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Abstract

Rapid population expansion and increased global development have Edndieantsurge inenergy
demand.lt is critical that the energy needs of tgi®wing populationaremet in a sustainable way to
provide energy securitfor future generations and to promote harmonisation between the built and
natural environmentGlobal climate change caused by anthropogenic carbon dioxide emissidns
greenhousgases ighe singlebiggest threat facing humanitgday Energyefficient designsand the
increased use oknewable energgources and hydrogen enelgpstemsarea realistic means for the

mitigation of CQ emissions.

Polymer Electrolytéembranduel cellsare a key component in the hydrogen economy, and they offer
significant potentiahs prospective replacement for fossil fbaked technologies. PEM fuel cells, as
they are known, benefit from high power density, efficiency and most importantly versatility. Although
their commercialisation is in the developmental phase, the technologytitaad spectrum of use

being implemented in fuel cell vehicles (Honda Clarity, Toyota Mirai, Japasidential combined

heat and powe(Enefarm, Japan), angdortable electronicgintelligent Energy, UK) There are,
however, limitations affecting the wide scale deployment of PEM fuel cell technoldbg. gas
diffusion layer and the microporous layer are essential components for maintaining the balance of liquid
water in the fuel cell, and the removal of excess liquid water from the cathode porous media continues
to pose problems for the PEM fuel oglerating in humid conditions and at high current densifies.
microporous layer is a layer applied to the catalyst interface of the gas diffusion layer of the PEM fuels,
thus it plays an integral role in the efficient operation of the cell. It is responsible for ensuring the
effective transfer of heaglectrons,and mass, as well as preserving the balance of liquid water to
simultaneously maintain membrane hydration and remove excess liquidlw#tes thesis, we present

three chapters on novel materials and architectures for the microporous layer of ther Eddytnolyte

Membrane Fuel Cell.

Conventional microporous layers are produced from carbon hdack a hydrophobic binder.

Microporous layers werproduced with inclusions of graphene in order to alter the microstructure and



consequentlythe ability to reduce liquid water flooding. Theclusion of graphene nanoplates in the
microporous layer resulted in changes to the microstructure and the physical properties dhkayer
graphene nanoplates imparted desirable characteristics onto the layer, notably increasing the
hydrophobicity of the layer and its electron conductivity. These improved characteristics resulted in
significant performance enhancements in high humigigration (50% relative humidity and greater)

formicropg ous | ayer s c oohgraphenei ng O 50 wt . %

Graphene foanwas considered a novel MPL material, in order to do so graphene foams were
synthesised frorthe pyrolysis of sodium ethoxide in different atmosphet®8% N and 95% Nand

5% H: to produce NGF and NHGF foams respectivel)XPS was used to quafytithe carbon content

and SEM revealed the open pores structure of the foEmese graphene foarttseen formed the basis

of novel microporous layex which were characterised alongside microporous layers produced from
conventional carbon black and ghene nanoplate¥he N-GF exhibited better egitu characteristics,

such as higher electron mobility, and produced greater power density in the single cell measurements.

Alternative architectures were considered from the construction d@ydi porositygraded
microporous layers. Whereby microporous layers were produced by applying two separate layers of
MPL ink formed of carbon black and graphene nanoplates. Each layer exhititiviidual physical

and microstructural properties, where the carbon black layaicroporous, the graphene nanoplates
were characterised by large mesopofHsese layers were characterisedséy in terms of their
microstructuralphysical,and electrochemical propertji@nd in single cell measurements where higher

power densities and limiting current densities were achieved with-lagdsimicroporous layers.
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Chapter lintroduction

1.1 Introduction tothe HydrogerEconomy

Fuel cells hold great potential for the advancement of a decarbonised global energy system. The link
between global climate change, carbon dioxide emissions, and fossil fuels is well established, thus there
is a need for a neoarbonbased energy vector.ydrogen has been identified as playing a significant

role in this carbotiree future[12-16]. Hydrogen fuel cells do not produce greenhouse gases or harmful

gases, the only product being water.

The Ahydrogen economyod is a term used to descri
energy vector in the way that traditionally hydrocarbon fuels were used. Hydrogen fuel cells as a part
of the hydrogen economy will have a large role in tlag p replacement of conventional carboased

systems; ultimately if the vision of a hydrogen economy is successful, hydrogen will be responsible for
the provision of electricity, heat, industry, and transport and energy storage. The potential & this ha
already been acknowledged, however for the hydrogen economy to be realised there needs to be a
radical change in infrastructure and a reduction in the cost of hydrogen fuel cells in comparison to
combustion sources. Japan is a country at the forefrdahea@mergence of the hydrogen economy; its

plan is a threg@hase transition away from fossil fuels to a hydrebased society. Currently, it is
promoting fuel cell vehicles, hydrogen production, and residential fuel cells, by 2030 it aims to have
integraed hydrogen supply chains into the energy system, and by 2040 it aims to establish-a carbon
free hydrogen econonfi5, 17] This need for change is driven by the economic pull factors of being

a fossil fuel importer as much as the environmental push factors of climate change. Previously for the
UK, the hydrogen economy was predominantly seen as a means to reduce greertheusssigans

[18]. However, as the conflict between Russia and Ukraine has demonstrated so succinctly, an energy
systembébs reliance on fossil fuel i mports means
relations and the whims of global leaders. This hagscaped the notice of the general public, where

polls conducted by Vattenfall shortly after the Russian invasion (March 2022) revealed that nearly two
thirds of consumers (61%) thought that the use of renewable energy sources is the most effective means

to guarantee UK energy securfy9]. The UK government and commercial sector have realised that

1



hydrogen is a necessary energy vector to support the shift towards renewable energy systems with the
target of 5 GW of lowcarbon hydrogen production by 20@®]. More reliably, the commercial sector

has invested in hydrogen technology with the creation of hydrogen divisions in engineering firms such
as Arup, RWE, and Atkins. This is a strong indication of the growth of the hydrogen economy as

hydrogen is becomingommercially viable.

1.2 Polymer Electrolyte Membrane Fuel Cell and its Applications

PEMFCs use the electrochemical reaction between hydrogen and gygleicing water to generate

a current. As such they generate no greenhouse, gadeast at the point of usand can be regarded

as a carboifree alternative to conventional combustion. Referring to Tablg0]1the advantages of
PEMFC lie in their high power density, relatively low operating temperature (60°C to 80°C), rapid start
up time, and scalability. The strength of the technology has led to PEMFC fuel cells becoming the focus
of significant research andommercial interest as an alternative to vehicular internal combustion

engines and as a means of grid balancing at periods of peak load and gef#ra#idh

Energy storage is an accepted necessity for renewable energy power gerieé@ti@d} the
intermittency of wind and solar power requires an energy storage system capable of charging with a
variable power supply. PEMFC have been cited as the most suitable option due to their rajgid start
and reaction time. Commercially, fuel cell vekglusing PEMFC technology are available on the
market, of which the Asian manufacturers lead with the Toyota Mirai, the Honda FCX Clarity, and the
Hyundai ix35. The majority of large automotive manufacturers have developed prototype fuel cell
vehicles, sora of which have been marked for production, notably the BMW [R5y The hydrogen

vehicle market for public transport has been more successfybtivate vehicles, with the adoption of
hydrogen buses by some city councils (Aberdeen, Birmingham, Dundee, Liverpool, and l.ondon)

indeedTransporf or London strives to be the Awpgel.l d | eade

Due to the scalability of the PEMFC technology, the diversity of its application extends further than
battery technology; from portable chargers for mobile devices produced by Upp and Intelligent Energy

UK to residential stationary CHP plant at ENE FARMpdn[27]. Commercial development of



polymer electrolyte membrane fuel cells has recently spread to the broader engineering sector, a notable
example is the announcement by Johnson Matthey of the construction ofbasgdH facility for
manufacturing of PEM fuel cell componep#8]. These developments will accelerate the growth of

the technology by increasing its availability, improving knowledge in the sector, and reducing capital

and operating costs.



Types of Fuel Cells

Tablel-1: A Comparison of Fuel Cell Technologig9].

Fuel Cell Polymer Alkaline Solid Oxide Molten Carbonate  Phosphoric Acid Direct Methanol

Electrolyte

Membrane
Catalyst Platinum Platinum Ceramic Nickel Platinum Platinum
Common Electrolyte  Solid organic polymer  Potassium Hydroxide  Yittria-Stabilized Eutectic molten alkaline Concentrated phosphori. Polymer membrane

poly-perfluorosulfonic (KOH) Zirconia (YSZ) carbonate acid soaked in a matrix

(Li-K)
Operating 30-100°C 60-250°C 650'1000°C 600 800°C 1509 200°C 60-130°C
Temperature
Fuel Hydrogen Hydrogen Natural gas Natural gas Hydrogen Methanol
Ammonia Methanol Methanol
Ethanol Ethanol
Biogas Biogas
Coal gas

Electrical Efficiency  53i58% 60% 35 43% 451 47% 40% 20-25%
System Output <1 kW-250kwW 10-100kW <1-3 MW <1-3 MW 100-400kW <1.5kwW
Advantages 1 Quick startup time 1 Faster ORR kinetics ir § High efficiency 1 High efficiency 1 High efficiency 9 Low temperature

9 Low temperature alkalineelectrolyte 1 Fuel flexibility 1 Fuel flexibility 1 Suitable for CHP fNo need for fuel

1 Solid electrolytic 1 Variety of catalysts 1 Variety of catalysts  { Fuel fexible reformer

reduces corrosion an M Suitable for CHP

electrolyteproblems.
1 High energy density




1.3 Polymer ElectrolytdMembraneFuel Cell
1.3.1 Working Principles

The polymer electrolyte fuel cell uses a polymer electrolyte membrane, sandwiched between a cathode
and anode, to conduct protons for ion exchaRggVIFCare fed with hydrogen fuel and an oxidant,

typically oxygen; their operation relies on two simultaneous electrochemical reactions:

( °¢( cA (1.1)

The anode side oxidation reaction, where hydrogen is ionised at the anode catalyst layer to become two

hydrogen ions (protons) and twetectrons.
-/ q( cA o (1 pg

The oxygen reduction reaction that occurs at the cathode catalyst layer combines loyggegen,

and electrons to form water.

gl (o(/ (AAOG 0@

Equation 1.3 is the overall reaction of the fuel edfich isa combinatiorof the anode and cathode

side reactions. This reaction sees the production of heat and thus is exothermic.

Referring toFig. 1.1, humidified hydrogen is fed into the aneside inlet (on the left hand side), where

at thecatalystgasmembrane interface thelfholecules are ionised to form twg téns. The electrons
produced by the ionisation of hydrogen enter the external circuit to generate direct current (DC).
Oxygen (Q) enters the cathoede inlet and diffuses across the porous gas diffusion layer to the
catalyst layer. At the cathode catalyst layer the strongly negatively charged oxygen atoms atttact the H
ions across the proton exchange membrane. At the cathode catalyst layer the oxygen atoms combine

with the H ions and two electrons from the outside circuit to form a watgd)Irholecule.



e

Anode L Cathode

Hydrogen Inlet Oxygen Inlet

i e i e
1 e

t
Excess Hydrogen ‘ @ ® *
0,

Qutlet 'H_I.l-'l
o % o w0

Water and Excess
Oxyvgen Outlet

H;0
Gas Diffusion Catalvst Catalvst (Gas Diffusion
Layer * ) Layer
Proton Exchange
Membrane

Figure 1-1: The principles of operation #EMFC



1.3.2 PolymerElectrolyteMembrane kel Cell Components

Flow-field plates: The flow-field plates provide the main structural support to the stack, aside from this
they conduct electrons produced by the anode catalyst reaction to the outer circuit. They are also
responsible for the uniform distribution of gases to the gas diffumma catalyst layers as flefireld

plates must house the flefield channels. There are 3 main channel configurations for the flow field

plates: serpentine, parallel amterdigitated channels.

Anode gas flowfield channel: The anode gas flodfield channel is housed in the flefield plate, the
anode side reactant gasbgdrogenand water vapour enter the fuel cell here. Its purpose is to ensure
that: reactant gases are uniformly distributed to the gas diffusion and catalyst layers; pressure drop is

minimised; and liquid water can be removed.

Anode porousgas diffusion layer: The gas diffusion layer facilitates the diffusionrebctant gases
from the electrode to the anode catalyst layer and conducts electrons from the catalyst layer to the

current collector.

Anode porous catalyst layer: Hydrogen molecules are oxidised here to form hydrogen ions and

electrons.

Proton exchange membraneHydrogen ions, protons, diffuse across the membrane electrolyte to the
cathode catalyst layer to react with the negatively charged oxygen. Hydration of the membrane is
necessary tensuregood conductivity of protons (M and prevents electrons moving across the
membrane. Dissolved molecules of water are typically transported from the cathode to the anode by

back diffusion and from the anode to cathodelegtreosmotic drag.

Cathode porousgas diffusion layer: Reactant gases travel from the cathode gas channel through the

porous gas diffusion layer to the catalyst layer.

Cathode porouscatalyst layer: The oxygen reduction reaction takes place here, where water is

produced from hydrogeoxygen,and electrons from the outer circuit.



Cathode gas channelThe oxidant gases enter the fuel cell here. The cathode gas channel must also

ensure that gases are distributednly,and the pressure drop is minimised.

% 7
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Figure 1-2: A diagram of the layers and components of the polymer electrolyte membrane fuel cell.



1.3.3 Thermodynamics and Polarisation Curve

1.3.3.1Thermodynamics

Referring back to equation 1.3, the reaction between hydrogen and oxygen is exothermic. The heat

produced can be calculated using the equation:

o

yo 1 0 -0 (1.4)
where© is the heat of formation of a chemical species.

The higher heating value of hydrogen is 286 kJ, using the heat of formation of liquid water can be
calculated at 286 kJ mél This is a spontaneous reaction where a form of energy (heat) is released, to
move to a thermodynamically stable state. The Gibbs free e "C )i useable work that can be
performed outside of temperature or pressure change. The Gibbs free energy equation can be used to
describe the energy content and evaluate the spontaneity of the reaction when the energy content
changes; a negative change iibli free energy Y'C denotes a spontaneous reactjafl]. In

hydrogen fuel cells, the portion of hydrogen enthalpy that can be converted into electricity is the Gibbs
free energy. It can be defined in terms of relationship to entropy and enthalpy during the reaction at

standard state:
Yo Yo WYY (1.5)

whereY'C is the change itheGibbs free energy'C isthechange in enthalpy arY"\ is the change
in entropy of the substance g"¥ils the temperature. As such Gibbs free energy varies in accordance

with temperature.

In fuel cells it is the change in the Gibbs free energy of form¥"Crthat releases energy; it is the
difference between the Gibbs free energy of the reacY'(; and the Gibbs free energy of the
productsY"Cy; and this is given by:

yo ¥yoR Yoy (1.6)
In hydrogen fuelled®EMFC the change in molar Gibbs free energy of formation is given by equation

1.8, the subtraction of the free energy of hydrogen and oxygen from the free energy of water.



~

yeooo -0 (1.7)

The standard reversible cell voltagYG ) is based on the chemical potential of hydrogen in the
oxidation reaction and oxygen in the reduction reaction. The reversible potential is related to Gibbs

free energy by the following and thus the entropy and enthalpy. It is given by the followitigpequa

o y Y( 43 coxvi il P o
N ) T& T& cwgyuiilf P& < Pg

whereYG the reversible cell is potential for each electrY'Gis the change in Gibbs free energy at
standard condition{Qis Faraday number artlis the number of transferred electrofi$wus, the

theoretical potential of a hydrogen/ oxygen fuel cell at 25°C is 1.229 volts.

Anode C 0 C (G (O ) P&
Cathode ¢C -0 ¢ O 00 C  p& qw PP !
Overall: ™ -0 0 O 00 QaQnoil CEN @] ¢ PP |

The reversible cell potential of;Heduction is 0 as there is no change in the Gibbs free energy. The
standard cell potential of thes@duction reaction based on the higher heating value (HHV), is 1.229V.

In accordance with equation (1.11) the overall reversible cell potentid?&d-Chydrogen fuel cell

is 1.229 V[30, 31] When there are no energy losses in the fuel cell theh thieé Gibbs free energy is
converted to electrical energy. This voltage is known as the theoretieasiods cell potential. The

Open Circuit Voltage (OCV) is defined as the cell voltage at equilibrium where no current is being
generated and this should theoretically be the same as the theoretical reversible cell potential. In reality
the OCV is very differenfrom the theoretical reversible cell potential, usually less thafi]t\this is

due to a number of factors which are hydrogen eooss and mixed potentials.
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1.3.4 Theoretical Efficiency

Theoretical efficiency is defined as the ratio of useful energy output and energy input. For PEM, the
energy output is electricahergy and the energy input is the enthalpy of the formation of water. Taking
the higher heating value (HHV) of hydrogen, if all of the Gibbs free energy from the fuel can be
converted into electrical energy then the theoretical efficiency of a hydrogen fusi cel

YO c¢o®T
YO ¢ yapg
where,Y' is the change in Gibbs energygdY( is the enthalpy of hydrogen.

Yob PP |

Frequently the lower heating value (LHV) of hydrogen is used to ease comparison with the internal
combustion engine, in which case the theoretical conversion efficiency becomes:

YO ¢ca@pw
YO ci1®y

1.3.5 Non-standard Conditions: NernSguation

The Nernst equation is used to calculate the change in the Gibbs free &fiérgy nonstandard

operating conditions, as follows:

YO YyQ YW —— P -

where,R is the universal gas constant, T is the temperatur® @nthe partial pressures of the product and
reactants.

From substituting in equation 1.11, the cell potential can be expressed as a term of partial pressure of
the product and reactants. For BEM fuel cell, the Nernst equation becomes:

Ny v 5 ol i)
Y'Y VgV,

'O !O —a Y I
" 5 T o
When liquid water is produc 0’ p. It is clear that higher partial pressures of the reacgines

higher cell potentials.

where is thetheoretical voltageg is the number of electrons and F is the Faraday number.
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1.3.6 Polarisation Curve and Irreversible Losses

Theseperformance and voltage losses of a fuel cell are characterised by its polarisation curve, which is

a plot of cell potential vs current density. The voltage losses in a fuel cell can be categorised as the

following:
9 Activation Losses
1 Fuel Crossover
T Ohmic Losses
1 MassTransport_osses

Fig. 1.3 is an example of a typical polarisation curve froRPEAMFC As can be seen, the polarisation
curve can be split into 3 clear regions: the low current density region is dominated by activation losses;
the middle current density region is characterised by the effect of ohmic losses; and at high current
densities viiage drops are associated with mass transport losses. An approximatiorP&MRE

polarization curve can be derived from the following equdti$n

% %hn S S S PP
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Figure 1-3: Typical polargation curve showing potential loss in PEMFC (adapted ffbh.
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1.3.6.1Activation Losses

In order to start the electrochemical reaction some voltage difference from equilibrium is required. This

is known as the activatigoolarisation;it is dependent on the electrode reaction kinetics. Losses occur

at both electrodes$iowever,as the oxygen reduction reaction kinetics are much slower than hydrogen
oxidation these losses are greater at the cathode than the anode. The higher the exchange current density,

then the lower the activation polarisation losses.

The first term in the Butle¥olmer equation dominates at high negative over potentials, cathodic

activation losses can thus be expressed as a function of current density as follows:

N

4.

S P X

w
¢
N
M
> | Mh

where,| is the transfer coefficient for the cathode, i is the current density at the electrdgle iarttie
exchange current density.

The activation losses at the anode electrode are typically very small and they are therefore assumed to
be negligible.
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1.3.6.2Fuel Crossover

Fuel crossover losses are caused bgxidised hydrogen fuel crossing the membrane and reacting with
oxygen at the cathode catalyst layer. This causes a drop in caidedefficiency as well as creating
the unwanted product of hydrogen peroxide. Hydnggeroxide causes degradation of the catalyst and

the membrane reducing the efficiency and lifetime of the fuel cell.

1.3.6.30hmic Losses

Ohmic losses in potential REMFCare caused by two factors: resistance from the cell components
and resistance in the electrolyte. Resistance from the cell components is due to the materials resisting
the flow of electrons; this is normally considered to be negligible. Resistance eatethrolyte is a

result of resistance ionic flow through the membrane; caused by chemical and membrane structure.

14



Ohmic loss fromhe electrolyte is a product of current den F yand the specific area of resistance in

the membrar 2

© S £2 PP W

Typical resistance | o0[8es are between 0.1 and O.

1.3.6.4MassTransportLosses

Mass transport losses (also known as concentration losses) are caused by the decrease in partial pressure
of the reactant gases witlurrent increase. As the current increases the reactant gases are consumed
and their partial pressures decreases at the electrodes; this causes a potential loss at thi88lectrode

The surface concentration of reactants will eventually reach zero; where the consumption rate of the
reactants exceeds their diffusion rate, resultinghiat is typically termed as limiting current density.

The latter is the following equation to calculate the concentration losses

N

4TE
S I P& T

where,i is the current density arFlis thelimiting current density.
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1.4 Thesis Overview

The aim of this thesis is to enhance the performance of current polymer electrolyte membrane fuel cells
by material andrchitecturalmodifications of the microporous lay@viPL). Novel microporous layer
materiald.e.,graphenead graphene foam will be investigatalbngside conventional carbon black in

order to reduce current limitations to PEMFC performance, notably mass transport losses from liquid
water saturationRelevant literaturgertaining to recent research developments on the microporous
layer, along with an overview of experimental characterisation methods for the gas diffusion media is
outlined in Chapter 2. Chapter 3 details the experimental methodology for the fabrication and the
characterisation of tHdPL-coatedyas diffusion layerdn Chapter 4commercially producedraphene

is introduced as an MPL material; this chapter explores the optimisation of graphene concentration in
the microporous layer by esitu characterisation and polarisation curves in different operating
conditions. Chapter 5 outlines an investigatixecuted in collaboration with Kyushu University, in
which graphene foam is fabricated and microporous layers are then produced from the graphene foam.
These novel graphene foam microporous layedergo exsitu characterisation and polarisation curves

to assess their potential to enhance MEA performance in comparison to carbon blzmkaredcially
producedgrapheneThe architecture and microstructure of the microporous layer is manipulated in
Chapter 6 building on the findings revealeddmapter 4; graphene is used in conjunction with carbon
black to produce microporous layers with a pore size gradient with the aim of removing excess liquid
water. The viability of this design is examined fromséixi characterisation and polarisation curves in
various humidity conditions. Finall{Chapter 7 summarises the findings of this research, their impact

on the development of the microporous layer designCiaghter 8 suggestise future work that should

be undertaken on the MPL to further enhatteduel cell performance.
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Chapter 21iiterature Review

2.1 Characterisation of Porous Media

To understand the behaviour of the porous media in PEMFC, it must be quantified in certain
characteristics. These are divided into two types: the morphological properties, which relate to the
physical structure of the media, and the transport propertibe ohaterial. It should be noted that the
morphological properties have been shown to highly influence the transport properties. In addition,
more recently imaging has played a greater role in the characterisation of the porous media of PEMFC
as it has eabled the visualisation of the internal structures and the surface morphology of the porous
media. This has furthered a greater understanding of the impact of the physical structure on the
characteristics of the material, such as electrical and thermducivity, mass transfer ability and

water removal. One of the focal points of this research is to use-stial® imaging of the gas diffusion

and catalyst material, as such a section on micro andsta® imaging has been presented.

2.1.1 Morphological Propertiesf PorousMedia
Anisotropy

Anisotropy is defined as the property of a substance to exhibit different values for a physical property
when measured along different directions. The GDL ideally consists of cylindrical fibres and due to the
orientation of the carbon fibres, the GDL hasaaisotropic structure. This means that the GDL exhibits
strong anisotropic properties, that is, permeability, mass diffusivity, thermal conductivity, and electrical

conductivity.

Previously researchers have assumed an isotropic structure for the GDL, and this has led to over
estimation in cell performance. One such isotropic model of a GDL exhibited a current density of
approximately 10% greater and an operating cell voltage o igiher than the anisotropic model

[34]. More recently research has been on the effect of anisotropic properties on the transport
characteristics of GDLEL1, 3538]. The threedimensional, twephase fuel cell models developed by

Wu et al.[39] and Yang et al40] were highly influential as they considered the anisotropic structure

of the GDL in their analysis of thermal and water transport. Their models have been adopted by Li et
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al. [34] who compared the predicted oxygen mass fraction, temperature, liquid water saturation, water
content, and local current density from isotropic and anisotropic models. Their results showed that the
current density and the overall cell performance are exaggd in the isotropic case. Recentlyay

imaging techniques have provided strong insights into the antistrophic structure of the GDL as it enables

the visualisation of the fibrous structure of the porous mddi& 3].

Porosity

The porosity of a material is a measure of the void space of the material. The GDL is a highly porous
structure, and typically commercial GDLs have a porosity betwed&0©%J44]. The duallayer GDL
consists of a highly porous carbon substrate (for structural support, electron transfer and mass transport)
and a thin microporous layer (MPL) which is in contact with the catalyst layer. The bulk pgrda8i}y
of the GDL can be determined from the ratio of the void space volume over the total volume, solid
volume, and void volume.
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As discussed previously, the pore sizes of the GDL range from micropores, of a few nanometres in
diameter, to macropores which measure several micrometres in diameter. The pores of the GDL are
also classed by their accessibility; open pores are accelsilehe outside of the material, whereas
closed pores are characterised by their inaccessibility from the outside. A common problem in the
modelling of gas diffusion layers is the assumption of homogenous porosity profiles which are
heterogeneougl5]. This assumption of homogenous porosity has led to an incorrect characterisation

of the transportation properties based on an idealised stijd&lire

Experimental procedures and imaging techniques have been successfully used to understand the bulk
porosity of the GDL. Of the experimental methods, the BrunBuoanettTeller (BET) measurements
and the mercury intrusion porosimetry (MIP) have been wideduMIP is a commonly used

technique to measure the bulk porosity of the GDL; a mercury pore analyser is used to measure the
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mercury intrusion into the pores of the porous media as a function of the pressure applied. MIP
measurements are based on the Washburn equation which relates the pressure of the gas to the pore
size; the pressure needed to enable mercury intrusion iscrétetthe pore diameter. MIP has been used
successfully to determine the pore size distribution in GPIZ. X-ray CT is a nordestructive
technique that allows imaging of the internal structure of a material, and the phase segmentation of the
images produced has led to the determination of the porosity of the GDL using this technique. Biichi et
al. [45] used Xray CT where they were the first to show the heterogeneous profile of the GDL porosity
by the determination of the porosity and pore size distributions in the thpbaigh direction. Wargo

et al.[46] investigated the GDL microstructure using a combination of S/ and Xray CT to

obtain an estimation of the bulk porosity value of the GDL and MPL, however, their automated
segmentation did not define a precise value. A combination of MIP measuresmenisray CT

imaging has been used by several resear¢i8rs19] Malik et al.[48] used a combination of MIP

with X-ray computed tomography to visualise the npace structure of the cathode side catalyst layer
whereag$49] used the bulk porosity obtained from MIP to find a threshold value for-tlag XT image

reconstruction of a TGP-120 GDL.

Pore Size Distribution

As previously addressed in the porosity discussion, the GDL is comprised of pores of differing sizes:
macropores, mesopores and micropores. The distribution of these varying pore sizes through the porous
media is termed the pore size distribution (PSD) Vhriation in pore sizes, their distribution and
accessibility are essential factors in determining the characteristics and performance of porous media
[50], particularly in terms of reactant and water transport. Fig. 2.1 shows the pore size distributions in
the carbon paper macroporous substrate (MPS) and two MPLs produced from acetylene black (AB) and
Vulcan XC72 (VXC). It is evident that the pores of M&S are distributed mainly as macropores;
whereas within the MPL a sharp peak is present in the microporous region, thus indicating that the vast

majority of pores in the MPL are micropores.
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Figure 2-1: Differential pore size distributions of a carbon paper mapoyous substrate (Carbon Paper) and two diffe
MPLs produced from acetylene black (AB) and Vulcan XC 72 (Y3{C)

Micropores are responsible for the diffusion of gases from theffldd channels to the catalyst layer
whereas macropores are primarily responsible for the transportation of liquid water. As such the pore
size distribution measurements can be used wrobtater retention curves, which are plots of capillary
pressure against liquid water saturafisf]. In a hydrophobic medium, fluid invades magares first

as the surface tension that is needed to be overcometisdadbat of the smaller pores. The fluid then
progressively fills the meso and micropores. As such, knowledge of the PSD of GDL is extremely
important in predicting water transport in the porous media. Experimental methods of measuring PSD
in the porous radia of GDLs include mercury intrusion porosimetry (MIP) and standard porosimetry
(MSP). The most widely used method for measuring pore size distribution of PEMFC GDLs is mercury
intrusionporosimetry (MIP)Y44, 47, 52] This technique is frequently used to measure the distribution

of accessible pore volume by entry pressure for pores betweenahd Imm; where a sample is
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submerged in mercury and the capillary pressure is increased until thepmiesoof the sample are
filled. Based on the Washburn Equation, the capillary pressure used along with the volume can be used

to obtain the pore size distribution as foll¢s&]:
0 cRAIfo g
where0 is the capillary pressure (MPa) s the mercury interfacial tension (N/mane-s the contact

angle between the liquid and the pore surface (°)jand t he pore radius (&gm).

The use of MIP to measure the PSD of a porous m
effecto, in which a void beh J43].©Othaas have cbkervédghatmi st a
MIP measurements depend on the accessibility of the flsfpand that the results of MIP are highly

subjective to the input parameters used, such as mercury surface tension, which varies with mercury
porosity and the value of the assumed contact #agJeStandard porosimetry (MSP) differs from MIP

as it operates using a wetting fluid, rather than awetting fluid, where the most common wetting

liquid is octane. Gostick et gb1] compared the results obtained from MIP and MSP measurements
with the manufacturerods measurement s; t hey foun
t he manufact ur er 0 s[51]higblighted thegotentiadbMSP fordhle stiedy of GDIL .

pore distribution in particular as it can be used to differentiate the hydrophilic porosity from the
hydrophobic porosity. Thus, MSP holds greater potential for analysing the effect of differingpores

liquid water and gaseous transport.

Zamel et al[56] observed a reduction in overall porosity with PTFE loading and significant changes in

pore size distribution; micropores of the GDL were found to be unaffected by increased PTFE content
whereas macropore diameter was greatly reduced by the addition Bf Ehén et al[57] modeled

the PSD of GDLs treated with 10, 20, and 30% wt. PTFE. They observed that the greatest reduction in
pore volume occurred in poresof~80n i n si ze. Moreover, they found
pore sizes occurred at that at 20% wt. PTFE. Experimental visualisations suchya€K and SEM

have been used to great effect to quantify the PSD of the[&)BE860]. More recently a combination

of visualisation techniques and measured values have been used for accurate PSD measurements. A

combination of SEM imaging and MIP measurements have been used by various research groups to
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quantify the PSD of the GDL substrate in order to investigate how MPL penetration varies with local
pore size profileg61] and the effect of PTFEngpore sizeand cell performanc2]. The combination
of PSD distribution measurements and SEM has allowed for an increased understanding of the

importance of surface morphology of the MPL and the GDL on permeability and liquid water transport.

Tortuosity

Tortuosity is defined as the ratio of the actual path mean lernigttdivided by the thicknessa of

the porous medium in the direction of gas diffudi®@d]. The term is commonly used to describe gas
diffusion in a porous medium. As such tortuosity can be used to quantify the porous structure inside the
PEMFC gas diffusion layers and this plays a large role in their mstangtural analysis. Furthermore,

it is linked to the porosity of the material and the effective gas diffusivityO by the following

relationship:

R $
2 T3

C®

wherez is the tortuosity$ is the gas free space diffusiviwyis the porosity ands is the effective
gas diffusivity[64]. The Bruggeman relation attempts to define the tortuosity as only a function of the

porosity alone, as can be seen as follows:

z R 81T 0Mm RrE® c8
This has been proven as a valid approximation for large materials, however, it has been regarded as
inappropriate due to the porous media of the gas diffusion layers of PEMFC as it is based on packed
spherical fibres. Instead, the Tomadakis and Sotirchmdehnwas proposed for randomly orientated
media is far more applicable to gas diffusion mg@&. The validity of the Tomadakis and Sotirchos

model for paper and felt GDL materials has been shown by various nurf@giddlland experimental

investigationg51].

Fishman and Bazylak66] used heterogeneous porosity distributions obtained frerayXCT to
calculate the local distributions of tortuosity in PEM GDLs. Espinoza f&llgenerated a 2D model

and used the Lattice Boltzmann method to compute thelygse tortuosity in an artificially generated
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GDL; their work, although in 2 dimensions, showed good agreement with experimental data reported
by Gostick et al[51]. Usually, the througiplane tortuosity is about a factor of 2 to 3 larger than the

in-plane for commercial GDLs with carbonaceous biri@8}.

Contact Angle/ Hydrophobicity
It is important that the GDL has a degree of hydrophobicity by which it is able to remove the liquid

water produced from the cathode catalyst reaction. This is particularly a problem at higher current
densities where greater volumes of liquid water arelypred. In order to increase the hydrophobicity

of the GDL, it is treated with a hydrophobic, or wpebofing agent, this is typically PTFE or FEP.
GDLs which are untreated with a hydrophobic agent have a much higher risk of flooding than uncoated
GDLs [34, 61] As the hydrophobic treatment has adverse effects on the electrical conductivity and
permeability of the GDL, its presence in the GDL should be optimised so that cell performance is neither

limited by excess nor inadequate wetting.

The hydrophobicity of a material can bkaracterised by what is known as the contact angle. The
contact angle is the angle (d) bet ween the soli
demonstrated in Fi@.2. If the two fluids are water and air then the substance is considered hydrophilic

if the anglemeasured is 90, conversely if this angle is > 90is hydrophobicFig. 22 (a)). Fig 22(b)

is on the cusp of hydrophobicity with a contact angle af@&rbon is considered a hydrophilic material

as the contact angle for watem a carbon surface is about,8@hereas PTFE is hydrophobic as the

contact angle is measured at approximately bhCa flat surfac§69]. The internal contact angle of

GDL materials was reported to vary between && 101 depending on the material. This seems

reasonable as a range between the angles of carbon and®J.FE
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Figure 2-2: Water droplets on the surface of a titanium gas diffusion layer, (b) shows the inchgdsephobicityfrom treatmer
with a hydrophilic coating10].

The hydrophobicity of a GDL is highly important for water transport, especially for materials on the
cusp of hydrophobicity, about 989]. For veryhydrophilicGDLs with contact angles of less than 90
capillary wicking is the dominant method of water transport, and for contact angles greater than 100
then a compact pattern characterised by a flat invasion front is observed. It is widely acknowledged that
superhydrophobic GDLs (contact angle >Tpare the most effective for reducing the saturation of the
porous media. In doingo thisreduces mass transport losses which resultshigleer voltageat high

current densities arntherefore an increasedaximum power density. The treatment of the GDL with
PTFE is found to generally decrease the porosity and the tortuosity of th¢4@Pthis reduction in
porosity is caused by the blocking of the pores, where the tortuosity is effected by the blocking of closed
and longer pores. This change in GDL structure has led to the various studiegetnitiental effect

of PTFE treatmenbn the transport propertie®f the GDL i.e.electrical conductivity, thermal

conductivity[4] and permeability8, 44]

Generally, PTFE adversely affects the permeability and conductivity of the GDL; howekias, it
emergedhat the relationship between PTFE content and transport properties of the GDL is not clear.
El-Kharouf et al[44] conducted essitu characterisation tests on a variety of Toray and Sigracet GDLs

treated with PTFE. They found that PTFE increased the permeability of some GDLs and decreased it
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for others; the increased permeability was attributed to the reduction in tortuosity whereas the reduction

in permeability was caused by the loss of porosity and increased GDL thickness.

As PTFE is an insulator, it has a negative effect on the conductivity of the GDL. Alhzamj7di] al.
found that inplane thermal conductivity decreases with PTFE content in the GDL whereas Velayutham
et al.[72] used cyclic voltammetry to confirm that the addition of PTFE to the GDL substrate reduces
the thermal and electrical conductivity. However, they did not compare-filarie and through plane
conductivities. Ismail et a]8] found that the irplane conductivity of the GDL is unaffected by PTFE
loading, whereas the PTFE content was a major contributing factor to thptarghconductivity. This

is due to the carbonaceastsucture of the fibres being unaltered by the PTFE in tpdaine direction.

In order to balance the benefits and limitations of PTFE treatment some research groups have attempted
to optimise the PTFE treatment of the GDL. Chen €ff78]. treated commercial carbon fibre GDL
substrates with various percentages of PTFE (0, 10, 20, and 30%), they observed that the highest
maximum power output generated (1.08nT?) was with the GDL treated with 10% wt. PTFE. Su

et al.[74] similarly found that minimal quantities (15% wt.) of PTFE in the GDL exhibited the greatest

power density in their single cell tests.

Some research groups have branched out into altermaiivevetting agents in order to address the
detrimental effects of PTFE on permeability and conductivity. Of which research conducted by
Latorrata et al[75] is insightful as a comparison of the alternatives to PTFE. The use-sifuex
characterisation tests alongsidesitu power measurements indicated that low transfer resistance and
high contact angle are important characteristics when comparing the t&ated However, more

work can be done on these materials, particularly an experimental comparison of their application in
MPL. The majority of studies on the hydrophobicity still focus on improvements that cahiesed

whilst using PTFE as the nameting agent.
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2.1.2 Transport Properties of Porous Media
Gas Permeability

Permeability is the ability of a porous material to allow fluid througpdtesas such permeability of

a porous medium is extremely influential in determining the fluid flow rate through the ponégh A

GDL permeability isimportant as it allows for more reactant gases to flow to the catalyst layer,
additionally it allows water produced at the catalyst layer to be directed to the fluid flow channels to
prevent electrode flooding. Low permeability increases the reactasptrdmesistances and creatges

higher pressure gradient, it increases the necessary power input to maintain the flow rate of the reactant
gases. Thus, the gas permeability of the GDL is a critical factor when considering reactant transport,

water management and effectively the olleral performance iPEMFGs.

The coefficient of gas permeability is wusually
measuring the pressudrop at specific flow rates across the samgié78]. Darcyods | aw |
approximation of the Naviebtokesequation,which is valid for only laminar flow rates, where the

velocity of flow can be assumed to be Stokes flow. At higlocity, nonStokes flow occlugand the

Forchheimer term is used as it takes into accour
number flows in PEMFC and porous media, the inei
used.

Darcyds Law states that the flow rate through a
and the pressure gradient across the porous, blodgied by the viscosity of the fluid. It is calculated

as follows[51]:

FRR R

(0.1}

y 2P 8
v Yo ¢

where,l is the velocity of the fluid passing through the porous media']m@is the permeability (f),
Y& is the thickness of the layer (m) ands the viscosity of the fluid flowing through the porous

medium (Pa s) an¥ll is the pressure difference across the layer (Pa).

From previous experimental data, the gas permeability of the carbon paper/cloth GDL is in the range of

61 70x10 ! M? [76-78]. Zhao et al[79] provide a good summary of the reported gas permeability
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measurements of GDLs and previous experimental work. Permeability has a well correlated increase
with porosity; Gostick et al[51] measured the iplane and througplane permeabilities of carbon
GDLs. They were able to show the anisotropy of thplane direction from measuririge permeability

in different perpendicular directions of theptane where they found that that thepiane permeability
differed greatly. Moreoverthey reported higher permeability coefficients in theplane than the
throughplane; this is in agreement with IThonen ef{&0] who reported that the iplane permeability

was twice as high as the througlane. Typicallythe in-plane permeability is higher than the through
plane permeability based on the preferential orientation of the carbon fibres. Gostigkldtesed the
CarmaiiKozeny equatiorin order to predict the permeability from the porosity, fibre diaméger

and the CarmdrKozeny constan{+ , which depends on the type of media used. They defined
different valuesof +  depending on the alignment and the arrangement of the fibres. Despite the
structural differences of the GDLs, the measured permeability was found to have a strong dependence
on porosity which was well described by their Carikérzeny model and their measdrdata.

Tomadakis and Sotirchos developed a comprehensive model for the permeability of fibrous media
which allows for the prediction of anisotropic permeability through random fibre [B&isTheir

models have been applied to the GDL structure to predict the gas permé¢a®jlitfolzer et al[59]

found that the notinear relationship between permeability and porosity are well described using the
TomadakisSotirchos model for fibrous media. Whereas Zamel g76].found that Tomadakis and
Sotirchos model over predicted the observed measurements. Simulations using th@&akricann

models and Computational Fluid Dynamics have also been used effectively to predict the gas
permeability, some of which have been leffective as they do not use local porosity profiles, and
therefore validity of some models are not accuratevo-phase model, developed by Hossain et al.
[81] simulated the effect of anisotropic permeability on PEMFC performance. They found that the
permeabilities should be high in both theplane and througplane directions for high cell
performance. Moreover, their simulations showed that higiane pemeability is more critical to cell
performance than high througiiane permeability. This is a point of contention as other researchers

[66] argue the importance of a high throyglane permeability on cell performance. Rama €38l
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used the Lattice Boltzmamethodto simulate gas transport fromdmensional structures obtained

f r o mray CT, and they reported strong agreement between the LB model and measured data.
Fishman and Bazylqk6] used Xray computed tomography visualisations of the GDL m&tracture

and LatticeBoltzmann simulations in order to confirm the validity of applying the Tomadakis and
Sotirchos equation to calculate the single phase permeability in random fibrouseunsl mpedia, they

found a generally good agreement between the measured values and the model. However, the agreement

was much better in the in the felt GDL rather than the paper.

The effect of a microporous layer and PTFE loading on the permeability of the GDL has been studied.
Ismail et al[8] measured the througtiane permeability for treated and untreated GDLs, they reported
an optimum througiplane permeability at 5 vBto PTFE. Prassanna et f82] investigated the through

plane permeability of GDL samples of-40% PTFE, their results indicated that permeability decreases
with increasing PTFE loading82]. A detailed study by Orogbemi et dB3] experimentally
investigated the effect of the MPL on gas permeability of the GDL; they measured gas permeability for
GDLs with MPLs of 30 different compositions, finding that gas permeability was the lowest at 20%
PTFE loading in the MPL. Gas permeabilitgs shown to decrease with the addition of a microporous
layer [83]. Williams et al.[84] measured the nitrogen flow through uncoated MiRL-coatedGDL
substrates ithe throughkplane direction. They also obseneeslibstantial decrease in the throygiane

permeability with theMPL-coatedGDL.

Effective Diffusivity

The slow oxygen reduction reaction in the polymer electrahdenbranduel cell is one of the main
limitations to its performanci85, 86} it is influenced by the kinetics of the catalytic reaction and the
oxygen concentration at the catalyst. The concentration of oxygen at the reaction site is dictated by the
ease of oxygen transport from the gas flow fields to the catalyst later. A¢umigimt densities of peak
operation, oxygen consumption at the catalyst becomes greater and therefore the oxygen concentration
decreasesand when the oxygen is depleted then the current limiting density is reached. Therefore
oxygen transport is fundameahto maintaining and enhancing the power densityE¥IFC[87, 88]
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As the gas permeability of commercial GDLs is relatively low, diffusion is the dominant mode of
oxygen transport in these layers. The effective relative diffusivity is an important material constant as

it characterises the resistance of the porous medibetdiffusive flow of oxygen. Typicallythe

diffusivity of the gasphase flow through a porous memhi is defined using Fick©d
for the solidphase obstaclepprosity,and tortuosity. Solisbstacles reduce the effective area for the

flux and increase the length of diffusion pathways; it is usually defined by the following expression:
$ ARC3S (2.5)

where$ s the effective bulk gaghase diffusivity$ is the diffusivity,ris the porosity an8 is the
saturation of liquid water, andiR andC 3 are the relative functi@of porosity and liquid saturation

[56]. Focusing on the structural and morphological effects of the GDL on the gas diffusivity, the effect
of water saturation can be negated. TG is set to unity, and water is only regarded in the vapour

state][6]. Thus equation 2.5 becomes:
$ AR S (2.6)

The literature on the gas diffusivity IREMFC gas diffusion layers is expansjwrhere multiple
experimental and numerical studies have been undertaken. These have provided valuable insights into
the understanding of gas diffusivity in GDLs; gas diffusivity has been shown to be anisotropic and
dominant in the ifplane direction due tthe fibre orientatiorj60]. Rashapov et a[89] conducted

various measurements on thepilane diffusivity as a function of compression and PTFE loading, and
they found that the diffusivity decreased due to an increase in tortuosity. THplaunghdiffusivity has

been the focus of experimental studesreactant and product diffusion in a fuel cell is directed in this

direction[90, 91]

Experimentally the effective diffusivity of the GDLs has been measured as part of the whole fuel cell

in operando using Xay synchrotron imagingf2]. Other groups have used-sixu electrochemical

met hods, such as: el ectrochemical di ffusimetry v
Law, [93, 94]the limiting current density technig(@0] and a diffusion bridgf5, 96] Koresawa and

Utaka[97] obtained effective oxygen diffusivity measurements of a GDL using a galvanic cell oxygen
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absorber, these were then validated using ANSYS fluent. Numerical models have been used to the solve
gas effective diffusivity using pore networlg8] andstochastic model63, 99] Ismail et al[6] found
that the use of the Bruggeman relation significantly overestimates the gas diffusivity of the GDL by a

factor of 2 or greater.

Recently reconstructed-iy CT and FIBSEM images have been used to obtain the GDL geometry
from which the gas diffusivity was modelled numeric§@9, 100] X-ray CT was used to reconstruct

GDL geometry to calculate the effective oxygen diffusion in the porous media under varying degrees
of compressiof49]. Froning et al[101] also investigated the effects of compression on gas transport

in the GDL using geometry from-Kay CT although using a Lattidgoltzmann method. The effective

oxygen diffusion obtained was shown to be reduced with increased compression, due to reduced
porosity; this is in agreement with Zhou et [dl02], who reported that at higher rates of compression,

the porosity of the GDL decreases which leads to an increase of in the gas transport resistance, thus
limiting PEMFCefficiency. Thereforean optimum compression of the GDL needs to be achieved to
balance oxygen diffusivity, and electrical and thermal conductivity which are improved with

compression. This is addressed at length in a recent paper by Hasanpddggt al.
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Figure 2-3: Loschmidt diffusion cell for measuring gas diffusivity. Two different gases are placed in the top and bottom
with the GDL in the middle. The change in concentration of the gas in the bottom chamber shows the effective diffie
materiak [6] .

The effect of liquid water saturation on the effective oxygen diffusivity has been a focal point of a
number of recent research groyf®, 78, 90, 100, 103]At low-relative humidity, oxygen transport
resistance across the GDL is high and contribute8132 the of total oxygen transport resistance in
PEMFC Conversely liquid water accumulation at the cathodic gas diffusion layer has a detrimental
effect on effective oxygen diffusivity as it reduces the available pore space for oxygen transport, thus
reducing cell performance. Muirhead et[@D] found that liquid water accumulation and reduction in
effective oxygen diffusivity is greater at higher current densities. Power losses at high current densities

are widely attributed to reduced reactant transport due to pore saturation by the geneidtecter.

To observe the effect of liquid water saturation on oxygen transport, €alsberri et al[100]
calculated the effective diffusivity of a gas layer by performing Lattice Boltzmann simulations on
reconstructions from Xay computed tomography. They compared the gas diffusivity of saturated and
dry GDLs, finding that the dry values matched those ofipusly observed data. Gas transportation

resistance was greatly influenced by local saturation distribution, furthermore this was found to be more
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influential in the througiplane, where througplane gas diffusion was extremely limited in materials

with high saturation and noticeably reduced with slight saturation.

Hossain et al[78] usal a twophase CFD model to investigate the best means of modelling the effect
of liquid water on effective gas diffusivity. They found that the power law model with an exponential

factor of 2 has a good representation of species diffusivity that matckpbeneental cell voltages.

Thermal Conductivity

The thermal conductivity of a GDL depends s morphological properties (porosity, tortuosity,
wettability); it is an important contributor for fuel cell performance as ineffective thermal management
can lead to a reduction in fuel cell lifetime. Isolated regions of heat can cause hot spot formation,
localised drying and this can lead to membrane pinhole formation, whereas thermal cycling increases

component stress and degrades the fuel cell majt&oid).

Most of the heat is generated in the MEA and this is due to the inefficient oxygen reduction reaction at
the cathode catalyst layer where reaction charges ovargahe overpotential generates hgd05].

The production of waste heat and the correct thermal management is a critical limitaRi6MieC
technology as excess heat generated limits the efficiency of PEM fuel cells to aroufitDdd%or
PEMFCwith no active cooling, heat is conducted away from the MEA by the GDL, hence a good

thermal conductivity is an important property of a GDL.

Fourierb6s | aw of ccalculdte the rateoaf heat aamsfebresl byuceandudtiort irothe

GDL. It is proportional to temperatuohange A 4 andrelated by the following:

. A4
1 Bl &

where Eis the thermal conductivity?(I E  and! is thefinite crosssectional area. It is generally
accepted that thermal conductivity decreasih the increase in the porosity, as heat is conducted
through the carbon fibres of the material. This means that the thermal conductivity of a GDL is heavily
influenced by fibre orientation and periodicity. Different carbon substrates have differemalthe
conductivities; carbon paper has no periodicity as the fibres are random whereas carbon cloth is a

uniform woven material that has regular spaces where no fibeepresenfl06]. Sadeghifaf107]
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presented a model that uses fibre spacing instead of porosity to calculate the thermal conductivity of
gas diffusiorlayers, theipredictions show that porosityased models either over underestimate the

true thermal conductivity of the porous structure.
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Figure 2-4: The experimental setps to measure the througiane (top) and ifplane (bottom) thermal conductivities of
GDL [4].

Experimentally derived measurements along with numerical models for the thermal conductivity have
been reported in the literature. Xu et HIO8] and Burheim et al[109] found that the thermal
conductivity gradually increases with liquid water content. This is attributed to liquid water attaching
to the hydrophilic matrix and existing preferentially at the fibre joints which deateskcal thermal

resistance, additionallyater bridges the thermal contact between the carbon {id&%

Similarly the PTFE loading of the GDL is highly influential on its thermal conductivity; as such it has
received much research attention in theleme[76, 107] and througkplane directiong109, 110]
Burheim et al.[109] investigated the througblane thermal conductivities and thermal contact

resistance of commercial GDLs with different PTFE contents. They found an increased amount of PTFE
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in the GDL results in a slight reduction in the throygyine thermal conductivity of the GDL. This

agrees with a model created by Yablecki and Bazjldl] and Fishman and Bazyldk6] who

predicted that PTFE leads to a decrease in thermal conductivity in the tiplangh In the through

plane, heat transfer is from fibre to fibre and the PTFE insulates carbon fibres from one another as it
has a much lower thermal conductivity thare tbarbon fibres. Thus, the througlane thermal
conductivity is decreased with PTFE loading. Whereas in tp&aime direction heat is transferred along

the fibres, and the addition of PTFE reduces the contact resistance between the fibres and increases

conductivity [112].

The effect of compression on the thermal conductivity of GDLs has been researched by several research
groups[113, 114] Karimi et al.[113] experimentally derived the effect of compressiathe through

plane thermal conductivity and thermal contact resistance of a SpectraCarb uncoated GDL. Chowdhury
et al. [115] measured the effect of inhomogeneous compression on the thermal conductivity by
subjecting Toray carbon paper GDLs to various degrees of compression (0.34 to 1.71 MPa). The
themal conductivity was shown to increase dimearly with compression as the increase in
microscopic contact area between the carbon fibres is increased. Their results show the ingfortance
replicating typical operating conditions where the compression is inhomogeneous, as the homogenous

compression resulted in higher thermal conigies.

The anisotropic nature of the GDL fibres means that early computational models of the thermal
conductivity were oversimplified. Recently antistrophic models have been used to more accurately
predict the thermal conductivity. Yablecki et Hl11] used a two and three dimensional {pltase

Lattice Boltzmann to show that the antistrophic morphology of the GDL results in anisotropic thermal
conductivity, where the #plane thermal conductivity was greater than the threplghe thermal
conductivity. This conclusion matches those found by Pfrang dtl@b] who used Xray CT GDL
reconstructions to compare theglane and throughlane conductivities of the GDLs. The through
plane had a significantly lower thermal conductivity than thplame, due to fibre orientation being

more aligned in the #plane diretion.
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Electrical Conductivity

The GDL is made up of densely packed carbon fibres that act as a route for lateral electron transport for
current collection. The capacity of the GDL to transport electrons is therefore dictated by the carbon
fibre structure, and this can be measured filoeninplane, througkplane and contact resistance tests.

The transport of electrons depends on the electrical conductivity, thicknessity,and heterogeneous

anisotropic structure of the GDL; it has been the subject of several research papers.

The Van der Pauw method is commonly used to measure {tlania conductivity of the GDL by
applying four probes to measure theplane electrical resistance. Two adjacent probes are used to
apply a current whilst the two probes are used to measureeittéicgl potentia[116]. This method
measures the electricadsistivity gz of the GDL material which can be calculated by the following

equation:

m ' O— (]
where,' is the geometrical facto¥6 is the potential difference ands the applied current.

The PTFE content has been shown to have a positive effect on the tphtangrconductivity of the
GDL. Mathias et al[32] observed the effect of PTFE loading on the threpigime contact resistance.
They found when the GDL was treated with 3.5% PTFE then the electrical conductivity of the GDL
increased. Ismail et dl117] analysed the effect of PTFE loading on the threpigime and irplane
electrical conductivities of the GDL. They found that thepiane conductivity increases almost
constantly with PTFE loadindloreover their work went further into the anisotropy of thepilane by
measuring samples in two-pilane directions. The reported measurements were different by a factor of

2 which indicates high degree dnisotropy of the iplane direction.

Aydin et al.[118] addressed the challenges associated with measurements of the electrical conductivity
of the GDL; they used 3 variations of the Van der Pauw-poimt-probe technique to measure the
throughp| ane resi stance of Tor ay T GPltsdicatéddhataherd S GL
is an inherent electrical contact resistance between the electrode and the GDL, thus measurement of the

GDL electrical conductivity should be taken on the sample surface usingwmire The significance
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of determining the electrical resistance of the isolated GDL has been challenged by Zh{logf al.

who found that when using realistic electrical conductivities the thrplagie and irplane resistances

of the GDL have little effect on the current density and the overall cell performance. They developed a
three dimensional fuel cell model which incorgied electron transport to determine the effect of the
GDL resistivity on current density distribution. Their model showed that the intdrfe@ntact
resistance between the GDL and the catalyst layer, and the GDL and tHeeltbplates has a more
pronounced effect on overall cell performance than that of the GDL itself. Nitta] £14] found that
nontuniform compression of the GDL promotes an uneven current distribution across the MEA and this

affects the contact resistance between the GDL and thditimhplates.

The addition of an MPL to the GDat the flow field interfacéas been shown to reduce the electrical

contact resistance between the GDL and {fehd plates as the compressibility of the MPL allows

them to occupy the spaces that exist in the fileld plates, thus establishing good contact between
themandthe GD[11]. | smai |l et al . 6s research also showed

the above contact resistance due to the conductivity of the carbon particles.

Whilst in operation, the GDL and MEA components need to be under sufficient pressure to reduce the
electron contact resistandewever if the rate of compression is too great then damage can be caused
to the MEA. In order to simulate the operating conditions oPBMFC various research groups have
studied the effect of compression on the electrical conductivity of gas diffusion Jagersl6, 119

121]. Chang et al[120] reported that the electrical contact resistance dropped fromn Qo to

180m q cn? under an external clamping pressure of 2.5 bars. Mishra[@24]. measured the contact
resistances of various paper and clofised GDLs under differing rates of compressiorkHarouf et

al. [44] studied the irplane and the electrical contact resistance of a variety of commercial GDLs under
various levels of compression. They found that the relationship between electrical contact resistance
and mechanical stress is nlomear; this was also obsed by El Oualid et al122]. Similar results

were found by Hamour et gl116], who noted that the electrical conductivity ceases to increase with
compression at pressures of 8MP and greater. This plateau in electrical conductivity was attributed to

the realignment of the carbon fibres under compression.
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Figure 2-5: The experiment configuration for measuremerthethroughplane electrical conductivities of the GI11].

Liquid Transport

Recently liquid water management has been one of the major topics of reseREMMHC Correct

water management is a crucial aspect of fuel cell operation as a correct balance of water needs to be
maintained in theEMFC Liquid water needs to be present in order to minimise the ohmic losses as
the polymer membrane needs to be well humidified for ionic tran§p28], however excess liquid

water leads to saturation of the open pores of the GDL and the catalyst which is detrimental to fuel cell
performance. Saturation of the GDL pores with liquid water is known as flooding; a phenomenon that
limits reactant transporotthe catalyst layer and reducing electrochemical reactant activity by reactant
starvation[100]. Flooding of the gas diffusion layers, and the channels has been linked to critical
problems in fuel cell operation, such as mass transporpmtential[105]. An increase in liquid water

content by a few milligrams per square centimetre in the GDL results has a significantly detrimental

effect on cell performandd24].Thus the presence of liquid water has a significant impaBPEMFC
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operatiorf125]. To this end extensive research has been conducted into the mechanisms of liquid water

transport in the GDLs d?PEMFCand various hypothesis have been made.

The main mechanism for liquid water transport in the GDL is permeation, resulting from an absolute
pressure gradient. As the liquid flow in the GDL is largely due the capiitacg dominated
percolation, it is driven by capillary pressure gradi¢h®6-128]. The capillary pressure through the

GDL is highly dependent on the physical porous structure, mainly the pore size distribution, as well as
PTFE treatment of the GDL. The movement of liquid water through the gas diffusion layer has been
theorised67, 129132]. A branchingtype geometry was suggested by Nam and Ka\j@irfly in which

large streams of water act as the main route for miaansport of water whereas smaller streams act

as corridors transporting micdroplets to macralroplets. They theorised that water vapour condenses

on the GDL fibre surfaces to produce noidroplets which intermittently agglomerate to form large
droplets followed by water flowing towards the larger pores. A similar branching mechanism for water
transport was theorised by Pasaogullari and W&B@], who hypothesized that liquid water percolated

in a treelike manner following condensation. However, Lister e{E1] hypotheses that fingering

and channelling and highly dynamic eruptive water transport processes dominated liquid water transport
at the surface of the GDL and that fAdead endso e
breakthrough channelsaBylak et al[132] suggested that water accumulation and transport could be
characterised by preferential pathways which evolve over time. Observations made by Manke et al.
[133], using synchrotron Xay radiographyshowed that in some areas a capillary tree like process
occur. However their imaging also found that other transport mechanisms exist such as those suggested

by Lister et al[131] and Bazylak et a[132].

To further understand the behaviour of liquid watePBMFC the mechanisms for liquid water

transport in the GDL have been investigated experimentally and via simulations. Early experiments
were based on the GDL behaviourstu. Litster et al[134] conducted experiments using injected
fluorescent dye to observe I|liquid water transpo
surface. They reported that water droplets emerging on the GDL surface draw the water into the GDL,

and that the structuref the GDL and the gas channel affects the draining of liquid water. Although
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these experiments provided significant insight to liquid water transport, they are restricted to the surface

of the GDL.

The MPL is a critical component of tiEEMFCfor the correct management of water. The MPL is a

thin hydrophobic layer that sits between the GDL and the catalyst layer; the role it plays at the anode
and cathode side GDLs is highly importfit@4]. The MPL at the cathode side GDL helps to move the
liquid water into the hydrophilic pores of the cathode back to the anode, whereas at the anode GDL, the
MPL restricts water vapour transport away from the catalyst layer and therefore reduce dry aut. The

is a large volume of literature focused on the effect of MPL coating on liquid water transport in the
GDL where it is widely accepted that uncoated GDLs are subject to high fldd@&hg136] In-situ
visualisations by Deevanhxay et fl37] confirmed that the presence of an MPL reduced water
accumulation at the GDL/ catalyst layer interface, this corresponded to high cell voltages at greater
current densities (0:6.3Acm?). Nam et al[129]found that the addition of an MPL layer at the catalyst

and GDL interface reduced the size and saturation of water droplets on the catalyst layer interface.
Oberholzer et al[138] found that the MPL at the GDL/cathodic catalyst layer interface was more
influential onthepower density than at the anode catalyst interface. This is unsurprising as liquid water
is generated at the cathode catalyst layer; they observed that the absence of the cathodic MPL leads to
liquid water accumulation in the catalyst pores and at théystlayer/ GDL interface which limits the

mass transport. However, they observed that for optimum voltage, an MPL should be used at both the

anodic and cathodiatalyst/ GDL interfaces.

Turham et al[139] hypothesised that MPL cracks and the interface morphology between the MPL and
the GDL substrate have significant effects on the water distribution. This was confirmed by Fishmann
and Bazyla140] who observed that the cracks and holes in the MPL act as initial points of entry for
water into the GDL and this means that liquid water transport is highly localised and subject to the
surface morphology of the MPL, whereas uncoated GDLs have a unifofiaces liquid water

distribution,and this idue to the more uniform porosity profile.

Various types of computational models have been used to attempt to predict the liquid water distribution

in the GDL of PEMFC The continuumtwgp hase f |l ow met hod, based on
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flow and mass transport has been applied in a number of njhd&|s142] However, the accuracy of
continuum models is limited due to the scarcity in the necessary megsuasdeters. A number of

works are based on the paretwork model, which was originally developed for fluid flow through
solids and rock4143]. Their focus has been on the determination of the macroscopiph=se
propertied144], and seldom is the actual mechanism of water flowing through the GDL clarified. The
applicability of such models to the miepprous media of GDL is questionalj&0]. The Lattice
Boltzmann method has recently become a popular model predict thghbge flow in porous media

of PEMFC this is due to its applicability in dealing with complex boundaries and microscopie multi
phase problems. The Lattice Boltzmann method uses the Boltzmann equations to simulate fluid and
collision models andhas been used effectively for a number of models to predict liquid water and gas

interactions in the GDI[145-147].

Direct experimental visualisation of liquid water in the GDL using imaging techniques have greatly
furthered understanding of the mechanisms for liquid water transport internaly ¥omputed
tomography has been a valuable tool for observation of ligateér transport and behaviour whilst in
situ and exsitu. Early research highlighted the possibility of analysis eéitin liquid water
accumulation measurements usingay computed tomography, thus paving the way for potential
future work. Cho and Meic[148] used exsitu X-ray CT to observe the evaporation front of liquid
water from a presaturated GDL. More recently Zenyuk et[dB] measured the GDL evaporation rates
in-situ and found limitations were from diffusion. Likewisera§ CT imaging has been able to confirm

and refute previous hypotheses about liquid water behaviour in the GDL.

Research conducted by Roth et[a#9] using insitu X-ray CT reported that the local liquid water
distribution is highly dependent on the microscale substrate structure. This is supportedyb@ X
analysis by Markottefl 50] which showed a strong correlation between carbon fibre orientation of the

first layers of the GDL and coinciding with the liquid transport paths.

In-situ X-ray CT imaging by Eller et a[151] visualised liquid water saturation in the GDL for 4
minutes, they reported that liquid water droplets exist in the GDL as disconnected droplets that are not

connectedhe water pathway. However, their findings were limited by the resolution which could not
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properly define the moving liquid wateand as such the scans produced were slightly blurred.
Limitations exist as it is difficult to observe the dynamic behaviour of liquid water due to the resolution
time. High resolution neutron imaging and synchrotrera})X computed tomography can be used to
directly measure liquid water saturation in operating fuel cells. Neutron imaging has been used
effectively for insitu experiments by research groups to: measure liquid water content in the GDL in
relation to curent densityf152] investigate the water accumulation in the cathode GDL under the land
and under the channdl53]; and compare crodtow rates and saturation rates of Sigracet SGL 25BC
and 10BC cathodic GDLEL54]. Due to the high cost associated with neutron imaging its use is
restricted to a few research groups. SynchrotremayXtomography in particular has been effectively
used by researchers foréitu [60, 99, 151)visualisation of water saturation in an operatRtgMFC
However, synchrotron Xay tomography requires extremely specialised fuel cell design and can cause
irreparable damage to fuel cell membranes. Other research groups have chosen to use synchrotron X
ray radiography as it can be used to measure liquidrwateaviour at spatial resolutions betwegén 2

10 [438, 155, 156hnd requires minimal fuel cell design alterations and lower beam intef@&jes

The visualisation of liquid water in the GDL also provides insight into the influence efimiform
porosity profiles on liquid water behaviour in the GDL. The ramifications of which may alter the design
and production of GDLs in the future, where potaiti GDL design could be tailored for effective

water managemeii0, 85, 132]
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2.2  Macroporous Substrate (MPS)
2.2.1 Conventional Carbon Fibyigased MPS

The macroporous substrate is usually the primarily component of a GDL. Carbon fibres sheets are
generally used for the MPS, due to their high gas permeability, impressive strength and elasticity under
compression, corrosion resistance in acidic environjreerd excellent electrical conductivif$2].

They are typically formed from extruded polymer fibres such as polyaniline, whiadragphkitised at

high temperaturei.., < 2000C). The individual carbon fibres formed through this process generally

have diameters of 5 to 10 em, and the off3lent ati o

The most common types of carbon fibre sheets used in GDLs are carbon cloth, carbon paper, or carbon
felt. Carbon cloth typically comprises interlocking bundles of carbon fibre woven together with a
regular structure (Fig2.6 (@). In carbon paper, the fibres are rigatkaight,and randomly oriented

(Fig. 2.6 (b)). As such, they are generally less porous compared to carboil&@jtand because the

fibres are preferentially orientatediane, the microstructure is highly anisotropic. This impacts the

gas transport properties, the thermal conductivity, and the electrical condudb8ly Meanwhile,

carbon felt is madep of spaghettiike fibres oriented randomly (Fig@.6 (c)).

Ay Spot N
WOWTO oix

Figure 2-6: SEM images the surfaces (top row) and cresstions (bottom row) of: (a, d) carbon cloth (Ball
1071HCB); (b, €) carbon paper (Toray®60); and (c,f) carbon felt (Freudenbe@®)[12].
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Carbon fibre sheet porosity is normally in the range of 70 to 90%, and the density can vary from between

0.2 to 0.75 gm?, whil st the substrate thickngPB4.sThecan va
thickness, porous structure and structural anisotropy of the carbon fibres all influence-giaseo

transport properties of the resulting GDIle(,how the reactant gases and liquid water pass through the
layer)[120, 159] However, there is a traddf between the gas transport properties and the electronic
conductivity in GDLSs, since electrons are conducted through the soliggarons phase of the carbon

fibre sheet. As such, the structure of the substrates shouldtib@isep to ensure adequate mass

transport and sufficient electrical conductivity.

The porosity is a key factor in determining the fuel cell performance of a particular GDL. Macropores
are defined as pores being over 5 em imsmdiaamet er
5 em in diameter, and micropog ms (nMbnediandeer. Inned as
electrochemical systems, macropores are generally considered to be hydrophobic, functioning as gas
transport pathways. Mesopores are considered to be both hydrophobic and hydrophilic, aiding both gas
diffusion andliquid water transport. Finally, micropores are considered to be hydrophobic, helping to
condense water vapour to liquid, which can subsequently be transported out of[t&0¢t€llhe MPS

is largely a macroporous component of the GDL, with larger pores designed to aid mass transport. Fig.

2.7 shows the representative pore size distribution of three different GDLs, as obtained by mercury
intrusion porosimetry (MIP) which highlights the distribution of macrop¢tég]. A wide range of
macroporediameterds observed, with prominent peaks at ~80 nm, ~1 um, and ~40 to 70 um. Each

GDL has markedly different pore size distribution depending on the structure, as highlighte@in Fig.

(b).
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Figure 2-7: (a) Pore size distribution of SGL 25 BA (uncoated carbon paper); SGL 25 BC-¢bHRed carbon paper); al
SGL 25 BN (carbon paper coated with arhibuse MPL)measured by mercury intrusion porosimetry (MIP). (b) Magr
region highlighted by the dashed area in (a)[16].

Our understanding of the ability of the substrate to transport mass, conduct electrons and transfer heat
in conventional GDLs has been improved by extensive characterisation in a large number of studies.
This has helped to inform the choice of substraterizgs, and how their fabrication and design impacts

the final properties of the GDL in a polymer electrolyte fuel cell. Key areas of improvement in GDL
design are based around optimising the porosity, changing the surface properties, and improving the
electrical conductivity. Rcently insitu imaging is emerging as a promising field to understand the
performance of GDLs. For exampkeg. 2.8 shows inoperando images of liquid water at ttethode

obtained viax-ray computed tomographyhis type of technique hgsovided significant insights into

the state of liquid water and reactant gases, during opefd6@rl64], and this willenable further

development of optimised pore structures for GDLSs.
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Figure 2-8: Intrusion of liquid water into SGL 24ARAased on 3D reconstructions fromray computed tomography, for differ
water contact angles [195].

15kPa

2.2.2 Alternative MPSArchitechtures

Here, we focus on summarising research into alternative materials for the macroporous substrate (MPS)
in GDLs. Various groups have aimed to improve on conventional GDLs by changing the materials used.
As well as improving cell performance and durabilityhey motivations for using alternative materials

include reducing the cost of manufacture and improving sustainability.

Electrospun MPS

Electrospinning is a recent manufacturing technique (from 2012) used for the production of continuous
fibres of submicron to nanometre scdl&65]. From adjustment of the parameters during the spinning
process, it is possible to control the fibre diameter, pore size, fibre alignment and surface properties of
a material. In essence, it is possible to fabricate a macroporous substre&blométh an optimised
microstructure for mass transport and for the management of liquid water. To this end, electrospinning
has been used by several researchers to optimise GDL design in terms of: 0 4iée169], and

hydrophobicity[168].

Chevalier et al[92] conducted a comprehensive study into the optimisation of electrospun MPS, where

various parameters were altered including fibre length, fibre diameter, wettability and fibre orientation.
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The eGDLs were then characterisegitu and exsitu; they reported that the@DL with the smallest

fibre diameter (0.20 &m c o mf{fiilaespade ahdaheréfordsinallestn) h a
pore size, which promoted thus improved liquid wegenoval and decreased mass transport resistance.

This resulted in an increased power density than the thicker fiGieLe(501 versus 275 mW cin

The wettability and the fibre alignment also had a significant effect on the MEA performance,

increasing thenaximum power density by 12%.

Ren et al[168] attempted optimisation of the electrospun GDL for use intagtiidifying PEMFCs

by modification of the production parameters, including concentration of the polymer solution and the
fibre diameter. They reported that theiGBL had greater water retemii capabilities and therefore

was suitable for low humidity conditions by alleviating membrane dehydration. However,
electrochemical and polarisation curves were not performed and as such the full conclusion of the

capability of the €5DL in a PEMFC hasat to be confirmed.

Certain challenges need to be overcome to impre@®Ek durability as Balakrishnan et dlL70]

reported a notable drop in contact angle (from 136° to 44°) after accelerated stress tests in hydrogen
peroxide due to a degradation of the fluorinated monolayers. Polarisation curves indicated that the
degraded electrospun GDL suffered higher levelsiqpfid water accumulation and mass transport
losses than the pristine with a significant potential drop voltage following the B A The
importance of durability tests, which are often neglected, should not be underestimated as they are as

important aghe performance tests.(.,the peak power density or the limiting current density).

Perforated MPS

Attempts to improve the water management capabilities of the GDL have resulted in various
modifications to the design of the macroporous substrate, one of which is the perforation of the cathode
MPS[150, 171178]. Different methods have been used to create large holes (relative to the pore size
of the substrate) in the cathode MPS substrate with the aim of creating pathways to divert liquid water
from the pores of the cathode diffusion media and the catalyst taybe gas flow channel, thus

relieving the porous media of the cathode side from liquid water saturation and enabling mass transport.
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Various techniques have been employed to create a pathway for excess water including manual micro
drilling [176], electric discharge machiniiyy76], and laser perforatidd50, 171174, 177, 178]Laser
perforation has been used the most extensively though researchers noted that it (and also electric
discharge machining) resulted in the formation hydrophilic holes due to the removal of PTFE material
from the surrounding aref50, 174, 176, 178]When using laser perforation to enhance water

management it is essential that perforation diameter is optimised as other it may result in power loss.

Gersteisen et a[172, 173]extensively researched the effect of MPS perforations on liquid water
transport and on MEA performance. I n their initi
in a Toray TGFH-090 MPS; this was reported to have enhanced PEMFC performaece hvhiting

current density was increased by 23%2]. Polarisation curves performed identified less mass
transport losses with the perforated macroporous substrate indicating reduced accumulation of liquid
water with this MPS. Scalep from a single cell to a PEMFC stack showed the viability of their design

for real world applicationgl73]. This is a crucial but often neglected step by researchers as the GDL

designs and modifications are not extended beyond the single cell stage.

The imaging of the MEA through-EEM[178], in-operando synchrotron-Kay radiography150, 174]

and synchrotron tomograpli¥/74] has helped with the validation of this research and provided clarity

on the effect of these modifications on the liquid water front. HaussmanEf4jlused synchrotron

X-ray radiography and tomography to reveal the preferred water transport pathways in the perforated
GDL; the opti mal di meter of the holes (60 em) w:
pores. Numerical studies performied Fang et al[171] and Niu[175] supported the experimental

work on the topic and aided in design optimisation. Niu ¢1@b] modelled two phase fluid flow using

the twephase volume of fluid (VOF) model in a reconstruction of the perforated GDL where the
diameter, depth and the location of the perforations were assessed. Their oxygen diffusion models
supported the experiment@ta in that MPS perforation increases oxygen concentration and reduces
oxygen transport resistance in the GDL. Their model, compared to the case with no perforations,
predicted an increase of more than 10.68wevern oxyge

holes of a smaller diametez.§..25 e m) was found to have negligibl
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This in agreement with the optimisation experimental data from Manahar¥t3lwho reported a

25% increase in power density with an MPS wit
improvements with much smaller perforati¢hg2, 174] They[179] also reported that the perforation

location far from the GDL centre and at the liquid water btéadugh point was more effective at

reducing liquid water saturation. Experimental work on MPS perforation has fallen out of trend
recently; however, the regation of this study experimentally with water visualisatioa,, by

employing synchrotron Xay radiography or Xay computer tomography, would prove beneficial in

terms of optimisation of the GDL design.

2.2.3 Alternative MPS Materials
Graphite

Natural graphite has been explored as an additive to the MPS in order to enhance its electrical
conductivity,density,and mechanical strength. For example, Kaushal gigd)] added natural graphite

to polyacrylonitrilefibres before carbonization at 18G0 forming carbon fibres with increased bulk
density, and lowerip | ane el ectri cal resistivity (from 6.7
0.25, 0.5, 0.75, 1.0 and 1.5%, where fuel cell power density increased with graphite concentration, up

to 563 mW cm 2at 1.0 wt%. Graphite loading higher than this decreased the power density. Greater
improvements could be seereify.,the graphitisation temperatusasfurther inageased to improve the

conductivity, but this would increase the cost of manufacture.

Another innovation by Gurau et §l81] used flexible graphite sheets produced from expanded graphite
flakes. These were perforated to produce a flexible, macropgmayhite basedMPS, with high
electrical and thermal conductivity, and low contact resistance compared to a conventional carbon fibre
GDL. The perforation densities of up to 10,000 holes per 6.5acm porosities of between 0.05% to

35% could be varied simply by altering the tooling geometry, thus optimising the porosity and pore size
distribution for PEMFC operation. Larger peity and lower density of perforations were reported to

result in the highest power densities. Whilst this is an interesting concept, providing an easy way to
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introduce macropores into arbitrary substrates, the results were not compared with conventional GDLs,

making it difficult to assess the usefulness of this innovation.

Carbon Nanotubes (CNT)/ Single Wall Carbon Nanotubes (SWCNT)/ Multi Wall Carbon
Nanotubes (MWCNT)

Carbon nanotubes are useful materials for use in GDLs due to their large aspect ratio, excellent electrical
conductivity (16 10’S cm 9, high thermal conductivity, and high strength / stiffness (>100 GPa and
1.2 TPa, respectively]182-186]. The large aspect ratio of carbon nanotubes means that they can form
free-standing membranes (known as buckypaper), without the need for a binder. Many research groups
have explored carbon nanotubes as electrode materials in PEMFCs, but this has dlgdimiaeg to

the electrocatalyst layer and the microporous lajgr8, 187] A smaller amount of research has been

conducted into the fabrication of carbon nanotube based MPSs.

For example, Tang et 4b] produced a porous buckypaper via vacuum filtration of single wall carbon
nanotubes (SWCNTSs), and applied this as a gas diffusion electrode in PEMFCs, in comparison with
conventional carbon cloth (ELAY). Although innovative in design, the buckypaper resulted in much
lower membrane electrode assembly (MEA) performance (despite being much thinner), and the
polarisation curve exhibited significant fluctuation. This may be partly due to the much smadler por
size in SWCNTsi(e., nanometer scale), compared tmacroporous structure of conventional gas
diffusion electrodes. However, the polarisation curve suggests that the activation region and the ohmic
region are responsible for most of the voltage drops. This suggests that the SWCNT layer negatively
affects atalyst utilisation, and that the contact resistance may be much heginedie to the lack of

interpenetration between the electrocatalyst layer and the gas diffusion electrode).

Maheshwari et a[187] also fabricated freestanding gas diffusion electrodes for PEMFCs, in this case
from multiwall carbon nanotubes (MWCNTS) with different aspect ratios. As shown ir2.Bjghe
buckypapers made from longer MWCNTSs (referred to as B inZF9y.with larger diameter had the
better PMFC performance (~60 mW cfp This poor performance of smaller MWCNTs (~35 mW
cm?) was attributed to the broader and uneven pore size distribution, and to the higher electrical

resistance compared to the larger MWCNTS. Interestingly, a composite gas diffusion electrode
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comprising a layer of smaller MWCNTSs on top of a layer of larger MWCNTS (referred to as D in
Fig.2.9) produced the highest power density (110 mWPcnfthis more closely approximated the pore
size distribution of conventional GDLs, with the smaller MWCNTSs acting as the MPL, and the larger

MWCNTSs acting as the MPS.
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Figure 2-9: Polarization curves of gas diffusion electrodes fabricated from MWCNTSs with: (8D 20n diameter anéD1.5
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A layered on top oMWCNT B). [46].

Meanwhile, Gao et al[188] produced a sintered carbon paper composite, fabricated from carbon
nanotubespolyacrylonitrilebased carbon fibre, and PTFE. In a direct methanol fuel cell (DMFC) the
CNT-based MPS exhibited a higher maximum power density (76 mWj ¢han anMPL-coated
conventional Toray 060 GDL (60 mW ¢&rhat lower current densities (< 400 mA érwhich was
attributed to the wider pore size distribution and higher porosity of the composite. Several other groups

have performed similar studies. For example, Deng €i1&8] fabricated a MWCNJIbased MPS,
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which demonstrated a 45% higher maximum power density (23.2 m¥y #tran anMPL-coated

commercial TGRH-090 (16.2 mW cm).

Biomassbased Carbon Fibres

Other research groups have attempted to reduce the cost of the MPS by fabricating them from more
sustainable materials, such as celluld€9, 191] bambod192, 193] coconut fibre$194, 195] and

other biomasslerived carbons. For example, Destyorini efl#84] fabricated an MPS using activated
carbon powder and carbon fibre derived from coconut coir, mixed with an ethylene vinyl acetate (EVA)
as a binder, polyethylene glycol (PEG) as a dispersant, and PTFE as the hydrophobic agent. SEM
micrographs of the crossections of the GDL substrates are shown in Zip (where (a),(b) and (c)

are the carbon powder, carbon fibre and Toray TGE28irespectively). The electrical conductivity

was much lower (1.53 S chhcompared to a Toray TGR-120 carbon paper (4.5 ¢). However,

the porosity, average pore diameter, and water contact angle were comparafexiiien PEMFC

power density achieved was 168 mW-gmompared with 208 mW chfor the Toray carbon paper.

They attributed this to the much lower surface area (~15 vs 2##)but due to thelear difference

in the ohmic region on the polarization curve, it likely to be due to the lower electrical conductivity.
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Figure 2-10:SEM cross sectional images of the GDL (a) CC@&P% carbon powder (b) CCCPZ0% wt. coconut fibre ai
10% wt. carbon powder and)(@oray TGR120. The polarisation curve showing power densitftage,and current densit
[53].

Ghobadi et al[190] mixed carbon fibre with cellulose as a binder in a-laging process to produce

an MPS, the cellulose was then removed by phase inversion using an ionic liquid, and the substrate was
then sprayed with graphene nanoplates to increase conductivity amgpingbicity. The carbon fibre

content was varied (20, 40, 60 and 80% wt.) as was the volume of ionic liquid uselLiose removal

(20, 50 and 70% v.) SEM micrographs of the composite papers with different volumes of ionic liquid
and carbon fibre (Figz2.11) show the cellulose content of the surface structure.Z14.(b) shows

clumps of cellulose covering the carbon fibre network and pore space, whereas it is not visible in Fig.
2.11 (c). The electrical conductivity of the papers increased with carbon fibre weight, where the 80%
wt, carbon fibre MPS was comparable to the measured AvCarb MGL190 at (4'&&dd.95 S m'
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respectively). This carbon fibre/cellulebased substrate was able to achieve an impressive 911 mwW

cm? at 1200 mA ciit and 50% relative humidity. However, at 75 and 100% relative humidity, the
performance dropped significantly. This was attributed to the hydrophilic nature of the cellulose binder.

Wet proofing the cell ul ose base dropsse8toimprovethea N gr e

performance at high relative humidity.
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Figure 2-11:) Power density vs. current density for the 80:20 carbon fibre: cellulose MPS. SEM images of the c
papers with different volumes of ionic liquid 50% v. ionic liquid and 80% carbon fibre 70% ionic liquid and 60%
fibre. [491.

Similarly, Kaplan et al[191] also experimented with a cellulebased MPS, with varying amounts of
carbon fibre. These were hot pressed, and no MPL was used. An optimal ratio of 70:30 carbon fibre to
cellulose had the lowest resistivity and high strength, as well as pore sizeutistribimilar the
conventional AvCarBMG GDL. In PEMFC polarisation tests conducted at 50°C the carbon
fibre/cellulose based macroporous substrate had a similar performance to the comrusegially

AvCarl®MG GDL, featuring relatively low ohmic and massnsport losses in lowoltage region.
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However, at 60°C, the performance with fibre/cellulose based MPS was notably worse than that with
AvCart®™™MG GDL. The authors did not provide an explanation on why the results were different at
different temperatures; however, this could di&ributed to the superior thermal conductivity of
AvCar®™™MG GDL that allows for larger heat dissipation at elevated temperatures and subsequently

larger level of membrane hydration compared to fibre/cellulose based macroporous substrate.

Pitch-based Carbon Fibres
Recently Heo et a[196] fabricated a GDL substrate from a composite of carbon black -Ipststd

carbon fibre, and phenolic resin binder. Pitch was used because it icadbwaste product. The GDL
substrates were carbonised &@0¢PC in order to reduce the energy intensity of the production process,
and the effect of the carbonisation temperature on the conductivity and porosity was compared. As
expected, carbonisation at a higher temperature increased the conductivity significaotigsity of

82.6% and a water contactgie of 117.57° were achieved. However, PEMFC measurements were not

conducted.

Aerogels

Sodiunicarbon aerogels have been investigated as gas diffusion [@8@ial98] Glora et a[197]
produced a carbon aerogel with a large surface area andpoescs pore volumes for gas transport;

they reported an electronic conductivity of 288 in an 80% porous GDL of < 5a0n thick. Wang

et al.[198] also researched aerogels; their fabrication method of pyrolysis led to large variation in GDL
porosity potentially resulting in large discrepancies in mass transport properties and fuel cell operation.
Trefilov et al.[199] fabricated a hybrid graphetwarbon xerogel dudhyer GDL with a gradually
decreasing porosity through its profile. Their methodology allowed for a controllable structure, where
the centrifugal speed during xerogel formation determined the microstrustweesize and porosity.

As can be seen from the polarisation curves (Ei#R), increasing the centrifugal speed in aerogel
fabrication increased the power density of the GDLs (0 G force:0.07 ¥VX2b G force: 0.11 W cm

2and 250 G force: 0.14 W cfj which was attributed to the lower porosity and increased bulk density
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of the aerogel which meant it accumulated liquid water less readily. The addition of graphene layers

improved the conductivity and mass transfer of the xerogel.

Although aerogels offer an exciting means of producing the macroporous substrates, the method of
fabricationis, compared to the current materials and methods, less attractive for large scale production
on fuel cell manufacturing; the current materials and fabrication methods are megffexiste and/or

simpler.
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Metal Foams

Conventional carbobased GDLs suffer severe corrosion in PEMFC cathodes due teststart
potential cycling at high voltage (~1.5 V), limiting the durability. In addition, mechanical degradation

of the GDL occurs due to compression within the membranetretle assembly (MEA). The
development of a carbefree GDL could therefore improve the durability, simplify the manufacturing
process, and reduce the cost. One tactic is to produce GDLs frombastal materials which are
mechanically stable, have relatly high thermal and electrical conductivity, and can be machined into

a desired structure. Titanium metal has been explored as a gas diffusion electrode by various groups
[200-204]. Various attempts to fabricate metased carbefree GDLs are discussed in the following

sections.

Foams are defined as a gaseous phase uniformly dispersed inside a solid or liquid phase; where metallic
foams have been produced from a wide variety of metals including titanium, aluminium, magnesium,
copper, zinc and nicke]205]. Their use encompasses biomedical applications, such as tissue
engineerind206]; construction materials, for thermal and sonic insulation; and as an impact absorber

in vehicular transportatiof207]. Lightweight metallic foams made from titanium and aluminium are

the most applicable for use in the PEMFC, being strong, highly porous materials with high corrosion
resistance and minimal ion leaching. The most desirable aspect of this material istiléywi the

physical structure produced by alteration of the manufacturing parameters and foaming material used,
as such the pore size, structure and distribution can be modified, as seeRii3Km) and (b) where

metallic foams produced from aluniiim with a varying number of pores per square inch (6.5 cm

were produced. The open pore structure of the foam can be seen in the SEM ima&g#3((€)g [208].
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Figure 2-13:Metal foams produced. (a) Foams with 10, 20 and 40 pores per 6.§ensquare inch, ppi) (b) a crc
sectional view (c) SEM image of 20 ppi metal foam with an open pore structure [67].

Previous works havdemonstrated the validity of metal foams in fuel cell engineering as diétv
plate[209, 210] however the physical properties of metal foams make them highly applicable as the
gas diffusion substrate. They possess not only good material characteristics of metals (high electrical
and thermal conductivity, weldability and plasticity) but have &echiral advantages such as tuneable
pore structure and permeability, and high specific surface[atéy Moreover, some metallic foams
(e.g.,nickel foams) have adequate corrosion resistance that allows them to be directly used in PEMFCs

without the need for applying protective corrosiesistance coatings to them.

Choi et al. produced a flexible titanium foam GDL with a controlled pore structure from freeze casting
[201] which was used as the anodic GDL in a polymer electrolyte fuel cell. The single cell

measurements not only exhibited a higher current density than those using the commercial carbon GDLs
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for the anode, (462 mA ¢nj and (278 mA crnj respectively at 0.7 V, but also incurred minimal loss

in weight and thickness in accelerated corrosion tests, unlike the commercial GDLs. Their work
signifies the potential application of metal foams for the anodic GDL in PEMFC; further research should
undertake using their freemasting and alternative methodology to produce similar metallic foams
from different metals. Fig2.14 shows a comparison of the pore size distribution in the titanium foam
anode GDL and SGL 35BC GDL determined by MIP. As thetthodology enabled the manipulation

of pore size and structure, further research could be undertaken to optimise these two characteristics.
However, to gain a fuller understanding of the potential of a material it is important that they are tested
as thecathodic GDL where the conditions are ma@rosive,and the reaction kinetics are less

favourable.
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Figure 2-14:Pore size distribution in the Ti foam anode GDL (blue line) and SGL 35BC GDL (black line) determined
SEM images of a crossection of the Ti foam ano@DL [60].
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Metalbased Machined Substrates

The machining of materials is a proficient method to manufacture substrates into a predetermined form
and physical structure. Research groups have used machining to produce GDL substrates of varying
architectures, including adjustment of pore diameterg lpcation and substrate thickness, to optimise

GDL design. The majority of this work has been centred on machined metal GDL substrates, silicon
has been used for micREMFC application§212]. Fushinobu et a[202] micro-machined thin film
titanium GDLs, of 5 em and 20 e&m thick, to prod
PEMFC applications and concentration overpotential modelling (&ith, (right)). The design
parameters of the titanium film were varied on the cathodic GDL, whilst the porosity was kept constant,
to see the effect of film thickness, hole diameter and hole patterning ey trerfiormance of thIEA.

The performance was shown to be extremely varied depending on the film thickdetbee drole
diameter, where the thinner film and smaller haiemeterthickness produced greater power density.

The placement of the perforations above the rib as well as the channel further improved cell
performance, comparable to the carbon paper GDL in the low current density regBatsrsd cm

?),

Their work indicates that thin titanium films can be suited for PEMFC gas diffusion media, potentially
improving on current carbonaceous materials, however it signifies the importance-déewettiped

design. Ideally further work would further optimise ttlesign by examination: various hole diameters
machined into the same film; smaller hole diameters; thinner films and even more randomised hole

distribution models.
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Figure 2-15:SEM images of the machined metal GDLs. (Left)Copper foil GDL with varying machined pore sizes prc
Zhang et al. (Right) TiGDL top view wifs¢ m d i a me t e r -hatés byrFoshinobureali7g]h

Zhang et al[213] developed a similar porous GDL with improved electrical and thermal conductivity
and controlled the porosity using a 1215 thick copper foil with an applied MPL of Vulcan X2

(Fig. 2.15, (left)). Their copper foil substrate had various pore sizes and straight pore profile and when
coatedmeasured a contact angle of 152°. Although the Cu GDL exhibited a lower maximum power
density (0.45 W cmj compared to MPicoated Toray TGM-060 (0.59 W cri), the achievable
controlled permeability, pore shape, porosity, and surface properties of this method allialsréat

design which will lead to improved reactant and product transport. Other research groups have focused
on the use of titanium sinters; Liu et[@14] used titanium sinters as the GDL in a fleeathing PEM

fuel cell, nickel meshes, though for the DMFC.

3D Printed Substrates

3D printing is an interesting and novel method to produce nrutrectured metal sheets for GDL
applications.Jayakumar et al[215] produced a carbefiee nyloraluminium substrate using 3D
printing technology which was infused with graphene to increase electrical and thermal conductivity; it

was then compared to the commercial SGL 39 BC. The fabricated GDL exhibited comparabtg porosi
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(429%),goodt e nsi | e 4sNtcm'p and anlexcell€dt thermal conductivity (0.68%512 W mK

1. However, it was characterised by a high throepltgime resistance resulting in a lower conductivity
than the Sigracet GDL. This is attributed to the graphene particles being poorly embedded into the
substrate which limited the conductivity of the sulistr@D printing of substrates offers significant
potential as a means of producing GDL substrates with tailored microstructure. However, 3D printing
as a tehnology is currently in its early development. As the technique becomes more widespread, a
greater number of materials and thread size would becomeawaitable,and the technique can be

then more easily optimised for MPS designs.

2.2.4 Summaryof Alternative Materials and Designs of the Macroporous Substrate

The addition of enhancing materials to the GDL such as natural graphite can significantly improve

MEA efficiency with very little alteration to the GDL substrate producporcess. Moreover, the ease

of a simplified production process is key to the reduction of manufacturing costs of the GDL and the

fuel cell as a whole, thus will make PEMFC more commercially competitive. The idea of cellulose

based GDLs and GDLs producewrh abundant sustainable biomass material may reduce cost and
provide a truly fAgreeno fuel <cell. Despite these
commercial alternatives; therefore, if they are to see any commercialisation as matemlicant

research needs to be undertaken to improve the performance before any work can be done to elevate

them from the latscale.

Non-carbonaceous gas diffusion materials are highly promising, though in their current state they lack
the thorough research to elevate them from the research level. Of the materials that have been explored
the largest potential seems to lie in metalliarhs and aerogels. The desirable characteristics of metals,
notably: high electrical conductivity, mechanical strengtéttability, and corrosion resistance, make

them applicable as a substrate material. However, it is the control over pore size ana:stratwill

lead to significant jumps in the improvement of the fuel cell efficiency and durability. However, metal
foams have yet to be tested as the cathodic GDL which is the true test of GDL potential, due to the

potential of water flooding from th@RR.
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One area that should not be neglected in the pursuit of novel materials for the macroporous substrate is
the effect that compression and fuel cell fabrication via hot pressing of the components on has on these
materials and their microstructure. Innovativerks have indicated that the temperature of hot pressing
[216] and uniformity of the compressigal] is influential in the electrochemical performance of the
membrane electrode assembly (MEA) of the fuel cell, and the capability of the GDL for mass and

electron transfer.

2.3 The Conventional Microporous Layer

In order to optimise GDL microstructure, an extensive literature review has been undertaken on
innovative microporous layer architectures and novel materials. However, it is first necessary to outline

the conventional microporous layer, its constituentsdasign.

The MPL is applied to the GDL where it is positioned between the carbon substrate and the
electrocatalyst layer. It is formed of carbon particles dispersed in a polymeric hydrophobic binding
agent, its high hydrophobicity provides a high capillary presturearrier to promote membrane
hydration and to prevent water flooding. Its presence has been shown to significantly improve fuel cell
performance and durability; Owejan et [Al03] found a 26830% increase in performance withPL-
coatedGDLs under fully humidified conditions, whereas Zhou efZi7] observed a large reduction

in ohmic losses wittMPL-coatedGDL. Although initially added to the GDL in order to improve the
electrical contact between the GDL and the electrocatalyst [[39e56] Chen et al[73, 218]were

also able to show that the MPL improved liquid water management in the MEA. The main
improvements are due to the MPLs ability to modify water accumulation and transport through the GDL
[72, 142, 217, 21:222]. Thus, reducing flooding of the pores of the macroporous layers and increasing
catalyst availability for the ORR. The composition of the MPL is a mixture of carbonaceous particles,
usually carbon black, and a hydrophobic wetting agent, typically PTFEefiedot of MPL composition

on its transport abilities has been the focus of numerous research papers; in particular the effect of PTFE
weighting in the MPL[223-225], the optimisation of carbon mass per’ahthe substrat§83, 226,

227], and the type of carbon blafk8-230] have been the focal point of research.
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Optimisation of the carbon black content in the MPL has been a point of contention for various research
groups; initially Jordan et &226] found that optimal loading Acetylene Black carbon in the MPL is
between about 1.25 and 1.9 mg' émwvhereas Park et 4227] suggested that a carbon loading 0.5 mg

cm' 2was optimal for fuel cell using air as the oxidant. This is due to the thinness of the layer allowing
for better air permeation. More recently, Orogbemi ef&d] found that a carbon loading of 2n8y

cn? is optimal for gas permeability. Typically, carbon weighting in the MPL ranges fror2 D.0ng

cn?, this has a noticeable effect on MPL thickness and subsequently its mass and water transport

capabilitieq231].

Fig. 2.16 [232] shows SEMmicrographs of théPL-coatedgasdiffusion layer where Fig. 26 (a)
uses PTFE as the hydrophobic agent and Fitf @) uses PFPEBoth figures show the defined
microporous layer on the carbon substnatth visible surface crackinglhe anisotropy of the gas
diffusion layer is shown by the fibre orientation whEirg. 2.16 (a) shows a fibre in the througblane,

whereas a fibre in the {jplane direction is visible ifig. 2.16 (b).

200 pm

Figure 2-16: An SEM micrograph showing a cross section ofMiiRL-coatedgas diffusion layef232].
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The application of the MPL to the carbon substrate is carried out by various techniques. These include

brush coating; the doctor blade technique; spray coating; rod coating; or screen [80jtaithough

novel methods of application are also under investig2i®8)]. The viscosity of the MPL slurry dictates

the application method by which the MPL is applied to the carbon substrate; more viscous slurries can

be applied to the substrate by brush or doctor blade coating whereas thinner slurries tend to be applied
by spay coating. ThéPL-coatedGDL is then heat treated and sintered at e.g.°G50 order to melt

the PTFE and thus sufficiently bond the MPL to the carbon substrate and homogeneously bind the PTFE
and carbon black particl¢228, 234]The MPL has been shown to penetrate into the GDL under the

compression of the fuel cell to create hybrid layer of substrate and MBL

Conventional MPLs have been shown to increase power density when usedFCPHEEAS.
However, there are several drawbacks to their design. Thus, material and design improvements have
been explored with Hsitu and exsitu tests to increase RE-C efficiency. As previously mentioned in
Section 2.1.2, although PTFE provides hydrophobicity to the GDL, its presence in the MPL has been
shown to compromise its capability faractantransportand electron transfé¢s, 44, 61] Moreover,

MPL slurries prepared using PTFE have been remarked on for having several issues; the insolubility of
PTFE means that the production of a homogenous CB/PTFE slurry is difficult as the PTFE is only
dispersed in the solution. Other issues exi#t RTFE based MPL slurries, notably: high viscosity; low
phase stability due to viscosity changes over time; cracking on the GDL surface during drying; and

difficulty in the coating proceg%2]. As such, new materials and architectures are required.

Another branch of research is focused on the improvement of the carbonaceous element of the MPL,
essentially the substitution of carbon black with alternative materials. The motivation behind this
research is largely to improve the physical propertiee@MPL and thu®EMFCefficiency, whilst

other groups have cited the secondary motivation of sustainability. Carbon black is produced from the
partial thermal degradation of oil or natural gas as such its production is based on the fossil fuel industry.
The following section details attempted design and material improvements that have been made to the

MPL by first addressing the carbonaceous element and then the wetting agent.
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2.4  Alternative Designs for Microporous Layers

There has beeasignificant volume of work undertaken into the optimisation of carbon black in the
MPL; these studies largely focus on the microstructural properties of the material, such as pore size
distribution[3, 47, 48, 147, 235, 236nd improvements in MPL design such as carbon weigfag

227, 237]and type of carbon blagk28-230].

As the MPL is a critical component for the transport of reactant gases and liquid water to and away
from the catalyst layer, th@orosity,and the pore size distribution of the MPL are determining factors

in its ability to carry out this task successfully. Attempts have been made to control the pore structure
of the MPL by using carbon black of different porosity profiles. Wang [220] produced a composite

MPL from carbon blacks with dissimilar physical characteristics in order to creatpuapnise pore
structure, for the optimal transportation of liquid water and reactant gases. Their results showed that the
use of a two carbon blaskvith differing porosity angbore sizedistribution produced MPLs with a

more even PSD than superior carbon black, thus making them more suitable for both the transport of
liquid water and reactant gases; this was shown in the higher power densitpalatigation curves.

More importantly, this technique allowed for the fabrication of an MPL with a graduated porosity and

thus a gradient for fluid flow.

Tang et al[238] also fabricated a triptatyer MPL with graduated pore sizes; they were able to achieve

this by the use of a pore forming agent ¢&H in their screen printing production process. They created

a porosity gradient where pore diameter was increased from the substrate to the catalyst layer interface
with the aim of increasing the capillary pressure forcing liquid water away from tHgstafheir
microstructural desigappeared to beffective with high power density at high current densities (>700

mA cn¥), where liquid water saturation becomes the limiting factor. Their methodology highlights how
thepore size can easily be controlled and varied by the addition of pore forming agents. Moreover, their
findings support those of Wang et @30] that performance of the graduated MPL is greater than the

homogenous MPL especially at high current densities where liquid water saturation is a problem.
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2.5 Alternative Materials to Carbon Blacks

In order to improvehe MEA efficiency, several research groups have explored other carbonaceous
materials, notably carbon natwbes[161, 239241], grapheng¢242-245]and carborfibres[246]. The

aim of using these materials has largely been to enhangghase flow in the MPL through improved

pore size distribution, and to increase MPL conductivity enhancing the bulk conductivity and reducing

contact resistance.

Carbon Nanotubes

Carbon nanotubes (CNT) have shown potential as an exciting new MPL material due to their high
electrical conductivity and high durability in oxidative environments. A laaggeof investigations

has shown the potential of CNT as a carbonaceous MPL mafegial234, 23241, 247249)]. The
majority of these studies have focused on CNT / carbon black composites, though early work by Kannan
et al.[248, 250]replaced Vulcan XK 2 carbon black with graphitized CNT. Theirgk experiments
indicated that the graphitized CNT exhibits more desirable characteristics for use in the MPL; having a
contact angle of 130and more homogenous surface morphology; the polarisation data from MEA
testing produced greater power density especially in the high current density region. The addition of

carbon fibres added to the mechanical stability of the layer.

Work by Gharibi et al[249] showed that the addition of multi walled carbon nanotubes (MWCNT) to

the carbon black based MPL increased gas permeability, pore volume and conductivity in the MPL,
consistent with results and observations by Stampino B4l] and Lin et al[241]. Lin et al.[241]

created an MPL using CNT in addition to acetylene black; their results indicated that carbon nanotubes
exhibited relatively greater electrical conductivity and permeability. From the polarisation curves, they
found an optimum carbon loading of 1.5 mg?@md an optimum mixing ratio of acetylene black to
CNT at 1:4 (mass: mass). Investigations into CNT MPLs show that they are characterised by superior
electronic conductivity and permeabilitgchweiss et a[240] applied an ifhouse MWCNT MPL to

a Sigracet SGL 25BN GDL which was compared to the commerciallylayed Sigracet SGL 25 BC.

They observed that gas permeability was nearly 8 times greater in the MWCNT MPL GDL than the
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commercially available and ohmic resistance was reduced by 9%. Interestingly the resulting MPL had

hydrophilic properties and was able to successfully remove liquid water from the catalyst.

Lee et al[161] produced an MPL from the addition of 21% wt. CNT into the carbon black and PTFE
dispersion; this was compared to the commercially available uncoated and coated GDLs SGL 25BA
and 25BC respectively. The PSD of the CNT MPL was found to be better distrilnatedhe
commercial CB MPL; this may be due to the favourable aspect ratio of CNT which prevents
agglomeration of the CB particles in the MPL.-&tu characterisation of the-house CNT coated

GDL showed a much lower mass transport resistance thanrimergially coated GDL SGL 25BC;

this favourable PSD and reduced mass transport resistance increase the fuel cell power density when
tested imsitu. Their work is highly informative as they were able to visualise the distribution of liquid
water in the MEAin-operando. Interestingly, although the liquid water saturation was shown to be
greater in the CN-MPL rather than the commercial MPL, thesitu performance of the CNT MPL

was greater even at high RH. At high current densities (>250 n#\, the CNT MR. improved power
density by 94.1%. This was attributed to the much thinner MPL in the CNT MPL and the higher
effective porosity and larger pores. Thus their research highlights the importance of pore size in the
MPL, this supports the theory proposed byngcaet al.[47] that an increased amount of small macro
pores in the MPL increas®EMFCperformance. As although this allows permeation of liquid water,

it also does not confine reactant gas pathways and thus eases their transportation.

Similar findings were reported by Tanuma et [@b2] who conducted a thorough comparison of
composite MPLs by preparing hydrophilic MPLs from carbons with different physical and-micro
structural properties: carbon black, MWCNT, CNT and vapour grown and melt spun carbortfdyre.
investigated the pore size distribution and mean pore diameter prior-gibu irpolarisation
measurements, finding that the vapour grown carbon fibres had the largest median pore diameter and
carbon black and me#ipun carbon fibres have the lowesarkbn black and melpun carbn fibres

also yielded the lowest output power whereas the vapour grown carbon fibres produced the highest.
Thus, observing that the larger pore volume, the smaller the mass transport losses as it is more effective

at simultaneously removing liquid waterdaproviding a pathway for reactant gas transport.
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Grown Carbon Fibres and Carbon Nanotubes

Innovative work has been undertaken by replacing the MPL with growna@ahon fibres on a carbon

paper GDL[246]. The aim of which is to increase the contact between the GDL and the catalyst layer,
thus improve the diffusion characteristics, reduce charge trafagees,and increase catalyst
utilisation. Sandstrom et gR46] reported a significant reduction charge transfer resistance of 38%
whilst using the irsitu grown CNT as the MPLTang et al[239] used the same methodology grow

CNT on Toray TGPH 090, as a hybrid microporous/catalyst layer. Fig.shows the (a) pristine
carbon fibre and @b) the grown CNT under different conditiondlowever, the durability of the carbon
nanacfibre layer was untested. The change in the morphology of the carbonaceous layer to spindle fibres

from a carbon powder likely has a reduced durability due to the fragility of the fibres.
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Figure 2-17: SEM images of (a) pristine carbon paper, and CNTs grown ungés f@w rate of (b) 5 crhmin' 2, (c) 10 crd
min' 1, (d) 15 crdmin' %, ()20 cm3 mih and (f) 20 crimin’ 1)[5].
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Graphene

A recent trend has seen graphene being explored in a couple of studies as an alternative to carbon black
for use in the MPL. Graphene is a monolayer of carbon atoms inditremsional matrix, and as such

it has good mechanical stiffness and elasticity [14More importantly, the compact ordered
morphology mean that graphene has an extremely high single particle electrical conductivity (~108 S
m?2) and thermal conductivity (1500 2500 W m K'') due to lower irplane and througblane
resistance [148]. Graphene has also been shown to have enhanced water management characteristics

regardless of operating conditions [149].

Leeuwner et al[244] fabricated a frestanding MPL for the cathodic GDL from commercial
compressed graphene foam. Thelane electrical conductivity of the graphene MPL was high due to

the conductive pathways within the graphene foam and the compressibility of the fodeu ejualal

contact between the GDL and the catalyst layer, reducing charge transfer losses. However, the lack of
treatment with hydrophobic agent was a limiting factor to its wettability which showed large variance

in the measured contact angles (B7° 1):@his5vas also attributed the inhomogeneity of the graphene
foam surface when compressed. From the polarisation curves the graphene MPL performs very well in
the midcurrent densities (~700 mA cf)) at 500 mA crithe graphene MPL produced 362 mW-tm
compared to 334 mW chproduced by the commercial MPL. However, at the higher current densities
(>1500mA cm?) the commercial MPL. This performance in higher current densities could be improved

by increasing the hydrophobicity and thus decreasing liquidrgaturation.

Najafabadi et al[253] produced electrochemically exfoliated graphene for use as an MPL material;
however the graphene shdike structure prevented water removal from the tplease boundary, and

hence led to performance drop under Higimidity operation due to flooding. iBwas addressed with

mixing the graphene plate structures with carbon black spherical particles. Though successful, this was
undertaken on small scale fuel cells with electrodes of5lopeuwner et a[244] further investigated
exfoliated graphene by using the methodology of Najafabad[@68]. They investigated the physical

and transport properties of graphene based MPLs, where graphene oxide, graphite and exfoliated

graphene were sprayed onto Torap&D with 20% wt. PTFE. The graphene based MPLs were shown
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to have a smaller contact andpglane resistance thararbon blackMPL; however, their lower
hydrophobicity lead to mass transport losses at high RH due to water retentioncatatlist A
composite MPL formed from graphene aatbon blackexhibited higher power density at high RH

and enhanced durability from galvanostatic testing; their work shows the potential of composite MPL

materials for the multifaceted role of the MPL.

Ozden et al[242] fabricated a graphene based MPL which was compared to a Vulcan XR72 MPL.
They conducted egitu microstructural analysis as well assitu power measurements andstxi
electrochemical and physical characterisation tests. The graphene based MPL eahiigteet in

plane conductivity than the Vulcan CB MPL and the peak power density of the graphene based MPL
was shown to be higher than the Vulcan based MPLs at a range of relative humidiyO0R40 This

was attributed to the morphology of the MPL whhiaids liquid water management and reactant
transport. Ozden et dR42] research is based on graphene flakes, much of the success of their MPL
was attributed to the physical structure in the stacking of these flakes in the MPL. Overall, research into

graphene based MPLs remains extremely limited.

Carbonfree MPLs

Carbonfree, metal MPL materials have also been explored due to their high electron conductivity and
corrosion resistance. The work in this field is as yet extremely limited, though research has been
conducted in metal powders [152, 41, 153, 154, 155]steel plates [150]. Leeuwner et al. [150]
investigated a series of frstéanding MPLs fabricated from different materials, one of which was a
perforatedstainlesssteel sheet. Although the iplane resistance was extremely low, the interfacial
contact resitance with the catalyst layer was a factor of 3 larger than the commerdialT¥i8 can

be attributed to the steel plate having the lowest surface roughness which transposes as less contact
between the smooth steel and the catalyst interface. The polarisation curve showed that the perforated
steel sheet produced a power densitydothan the uncoated GDL substrate; this could be due to the
contact resistance though it is also likely that the perforated sheet does not possess-fiugausilti
threedimengonal network typical of the MPL and essential for reactant transport. This lack of an

interconnected pore network that may have limited mass transport between the GDL and the catalyst.
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Titanium has also attracted research interest as an MPL material. Fang et al. [156] deposited titanium

as a thin film by magnetron spluttering. Titanium based powders also seem to offer potential as an MPL

material where: iridiurtitanium nitride (IfTiN) [41], iridium oxide and Titanium particles s

[152] and Titanium (Ti) [153, 154, 155] have been explored. Hwang et al. [155] found that the titanium

powder MPL increased megmre size and MPL wettability, improving liquid water management and

reactantransport at high RH 100%pwever,at lower RH (66%), where water is more present in the

vapour phase, it proved less effective. Metal powders are promising in terms of their desirable transport

characteristics and pore structure. Moreover, advances in 3D metal powder printing, as derdonstr

by Jayakumar [88] for the substrate, will allow control over pore size and structure. However,

limitations exist in the cost of materials, production costs and arguably dimensions of the MEA on

upscale.
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Figure 2-18: Titanium coated GDL. (Left) SEM micrograph of the Ti felt substrate surface with Ti powder (300 In¢amh
and polarisation curve of Ti substrate with different Ti loading, 80°C (bottom) (Right) SGL 10BA after 10 minutes Tingplutter
(top), and the polarisation curve and power density of GDL with varying Ti spluttering time, 65°C (bottom) [176].
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Free-standing MPLs

Several research groups have researched stiading MPL withvarying succesg§62, 254, 255]

Bauder et al. produced-louse norwoven synthetic support for a carbon black/PTFE MPL with 20%
and 40% wt. PTFE content, they exhibited lower contact angle and thptamgh resistances
(particularly 40% wt. PTFE) than the commercial MPL. By increatliiegthickness of the 20% wt.

MPL, they found comparable power densities to SGL 25BC. However, at high RH flooding caused
mass transport losses. The use of EIS and synchrotron radiography allowed the gemuthecause

of resistance losses armassesliquid water distribution in operando. Ito et al. produced adtaeding

MPL sheet from acetylene black and PTFE which was applied to TorayHDS® and HO60 carbon
substrates and left as a freanding MPL with no backing substrate (the thicknesd @fas maintained

at ~30C m|62]. Fig.2.19is the polarisation curve of the MPLs, the standalone MPL (GDL 5 in figure)
produced higher peak power density than when applied to the carbon substrate, particularly at high
current densities and at all relative humidities. This was attributed to thiéndomal conductivity of

the MPL which hindered liquid water accumulation in the bulk MPL as it could be transpoxtalduy
diffusion without hindering @diffusion. Interestingly the pore size distribution of the fabricated MPL
was highly m¢ro and mes@orous, having very few macropores. Mapares are believed to be the
pathway for gas diffusion, although if water is in the vastate then it might be that the reactant gas

is able to travel through the micro and meso pores as they are not filled by liquid water. However, as
the stand alone MPL lacked the mechanical strength and flexibility it is likely to have a very low lifespan

if subjected to durability testing.
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Figure 2-19:Polarisation curve and ohmic resistance of fuel cell set ups with different MPL thicknesses applied to-Toray H
060 GDL substrate (GDL 5 is free standing Mif&9].

Duan et al[255] electro spun a carbon nanofiber sheet which possessed good electrical conductivity
and hydrophobicity, and when applied as an MPL exhibited a higher permeability than conventional
coated GDL. When tested as the cathodic GDL, a high peak power densitg\(82m 2 was achieved
corresponding to 23% higher to the conventional MPL at the cathodic GDL. Their work did not

however, asses the durability of the MPL material

2.5.1 Alternativesto PTFE inthe MPL

Conventionally the carbon black in the microporous layer is mixed with PTFE as a hydrophobic binder,
in order to prevent flooding of the porous media during fuel cell operation, especially at high current
densities. However, the use of PTFE as a hydroghappent has an adverse effect on the physical,
microstructural and transport characteristics of the MPL. To this end, a large volume of research has

been conducted into alternative means of preventing flooding.
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Fluorinated Polymers

Super hydrophobicity is achieved when the conta

research is focused on improving the hydrophobicity of the microporous layer using similar materials
to PTFE, aiming to increase the contact angle whilstraldocing ohmic and mass transfer losses. For
example, a significant amount of research has also been conducted into the viability of polyvinylidene
fluoride (PVDF) as a replacement binder for use in the porous media of PEMFC. For example, Su et al.
[74] fabricated gas diffusion electrodes using 15% wt. PVDF as the catalyst layer binder. They
concluded that polyvinylidene fluoride improved surface morphology, and improved distribution of
catalyst particles on the surface, increasing the availabilitytivkagites. A peak power density to 0.56

W cnt2was measured compared to 0.20 WParsing Nafion as a binder. Zhang efa66] investigated

PVDF for the anion exchange membrane fuel cells; similarly they found that using PVDF as a binder

in the MPL increases the catalytic activity.

Meanwhile, Park et aJ257] fabricated a polyvinylidene fluorideased MPL from a slurry with carbon
black, which was applied to a carbon cloth GDL using the doctor blade method. MPLs with various
ratios of PVDF and carbon black were compared with a Pd@aded MPL, and uncoated GDISEM
images revealed that the surface morphology of the Pv&ded MPL had greater uniformity than the
PTFEbased MPL. The large cracks that are characteristic of l&8&d MPLs were not present for
PVDF; which was instead characterised by small porbs. Use of PVDF as a binder resulted in
significantly higher fuel cell power density, which they attributed to the approprigi@ne and
throughplane microstructure observed in the SEM images. However, hydrophobicity of the MPL could
also have been highinfluential, as the untreated GDL only reached a maximum current density 0.3 A
cm? compared to the 1.2 ém?for the PVDFbased MPL. Since no contact angle measurements were
performed and the relative humidity of the fuel cell tests was not recorded, it is difficult to draw

conclusions from this study.

Bottino et al[258] produced MPLs using phase inversion technique by immersion in a water bath of a

mixture of either polyvinylidene fluoride or sulfonated polyvinylidene fluoride and vgincan XG
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72 carborblack and Timrex HSAG 300 graphite as the electroconductive filler. The exposure time of
the cast MPL prior to immersion in the coagulation bath was varied, from 0.5 minutes to 8 minutes as
was the solvent used;iMdethyl2-pyrrolidone (NMP) and Dimethyl $fioxide (DMSO). The MPL from

DMSO solvent, PVDF, and anr@inute expose time measured the highest contact angle afhd0
PVDFS MPL produced the highest cell performance, at 0.60'Xawoltage of 0.60 V was recorded

compared to 0.43 V fohe PVDF.

Ong et al[259] also prepared a PVDIBased MPL via phasaversion of PVDF and Vulcan X2

carbon black, which was then applied to a commercialpn@ifed cloth ETEK GDL which was

exposed for 30s and then immersed in a water bath. Increasing the PVDF content df thenM®

10% wt. decreased the permeability significantly from 23.99 to 0.57%1@ S Pd 'm' Zand whereas

the increase in resistivity of MPL is insignific
for the carbon black dispersion, usindfaetient solvents: N,Mlimethylformamide (DMF) and N
methyb2-<pyrr ol i done ( NMP) . The DMF cast MPL measur e
NMP cast MPL (0.053 q), though the permeability
a higher limitirg current density and greater peak power density (0.33 & tinan the blank and the

40% wt. PTFE MPL (0.25 W cr). The difference in potential was particularly higher in current
densities > 0.3 A crathus having superior mass transport propertiesghtenicurrent densities. This

was attributed to the microstructure of the PVDF MPL being an asymmetric porous structure with
cavities, in which the uplane and througplane mass transport is enhanced. As this GDL was not
subject to heat treatment or sirig, a comparison of the surface morphology of the PVDF MPL heat

treated and immersed would prove interesting, especially when combined-gitthimaging of water

distribution. Phase immersion may produce a smoother, more homogeneous PVDF coating, yiel

different results to when the MPL is heat treated.

In addition, perfluoropolyethdsased microporous layers have been stuff8@, 260] PFPE binds
strongly with carbon black due to its high surface area and porosity, allowing for the ease of adsorption
of PFPE. Moreover, perfluoropolyethers can be chemically linked to the carbon black producing PFPE

functionalised carbons which are higtsitable and can reach the supgdrophobic threshold (157° at
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8% wt.)[261]. PFPEfunctionalised carbon blacks offer a promising alternative to carbon-BlagE
composites as unlike PTFE, the conductivity is preserved in the-RielEied carbon black because

the electrical continuity of the conductive carbon network is maet262].Where Vulcan XE72

has been chemically functionalised with 10% wt. peroxide PFPE the resistivity remains very close to

the value of the pristine carbon bld@60, 262]

Experiments conducted by Navarrini et[@60] into functionaliseePFPE carbon blacks in the MPL
indicated that 1% wt functionalisd®FPE has better performance in the mass transport zone than 10%
wt. PTFE, where the voltage drop occurs at 1.30 & cther than 1.0 A crh Thus a 30% increase in
current density was achieved by the substitution of PTFE with functiondiSB&. The peak density

was increased from around 0.42 W-¢tn 0.45 W cnit, which was attributed to better reactant diffusion
due to improved water management and higher gas philityed.ikewise, a recent study by Latorrata

et al.[263] concluded that a 10% higher power density can be obtained usingferd®iBnalised
Vulcan XG72 in the MPL in the place of conventional PTFE at 80°C and RH 60%.A peak power
density of 460nW cn?was achieved at 80°C and 100% (RO (right)). Fig.2.20 (left) shows the

mass transfer or diffusion resistance of the diffeMiAt.-coatedGDLs, where at 60°C and 100% RH

the PTFE MPL experiences mass transport losses at high current density. This indicates the inferior

water management of the conventional PTFE MPL.
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Figure 2-20: The diffusion resistance of the GDLs with Méifferent compositions (60° C, 8®0% RH). (Right) Polarisation cur
of MEAs with the differing MPL compositions (80 &1l 86100% RH). [189].

Balzarotti et al[232] used a high molecular weight PRBEsed MPL (i.e. Fluorolink® P56) with

different wt.%, which was applied to B4, E-TEK carbon cloth GDL. A contact angle of P48as

achieved with 12% wt. PFPE, whilst the value was’1&46 wi%. PFPE. A higher power density was

also achieved for 6% wt. PFPE compared to the 12% wt., 0.59 $\icth0.53 W cm respectively.

The

diffusive properties of the MPL, however this is not conducive with other findings as larger cracks

aut hor so

explanati on

was t hat t
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| arger

increase the resistance at the MPL and gsitédyer interface. It is more likely that the increase in PFPE

concentration reduced the available pore space and thus limited redtusitrdi

The characterisation of fluorinated polymers in the MPL by Latorrata |g5dlis highly informative.

The work compared PTFE with alternative fluorinated polymer binders, namely fluorinated ethylene

polymer (FEP), perfluoropolyether (PFPE), and perfluoroalcoxy (PFA). ThebBE®d MPL was

reported to have the highest contact an§l&66°, whilst the PTFEbased MPL had the lowest contact

angle, making it the least hydrophobic. Correspondingly, the fluorinated ethylene pdiased MPL

had the highest maximum power density, and the lowest mass transport losses in fuel celrtests. Fo

example, at 1.0 A crif) the FEPbased MPL was measured to have a potential of 1.0 V, compared to
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0.8 V for the PTFEbased MR (Fig. 2.20. The same grouf264] then conducted further experiments

into the stability and durability of FEPased MPLs, with minimal difference in fuel cell performance

after 1000 h of mechanical and chemical accelerated stress testing.
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Figure2-21: (Top) SEM images of the surface and cross section of the MPL (left) FEP, (right) PTFE. (Bottom) MPLs fi
with different hydrophobiagents at RH 8Q.00[190].

Park et al[265] also conducted research into 10% wt. HE&RBed MPLs deposited on Toray carbon

cloth, and reached similar conclusions. The use of FEP resulted in a higher water contact efgle (145
compared with PTHBased microporous layers (2€), which may have increased the watgpelling

capability of the MPL. The€ERbasedVPL produced anore precise and uniform pore size distribution
thanPTFEbased MPL due to the smaller particle size, moreover, an absence of large pores and crude
cracks on the MPL surface was observed. These two factors are believed to reduce the contact resistance
between the MPL and catalyst layer, however, contadtaggie measurements were not conducted. In

fuel cell performance tests, the fluorinated ethylene polywmased MPL produced a higher power

density of ~ 0.3 W cri compared to ~ 0.25 W chfor the PTFEbased MPL.
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Meanwhile, Yan et a[237]found that 30 wt.% of FEP in the MPL was optimal for minimising flooding

and improving the fuel cell performance, and obtained a maximum power density of 1.42W cm
Moreover, they compared different MPL coating methods (i.e., spray coating and screen printing),
concluding that screen printing resulted in better cell performance. This was attributed to the formation
of cracks in the spragoated MPL coating, reducinbe contact area between the electrocatalyst layer

and the MPL, thus increasing the contasistance.

Hydrophilic and Mixedwettability MPLs

Another branch of research is directed towards the study of hydrophilic MPLs. Instead of conventional
hydrophobic MPLs, where the aim is to push water through and out of the fuel cell, hydrophilic MPLs
aim to pull water out of the electrocatalyst layere Potential of hydrophilic MPLs to mitigate water
flooding at high current densities has been reported in several §RBBERG9]. For example, Aoyama

et al. [269] compared hydrophobic and hydrophilic MPLs of various thicknesses, conducting
polarisation measurements in fully humidified conditions. They reported that hydrophobic MPLs had
the highest cell resistance and that tigdrophilic carbon fibre MPL produced a higher voltage than

the hydrophobic carbon black MPL at high current densities (0.4 V and 0.3 V respectively at 1.6 A
cm?). It was deduced that the hydrophilic MPL surface allows water to spread across the MPL surface
and promotes evaporation within tle@ge pores and thus thieick hydrophilic MPLs may be more
effective when there is more liquid water produced. Similarly, Tanuma [@&52] also developed a

novel hydrophilic MPL composed of vapegrown carbon fibres with hydrophilic ionomer, resulting

in MEAs with higher power density compared to those with hydrophobic MPLs, across a range of
different relative humidities. Different MPL dritectures were more influential at different relative
humidities; where at low RH (30%) the mean pore diameter was the largest factor, and conversely at
high RH (100%) pore volume was the greatest contributor to power density. The greatest power density

(0.75 W cn?) was achieved at 30% RH.
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The majority of research into RE-C is targeted at improving MEA performance in high humidity
conditions; however, it is alstecessary to optimise RE-C design for low humidity conditions> this

is because PHFCs are to be applied to a broad spectrum of applications (aerospace, stationary and
portable applications) and these have different operating requirements and reactant feeds. In low relative
humidity conditions, maintaining membrane hydration for optifoalc conductivity is the largest
challenge. To this end, investigations on how to create hydrophilic MPLs allowing fdfREself
humidification have been conduct@¥0, 271] A hydrophilic anodic was produced by Guo €2310]

by ultraviolet treatment of Tigparticles, to reduce the membrane resistance in low humidity conditions.
The hydrophilic MPL reportedly decreased both the charge transfer resistance at low current densities,
and the ohmic and mass transport resistance at high current densities, impesfongance at both

low (100 mA cnr2and high (1200 mA crf) current densities. Other works have used UV treatment of

the MPL to create hydrophilic regions to produce a GDL with graded hydrophobicity for the diversion
of liquid water away from the catalyst layg@72]. The UV treatment leads to the formation of OH
radicals on of the gas flow channel side of the GDL, thus reducing the hydrophobicity and creating a

GDL with graded wettability from the catalyst layer to the gas flow chdamal.

To provide a deeper understanding of how hydrophilic regions in the MPLs facilitate liquid water
transport in MEAs, Mukundan et §1.36] used neutron radiography to visualise the liquid water
distributionin-situ. An MPL was produced by incorporating 18%arophilic alumosilicate fibres into

a conventional hydrophobic carbon black MPL slurry and applied to an SGL 24AA GDL, and a
comparison was made with a commercial SGL 25BC. The addition of the hydrophilic fibres increased
voltage by 150 mV at 2 A cijincreasing power density by 30%. Liquid water distribution was

analysed to understand the difference in power density. The water pcofits @ crossection of the

cell operating at 1.0 A ciwas obtained by neutron imaging (Fig. 2.28)the hydrophobic MPL,

indicated by the red line, the peak indicates that liquid water saturation is concentrated close to the cathode
catalyst layer, moreover, the MPL has a low water content as can be seen by the drop when moving away

from the MEA. In ontrast, the MPL with hydrophilic fibres, shown by the blue lives more liquid
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water in the MPL region evidenced by the steadier water content profile. Additionally, there is no

peak at the cathode catalyst area, indicating that liquid water saturation is lower at the cathode catalyst
layer, thus, indicating thadiuid water saturation is lower at the cathode catalyst layer, thus,

indicating that the loss in power of the hydrophobic 25BC were mass transport losses due to liquid

water saturation.
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Figure 2-22: Water profiles at 2.5 cfat 80°C and 100% RH using the 2 GDLs. 25BL (I8rophilic fibres in MPL) and 25E
(hydrophobic MPLJ199].

Furthermore, the addition of alumosilicate and hydrophilic fibres into the hydrophobic MPL improved
the mean pore diameter. The increased pore diameter facilitated the movement of liquid water away
from the MPL/ catalyst interface, where the hydrophilicgggprovided pathways in the MPL, wicking

the water away from the cathode.

Additionally, Aoyama et al[269, 273]and Nozaki et al[268] used cryogenic scanning electron
microscopy of crossections of the cathode side microporous layer to visualise the liquid water

distribution inside hydrophilic and hydrophobic MPLs. They found that much less liquid water was
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present in a thick hydrophilic MPL compared to a thin hydrophilic MPL or a conventional hydrophobic
MPL. They postulated that thick hydrophilic MPLs facilitate the passage of liquid water, which is then

able to more rapidly into the gaseous phase to bhegaated effectively through the porous media.

Multi-layer MPLs

An innovative dualayer MPL was developed by Kitahara et[al74, 275] with a thin hydrophilic

MPL deposited directly onto a conventional hydrophobic MPL, for low relative humidity operation.
The hydrophilic MPLs were composed of 95% carbon black mixed with 5% polyvinyl alcohol (PVA)

or TiO; (titanium dioxide). They reported that the hydrophilic MPL preserves the membrane humidity,
whilst the hydrophobic layer prevents the removal of water from the hydrophilic MPL by evaporation.
The duallayer hydrophilic/hydrophobic (5vt. % PVA) MPL produced greater power than the
hydroplobic PTFE MPL, particularly in the mass transport region, where at 1.2?Ahmmoltage was

0.5V and 0.3 V respectively. Further performance enhancements were done by optimising the PTFE
content, and thus the hydrophobicity of the hydrophobic I§/&4]. A further innovation was the
development of a tripkayer MPL byKitahara et al[276] where, the substrate was coated in a
hydrophobic MPL (10 w& PTFE), followed by another hydrophobic MPL (30 wt.% PTFE), and
finally a hydrophilic PVAbased MPL(Fig. 2.23) This resulted in further improvements in the fuel cell
performance, which was attributed to the hydrophobic gradient which successfully expelled liquid water
from the electrocatalyst layer at high relative humidity. The most influential aspect oithisggrd s wo r k
is the introduction of the concept of graduated MPLs, rather thamlintite design to one single layer

with a homogeneous microstructure.
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Substrate (SGL24BA)

" Hydrophobic MPL (PTFE10%, 35um)
, Hydrophobic MPL (PTFE30%, 35um)

:
Hydrophilic MPL (5pum)

Figure 2-23: Crosssectional SEM micrograph of a triplayer MPL-coated GDL[202].

2.5.2 Summary of Material and Design Enhancements to the Microporous Layer

Novel MPL materials present an exciting future in fuel cell engineering, especially the application of
carbons with differing aspects to conventional carbon black, e.g., graphene platelets and carbon
nanotubes. The material basis of the MPL determinesitiiphology and microstructure of the porous
media and thus influences the reactant pathways and water management in the MPL and the MEA as a
whole. Due to its unique MPL micstructure, grapherdeased MPLs are becoming an extremely
popular research areMloreover, composite MPLs formed of carbons with different aspects have a
synergetic effect on the MPL morphology, where reactant transport and liquid water are better managed
than the single materilased MPL. This opens up a multitude of possibilitiasM&L material
compositions, the optimisation of which can be greatly accelerated by the use e$caiernodelling

Current MPL research is limited by a lack of consistency, which makes comparison of the effect of the
materials themselves highly diffitu For example, characterisation methods vary between papers
making it hard to establish the cause for high/low power density or good/bad water transport
phenomena. Furthermore, these findings are drawn frehouse MPLs where the method of

application 6 the MPL to the substrate is variable. It has been remarked that the application method
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can affect the microstructural properties of the whole GDL, particularly the substrate MPL/ interface
[237]. This is largely disregarded, and conclusions are drawn based on the material composition of the

applied layer.

The optimisation of liquid water displacement in the microporous layer and the membrane electrode
assembly as a whole will lead to significant increases in fuel cell efficiency. The superhydrophobic
threshold of the MPL is easily achieved with alternafiiverinated polymers and by plasma deposition

of smaller wt.% than conventional PTFE. The lower polymer content equates to small reductions in
pore size and conductivity, thus increasing the capability of the MPL foiphase and electron
transport. Morewer, in particular, the PFPfnctionalised carbon black, or even other carbon
materials, can rectify many of the problems encountered with the conventional PTFE adsorption on

carbon black, such as increased durability and minimal impact on MPL poréssidrition.

Innovative MPL architectures with mixed wettabilities have been shown to improve power density,
where hydrophilic regions act as pathways to push liquid water away from the cathode electrocatalyst
area. Further research is needed to improve these hydcoplyiirophobic MPLs by optimising the

ratio of hydrophilic: hydrophobic areas, as well as their correct profile, shape, and distribution.
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2.6  Summary of the Literature

Over the past two decades, a substantial body of work has been dedicated to the methods of
characterisation of the gas diffusion layer. The literature on the porous media of the PEMFC is
expansive, where the gas diffusion layers have been widely stuchedthexperimental methods and
computational models. The experimental data has helped to validate and contradict the application of

existing equations for the transport properties of the porous media.

Experimental visualisations of the PEMFC GDLs using nano and +s@aie methods have become a
hot topic of research over the last decade. In additienay>computed tomography and FEEM have
allowed for imaging of the internal structure of the gasudifin layers, and from these 3D images,
computational models have been used to solve equations to calculate the transport progesties. X
computed tomography is now a webtablished technique that has been used for bediiteand in
operando studiesf PEMFC. Whilst SEM has been used extremely successfully to support the findings
from in-situ and exsitu measurements and for the visualisation of the surface morphology of the GDL,

which is of great importance for the visualisation of the liquid waistfr

Although significant work has been carried out on liquid water transport and management in the gas
diffusion layers, it is evident that it is still one of the largest limiting factors for PEMFC power
generation. The majority of studies on the GDL haveelgrgocused on the evaluation of the
performance and the characterisation of existing commercial GDLs. Characterisation of commercial
GDLs has been researched at great length, and the link between the GDL structure and the transport
properties of the GDLds been welestablished. However, it has been noticed that few research papers
have actually used these findings to develop innovativieouse GDL designs, using alternative
materials, though the suggestion has been raised by several researchers.rMbeepueous layers of

the PEMFC (the MPL, catalyst layers, and the GDL) are routinely investigated as either individual
components or as the whole fuel cell. There is definitively a lack of a holistic approach to these
components, although their optimuwperation is dependent on each other. It is therefore important that

more work is performed on the porous media and MEA as a whole.
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The focus of this research is to optimise the current{dédted gas diffusion layer as a means to reduce
water saturation in the porous media whilst maintaining high conductivity, diffusivity, and permeability.
In addition, the GDL architecture and midrosture will be optimised to promote twhase flow at

high current densities. In order to do so, carefully selectegcooventional materials will be prepared,

characterised, and compared with conventional GDL materials.
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2.7 TheKnowledgeGap

Having undertaken a detailed summary of the literature on the gas diffusion layer and microporous layer
of the polymer electrolyte membrane fuel cell, a clear gap in knowledge has emerged. Recent design
modifications to the materials and architecture of tmicroporous layer have improved cell

performance although it is clear that further optimisation is needed to increase the range of operating

conditions at which the PEM fuel cell can perform.

From the literature, there are a few salient points that should be obsEiratly, the addition of
materials other than carbon black to the microporous layer produces an MPL of much different physical
and microstructure properties to the conventional. These properties have had a positive influence on the

transport properties arry extension cell performance.

Secondly, the influence of the pore size and its distribution in the microporous layer has shown that the
inclusion of mesopores and small macropores in the layer has improved fuel cell performance at higher
current densities and higher humidity conditiohisus, implying that the presence of these larger pores

reduces the mass transport losses and helps to mitigate liquid water saturation.

Lastly, the recent development of novel pore architectures in the MPL, such as graduated pore size from
the catalyst layer to the substrate, has resulted in increased limiting current densities and higher power
densities. This improves upon the initial pase of the MPL being an intermediary between the gas

diffusion layer and the catalyst layer and enhances its capability for water management.

Within these research topics lies the basis of this thesis, as there is a defined gap in knowledge in these
three topics. Initially, this research addresses the knowledge gap regarding alternative materials;
graphene has proven itself to be a potentiadigdficial material in the microporous layer. However,

the optimisation of the graphene content of the microporous layer has not been thoroughly investigated,

this is explored in Chapter 4.

Previous studies have shown the benefits of the presence of large pore sizes in the microporous layer
resulting from the use of alternative carbons, such as carbon nanotubes and carbon fibres. Graphene

foam, a recent discovery, has received very littleassh attention, although it can hold significant
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potential as an MPL material. A novel graphene foam derived from the pyrolysis of sodium ethoxide
is produced and its viability in PEM fuel cells is investigated. This material has not previously been

investigated in the microporous layer.

Finally, Chapter 6 explores innovative microporous layer architectures by the fabrication of MPLs with
a pore gradient. By applying layers of different carbon materials (carbon black, large graphene, and
small graphene) it is possible to produce micropsrayers with a custom pore gradient. The results

of this investigation are found in Chapter 6.

Chapters 7 and 8 conclude this thesis summarising the findings and the impacts of this work, as well

as suggested trajectories for future projects and continuation on this topic.

89



Chapter 3Experimental Methods

3.1 Introduction to Methods

The role of the microporous layer in the fuel ddIEA is manifold, enabling efficienthermal and
electron transfer whilst simultaneously ensuring the transport of reactants to and water away from the
catalyst layer. Thusenhancement omicroporous layerdesignis complicatedas it requires the
optimisation several physical and electrochemical properfies. desirable characteristics and the
methods of characterisation of the gas diffusion layer and microporous layer were detailed in the
literature review, found in Chapter 2 of the thesis. In this chapter the chosen characterisatids metho
are explained, with summaries of the experimental procedure and details of the equipment including

the manufacturer and model numbers.

3.2. Material Synthesis

Chapter 5 was the product of a research collaboration between the University of Sheffield and Kyushu
University in Japan. At Kyushuniversity they have been synthesising novel grapifesras for use

as a platinum support, and as a4poacious metal catalyst wheloped with nitrogen and ironThe
graphene foams have an open pore structure and graphene thin walls whidnlextemelyhigh

surface area and could reduce resistance to mass transfer in the microporous layer. Equally, the high
carbon purityand low oxygen content of the material results in a high electron conductivity which is
another desirable property for the MPL. To this end, graphene foams were synthesised and MPLs were
fabricated in order to gauge if the material could be used for hettatalyst layer and the microporous

layer or as a multifunctional layer.

Graphene foams were fabricated using thedtep pyrolysis methodology developed®ypeyer et al.

[277], in this method sodium ethoxide is used as the precursor to produce the graphene foams. The
sodium ethoxide is pyrolised in a box furnace under a flow of nitrogen gas (75 ml/min) to produce the
initial carbonaceous foam. The temperature was increasedbynaifiute until a temperature of 725°C

was reached, the temperature was then held at 725°C for 2 hours.
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The resulting product was then stirred overnight in deionised water, before washing with 5 litres of
water and vacuum filtered to remove any residual sodium impurities. The resulting product was then
driedin a vacuum oven at 80°C and separated into two batches for the second pyrolysis step; one of
which was pyrolised at 1000°C in a nitrogen atmosphere {i0@in) which was then labelled N
graphene foam, the other sample was pyrolised at 1000°C in an atmosphere of 95% nitrogen and 5%
hydrogen (100ml/ min) which was then labelled NH graphene foam. Fig. 3.1 shows thetepo
pyrolysis procesgyraphene foams can be seen as the resulting product. Both graphene foams appear as
a black powder like substance similar in appearance to carbon black, however the physical properties

differ as the graphene foams are less dens¢emaddoflocculatewhenagitated.

1000°C, 2h

1000°C, 2h
95% N, 5% H,

725°C, 2h

_—

Figure 3-1: Schematic of the twstep pyrolysis process to produce thigogengraphene foam and the nitrogéydrogel
graphene foam.
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3.3. ElementalAnalysis of Carbon Foams
3.3.1 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy, or XPS, is aaestructive technique which is widely used for the
analysis of the surface chemistry of samples. XPS reveals information about the elemental composition
structure of the sample to a depth of 10 nm, where elements are detected from the binding energies of
the photoelectrons with the exception hydrogen aiaitm. Elemental analysis of the carbon foams,
nitrogentgraphene foam and the nitrogeydrogengraphene foam was determined byray
photoelectron spectroscopy (XPS). All the elemental analysis was conducted at Kyushu University on

a PHI 5000 Vera Probé (ULVAC -PHI, INC.).

3.4. Characterisation of Microporous Layers
3.4.1. Morphology and Microstructure
Porosity/ Pore Size Distribution

Mercury intrusion porosimetry (MIP) is a widely used technique to measure the total pore volume and
pore diameters of poromsedia, and as such it can be used to determine the bulk porosity and pore size
distribution of the gas diffusion layer. MIP is based on the application of gradually increasing external
pressure to a porous sample which is immersed in avetting fluid, typically mercury. The volume

of intruded mercury into the pores is recorded at each pressure step. At low pressure the mercury is able
to fill the larger (macro) pores of the GDL as there is less resistance as less surface tension needs to be
overcome, ashe pressure increases the smaller pores are penetrated.2Fho®s the pore size
distribution of an uncoated carbon paper GIn MPL-coatedcarbon papeiGDL and a novel
composite GDLobtained using MIPThe data for the pore size distribution of the MPL is shown in
conjunction with the pore size of the GDL, as the layer is applied to the GDL it is characterised together.
In this regard it is not possible to say with definite certainty that all of the pores in the microporous
region are those of the MRas the GDL substrate dataadlsopresent. This becomes more difficult if

the pore sizes in the MPL are the in tmesoporous and microporous region, which occur with
frequency in the GDL substrate. This is a recurrent difficulty with research and innovation into the MPL

as it occurs in conjunction with the GDL it is difficult to characteristoreover, as exsitu
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characterisation of the MPL properties occurs in isolation to the other propérieshancementf
one characteristic of the MPL mdnave a detrimental effect on another. This can only be realised

through cell performance testing.
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Figure3-2: The pore size distribution of an uncoated carbon paper GDMRb-coatedcarbon paper GDL, and a compo:
GDL produced using carbon blag®] .

MIP measurements are based on the Washburn equation (equation 3.1) which relates the pressure of
the gas to the pore size of the medium; the pressure needed to enable mercury intrusion is related to the

pore diameter.

v v — (3.1)

Where, Ris the pressure of the liquidg R the pressure of the gasis the surface tension of the liquid

—is the contact angle of the intrusion liquid, dhds the pore diameter.

Mercury intrusion porosimetry was used to determine the pore characteristics of the blank and coated
GDLs (pore size distribution, mean pore diameter and porosity). In this instance the measurements were

conducted using a MicroActive AutoPore V 9600 V, whthe intrusion pressure of the mercury was
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then gradually increased from 0 to 421 MPa. The intruded volume of mercury (log differential intrusion

[mL/g]) was recorded at each pressure step, from which the pore size distribution could be defined.

3.4.2 Scanning Electron Microscopy (SEM) imaging

Scanning electron microscopy (SEM) is an established technique to obtain cleagsbigtion images

of the surface of a material. SEM images are produced by scanning a focused beam of high energy
electrons across the surface of a sample. The interactions between electrons and the atoms of the sample
produce a signal which reveals infation about the compositiomorphology,and physical structure

of the sample. The morphological characteristics and microstructure of the GDLs were observed using
scanning electron microscopy which was performed on a JEOL instrument (Mod@&lQ18MA). The

samples were adhered to the sample holder using a egidbbt conductive carbon tape. To obtain the
crosssectional images, the samples were placed vertically using asac#snal sample holder
enabling the observation of the top view of the saragiges. Thus, the thickness of the MPL could be
determined with accuracy. Imaging of the carbon materials (Vulcan carbon black, Nanene graphene
nanoplatelets, and the graphene foams) was performed on a higher resolution scanning electron
microscope (FEI Ingect F), and the samples were splutter coated in gold prior to visualisation in order
to reduce the electron excitement of the carbon. Desillled adhesive carbon disks were used to stick

the prepared powder samples on to the sample holder. The carbderpavere applied to the carbon

disks using a small spatula, pressurised nitrogen wastaiseshove excess (poorly adhered) particles

andto obtain the correct sample height.

3.4.3. Physical Properties
3.4.3.1Contact Angle

Contact angle measurements can be used to determine the hydrophobic and hydrophilic characteristics
of the surface of a sample. A droplet of water is placed on the surface of a sample, and the angle between
the sample and the line tangent to the edgeentitbplet is measuredFif. 3.3). This is known as the

contact angle, the size of which indicates the wettability of the surface. If the contact angle measured is

larger than 90° then the surface is considered to be hydrophobic, whereas angles lowgt dnan 9
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hydrophilic. The principle behind this is based on the intermolecular interactions between the surface

and the water droplet, and is expressed mat hemat

WEé | —— o8

Where—is the contact anglg, is the surface energy of the selidpour interface, is the surface
energy of the liquidsolid interface, and is the surface energy of the ligewapour interface (surface

tension).

6=<90° == 90°

Yis

Figure 3-3: Diagram showing the contact angles on a hydrophilic (left) and hydrophobic surface (right).

In this investigation, the water contact angle of the GDL surfaces was measured using a video drop
shape system FTA200 goniometer (First Ten Angstroms, USA). Owing to the slight inhomogeneity of
the GDL surface, the contact angle measurements were taken at gesei@ns on the surface of the

sample to ensure a realistic representation of the average value of the contact angle. As such the contact
angle was measured at 7 positions on the GDL sample, and the average value and the 95% confidence

interval were the calculated.
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3.4.3.2Throughplane Permeability

Permeability is the ability of a porous material to allow fluid throughatesas such the permeability

of a porous medium is extremely influential in determining the fluid flow rate through the pores. A high
permeability of GDL is important as it allows for a greater reactant flow to the catalyst layer,
additionally it allows wateproduced at the catalyst layer to be directed to the fluid flow channels to
prevent electrode flooding. Low permeability increases the reactant transport resistancestesi@ cre
higher pressure gradient, it increases the necessary power input to maintain the flow rate of the reactant

gases.

The coefficient of gas permeability is wusually
measuring the pressure drop at specific flow ra
approximation of the NavieBtokesequation,which is valid for only laminar flow rates, where the
velocity of flow can be assumed to be Stokes f|
porous body is equal to the product of the permeability and the pressure gradient across thedyorous bo

divided ty the viscosity of the fluid. It is calculated from the following [70]:

Yo AU ot
0 Q
b o8
“ Oh

Where YU is the pressure drop across the sampls,the measured thickness of the sampés the
dynamic viscosity of the flowing gas (for nitrogen at 20°C is about 1.8°xP&0s),Qis the gas
permeability of the sampl@,is the velocity of the flowing gas, is the volumetric flow rate ar@is

the diameter of the sample exposed to the flow, respectively. As the MPL and substrate are layered in

the coated GDL, the pressure drop can be viewed as:

(v Y o

Y0 YO YO od
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Where, Y0 Y0 and Y0 are the pressure drops across the coated GDL, substrate and

MPL respectively. Combining Equatior®.8) and (35) gives the following:

o Y T R R ot
where, A0 AD andAd  are the lengths of the coated GDL substrate, the substrate and
MPL respectively, an® ,™Q andQ are thepermeability coefficients of the coated GDL,

substrate and MBlespectively. Thus, the permeability of the MPL can be solved by eqatin

. 0

0 3]
Q Q

The experimental setup used was contrived by Ismail ¢f]ajFig. 3.4), and consists of lower and

upper fixtures, where a circular GDL sample of 25.4 mm is diameter is placed and tightened between

these two fixtures. Nitrogen gas is forced to flow through the sample, and the pressure drop is measured
across the GDL for 7 dwrates. A flow controller (HF@202, Teledyne Hastings, UK) with a range of

0.0/ 0.1 SLPM is used to control the flowrate of the nitrogen gas. A diffetgméasure sens@PX653,

Omgja, UK) with a range of £12.5 Pa, was used to measure the pressure difference across the GDL

sample.
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Figure 3-4: Schematic diagram of the-lmouse setup used to measure the threpighe permeability of the GDL samp|[@$.
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3.4.3.3In-plane Electrical Conductivity

The inplane electrical conductivity of the GDL samples was measured usingpgtebd method

outlined by Smits et aJ278] and adapted by Ismail et #], where a geometrgependant correction
factor is employed for thin sheets. According t
the dimensions of the GDLs samples and the spacing between the probes. Essentially, it is derived from

two ratios being the length of the GDL to its width (a/d), and the width of the GDL to the spacing
between the probes (d/s). The ratios were calculated as 1 (a/d) and 1 (d/s) for samples used. Thus, from
Smits tables the correction factor has a value of 1. Therelect a | resistivity, I, c

using the following formul§278]:

where, C is the correction factarjs the thickness of the GDL, afdis the measured electrical
resistance. The electrical conductivity) (is the reciprocal of the electrical resistivity) (as thuds

calculated by:

e

o

The experimental procedurEig. 35) was derived from the iplane conductivity setup as described

by Ismail et a[8]. The GDL sample was positioned on an insulating polycarbonate plate. The thickness

of the GDL samples averaged from 5 measurements taken at equally spaced positions. The electrical
resistance was measured by an RS Pro 804 Ohmmeter (RS Components)agvhicdsiolution of 0.01

mq . T h eohmmeterrprovides a current which flecrosshe samples via theurrentleadsand
measures the voltagssing the voltageleads Thus, the resistance i s then
As the distance between thedtwoltage probes must be kept constant they are housed in a plastic body,
where spacing of which is equal to the width of the GDL samplen@) . Fi nal ly, adher.

method the spacing between each probe and the adjacent electrode was the same as the spacing between

99



the two probes. The iplane conductivity of 5 samples was measured, where each GDL sample was

measured 5 times. The individual values of the resistance were then averaged.

Polycarbonate Plate

5mm/
el GDL
Ry
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/ Electrode
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Figure 3-5: Schematic diagram of the setup to measure th#ane electrical conductivit}8] .
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3.4.5. Electrochemical Characterisation of Microporous Layers
3.4.5.1PEMFCPerformance Testing

Polarisation curves, or IV curves, are the main electrochemical performance tests of PEdMdpel

they show the cell voltage output plotted against the current density. By multiplying the voltage by the
current at each point the cell power density can be obtained. This is then plotted against the cell current
density in order to produce a povelnsity curve. The polarisation curve is a powedal that can be

used to determine the sources of loss in the cell, a detailed explanation of these losses and how they can

be derived from the polarisation curve is given in Chapter 1, Section 1.4.6.

The MEA was assembled using a C2 Freudenberg carbon substrate as the anode GDL, where fabricated
duatlayer GDLs were used as the cathode GDL. The MEA utilised a catalyst coated membrane as
received produced from Nafion 2{Ruel Cell Earth, where a platinum loading at both the cathode and
anode was 0.5 mgm-2 or 0.3mgcn?. The single cell measurements were conducted on a commercial

fuel cell test station (Scribgor Biologid with an electrode active area of®@n?. For each of the

MEAs assembled®EMFC performance measurements were taken at 80°C at a range of air and
hydrogen relative humidity conditions (from 25% RH to 100% RH), measurements were also taken
with oxygen and hydrogen at 50% RH. The inlet pressure for the anode and cathode back pressure
applied was 258Pa and 230 kPa respectively in accordance with the EU test protocols for single cell

measurements for RE-C[279].

3.4.5.2Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a valuable technique which is used to analyse the
sources of performance losses in fuel cells and other electrochemical devitageloss in the fuel

cell originatesfrom three main sources: activation or charge transfer losses; ion transport or ohmic
losses; and concentration or mass transport lossggo8ycing an equivalent model circuit where the
physiochemical processes which occur in the fuel cell are represented by capasisisrs,and

indudors (ig. 3.6), one is able to determine the sources of impedance within the fuel cell.
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Figure 3-6: The guivalent circuit model used to represent the membrane electrode assembplgnentsideal resistors (R
capacitors (C), and inductors (L)n EIS analysisZw is the Warburg element used to represent diffusion or mass tre
impedancd?2] .

In the equivalent circuit, the resistors represent the pathways for electron and ion transfer, and therefore
represent the bulk resistances of the material to ion transfer i.methbrane electrolyte resistance to

ion transfer, or the resistance of the GDL to electron transfer. The capacitors and inductors represent
polarisation regions, such as the reaction processes at the catalyst layers. EIS data is typically presented
in theform of Nyquist plots (Fig. 3.7) where the real voltageafs) is plotted against the imaginary
voltage (yaxis), which is indicative of the capacitive and inductive character of the cell. The shape of
the impedance arc and its intercept with thaxis provide insight into possible mechanisms of
impendence. Fig 3.7 is an example of a Nyquist plot where the sources of impedance have been
identified. The intercept with theaxis corresponds to the ohmic resistance, the first semicircle relates

to the chage transfer resistance, and finally, the second-s@uie is the mass transport resistance. In

this research project, EIS measurements were taken\afor@ach of the test conditions, and the data

is presented as Nyquist plots.
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Chapter 4: Optimisation and Characterisation of Graphéased
Microporous Layers for PolyméilectrolyteMembraneFuel Cells

4.1 Abstract

The viability of graphendased microporous layers (MPLS) for polymer electrolgmbranduel

cells is critically assessed through detailed characterisation of the morphology, microstructure, and
transport properties. Microporous layer composition was optimised by the fabrication of several hybrid
MPLs produced from various ratios of graphdneVulcan carbon black. Single cell tests were
performed at various relative humigitonditionsbetween 25% and 100% at 80°C, in order to provide

a detailed underahding of the effect of the graphebased MPL composition on the MEA
performance, with a specific focus on the ohmic and mass transport regions. The inclusion of graphene
in the MPL alters the pore size distribution of the layer and results in the fomaditmesopores and
macropores. The inclusion of graphene at 50 wt.% affects the transport properties of the layer by
reducing the gas permeability but increasing the electrical contact resistance, contact angi&aaed in
conductivity. Polarisation cues indicate that a small addition of graphene 30 wt.% in the microporous
layer optimises cell performance in low humidity conditions and when air is used as the oxidant. In
hi gher humidity conditions O 50% r mihaaet50wt% humi d
graphene and greater leads to improved cell performance. Graphene inclusion is optimal at 50 wt.%

graphene where air is used as the oxidant.

4.2 Introduction

Water management remains one of ldrgest barriers limiting fuel cell efficiencgspecially at high
current density; dué the dual problem of liquid water accumulation in the electrode which limits
reactant transpof281, 282] and membrane dehydration leading to a loss of proton condudiZy;
283]. The microporous layer (MPL) within the gas diffusion layer (GDL) of PEMFC is widely
acknowledged as a crucial performagediancing componeifi2l7, 284] improving cell efficiency
and durability, largely by the improved management of the flow of water and red2extsThe role

of the MPL in the fuel cell MEA is complex, as it serves as a conduit for the transport of heat, electrons,
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and mass. Therefore, MPL enhancement poses a challenge to researchers as it requires the optimisation
of several parameters. Alternations to the microstructural, physical, or electrochemical properties may
be extremely beneficial in terms of one charasteribut detrimental in another, and as a result,
negatively impact cell performance. For this reason, characteristicsiatbstassessed in isolation, as
performance enhancements may be the result of a compromise of one characteristic in favowarof anoth
The MPL itself is a testament to the necessity of prioritisSing one characteristic over another, i.e.,
although the extra layer at the GDL/catalyst interface increases resistance to the transport of mass and
electrical charge, these losses are deemgithitde considering the performance enhancementgdain

from the addition of the layer.

The purpose of this research is to develop a greater understanding of how composition affects MPL
microstructure and morphology, and ultimately identify strategies to improve fuel cell efficiency. The
synergetic effect of different types of carbon has tmegitored by several researchers. Early research
investigated the interactions of different types of carbon black when used together in the MPL, and the
effects imparted on MPL morphology gas transmission and liquid water saty8at229] Numerous

studies have examined the synergy between carbon nanotubes aipdiritiglcarbon black in the
microporous layer; inclusions of muitiall carbon nanotubes have influenced the microstructure and
pore size distribution of the layer and improvied mass transport phenomena, particularly in saturated
conditions[241, 249, 251, 281Similar studies have been undertaken using graphene as an additive in
the microporous layef244, 253] these demonstrated that the addition of graphene can lead to
significant improvements in MEA performance, resulting in higher power densities and limiting current
densities. Although the performance enhancements with graphene were strongly influetheeckhy

operating conditions, notably the temperature and relative humidity.

A recent trend has seen graphene being explored as an alternative to carbon black in the MPL. Graphene
is a twodimensional monolayer of graphitic carbon atoms, with good mechanical stiffness and
elasticity, as well as extremely high electrical condugtigitd thermal conductivitj285]. Graphene

has previously been explored as an MPL material by a few researchers both as a freestanding MPL

[244] and conventionally applied to carbon substrgfel?, 243, 245, 253]Leeuwner et al[244]
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fabricated a frestanding MPL for the cathode GDL from commercially available compressed 3D
freestanding graphene foam. However, the lack of treatment with a hydrophobic agent and
inhomogeneous surface limited the power density at higher current defxsii®® mA cm?) due to
flooding. Ozden et a[242] characterised MPLs from Grade DU25 graphene. THmuse graphene

based MPL exhibited a higher peak power density than the \tblsedd MPLs at relative humidity
ranging between 40 to 100%. However, their research was limited by the use of a sing, ater
graphene for the fabricatiaf the MPLs, composite MPLs produced from graphene and carbon black
were not considered. Whereas Mariani ef24.3] characterised microporous layers produced from
varioussized graphene platelets to ascertain the optimum platelet size for the MPL. 25um sized
platelets produced the highest power density, yet their results suggest that a combination of graphene
and carba black (1:1 ratio) in the microporous layer may have a complimentary effect. Similar studies
using exfoliated grapher@53], reduced graphene oxide, and natural graf@ié] indicated that
composite MPLs produced from graphene and carbon black result in a higher current density,

particularly at higher relative humidity operation.

Although these works further our understanding of how graphene can be used in the MPL, they have
not explored the optimisation of the ratio of graphene platelets to carbon black. Mixing graphene with
carbon black, or a mixture of graphene with differentphologies has the potential for a synergetic
effect on MPL morphology and microstructutieus optimising cell performanddere we present the
fabrication and characterisation of novel MPLs produced from graghesesl materials. The
microporous layers g&re produced from Nanene (2D Tech, Cheltenham) a-fhigky graphene,
Vulcan XR 72 C carbon black, and a combination of the two materials. The MPLs were then

characterised for their morphology, physical properties, and fuel cell performance.
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4.3 Methodology
4.3.1 Materials

The fabricated dudhyer GDLs were used at the cathode. The carbon substrate used to produce the
duatlayer GDLs was Toray TGP-B0 carbon paper (10%t. PTFE treated, Fisher Scientific). The
carbon powder used in the MPL imkas Vulcan XC 72 R (Sigma Aldrich®, BET surface area: 238 m

g! [286] whereas the fesayer graphene (FLG) powder used in this study was NaneD&¢2h Ltd.,

part of Versarien plc., UK). Nanene is produced using a mechanochemical process with BET surface
area: 45 rfgl. The hydrophobicity of t he |l ayer wa s

polytetrafluoroethylene dispersion (PTFE, SigAidrich®).

MPLs were produced from a viscous ink consisting of carbon and PTFE. Distilled water was used as
the solvent for the MPL ink. Triton-400 (Sigma Aldrich®) and methyl cellulose (Sigma Aldrich®)
were added to improve the dispersibility and the rheologlgeoMPL ink[287]. The MPL was applied

to commercial Toray TGIM-60 GDL (10 wt.% PTFE) using a micrometre applicator (Industrial

Physics) with a heated plate at 80°C.

The MPL-coatedGDLs were heat treated in a tube furnace to thermally decompose the Triton X100
and methyl cellulose, and to uniformly distribute the PTFE particles throughout the MPL. The
temperature profile was 120°C for 1 hour, 280°C for 30 minutes and finallyesina350°C for 30
minutes[83]. Table 1 lists all the MPL compositions investigated in the study following initial drying
and thermal treatment. The MPL composition by weight remaineblanged consisting of 80% carbon

and 20% PTFE. The carbon loading was kept constant at 2.0 rtig athinks as if83].

Table4-1: The compositions of the microporous layer inks.

MPL Vulcan Nanene PTFE
(wt.%) (wt.%) (wt.%)
GO 80 0 20
G30 56 24 20
G50 40 40 20
G70 24 56 20
G100 0 80 20
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The thickness of each of the GDL samples was measured usiicgoanetre before and after the MPL
coating was applied. Each sample was measured at 5 equally spaced positions within it to provide a

representative average value of the thickness.

4.4 Results and Discussion
4.4.1 Morphology

The morphology and the surfastucture of the carbon substrate and the MPLs were visualised by
scanning electron microscopy (SEM). Fig. 4.1 is a series of SEM micrographs showing the surface
structure of the MPicoated and the uncoated Toray substrates. Notable differences cambe see
between the surface structure and morphology of the carbon black MPL and those derived from
graphene. This morphological difference depends on the physical characteristics and the behaviour of

the MPL material. The particle size of the two materialsediffgreatly; where the Nanene graphene
nanopl ates are several orders of magnitude | arge

nm respectively.

Due to van der Waals forces carbon black nanoparticles agglomerate in the MPL to form a microporous
structure. The agglomeration of the carbon black particles results in the distinctivecraihs which
characterise the surface of GO (Fig(#)}, the carbon black MPL, these are the result of shrinkage
caused by solvent evaporation in the thermal treatment phase. The presence of these cracks is typical of
carbon black based MPLs and is frequently noted in the literature. However, they ardrabsatit

the graphene containing MPLs regardless of carbon black content (Fagf)#.1The visible cracking

on the surface of the GO and its absence in the other samples indicates that this phenomenon is present
in MPLs comprised of a smaller particle size, and the inclusion of particles with larger dimensions
prevents its occurrence. ©wnf the key roles of the MPL is to maintain the correct balance of liquid
water in the catalyst layer and the membrane; where the membrane requires hydration to reduce ohmic
regstive losses, but excess water leads to insufficient reactant distribution at the surface of the catalyst

layer, causing mass transport losses. As such the MPL structure must simultaneously be able to retain
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liquid water in low humidity conditions and remove water at high humidity conditions or high current
density operation. The presence of cracks on the MPL surface have been shown to promote the transport
of liquid water away from the catalyst layer in highmidity conditions by acting as liquid phase
pathways diverting the water from the catalyst 1g#&0, 288] Certainly, the crackree morphology

of the graphene containing MPLs visually appear to have a much lower permeability than the carbon
black MPL as there are no clear routes for the fluids to permeate the MPL. The SEM images suggest
that liquid water magtagnate on the graphene containing MPL surfaces rather than being channelled
away, and that they provide a higher resistance to reactant trah#fowith many of the contradicting

physical properties of the MPRlsurface cracking presents problemstasas also been related to
reduced mechanical durability of the lay289]. Improvements in fluid transport need to be balanced

against strength durability of the component.
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Themicrographs of G30, G5@nd 70 (Figs. 4.{c-e)) indicate that the mixed compositions result in a
similar morphology and microstructure, where the graphene nanoplates are encompassed in a
conductive filler formed of the carbon black agglomerates. The graphene containing microporous layers
appearso havea smoother surface than the pure carbon black owing to the dominant graphene which

is decorated with the carbon black agglomerates. G30 (Fig. 4.1(c)) can be seen as being more densely
packed than G50 and G70 (Figs. édd&ande)) owing to the greater pmntage of small particles in its
composition. This influences the mean pore size and the pore size distribution through the MPL, as can
be seen in the following sectioRig. 4.3). G100 (Fig. 4.1(f)) is distinguishable from the other MPLs

with a graphene inclusion due to its lack of conductive filler which results in a much larger pore size

visible from the micrographs.

4.4.2 Por Size Distribution

The porosity and pore size distribution of the MPLs were obtained using mercury infroieimetry

(MIP). For ease of identification and discussion of the microstructure, the pores of the single and dual

| ayer GDLs are classified into 3 groups accordir
identified as micropores, mesoporansge between0.05 e m i n si ze, and finally
5 em are identified as macropores. The deter mi n.

gas diffusion inside the pores, which differs depending on their size. Knudsen diffusion is the prevailing
mechanism in the micropores whose dimensions are comparable to the gas mean free path, whereas
bulk diffusion dominates in macropores. In mesopdret) bulk diffusion and Knudsen diffusion are

presen{290].

The dual function of the MPL for the transport of reactants to the catalyst layer and the removal of water

in the opposite direction means that the MPL has two conflicting roles. The pore size and
microstructural properties of the MPL greatly influencedhbdity of the component to carry out these

roles as the transport of the two fluids (reactant gas and liquid water) takes place in pores of different
sizes. Mesopores are important for maintaining gas transmission in saturated cofii8hnss the
transport of |iquid water typi|[23b] dngdudtatheehigh pl ac e

capillary pressure the hydrophobic micropores become occupied by liquid water. Thus, for the reactant
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gas to maintain free transmission, it must pass through the mesopores of the GDL. As such, the presence
of mesopores in the GDL enhances the mass transport capabilities at higher current densities and in
higher relative humidity condition218]. According to this principle, an MPL with both micropores

and mesopores

Fig. 4.2 shows the pore size distribution for the dagbr GDLs. Unsurprisingly, the uncoated GDL is
mainly comprised of macropores which can be seen as the large peak after 10 um, whereas the addition
of the microporous layer to the GDL leads to theitaatd of micropores and mesopores to the pore
profile. The composition of the microporous layers influertbepore profiles of the coated GDLs,

where the mean pore size of the MPL increases with the increaslingjonof grapheneThepore size
distribution and porositpf the coated GDLare mainly governed by theacroporousubstrateind as

such Fig. 4.2 (b) was produced for ease of comparison of the microporous layers. This figure shows the
distribution of the micropores and the mesopores and thus provides greater clarity when determining
the variation in pore sizes in the micropadayer. The Toray 60 carbon substrate was used as the
baseline, which is represented by the black line in Fig 4.2 (b). Due to the infrequency of meso and
micropores inlie substrate, pores smaller than 1860in the MPl-coated GDLs were assumed to be

the microporous layer. GO (the Vulcan MPL) has the typical pore profile of the conventional
microporous layer, where the majority of the pores are in the microporous region with a sharp peak at
50nm. ConverselyG100 (the pure graphene MPL) has a larger average pore size, with most pores
occurring in the mesoporous region and the peak occurring at 500 nm. The two materials were visualised
using SEM and the average patrticleesivas found to be 280 nm for Vulcan carbon black and 05

em for graphene, both of which are within the
average patrticle size of the two materials, it is unsurprising that the average pore sl® @ @n

order of magnitude larger than that of GO.
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The inclusion of GNP to the MPL composition increases the average pore sizes in the Méddand

to the formation of small mesopores in the layer. Interestingly, for the mixed composition MPLs, Vulcan
is the dominant material in determining the average pore azean be seen in Table 42 inFig.

4.2 (b). This is in line with the SEM micrographs which show that voids between the larger GNP are
occupied by the smaller carbon black partickégs. 4.1 (c) and4.1 (d) reveal the pore space between

the GNP is filled with carbon black conductive filler. As such this leads to the formatiocraipmies

and reduction of mesoporous void space. Although G70 is largely comprised of grapheoglaits
average pore size is 83 nm, which is more similar to the GOwhOrather than G100 (50@m).
Likewise, G50 and G30 are characterised by micropores, with the most frequent pore size being the
same for G30 (5Gm) as for GO. However, the distribution is more evenly weighted for G30, due to the
inclusion of GNP. As G30 has a higher percentage of carbon black filler than G50 and G70, it has a
larger numbe of micropores in the MPL. G50 MPL has a desirable pore size distribution with an
average pore size of 61 nm. G50 has an even distribution of micropores and small mesopores and this
may lead to enhanced performance at high relative humidity operati@muaerdt densities; enabling

the simultaneous capillary wicking of liquid water to mitigate flooding at the cathode and improve

reactant diffusion to the catalyj&52, 291]
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Figure 4-3: Modal average pore size (hm) of thi°L-coatedGDLs.

Table4.2 shows the cumulative pore volume of the investigated {d&dted GDLs. It can be observed

that GO has the largest cumulative pore volume (1.82 f)lapmpared to the other samples. This is
determined not only the presence of micropores (which form as a result of agglomeration of carbon
black particles) but also due the cracks which were clearly visible id Ei¢h). Table 4.2also shows

that the cumulative pore volume in general decreases with increasing graphene content; increasing
graphene content in the MPL from 30% (G30) or 50% (G50) to 100% (G100) decreases the cumulative

pore volume from 1.71 to 1.56 miYy

115



Table4-2: The porosity and pore volume of thH°L-coatedGDLs.

Gas Diffusion Layer Porosity Total Pore Volume | Mean Pore Size (nm
(ml g*)
GO 74% 1.82 50
G30 72% 1.71 50
G50 72% 1.71 61
G70 72% 1.62 83
G100 71% 1.56 500

The porosity is an important physical property as the porosity and diffusivity of the GDL determine its
effective diffusivity. This is significant as diffusion is the main mode of gas transport in the GDL. GO
has the highest porosity of the Mebated GDLsand as such is likely to have a greater effective gas
diffusivity than the other MPLs, and subsequently have a higher performance when tested in the fuel
cell. However, porosity and pore volume are just one of the physical properties that determieetthe ef

of the MPL on cell performance, moreover, the reported pore volume and porosity values do not account
for either the presence of the cracks nor the influence of liquid water which would obstruct diffusive

pathways and precipitate mass transport loss.

4.4.3 Contact Angle
The wettability, or hydrophobicity/ hydrophilicity of the MPLs is dependent on the physical properties

of the material and the surface structure. This determines the strength of the interactions between the
surface and the water molecules. Static contagteameasurements were used to investigate the
wettability characteristics of the microporous layer surfaces. All of the GDL surfaces investigated were
found to be hydrophobic, exhibiting a contact ar
the uncoated carbon substrate (Toray 60) (131¢)
moderately hydrophobic. This is in good [44]gr eemen
The inclusion of 10 wt.% of PTFE increases the hydrophobicity of the substrates compared to pure

carbon fibre substrates.
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Referring to Fig4.4, the addition of the microporous layers increases the contact angle of the uncoated
Toray carbon substrate. This is largely due to the inclusion of PTFE (20 wt.%) in their composition,
though the change in surface roughrfess) the MPL also increased the hydrophobicity of the layer

The roughness of a surface impacts on the contact angle; where the rougher the surface, the larger the

contact angl¢44].
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Figure 4-4: The measured static contact angle of water droplets on the coated and uncoated GDL.

The highest contact angle was measured on the G50, G70, and G100 MPLs, this indicates that at 50
wt.% graphene a plateau was reached. Therefore, there would be no benefit to MPL hydrophobicity by
increasing the graphene concentration above 50% in the Tlse improvements to the wettability
correspond to approximately a 15% increase in the contact angle of the uncoated Toray substrate.
Moreover, G30 indicates that a 13% increase in the hydrophobicity of the GDL can be achieved with

even a small additionfagraphene (30%) to the MPL. The inclusion of graphene into the MPL
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composition results in an increase in the hydrophobicity of the surface compared to the single material

Vulcan MPL, an increase 8P6 for G30 and 5% for G50, G70, and G100, respectively.

The hydrophobicity of a surface is determined by the physical characteristics and the morphology of
the surface. As previously mentioned, the graphene nanoplatelets exhibit a stacking behaviour in the
MPL, the slight increase in the hydrophobicity of th® M composed with graphene is attributed to

this stacked graphene morphology. This indicates that there are fewer pathways for the removal of water
from the surface, moreover, the surface morphology of GO is characterised by cracks that serve as

channelsdr water penetration.

However, as there is minor variation in the measured contact angles of the surfaces it can be understood
that the dominating factor in their wettability is the PTFE content, which isdogstant, and not the

microstructural properties which varies greatly between the samples.

4.4.4 ThroughPlane Permeability

Fig. 4.5shows the throughlane permeability measurements of the uncoated andddRled GDLs.

As can be expected, the uncoated carbon substrate has the highestplanagiermeability of those
measured, which decreases by 70% with the addition of the miotgplayer. A significant drop in

the throughplane permeability with the addition of the MPL has been widely observed in the literature
[83, 292] It is clear from the SEM micrographs (Fig. 4.1) why the addition of the MPL increases the
resistance to the flow of mass, as the highly porous structure of the gas diffusion layer fibre is covered
with a compact layer of carbon particles. A high perniigglis desirable as it governs the reactant flow

to the catalyst layer, and allows water produced at the catalyst to be directed to the fluid flow channels
to prevent electrode flooding. Low permeability increases reactant transport resistance ane creates
higher pressure gradient, thus increasing the necessary power input to maintain the correct

stoichiometry of the reactant gases.
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The permeability of the gas diffusion layer is dependent on its physical structure and morphology,
notably the porosity and the pore size distribution. As was previously noted, these microstructural
properties varied greatly between the different MPL casitjpms, where the highest pore volume was
reported with GO, and decreased with the addition of graphene to the layer. When comparing the
microporous layers, it is important to emphasise that the wt.% PTFE and carbon loading of the MPL
was kept consistemtt 20 wt.% and 2.0 mg chrespectively, as is typically used in the literat(ifiee

carbon loading and the PTFE have heghortedly negatively impacted the flow of air through the MPL

[83].
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Figure 4-5: The through plane permeability measurements foutiemated and/IPL-coatedGDLSs.

The addition of graphene to the MPL leads to a-stegnge in the througplane permeability, which
becomes more prominent with the increase in wt.% graphene in the composition. Notably, G30 has a

minimal decrease in permeability amounting to a 1.5% remtucompared with the conventional MPL
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(G0O), whereas G70 and G100 exhibit a much greater 48% and 55% decrease in permeability,
respectively. As the Vulcan particles and graphene flakes are in equal weight there is variation in the
dominant material across the samples, diversifying the micobgteu of the layer and thus the
capability for airflow. This reduction in througslane permeability of the graphebased MPLs
indicates that the inclusion of graphene in the MPL leads to greater resistance to airflow. This reduction
in air flow can be atibuted to the morphology of the graphene flakes which differs greatly from that

of the Vulcan carbon black particles. The graphene flakes haxdiraclsional geometry as opposed

to the spherical morphology of the carbon black particles. Fdimm2nsioml geometry lends to dense,
horizontal stacking of the graphene flakes in the MPL, which forms al#kestructure that obstructs
airflow in the througkplane direction. Moreover, the increase in graphene concentration is associated
with a reduction iniotal pore volume which limits the availability of pore space for gas transport through
the MPL. This is likely the reason for the reduction in the threpighe permeability associated with

the increase in graphene in the microporous layer. This iséeignt witj242] who reported a lower

throughplane permeability for singlmaterial graphene MPL than those derived from carbon black.

For the mixed composition MPLSs, it is apparent that up to a 50 wt.% graphene inclusion in the MPL
leads to carbon black being the dominant material, as there is minimal reduction in the airflow compared
with GO (0 wt.% graphene). However, at 70 wt.% grayggh@70) the graphene platelets govern the
microstructure, and a significant reduction in throydme permeability is observed from the stacking

of the graphene platelets obstructing the airflow. The single material MPLs have the smallest variation

in pameability, again this is attributed to the homogeneity of the microstructure.
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4.4.5 In-plane Electrical Resistivity

The inplane electrical resistivity measurements indicate that G100, the graphene based MPL has a
much lower inpl ane resistivity than GO, ame 8a0bmg bir
respectively. These values are in good agreement with those repd@é8]im which a similar grade

of graphene nanoplates was used.

The excellent electron conductivity of graphene is widely acknowledged and reported in the literature,
where singldayer graphene has an exceptionally high electrical conductivity (6 i@) [293]. The
electrical conductivity of the graphene nanoplatelets is thus greatly influenced by the number of
graphene layers, the lateral size, and the purity of the mafesitllis end, few layer graphene has been
used in a number of investigations involving nanoelectronics, ultracapacitors, gas sensors, catalyst

supports.
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Figure 4-6: The measured iplane resistivity of th&PL-coatedGDLs.
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The Nanene graphene nanoplates used in this investigation have a high 98% purity and notably few
layers (< 5); the electrical conductivity of which exceeds that of the Vulcan XC 72 R carbon black used
(D277 S M} [286, 294] As the resistivity of the MPL is dependent on the physical properties of the
carbon material and the electrical conductivity when it has adhered to the PTFE, it is therefore
unsurprising that the inclusion of graphene nanoplatelets in the MPL compdsitieases the
conductivity of the surface for all MPLs tested. The measured resistivity G30 indicates that even a small
inclusion of graphene in the MPL (30%) has marked improvements in the electron transfer properties
of the layer, equating to a 20% retion in resistivityfrom the conventional carbon black MPtigher
inclusions of graphene lead to greater improvements in the electron transfer capabilities of the MPL,

where G50 and G70 have a 23% and 32% reduction in resistivity, respectively.

4.4.6 Fuel Cell Performance

Singlecell electrochemical performance tests were conducted under different humidity conditions,
from low humidity operation (RH = 25%) to high humidity operation (RH = 100%). High humidity
operation can result in liquid water formation and accumulateaging to what is conventionally
known as O6water floodingd which i mpedes oxygen
transport losses and reduced catalyst effici¢p8g, 295] On the other hand, low humidity conditions

lead to membrane electrolyte dehydration, reducing ionic resistance of the membrane electrolyte and
leading to increased ohmic los$281, 283, 296]Varying operating conditions enables the assessment

of the dominant mechanisms and phenomena for water transport in the MPL, thus enabling the
optimisation of the MPL for cell efficiency. It is from the polarisation curves generated and the single
cell measurements that the viability of an innovative MPL can truly be assessed. Although the MPLs
were characterised esitu in terms of their microstructural, physical, and electrochemical
characteristics these were measured as-stiome parameters and witlitdhe influence of other factors

which occur in the fuel cell, such as mechanical and chemical stresses. For this resgomntysis

alone cannot be used to determine the effectiveness of an MPL in an operational fuel cell.
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Polarisation curves were taken at 25%, 50%, 75%, and 100% relative humidity conditions in air, and
also at 50% relative humidity in oxygen (Figs. 4-&]p at a constant temperature of 80°C; this allowed

for the assessment of the viability of the graphleased MPLs under actual operating conditidinee
MPL-coated GDLs perform better than the uncoated F6EayGDL in all conditions, which is
consistent with previous research findings; as the addition of the MPL reduces membrane dehydration
in low humidity conditions[297, 298]and at high humidity conditions reduces liquid water saturation

at the catalyst layer GDL interfag284, 299] Fig 4.7 (a) shows the polarisation curve of the GDLs at
25% relative humidity operation. In these conditions, the G30 MPL outperforms all the other MPLs.
Under lowhumidity operating conditions, the ohmic losses caused by the membraoet égme the
prevailing factor behind the low performance of the fuel cell. The high performance exhibited by G30
indicates that it is better than the other MPLs at retaining liquid water and preventing membrane dry
out, particularly G100 which achieves a noticeably lop@ential (0.57 V and 0.46 V at 1.6 A &m

respectively).

However, at 50% RH (Fig 4.7 (b)) G30 and the commercial GO MPL start to experience significant
potential drops at relatively low current density (~ 1.2 A%grithis could be attributed to the inability

of the above MPLs to reject excess liquid water produced at the cathode catalyst layer. This trend
continues at 75% and 100% RH operation, where liquid water is more prevalent, thus it is clear that
these perfanance losses are due to the inability of GO and G30 to sufficiently divert liquid water away

from the cathode catalyst layer.

Larger inclusions of graphene in the MPL composition produce a higher limiting current density and
greater power density in more humidified conditions (50%, 75%, and 100% RH). Figs. 4110 (b
indicate that G50, G70, and G100 do not suffer the same potential drops that GO and G30 experience in
these conditions. It can be concluded that, under intermediate or high humidity conditions, the addition
of 50% or above of graphene to the MPL haesitjve impact on the fuel cell performance as evidenced

by the laver mass transport losses and the increased limiting current density of the fuel cell. G100 in
particular has the lowest limiting current density in the 25% RH humidity operation at 1.97 Butm

exhibits the highest in the 100% RH humidity condition, 2.17 A.cfihere is a slight power drop
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between 100% RH from 75% RH where the peak power point of 0.90 Wreached 1.6 A crf

greatly exceeding that of GO and G30 in these conditions (0.64 ¥\anth0.49 W cm) and higher

than G70 and G50 at 0.85 W @rand 0.87 W cr, respectively. G50 performs well overall and records

the highest power density at 50% RH, 0.91 W2atn1.9 A cr?. Although, notably, G50 continues to
perform well in higher relative humidity conditions, at 75% RH it reaches the highest limiting current
density of 2.25 A cm. Furthermore, it produces the highest power density of all MPLs in 100% RH
(0.88 W cn? at 1.7 A cn?). The pore size distribution data indicates why this is the case. When
graphene makes up 50% or greater of the MPL composition, it leads to the formation of mesopores in
the MPL which are very slightly present in the 30% wt. graphene MPL (Fig. 4.3). Tdenpecof these
mesopores enhances the removal of liquid water away from the catalyst layer which explains why G50,
G70, and G100 do not experience game potential drops at high current densities that G30 and GO

experience.
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Similar findings have been reported when other catiased materials have been mixed with carbon
black in the microporous layer, such as graph2a2, 243, 245]and multiwall carbon nanotubgs61,
241, 249, 291hich have led to the presence of mesopores in the microporous layer and have reduced

mass transport losses at high current densities in high relative humidity operations.

Fig 4.7 (e) shows the polarisation curve at 50% relative humidity where pure oxygen was used as the
oxidant, this significantly reduces the effect of mass transport losses and reveals the impact of resistance
on cell performance. In these conditions, Gatfgrms very well and has the lowest resistance of all of

the GDLs resulting from a welydrated membrane and good GDL conductivity. This is confirmed by

the EIS results which can be seen in the following section (Fig 4.9 (e)). G50, G70, and G100 behave
similarly in terms of resistance and cell performance is similar in this condition.

Overall, G50 is the optimal MPL composition under the commonly used intermediate and high

humidity conditions as it produces high fuel cell performance with a relatively low amount of

graphene that is much more expensive than carbon black.

126



1.0 4 1.0
094 0.9 b) " 50% RH
& 08 & 084 ;
§ 5
= 074 2 074
> 2z
% 0.6 g 0.6+
S ]
Q o5 O 05+
[ . L]
@ H
2 S 0.4
nCE 0.4 o
034 0.3
0.2
0.2- T T T T T T
T T T T T T 0.0 0.4 0.8 1.2 16 20 24
0.0 0.4 0.8 1.2 1.6 2.0 24 ) )
_ ) Current Density (A cm™)
Current Density (A cm™)
1.0 - 10+
1 aQ
05 094 100% RH
& 08 & 08
f 5
.7 4 0.7 A
20 g %
2 06 2 06
i s 1
c [
[} [a] _
0.5 1 2 05
S g
(7]
2 04+ & 044
° |
0.3 - 0.3+
0.2 4 024
0.0 04 08 12 16 20 24 0.0 04 0.8 1.2 16 20 24
Current Density (A cm™) Current Density (A cm™)
244 50% RH
2.2 0,
. 204
o
—o—Toray 60, % ;]
E 1
—+— G0 = 164
—— G30 %‘ 1.4
—— G50 g 12
G70 g 1.0
G100 £ 08
0.6 4
0.4 4 Pe
0.2 T i T T T T T T

0 1 2 3

Current Density (A cm)

4

Figure 4-8: Power density measurements of kheL-coatedgas diffusion layers in different conditions€a25%, 50%, 75% and 10(

relative humidity.

127




4.4.7 Electrical Impedance SpectrometBi$)

Electrical Impedance Spectrometry was performed at 0.6 V. Fig. 4.9 shows the results for the EIS
measurements for the MEAs at 25%, 50%, 75%, and 100% RH in air, as well as 50% RHe O
results of the EIS correspond well with those obtained from the IV curves (Fig. 4.7 and 4.8). Figs. 4.9
(a-d) indicates that for the fuel cell operating in the air, the ohmic losses are comparable for all of the
MPL-coated GDLs. As the intercept withe xaxis is similar for each of the MPtoated GDLs,
whereas the uncoated GDL intercepts with tkexis at a high value, equating to a higher measured
resistance, iB is especially seen at the 25% relative humidity condition. Ohmic resistance is determined
by the contact resistance between the components and the bulk material r§i8@n€gpically, the
membrane resistance accounts for the majority of this, which in turn, is largely dependent on the internal
humidification of the polymer membrane. Thus, the uncoated GDL reduces the capability of the
membrane to retain water and limits ttwntact between the GDL and the catalyst layer. The ability of
the MPL to enhance these two properties with the addition of the MPL is well reported in the literature

[61, 223, 227, 30B03].

The use of pure oxygen as the oxidant significantly reduces the dominating effect of oxygen mass
transport losses, in doing so it allows for the analysis of ohmic and activation resistances. EIS results
where pure oxygen was used as the oxidant can bearsé&ém 4.9 (e). Unsurprisingly, the uncoated
Toray GDL is characterised by a large saintle which indicates much greater charge transfer
resistance and a later intercept with thaxis indicating high ohmic resistance than the MPated

GDLs as wasseen in Fig 4.9 (a) (25% RH). Moreover, larger seimiles are observed with a
corresponding increase in graphene concentration in the MPL, this demonstrates that G30 promotes
better contact with the catalyst layer and is better at maintaining membugdrmaédyin comparison, to

the MPLs with a higher inclusion of graphene. This may be due to the conditions at the triple phase
boundary, where the ionomer in the catalyst is dry which promotes charge transfer resistance. G30 has
the smallest sendircle andthe earliest intercept with theaxis indicating the lowest charge transfer

and ohmic resistance.
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However, it is clear from Fig. 4.12 that there is a noticeable increase in the size of tHvegdemiith

an increase in humidification for the GO and G30 MPLs. Fig. 4.9 (a), taken at 25% RH produces
comparable resistances to the other GDLs, however &ig§qbd) show a huge growth in the circle

size indicating slower reaction kinetics and pronounced mass transport limitations. This is in accordance
with the polarisation curves (Fig. 4.7), where large potential drops highlight oxygen mass transport
losses at relatively low current densities (~1.2 A9nfFigs. 4.7 (bd)). For the MPLs with higher
inclusions of graphene (G50, G70, and G100) these changes in theiredagize cannot be observed
signifying that the graphergased MPLs do not suffer from oxygen mass transport losses and therefore
are more capable of reding liquid water saturation in the MEA. This allows for the higher limiting

current densities and maximum power densities that can be seen in Fig. 4.8.
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Figure 4-9: Electrical Impedance Spectrometry measurements taken at 0.6V felPtheoatedand uncoated GDLs at {@)
25%, 50%, 75% and 100% relative humidity in air, and 50% relative humidity in pure oxygen.
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45 Conclusions

Microporous layers produced from graphene and carbon black in varying concentrations were applied
to carbon paper GDLs. The concentration of graphene in the MPL was varied to enhance MEA
performance and to optimise their design for water management iminigiaity conditions. Below

are the main findings of the study:

1 The polymer electrolyte fuel cell was found to perform better with relatively low graphene
content in the cathode MPL (O 30%) under | ow
this is due to the availability of a high amount of micropores that assethining water needed

to humidify the membrane electrolyte and the membrane phase in the catalyst layer.

f Larger amounts of graphene (O 50%) are neede
cells operating with intermediate or high humidity conditions (50, 75, or 100% RH). Such
amounts are necessary to obtain a sufficient amount of mesopores requiiresiégcess water

away from the MEA and subsequently mitigate water flooding.

1 Expectedly, the electrical conductivity of the MPL increases with increasing graphene content
and this is evidently due to the substantially higher electrical conductivity of graphene
compared to carbon black. On the other hand, the gas permeability MPtheoated GDL
was found to decrease with increasing graphene content; this is attributed to tH&kesheet

structure of the graphene used which hinders the flow of the gases.
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Chapter 5An Assessment of Novel Graphene Foam
Microporous Layers for Polymer Electrolyte Fuel Cells:
Fabrication and Characterisation.

5.1 Abstract

Graphene foam was synthesised from the pyrolysis of sodium ethoxide, the resulting carbon
was then subject to pyrolysis in different atmospheregrtioance the conductivity. The
graphene foams underwent characterisation by electron microscopyragdidorescence
which showed high carbon purity open foams with miesoale pores and graphettén walls.
Microporous layers were then produced fronsthgraphene foams, commercial graphene, and

carbon black; they were then characterisegifxand through polarisation curves.

Ex-situ characterisation of the microporous layers was used to determine thestmictoral

and physical properties, as well as its ability to repel liquid water and conduct electron and mass
transfer. Electron microscopy and mercury intrusion porosymetiabled the analysis of
morphology and microstructure, and the transport properties of the layer were determined
through permeability, electrical conductivity, and contact angle measurements. Polarisation
curves were performed at low and high relativentdity conditions to understand the capability

of these microporous layers in a range of operating conditions.

5.2  Introduction

Recent research attention has focused on the gas diffusion layer and in particular the
microporous layer and its vital role in liquid water managen@&ht 72, 161, 166, 168, 232,

258, 263, 273, 30810]. Significant improvements in fuel cell performance have been achieved
by optimisation of the physical structure of the MPL such as its morphology, pore size and
thickness, and its constituent materials i.e. the wettalpll@g, 168, 269, 273, 276, 304, 311,

312], carbon typd161, 249, 308]and carbon loadinfB3, 226] Thanks to this, noteworthy
conclusions have been drawn about the beneficial physical properties of the layer, where the

presence of meso and macropores within the MPL has been shown to enhance cell performance
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[161, 249, 252, 313, 314Control over the pore size of the MPL has been achieved by the use
of poreforming agent4238, 315]and by material selection, i.e. varying the type of carbon
black, and inclusion of carbon materials aside from carbon blacks such as carbon nanotubes

[247, 291, 308hnd graphenf42-245].

The fabrication of graphene foams from a sodium ethoxideymsor has been the subject of
recent research interest, where sodium ethoxide has been combustg@8lifaor pyrolised

in nitrogen atmosphef277]. Graphene foams are a promising novel material with an attractive
microstructure, consisting of a porous open foam with graphene thin cell wells. This unique
physical structure has led to its usage in several applications in hydrogen engineering systems,
particularly noiiPt catalysts PEMF{317] and hydrogen storad@18]. The study of graphene
foam-based microporous layers is extremely limifad4, 319, 32Q0]whereas Leeuwner et al.

[244] used a commercial graphene foam as a sadmmke microporous layer. The porous
microstructure of the graphene foam suffered under compression and its performance was
limited by its lack of weproofing. Chen et a[319] also used a commercial graphene foam to
produce an MPL though this circumstance a slurry was produced akin to the conventional
method using carbon black and PTFE, this was then applied to a TorayHTG%0 GDL.
Previous studies have both used commerri@bhene foams, however, the graphene foams in
this research were producedhinuse using the initial stages of the fpyacious metal catalyst
preparation. This study was undertaken in conjunction with the research partners at Kyushu
University who havdoeen developing graphene foams for use as Pt catalyst support, and as a
nonprecious metal catalyst when doped with iron and nitrogen. The highly porous structure of
the foams results in a material with an extremely high surface area which could reduce
regstance to mass transfer in the MPL. Moreover, the foams have a low oxygen content and
high carbon purity which is associated with good electrical conductivity, another physical
property that is important in the MPL. This study aims to assess the patégtiaphene foams

to improve MPL performance and to gauge if a single material can be used for both the MPL

and the catalyst support, this could simplify the manufacturing process and reduce costs.
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In this study graphene foams were produced from sodium ethoxide which were pyrolised in
different conditions; pure nitrogen and a mixed atmosphere of 95% nitrogen and 5% hydrogen
by volume. The resulting foams were then characterised using SEM and XiRfetstand the

effect of pyrolysis conditions on elemental composition, microstructure, and level of
graphitisation. Subsequently, microporous layers were produced from the graphene foams
alongside commercial graphene nanoplates and Vulca(C/R carbon kdck for reference.
These microporous layers underwent-sitx characterisation of their morphology and
microstructure and their ability to conduct the transport of mass and electrons. Finally,
polarisation curves and EIS measurements were taken at veglatige humidity conditions

to determine the appropriate operating conditions for their use and their suitability in PEMFC.

5.3 Results and Discussion
5.3.1 Characterisation of Graphene Foams

Table 5.1 shows the different physical and chemical properties cdithens used in the MPLs.

The atomic concentration data for the commercial graphene nanoplates and carbon black was
supplied by the manufacturers (2D Tech, Cheltenham, and Cabot Corporation respectively).
Whereas the elemental analysis of the graphenendowas carried out using -bay
Photoelectron Spectroscopy (XPS) at Kyushu University. As outlined in Chapter 3.1 fabrication
of the graphene foams, sodium ethoxide was pyrolised in a nitrogen atmosphere, the resulting
product was washed to remove the sodgalts, dried, and was subject to a second pyrolysis
stage. The carbon was divided into two batches prior to pyrolysis, where one was pyrolysed
under nitrogen flow and the other was pyrolysed under a flow of 95 val&ad\5 vol.% H.

The resulting products were weighed, placed in a sample tube, and lab8ledhd NHGF
respectively. The NFGF graphene foam was fabricated to ascertain if pyrolysis in an
atmosphere with hydrogen would reduce thec@tent and increase the carbon purity of the
graphene dam. The XPS results indicate that pyrolysis undefH flow produced a high
concentration of &in the sample with an atomic concentration of 10% as opposed to 5% in the

sample pyrolised in the pure Btmosphere. Similarly, there is a larger percentage of impurities
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(residual Na) in the NHGF compared to the48F, combined with the higher concentration of

Oz resulting in a lower carbon purity in the NBF rather than the {&F foam (85% and 93%
respectively). A high carbon purity results in an increased electrical conductivity and a high
electron mobility, and thus would result in an MPL with a higher bulk gotidty. The
manufacturers report a higher carbon purity for the commercial materials than was achieved

with the foams that were synthesised.
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Table5-1: The characteristics of the tested carbons: Vulcan 72R{Graphene Nanoplates and the Graphene Foams

Surface Area Por et Parti?Z| At o mi Conéentratid
C N O Other
N-GF 258 ntg? 2.67 nm 50 &m 93.11 0.36 5.25 1.28
NH-GF 273 ntg? 2.30 nm 50 &m 85.34 0.58 10.29 3.79
Graphene NP 45 ntg? N/A 055 &m 98.00 0.03 2.00 1.00
Vulcan 72 XGR 241 ntgt B2 < 3.00 nn*# 0020 . 08 98.30°% 0.00 24 1.40 22 0.30 4
'Obtained by BET for graphene foams, manufactureros dat a commerci al produc

2 Obtained by SEM
3 Obtained by XPS
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Morphology

The microstructure of the materials was characterised by SEM, as can be seen in Figs. 5.1 and 5.2. The
SEM micrographs enable the analysis of the morphology and physical structure of the materials prior
to their use as a microporous layer material. Fids(&c) shows the commercial graphene nanoplates
(Nanene); a distinctive structure formed from layered plagdlaped graphene nanoparticles. Fig.
5.1(a) confirms densely packed regions of graphene platelets surrounded by void. This can be further
undersood from an examination of Fig. 5.1 (c), where it is revealed that the graphene nanoplatelets
preferentially stack in the iplane directions. This tendency to stack in this direction creates an almost
2-dimensional microstructure. However, Fig. 5.1 (opws some graphene nanoplates stacked in the
throughplane direction; this exposes the number of graphene layers that make up the material.
According to the manufacturers, this is a flayer graphene, meaning that there af® layers of

stacked nangaricles [323], and indeed less than 10 layers are countable. This is of particular

importance as the limited stacking of the graphene nanoplates results in higher electron [32®ility

325]

Figure 5-1: Nanene graphene nanoplatelets: at (a) 5000x, (b) 20000x, and (c) 60000x magnifications. Vulcan carbon b
20000x, (e) 60000x, and (f) 20000D&agnifications.
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Figs. 5.1 (df) shows the microstructure of Vulcan XQ2R carbon black. The morphological
characterisation of carbon blacks has been extensively resefz2Be326331] due to its very good
physical and chemical characteristics and its wide usage in electrochemical applications. Vulcan XC
72R is typical of higkpurity carbon blacks which are comprised of individual ~ 50 nm spherical
nanoparticles, kenl og3a6). Faom thé qumenti8BM images ahede iwere found to

be in the range from 20 nm to 80 nm (Fig. 5.1 (f)). These primary particles then fuse together via Van
der Waals forces to form an aggregate in the region of 200 to 80828n329]as can be seen clearly

in Figs. 5.1 (e) and 5.1 (f). Smaller primary particles (~20 nm) tend to form smaller aggregates (~ 250
nm), whereas larger particles (~ 50 nm) form larger aggregates (~ 6(Q826n328, 331] The SEM

images of the carbon black aggregates unveil a microstructure which is entirely different from the
graphene nanoplates; theliBnensional aggregates formed by the primary particles produce a different
solid-to-void relationship than the almosidémensional physical structure of the graphene nanoplates.
There is a higher frequency of smaller void pockets between the carbon black aggregates than the
graphene patrticles, and thus it can be expected to have a greater number of micropores inahe physic
structure than the graphene nanoplates as will be shown later in the pore size distribution section

(Section 5.3.2).

Highly porous, threglimensional carbon structures are visible in Fig. 5.2; these are the graphene foams:
N-GF (Figs. 5.2 (&)) and NHGF (Figs. 5.2 (d)), respectively. Without magnification the graphene
foams visually resemble the carbon black as #&ya fine black powder that tends to flocculate;
however, the microstructure of the foam particles differs greatly from the carbon black spherical
particles. Their microstructure bears similarities to the commercial graphene (Nanene graphene
nanoplatelefsas the distinctive platelshape nanoparticles can be discerned (Figs. 5.2 (a and d));
however, for the carbon foams these serve as the carbon framework for theso@emacropores

(Figs. 5.2 (c and f)) which are present throughout the structue2eSBEM micrographs confirm that

there is no discernible difference in the microstructure of the two foams, where both methods of
pyrolysis produce a thregimensional open pore structure. This interconnected pore structure prevents

the restacking of graphersheets and thus maintains a large surface area. This results in the formation
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of large mesopores and small macropores in the MPL. The pore size distribution is an important
morphological and physical property in determining the ability of the microporous layer to manage the
transport of reactants and products to mitigate floodirgraduce mass transport losses. A greater
frequency of microssize macropores in the graphene foams, may in turn enhance the mass transfer of
reactants and products across the microporous layer. The pore size distribution of the microporous

layers is discsised in detail in Section 2.1.1, which focuseshennhorphology of the MPL.

Figure 5-2: SEM micrographs of the graphene foamsGR at (a)5000x, (b) 10000x and (c) 60000x magnifications, and®Hat:
(d) 5000x, (e) 10000x and (f) 60000x magnifications.
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5.3.2 Characterisation of the Microporous Layers
5.3.2.1Morphology

Fig. 5.3 shows the SEM micrographs showing the surface morphology of the fabricated MPLs. The
morphology of the MPLs varies greatly depending on the physical structure and the morphology of the
constituent materials. The graphene nanoplate MPL can bénséign 5.3 (a); in this micrograpthe
horizontally stacked formation of the graphene flakes is revealed. An undulatingremaskirface is
produced with little visible void space at this resolution indicating that the pore sizes are onthe sub
micronscal e (<1 &em). The morphology of the carbon
commercial MPL, with the appearance of an even homogenous surface with micropores. The SEM
micrographs show few cracks across the surface of the carbon black MPLnTuabies cracksare
particularly associated with carbbtack-basedmicroporous layers and are well noted in the literature

[47, 52, 332334]. However, they are much more clearly shown in Fig. 4.1 in Section 4.4.1. They are a
result of the carbon black agglomeration process, where iilanstructures form from the migration

of isolated carbon particlg834]. The formation of these cracks is related to the thermal treatment of
the MPL and in particular the evaporation of solM@&35, 336] The microstructure of the graphene

foam MPLs (Figs. 5.3 (c and d)) shows a much more porous structure than the graphene platelets and
the Vulcan where void space is clearly visible indicating that the pores are much larger than the other
two materials. There is little discernmeretween the two graphene foams as both have retained the
characteristic open foam structure, indicating that the method of fabrication of the ink and the
application of the microporous layers to the substrate does not damagéine microstructure of the

graphene foams.

140



x200 100pum  e— WD24mmSS60 x200 100pm

£ XS 3

SElI 15kV  WD24mmSS60 x200 100pm — SEl 15kV  WD26mmSS60 x200 100pum

Figure 5-3: SEM micrographs of the surface of the M&dated GDLs (ad: graphene nanoplates, Vulcad,graphen:
foam and NHgraphene foam)

5.3.2.2Porosity and Pore Size Distribution

The carbon material used for the fabrication of the microporous layer determines its microstructure and
morphology as can be seen from the SEM micrographs, thus defining the pore size and consequentially

its ability to conduct mass transfer. As previoudigcussed in Chapter 4, there are three categories of

pore size in the MPicoated gas diffusion layer; the smallest being micropo@€87 € mmesopores

range from0.071 5 € min size and finally macropores [3#.dhet he | a
differentiation of pore size is determined by the diffusion mechanism of gas transport within the pores.

I n micropores, where the pore diameter is compar
gas transport occurs through Knudsen diffa whereas bulk diffusion is the prevailing mechanism in

macropores which are 2 orders of magnitude larger than the micrd@®&sIn mesopores, both
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mechanisms of gas transport ocf282]. As the transport of fluid through a material is determined by

the size of the pores, it is important to understand the pore size distribution in the MPL to ascertain its
capabilities. The MPL has the dual purpose of enabling the flow of mass towacdsatlyst layer and

liquid water away from the catalyst, therefore the optimal pore size distribution of the MPL should
allow for the transport of both liquid and gas. However, a high porosity and pore size distribution are
not the only factors in determirg the ability of the MPL to manage tvphase flow in the cell; it is

also important to consider the tortuosity and hydrophobicity of the material and the mechanical stability

of the layer.

The pore size distribution of the fabricated MPLs was obtained by mercury intrusion porosimetry and
can be seen in Fig. 5.4. From the data one can see that the pore sizes of the MPLs vary dramatically
from small microporous region to micron scale poreseddimg on the material used. The MPL
produced from Vulcan carbon black has a predominantly microporous physical structure with a smaller
number of pores occurring in the mesoporous region; the peak indicates that the majority of pores
present in the carbdslack agglomerates are ~50 nm in size. This corresponds with the average particle
size of the carbon black primary particles which were measured using SEM to be in the range of ~ 20

nm to ~ 80 nm.

The MIP data generated exposes the pore size distribution and the dominant pore size of-the MPL
coated gas diffusion layer. The Vulcan carbon black GDL has the greatest percentage of micropores
(5%) compared to the graphene nanoplates (2%), and the geafalaens NGF (2.5%) and HNGF

(3%). The pore profile of the graphene foam and graphased microporous layers does not fall in

the microporous region; instead, more pores occur in the mesoporous region, 10%, 13%, and 15% for
the graphene and the graphdoams (NGF and HNGF) respectively in comparison to 9% in the
Vulcan GDL. The SEM micrographs of the graphene foams ®&R). reveal microfscale pores
throughout the carbon structure which were visibly preserved in the formation of the microporous layer
(Figs. 5.3 (c and d)). The results of the mercury intrusion porosimetry of the graphene foam MPLs (Fig.

5.4 (b)) confirm hat the mesopores are the most abundant pores in the layer.
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The porosity and pore profile of the layer influence its ability the transport of mass, as the main
mechanism for reactant transport (i.e., diffusion) depends on these structural properties of the MPL.
The mercury intrusion porosimetry results confirm thatN-GF and the NHGF GDLs have a higher
porosity (75%) than the Vulcan (74%) and graphene nanoplates (71%) they probably have a greater
ability to conduct mass transport in dry conditions, however, this does not consider the tortuosity of the
material. However, the absence of micropores and the largely macroporous natw@roahd NH

GF layers may lead to water stagnation and pore saturation in high humidity conditions as the pressure

gradient between the microporous layer and the gas diffusion gabstralatively low[129, 338]
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5.3.2.3Contact Angle

The static contact angle measurements indicate the hydrophobicity of the MPL surface. The contact
angle results of the MRtoated GDLs indicate that the composition of the microporous layers
influences the wettability. The highest contact angle was mehsuar¢he surface of the GNP MPL
(151°); lower contact angles were recorded from the two graphene foams and the Vulcan, 143°, 142°,
and 145° respectively. The greater hydrophobicity of the GNP MPL is attributed to the compactness of
these layers and the skang of the graphene plates in the horizontal plane. This is in line with values
reported by Ozden et §242] and Mariani et a[243]who report that the graphene nanoplates produced

an MPL with a higher contact angle. This results in a efi@ksurface morphology with a microscopic
roughness produced from the vertical stacking of the graphene nanoplates as can be seen in the SEM
micrograph (Fig. 5.3 (a)). This ultimately increases the contact angle of the respective MPL. In contrast
to this, the surface of the-8F and NHGF GDLs is less densely packed and has a reduced mechanical
stability compared to the other two materials' sww$athis may have led to lower contact angle values
compared to that of GNP GDL. This indicates that th&Mand NHGF MPLs most likely have,
compared to GNP MPL, less tendency to trap water produced at the catalyst layer that is most needed
for membrangphase humidification under letwumidity conditions. An MPL with a higher contact

angle has been shown to enhance electrochemical performance ircsihgieasuremen{$2, 280,

312,339-341]
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Figure 5-5: The measured contact angle of the Métdated GDLs.

5.3.2.4Throughplane Permeability

The throughplane permeability of the gas diffusion layers reduces with the addition of a microporous
layer to the carbon substrate. This is widely noted in literature: the uncoated Tordy0BGRas the

highest permeability. The carbon component of tHe_Mas a large influence on the permeability of

the gas diffusion layers, where the graphene foam microporous layers record the highest permeability

followed by the carbon black.

There is a clear link between the porosity of the layers and their permeability; this is well established in
the literature as a higher porosity of material allows for greater airflow and less resistance to the flowing
gas. This correlates well with thetdaas the MPLs produced from the graphene foams allows for the

greatest gas permeability and have the highest porosity (75%). However, given the hollow 3
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dimensional open structure of the graphene foams, a higher permeability than the measured value was

anticipated, this may be due to other physical properties, such as the tortuosity of the material.

The error bars of the carbon black MPL indicate a greater variation in permeability between samples
compared to the other materials; this is probably due to an uneven distribution of the cracks in the MPL
(Fig. 4.1 (d)). Conversely, the microporous laydgsved from graphene nanoplatelets have small error
bars indicating a smaller degree of variation between the samples compared to the other materials. This
is likely due to the horizontal stacking of graphene nanoplates creating a more uniforrfresrack
surface. However, the graphene MPL has the lowest thrplagie permeability of the samples which
matches the porosity which was lower than the other materials (71% compared to 75% for GF).
Moreover, the 2D physical structure of the graphene nanoplagdets rise to stacking in the
microporous layer forming a layer that is mostly perpendicular to the flow of gas, thus providing

resistance to the flow of gas and reducing the permeability of the layer.

4.00E-12 -
E
>  3.00E-12-
E
m
® _
£
o
2.00E-12
o ¢
8
&
i -
(@)]
= .
@]
£ 1.00E-12- I
=
Carbon Black GNP GF(N2)  GF (H2N2)

Figure 5-6: The measured throughlane permeability of the MRtoated GDLs.
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5.3.2.5In-Plane Electrical Resistivity

The inplane electrical resistivity of the samples was measured and can be seen in Fig. 5.7. The GNP
MPL recorded the lowest dplane resistivity, whereas the Vulcan carbon black MPL was the least
conductive. The resistivity of the MPLs is determined byphology and physical structure of the layer

itself, as well as the physithemical properties of the composite materials and their interactions, i.e.
the electreconductivity of the carbon particles, the quantity of polymer (PTBE)and the type of
hydrophobic polymer used257, 265] The unique electron conductivity of graphene is well
documented from an array of experimental stufBd2-346]; Bolotin et al. reported an exceptionally

high conductivity of 230 000 chV' 'S 'at room temperature for singlayer grapheng346]. For
graphene, the electrical conductivity is solely based on the defects in the material and the number of
layers, the fewer of both are better (12, 14); sitayjer graphene has the highest electron conductivity,
followed by few layers and finally milhyer. The high electron mobility of felayer graphene
explains the low resistivity of the MPLs derived from graphene nanoplates. As this is a high carbon
purity (98%) and fewayer graphene, it is unsurprising that the resistivity is low for this M#Pioadjh

it is invertible that a degree restacking of the plates occurs in the fabrication of the layer.

Notably, the NGF has a lower iplane resistivity than the NI&F; this can be explained by the XPS
elemental analysis which showed that the graphene foam pyrolised in pure nitrogen condi@éns (N

has a higher carbon purity (93%) than that subjectttolysis in the nitrogen and hydrogen atmosphere
(85%). The pyrolysis in a pure nitrogen atmosphere was able to enhance the purity (i.e., remove oxygen
and sodium) and graphitise the carbon foam to produce a graphitic structure more effectively than
pyrolyss in a 5% hydrogen atmosphere. This resulted in a graphene foam with a higher electrical

conductivity.
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Figure5-7: The inplane electrical resistivity of the coated GDLs.

5.3.3 Fuel Cell Performance

Fig. 5.8 shows the performance of the M&dated GDLs in a range of different relative humidity
conditions. Singleell measurements were taken from low humidity (25% RH) to high humidity
conditions (100 RH%) to understand the ideal operating conditiorieddGDLs. Both lowhumidity

and highhumidity operations have limitations that lead to power losses in the fuel cell. Low relative
humidity conditions are problematic as the membrane must be sufficiently hydrated to allow effective
proton conduction. Wke operating under low humidity conditions, the membrane can dry out which
reduces the ionic conductivity, increasing ohmic losses. Contrarily, high humidity conditions
potentially pose a different problem stemming from excess water. This excess watatucate the

pores of the porous media: the GDL, MPL, and the catalyst later, which restricts reactant flow and
reduces catalyst active site availability. These mass transport losses are particularly prevalent at high
current density operations where theygen reduction reaction is occurring at a faster rate and thus a
greater amount of water is being produced and less oxygen is being supplied to the catalyst layer.

Polarisation curves were taken at 25%, 50%, 75%, and 100% relative humidity operdteaiirat a
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constant temperature of 80° C (Figs. 5-8)ja From this, it was possible to emulate +iéeal operating
conditions and to determine in which conditions the graphene foam microporous layers exhibited the

greatest performance and suffered the least losses

The GNP MPL exhibits similar performance to that shown in Fig. 4.8, suffering from the greatest
activation losses and encounters ohmic resistivity, particularly in low humidity conditions (25% and
50% RH). However, the GNP MPL shows superior oxygen massgort characteristics with excellent
performance in high humidity conditions (75% and 100% RH) and the high current density region where
liquid water saturation limits oxygen diffusivity. Fig 5.8 shows that, under all the humidity conditions,
the fuel cdl performs better with the commercial materials (graphene nanoplates and Vulcan carbon
black) than with the graphene foam as evidenced by the highest limiting current density and the highest
peak power density featured by the former MPL. This could balynaitributed to the ability of the
carbon black MPL to retain more water required to humidify the ionomer phase in the catalyst layer.
As shown in Fig. 5.4, Vulcan carbon black MPL features a higher amount of micropores, which are
required to retain wateespecially under low humidity conditions, compared to graphene foam samples.
This argument is evidenced by the corresponding EIS curves at 0.6 V (Fig. 5.10) that show the charge
transfer resistance (the right intercept of the semicircle with-thésjof the fuel cell with carbon black

is always lower than those of the graphene foams, thus indicating better hydration is attained for the
ionic phase of the catalyst layer. Expectedly, the fuel cell performance degrades under high humidity
conditions (RH= 75% and 100%) and this is due to water flooding that manifests itself through the
sharp decline in performance at high current densities and subsequently reduced limiting current
densities. Notably, the fuel cell with-G@F MPL performs better than withHNGF MPL; this could be
attributed to the higher carbon content (Table 5.1) and subsequently higher electrical conductivity (Fig.
5.7) demonstrated by the former graphene foam MPL. For graphene foams to be a viable material for
the microporous layer the otic and activation losses need to be overcome, this would require further
control and optimisation of the pore size of the foam structure. They maintain a high carbon purity in

the material.
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5.4 Conclusions

Graphene foams were fabricated from the pyrolysis of sodium ethoxide in two different atmospheres to
produce NGF and NHGF. Microporous layers were produced from th&R and NHGF graphene

foams which were then characterised alongside MPLs producedcfdmon black and graphene
nanoplates. The #&6F MPL exhibited favourable characteristics for mass and electron transport in ex
situ tests, moreover, polarisation curves showed that it is competitive with carbon black in-the mid
current density region and &% and 75% relative humidity operation. This investigation shows that

in the current graphene foam, there is no potential for graphene foam as a microporous layer material,
however, the morphology and the hydrophobicity of the MPL require optimisatiampmove

performance in high humidity operation.

1 The atmospheric composition during pyrolysis affects the plofsmical properties of
graphene foams. Graphene foam produced in the pure nitrogen atmosphere (10G)vol.% N
had a greater carbon purity than the foam produced from pyrolysis in nitrogen and hydrogen

atmosphere (95 vol.% N6 vol.% H).

1 The pore size distribution of the graphene foam MPLs falls into the large mesoporous
region with an absence of small mesopores and micropores. The peak pore size-of the N

GFand NHGFare2 em and 4 em, respectively.

1 The N-GF exhibited more desirable physical and electrical characteristics than #3&NH
A higher electron conductivity was measured with thi6&6INMPL which is attributed to
the higher percentage of carbon in the foam. A higher thrplayie permeabilityvas also

recorded on the ¥&F, although the wettability of the two foams was comparable.

1 The NGF exhibits similar performance to the carbon black MPL in the low current density
region, however at higher current densities and fully humified conditions it suffers from

mass transport losses.

I This is attributed to a combination of the large pore size in the layer and the reduced

electrical conductivity of the foam.
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1 NH-GF struggles in all conditions and is uncompetitive, suffering from both ohmic losses

and mass transport losses. This is particularly apparent at 100% relative humidity operation.

1 The graphene MPL benefits from the presence of water in the porous media. This is
increased humidification, and better performance in higher humidity conditions (75% and

100 % relative humidity) and in the higher current density region.

1 In low humidity conditions (25% and 50%) the graphene MPL is limited by ohmic and
activation losses from insufficient membrane hydration and increased contact resistance

with the catalyst layer.
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Chapter 6Rethinking Microporous Desigfifabrication and
Characterisation dBi-layerPore Graded Microporous Layers

6.1 Introduction

Numerous studies have shown that the performance of gas diffusion layers is enhanced with the addition
of a microporous layer that is typically comprised of carbon black and a hydrophobic agent (PTFE).
Conventional microporous layer design consists ohglsilayer with a continuous microstructure and
physical propertiegl, 39, 217, 220, 222, 232, 2617 this chapter, the novel design of adjered
microporous layer is fabricated and characterised alongside the conventionalagiaglaicroporous

layer to investigate the potential for further enhancement of cell performance.

In the bilayer MPL, the microporous layer consists of two layers with individual physical properties,
notably a different microstructure and pore profile from the previous layer. Therefore, producing a pore
gradient through the MPL from the catalyst laiygerface to the gas diffusion layer interface. The idea
behind this design is that it will further enhance the water removal properties of the microporous layer
in high current density operation and high humidity conditions. The capillary pressurmsdi@nism

by which liquid water is removed from the catalyst layer interface through the gas diffusiofbayer

87, 127, 347, 348Research indicates that the presence of micropores in the MPL at the catalyst layer/
MPL interface promotes stronger capillary pressure through the GDL substrate to the outlet, thus aiding
the removal of accumulated liquid wafé66, 170, 219, 238, 315, 3451]. Theoretically, an MPL

with a graded pore size from the catalyst layer interface to the gas diffusion layer interface maintains
the pressure through the MPL and results in enhanced liquid water removal capabilities. Indeed, a pore
graded MPL is an enhanoent of the original purpose and design of the MPL, to enable the capillary

mechanism for liquid water removal.

Various research groups have experimentally investigatedgpraded gas diffusion substrates, which
have been shown to reduce liquid water accumulation and improve cell performance, particularly in the
high current density regidin66, 170, 315]Balakrishnan et aJ166, 170]produced a porgraded GDL

substrate from electrospinning, which mitigated liquid water saturation and reduced mass transport
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losses in fully humidified conditions (100% RH). A significant volume of work has been carried out
on modelling the MPL microstructure and the effect of pore size and str{219re852354]. Notably,

Zhan et al. produced a 3D pore network model to investigate the effect thatgagued MPL has on

liquid water saturation, relative oxygen effective diffusivity and limiting current def&l9]. They

found that a graded porosity reduced liquid water saturation at the catalyst layer interface and increased
oxygen diffusivity. Similarly, Wong et a[352] modelled the pore network of the MRbated GDL

using Xray CT reconstructions to simulate the water saturation behaviour and oxygen mass transport.

Experimental work on the pograded microporous layer is limited, though it has yielded significant
results in terms of improving our knowledge of the optimisation of MPL microstructuiay®i
microporous layers have been produced by several reseawher have investigated the graded
hydrophaobicity in the MPL274, 275, 350, 355] Influential work undertaken by Tang et 38]
investigated the effect of a pegeaded tripldayer MPL. NHCI pore former was used to produce an
MPL with decreasing pore size from the catalyst layer interface to the GDL interface. They report that
the poregraded MPL enhanced MEA performance, particularly in high current density operation as it
provided additinal capillary pressure from the catalyst layer to GDL promoting liquid water removal.
Gas diffusion layers with a pograded MPL were produced by Chun et[2B0] and by Lin et al.

[349] by using different carbons for the two layers of the MPL. Chun dRa0] used thermally
expanded graphite, whereas Lin ef249] used acetylene black and VulcanX@, to manipulate the

pore gradient from the catalyst layer interface to the GDL interface. Their findings support those of
Tang et al., as they report that the pgraded MPL promoted liquid water removal and enhacedd

performance in high current densities.

In this investigation, biayer poregraded MPLs were produced and characterised to see the effect of a
graduated pore structure on the GDL characteristics and cell performance. To control the pore size of
the layers and to achieve layers with differimmestructures, MPL ink was produced from different
carbons (large graphene nanoplates, small graphene nanoplates and carbon black). In Chapter 4, it was
demonstrated that substituting carbon black with graphene nanoplates led to an increase in pore size

and the formation of mesopores in the microporous layers. Thus, in this reseaptéy the pore size
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of the layers was controlled simply by the type of carbon used-dPaded microporous layers were
fabricated by stratifying two MPL inks produced from different carbons. Both MPL layers have distinct
microstructures and pore profiles and therefore fopora size gradient through the MPL. The order

in which the inks were applied to the GDL substrate was alternated to produce MPLs with both
increasing and decreasing pore sizes from the GDL to the catalyst layer interface. This enables greater

conclusiondo be drawn about the effects of the individual layers rather than the bulk MPL.
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6.2 Methodology
6.2.1 Preparation of the Microporous Layers

Bi-layered microporous layers were fabricated from Vulcan X@& #&rbon black (Sigma Aldrich,
UK) and from graphene nanoplates of two different sizes (Fischer Scientific, UK) which are referred to
as small graphene (SG) and large graphene (L&) .physical properties of which are listed in Table

6.1, note that the physical properties differ from the graphene used in the previous chapters (4 and 5).

Table6-1: The physical properties of the carbomaterials.

Material Particle Size (nm) Surface Area (nt/g)+
Vulcan XC 72R 20-80 nnt 241 ntlg
Small Graphene 2000 nm* 750 nt/g
Large Graphene 5005000 nm 150m?/g

*- Measured using SEM

*.Manufacturerds dat a

The bilayer microporous layers were produced by applying an initial coating of 100um, this was then
dried on a hot plate at 70° before a second layer of 50 um was applied. This was then dried on a hot
plate at 70° and finally sintered in a furnace at®°1f2@ 60 minutes, followed by 280° for 30 minutes

and finally at 350° at 30 minutes to sinter the PTFE. Table 6.2 shows the compositions d@yke bi
microporous layers, where the initial layer was applied to the substrate first. The MPL thickness

corresponds to the thickness of the dried layer.

Table6-2: The compositions of the microporous layers.

Sample | Initial Layer Secondary Layer | Initial Layer Secondary Layer
Thickness (um) Thickness (um)

CB Vulcan Vulcan 90

LG Large Grapheng Large Graphene 90

CBLG Vulcan Large Graphene | 60 30

LGCB Large Grapheng Vulcan 60 30

SGCB Small Grapheng| Vulcan 60 30

LGSG Large Grapheng Small Graphene | 60 30
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6.3 Results and Discussion
6.3.1 Morphology

The surface structures and morphology of the microporous layers are revealed in the SEM micrographs
shown in Fig. 6.1 and Fig 6.2. The flattest or smoothest MPL is the single layer of Vulcan carbon black
(Fig 6.1 (a)), which has fewer cracks than the tgppaforementioned characteristic surface of carbon
black microporous layerf288, 289, 334, 335, 356Whereas the MPLs produced from the large
graphene nanoplates (Fig 6.1 (c)) are revealed to have a rougher surface owing to their relatively greater
size resulting in a microscopic roughness. The MPL composed of the small graphene platelets has a

greaterdegree of undulation and roughness than the carbon black though less so than the large graphene.

Regarding the Biayer MPLs, one can see that the variation in materials and their order of application
determines the appearance and physical structure of the MPL surfaces, i.e., the surface of LGCB (Fig.
6.2 (a)) is entirely different from CBLG (Fig. 6(®)). The LGCB in particular Fig. 6.2 (a) has a
remarkably similar morphology to the single layer MPL where carbon black is applied to the carbon
substrate. This is likely due to the larger nanoplatelets providing a more supportive layer to the carbon
black agglomerates, akin to the carbon substrate. Likewise, the surface morphology of the CBLG
resembles the single material large graphene MPL. Interestingly, where the outermost layer is carbon
black (LGCB and SGCB, or Figs 6.2 (a) and (c)) the MPL suifackaracterised by distinct cracking,

which is usually typical in the single layer of carbon black. This is most clearly visible in Chapter 4,
Fig. 4.1 (b). There is a greater degree of cracking where carbon black is the secondary layer compared
to the sngle material carbon black MPL. Cracking of the MPL occurs during the coating and drying
process due to particle agglomeratidf4, 335] Previous research indicates that liquid water intrudes

the MPL through these cracks and that they serve as low capillary barrier conduits for the macroscale
transport of liquid watef352]. The location of these cracks on the MPL surface determines the liquid
water saturation patterns in the GDL substfa&8, 309] Therefore, the MPLs which have a carbon
black layer at the catalyst layer interface such as LGCB, SGCB and CB, may benefit from enhanced

liquid water removal as the surface cracks aid with the mitigation of liquid water.
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Where the two graphene nanoplates are used (LGSG, Fig. 6.2 (d)) the small graphene nanoplates are
visible on the surface of the large graphene structure. Individual formations of stacked graphene
nanoplates are revealed in varying sizes. The observaipe [gatelets are likely to be from the initial

layer of large graphene, although they may be from inconsistencies in the dimensions of the small

graphene nanoplates as can be seen in the single material small graphene MPL (Fig. 6.1 (b)).

Figure 6-1: SEM images of microporous layers produced from a single materi@ ¢arbon blacksmall graphene, and lar¢
graphene.
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Figure 6-2: SEM micrographs of the layered MPLs fromdeL GCB, CBLG, SGCB and SGLG.

6.3.2 Porosity and Pore Size Distribution

The pore size distribution of the MRloated gas diffusion is an important physical property as it
determines the mechanism for the transport of the reactants through the MPL. There are three prevailing
pore sizes in the MPL and GDL: micropores, mesop@med,macropores. Micropores are defined as
beingsmallertha@ . 07 e m | nwbHeamabemacropores are pores
in between micro and macropores being flom 0 7 & min tiamet&]524. Whe classification of

pore size is based on the mechanism for gas transport where the Knudsen diffusion occurs in
micropores, and bulk diffusion is the dominant mechanism in macropores. In mesopores, both bulk and

Knudsen diffusion prevalil3, 143, 357] Several research papers support the conclusions drawn in
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