity. However, in the proposed technique the thickness
was around 430 pum, which is around 15% less than that made by Hottinen et al. The incorporation of
the 3D printing technique is the prime factor to attain this level of fitness, where the complexity of
the binder requirement is eliminated by the heat produced in the laser to bind the base powder to the
metallic powder.
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Though 20% titanium was the actual weight proportion used for the substrate preparation, it was
sensed in the EDX (in Table 2) that weight as low as 14.8% actually contributed to the substrate
formation. The following possibilities might have happened in the process:

i An increase in the Ti alone does not provide a feasible solution to enhance the conductivity,
because with the present experimental set-up (non-inert atmospheric condition) the titanium
present in the composite might be oxidised to titanium oxide (evident from the EDX of Table 2).

il Performing the experiment in argon conditions can drastically enhance the electrical
conductivity, and under such an operating condition the increase in the Ti can actually enhance
the electrical conductivity of the gas diffusion material and a higher percentage such as 30%
or 40% can be feasible. In addition, the incorporation of ion sputtering to enhance the surface
conductivity can be totally eliminated under that circumstance.

The authors assert that appropriate mixing of titanium particles with the base powder material
using an advanced ball mill can also enhance the electrical conductivity, unlike in the present study
where a manual mortar was used to mix the Ti powder to PA. Though in the proposed research the
performance of the proposed GDL was much lower than the conventional GDL (5GL 39 BC), its
manufacturing complexity is very simple and straight-forward. The DOE target of $5.5/ m? for a mass
GDL production of 500,000 [22] can be very easily accomplished through this technique because the
process is predominantly single-stage (as ion sputtering can be possibly eliminated in future), unlike
multiple stages in the conventional route (evident from Figure 2), less residue is produced, and there is
reduced lead time (improving the productivity) and complexity.

7. Conclusions

The principal implication of this work is that the carbon-based gas diffusion layer—which is the
integral constituent in a PEM fuel cell stack—is prone to electrochemical degradation. To circumvent
that, a novel additive manufacturing approach mcorporati.ng selective laser sirlteri_ng was used to
fabricate a non-carbon-based GDL directly from a 3D printing technique (additive manufacturing).
This manufacturing route is an economical option, and has the substantial potential to achieve the
Department of Energy ((DOE), USA target in the future by appropriately selecting the material and
optimising the operating parameters. Though the performance is currently low, the authors ascertain
that the fine-tuning of the SLS process parameters (such as SLS printer speed and laser power) and
appropriate material selection and performing the experiment in the inert atmosphere can match its
characteristics to be on-par with or superior to that of conventional GDL.
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