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Abstract

The evergrowing need for energy security, depletion of fossil fuel reserves and rising
environmental concernsb encouraged a shift from the conventional, fossil fuel dependent
generation tdmnologies to more environmentally friendly on#shas been suggested that
the hydrogen economy is a potential alternatiwéh the fuel cell identified as the energy
generating technology. Polymer electrolyte fuel cells (PEFCs), specifically, hasta grea
potential to replace fossil fuel dependent sources in portable, automotivetadionary
applications due to their high efficiency, size flexibilitygh power densitand fast start

up times. There are still, however, certain aspects of its opetandering widespread
deployment of this technologywo aspects need to be rksal further, specifically, water

and thermal managemeate crucial in influencing the efficiency and performance of the

cell.

The gas diffusion media (GDM) consisting of & gliffusion layer (GDL) and microporous

layer (MPL) is one of the major companrs which neeslto be optimized and tailored in

order to have high mass transport properties to successfully manage the water and heat
produced from the operating cell. Evenugh, the basic structure of the fuel cell is sienpl

the individual componentsan be quite compleXany researchers often try to improve the
design of the PEFC through modelling and as such, PEFC models require accurate transport
parameters as inputfiffusion is the main mode of transport in the PEFC; however,
experimental inveggations to measure the diffusion coefficient are inconvenient and may
have a high deal of inaccuracy. As such, many researchers tend to measure the gas

permeability which givean indication of howorous the medium is to fluid flow.

This thesis focusesnathe experimental investigation of the throygane permeability of

the GDM. Certain aspects are investigated, particularly, the structure of the GDL, the carbon



powder usedn the MPL, the carbon loading or thickness of the MPL, surface morphology
and g@timization through certain ancillary techniques suchcamposite mixtures of
different carbon powder typesintering of the MPL and ink homogenization of the MPL
ink slurry. The main findings are that the structure of the GDL used in conjunctionhgith t
type of carbon powder igucial in determining the finagaspermeability of the GDM. The
ancillary techniques investigated have shown tremendous potential in predictiingathe

structure of the GDM.
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Chapter 1

Introduction

1.1Energy Overview

The industrialization of developing nations and the growing world latipn haveresulted

in a rapid growth in worldwide energy consumption. Such a growth can be naturally
attributed to the neveending quest for improvement in the quality of life through economic
development. The majority of energy demand today is supfried the conbustion of

fossil fuels which has resulted in substantial degradation of the global environment.
Pollutants gases, such as £QO, SQ, NOy, soot and ash which are admitted into the
atmosphere through combustion of fossil fuels have beetaiise of igenhouse gas effects
which has led to global warming, air pollution and acid r@lfisAs a result, the world is

now at a crucial stage to combat the climate changeght@bout i these emissions. Since
1995, greenhouse gas emissions have risen by more than 25% and atmospheric
concentrations have reached as high as 435 parts per million carbon dioxide equivalent (ppm
COveq [2]. The groups which make up the United Nations Framework Convention on
Climate Change (UNFCGQnetin December 201and put in place global greement of
limiting greenhouse gas emissions in order to achieve on average no more tt@nise?2

in global warmingthis century In order to achieve this, a reform of the energy sector is
required, which accounts for twhirds of all greenhouse gasstpresen{2]. It should be
pointed out that in 2014, the rate of growth ofx@Missions from thenegy sector grew at

its slowest rate since 1998].

The energy sector is one of the major contributors to economic development, sutlsthat
the source of electricity generation, heating and transportation. In order to achieve successful

globalization and environmental protection, the segwitt he wor | dés ener gy

1



great importance. Concerns for a reliable and sufficient amount of energy at a reasonable
price most likely peaked in the 1970s. The world economy suffered and struggled to
overcome the effects of the oil crises of 1984 and 19721980 which was the result of
inflation in priceq4]. Faossilfuels, namely, coal, oil and natural gas, have a finite supply. It

is estimated that within the next-180 years that oil supply will be depleted and unless an
alternative solution is present by 2015, where it is estimated that the consumptibwilbr oi

be greater than production, the world will face another energy [&]sislowever, this was

not the case by 2014, in which the global consumption of oil and gas was less than the
production. In 2014, oil and coal priceslf whereas gas prices fell in Europe, remained

consistent in Asia but rose in North Amer[Ga

The need for energy security, depletion of fossil fuel reserves and the rising global
environmental concerns have precipitated the need for energy technologies which are more
efficient than conventionakcmologies, such as the internal combustion engine. Energy
sources with minimal or no emissions are undoubtedly required. It has been suggested that
a hydrogen economy is a potential solution with the fuel cell being identified as the source
of energy spply which will be able to solve the energy security and pollutant problems,
whilst stabilising the fossil fuel supplies, facilitating economic growth and providing

sustainable developmefii].

Sustainable development strategies involve three major changes: (i) Energy savings, (ii)
efficient energy production, and (iii) replacement of fossil fuels with various renewable
energy sources. The drawbacks of utilising renewable energyesstem mainly from their
variable outputs and as such there will need to be diversification in the technologies.
Therefore, any sustainable development strategy or policy should account for this through

high supplies and it has been suggest¢€] thattransportation be included in such policies



as well. Even though oil still accounts for 32.6% of the global consumpfi@nergy in

2014, prospects for renewable energy technologies do look enticing, with renewable energy
being the fastest growing form of energy each year in which the energy quitsuimas
slowed down drastically. Renewable energy accounted for 3% afdnld energy3] and

22% of the electricitygeneration (a 7% growth) in 2014] with the Organisation for

Economic Ceoperation and Development (OECD) amember countries dominatird].

1.2Fuel Cells

Hydrogen is an excellent choice for an energy carrier since it iggthtedt, most efficient

and cleanest fudB]. A fuel cell is an energy conversion device which electrochemically
converts the chemical energy contained in two reactants supplied to the (defuieeand

an oxidant) into electrical energy. The fuel of choice isogiy hydrogen and the oxidant

is usually oxygen which maye pure or from the ambient §j. The utilization of hydrogen

in an electrochemical pcess allows for a higher efficiency of energy conversion when
compared to that of internal combustion engine or thermal power plants. This can be
attributed to the fact that electrochemical engines are not limited by the Carnot Cycle.
Furthermore, unlike dtteries, which are similar to fuels cells, once supplied continuously
with reactant fuels, fuel cells can continuously produce power. It isodiéstfact that fuel

cells, namely thpolymer electrolyte fuel cell (HEC), are the ideal choice for the aunotive

industry[8]. Research in this theswill focus specifically on PECs.

The simple cell device consists of an anode (electrically negative electrode), a cathode
(electrically positive kectrode), an electrolyte placed between the two electrodes (allows for
the conduction of ions) and an external circuit which connects the tatooeleq9]. There

are six major categies of fuel cells which have received extensive research focus:

() PEMFC or polymer electrolyte fuel cell (PEFC)



(i) Solid oxide fuel cell (SOFC).

(i) Alkaline fuel cell (AFC).

(iv) Phosphoric acid fuel cell (PAFC)

(v) Molten carbonate fuel cell (MCFC)

(vi) Direct methanol fuetell (DMFC)[9], [10].

There are numerous other types of fuel cells apart from thelistezsaboveSharaf et al.

[11] has provided a comprehensive list of various types of fuel cells and rates the research
activity being conducted on these degideven though the unit cell device structure may be
simple, for example in PEMFC, the phenomena occurring within this device during
operation are quite complex and usually involve heat transfers, species and charge transport,
multi-phase flows and electtoemical reactions which can take place in the various
components, namely, in the membrane electrode assembly (MEA) which comprises the
porous catalyst layer (CL) and membrane, the gas diffusion layer (GDL) and microporous
layer (MPL) which are sometimesltectively termed the diffusion media (DM), the gas

flow channels (GFCs) and the bipolar plates (B®]. Table1.1 provides a comparison of

the major fuel cells listed abovéshould be noted that this thesis specifically deals with the

gas diffusion media (GDM) used in PEFC.



Table 1.1 Comparison of the \jor fuel cells [11].

fAnion exchange
membane(AEM).

Fuel Electrolyte Operating Fuel type | Charge | Efficiency
cell temperature carrier (%)
type
()
fSolid Nafion (low
temperaturg
fSolid composite
160-80
Nafion or (low 1 40-60 (ow
PEFC polybenz|m|dazo|e temperature) Hydrogen O temperature
oned | 1110180 1 50-60 (high
(PBI) doped in (high temperature
phosphoric acid temperature)
(high temperatune
fSolid yttria
SOFC stabilized 1800-1000 Methane | § 1 5565
zirconia (YSZ).
fPotassium
hydroxide (KOH)
water solution.
AFC 1 Below 0-230 Hydrogen | 0 O 1 60-70




fiConcentrated
liquid phosphoric
PAFC
acid (HPQy) in 1160220 Hydrogen | O 1 3645
silicon carbide
(SiC).
fLiquid alkali
carbonate (LiCO;,
MCFC
NaCOgz, K2CO3)
4 600-700 Methane 00 { 5565
in lithium
aluminate
(LIAIO 2).
Liquid
methanol
DFMC Solid Nafion. TAmbienti 110 O 9 3560
water
solution

1.3Research motivation and objectives

It can be said, that even though Hasic device structure of a fuel cell is simple, the various
components can be dgeicomplex. For example, the GDL and MPL structures are extremely
complicated and the mass transport properties such as effective gas diffusivity are difficult
to measure exgrimentally, which is why numerical and stochastic reconstruction such as in
[12]i [18] are typically performed. The GDL structure is anisotropic which means that
experimental measurements such afli@|i [30] of the effective diffusivity are required in

both the inplaneand througkplane directions. The majority of experimental techniques



used in the literaturéor measuring the effective diffusivity have been limited to mainly
throughplane directior{17], [19], [20], [23], [24],[26]i [29] with very few measuring the
in-plane difusivity [21], [22], [30] Furthermore, experiments measuring the effective

diffusivity of the MPL are also very scarf2?], [24], [31]

Diffusion is the main method of transport through the porous media of the PEFC. The above
experiments have shown that it is inconvenient to estimate the effective diffusivity
experimentally and have showmhave a high degree of uncertaift®], [30]. As a result,

an easier method of deter mi niBFGisouldbeita i f f us
measure thgas permeability, since both transport properties scale with po[82jtyThe
motivation for this thesis is derived from the losses which occur due to the components of
the MEA, that is, GDL, MPL and CL. One of the major challenges which occur in an
operating fuel déis water management. Water management is directly related to the ability
of the gas diffusion media (GDM) which aids in the regulation of water created in an
operating PEFC. GDLs and MPLs are typically imbued with a hydrophobic agent (PTFE) to
aid in wder management. Furthermore, optimization of reactant gas transport is crucial in
determining the efficiency of the PEFC, such that, the gas diffusion media (GDM) must
demonstrate high transport properfi@sthe CL to have sufficient amount of reactaases.

It should be noted that term GDM in this thesis refers to MPL coated GDLs.

Gas permeability is one of these transport properties which needs to be accurately
determined since it describes how efficient the convective transport is in the PEFC. The
GDLs which aid in regulation of the gas transport in PEFCs can be classified into two main
types: (1) Norawoven carbon fike paper and (2Woven @rbon cloths. Furthermore, non
woven carbon fike paper can be suflivided into two main categories: (1) straiditres

and (2) felt/spaghetti files [33]. This thesis focuses on the throyglane gas permeability



of the GDL and MPL struares which is measured experimentally by investigaticihe
pressure gradient of the flowing gas as a function of fluid velocity. Gas permeability, similar
to effective diffusivity, can be measured wotprincipal directions, namely: (1) Through
plane,(2) In-plane (0° and 90°; that is, twasthogonal direebns). This thesis focuses only

on the througiplane permeability of GDL and MPL structures.

The aim of this thesis is as follows:

I.  To experimentally investigate the throupglane gas permeability d6DLs and
GDMsfor different carbon paper structures.
II.  Toinvestigate the effect of PTFE in the GDL and how this affects the thymaghk
permeability oflGDMs.
lll.  To experimentally measure the throyglane permeability ofDMs for various
MPL compositions wh a focus on carbon loading and carbon powder types.
IV.  To experimentally determine the througihane permeability of composite mixtures
(a mixture of two different carbon black types)carbon powders in the MPL.
V. Toinvestigate the effect of sintering tirfoe variousGDMs utilizing different GDL
substrates and different PTFE loaded commercial GDMs
VI.  To invegigate the effects of homogenization techniques in credtiagVPL ink

slurry on througkplane permeability.

1.4Scope and Outline of thesis

This thesis idivided into seven (7) chapters. Chapter 1 serves as in introductory chapter
which provides general information related to the thesis. It provides a general overview of
energy and different types of fugdlls. The research motivation and objectives otlilesis

are clearly identified with a focus on the work involving the porous media in PEFCs.



Chapter 2 presents a thorough and critical literature review on works involving gas
permeability in PEFC porousedia. Additionally, the history of the major mileses in fuel

cells and the history of the MPL are discussed with a general overview of PEFCs operations.

Chapter 3 discusses the detailed description of the procedures, materials and methods to be
used n the investigation of gas permeability of PEFC psraedia. The analysis used in

determining the gas permeability from the experimental results is also discussed.

Chapter 4 investigates the effect of carbon loading and carbon black types as materials use
in the MPL for various structures GDbs throughplane permeabilityThe effects of PTFE

in the GDL regardingdifferent MPL carbon loadings and carbon black types is also
investigated. Lastly, the effect of MPL thickness on threpigime permeability vih and

without penetration ianalytically investigeed

Chapter 5 investigates the effect of composite mixtures in the MPL. Also, the effect of
sintering time on MPL permeability is determined for a single carbon loading and for

different PTFE loadings ithe MPL

Chapter 6 involves the investigatiohhomogenization techniques used to prepare MPL ink
slurries and how this affects the througlane permeability of GDMs with a focus on types
of GDL substrateaVIPL surface morphologgnd different carbon pater typesThe effect

of dispersion time of the MPInk is explored fotbath sonicatiornd how this impacts the

throughplane permeabilitand surface morphologyf the GIMs.

Chapter 7 concludes the thesis and provides a summary of the knowledge gaméuefr
experimental investigations listed in Chapfieto 6. This section also provides possible

future investigations which can be performed.



Chapter 2

Literature Review

Fuel cells are rapidly becoming an alternative to fossil fuel based conventional generation
technologies, particularly for automotivegrtable and stationary applications dudheir
capability of producing high power densities and high efficienciesquitk start up times

and size flexibility[34], [35]. Fuel cells are typically classified by the type of membrane
used, for example, PEFCs employ dypter electrolyte membrane (Nafion) as shown in
Table 1.1 and have the capability of producing low or even zero emisBiBREs are quite
promisingsincethey produce zero emissions (see Section 2.2) with thprdgucts of the
electrochemical reactionseing only water and heat. Water and heat management are

therefore crucial in influencing the efficiencydaperformancefahe fuel cell[8].

The membrane el ectrode aesrsteamnbéfy (MEAPEF O n
comprises of the gas diffusion layer (GDL), microporous layer (MPL) and the catalyst layer

(CL) and the impermeable polymer electrolyte membrane. The concept of water
management in PEFC is somewhat conflicting in that a deficieiheater in the membrane

reduces the ionic conductivity while leading to increased contact resistance between the
membrae and CL and increased ohmic heating. Alternatively, excessive water produced,
particularly at the cathode CL (CCL) in the MEA hindezactant transport to the catalytic

sites and adversely affects mass transport through the porous media. Water fisoding
responsible for the unreliabilityunpredictability and unrepeatability under identical
operating conditionsin an operating fuel el [35]i [37]. Ideally, water management is

crucial in determining the overall performance of a PEFC.

10



Thermal management is anotlikey issue which needs to be resolved before PEFC can be
commercialized since the overall heat from thlectrochemical reactions limits the
efficiency of the fuel cell to 50%38], [39]. Temperature has a great effect on catalyst
activity, polymer membrane water cent and mass transfer effept9], [41]. The sources

of heat in the PEFCan be: (1) Entropic, (2) Irreversible due to voltage losses and (3) due
to phase changes through corsiion and evaporatiof2], [43]. Aslam et al.[42]
suggested that it would be more meaningful to consider thermal atedt management
simultanesouslydue to the fact that heat is transferred through the fuel cell ntanaygh

conduction and eventually removed by thactant gas in the flow fields.

The gas diffusion media (GDM) consisting of the gas diffusiayer (GDL) and
microporous layer (MPL) is a crucial component in regulating water and heat throughout the
components of the fuel cell and will be discussedore detail in a later section of this
chapter. As such, some of the characteristics of thgseslaeed to be tailored in order to
improve cell performance while facilitating efficient water and thermal management. Gas
permeability is one of the massisfer characteristics which nedd be improved and
studied in greater detail. This chapter \pdes a thorough and critical review of the
components or materials which comprise the gas diffusion media used in PEFCs and

identifies areas which can be imped on.

2.1 History of PEFC with a focus on diffusion media development

In 1834, Sir WilliamGrove invented the first fuel cell by reacting oxygen and hydrogen on
separate platinum electrodes in sulphuric acid insfoeacell gas voltaic batteryHowever,
it was not until 1933959 that the first practical fuel cell was introducedrgncis Tlomas

Bacon using AFC technology. A summary of the milestones in general fuel cell development
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is given in Table 2.1. This section will focus on the major dguekents of the diffusion

layers in PEFC history.

Thomas Grubb and Leonard Niedrach at Generaltiide(GE) were the pioneers of the
present PEFC which they referred to as anewchange membrane (IEM) fuel cell. They
utilized a sulfonated, crodmked polystyrene in the form a sheet which was held together
by an inert binder. The metal electrodesdiwere nickel screens activated by platinum black
but some experiments were performed with platinized platinum and palladium foil
electrodes. The electrodegre in direct contact with the i@xchange membrane. Also, an
indication of keeping the membmarhydrated is also given and it was accomplished by
passing the input gases (hydrogen and oxygen) through water and by water beidgriorme

the reactions inhie cell[44].

These electrodes still did not resemble the dual layer carbon electrodes used toda
(microporous substrate affixed to the macro porous GDL). Further work by Niddéich
showed the use of hydrocarbonsfasl for the ion exchange membrane fuel cell. No
difference in the electrode sttuce was observed, that is, platinum or palladium black
catalysts coated onto the membrane with the use of a metal screen as a current collector. A
different membrane was u$e a reinforced sulfonated phenol formaldehyde casting resin

but this cell showethferior performance to the hydrogemygen cell[45].

The technology developed by Grubb and Niedfddh at GE was used in NASAs Gemini
Space program in the 1960s. The advantages of such a system were the high current
densities, simple stack assembly and the absence of corrosive liquid elegthaweser,

this technology had a limited lifetime. Due to high production cost and high catalyst loadings
used at the time in comparison to other technologies at the tiensolid polymer fuel cell

(SPFC) would see little improvements until the fh2B0s[46]. Also, the power densities

12



which were achiewt at the time of the Gemini Space Program were still not high enough
vt 7 Al andthe polystyrene sulfonate membrane was not stable and this made the

AFC the chosen cell for the Apollo Space Programthe late-1960s, the operatidifetime

of the SFFC- what it was called at the time, was increased with the introductioe dfafion

membraneGE further developed the solid polymer electrolyte for use in water electrolysis;

however, no indication in the change in electrode structure was nfage suface area

unsupported platinum electrodes were used in GE fuel cells 198ts. The GE technology

was purchased by HamilteéBtandards United Technology Corporation (GEAIEC).

However, the electrode structures still utilized high platinum loadingsg4m?) on the

anode and cathode which were mixed with Teflon and hosg@de® the membrane. A wet

proofed carbon fiber paper was attached to the catalyst layer to prevent flooding and

membrane intrusion into the current collector. No indication viasngabout the use of a

MPL at the timg46].

In early 1984, Ballard Technologies Corporation in Canada along with the Canadian
Depatment of National Defense (DND) was determined to investigate the potefitial
SPFCs for military and commercial needs. Their initial work focused on stack level hardware
in order to develop the SPFC to operate effectively on air and pure hydrogen byingpr

the distribution of air to the porous cathode, effective removal ok#ter product and the
manifolding of cells in the stack, reformed hydrocarbon fuels and reduction in fuel costs to
improve the fuel cell performance. In 1987, Ballard Technotolgggnexperimenting with

a new ionconducting polymer membrane createdhisyDow Chemical Company. This new
membrane, at ¥z to % of the weight of the commonly used Nafion membrane, showed greater
conductivity and water retention and produced about fimeg the current and power as
compared to the Nafion membrane when operaiinthe same voltagel7], [48]. Also,

Eisman[46] stated that the tests performed with this new brame significantly reduced
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the internal resistance in the cell which directly relates to the increase in performance and
cell efficiency. Further advances in PE technologies dhe time included carbon supported
platinum catalysts with low platinum loiagjs of ~0.35ng cni?, as shown if49], and water
management through the use of internal water transport to humidify the gases and the
membrane (this was done by Ergenics Power Systems Inc) and differential pressurization
was utilized n the GE/HSUTC cell to overcome water management isqd&. Water

managemenwith anMPL was not used in the 1980s and early 1990s.

It was not until the mido late 1990s thain MPL was added to the general sture of the

PB-C. However, it should be noted that this structure of adhering a layer of carbon black
mixed with PTFE onto a macroporous carbon substrate (GDL) dates back possibly to the
mid-1980s, ashown in[50], and was usedcithe PAFC technology. The introduction of
carbon to the various components of PAFCs made this technology economically feasible. It
was first introduced in the form of graphite endplates (1B&&@0)and eventually it was used

as current collectors in therim of felts (around 1970), electrode substrates and as catalysts
supports (197:2973)[51]. Cameror{52] highlighted that the knowledge gained from the
PAFC technology enabled the use of inexpensivbaamaterls in PEC. Kato[53]
investigated the following ratios of PTFE to carbon black (between 10:90 and 60:40 with a
preferential ratio of 20:80 or 50:50). It was also indicated that the amount of PTFE was
crucial in water management and the amount of carbon black wasscecessgrfor
conductivity and porosity. Also, bofb3] and[54] indicated that the thickness of thiyda

is imporant in gas diffusion and conductivity, such that, a thinner layer showed increased

performance.

There has been a tremendous amount of research conducted to determine the MPL properties

and improve them. Properties such as sbrecture, wettaility, carban loadings have been
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improved through the use of n@arbonrbasednaterials and different fabrication processes.
Some of these investigations have involved the use of diffeszhbrbasedmaterials in

the fabrication process and are involvedinly at inproving the water management during
fuel cell operation. For example, Passalacqua ef58]. prepared MPLs using Asbury
graphite 850, Mogul L, Vulcan XZ2 and Shawinigan acetylene black (SAB) in which SAB
resulted in better fuel cell performandue to a lgher pore volume and smaller pore size.
More recently, Chun et §b6] have shown that the structure of the MPL has been extended
to incorporate a hydrophilic and hydrophobic MPL. It was shown that the sample with the
hydrophobic MPL at the surface resulted in better cell performance due to the water
gererated in theatalyst layer being absorbed by the hydrophilic MPL after passing through

the hydrophobic MPL surface.

Attempts have been made by Kong ef%r] to modify the pore structure through the use

of a pore former, 12CQOs, and a heat treatment process at 350Their resilts indicatel an

increase in cell performance due to an increase in macropet€siff) in the MPL; this
increase in macropores enhanced the mass transport processes which occur during the fuel
cell operation. Wang et aintroduced an interlayer betwee¢he CL and racroporous
substrate comprised of silica particles and polydimethylsiloxane (PDMS). The resulting
structure when coated on to the diffusion media creaggpar hydrophobisurface with

the internal pores of the gas diffusion media being dpfitic. A thorough review of the
investigations conducted on the improvements to the MPLs strumtukr&€ompositions

given in[35] and discussed igreater detail later in this chapter.
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Table 2.1 Summary of the milestones in fuel cell development [11], [52]-[63].

Year (s) Accomplishments
William Nicholson and Sir Anthony Carlisldiscover the invers
1800 process to that occurring in a hydrogen fuel cell (that is, w
electrolysis).
1838 Christian F. Schoenbein discovers the basic principle of fuel cel
William R. Grove and Christian F. Schoenbein independently tes
1839 devebp the fAgasttbbesyowolsiang My
what would be later called the fuel cell.
Lord Rayleigh develops a new gas battery in an attemiptcove
the efficiency of the platinum electrode. Hydrogen and coal gz
o0 fuel were tested; however, the gas battprgduced an inferio
current.
Ludwig Mond and Carl Langer developed porous electrodes to
1889 with the problem of electrode floodjn identify carbon monoxid
poisoning and were able to generate hydrogen from coal.
Alder Wright and Thompson irdroduce a previous device whi
1889 they develop in 1887 by intr
and foresaw the use of liquid fuels energy.
F.W. Ostwald describes the function of different components an
1893
electrochemistry of fuel cells.
1896 William Jacques builds a fuel cell that operates on.coal
1921 E.Baur and H.Preis begin experimenting with solid oxide electrol
19331959 Francis Thomas Bacon introduces AFC technology.

16



E.Baur and H.Preidevelop the SOFC out of aedto have a mor

19371939
manageable electrolyte as opposed to molten electrolytes.
Polytetrafluoroethylene (PTFE) or Teflon was introduced and
1950 used with platinum electrodes/acid electrolytes and ca
electrode/alkaline etgrolytes.
ThomasGrubb at GE in 1955 developed an ion exchange polysty
membrane and Leonard Niedrach at GE in 1958 developed a Vv
19551958
deposit platinum on to the membrane to act as a catalyst. PE
technology was developed at GE.
G.H.J. Broers and J.A.A. Kelaar abandoned electrolyte oxides to
19581961
molten salts thereby introducing MCFC technology.
Apollo space program at NASA utilizes AFC technology base(
1960
F. T. Baconds wor k.
1961 G.V. EImore and H.A. Tannéntroduce the PAFC technology.
Gemini Space program at NASA uses the PEMFC techng
19621966
introduced by GE.
1968 Nafion is introduced by DuPont.
Jet Propulsion Lab at NASA in conjunction with the University
1992
Southern California developedetidMFC.
1990s Extensive focus on PEMFCs.
2000s Early commercialization of fuel cell technology.
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2.2 Overview of operation principles and performance of PEFE

PEFCs are electrochemical devices which allow the conversion of chemical energy to
electrical energythrough a direct electrochmical reaction. The membrane electrode
assembly (MEA) constitutes the primargmponents which defines the RE The MEA,

as stated in Section 1.2, consists of a polymer membrane which acts as an electrolyte
sandwiched between an anode and cathode. Théraeenfunctions as a proton conductor,
alternatively termed proteexchange membran@nd as an impermeableag separator
between the anode and cathode side gases. Adjacent to the membrane are two electrically
conducting porous electrodes (they are potodacilitate the diffusion of gases), typically,
carbonfibre paper or carbon cloth. The interface betwdeesé two layers are catalyst
particles, typically platinum supported on carbon, where the electrochemical readtens ta

place (See Figura1) [8], [58].
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Figure 2.1 The basic principle and structure of PEFES].
The fuel cell can operate contiously provided that the fuel and oxidant are constantly

supplied. Hydrogen is transported to tm@de from the anode flow field channel whereas
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oxygen or air is delivered to the cathatleougha similar process. Decomposition of the
hydrogen atom at thenembrane allows for one proton to be transported through the
membrane and one electron to travebtigh the electrodes, current collectors and then to
the external circuit. At the cathode catallgster,the protons r&ombine with the electrons
and oxygn molecules to form water which is removed from the cell through the excess flow
of oxygen. The @ctrochemical reactions at the anode (equation 2.1) and cathode (equation
2.2) are as follow§s], [58]:

( °¢( cA (2.1)

I o cAOo(/l Mo (2:2)

alhe

Accordingly, the overall reaction can be written as follows:

P

J (o] meo (2:3)

The electrochemical reactions taking place at the membrane dirgtibnce the fuetell
performance. Polarization curves are commonly used to characterize the fuel cell
performance by evaluating the cell voltage with respect to the current density under
operating conditions. Consequently, evaluation of different oefippnents on theuél cell
performance can be achieved with the comparison of polarization curves. Voltage losses in
fuel cells are characterized into three categories: (i) activation losses, (ii) ohmic losses and

(iif) concentration losses (See Figure)2.2
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Figure 2.2 Schematic diagram of an ideal polarization curve depicting the cell losses with
their corresponding regior8], [59].

The activation losses (low current density region) are mainly attributed to the sluggish
electrode kinetics, namethe oxygen reduction reson at the cathode catalyst layer which
requires higher overpotentials and is slower than the hydrogen oxidation at the anode. The
ohmic losses, which are almost linear, are the result of the resistance to electron flow through
the electrically conductm components. Concentration losses arise when a gradient is
established due to rapid consumption of reactants. This is directly related to the current
density, which is high in this region, resulting in a low surface concentaaimba drastically

high caonsumption rate as compared to the supply[Bi1459].
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2.3 Oveniew of the Functions of Porous Media in PEFE

As stated previouslyhe three main porous regions of the MEA are the: (i) GDLMRL
and (iii) catalyst layer. 8ice thefocusof this thesis is the mass transport properties in the
GDL and MPL, only thes will be discussed here further. Figure 2.3 shows a schematic of

the porous regions of the MEA.

Carhon Povder
and
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Gas Diffusion = Carhon Paper
Layer or
g Carbon Cloth
Flow Channel

Figure 2.3 Schematic showing the pars regions of the ME469].

The GDL exists between the catalyst lagad bipolar flow field plates and facilitates the
diffusion of gases to the catalyst layer and acts as an electrical conductor between the catalyst
layer and flow field plate. They are typically constructed framops carboriibre-based
materials andra usually in the form of a nemoven carbon paper or woven carbon cloth.
There has been greater interest in carbon paper GDLs due to lower costs and the availability

to easily apply the MPL to [60], [61]. Themain functions of the GDL are as follows:

(i) There is a need for a sufficiently porous GDL to allow the flow of reactant gases

and product water.
(ii) The pores must be of a sufficient size to allow properibigion of gases to the

reactant catalyst sites.
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(i) It must be electrically and thermally conductive to allow the flow of electrons and
allow the removal of heat, respectively.
(iv) It must be mechanically rigid to support the MEA but flexible enough to be in

good electrical contact with nearby compondb8ji [61].

The GDL is normally made hydrophohiath the use oPTFE. PTFE is applied in the form
of an aqueous suspension which is eventually-tieated to sinter particles allowing them
to adhere to the GDL surface. Additionally, an MPL is applieth¢oGDL, forming a dual
layer structureThe dual layestructure consists oftaer carborfibre woven cloth omon
woven carbon paper #ise GDLand a thin layer of carbon black powdgul{can XG72R

or Acetylene blackeing the most commonly ugdobnded with a hydrophobic agent such
as PTFE which serves ghe MPL[35], [62]. The porediameter of the MPL is usually in
the rangem8t ¢ T® {1 as compared to the GDL pores which range fom p Tt i

[36], [62], [63] The main functions of the MPL are as follows:

(i) The MPL reduces contact resistance between the catalyst layer (CL) and GDL
(macroporous layer).

(i) Improves cell performance by enhancing water management in the cell in the form
of:

- The smaller pore size of the MPL and the enhanced hydrophobicity leads @i hig
saturated pressure in the MPL as compared with the GDL which makes the MPL less
vulnerable ¢ flooding issues

- The GDL with an MPL attached forces the macrosubstrate to have afdido
function, forcing water to the membrane which keeps it hydrate@léowls for the
buildup of pressure to force water through less hydrophobic GDL into the cathode

flow channels.
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- GDLs lose hydrophobicity over long hours of operation and as such, the presence of
an MPL reduces the loss of hydrophobicity in the macropd&iis substratg36],
[62]i [64].

(iii) It was reported ifi63] and[65] that the MPL also increases the catalyst utilization

and overall cell performance depending on its structure

The MPL is typically prepared by the doctbladetechniquein which an MPL paste
consisting of carbon powder and PTFE in a solysnspread over the GDlith the use of
a metal strip. The solvent is then allowed to slowly evaporate to prevent cracks at the surface

of the layer. Finally, the substrate is heatated to sinter the bindg5], [60].

24 GDL materials and fabrication

As stated previously, there are two main categories of GDLs, namely: (1) Woven carbon
cloths and?) norwoven carbon fibre pap0], [61]. Non-wovencarbon fibre paper GDLs

will be the primary materials used in this themmlas such, only the manufacture of these
materials will be discussed. It should be noted, however, that there are metal based GDLs
which are usually fabricated in the form of a metal foam, mesh or imaohined substrate

[66], [67] for useprimarily in DMFCs dudo their ability to positively aid in the transfer of

liquid water and fuels. Some of the metals used in the literature include ¢68/¢70],

titanium [67], [71]i [73] and stainless stepl4], [75]; however, corrosion of the metal based
GDLs becomes a major flaw due to the fact that it promotes membrane degrétiiion

[78].

Nonwoven @rbon fibre papers undergo four (4) major manufacturing steps: (i)
papermaking, (iiyesinimpregnation, (ii)moulding and (iv)heat treatment (carbonization

and graphitization). The most attractive precursor of choice in the production-ofavem
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carbaon fibre papers is typically copolymer made up of >90% polyacrylonitrile (PAN) due to
the low cost, high carbon fibre yield (50%) and appeatiragerialproperties. The PAN
copolymer is then transformed into PAN fibres through a process of solvent spinning
followed by stabilization in air at 230 which creates a thermoset material from the
thermoplastic polymer. This allows the fibres to remain as isolated filaments even after
subsequent heating processes. These stabilised carbon fibres arenetited to
approximately 120a1350°C in nitrogen reducing its weight by 50% and yields fibres with
>95% carbon. The resulting tows untwisted bundles of continuous carbon fibre filaments
are then cut into-32 mm lengths before the papermaking processlsRof cabon fibre

paper are created from a watd conventional papermaking technique (it should be noted
that there are other techniques to create the carbon fibre paper as shown in Figure 2.4). The
tows are dispersed in water with a typical bindehsas polyinyl alcohol. Rotating porous
drums or wire screens with a vacuum dryer are used to remove and dry the rolls. The rolls
of carbon fibre paper can then be impregnated, typically, with a phenolic resin. The
impregnated rolls are then compressiauided in datch process and dried at Ttbunder

a pressure of 40800 kPa. This process allows for a desired thickness of carbon fibre paper
to be obtained. Lastly, the fibres undergo graphitization at >2000°C in an inert environment
which changes themorphous arbon into crystalline graphite fibre of >99% carbon content
with more appealing mechanical, electrical and chemical properties in comparison with the
amorphous carbon. Woven carbon clahcreated from spun PAN yarns followed by

graphitization A full description of alterative processes can be found8].

I't is to the aut ho radesonlybadesviworkentte Wwerawlegmdicht h at
focus on the manufacturing of the GDL substrates apart from the generic process of
fabrication described abev Typically, researchers tend to describe GDL fabrication in

either a one or two stage Afabricationo pro
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the GDL substrate. In the oiséage process, the GDL substrate is typically coated with a
hydrophobianaterial sich as PTFE dtuorinated ethylene propylenEEP) which not only
improves the hydrophobicity but also the surface smoothness reducing the contact resistance
of the catalyst layer adjacent tg80], [81]. The most common way of applying the PTFE

to the carbon substrate is by dipping the medium in an aqueous suspension of the
hydrophobic material followed by heat treatment at 350°C to remove the remailvieigt so

and fxing the PTFE to the surface. Typically a range of 5% to 30% by weight PTFE is
applied to the carbon substrg?®]. Furthermore, the twetage process involves not only
applying the hydrophobic material to the carbon substrate but also the application of a
microporoudayer consisting of carbon or graphite particles and a polymeric binder such as
PTFE. Typically a PTFE loading of 280% by weight leads to optimum performaifge],

[82]. The majority of this thesi®cuses on MPLs with 20% PTHiy weight. The MPL can

be applied by either brushing, printing, sprayingloctor blade, on either one or both sides

of the carbon substrafé9], [80]. It should be noted that the material properties such as,
porosity, thickness, bulk density permeability, hydrophobicity and electrical and thermal
conductivity of the microporous layean be directly affected by the application method and
even by the matelsused. For example, even the nature of an alternative binder, such as,
polyvinylidene fluoride (PVDF) can affect the structure of the MPL creftéyl [80].

Figure 2.4 andrigure 2.5illustrates the total fabrication process of the-mmven carbon

fibre substates. It should be noted that sintering of the substrates would be discussed in a

later section of this chapter.
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2.5 Gas Transport in PEFC porous media

Diffusion is considered the primary mode of mass transport within porous media in a
polymer electrolyte fuel cell (PEFQ)9]. Operating the fuel cell at high current dersiti
results in the electrochemicalagtions occurring within the cell being limited by the
diffusive flux through the gas diffusion layer (GDL); as such, a thorough understanding of
the GDL structure and how operating conditions affect mass transposirahdie in order

to obtain improvediesigns of PEFC porous medi®], [23].

The GDL consists of graphitized carbon fibres which are manufactured intoraitdemly

oriented carbon paper arkld together with a binder or woven into carbon cloth. The
anisotropic structure of the GDL is highly porous with a porosity of about 70% and consists
of a wide range of pore sizEs9]. Numerical models are often employed to obtain a greater
understadi ng of t he GDL 0 the orservaton equationsaafi dhassy s e
momentum, species, charge and energy to simulate various transport phenomena. In order
to account for the random structure of the GDL, transport coefficients need to be adjusted

and ae usually referred to as effectivasport coefficientf23].

Diffusion in porous media can be characterized as mainigin@ry or Knudsen dfusion
[83]. Equation (2.4) is typically used to express the effective gas diffusedfiatent O

and has been modified to account for structural features of the poroug[h®ddia

0 Q-0 (2.4)

whereO s the effective diffusion coefficient or effective diffusivityjs the porosity of
the medium an@® is the normal diffusion coefficient of speci€sThe porosity describes
the porevolumeor void fraction within the porous media. There are mafigrént models

which can be used to describe the diffusivity in porous media with the most common being
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the Bruggeman expressidn- - 8 [19], [23], [83]. The ¥pe of diffusion is dependent

on the pore size such thadinary diffusion occurs if the mean free path (average distance
traversed by a particle between successive collisions) is short compared to the pore size, that
is, molecule to molecule collisiong@ur more frequently in ordinary diffusion. If the mean

free path is long compared to the pore size, Knudsen diffusion is dominant and the molecule
to wall collisions are more frequej@®3], [84]. Knudsen diffusion is dominant for pore sizes
ranging from 250 nm and as such, it ixxpected that both ordinary and Knudsen diffusion
coexistin the MPL and GDL which have pore sizes ranging from tens of nanometres to tens
of micrometres respectivel84]. Other mathematical models for the effeetdiffusivity

can be found if12]i [17]. Furthermore, since these models do not accurately define the
GDL properly, there have been numerous experimental works in the literature to estimate
the effective diffusion coefficientl9]i [22], [24], [26], [27], [30], B1]. Alternatively, there

have been attempts to reconstruct the GDL usingyxtomography such as [85]i [89]

and focused ion beam (FIB) SEMO0], [91], however, these techniques are limited by the

technology currently used and size of the samples used.

Convet i ve gas flow resistance is typically ¢
permeability of the porous media which is propmrél to the convective flolrermeability,

similar to the effective diffusion coefficientgives an indication as toolw porous the

medium is to fluid flow. Typically, permeability is obtained by measuring the pressure drops
across the porous medium inatbn to the fluid flow velocity through the medium. As
indicated in[92], the contribution of tlmughplane convection is small, typically, in the

MPL which reduces the gas flow due to size of the pores; howeveedmon is significant

in the inplane direction (parallel to the flow channels) due to the high pressure difference
between adjacent flo channels in the flow field plates and the higtplane permeability

as compared to the low througlane permeabily [79], [92]. This property is further
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discussed in greater detail il&pter 3 as it is one of the transpambperties which relates
the flow of gases to the catalyst layers and forms the core of the investigations conducted in

this thesis.

2.6 Experimental investigations of Gas Permeability of the GDM

As stated previously in Section 2.3, the ddlision media in the PEFC needs to have high
transport properties in order to facilitate reactant gas flow to the catalyst layer whilst
maintaining prper water and heat management. Even though gas diffusion is the main mode

of transport in the PEFC, eepmental investigations into gas diffusivity are inconvenient

to measure experimentally and some have a high deal of inacd@i¢y{30], [32]
Subsequently, many researchers tend to measure the gas permeability of the porous media
which scales with porositysimilar to gasdiffusivity), giving an indication of how

Adi ffusived the GDM i s. F u r pdy dsr anisotrapic, S i nc
researchers then to measure the gas permeability in as many as three directions: (#) through
plane (zdirection), that is, in the ptee from the flow field to the catalyst layer and (ii) two

in-plane directions (x and y direction) orfamal to each oth€i80], [93], [94] Many
researchers tend to investigate the gas permeability of the porowsim@dFCs using in

house built experi ment al g8t uppa rwydb t he u

discussed in more detail in Chapter 3.

Gurau et al.[94] investgated the absolute througlhane and irplane permeability for
different PTFE loadings and carbon types in the MPL. They concluded that a higher PTFE
loading in the MPL resulted in higher permeability in both the through aspdlane
directions. This wasttaibuted to the increase in volume of the irigglomerate pores and

the fact that under compression, the gas diffusion media was able to maintain a higher

porosity due to increased rigidity of the media. Gurau.¢94], however, did not indica
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the type of carbon black used in the MPLs. A similar conclusion was reported by Dohle et
al. [95] for in-plane permeability measurements of a single type of diffusion layer artdv
PTFE loadings. Ismail &tl. [93] also showed similar findings for increased PTFE loading

in the MPL on inplane permeability; however, an increase in PTFE loadings in the GDLs
resulted in a decrease in permégb Pharoh et al[96] indicated, howewe that the irplane
permeabity plays a more significant role when compared to the thrqghe permeability
especially in the case where MPLs are used due to the fact that the addition of a MPL
significantly reduces the througitane permeability by seral orders of magnitude beyd

a computational threshold valuemf p 1 | after which convective flow is no longer
significant; howeverit was shown that the iplane pemeability remains unchanged.flar

et al [97] confirmed this relationship experimentally by testing thplanepermeabiliy of

Toray TGRH-60 with and without an MPL and showed that thepleme permeabtly
remained almost unchangeldeser et al[98] investgated thein-plane permeability of
carbon cloth (Avcarb 107HBC), nonwoven carbon fibre paper (SGL 31BA)choarbon

fibre paper (Toray TGHH-60) and siowed that woven and nemovencarbon fibre paper

showed higher iplane permeability than carbon filpaper.

Ismail et al [99] measured the throughlane permeability of various carbon subtes
(GDLs) with different PTFE loadings. The results concluded by Ismail 89| however,

was surprising such that the carbon substrate with 0% PTFE loading showed a lower
permeability than the substrate with 5% PTFE and the substrate with 20% PTFE loading
showed the lowest permeability when compared to the various substrategatedstrhis
should not be the case as reported by Bevers @i0fl] and Park et a[101] in which the

higher PTFE loading in the carbon substrates results in a decrease in {plangh
permeability due to the fact ththe PTFE lock a portion of the pores. Ismail et f82]

extended investigations into througltane permeability by considering commercial GDLs
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with a MPL. The results showed similiandings tothat of Gurau et a[94] such that the
increase in PTFE loading of the MPL resulted in an increageganghplanepermeability.

Ismail et al [32], [99] also investigated the effect of compressibility of the gas when solving
Darcyos | aw atafit ¢ nos dcawneedi for,trdsulting values of throygane
permeability of MPL coated GDLs are underestimated by up to 11% and up to 9% for bare
GDL substrates. Gurau et #4] did not consider gas compressibility for throyghne
permeabity but forin-plane permeability assuming that pressure drop in the short tarough

plane path was negligible compared to the longgiane path.

Gostick et al.[102] investigated the plane and througplane permeability of several
GDLs without MPLs. Furthermore, 4plane permeability was reported for twoeplane
directions perpendicular to each other. The results showed thaiglamepermeability was
higher than the througplane permeability and the permeability of the twgpeadicular in
plane directions showed significant anisotropy such that tpéame pemeability differed

by a factor as much as 2. Ismail et [@B] investigated the effect of PTFE theptane
permeability of SGL10BA in two orthogonal ifplane directions and showed similar
findings to that of Gostk et al.[102] that in-plane permeability in the dirgon parallel to
the fibre orientation was greater than that normal to the fibre orientation. Fese©8t al
investigated the uplane permeabilt of carbon cloth (Avcarb 1076BC), nonwoven
carbon fibrepaper (SGL 31BA) and carbon fibpaper (TorayTGP-H-60) and showed
similar findings to Gostick et gl102] and Ismail et a[93], such thatan inverse relationship
existsbetweenin-plane permeability and agpression ratiolt should be pointed out that
experimental investigations into thepane permeability of the GDMs used in PEFC allows
the effect oftompression to be investigated with the used of feeler gauges sucf93k in
[102] or brass shimf©8] which allow the compression effects to be directly incorporated

without removing the sample from the setup.
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To the authass best knowledge there are only a f@mmunications which investigated the
effect of compression on througiiane permeabilityf85], [97], [103] Compression was
achieved in the througplane exsitu with the use o universal test maching.03] or
clamping the samples between two highly permeable sintered frits and controlling the
compession with spacef85], [97]. The results presented [85], [97], [103] showed an
inverse relationship between througlane permeability and both compression ratio and
PTFE content; howeveincreased PTFE content was far less influencing that the effects of

compression.

Williams et al [104] investigated the througblane permeability of several commercial
based GDLs (carbon fibre paper and carbon cloths) with microporous layers. The
microporous layer consisted of carbon black (Vulcan?2R) with 14wt.% PTFE loading.

The inhouse constructed paper utilised Toray Ti&R20 carbon fibre paper as the GDL
andshowed a reduction in througitane permeability with the addition of a microporous
layer by approximately 80%; however, no indication of the carbon loading was given. SGL
10BB, a noawoven carbon fibre paper with an MPL, showed a reduction in thrplagie
permeability in the order of two magnitudes lower when compared to the base GDL, SGL
10BA. Carbon cloths with a microporous layer were found to have lower permeability whe
compared to the GDM utilising carbon fibre paper as the GDL. Similar findingsshemwn

by Ihonen et al[105]; however, the permeability dhe bare carbon cloths are typically

higher than carbon fibre papgi®?2], [106]

Mangal et al[107] investigated the effect of PTFE loadings using Toray -Hz80 carbon
fibre paperThe experimental investigations in the literature discussed thus far havelutilise
one sample in the experimensatup. Mangal et gJ107] investigated the effect of stacking

samples and found that three showed the best redagfddmwever, it should be natethat
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the exposed area of the sample to the flowing gas was small (9rbrdrameter) as
compared to 20nm used in32], [99]. The results indicated agree with the investigations
discussed aboyesuch thatincreasing PTFE content in the GDL reduces threpighe
permeality; however, 10% PTFE loading showed the highest but this was attributed to

sample preparation and variability.

2.7 Composition and Preparation of the Microporous Layer

The MPLcomposition typically describes the addition of a mixture of carbon powdea an
hydrophobic agent as stated earlier in Section[253 The morphologyf the MPL is
therefore controlled by the type, loading and particle sizéhe@fcarbon powder used in
conjunction withthe typehydrophobic agent; the former determines the surface smoothness,
for example, carbon powders with finer sizes result in snepathrfaces and smaller pores
whereas the later directly affects the poreperties[78], [80]. Furthermore, the depositi

and ink preparation methods can have significant impacts on the structure and GDM

propertied81], [108]i [114].

Passalacqua et.gb5] investigated the effects of various carbon blacks, namely, Asbury
graphite, Shawinigan Acetylene Black (SAB), Moguhd Vulcan XC72R, with different
surface areas on fuel cell performance. SAB showed the best fuel cell perferduento
higher pore volume and smaller pore sizes which was characterized ausiegcury
intrusionporosimete{MIP). Carbon loadings wenearied between 2.5 to 5 mgénand the

MPL was spraycoated onto a Toray TGR-90 carlon paper sheet.

Antolini et al.[115] investigated the effect of a single carbon loading of 3.0 rfgdrBAB
and Vulcan XC72R coated otwo sides of carbon cloth GDL to form a trigheyer GDM
(MPL/GDL/MPL). The substrates coated with SAB showed higher cell performance;

however, optimizedell performance at high pressures indicated the use of Vulcar2rRC
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carbon powder on the catalysde and SAB on the gas side (SAB carbon powder
MPL/GDL/ Vulcan carbon powder MPL. Chen et [dl16] compared the relative humidity
for different flow rates for MPLs containing Vulcan X2R and Ketjenblack EG00JD.
MPLs containing the later showed to contain more water vapour duedanygssurface area

and micrepores compared to the former.

Han et al[117] explored the effects of carbon and PTFE loading on cell performance. MPLs
containing 4% PTFE with varying carbon loadings e82ngcn? and fixed carbon loading

of 6 mgen? with varying PTFE (1860%) were created using Vulcan XQR as thearbon

black and sintered at 34@ for one hour. Experimental investigations revealed that the
carbon powder loading affects the fuel cell performance in all three polarization areas
(actvation, mass transport and ohmic) such that low carbon loadidgse¢he support of

the catalyst layer resulting in less active catalyst sites causing an increase in activation over
potential. An increase in the carbon loading resulted in higher penfmendue to more
efficient water management and catalyst utilizatibowever, excessive carbon loadings
result in a decrease in porosity and an increase in the diffusion path causing a concentration
overpotential. As such, the results presented by Haah. £17] indicates that there exists

and optimal carbon loading. Furthermore, the increase in PTFE loading affects the cell
performance in the ohmic and masasport polarization regions such that PTFE loading
directly affecs the contact resistance between the diffusion media and catalyst layer and the
porosity of the diffusion media. Excessive PTFE loading (60%), however, was shown t

affect catalyst utilizaon.

Stampino et al[109] investigated a MPL consisting of a compesnixture of Vulcan XC
72R and carbon nanotubes (CNTSs) in a rafi®@0 wt.% of the former and 10 wt.% of the

later and 14 wt.% PTFE. The mixture was sonicated for fifteen minutes and then stirred for

35



one hour and coated onto a commercial carbon clotiy tlse doctor blade technique. Of

particular note, the thicknes$§the final MPL containing CNTs was found to be twice that
of the MPL containing Vulcan XZ2R. Cell performance was found to be better with the
CNTs MPL which also showed a far lower ohmesistance even though the thickness of

the MPL was doubled.

Ghaibi et al.[118] also investigated a MPL of multvalled carbon nanotubes (MWCNTS)

in a composite mixture with Vulcan XZ2R for various combinations of MWCNT to
Vulcan XG72R with a PTFE loadg of 30% which was determined to be the optimized
PTFE loading wiht MWCNTSs. Gharibi et a[118] suggested that the MWCNTSs in the MPL
structure allow for higher surface concentrations of reactants at the catalyst layer was

achieved due to MWCNTSs being ableaidsorb oxygen onto their surfaces.

Wang et al[113] alsoconstructed a composite MPL using two different carbon blacks
Acetylene blacklAB) and Black Pearls 2000 (BEK) and investigated the effect of the
composite mixture in terms of fuel cell performance. The carbon loading was held constant
at 1.0 mgent with a ratio of 80nt.% AB and 20wt.% BP with 30 wt.% PTFBbading.The
mixture was sonicated and applied to a Toray 80 carbon fibre paper using a doctor
blade technique. The physical properties of the composite mixture were investigated: the
specfic area of the composite mixture was found to be 335@'which was inbetween

that of the two carbon powder§2 n?g?! (AB) and 1501.8 rfg* (BP-2K). Furthermore,

other physical properties such as pore volume and contact angle showed similar tlends su
that the composite mixture tended to lie nearer to those of Af¢ $ihe mixture consisted
mostly of AB. Througkplane permeability of the composite mixture showed a similar trend
as well; however, the permeability was only reported for thet®® AB and 20 wt.% BP-

2K combination. Lastly, the effect of different ratioiSAB to BP-2K were investigated and
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it was show that there existed an optimum ratio of W@.% BP in terms of fuel cell

performance.

Kannan et aland associateld19]i [121] also inveggated the effects creating a MPL by
adding a nandibrous carbon (VCGH Showa Denko America Inc., New York) to
PUREBLACK® 205110 Carbon (Superior Graphite Co., Chicago, IL, USA) mate of

50-50 wt.% (carbon loading of 3.0 mg&nand 30 wt.% PTFE flowed by sonication and
magnetic stirring. The new structure created exhibited no cracks in the MPL and showed
structural robustness when compared withRimeblack. This group furthémvestigated the

effect of adding a dispersion agent, NovV&00 to he isopropanol used in previous studies.
The resulting ink slurry of 75 wt.% Pureblack, 25 wt.% VCGF andtZ% PTFE was coated

using a wire rod system (EC26, Coatema) which was useahtool the carbon loading of
2.6-3.0 mgcn¥ throughthe slurry compsition and wire thickness of the rod. The surface
morphology obtained from the addition of the dispersion agent showed a more homogenous
structure when compared with simply using isoprogd as the dispersion agent for the ink

slurry.

Ozden et al[122] recently compared a MPL @ated using graphene powder to that of
Ketjenblack EG600JD. The MPLs ere created for a carbon loading of 2.0 mgamith a

20 wt.% PTFE loading dispersed in isopropanol followed by sonication for two hours. The
ink slurry was spray coated onto an Avcaid$3250 GDL. The throughlane permeability

of the GDMs and several psigal characteristics such as porosity, wettability, thickness,
surface area, pore volume, pore size and bulk density were determined for the two carbon
powdes. The surface areas of theo carbon powders varied significantly: 305.8grhand

1255.1 mMg? for graphene and Ketjenblack EBDOJD respectively. Surface morphology

showeda smooth and dense structure for the MPLs derived from the graphene powder as
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compared with Ketjenblack E6G00JD which showed large cracks on the surface.
Furthermore, the MPLhickness varied significantly for the 2.0 mgéearbon loading with

MPL thicknesses of 237 um for the graphene and-2@3 um for the Ketjenblack EC
600JD. The througplane permeabitly of the graphene based MPL was significantly lower

by an order of mgnitude compared with the Ketjenblack 5G0JD MPL due to the dense
packing and stack ability of graphene flakes. Lastly, the MPL with graphene powder showed
superior performance capabés (approximately 55%) under low and intermediate
humidity operatio with comparable performance to that of the KetjenblackB@ID at

high humidity conditions.

Hydrophobicity of the PEFC GDL is typically controlled with the addition of PTFE
however, there have been other materials which have been explored such iay|mtEpe
fluoride (PVDF)[123], [124]and fluorinated étylene propylene (FER®1], [125] Park et

al. [123] investigated the effects of various loadings of PVDF on electrical resistance and
gas permeabilityThe results indicated an increase in both conductivity and peiiityefiy
decreased PVDF loadings. Furthermore, surface morphology indeatdéL with few
cracks and pores and that the produced MPL had great potential to enhance mass transport
due to small pore size®ng et al[124] investigated the physical properties such as electrical
resistance, gas permeability and microstructure of an MPLhwthikised PVDF in the MPL

and two types of carbon (Vulcan X2R carbon powder and Timrex HSAG 3§@phite)

as the electrically conductive filler. The ratio of PVDF to VulcanXZR was explored for

5% and 10% PVDF. The results indicated a significamlucgon of 97.6% in gas

permeability with the increase of PVDF loading from 5 to 10%.

Lim and Wand61] investigated the effect of varying levels of FEPwt. % to 30wt. %-

in the GDL on fuel cell performance for an air breathing fuel cell. The results indicated
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higher power densities at 1@.% FEP compared with the 3@.% and this was attributed

to the substantial blocking of pores with increasing FEP loadiagk et al. [125]
investicated the effects of a FEP based MPL to a PTFE based MPL on a carbon cloth GDL.
The electrical resistance and permeability of the MPL based on FEP werly éhglet and

higher respectively and this was based on the difference in surface morphologyastiod th

FEP based MPL showed mufglwercrack formations.

Park et al[63] investigated the effect of varying levels of PTFE and carbon Igadithe

MPL on fuel cell performance. The carbon loading was varied between 0.2 and@

and the PTFE between 6% and 40% for acetylene black spray coated on to a commercial
SGL 10CA substrate. They determined the best fuel cell performance at@® waybon

loading and for 20% PTFE loading at this carbon loading which agreed witlestks
presented in a simulation study by Weber and Newjh2@] for a thin MPL layer which
directly correlates to the canbdoading. Jordan et gB2] obtained better cell performance

for carbon loadings between 1.25 to h@cm? for acetylene black wh a PTFE loading of

10wt. %.

Orogbemi et alf[127] investigaed the effects of througblane gas permeability for varying
PTFE loadings ithe MPL between 0 and 50 wtfdr five carbon loadings of 0.5, 1.0, 1.5,

2.0 and 2.5 mgcrhutilising Ketjenblack EC300J as the carbon powder which was spray
coated onto an SGLOBA substrate. The througilane permeability was found to be the
lowest at 20% for the investigated carbon loadings but was found to increase between 20
and 50% PTFHoading in the MPL. This finding was found to agree with thdB8af, [99].

The permealbty for increased carbon loading was also found to decrease as the PTFE
loading was increased from -P0%. Orogebemi et aj128] extended the work conducted

on the effect of carbon loading on throyglane permeability of GDMs. Two carbon blacks,
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namely, Vulcan XE72R and Ketjenblack EG00J were used for the five carbomdings
investigated if128]. The results indicated a decrease in threpigine permeability with
increased carbon loading for the two carbon powders with timegadility of the GDMs
coated with Vulcan X€72R being highefor carbon loadings less than 1.5 mgcrt should

be noted that these investigatiqa27], [128]involved the use of a single GDdubstrate
with no consideration of how the trends in throyméine permeability would differ for
different GDMs Furthermore, the GDL substrate used contained a fix PTFE loading. of 5%
El-Kharoufet al.[33] identified that there are significant property differences for various
commercial substrates and the authorelvek that GDL properties wouldindoubtedly

influence theihal GDM properties.

Most of the investigations thus far have only considered MPL compositions in terms of
carbon types, various carbon loadings, hydrophobic agent types and hydrophobic loadings.
GDM structures, as stated previously, can be affected Ipamatons methods such as the

ink preparation techniquesd coating techniqueghianiet al.[129] investicated the in

plane permeability and througitane resistancef MPL coated Toray TG#M-60 carbon

fibre paper focusing on the ink slurry homogenization methods. Four techniques: (i) Pulse
probe sonication, (ii) continuous probe sonication, (iii) bath saoitand (iv) magnetic
stirring were used. The results shovegghification variations in the properties investigated
due to the various morphologies derived from each technique. It was shown that bath
sonication produced achieved the highest fuel celbp@idnce. There was no indication on
how the througiplane pemeability was affected with the various homogenization
technigues, only one carbon type (Vulcan-XZR) and GDL substrate were used in the
investigations and the ratio of carbon to PTFE was tahdtant at 90%nd 10% by weight

respectively.
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Yu et al.[108] employed a dry depositidechniqueo deposit a mixture of carbon powder

and PTFE onto a Toray TGER-60 carbon substrate. Three different types of powders,
Vulcan XG72R, KetjenblackEC-600JD and Denka were investigated in terms of cell
performance with the Denka carbon powder performing the best due to the fact that its small
surface area resulted in large amounts of micropores which allowed it to facilitate gas
transport to the caltgst layer longer until its micro and mepores become filled with liquid
water. It was shown by Yu et 4lL08] that cell performance increased with a decreasing
surface area of the carbon powder used. Furthermore, the dry deposition techoigsie al
mass production of the MPL with greater repeatability as opposed to a wet method and

allows the thickness of the MPL to be controlled.

Stampino et al[110] investigated the rheology of the MPL inks and its effect on the MPL
thickness and morphologythe doctor blade technique was used for coating onto two
different carbon substratdSEAL SCCG5N carbonlath and SGL 10CA carbon fibre
substrateand the composition of the ink slurry was changed for different PTFE loadings.
Their results indicated that the rheology of the ink slurries was almost the same for different
PTFE loadings; however, the GDL morphgyohad a significant different on findMPL
thickness. Sitanggang et Hl11] developed an-y robotic spray technique to coat an MPL

ink slurry onto carbon cloth. It was shown that the technique was able to control the
thicknesses of the MPLs prockd along with the porosity. Pozio et dl14] investigated
different coating techniques used in MPL applioa in terms of feasibility, surface
morphology, permeability, cell performance. It was shown that spray coating allowed a
homogenous MPL to be created in terms of its thickness; however, approximagf%c20
materal is lost in the process of spray cogti Hand coating was not able to control the
thickness of the MPL. A cold rolling process was deemed the best in terms of obtaining a

desired thickness and surface morphology. Spray coating allowed for the highest ga
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permeability and stable performancehagh current densities. Cold rolling allowed for the

production of compact MPL structures in which permeability as a function of PTFE loading.

2.8 Sintering of the microporous layer

Sintering involves the heat treag¢nt of the gas diffusion media in affort to provide a

more homogenous distribution of PTFE such that the gas diffusion media is rendered more
hydrophobic[82], [130]. As indicated in[100], [131] the effect of sintering typically is
investigated on its effect on fuel cell performance by considering the amount of PTFE in
relation to electrical conductivity, mass transport (gas diffusion anchgability) and

hydrophobicity.

Bevers et al[100] investigated the influence of PTFE in t&®L on sintering time and
temperature. Initially, the samples were heat treated at temperatures belt@fadowed

by sintering at a desired temperature and time. Samples with different PTFE content were
investigated at a constant sinter temperatur@6f°C for twenty minutes and at different
temperatures with a constant PTFE of 180 wt.% for fifteen minutes. Even though direct gas
permeability was not directly reported, the pressure drop of gas flow over the samples was
determined. The experiments relesl that the pressure drop decreases with increasing sinter
temperatures due to the fact that increasing temperatures allow the PTFE to be dispersed
more thoroughly from the voids between fibres to the fibres themselves thus allowing the
gas to flow morefreely. Alternatively, the increase in PTFE content lead to increasing
pressure drops and this was attributed to the fact that the void between fibres become filled
with PTFE resulting in greater restriction of gas flow. It should be noted that the
experimental work conducted by Bevers et [dl00] focused solely on the effect of PTFE in

the GDL and not for MPL coated GDLs. Furthermore, the effect of sintering time on gas

permeability was not clearly represented.
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Jordan et a[82] experimentally investigated the effect of sintering on fuel cell performance
taking into consideration different carbon black types. The experiments conducted involved
sintering a Torayf GP-H-120 sample coated with a MPL of various carbon loadingsi (0.7

2.5 mgcn?) and 10% PTFE for two different carbon black types at°85fr thirty minutes.

The investigations revealed that sintering significantly affects performance of the fuel cell
at high current densities for carbon loadings between-1.95mgcn?. Two carbon types,
namely, Vulcan XE72R and Acetylene black, were used to construct the MPL. The
experiments conducted indicate that cell performance was noticeably better using &cetylen
black due to the smaller pore volume (in the range éf®um) which allowed less water

to permeate through the gas diffusion media. Furthermore, a sintered gas diffusion media,
allowed for more efficient water management by rendering the gas diffosdia more
hydrophobic, allowing the catalyst layer to be partially hydrated while maintain proper gas
transport through the layer. The effect of MPL composition on cell performance was
explored; however, no investigations were performed with regard to ddmposition on

mass transport properties. Furthermore, sintering time for the coated GDLs was held

constant at thirty minutes.

Aslam[132] experimentally investigated the effect of heat treatment of three commercial
gas diffusion media (SGL 10CA, Toray T&R60 and SGL 10BCpn throughplane
permeability The temperatures investigated @200, 500, 800C for SGL 10CA and Toray
TGP-H60 and 200, 500, 800 and 1000 for the MPL coated sample SGL 10BC. The
throughplane permeability was found to increase with increasing temperatures up’® 800
which was due to the reduction in PTFE on saeface of the fibres as the temperature
incremented. For temperatures up to 8Q0 the througkplane permeability increased for
SGL 10BC; however, there was a significant reduction in the permeability for the

temperatures 800C and 1000°C. SEM images mdicated that at 1000C, the surface
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morphology changed when compared to lower temperatures showing that the entire surface
seemed to be less porous and the size of the cracks of the MPL surface were shown to be

smaller which could explain the nection n permeability.

Orogbemi et al[128] investigated the effect of sintering by experimentally comparing the
throughplane gas permeability of MPL coatedGs befae and after sinteringhn MPL
consisting of two different carbon black types (Vulcan-XZR and Ketjenblack EG00J)

for five carbon loadings (0.5, 1.0, 1.5, 2.0 and 2.5 mf)anith a constant PTFE loading of

20% were spray coated onto a SGL 10B#bonsubstrate. The samples were first heat
treated for at 120C for one hour, 280C for thirty minutes and then sintered at 3&0for

thirty minutes. The results indicated that sintering decreased the thptarghpermeability

of the gas diffusiomedia ad the general trend was to be invariant of the carbon black type.
It was indicated that sintering caused a s
in the MPL thereby reducing mass transport resistance. It was also shown that depending o
the cabon black type, at low carbon loadings, samples coated with Ketjenbla@0G&L

were found to show a greater reduction in permeability due to the larger fraction of micro

pores when compared to Vulcan X2R.

Lo et al [133] and associatdd34] experimently investigated the effect of sintering time

on gas permeability. Toray TGR-90/ Toray TGPH-120 carbon paper was chosen as the
GDL onto whichanMPL consisting of Triton carbon powder, PTFE and isopropy! alcohol
as a pore former. The MPL was scrapeddhe we-proofed (20% PTFE) carbon paper,
dried at 80°C for one hour and finally sintered at 38D for one, five, nine and thirteen
hours. The results showed that the gas permeability, measured with a capillary flow
porometer, showed that increasing shrgering time resulted in an increase in throygjaine

permeability and cell performance; however, there was only a slight increase in permeability
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from the nine hour to thirteen hour measurements which both showed increases in cell
performance when comaped toa sintering time of one or five hours was not specifically
stated which G assembly was used to investigate the effect of sintering time on gas
permeability; however, the author believes that a GDL/MPL assembly consisting of Toray
TGP-H-120 was usedsathe base GDL with 20% PTFE loading and the MPL consisted of

40% PTFE lading with a thickness of §4m.

It should be noted that the results presentdd33] contradict the results damined by
Orogbemi et al[128] such that the later indicated a decrease in permeability with sintering
however, it is difficult to compare both of these results since different carbon powder types
and MPL application techniques were used. Furtberme ,  Or [@28]lwanctusi@n shat

that sintering results in a reduction in permeability was based on a thirty minute sintering
time. The effect of sinterinime on througkplare gas permeability for MPL coated GDLs

is still unclear as reported above. Further experiments are therefore required to verify the
findings reported in the literature. As such, the effect of carbon powder type and PTFE

loadings in theMIPL are investigatewith regard sintering times in this thesis.

2.9 Summary

Water and gas management remains a challenge in PEFC operation. In order to overcome
the concentration losses in the PEFC, these issues need to be resolved and can be by
optimization of the porous agponents of the MEA. This chapter provides a thorougiewev

of history, operations principles and functions of the porous media in the PEFC literature.
The focus of this review was primarily on two major components of the MEA which
comprises the GDL and RL. Emphasis was placed on fabrication and composititmest

two layers, particularly, on how gas permeability was affected by the materials and

techniques used to produce these layers. Also, a thorough review of the experimental
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measurements of gas perability was provided. Finally, the review helped toniifg the

gaps in the literature and determined the technical objectives of the subsequent chapters of

this thesis as shown in Figuzes below.

Technical Objectives
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Chapter 5
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of sintering time on GDM
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carbon types.
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permeability
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- To investigate the surface
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mixtures
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Chapter 6

- To investigate the
effect of ink
homogenization on
GDM throughplane
permeability.

- To investigate the
effect of ink
homogenization on
surface morphology.

-To investigate the
effect different carbor
types on ink
homogenization

Figure 2.6 Technical Mjectives of thesis.
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Chapter 3

Materials and Methods

3.1 Introduction

This chapter details the techniques used, research methodology, materials and data analysis
used in order to determine the throyghne gas permeability of PEFC porous media,
mainly, the GDL and the MPL. The resdamethodology is simple and can divided into

three main steps, as follows:

1. Prepaation of thesample
2. Measurenent ofthe throughplane gas permeability before and after coating the MPL
onto the GDL

3. Analysis of the esults obtained.

Similar to many author82], [99], [102], [127], [128] an inhouse experimental setup was
used to measure the pressure drop across the sample, after which the-planagias
permeabity could be obtained. The schematiagram shown in Figure 3.1 identifies the

porous layers under investigation in this thesis.
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Figure 3.1 Schematic diagram showing the porous media under investigation.

The full experimatal approach adopted was similathat performed if127], [128] and
can be described fully in Figure 3.2. The general proceasdesied in Figure 3.2 were used

to investigate the following characteristics:

1. Carbon Loading with two different carbon blacks, namely, Vulcar72 and
Ketjenblack EC300J.

2. GDL and MPL thickness.

3. MPL composition.

4. Penetration of the GDL into the MPL.

5. Sintering times.

6. Dispersion technique, the, bathsonication versus magnetic stirring.
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Figure 3.2 Flow diagram illustrating the steps involved in the preparation process of the

MPL.

3.2 Materials

ﬁ

Setup samples to be coated
on to the heating plate

This section describes thwaterials used in the investigat®of the througkplane gas
permeability of the porous media in PEFC. Seveoshmercialgas diffusion layers were
used in thanvestigatios. The following GILs (1-7) and GDMs (89) were used in this

thesis:

1. Toray TGRH-120.

2. Toray TGRH-90.
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3. Toray TGRH-60.
4. SGL 10CA
5. SGL 10DA
6. SGL 10EA
7. SGL 35BA
8. SGL 10BC

9. SGL 10BE

In each investigation, for example, preparation of an MPL with a carbon loading of 1.0
mgcni?, the carbon fibre sheets were from the same bafaeble 3.1 indietes the
manuactured slata for eachsubstrate obtained froBGL Carbon GmbH, Meitingen,

Germanyand Toray InternationalK.

Table31lManuf acturerdés data for the gas diffusi

Gas Diffusion Physical Parameters

Layer/ Gas ) ) ) )
Thickness  Areal Weight  Porosity (%) PTFE loading

Diffusion Media

(um) (gm?) in GDL (%)
Toray TGRH-120 370 - 78 5
Toray TGP-H-90 280 - 78 5
Toray TGRH-60 190 - 78 5
SGL 10CA 400 90 - 10
SGL 10DA 400 100 - 20
SGL 10EA 374 112.9 - 30
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SGL 35BA 300 54 - 5

SGL 10BC 415 135 - 5, 2025

SGL 10BE 367 139 - 5, ~5@

2Indicates the PTFE loading in the MPL

The microporous layer was constructed using two different carbon black powders, namely,
Vulcan XG72R (Cabot Corporation, USA)nd Ketjenblack E€300J (AkzoNobel,
Netherlands). The physical properties such as pore volume, bulk density, surface area,
partide diameter, pH and volatile content allowed the author to investigate the difference in
throughplane gas permeability using awdistinct carbon black powders as well as a
combination of both, that is, a composite mixture. Table 3.2 compares the défenenc

physical properties of the two carbon black powders.

Table 3.2 Physical properties of carboralsk powders provided by the manufacturer.

Properties Ketjenblack EC-300J Vulcan XC-72R
Pore Volume (ml/100g) 310345 178
Apparent bulk density (kgr) 125145 20-380
Surface Areas (Agh) 950 254
Particle Diameter (nm) 30 30
pH 9.010.5 2-11
Volatile (by weight % max) 1.0 2-8
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Two other materials were necessary in the preparation of the microporous ldyediny

agent was necessary to hold the particles together. Polytetrafluorethylene (PTFE) was used
as the hydrophobic binding agent;g®ia Aldrich, UK PTFE with 60 w6 aqueous
dispersion emulsion was used. Isopropanol was used as a dispersant foruheanckvas

also supplied by Sigma Aldrich W29298KG-K, UK with a 99.7% concentration. These

three materials, that is, carbon black powder, PBEAd isopropanol were used in the
preparation of the MPL ink slurry to be coated onto the GDLs and the pradese

described in a later section of this chapter.

3.3 Methods

The process of applying a microporous layer to the GDL through the use ofapanous
ink slurry was adopted frofti27], [128], [135]. A similar procedure was used here to create
anMPL with three different carbon loadings: 0.5 mggr.0 mgent and 2.0 mgcm. The
concentration of carbon black to PTFE was kept constant such that each mirtareezb

80wt.% carborpowderand 20wt.% PTFE.

3.3.1 Microporous layer ink slurry preparation

The process of creating the MPL ink slurry is described in this section. In order to determine
the amount of carbon and PTFE needed to create the ink, thefreditoon powder to PTFE
needs to be choseln this case, the experiments conducted in this thesis all uset980
carbon powder and 20t.% PTFE. It was necessary to determine a mass for carbon black
powder and PTFE for each carbon loading, that Bsp@cm?, 1.0 mgen? and 2.0 mgcer.

A sample calculation for a carbon loading of 0.5 mgarsing an 8Gwt.% carbon and 20

wt.% PTFE is shown below. Also, it should be noted that the calculations were based on

applying an ink mixture to six (6) sample
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Therefore, 45.62ng carbon black powder and 18.22 mg PTFE were mixed to coat six

samples. Table 3.3 summarises the amount of carbon black powder and PTFE needed for

the following loadings 0.5 mgcf 1.0 mgen? and 2.0 mgcm.
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Table 3.3 Amount of carbon black powder and PTFE needed by weight for MPL ink
slurry.

Carbon loadings (mgcny)
Quantities
0.5 mgen?? 1.0 mgcm? 2.0 mgen?
Carbon needed 45.62 91.24 182.48
(mg)
PTFE (mg) 18.22 36.44 72.88

After determining the theoretical weight of carbon powder and PTFE needed for a specific
carbon loading, a calibrated scale (Denver Instrument with a calibration certificatdbteace

to International prototype kilogram through NISCTE0901-011, M, 2460887, Denver
Instrument Germany) was used to measurenthssof each substance. Once the desired
massesvere achieved, isopropanol was added to the {hi&stenixture consisting othe

carbon powder and PTFE. The solution was then manually mixed, folloywduhth
sonication for three hours to form a homogenous solution with the use of an ultrasonic bath
(Ultrawave U300H, Ultrawave, UK). Bath sonication for all experiments througtios

thesis, were conducted using the abmantioned ultrasonic bath fon aperating frequency

of 44 kHz andan isothermab at h t e mp e r. he procedure flescdb@d above is

illustrated in Figure.3 (ad).
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Figure 3.3 (a) Carbon powder needed by wt.%, (b) PTFE needed By, \d) Pastelike
ink slurry and (d) Ultrasonic bath used to prepare a homogenous solution.

It should be noted that for any given carbon loadiogexample, it was not always possible

to achiee the exact estimate of carbon powder or PTFE neeslesh@wnin the data
recorded in thé\ppendicesFigure 3.3llustrates the ink preparation in order (a) to. @ix

(6) samples were used for each carbon legdior the following samples:)(foray TGRH-

120, (ii) Toray TGPH-90, (iii) SGL 10CA, (iy SGL 10EA and\{) SGL 35BAin Chapter

4. Toray TGPH-60 and SGL 35BAsamples were used in the investigation involving
sintering times and dispersion technique; a total of eight (8) samatégfour for eab
carbon powder under investigation, that is, Vulcan KR and Kegnblack EC300J) were

used for a carbon loading of 1.0 mgéonly in Chapter 5SGL 10BC and SGL 10BE were
used in investigations of sintering time for different PTFE loadings in the KéRL(4) of

each substrate were sinter@dotal of sixteen(16) samples of SGL 10DAnd Toray TGP

H-60 were usedin Chapter 6in the investigation of dispersion techniqlathsonication
versus magnetic stirring) for a carbon loading of 1.0 m§¢eight samples were used for
each carbon black under investigatitmat is, four samples were coated for each dispersion
techniqué. The investigations into the impact of sintering times and dispersion technique on
the throughplane permeability will be deuissed later in this chaptérhe actual carbon
loadings for the &rious samples with the mean and 95% confidence interval around the

mean valuare recorded in the Appendices for the results from Chapter 4, 5 and 6.
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In order to determine the theoreticalass of carbon powder and PTFE combination
necessary to obtain tiearbon loadings shown able 3.4 the following sample calculation

is performed:
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The value 3.169 mg is the theoretical mass of the ink slurry coated onto the GDL substrate
which mustbe added to the mass of GDL substrate in order to achieve a carbon loading of

0.5 mgcn?. Tabke 34 summaries the theoretical mass of carbon power an& BoHition

necessary to achieve the carbon loadings of 0.5 Mgtr@ mgent and 2.0 mgcr.

The sample calculation given below illustrates how the actual carbon loading of a sample

wasdetermind:
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Table 3.4 Actual mass of carbon powder and PTFE needed to obtain the expected carbon
loading.

Carbon loading (Mgen™) gy hected mass of carbon powder anBTFE needed to

achieve theappropriate carbon loading (mg)

0.5 3.169
1.0 6.336
2.0 12.72

3.3.2 GDL pre-processing

Preprocessing of the GDLs involved measuring the thickness, permeability (equipment
used to measure the permeability is discussedatea section of Chapter 3) and mass of
the bare substrates before application of the MPL ink slurry. Six (6) samplesutdrom

the master sheets; samples were circular with a diameter of 25.4 mm. The thicleaets of
sample vasmeasured at four (4ptations equally spaced across the sample with thefuse

a micrometre (See Figure 3.4fter which, the average thiclsge of the samplewas
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determined. SEM (Scanning Electron Microscopy) images were also taken for the bare
substrates in order to studyetburface morphology before the samples were coated with the
MPL ink slurry. The model of the scanning electron micrpsassed was I8 JSM-601LA

as shown in Figure 3.5

micrometre

GDL sample

Figure 3.4 Micrometre used for measuring the thickmes$ the GDL samples before and
after coatind136].

Figure 3.5 Scanning Electron Microscope used for image processing.
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3.3.3 Application of the microporous ink slurry to bare GDL substrates

After pre-processing of the bare substrates, the samples were mourdetfegdting plate,
as shown in Figure 3.6 he temperature of the heating plate was set ti€ 8this allowed
the volatile components of the ink slurry to be evaporated quickly. Theumk was applied
to the bare substrates with the use of a spray(Badger 100" LG, USA). A nitrogen gas
supply was attached to the spray gun in order to apply the MPL ink slurry to the uncoated

samples.

Figure 3.6 Heatirg plate showing the coated six samples.

Once the achieved mass betcoated samples was determined, that is, the addition of the
initial mass of the uncoated samples to the values provided in Tdbler 3ach carbon
loading, the permeability of the coated samples were then measured withhibesen

permeability setup.
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3.3.4 Gas Permeability Setup

The throughplane gas permeability of the sampleas measured using an-lmouse built
experimental setupAs discussed by Blanco et. §137], the majority of gperimental
techniques used to measure the threpigime permeability of the gas diffusion media in

PEFC mainlyreport#th vi scous permeability coefficient
discussed in more detail in Section 3.3.5. The thrqaplghe pemeability setup, described

in this section, was employed [32], [99], [127], [128], [132]. The appoach used was

similar to that adopted from Gurau et[84] and discussed in detail in Blanco and Wilkson

[137]. Figure 3.7shows the actual experimental setup usadeasuring the througblane
permeability of the GDM investigated in this thesis;Ufg3.8shows a schematic view of

the experiment.

: ' : : . .
l ‘ ) * Mass flow meter

» Upper Fixture

Mass flow

controller
Differential
pressure sensor

Voltage Multimeter Lower fixture
meter

Figure 3.7 In-house gas permeability setup used to measure the thpbagh
permeability of the GDM.
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Figure 3.8 Schematic diagram of the experimental s¢8#), [99], [127],[128], [132]

The inhouse experimental setup consists of an upper and lower fixture used to fab#itate t
nitrogen gas flow through the sample, which is positioned betwedixtines as shown in

Figure 39.
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Figure 3.9 Image of the lower fixture without the sample (L) and with the samples (R)
[60].

As stated in section 3.3.2, the samples are circular with a diameter ofi@5 Hdowever, the
actual diameter of the sample exposed to the gas flow im0 The sensitivity of the
samples to compression on the outiecumferential as a result of clamping of the upper
fixture to the lower fixture &s investigated by Ismd80] and was found to have a negligible
effect on the througblane permeability. The gas leakage through the narrow gap between
the upper and low fixtures was alsnvestigated by Ismail60] and was found to be

negligible.

Eight (8) equalf spaced flow rates controlled by the flow controller (HE@2 Teledyne
Hastings, UK) with a range of 0.0 to 0.5 SLPM were used in conjunction with a differential
pressure sensor (PX 653 Omega, UK) with a range of + 12.5 Pa, to deterlt@ige smnals

for the different steadgtate flow rates. These voltage signals measured by the multimeter
were used to determine the pressure gradient across the samples. Also, temperature and
pressure were measured and recorded for each experiment.noticasl that th pressure

drop across the carbon substrates were considerably lower than the coated substrates.
Furthermore, for the carbon loadings 1.0 mgand 2.0 mgcm utilising the carbon powder

Vulcan XG72R on the Toray TGIPI-90 and Toray TGMH-120 samples exeeled the range

of the pressure sensor used; as a result, eight (8) lower, equally spaced flow rates were used.

The analysis of the data is discussed in more detail in the next section.
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3.3.5 Data Analysis

Manufacturers of carbofibre papers or carbon clo$ normally give the througblane
permeability of these materials in the manu
not always specified as throughane permeability. Commercial instrumergach as
permeameters and Gurley method instrumeanésused by manufacturers to specify the
permeability of the samples. Manufacturers tend to report the permeability with the units in
cmPem?st; however, the more fundamental unit for reporting the pebitigais given in

m? which can be obtained by ugin Da r ¢ y90]s[13T]. a w

The viscous resistance to fluid flow is the major cause of thespre gradient across the

porous media for singlehase flow at low fluid velocities (Reynolds number < 3 in this

case). A linear relationship is created between the volume averaged fluid velocity and
pressure gradieni32], [99], [137}[139]. Darcy 6s | aw i s expressed

Equation 3.1.

(3.1)

whereo is the superficial gas velocitif) is the gagphase permeability, is the gagphase
viscosity,0 is the gagphase pressure gradieft, is the gagphase density andfis the

gravitational constant. Neglecting gravity, Equation 3.1 can be &squleas follows:

In the case of high fluid velocities, the inertial resistance to fluid flow caused by the

acceleration or deceleration of the fluid through the tortuous path of the diffusion media
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become more signification and as such, an additional term is introduéegli#bion 3.1.

This additional term is called the n@arcy or Forchheimer term.

W =6 1" 066 (33)

The first term in Equation 3.3 is the Darcy term Bnds the gas phase inertial coefficient

[32], [99], [137] For the purposes of this thesis, Equation 3.1 can be simplified to:

Vo
5 (3.4)

0 Q

whered is thethickness of the sample. Further to tliis,can be determined as follow:

CH

b (3.5)
« 0

T
wherel is the volumetric flow rate ari@ is the diameter of the sample exposed to gas flow
[127], [128] [132] The gas permeability of the bare carbon substrates was determined by
fitting the experimental data of the pressure gradient across the subdtratiiuiol velocity.
The MPL permeability was estimated by utilising an equation derived frona¢héhht the
pressure gradient across the GDM (GDL and MPL combined) is equal to the sum of the

pressure gradient across MPL and GDL, such that:

~

Yo Yo Y0 (3.6)
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whereY0 Y0 andY0 are the pressure gradient across the entire coalstrate,
the microporous layer and the gas diffusion layer respectively. Substituting Equation 3.6 into

Equation 3.4 yields the following equation:

) 5 ) 5 ) 5 (3.7)
Q Q Q
whered , 0 and 0 are the thicknesses of the coated substrate, MPL and GDL

substrate respectively af@ ,Q andQ are the gas permeability values of the coated
substrate, MPL an@DL substrate respectively. Equation 3.7 can be rearranged to solve for

the permeability of the MPI'Q , such thaf32], [99], [127], [128]

. o (3.8)

The thickness of the MPID, , was determined by subtracting the thickness of the carbon
substrate) , from the total thickness of the GDM, as used by Gurau et {§94]. In

order to minimise uncertainties in the permeability measurements cauiethe average
permeabilitywas determinedwith error bars which represented a 95% confidence interval

across the mean.

3.3.6 Uncertainty and Error Analysis

Experimental measurements conaakcin this thesis focused on the thickness and through
plane permeability of the substrates before and after application of the MPL, the percentage
reduction of the througblane permeability of original subate after application of the

MPL and the actdacarbon loadings in the MPL. Measurement errors were redusiag

several samplesnd the mean and standard deviation obtained with drapssepresenting
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the 95% confidence interval about the meBme folowing steps were performed in order

to deternme the 95% confidence interval about the mid&@]:

1. The meanajof a set oft observationsvas determine@for exampleg  @for six
samples of whicla gagpermeability measuremewasobtaineq.

o B (3.9)
VQwey ——

2. The standardieviation,i ®, for the 95% confidence interval i®rmined from

the following equatios

| B o o (3.10)
| W
€ P
l E p i (3.12)
P VE

where ¢ p represents the degrees of freeddiQJQ "Qvas obtained from a
St u d edmstridutsontable[141]for & observations minus the number of calculated

guantities
3. The maximum and minimum values of the etvarswere represented as follows:
DQuel |
3.37 Sintering or heat treatment experimental setup

The heat treatment of samples wagied out in Chapter 5, with the use of a cylindrical tube

furnace (VCTF, Vecstar Ltd, UK) and a nitrogen supply controlled byw tontroller
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shown in Figure 3.1(elow. The furnace was set to three different stages:°C2for one

(1) hour, 28C°C forthirty (30) minutes and the final stage was set to°85for the following

times: thirty (30) minutes, two (2) hours, four ®urs, six (6) hours and eight (8) hours, in
order to investigate the sintering time on throgpigme permeability. The nitrogesupply

was set to 2 Litres per minute with the help of the flow controller. After each timed stage in
the final sintering step, the gas permeability of the coated sarfgiéwp different carbon
blacks (Vulcan XC72R and Ketjenblack EG00J) with the arbon loading held at 1.0
mgcni?, were measuredA total of eight (§ samples for the following substratéfsur
samples per carbgmowdertype) (1) Toray TGPH-60 and (2)SGL 35BA. The effect of
different levels of PTFE in the MPlor various sinteringines wasinvestigated using two

(2) commercial samples: (1) SGL 10BC and (2) SGL 10BE. The commercial samples were
alsoheated fothirty (30) minutestwo (2) hours, four4) hours, six (6) hours and 8 (hours)

and the permeability was measured during esiep. For the investigations involving the

use of the furnace, four (4) samples were used and the mean permeability and 95%
confidence intervahcross this mean were repdt Samples were positioned in a glass

crucible with the MPL side of the GDM facingwards before placing them into the furnace.
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Nitrogen mlet

Mass flow controller

Temperature and timing controller

Figure 3.10 Cylindrical tube furnace for sintering.

3.38 Calibration of mass flow controller

The mass flow controller HFC-202 Teledyne Hastings, UKyas calibratedn [136] for

several set points on the controll€his was abieved by measuring the time (t) taken (in
seconds), using a stopwatch, for a soap film to travel between a set distance (two marked
positions) indicated on a cylindrical tuthe time taken to move between the two marked
positions was repeatdive timesand the average time recordé&tie soap film was produced

by squeezing a rubber bulb (which held a solutiosoaip watérin order to create bubbles;
several bubbles were formed until a wieltmed bubble film was achieved.ftrogengas

suply, attachd to the tube inlet above the bulb, was necessary to move the soap film
between the two marked positions after which the gas was vented through trendpdn

outlet. Figure 3.11 illustrates the calibration equipment used. The volumetricaflew r

wasthen determined for each set point and calculated using the following equation:

AN B! (3.12)
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wherewis the volume of the cylindets |, dis the time takeni for the soap film to move
adistanceQ & andi & is the radius of the cylindrical tub&he actual volumetric flow
rate 0 , was corrected for variations in temperature and pressuteonverted to litres

per minute (multiplied by p 1) as follows[138]:

0 3.13
o pn B

~
[\ g

\ n v royor I AN A4 i il "Y
O 0o ®dd 6iaWm & (OIQ A

where"Yis the standard temperature (273.15 K)is the standard pressure (1013.25 mb),
"Y is the temperature of the roof®95.65 K) determineffom a thermometer anal  is
the room pressure (1015 mb) recorded on the day of the experiment, determined the BBC

weatherVariations in the recorded temperature and pressures were found to be negligible.
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Figure 3.11 Experimental setup used to calibrate the mass flow contfhBéi.



8 y = 1.0429x + 0,1234
R2=0.9999 .-

7 ‘

Volumetric flow rate (I min-1)

0 1 2 3 4 5 6 7 8
Set point on flow controller

Figure 3.12 Mass flowcontroller calibration curve used to determine the pressure drop

across the samplgd.36].

3.4 Summary

This chapter presents the materials, methodology and research techniques used to measure
the througkplane permeability and investigate the surface morphology of the porous media

in PEFC. The experimental techniques used to measure the thickness and preparation of the
MPL to the GDL were also presented along with the heat treatment protessasstigate

the sintering timen throughplane permeability.
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Chapter 4

Effects of gas diffusion layer substrate structure and PTFE
content on the throughplane permeability of PEFC porous

media

4.1 Introduction

GDM fabrication typically describefi¢ altering of the GDL substrate by thedition of a
hydrophobic material such as PTFE or the addition of a thin layer referred to as a MPL which
consists of carbon powder and a binding agent such as &Tei#h[80], [81]. The physical
properties of this thin layer are determined from the type, loading and particle size of the
carbon powder used in conjunction with the type of hydrophobic agent, such that, the former
controls the surface morphology and the later the porpepties[78], [80]. There are
numerous studgein the literature which focus on MPL composition on the performance of
the fuel cell[55], [61], [63], [82], [108], [109], [113], [115], [117]}119]i [121], [126]
Furthermore, there are many inveatigns on the MPL which can be characterized by the
type and loading of the hydrophobic agent ygdd, [63], [117], [118], [123][125], [127],

[128] and the type and loading of the carbon powder (88} [63], [82], [109], [113],

[115], [116], [127], [128]

Passalacqu et al.[55] investigated different carbon blacks with different surface areas for
varied carbon loadings of 2.5 to 5 mgéon a Toray TGRH-90 carbon paper. Their results
showed that Shawinigan Agéne Black (SAB) performed the highest due to a highes po
volume and lower pore size. Antolini et Hl15] comparedfor a single carbon loading of

3.0 mgcn the effects of a triple layer GDM consisting of SAB and Vulcanr2@R on cell
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performance. Cell performance was optimized at high pressures with the use of Vulcan XC
72R in the MPL positioned on the catalyst sided $AB on the gas side. Han et[4l17]

reported that an optimum carbon loadings exists by exploring various PTFE loadings for a
carbon loading of 6 mgcriwith Vulcan XG72R used as the carbon powded déhe effect

of various carbon loadings of@mgcn? for a fixed PTFE loading of 4@t.%. The results

in [117] revealedhat low carbon loadings results in lesgive catalyst sides, an increased
carbon loading resulted in high catalyst utilization and management and excessive carbon
loading reduces porosity and leads to concentratiormatentials. The impact of increed

PTFE loadings affected the performanm the ohmic and mass transport polarization
regions by affecting the contact resistance between the GDM and catalyst layer and reduces

porosity of the diffusion media.

Park et al[63] also determined an optimum carbon and PTFE loading by varying the carbon
loading of acetylene black between 0.2 and 2.0 nmigand PTFE loading between 6 and 40
wt.%. The results showed a low carbon loadindd& mgcn? and a PTFE loading of 20

wt.% had the best performance and the results were in agreement with those of Weber and
Newman[126]. Jordan et a[82] investigated fuel cell performance by considering different
carbon types (Acetylene black and Vulcan-XZR for carbon loadings between 0.7 and 2.5
mgcni2. The investigations indicated arcieased cell performance at high current densities

for loadings between 1.25 and 1.9 mgcfor acetylene black which had a smaller pore
volume which allowed it hinder water permeation through the diffusion medistwh

maintaining sufficient hydration dhe catalyst layer.

One of the key properties of the PEFC porous media is its gas permeability as it describes
how effective the convective gas transport is within the porous regions of the fuel cell. As

such, thes@orous media, namely the GDL and MPL need to effectivelyodstnate high
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transport properties to allow gas to be transported to the catalyst layer while minimising
concentration lossed03]. There have been numerous estigations[32], [93], [102]i

[104], [106], [107], [127], [128], [142], [94]101] into the gas permeability of the PEFC
porous layers; however, very f¢t27], [128]have looked at the effect of microporous layer

composition on througplane gas permeability.

Orogbemi et al[127], [128] investigated the effect of througitane permeability for various
carbon loadings and various PTFE loadings for two carbon black types. The tptangh
permeability was found to be the lowest at\#0% PTFE for the investigated carbon
loadings butvas found to increase between 20 anavb® PTFE loading in the MPL. This
finding was in agreement with that {82], [94]. The permeability for increased carbon
loading was ao found to decrease as the PTFE loading was increased fr@athvitC%.
Orogebemi et a[128] extended the work conducted[ir27] onthe effect of carbon loading
on throughplane permeability of GDMs. Two carbon blacks, namely, Vulcan72R and
Ketjenblack EC300J were used for the fivearbon loadings investigated jh28]. The
results indicated a decrease in throydgme permeability with increased carbon loading for
the two carbon powdersith the permeability of the GDMs coated with Vulcan -X€R
being higher for carbon loadings less tiaB mgcn¥. The investigations conducted by
Orogbemi et al[127], [128]were based on a single GBubstrate, SGL 10BA. E{harouf

et al. [33] reported the througplane permeability of many commercial substrates with and
without a MPL and indicated how newmoven carbon fibre papers vary in structural
configurations, namely, straight mevoven or feltspaghettinonwoven. Based on the
investigations conducted [B3] it is evident how the properties of variosigbstrates differ

tremendously.
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The focus of this chapter extends the work conduct¢ti2i], [128]to include the impact

of different structured GDLs on the throughane gas permeability of the GDM and to
investigated the effects of PTFE loading in the GDL on the overall GDM permeability. Two
carbon black, namely, Vulcan X&2R and Ketjenblack EG00J are used for various
carbon lodings and the impact on the gas permeability before and after applicaton of
MPL are investigated. Througtlane permeability of the MPL is compared for the cases
with and wthout consideration of penetration into the GDL. SEM images were used to

investgate surface morphology and MPL thickness.

4.2 Materials and Methods

An in-house gas permeability setup was used to determine the thptaughpermeability.
Preparation of th samples and data analysis used in the investigations was described
previouslyin Section 3.3. The througblane gas permeability was investigated for six (6)
samples coated (for each carbon substrate) with two different carbon powders (Vulcan XC
72R andKetjenblack EG300J) for three carbon loadings of 0.5, 1.0 and 2.0 rfgdine
composition of the MPL for each carbon loadings was kept constant wat.@&0carbon
powder and 2@vt.% PTFE. Several commercial GDLs were chosen as the base substrates
for thisinvestigation. The newoven straight carbon fibre papers utilised wémay TGR

H-90, Toray TGPH-120 and SGL 35BA,; the fepaghettitype carbon fibre papgused

were, SGL 10CA and SGL 10EA. SGL 10CA and SGL 10EA were used to investigate the
effectsof different PTFE loadings in the GDL on thgiuplane permeability oGDMs.

Lastly, SEM micrographs were used to determine the surface morphology and MPL

thickness to determine the impact of neglecting the penetration of the MPL into GDL.
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4.3 Results ad Discussion

4.3.1 Throughplane gas permeability of gas diffusion layesubstrates

The throughplane gas permeability of the GDL substrates listed in Table 4.1 were
determined initially, before application of a microporous layer onto the substrate. Gas
permeability was estimated experimentally by fitting the data, determireed the
dependence of fluid velocity on pressure drop, to Eq. 3.4. The thpagh permeability

and thickness of all uncoated GDL substrates under investigation are presentdd thT.a
The listed values represent the mean and 95% confidence intiemtsl for the gas
permeability and thickness of thirgrx samples. Figure 4.1 illustrates the relationship
between the pressure gradient across the substrates to the fluid wededity the estimation

of the gas permeability of the samples. Figugshows the pressure gradient as a function
of fluid velocity for each individual GDL with the error bars representing the 95%
confidence interval for the samples used. The lineafityhe pressure gradient to fluid

velocity relationship for the samplasv est i gat ed, | ust i giveeis t he
Equation 3.4 %— —6 ; where Q is the gagphase permeability, is the nitrogen

viscosity,0 is the gagphase pressure gradieat, is thegas velocity and is the thickness

of the sample
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Table 4.1 Throughplane permeability of tested GDL substrates.

Permeability Thickness
GDL substrates

(14 (14

Toray TGRH-090 6.906 + 0.125 291.181 + 0.839
Toray TGP-H-120 5.701 +0.130 358.333 +1.831
SGL 35BA 39.867 +0.797 294.549 + 1.686
SGL 10CA 21.856 + 0.456 353.750 + 5.205
SGL 10RA 18.772 £ 0.972 376.354 + 6.431

77



7.00E+03
—&— Toray TGP-H-120

600E+03 +TOI’ay TGP-H-O9O

. —e—SGL 35BA
E 5.00E+03 ——SGL 10CA
?E’ —Xx—SGL 10EA
& 4.00E+03
©
o
O
o 3.00E+03
>
7
© 2.00E+03
o

1.00E+03

0.00E+00

0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03

Velocity of flowing gas (mst)

Figure 4.1 Experimental data for the pressure gradient as a function of fluid velocity for
the GDL substratesgsed.
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Figure 4.2 Experimental data for pressure gradient as a function of fluid velocity for (a)
Toray TGRH-120, (b) Toray TGRH-090, (c) SGL 35BA, (d) SGL 10CA and (e) SGL
10EA showing the 95% comwfence interval for each sample

Comparison of thehroughplane permeability of the GDL substrates to the available
literature shows good agreement. Ismail ef#llmeasured the throughlane permeability

of SGL 10CA (10% PTFE) and SGL 10EA (30% PTFE) tocb& p m m? and
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¢ @& p 1 m?respectively. Previous studif], [100], [L01]have shown a decrease in
throughplane permeability with increase in the amount of PTFE due to the partial
occupation of the pores by the PTFE patrticles which subsequently leads to a reduction in the
porosity ofthe medium. This trend is reiterated in the present study. It should be noted that
eight of the SGL 10EA samples, in this study, cut from a different sheet showed through
plane permeability within the range@ ¢ &® p T m? This emphasizes the
variablity of samples between different sheets, which may be a result of fabrication
uncertainties as suggested3a]. Gostick et al[102] reported a value afgo w p T m?

for Toray TGPH-90 and Mangal edl. [107] reported a value ap p 1 m? for Toray
TGP-H-90 in the througiplane direction for samples with 0% PTFE compared to the 5%
PTFE loading in the samples used in this investigation which would explain the reduction in
permeability as shown in Table 4.2. Toray T80 and Toray GP-H-120 are structurally
similar and the reduction in permeability of Toray FTEP.20 was due to the increased
thicknesq102]. Williams et al.[104] tested the througplane permeability of Toray TGP
H-120 and obtained a wa of & w p m m?2 El-Kharouf et al[33] reported values of
o pm m?,o8m prn mfanduv @ p it m?for Toray TGRPH-090, Toray
TGP-H-120 and SGL 35BA respectively. SGL 35BA shares is similar structure to that of
Toray TGRH-090 and Toray TG#M-120; they are all categorized [83] as norwoven
carbon papers with straight fibres. The significant difference in thrplagte permeability

was due to increased porosity due to lower bulk density and increased pore diambé&ers of t
SGL 35BA samples as reported88]. Figure 4.3shows the SEM images of the base carbon

substrates used in this study.
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Figure 4.3 SEM micrographs for (a) Toray T&GR-120, (b) Toray TGRH-090, (c) SGL
35BA, (d) SGL 10CA and (e) SGL 10EA.
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4.3.2 Throughplane gas permeability of Gas Diffusion Media

The througkplane gas permeability of GDMs was investigated in this section for two carbon
black types, namely, Vulcan XZ2R and Ketjenblack EG00J. The MPL composed of

20% PTFE and 80% carbon black which was held constant for three carbon loadings, 0.5
mgcm?, 1.0 mgm? and 2.0 mgcm. This MPL composition value has been widely used in
previous studies in the literature namgiy 3], [144] Gas permeability of the GDMs was
calculated similar to that of the bare substrates with the use of equation 3.4. Mgnd 4.
Figure 45 shows the pressure gradient as a function of fluid velocity for the various carbon
loadings and thedifferent substrates for samples coated with Vulcan-728 and

Ketjenblack EC300J respectively.
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Figure 4.4 Experimental data for the pressure gradient as a function for fluid velocity for
substrates coated ngi Vulcan XG72R, (a) Toray TGMH-120, (b) Toray TGHH-90, (c)

SGL 35BA,

(d) SGL 10CA and (e) SGL 10EA
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Figure 4.5 Experimental data for the pressure gradient as a function for fluid velocity for

substrates coaleusing KetjenblackEC-300J, (a) Toray TGIM-120, (b) Toray TGHH-90,
(c) SGL 35BA, (d) SGL 10CA and (e) SGL 10EA.

It should be noted from Figure4 that the pressure gradient increases with the increase in
carbon loading for a given velocity. This treisdseen for both anrwoven straight fibre
carbon papers (Toray T@R-120, Toray TGFH-90 and SGL 35BA) as well as for
felt/spaghettiike carbon fibre papers (SGL 10CA and SGL 10EA). These results are
consistent with those reported by Orogbemi et gdl127], [128]for substrates coated with
Vulcan XG72R due to the increase in thickness of the substrates with increased carbon
loading. This trend is als@een for the felt/spaghetike carbon papers when Ketjenblack
EC-300J is used; however, from Figur®,4the opposite effect occurs for the renven
straight fibre carbon papers when coated using KetjenblaeB(BA. For a given vebity,

the pressurgradient decreases with the increase in carbon loading. Comparisons between
carbon type, carbon loading and substrate structure will be discussed in the subsequent

sections.
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4.3.2.1 Effect of carbon loading and carbon black type in th®IPL

The previous s#ion has demonstrated the significant effect of the increase in carbon
loadings in the MPL with the different types of carbon blacks. This varies from what has
been reported by Orogbemi et f127], [128] and the author believes that the type of
substrate used in combination with the type of carbon black in the MPL has been severely
overlookedn previous studies. §ure 4.6demonstrates the througlane gas permeability

of the substrates used as a function carbon loading for the two carbon black types used.
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Figure 4.6 Throughplane gas permeability of GDM fearious substrates ceat with (a)
Vulcan XG72R and (b) Ketjenblack EG00J.

In the majority of cases, the increase in carbon loading results in a decrease isphanagh
permeability due to the increase path the fluid travels through the porous nfeatiuthe
resulting incease in thickness of the coated sample; however, the permeability of samples
on which the Ketjenblack EG00J were coated onto, particularly, the twwaoven straight

fiore carbon papers shows an opposite trend, that isngdn? carbon loading has the
lowest througkplane gas permeability. Figurezdand Figure 8 show the SEM images for

each carbon loading for the samples coated with Vulcaiv X and Ketjenblack EG00J
respectively. As shown, in Figure74.as the carbon loatdy increases there is aear
distinction that the pathways are being closed when the carbon loadings were increased from
0.5 mgcn? to 2.0 mgernf as a result of the increased thickness. The reductions in the
throughplane permeability were at least ormeler of magnitude lower and some cases

two orders for carbon loadings between 1.0 mdemd 2.0 mgcm. This is in agreement

with [127], [128], [145] As shown in Figure 8.(ai), the increase in carbon loading from
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0.5 mgcn? to 2.0 ngcnt? demonstrated that trewas a general increase in the surface crack
formations on the MPL. The 0.5 mg&mase for the three different nevoven straight fibre

carbon papers, clearly showed that the samples had been coated almost thoroughly which
would indicate that the carbodieading showed the lowest througlane permeability as

compared to the 0.5 mgcheases with the Vulcan X€7R in Figure 4.

As such, the combination of the various base substrate and type of carbon black played an
importantrole in the resulting thrah-plane gas permeability of the GDM. The properties
such as porosity and pore size distribution of the GDM were significantly affected by the
carbon loadings which determined the micro, meso and macro pores of the MPL agduggest
by [63], [146] Furthermore, the final structure was significantly affected by the properties

of the carbon black type used in combination with the base structure of the GDL. The
resulting increase in througilane permeability for the Qs which used a combination of
nonwoven straight fibre carbon papers and Ketjenblack3B@J was primarily due to the

large surface area of the Ketjenblack-B@J as compared to the Vulcan -X€R. High

surface area carbon powddorm large cracks andither layers compared to low surface

area carbon powders which form smoother surfaces with a dense, thin layer with less cracks

[122]. This is corroborated in Figures/dand 48.
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Figure 4.7 SEM images of substrates coated with Vulcan2@R (ac) Toray TGPH-120, (df) Toray TGRH-90, (gi) SGL 35BA, (}l) SGL
10CA and (mo) SGL 10EA.
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Figure 4.8 SEM images of substrates coated with Ketjenblack3B@J (ac) Toray TGPH-120, (df) Toray TGRH-90, (gi) SGL 35BA, ()
SGL 10CA and (r0) SGL 10EA.
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As stated previously, the incgain carbon loadings in the MRicreases the thickness of
the general GDM (that is, visible MPL thickness). Figur@ ilustrates the increase in
thickness with the increase in carbon loading for the various substrates and carbon black
types with the eor bars representing the 95% &dence interval fosix samples of each

substrate coated awdrbon loading used.
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Figure 4.9 GDL thickness increase for each carbon loading for the various substrates used
and coated withhie two types of carbon blacks f&)lcan XG72R and (b) Ketjenblack EC

300J

Figure 49 (b) clearly identifies the significant increase in thickness for the GDLs coated
with Ketjenblack as opposed to Vulcan X@R shown in Figure 4.9 (a)As indicated in

[82], [127], [128], [144}hese variations in thickness were the result of MPL dispersion and
penetration into the GDL substrates. Furthermore, such variations in the thickness indicate
that the properties of the carbon black affect the properties dfBhein terms of porosity,

pore size distribution and surface morphol¢8$], [63]. Clearly, in all cases there is an
increase in thickness with an increase in carbon loading and this result is independent of the
type of carbon black used. This result is in agreenvéhtliterature [132], [133], [150] EI-
Kharouf et al.[33] indicated Toray TGH-120 and Toray TGHM-90 share similar

properties such as porosity and tortuosltgrtuosity represents the actual path length the

fluid passes through the pores to the ssbiinear path between two points and porosity
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indicates the void or porgpace fraction of the GDf20]. SGL 35BA was reported to have
aslightly higher increase in porosity; however, the tortuosity when compared to that of the
Toray carbon papers was found to be far less which would indicate the far less increase when
coated with Vulcan X&72R as shown in Figure 31(a). For the felt lik/spaghetti type
carbon papers, there is a noticeable increase in thickness with the increase in PTFE in the

GDL, as shown in Figure 4.

Figure 46 shows the througplane gas permeability as a function of carbon loading. In order
to compare the samplesa,comparison of percentage reduction in gas permeability as a
function of carbon black type and carbon loading would be beneficial to compare similar
like structures. Figure 20 shows the percentage reduction of throptgne gas
permeability from the oginal sample after coating with each type of carbon black used in

this work.
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Figure 4.10 Percentage Reduction in gas permeability from the original substrate for
different carbon loadings coated with (a) Vulcan-XZR and If) Ketjenblack EC300J.

A comparison between the percentage reductions in gas permeability for thewem
straight fibe carbon papers shows similar reductions for each carbon loading and for each
carbon type used. In the felt/spaghetti type structthhese is a clear distinction in the
reduction of gas permeability. This can be attributed to the level PTFE which Heeresu
increased thickness as the amount of PTFE was increased as shown in Bjdtigeide 47

and 48 illustrate the blocking afhe pores as the carbon loading increases. It should also be
noted that for the samples SGL 10CA and SGL 10EA coatedwwittan XG72R there is

a noticeable difference in the percentage reduction caused by the level of PTFE increase in
the GDL substratewhen compared with the relatively small reductions when coated with
Ketjenblack EC300J as the carbon loading was incrdasenhis would imply that the
reduction in througiplane gas permeability of the GDM varies depending on the type of

carbon black andubstrate used; however, depending on the type of carbon black, the level
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of PTFE may either have a huge impact or onigrglreduction with an increase in carbon

loading.

4.3.2.2 Throughplane gas permeability of the microporous layer

The throughplane @s permeability of the MPLs coated onto the various substrates were
calculated using equation 3.8 for the two types db@aiblacks used. Two approaches were
used to compare the MPL gas permeability, that is, (i) considering no penetration into the
GDL (adopted from[94]): this approach considers only the visible thickness of the MPL
and the thickness used, thatlis, , was determined by simply subtracting the thickness of
the GDM,0  , from the thickness of the bare carbon subsfa and by (ii) conglering
penetration into the GDL with the use of SEM micrographs to determine the actual MPL
thickness into the GDI32], [127] The throughplane permeabilt of the MPL when
calculated using the actual MPL thickness derived from the SEM images resulted in no
distinct trend, which was found not to be in agreement with the results repoftgzi’]n
which showed a reduction in MPL peradality with increased carbon loading. This should

not be the case as argued by Orogbemi ¢L.2¥] and Ismail et al[32] Ideally, sincethe
composition of the MPL is the same for all cases, that is, 20 RTFE and 80 W carbon,
regardless of carbon loading the permeability of the MPL should be the same since the gas
permeability is an intrinsic property32], [127]. Figure 411 illustrates the MPL
permeability, ignoring the penetration into the carbon substrate, that is, using the visible
MPL thickness. Figure 4Z2lillustratesthe MPL gaspermeability with increased carbon

loading for the case where SEM images are used to determine the actual MPL thickness.
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Figure 4.11 Throughplane gas permeability of the MPL only as a function of increased
carlon loading for the carbon black types using the visible thickness determined from the
micrometre for GDLs coated with (a) Vulcan X@2R and (b) Ketjenblack EG00J.
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Figure 4 12 Throughplane gas permeability of the MPL grhs a function of increased
carbon loading for the carbon black types using the actual MPL thickness derived from SEM
crosssection images for GDLs coated with (a) Vulcan-XZR and (b) Ketjenblack EC

300J.
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As such, neither using the results from micrameteasured thickness nor SEM imagas

truly determine true througplane permeability of the MPL and this can be attributed to the
variations in penetration of the MPL intoetiDL. However, what is clear, is that without
considering the penetration anthe GDL structureghere is a sigificanty lower value otthe

MPL permeability. Figure 43and Figure 4 4 illustrates the crossection SEM images for

the three MPL carbon loadings with each GDL substrate for Vulcar72€C and
Ketjenblack EC300J respctively. The actual MPL thicknesses are given in Table 4.2 and
Table 4.3 for GDLs coated with Vulcan X2R and Ketjenblack E€300J respectively with

the listed values representing the mean and 95% confidence interval limits. As shown in
Figures 4.B and 4.14, it is evident that the MPL thickness varies considerably due to
variations in the penetration into theDG substrate and is nemiform. A comparison
between actual MPL thicknesses determined from the SEM images in Figdiaed Higure

4.14 to theMPL thickness determined from the micrometre (shown in Table 4.2 and Table
4.3) shows that the actual MPL tkiess is severely underestimated due to the penetration

of the MPL into the GDL substrate.
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Table 4.2 Comparison beteen actual MPL thickness derived from cresstion SEM images for GDLs and thicknessease determined
from the micrometre for GDLs coated with Vulcan X2R.

Thickness of MPL determined from SEM images for
carbon loadings (um)

Thickness of MPL determined from micrometre for

carbon loadings (um)

Samples
0.5 mgcm? 1.0 mgcn? 2.0mgcm? 0.5 mgcm? 1.0 mgcm? 2.0 mgcm?
Toray TGP-H-120| 53.334 £4.177| 72.500 +4.816 | 130.002 +£ 13.01§ 4.583 £ 1.793 9.792 + 3.840 40.625 £ 1.376
Toray TGP-H-90 | 63.333 £14.85| 86.428 £ 15.013| 101.820 + 13.273 4.375+0.719 8.750 + 3.105 39.583 £2.443
SGL 10CA 67.058 £ 14.20§ 108.571 +3.661| 172.668 + 13.805§ 4.375 + 1.808 7.708 £ 1.534 24.167 £ 6.463
SGL 10EA 55.342 +£14.667 115.456 + 12.44q 237.272 +16.420 3.125+0.719 14583 +£1.793 | 29.792 £4.651
SGL 35BA 96.552 + 21.408 113.750 £32.490| 278.572 £ 52.212 4.167 + 1.589 16.042 + 0.988 | 45.625 + 5.551
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Table 4.3 Comparison between actual MPL thickness derived from -@estson SEM image®r GDLs and thickness increase determined
from the micrometredr GDLs coated with Ketjenblack E800J.

Thickness of MPL determined from SEM images for

Thickness of MPL determined from micrometre for

Samples carbon loadings (um) carbon loadings (pum)
0.5 mgcm? 1.0 mgecm? 2.0 mgen?? 0.5 mgen?? 1.0 mgcm? 2.0mgcm?
Toray TGP-H-120| 83.848 £5.785 | 138.750 £14.790 | 185.264 £31.430| 9.792 +6.503| 41.667 +7.025| 117.292 + 8.232
Toray TGP-H-90 | 81.905 +£19.725 | 125.909 #8.863 | 157.273 £11.565| 10.000 + 3.1T7 | 37.917 £1.589 | 122.708 £ 4.724
SGL 10CA 114.000 £2.829 | 144.667 +13.216 | 203.634 £19.926| 7.500 + 2.195| 48.542 + 6.288 | 146.875 = 7.503
SGL 10EA 65.220 +6.236 89.000 £9.749 | 239.790 ¥21.139| 7.500 £ 2.195| 25.208 + 8.520 | 111.667 + 5.669
SGL 35BA 84.668+ 19.205 | 113.600 £31.223| 241.600 #9.334 | 20.000 =+ 5.926 45.000 =+ 8.380 | 120.625 + 7.270
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