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ABSTRACT

Gas diffusion layers (GDLs) are a critical and essential part of proton
exchange membrane fuel cells (PEMFCs). They carry out various important
functions such as transportation of reactants to and from the reaction sites. The
material properties and structural characteristics of the substrate and the
microporous layer strongly influence fuel cell performance. The microporous
layer of the GDLs was fabricated with the carbon slurry dispersed in water
containing ammonium lauryl sulfate (ALS) using the wire rod coating method.
GDLs were fabricated with different materials to compose the microporous layer
and evaluated the effects on PEMFC power output performance. The consistency
of the carbon slurry was achieved by adding 25 wt. % of PTFE, a binding agent
with a 75:25 ratio of carbon (Pureblack and vapor grown carbon fiber). The GDLs
were investigated in PEMFC under various relative humidity (RH) conditions
using H,/O, and Ha/Auir.

GDLs were also fabricated with the carbon slurry dispersed in water
containing sodium dodecyl sulfate (SDS) and multiwalled carbon nanotubes
(MWCNTS) with isopropyl alcohol (IPA) based for fuel cell performance
comparison. MWCNTSs and SDS exhibits the highest performance at 60% and
70% RH with a peak power density of 1100 mW.cm™ and 850 mW.cm using air
and oxygen as an oxidant. This means that the gas diffusion characteristics of
these two samples were optimum at 60 and 70 % RH with high limiting current
density range. It was also found that the composition of the carbon slurry,
specifically ALS concentration has the highest peak power density of 1300 and



500mW.cm™ for both H,/O, and H,/Air at 100% RH. However, SDS and
MWCNTSs demonstrates the lowest power density using air and oxygen as an

oxidants at 100% RH.
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Chapter 1
INTRODUCTION

The consumption of energy is a fundamental part of today’s world. Over the
last decade, its usage has drastically increased the quality of life of modern
society and has allowed for the rapid advancement of modern technology. The
majority of what we consume in our daily activities to power our homes, schools,
offices and automobiles requires energy created from fossil fuels. These
nonrenewable fuel sources may be easily accessible and generate large amounts
of electricity at relatively low cost, but their continued use has resulted in
increased health risks, environmental pollution, and global warming. Fortunately,
as an alternative to traditional sources of power, fuel cell technology has the
potential to meet the energy demands of our growing population and reduce many
of the conflicts fossil fuels are causing in an environmentally friendly manner.

Fuel cells share similarities with internal combustion engines and
batteries, as they are all electrochemical device converters. Batteries store the
chemical reactants of typically metal compounds such as alkaline, lithium, or
zinc, and once consumed may be either recharged or disposed. However, internal
combustion engines convert chemical to mechanical energy.

Because of their zero emissions, simple design, accessibility, and high
efficiency, hydrogen fuel cells present one of the best alternatives to the internal
combustion engine. Essentially, a fuel cell generates electricity through reactants
(hydrogen and oxygen) that are stored externally and will produce electricity as
long as it has a fuel supply. Fuel cells are electrochemical devices that convert

1



chemical energy directly into electricity and heat with high efficiency. In other
words, they are energy conversion devices for power generation that have the
capability of producing electrical energy as long as the fuel and oxidant are
supplied to the electrodes.

There are both attractive features and challenging limitations to fuel cell

technologies [1]. The attractive features that fuel cells offer are:

e The potential for a high operating efficiency.

e Ahighly scalable design.

e Zero or near-zero greenhouse emissions.

e No moving parts, making them more reliable and quieter than generators
e In comparison to batteries, fuel cells have nearly instantaneous recharge

capability.

In order for the fuel cell technologies to be viable for commercialization, there are

several limitations that first need to be addressed:

e Fuel cells have to be cost-effective, mass produced pure hydrogen storage
and delivery.

e Fuel cells requires pure hydrogen, if not supplied the performance will
gradually decreases because of catalyst degradation and electrolyte
poisoning.

e Fuel reformation technology can be costly and heavy, requiring power in

order to operate.



e Durability issues are one of the constraints in fuel cell technologies.

Fuel cells can be classified according to electrolyte usage. The five most common
types of fuel cell technologies are:

o Alkaline fuel cells (AFCs)

¢ Solid oxide fuel cells (SOFCs)

¢ Proton exchange membrane fuel cells (PEMFCs)

e Phosphoric acid fuel cells (PAFCs)

e Molten carbonate fuel cells (MCFCs)

As illustrated in the Table 1, different types of fuel cells operates at
various temperature ranges from 50 -1000°C and each type of fuel cells uses
different electrolytes. The higher energy conversion efficiency is the result of high
temperature, for example, AFCs and PEMFCs. Furthermore, the applications of

each fuel cell types were illustrated in the table below.



TABLE |

Typical characteristics of different types of fuel cells [2, 3]

Fuel Cell Operating Electrolyte Typical Efficiency | Applications
Type Temperature Stack (%)
(’C)

AFCs 50-200 Agueous 10kW- 60 Space,
solution of 1MW military and
potassium residential
hydroxide plants
soaked ina
matrix

SOFCs 600-1000 <1kW- 60 Auxiliary

Yttria stabi- | 3MW power and
lized zirconia electric utility

PEMFCs | 30-100 Solid organic | <1kW- 35-60 Vehicles,
polymer 250kW portable
poly- power,
perfluorosul- electrical
fonic acid utility

PAFCs ~220 Liquid 50kW- 40 Electric utility
phosphoric 1MW and
soaked in transportation
matrix

MCFCs ~650 1kW- 45-50 Electric utility

Solution of | IMW or medium to
lithium, large scale
sodium, and CHP systems,
potassium up to MW
carbonates capacity

There are several types of fuel cells, but the most popular and research

type are proton exchange membrane fuel cells (PEMFCs). Traditionally the

PEMFCs uses hydrogen as a fuel. They have relatively low operational

temperature, which is under 100 ° C, high power density and efficiency, as well as

the ability to respond quickly to transient power. Despite the positive qualities of

PEMFCs, cost, reliability and durability remain the major barriers for wide-scale
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commercialization. In proton exchange membrane fuel cells, platinum (Pt) is the
most effective electrocatalyst because it is sufficiently reactive in bonding
hydrogen and oxygen intermediates, facilitating the electrode processes to form
the final product. However, the significantly high cost of Pt in practical PEMFCs
limits the catalyst loadings per unit area (or unit power output).

The basic physical structure of a PEMFC contains three main components:
bipolar plate (gas channel), gas diffusion layer (GDL), and membrane electrode
assembly (MEA). The MEA is sandwiched with two GDLs on both sides and the
electro-chemical processes are taking place in the interface between MEA and
GDLs. The durability of PEMFCs system is typically controlled by the stability of
membrane electrode assembly (MEA). The fuel cell consists of an electrolyte
layer in contact with a porous anode and cathode on either side. Figure 1 [4]
below is an illustration of a fuel cell with reactant/product gases and the ion
conduction flow direction through the cell. Hydrogen enters on the anode side
(negative electrode) where hydrogen oxidation reactions (HOR) occur. With the
help of catalyst, the hydrogen with split into electrons and protons. The electrons
are channeled through a circuit and produce electricity, while protons pass
through the polymer electrolyte membrane. On the cathode side (positive
electrode), oxygen or air enters the assembly, at which point oxygen reduction
reactions (ORR) occurs. Oxygen will combine with protons and electrons and

form water. Also water vapor and heat are released as byproducts of this reaction.



The chemical reactions in a fuel cell at the electrodes are:
e Anode: H, (g) = 2H" (ag) + 2¢”
e Cathode: % O, (g) + 2H" (aq) + 2¢” > H,O (I)

e Overall: H, + %20, > H,0 + electricity + waste heat

electric circuit
o .

fuel Hz (hydrogen) — @@ Q- = Oz [oxygen)

A Neat
air and
used T”tal - — water vapour
fagiIrculaias [Hzﬂ}l
flow field plate proton exchange flow field plate

gas difusion  mambrane gas diffusion
\alactruda (anode) glectrode (cathode) /

Figure 1. Schematic Diagram of Proton Exchange Membrane Fuel Cell [4]



1.2 Statement of Problem

The PEMFC has the greatest potential as an alternative power source for
transportation due to its relatively low temperature of operation (<100°C) and
stationary applications. However, in order to be viable for commercialization,
PEMFC should overcome the critical challenges related to cost, performance,
reliability, and durability. The cost for fuel cell system should be drastically
reduced to compete with the internal combustion engine and stationary power
generation. According to the U.S. Department of Energy (DOE), in 2002 the cost
of automotive fuel cell system was significantly reduced from $ 275/kW to
$73/kW in 2008, and $45/kW in 2010. However, the DOE’s target is to reduce the
cost to $30/kW with 5000 hours (150,000 mile) durability for automotive fuel cell
systems by 2015, and for stationary fuel cells is $750/kW with 40,000 hours
durability by 2011 [5].

The gas diffusion layer (GDL) is one of the critical components acting
both as the functional as well as the support structure for the membrane-electrode
assembly in PEMFC [6]. The main function of the GDL is used to effectively
transport reactant gases and electrons as well as remove product water and heat.
For this reason, the effective functionality of the GDL plays significant role in
making the PEMFC commercially viable. The power performance of the PEMFC
is strongly influenced by interdependent properties such as water management,
porosity and graded structure of the GDL. In order to achieve a high power
performance, the GDL should combine and properties of hydrophobicity (water
expelling) and hydrophilicity (water retaining). These properties should be

7



critically examined, and balanced carefully to ensure that the fuel cell system
works without flooding, high humidity (100% relative humidity) and drying of the
electrolyte at lower relative humidity. The GDLs should exhibit properties such as
good diffusion [7, 8] with optimum bending stiffness, porosity, surface contact
angle, air permeability, water vapor diffusion, electrical/electronic conductivity,
crack free surface morphology, high mechanical integrity and enhanced oxidative
stability, along with durability at various operating conditions including
freezing [6].
1.3 Scope of Work

The focal point of this research work is primarily on the proton exchange
membrane fuel cell. This thesis will entail and achieve the following objectives: a
comparison of proton exchange membrane fuel cell (PEMFC) performance when
using different materials to compose the microporous layer of the gas diffusion
layer (GDL). The comparison is valuable in that using different materials
changes the porosity, particle size, and conductivity of the microporous layer,
which can affect PEMFCs power output. The experimentation of different
materials was conducted using the Fuel Cell Test System and electrochemical
impedance spectroscopy (EIS) to determine the effect of these changes on
PEMFC performance (power output).

e The comparison and evaluation of sodium dodecyl sulfate (SDS) and
ammonium lauryl sulfate (ALS) surfactant, multiwalled carbon nanotubes
(MWCNTSs) and polytetrafluoroethylene (PTFE), hydrophobic binding

agent.



e Fabrication and characterization of GDLs with premium properties for
high power PEMFCs.
a) Optimization of GDL with ALS based compositions

b) Fabrication of GDL by wire rod coating procedure

1.4 Organization of the Thesis

This thesis is organized to provide an in-depth understanding of the
research work accomplished.

1) Chapter One gives an introduction to the thesis including
background information and the scope of the proposed work.
2) Chapter Two entails a comprehensive literature review of PEMFC
technology: the historical highlights of PEMFC, the technical
challenges facing the technology, surfactants materials and fabrication
of GDLs, and other valuable research work achieved that are
significant to this thesis.
3) Chapter Three describes the experimental procedures and settings
to prepare gas diffusion layer. Also, the development and
characterization of the different materials for GDLSs.
4) Chapter Four discusses the results of this thesis research by
implementing various tools such as PEMFC test and electrochemical
impedance spectroscopy (EIS) to evaluate the characterization of

GDLs.



5) Chapter Five presents the summary and conclusion of the research
performed in this thesis. In addition, it also provides the

recommendations for future research.
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Chapter 2

LITERATURE REVIEW

2.1 Historical Highlights

It may be thought that fuel cells are a modern technology, yet in
truth they have existed for over a century. Sir William Grove, the "father
of the fuel cell,"” first developed and demonstrated the concept of the fuel
cell in 1839. The diagram below (Fig. 2) is a version of Grove's drawing of
the original hydrogen fuel cell, which he called the "Gaseous Voltaic
Battery." However, Grove’s invention failed to produce enough electricity
to be useful. The first working fuel cell was invented by Ludwig Mond
and Charles Langer in 1889, where they utilized air and industrial coal
gas.

The first proton exchange membrane (PEMFC) was developed in
the early 1960s by Thomas Grubb and Leonard Niedrach at General
Electric Company ®. The fuel cell was powered by hydrogen generated
by mixing water and lithium hydride [ 2]. The device was compact, and
platinum (Pt) was used as the catalyst. Due to the high cost of platinum in
the manufacturing of PEMFCs, this technology was primarily used for
applications related to the space program. The interest in PEMFCs
increased tremendously during 1980s and 1990s. Ballard Power System
(founded in 1979) developed and demonstrated the first hydrogen-fueled
PEM fuel cell bus, signaling that the applications of PEMFCs could be

successfully extended. The development of PEMFC technology has the
11



significant potential to solve the growing concerns regarding global
warming, environmental pollution, depletion of fossil fuels, and the energy
demands of our growing population. Governments, industries, and
academic institutions all the world have begun serious research into
overcoming the obstacles to their widespread commercialization. Most
research is dedicated to developing the materials needed, identifying the

fuel source, and decreasing the cost of this technology.

O Hy

Current

Ox  Hy Ox Hy Ox  Hy Ox  Hy

Figure 2. Hydrogen fuel cell or "Gaseous Voltaic Battery"[10]
Furthermore, various state governments are enthusiastically promoting the
use of renewable energies. For example, the state of California has several
stations for hydrogen powered fuel cell vehicles, which increases their public

profile and further validates future research into the technology investigated in
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this thesis. Indeed, the state of Arizona also provides various legal and financial
incentives promoting broader hydrogen fuel cell utilization, such as tax, parking,

and high occupancy vehicle exemptions [7]

2.2 Proton Exchange Membrane Fuel Cell (PEMFC)

In PEMFCs, the chemical reaction is quite simple. Hydrogen molecules
split into hydrogen ions and electrons on the anode, while protons recombine with
oxygen and electrons into water and release heat on the cathode. On the other
hand, a fuel cell can be very complicated and delicate mechanically due to the
specific requirements of high power output, which requires fast reaction,
durability and economical effectiveness. Figure 1 shows the schematic of a
PEMFC together with the electrode reactions. The major elements discussed and
showed in figure lare: a catalyst layer containing platinum and/or platinum alloy
which is used to catalyze the electrode reactions, gas diffusion medium that often
consist of a microporous layer (MPL) and a carbon fiber based gas diffusion layer
(GDL). The GDL is used to effectively transport reactant gases and electrons as
well as remove product water and heat, and finally a flow field plate is needed to
uniformly distribute the reactant gas.

PEMFC systems are typically evaluated on the basis of their performance
vis-a-vis power density, efficiency and durability. However, proper functionality
is not easily evaluated or assessed through the narrowly defined performance of
the fuel cell electrochemical reactions. All electrochemical processes involve the

transfer of electron between an electrode and a chemical species with a change in
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Gibbs free energy. [11]. As shown in Figure 1, in the PEMFC the electro-
chemical reaction takes place in the interface between the electrode (catalyst
layer) and the electrolyte. Each charge should pass through an "activation energy
barrier" in order to move through the electrolyte, electrode, or bipolar plate. The
dependency of the electrochemical reactions is a result of how fast the electrons
are created or consumed. Faraday's Law expresses the rate of charge transfer and
how current is a direct measure of the electrochemical reactions.

The equation below states Faraday's Law;
| = dQ/dt Eq. 1

where Q is the charge and t is the time.

2.2.1 Efficiency, Power and Energy on PEMFC

In a hydrogen fuel cell, the energy conversion can be illustrated in the
equation below:

Chemical Energy of Fuel = Electric energy + Heat energy

An ideal H,/Air single cell stack could produce 1.16V when the current is an open
circuit voltage (zero), and the temperature is 80 degrees Celsius at one
atmospheric pressure gas. A good measure of energy conversion efficiency for
a fuel cell is the ratio of the actual cell voltage to the theoretical maximum
voltage for the Hyp/Air reaction. A fuel cell operating at 0.7 V is generating
approximately 60% of the maximum useful energy available from the fuel in the
form of electric power. If the same fuel cell is operated at 0.9 V, about 77.5% of

the maximum useful energy is being delivered as electricity. The remaining
14



energy (40% or 22.5%) will appear as heat. The characteristic performance curve
for a fuel cell represents the DC voltage delivered at the cell terminals as a
function of the current density. In other words, the total current is divided by the
area of membrane being drawn from the fuel cell to the load in the external circuit

(Fig.3). [12]

0.4 4

Cell voltage (V)

0.2 4

0.0

T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400

Current density (mA/cm’)

Figure 3. Graph of voltage vs. current density of Ho/Air PEMFC [12]

The power (P), expressed in units of watts, delivered by a cell is the
product of the current (I) drawn and the terminal voltage (V) at that current (P =
IV). Power is also the rate at which energy (E) is made available (P = E/t) or
conversely, energy, expressed in units of watt-hours, is the power available over a
period of time (t) (E = Pt). As the mass and volume of a fuel cell system are so
important, additional terms are also used. Specific power is the ratio of the power

produced by a cell to the mass of the cell; power density is the ratio of the power

15



produced by a cell to the volume of the cell. High specific power and power
density are important for transportation applications to minimize the weight and
volume of the fuel cell as well as to minimize cost.
2.2.2 Operational Losses in PEMFC

The actual cell potential is decreased from its equilibrium potential
because of irreversible losses as shown in Figure 4 below. The multiple
phenomena contribute to irreversible losses in an actual fuel cell. The reversible

OCV of a hydrogen fuel cell is given by the equation,

E=-Agf/zF Eq. (2)

When a fuel cell operates, the voltage is less than this. The figures show the
performance of a typical single cell operating at about 70 °C, at normal air
pressure. The losses which are called polarization, over potential, or over voltage
which originate from these three sources:

« Activation Losses

* Ohmic polarization

» Concentration polarization

16
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Figure 4. Ideal and Actual Fuel Cell Voltage/Current Characteristic [13]

* Activation Polarization

The activation polarization loss (dominant at low current density) is
present when the rate of the electrochemical reaction at the electrode surface is
controlled by sluggish electrode kinetics [14]. These are caused by the slowness
of the reactions taking place on the surface of the electrode. A proportion of the
voltage generated is lost in driving the chemical reaction that transfers the
electrons to or from the electrode. Activation losses increase as the current
increases. The activation losses can be obtained by Tafel:

AVt = A Ini /i)

where A is a constant, V is the overvoltage, i is the current density, and iy is the

current density at which the overvoltage begins to drop (or from zero). It is
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critical to know that Tafel equation is only true when i > Iy, The diagram (fig.4)

shows the two typical plots.

: Equation of best-fit line is

Z—  V=alog (il)
06 \ ,.

0.5+

0.4 — Fast reaction

Slow reaction

0.3

Overvoltage (V)

0.2 4

0.1

0 X = T T B
0 A1 2 3 4 5
: log (current density) (mA cm™2)

Best-fit line intercepts the current density axis at i

Figure 5. Tafel plots for slow and fast electrochemical reactions [15]
« Ohmic Polarization (Loss)

The ohmic loss is due to the resistance of the polymer electrolyte
membrane to the ions and the resistance of imperfect electrodes. The loss (voltage
drop) in the fuel cell is approximately linear in this region. The dominant chmic
losses through the electrolyte are reduced by decreasing the electrode separation
and enhancing the ionic conductivity of the electrolyte. As the electrolyte and
electrodes comply with Ohm's Law, the ohmic losses can be expressed by the
equation E = IR, where | is current flowing through the cell and R is the total

resistance.
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» Concentration Polarization (Mass Transportation Losses)

The concentration polarization relates to the change in the concentration of
the reactants at the surface of the electrodes as the fuel (hydrogen) is used. The
concentrations of the fuel and oxidant are reduced at the various points in the fuel-
cell gas channels and are less than the concentrations at the inlet portion of the
stack. This loss becomes significant at higher currents when the fuel and oxidant
are used at higher rates and the concentration in the gas channel is at a minimum.
2.3 Technical Challenges of PEMFC applications

The PEMFC has the greatest potential as an alternative power source for
transportation and stationary applications. However, there are major challenges
and limitations that need to address first in order to be feasible for
commercialization such as cost, durability, system size, thermal and water
management. According to DOE, the following technical hurdles are significantly
affects the PEMFC systems. [16]

* Cost

As mentioned above, in order to compete with the internal combustion
engine the fabrication costs of fuel cell systems need to be reduced in order to
make it commercially viable. To attain this goal, the cost of the platinum (Pt)
catalyst needs to be either decreased or substituted with another material, as the
major cost component of a PEM fuel cell is the platinum catalyst (Fig. 6).

Reducing the amount of platinum required is a major thrust of fuel cell R&D [17].
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Figure 6. PEM fuel cell stack cost components [18]

Depending on the market price of platinum, the contribution of platinum
to the cost of the fuel cell can be 34% or more. As shown in Figure 7, platinum
prices can fluctuate entirely on market conditions, which can make it difficult for
automobile manufactures to control the costs. If FCEVs enter the market in
significant numbers, the demand for platinum will increase, which could lead to

increases in platinum prices.
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« Durability and Reliability

Durability is an important issue in proton exchange membrane fuel cells
(PEMFCs). Durability appears to be one of the barriers of PEMFC
commercialization [20-22]. Oxidant starvation, usually occurring under harsh
operating conditions such as sub-zero start-up, rapid load change, and water
accumulation during long-term operation is some of the potential factors to result
in the degradation of PEMFCs. [23, 24]

In a fuel cell stack, if the oxygen supplied is not enough to maintain the stack
current then oxidant starvation will occur. In this case, a reversal of cell voltage
could happen. In the absence of oxygen, protons pass through the membrane and
combine with each other. Thus, hydrogen is produced to provide the
compensatory current [25, 26]. The oxidant starvation behavior of fuel cell has

been studied by some researchers [26—-29]. Taniguchi et al. [29] investigated the
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changes of cell voltage, electrode potentials against RHE with time during oxidant
starvation and found the inhomogeneous degradation of catalyst. Liu et al.

For automotive application, PEMFC systems need to achieve the same level
of durability and reliability as current automotive internal combustion engines,
which retain 5000 hour lifespan and the ability to operate at freezing conditions
(starts from indefinite cold-soak at -20°C and survives from -40 °C). And for
stationary application, PEMFCs are required to reach 40,000 hours of reliable
operation in a temperature at -35 °C to 40 °C.

* System Size

Compared to internal combustion engine, the size and weight of current
fuel cell systems need to be further reduced to meet the packaging requirements
for automobiles. This applies not only to the fuel cell stack, but also to the
auxiliary components and major subsystems (i.e., fuel processor,
compressor/expander, and sensors) making up the balance of power system. [30]
* Improved Heat Recovery Systems

The low operating temperature of PEM fuel cells limits the amount of heat
that can be effectively utilized in combined heat and power (CHP) applications.
Technologies need to be developed that will allow higher operating temperatures
and/or more-effective heat recovery systems, and improved system designs that
will enable CHP efficiencies exceeding 80%. Technologies that allow cooling to
be provided from the low heat rejected from stationary fuel cell systems (such as
through regenerating desiccants in a desiccant cooling cycle) also need to be
evaluated. [30]
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* Air, Thermal and Water Management

The air compressor or thermal/water management directly influences the
performance of PEMFC for automotive applications. Even the small differences
between the operating and ambient temperatures necessitate large heat exchange
[31]. Furthermore, air management for fuel cell systems is a challenge because
today's compressor technologies are not suitable for automotive fuel cell
applications. In addition, thermal and water management for fuel cells are issues
because the small difference between the operating and ambient temperatures
necessitates large heat exchangers.

To achieve these goals, and a viable commercialization of PEMFC
systems, requires new innovations and techniques. For example, consider the
catalyst which directly supports the anode and cathode chemical reaction and is
effectively reflected on the fuel cell performance. It is implicitly assumed that the
current density is a function of the morphology and structure of the three-
dimensional catalyst layer matrix [32]. Yet, a PEMFCs system uses a noble metal
(e.g. platinum) catalyst, for at present, platinum is the only effective catalyst for
this system because it is sufficiently reactive in bonding H and O intermediates to
facilitate the electrode process. However, as stated earlier, the prohibitive cost of
platinum is the greatest commercialization challenge facing PEMFC technology.
Additionally, as the GDL allows gas to diffuse from the gas flow channel to the Pt
catalyst and allows water to flow away from the catalyst, the GDLs balance water
management, electronic conductivity, and mechanical support elements are
directly related to PEMFCs functionality. These two components: GDL and
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catalyst issues have to be resolved before the developments of PEMFCs are

feasible for commercialization.

2.4 Gas Diffusion Layers (GDLS)

PEMFCs require anode and cathode catalyst layers that have excellent
electronic contact with current collectors. Moreover, these current collectors must
allow ready access of fuel and oxidant to the anode and cathode catalyst surfaces,
respectively. These current collectors are called gas diffusion layers (GDLS),
which are critical components in achieving high performance in the PEMFC [33].
The requirements of an ideal GDL are the following.

e Effectively transporting the gas reactants to the catalyst layer

e Low electronic resistivity

e Surface that enhances good electronic contact

e Proper hydrophobicity

e Crack free surface morphology and high mechanical integrity to sustain

erosion from the gas forces to avoid any particle shading [34]

A recent review of GDLs for PEMFCs by our research group reported
different methods to optimize the GDLs performance [35]. In general, the overall
porosity of the GDLs, which influences performance—specifically with air as the
oxidant—is manipulated by composition as well as the fabrication methods of
microporous layers [36]. Synthesis of catalyst supports with high characteristics

as well as the good properties of GDLs is required to alleviate the degradation of
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PEMFCs. Also reducing the cost along with high power output is an effective
strategy to approach PEMFC improvement.
2.5 Surfactant Materials for GDLs

In this research work, two types of anionic surfactants are used,
ammonium lauryl sulfate (ALS) in various concentrations, and sodium dodecyl
sulfate (SDS). Furthermore, multi-walled carbon nanotubes (MWCNTS) are also
used as a support material for GDLs. The term surfactant (“surface-active-agent"
or "wetting agent™) designates a substance which exhibits some superficial or
interfacial activity. The use of surfactant materials has been shown to control
particle size and distribution of nanoparticles deposited on carbon support [37, 38,
39]. Furthermore, surfactants on the surface of the particles have an effect on the
electrical double layer interactions and on the Van der Waals interactions. lonic
surfactants induce electrostatic interactions, but nonionic surfactants are adsorbed
on the surface by steric interactions. Surfactants can increase or decrease the
stability of the system.[ 40] Anionic surfactants are dissociated in water in an
amphiphilic (from the Greek word, amphis: both and, philia: love, friendship)
anion, and a cation, which is in general an alkaline metal (Na*, K*) or a
quaternary ammonium. Anionic surfactants are the most commonly used
surfactants.

Sodium dodecyl sulfate (SDS), a water-soluble micelle surfactant, is also
used in this study. Sodium dodecyl sulfate has been shown to homogenously
disperse carbon nanotubes in water at concentrations above its critical micelle
concentration of 8 mM [41, 42]. Sodium dodecyl sulfate has also been used to
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control particle size in nanoparticle synthesis [43]. In previous research conducted
with Lin et. al., SDS was shown as an effective surfactant used to disperse carbon
nanotubes in water and also to control platinum particle size during nanoparticles
synthesis [38]. Figure 8 shows the self-assembled monolayer structure of SDS
micelles on the surface of carbon nanotubes. The hydrophilic (love of water) tail
of the SDS micelle attaches to the inert surface of the MWCNT. The negatively
charged hydrophobic sulfate head of the micelle repels other micelle capped
MWCNTSs, overcoming Van der Waals force and allowing dispersion of

MWCNTSs in water [38].
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Figure 8 Self-assembled monolayer structures of SDS micelles on MWCNTSs [38]
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Ammonium lauryl sulfate (ALS), (CH3-(CH3)1o-CH,OSO3NH,) is an
anionic surfactant. This means it lowers the surface tension of water, making the
water spread more easily. As shown in Figure 9, the structural formula at one end
of the molecule is a long chain of carbon and hydrogen, while the other end is a
salt of sulfuric acid and ammonia. The long chain is hydrophobic, and the salt is

hydrophilic, making this a good surfactant.

i
g
+
MH,
O

Figure 9. Ammonium lauryl sulfate chemical structure.[44]
In the work study of T. Yalcina et. al, the influence of the addition of anionic
surfactant ammonium lauryl sulfate (ALS), on the flow properties of bentonite—
water systems show an increase of above 10~° mol/l or higher concentrations.
This observation is evidence that surfactants adsorbed by clay particles tend to

cause aggregation due to interactions between the hydrophilic tails of the
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surfactants and the positive edges of the clay particles, which result in the
formation of more resistant structures against flowing.

Carbon is an ideal material for supporting nano-sized metallic particles in
the electrode for fuel cell applications. No other material except carbon material
has the essential properties of electronic conductivity, corrosion resistance,
surface properties, and the low cost required for the commercialization of fuel
cells. Carbon nanotubes (CNTs) were unexpectedly discovered as a byproduct of
fullerenes by direct current (DC) arc discharge; and it becomes today’s most
promising material in the nanotechnologies. Multi walled carbon nanotubes
(MWNTS) were first formed after fullerenes were utilized. Fullerenes, otherwise
known as buckyballs (Figurel0) [45], is a molecule that consists of 60 carbon
atoms (Cgp) and retains an icosahedral symmetry, which means 60 carbon atoms
bonded with each other in 12 pentagons and 20 hexagons. This is the first carbon
nanostructure developed by Kroto and his co-workers when they used a pulsed

laser beam to evaporate graphite from a rotating disk. [46]

Figure 10 . The icosahedral C60 molecule [44]
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MWNTs, as its name implies, are formed multiple graphene sheets (at
least two sheets) arranged concentrically into tube structures. Multi walled carbon
nanotubes (Figure 11) are formed at relatively lower temperature and at higher

temperature than fullerenes-formed single walled carbon nanotubes.

Figure 11. Multiwalled carbon nanotubes [47]

Multi walled carbon nanotubes (MWCNTS) were used as the support materials for

GDLs because they possess unigue characteristics such as:

e Can be either electrically conductive or semi conductive.
e High electrical conductivity (same as copper).
e High thermal conductivity (some as diamond).

e Superior mechanical strength (100 times greater than steel).

The exceptional qualities of CNTs make it the material of the future. CNTs are
extensively applied in various applications such as nanotechnology, electronics,

chemical sensors, also sustainability and energy areas including hydrogen storage.
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2.6 GDLs Characterizations Techniques

There are two characterization methods of GDLs that influence the fuel
cell performance: ex-situ (GDLs alone) and in-situ (within the fuel cells) methods.
Various GDL properties, such as electrical and thermal conductivity, porosity,
and morphology, can be examined by ex-situ methods. The ex-situ
characterization can be conducted for pristine GDLs or as post-mortem analysis.
The results of post-mortem analysis can give secondary information about the
possible failure modes in GDLs, if compared against the properties of the pristine
sample [48].

The ex-situ method may be a very significant as a process control tool;
however, in-situ methods are critical for understanding the GDLs under actual
fuel cell operating conditions. VVarious GDL properties, such as impedance, water
transport, structural deformation and durability, can be examined by in-situ
methods. These characterization techniques focus on measuring the effect of other
components of the PEMFC on the GDL. The in-situ characterization of the GDLs
can be conducted by assembling and studying the PEMFC single cells. The
galvanostatic or potentiostatic polarization methods can be used to characterize
GDLs at various RH conditions and temperatures using H2/air in PEMFC single
cells. In addition, the following in-situ techniques can be used to characterize the
GDLs [48]. In this thesis, impedance measurements (in-situ methods) were also
used to establish a better understanding of factors influencing performance and
power loss mechanisms of GDLs. Impedance measurements are also known as
Electrochemical Spectroscopy Impedance (EIS). In addition, study the behavior
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of GDLs at various RH conditions and temperatures using H,/ O, in PEMFC a
single stack cell.
2.6.1 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS), or ac impedance
methods, have seen a tremendous increase in popularity in recent years. Initially
applied to the determination of the double-layer capacitance [49-52] and in ac
polarography [53-55] they are now applied to the characterization of electrode
processes and complex interfaces.

In the nineteenth century, Oliver Heaviside created the foundation for
impedance spectroscopy through implementation of Laplace transforms
application to the transient response of electrical circuits. He also first coined the
words inductance, capacitance, and impedance and introduced these concepts to
the treatment of electrical circuits. Heaviside’s papers, "The Electrician” were
published in 1872 and later printed in book form in 1894. The history of
impedance spectroscopy did not start until the year 1894 with the work of Walter
H. Nernst. Nernst applied the electrical bridge invented by Wheatstone’s
measurement of the dielectric constants for aqueous electrolytes and different
organic fluids. Nernst’s approach was soon employed by others for measurement
of dielectric properties and the resistance of galvanic cells.

EIS studies the system response to the application of a periodic small
amplitude ac signal. These measurements are carried out at different ac
frequencies and, thus, the name impedance spectroscopy was later adopted.
Analysis of the system response contains information about the interface, its
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structure, and reactions taking place there [56]. However, EIS is a very sensitive
technique and it is very often difficult to understand by non-specialists.
Frequently, they do not show the complete mathematical developments of
equations connecting the impedance with the physico-chemical parameters. EIS is
a complementary technique and other methods must also be used to elucidate the
interfacial processes.

Electrochemical Impedance Spectroscopy (EIS) is a powerful diagnostic
tool that you can use to characterize limitations and improve the performance of
fuel cells. There are three fundamental sources of voltage loss in fuel cells: charge
transfer activation or “kinetic” losses, ion and electron transport or “ohmic”
losses, and concentration or “mass transfer” losses. [76]

Equivalent circuit modeling of EIS data is used to extract physically
meaningful properties of the electrochemical system by modeling the impedance
data in terms of an electrical circuit composed of ideal resistors (R), capacitors
(C), and inductors (L). Because we are dealing with real systems that do not
necessarily behave ideally with processes that occur distributed in time and space,
we often use specialized circuit elements. These include the generalized constant
phase element (CPE) and Warburg element (ZW). The Warburg element is used
to represent the diffusion or mass transport impedances of the cell. An example of
a generalized equivalent circuit element for a single cell fuel cell is shown

below [76].
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Figure 12. Equivalent circuit element for a single cell fuel cell [76]

In the equivalent circuit analog, resistors represent conductive pathways
for ion and electron transfer. As such, they represent the bulk resistance of a
material to charge transport such as the resistance of the electrolyte to ion
transport or the resistance of a conductor to electron transport. Resistors are also
used to represent the resistance to the charge-transfer process at the electrode
surface. Capacitors and inductors are associated with space-charge polarization
regions, such as the electrochemical double layer, and adsorption/desorption

processes at an electrode, respectively [76].
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Chapter 3
EXPERIMENTAL
3.1 Gas Diffusion Layer

The gas diffusion layers (GDLs) were fabricated with teflonized non-
woven carbon paper as substrate developed by Hollingsworth and Vose (HV)
Company, West Groton, MA. The hydrophobic characteristics of the microporous
layers were provided by TE5839 Teflon suspension (DuPont, Wilmington, DE)
and the Teflon content in the macro-porous carbon paper substrate was about 15
wt. % to avoid flooding by the product water. The vapor grown carbon fiber
(VGCEF) is nano-fibrous type carbon, which was manufactured by Showa Denko
America Inc., New York. The ammonium lauryl sulfate (ALS) (CH3-(CH3)10-
CH,0S0O3NH,) was acquired from Fisher Scientific, which was used for slurry
preparation. The PUREBLACK ® 205-110 Carbon was obtained from Superior
Graphite Co., Chicago, IL, USA, that consist of nano-chain that provide improved
mechanical strength and adhesion of the microporous layer with macro-porous
layer. In order to fabricate the microporous layer, a 0.5 g of carbon powder (75
wt% PUREBLACK carbon powder and 25 wt. % VGCF) was dispersed in 8ml DI
water containing various amounts of ALS (150, 320 and 500mM, labeled as
sample #s 1, 2 and 3 in Table 1) by sonicating for 30 minutes. The samples then
were stirred for 60 minutes using magnetic stirrer. PTFE (25 wt. %) dispersion
was added into the mixture and followed with the magnetic stirring for about 10

minutes. The carbon slurry was coated onto the nonwoven carbon paper substrates
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using Easycoater equipment (EC26, Coatema) with the velocity of 3.0 m.min™ as

depicted by Kannan et al. [57]

The carbon loading on the micro-porous layer was about 3mg/cm?,

controlled by the wire thickness on the wire rod. After coating the micro-porous

layer, the GDL samples were dried at room temperature overnight and then

sintered at 350°C for 30 minutes. A GDL sample was washed to remove the ALS

impurities by immersing them in warm de-ionized (DI) water for 30 minutes.

0.750g of carbon powder

and 25 wt% vapor grown fiber
carbon powder, (VGCF))

(75 wt% Pureblack carbon powder

Add 320mg ALS

i (CH,(CH,) ,CH,0SON

H,and 8 ml DI water
into the carbon mixture

Sonicate the

‘ sample for »

30 minutes.

Stirred the
sample for
an hour

The GDL sample

temperature
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were dried over _
night at room

Spread the carbon slurry on
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carbon using Easycoater
equipment with the velocity
3.0 m/min

The GDL sample were
sintered at -

-

Add 166mg PTFE into
the mixture. Then
stirred the sample for
10 minutes

The sample were immersed
inwarm DI water for 30
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The GDL sample were
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Figure 13. Fabrication process of ALS based GDL
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Figure 14. Fabrication process of MWNTSs with ALS based GDL
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Figure 15. Fabrication process of SDS based GDL
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TABLE II.

GDL sample was fabricated with different concentration of ALS.

375 125 166 150

375 125 166 300

375 125 166 500

562.5 187.5 166 320
TABLE I11I.

Composition of SDS and ALS for comparison and evaluation

SDS

375

125

166

120

ALS

562.5

187.5

150

320
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Figurel6. Easycoater equipment (EC26, Coatema)
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Figure 17. Schematic representation of micelle-encapsulated Pureblack

and VGCF carbons [58]



3.2 Catalyst Coated Membrane

Catalyst-coated membranes (CCM) with 5 cm? active area were fabricated
using Pt/C catalyst slurry in isopropanol (20 ml for 1 g of electrocatalyst) by the
micro-spray method for anode and cathode sides on Nafion® membrane (NRE
212, lon Power Inc., New Castle, DE, USA). The isopropanol was added after
purging the catalyst powder in flowing nitrogen gas for about 30 minutes to avoid
any flame/ignition. In order to extend the reaction zone of the catalyst layer, 5%
Nafion® solution from lon Power Inc., New Castle, DE, USA (30 wt% to Pt
catalyst; 10 ml Nafion solution for 1 g of electrocatalyst) was added to the catalyst
slurry. The membrane was fixed in a home-made fixture to ensure the anode and
cathode catalyst layers are on exactly the same area of the membrane. The catalyst
loadings on the anode and cathode sides were about 0.4 mg Pt/C per cm?,
respectively. Figures below (Figures 17a and 17b) show the process of spraying
the CCM. The catalyst coated Nafion-212 membrane was vacuum dried at about

60°C for 15 minutes before assembling it in the single stack fuel cell test system.

L Home made fixture

Nafion membrane <€ -

v
Catalyst-coated membranes

Figure 18a. Homemade fixture for CCM
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Figure 18b. CCM micro-spray method

3.3 Membrane Electrode Assembly and Fuel Cell Performance

Fabrication of the membrane electrode assembly (MEA) consisting of a
commercial catalyst (Pt/C) coated on both the anode and cathode sides of the
Nafion-212 membrane (lon Power Inc., New Castle, DE, USA) was reported
elsewhere [57]. Briefly, catalyst ink was prepared by adding IPA (20 ml for 1 g of
electrocatalyst) after purging the Pt/C catalyst powder (TKK, Japan) in flowing
nitrogen gas for about 30 minutes to avoid any flame or ignition. In order to
extend the reaction zone of the catalyst layer, 5 wt. % Nafion® (lon Power Inc.,
New Castle, DE, USA) dispersion (10 ml for 1 g of electrocatalyst) was added to
the catalyst slurry. A catalyst layer on the Nafion membrane with 5 cm? active
area was fabricated on both sides by spraying the catalyst ink using the micro-
spray method. For both anode and cathode, the catalyst loadings were about

0.4mg Pt/C cm 2, respectively. The MEA was vacuum dried at 60°C for 15
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minutes before assembling the electrode in the single cell test cell. The MEA was
assembled by sandwiching inside a single test cell (Fuel Cell Technologies Inc,
Albuquerque, NM, USA) along with the GDLs on both sides. Gas sealing was
achieved using silicone coated fabric gaskets (Product # CF1007, Saint-Gobain
Performance Plastics, USA) and with a uniform torque of 0.45Nm to seal the
single stack test cell. The single stack fuel cell performance was evaluated at 80°C
with various relative humidity (RH) conditions and ambient pressure with H,/O,
and Hy/air by using Greenlight Test Station (G50 Fuel Cell System, Hydrogenics,
Vancouver, Canada) with fixed flow rates of 200 SCCM on the anode side (Hy)
and 300 SCCM on the cathode side (O, or air). The flow tracking modes were not
used. The RH of the reactant gases were maintained at different values (60, 70,
80, 90 and 100 %RH) by controlling the humidity temperature.

The Greenlight Test Station (G50 Fuel Cell System, Hydrogenics, and

Vancouver, Canada) is shown in Figure 18.

Figure 19. Greenlight Test Station (G50 Fuel Cell System, Hydrogenics,

Vancouver, Canada)
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3.4 Optimizing GDLs Properties

The optimization of GDLs and its properties were identified in other
research. The main focus of this work is mainly on the effects of different
materials for carbon slurry and dispersion for optimum GDL performances.
In the previous studies [59, 60] and other literatures [61, 62], the parameters of
PTFE and carbon loadings were investigated and the optimized values of PTFE
percentage weight (wt. %) and carbon slurry were directly given as illustrated in

Figure 19.

Figure 20. Diagram of improving parameters of GDLs [62]
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Chapter 4
RESULTS AND DISCUSSION
4.1 Fuel cell performance of GDL Samples with ALS, MWCNTs and SDS Base

It was investigated in numerous studies [64-67] that the proper
compositions of carbon black containing 75 % wt. Pureblack and 25 % wt. of
nano-fibrous carbon with 25 wt. % of PTFE were uniformly distributed. This
composition provided the maximum performance with air and oxygen as an
oxidant at various relative humidity levels for PEMFCs. Moreover, the carbon
loadings on micro-porous layer were maintained at 2.5 to 3.0 mg.cm™. These
parameters were also found to be successful in this study.

Various concentrations of ALS based GDL were evaluated for PEMFC
performance with the following sets of conditions: H,/O,, H,/Air, constant
temperature of 80°C and different relative humidity (RH) conditions (60, 70, 80,
90 and 100% RH). Moreover, the flow rate was set to 200 and 300 SCCM for the
anode and cathode. The catalyst coated membrane loading using a commercial
catalyst (Pt/C) was kept at 0.4mg.cm™ for both the anode and cathode. As
presented in Table I, the four samples (#1, 2, 3, and 4) were prepared at different
concentrations of ammonium lauryl sulfate (ALS); 150, 300, 500 and 320mg.
Figure 21 shows that sample #4 obtained the highest peak power output of
1300 mW.cm™ . It was determined and achieved that 75:25 (at 0.750g) ratio of
Pureblack and VGCF, and 320mg of (30 wt. % solution) of ALS is the optimal

concentrations to achieve the maximum power output.
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Figure 21. Fuel cell performance of various ALS concentration at 80°C.

Based on the PEM fuel cell performance of various GDL samples, ALS,
MWCNTSs, and SDS, were compared using these sets of conditions: H,/O,,
H,/Air, constant temperature of 80°C and different relative humidity (RH)
conditions (60, 70, 80, 90 and 100% RH). MWCNTSs have a different
concentration, which is 75 wt. % Pureblack and 25 wt. % nano-fibrous VGCF at
100 milligram. The output for these conditions is depicted in individually in
Figures 22-28. In comparing all the samples (Figure 27), the GDL with the ALS
based sample in the above set of conditions demonstrated and obtained the highest
power density value of 1000 mW/cm? for 60 % RH and 1300 mW/cm? for
100% RH for H,/O,. The same ALS sample was evaluated for H,/Air and shows

a high power density of at various RH conditions (60, 70, 80, 90 and 100% RH),
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as Figure 23 illustrates. The figure also shows that at 100% and 60 %RH, the

power output density is about 500 mW/cm? and 350 mW/cm?, respectively.
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Figure 22. ALS fuel cell performance at different RH conditions using H,/O,.
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Figure 25. MWCNTSs with ALS based at different RH conditions using Ho/Air
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Figure 26. SDS fuel cell performance at different RH conditions using H,/O,
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TABLE IV

Fuel Cell Performance Summary of ALS, MWCNTSs and SDS at 80°C, H,/O, and

Hz/Ail’.
Power density Power density
% Composition (mW.cm™) (mW.cm?)
Sample | Pureblack | VGCF H,/O, H,/Air
ALS 75 25 1300 500
MWCNTs 75 25 1100 260
SDS 75 25 850 230

Table IV compares all the GDL samples, ALS, MWCNTSs and SDS. The
fuel cell performance was evaluated at 80°C using air and oxygen as oxidants.
Furthermore, all the samples tested had the same anode and cathode thickness. It
is evident that the ALS sample shows the highest peak power density for both
H,/O, and Hy/Air. SDS and MWCNTSs demonstrates the lowest power density
using air and oxygen as oxidants at 100% RH. However, MWCNTSs and SDS
exhibit (see figure 23 and 25) the highest performance at 60 and 70% RH, with a
peak power density of 1100 and 850 mW.cm™. This means that the gas diffusion
characteristics of these two samples were optimum at 60 and 70 % RH with high

limiting current density range.

4.2 EIS Analysis of ALS, MWCNTs and SDS
The GDL is the critical component for the mass-transport process within
the electrode. By using impedance spectroscopy, Springer et al. [68] proved that

at low overpotential, at which the ORR kinetics predominates the electrode
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process, the cathode performance was somewhat improved with the use of a
double gas diffusion layer. At high overpotential, at which mass transfer is the
limiting factor, the substantially large mass transfer loop develops for the case of
a double gas diffusion layer.

Many studies [69—72] have demonstrated the importance of the
morphology of the gas diffusion layer. Kong et al. [73] made a great effort to
understand the influence of pore-size distribution of gas diffusion layers on mass
transport using the AC impedance technique. Fisher et al. [74] report using a pore
forming step, conducted with a pore-former, for the purpose of examining the
influence of pore-size distribution of the gas diffusion layer on the cell
performance. The cell performance improved after the introduction of this process
to the catalyst layer. The effect of the pore-forming process on mass-transport
limitation was attributed to the increased porosity of the catalyst layer. The low-
frequency feature of the Nyquist plots indicated that the content of the pore-
former did have a large influence on the mass transfer, and there existed an
optimum amount (7mg/cm?) of pore-former or an appropriate macro pore volume
of the gas diffusion layer.

EIS helps in measuring the transport properties in fuel cells, especially the
ionic conductivity of the membrane; it helps in measuring the overall impedances
at the cathode side and anode side, and the fuel cell as a whole. In order to carry
out this analysis, we make use of equivalent circuit models wherein
physiochemical processes occurring within the fuel cell are represented by a
network of resistors, capacitors and inductors through which we can extract
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meaningful qualitative and quantitative information regarding the sources of
impedance within the fuel cell.

There are three fundamental sources of voltage losses in fuel cells: charge
transfer activation or “kinetic” losses, ion and electron transport or “ohmic”
losses, and concentration or “mass transfer” losses. These losses are associated
with different chemical processes taking place inside the cell which have different
characteristic and time constants, and hence they are exhibited at different AC
frequencies. When conducted over a broad range of frequencies, impedance
spectroscopy can be used to identify and quantify the impedance associated with
these various processes.

In general, in fuel cells, the high-frequency region (>100 Hz) of an
impedance spectrum reflects the charge transport in the catalyst layer, whereas the
low-frequency region (0.01 Hz, in general) represents mass transport in the GDL,
the catalyst layer, and the membrane. In this thesis, we are trying to understand
and analyze the effects of using different materials in the gas diffusion layer,
especially understanding the resistance effects at different layers by carrying out
EIS experiment.

Humidity plays a very important role in determining the performance of
polymer electrolyte membrane (PEM) fuel cells. Low humidity impacts the fuel
cell by increasing the high frequency resistance of the cell, which is dominated by
the membrane resistance, and indicates that the conductivity membrane decreased

at lower humidity. To ensure that we take out this variability, all the
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measurements were carried out at 100% relative humidity. Hence the
measurements become independent of the humidity factor.

In this research study, the EIS method was performed to find the internal
impedances of GDL samples with different RH conditions at 80°C using H,/O,
and Hy/Air. In addition, all the samples were evaluated at open circuit voltage.
Figure 29-31 illustrates the Nyquist plot for MWCNTSs, SDS and ALS samples.
In the Nyquist impedance plot, the imaginary part of impedance is plotted as a

function of its real component in the frequency range from <10 kHz to 1 mHz.

1.8

1.5

1.2 H

m
= 0.9 1
<
S
= —o— 40°C
= 0.6 - o
N —4— 50°C
4 —o— 60°C
0.3 b | J o
g —e— 70°C

—a—30°C
0.0

T u T u T u T u T u T u T u
0.0 0.5 1.0 1.5 2.0 25 3.0 85

Zre (ohms)

Figure 29. Electrochemical Impedance Spectroscopy of MWCNTSs with ALS.

As depicted on figure 29, in ALS based MWCNTS, the single semi-circle
loop indicates the interfacial kinetics of the cell while the diameter shows the
charge transfer resistance of the cell. The charge transfer resistance varies at

different temperatures. Figure 29 shows that at 80°C the cell exhibits the lowest
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charges transfer resistance compared to the temperatures starting from 25 to 70°C.
Furthermore, the impedance spectra shows the semi-circle loops- at higher
frequency of 6kHz determined by charge transport in the catalyst layer and the
lower frequency (0.5mHz) loop determined by charge transport in the gas
diffusion layer. The impedance behavior of a PEMFC cathode catalyst layer is
considered and governed by two transport process, proton migration and oxygen
diffusion.

As we can observe from the above data, for high temperature operation of
the fuel cell tested at 80 °C, there is a resistance at higher frequencies which is
associated with charge transport layer at the catalyst layer. But at lower
frequencies, we observe zero impedance with respect to the impedance level due
to mass transport at the GDL, catalyst layer and the membrane. The efficiency
and durability of the polymer membrane inside the fuel cell are maximized at
about 80°C. PEMFCs show optimum performance at an operating temperature of
about 80°C. However, as the operating temperature is lowered, we observe a
resistance spread across the wide frequency range indicating lower performance
of the fuel cell. Interestingly, CNT-GDL had better electrical conductivity and
mass transfer ability than those of Toray GDL. The higher hydrophobic property
of GDL with CNT on carbon fiber with covalently assembled metal nanocatalysts

was diagnosed by EIS. [75]
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Figure 30. Electrochemical Impedance Spectroscopy of ALS.
Figure 30, shows the EIS measurements for ALS. The impedance
measurements at different operating temperatures show a similar trend as the
above graph, but the resistance values for the ALS gas diffusion layer are very
high compared to the gas diffusion layer containing ALS based MWCNT,
demonstrating the absence of conductivity/ more resistivity. This results in
degrading performance of the fuel cell in terms of its efficiency and current

density. The frequency range used for the analysis was from 6 kHz to 1 mHz.
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Figure 31. Electrochemical Impedance Spectroscopy of SDS.

Figure 31 demonstrates the collected EIS measurements for SDS. As we
can discern, the impedance tends to vary comparably similar irrespective of the
operating temperature. This means that SDS material is independent of
temperature variations or the operating temperature of the fuel cell. The
temperature variation from 25°C to 80°C has little or no effect on the impedance
of the half-cell/electrode cell. In this figure, the frequency range was set from 10

kHz to 5 mHz.
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Figure 32. Fuel cell performance and electrochemical impedance spectroscopy
(EIS) of ALS, ALS+MWCNTSs and SDS

As indicated in figure 32, the fuel cell performance and electrochemical
impedance spectroscopy of ALS, MWCNTSs with ALS and SDS. The highest
peak power density obtained were 1300mW.cm? , 1100mW.cm? and 850mW.cm?
for ALS, MWCNTSs with ALS and SDS. For the high frequency resistance (HFR),
the measurements achieved for the three materials used were 20mQ (ALS), 25mQ
(MWCNTSs with ALS) and 30mQ (SDS). The results indicate that humidity plays
a critical role in determining the performance of polymer electrolyte membrane
(PEM) fuel cells. This means that the conductivity of bulk electrolyte membrane

will decreased at lower humidity when the HFR of the cell increased.
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Chapter 5
CONCLUSION

GDLs are a critical and essential part of the PEMFCs. They carry out
various important functions such as transportation of reactants to and from the
reaction sites. The material properties and structural characteristics of the
substrate and the MPL strongly influence the fuel cell performance. The GDLs’
performance was evaluated through in-situ methods, polarization curve and
electrochemical impedance spectroscopy under PEMFC conditions. These
conditions were evaluated using different GDL samples (ALS, MWCNTSs and
SDS) at different relative humidity (RH) using air and oxygen as a oxidant. In
addition, various temperatures were evaluated in impedance measurements of
ALS, MWCNTSs and SDS.

GDLs were fabricated with different materials to compose the microporous
layer to evaluate the effects on PEMFC power output performance. The
consistency of the carbon slurry was achieved by adding 25 wt. % of PTFE, a
binding agent with a 75:25 ratio of carbon (PUREBLACK and VGCF). The
GDLs were investigated in PEMFC under various RH conditions using H,/O, and
Ho/Air. All the samples conducted have the same thickness for both anode and
cathode side. It is evident that the ALS sample showed the highest peak power
density of 1300 and 500mW.cm for both H,/O, and Hy/Air. SDS and MWCNTSs
demonstrates the lowest power density using air and oxygen as oxidants at 100%
RH, as shown in Table IV. However, MWCNTs and SDS exhibits (see Figures 24
and 26) the highest performance at 60 and 70% RH with a peak power density of
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> 800 mW.cm™. This means that the gas diffusion characteristics of these two
samples were optimum at 60 and 70 % RH with high limiting current density
range.

EIS aids in measuring the transport properties in fuel cells, especially the
ionic conductivity of the membrane; it helps in measuring the overall impedances
at the cathode side, anode side and the fuel cell as a whole. There are three
fundamental sources of voltage losses in fuel cells: charge transfer activation or
“kinetic” losses, ion and electron transport or “ohmic” losses, and concentration
or “mass transfer” losses. These losses are associated with different chemical
processes taking place inside the cell which have different characteristic time
constants and hence they are exhibited at different ac frequencies. The EIS
method was performed to find the internal impedances of GDL samples with
different RH conditions at 80°C using H,/O,. In addition, all the samples were
evaluated at open circuit voltage. The three samples demonstrated different
performance at various temperatures. As shown in figure 29-31, we can observe
from the above data, for high temperature operation of the fuel cell that is at 80°C,
there is a resistance at higher frequencies which is associated with charge
transport layer at the catalyst layer. However at lower frequencies, we observe no
impedance which is the impedance level due to mass transport at the GDL,
catalyst layer and the membrane. The efficiency and durability of the polymer
membrane inside the fuel cell are maximized at about 80 °C. PEMFCs show

optimum performance at an operating temperature of about 80°C. However, as the
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operating temperature is lowered, we observe a resistance spread across the wide
frequency range, indicating lower performance of the fuel cell.

This thesis work utilized different materials (ALS, MWCNTSs and SDS) to
compose the microporous layer of GDLs, and evaluated the effects on PEMFC
power output performance through a polarization curve/graph and electrochemical
spectroscopy impedance measurements. GDLs are important part of the MEA for
the PEMFCs and there are other materials that provide interesting and promising

results for future:

e The study of graphene structure, which shows a potential for high power
density for PEMFC.

e Evaluate the fuel cell performance of graphene with different loadings on
the GDLs.

e Further investigations of ALS with different percent composition of
carbon and evaluate ALS based MWCNTSs using different loadings on
GDLs. Moreover, investigate various weigh percent of PTFE on
MWCNTSs with ALS base.

e In addition, the thesis work done can be evaluated under various RH

conditions using H,/O, and H/Air for EIS.
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