TKK Dissertations 106
Espoo 2008

INHOMOGENEOUS COMPRESSION OF PEMFC GAS
DIFFUSION LAYERS

Doctoral Dissertation

lwao Nitta

Helsinki University of Technology
Faculty of Information and Natural Sciences
Department of Engineering Physics



TKK Dissertations 106
Espoo 2008

INHOMOGENEOUS COMPRESSION OF PEMFC GAS
DIFFUSION LAYERS
Doctoral Dissertation

Iwao Nitta

Dissertation for the degree of Doctor of Science in Technology to be presented with due permission
of the Faculty of Information and Natural Sciences for public examination and debate in Auditorium
AS1 at Helsinki University of Technology (Espoo, Finland) on the 14th of March, 2008, at 12

noon.

Helsinki University of Technology
Faculty of Information and Natural Sciences
Department of Engineering Physics

Teknillinen korkeakoulu
Informaatio- ja luonnontieteiden tiedekunta
Teknillisen fysiikan laitos



Distribution:

Helsinki University of Technology
Faculty of Information and Natural Sciences
Department of Engineering Physics
P.O. Box 4100

FI - 02015 TKK

FINLAND

URL: http://www.tkk.fi/lUnits/AES/
Tel. +358-9-4513198

Fax +358-9-4513195

E-mail: iwao.nitta@tkKk.fi

© 2008 Iwao Nitta

ISBN 978-951-22-9232-5

ISBN 978-951-22-9233-2 (PDF)

ISSN 1795-2239

ISSN 1795-4584 (PDF)

URL: http://lib.tkkfi/Diss/2008/isbn9789512292332/

TKK-DISS-2432

Multiprint Oy
Espoo 2008



Preface

The doctoral work presented in this thesis wasiezmut between 2005 and 2008 at the
Laboratory of Advanced Energy Systems, Helsinkivdrsity of Technology.

| firstly would like to express my deep and sincgratitude to my supervisor, Professor
Peter Lund for giving me this great opportunitywork on this fascinating subject in
pleasant environment. D.Sc. Pertti Kauranen andD.Plari Ihonen deserve my
appreciation for taking their precious time to ast pre-examiners for my thesis. Their
comments, suggestions and corrections helped iregiwrquality of this work.

My co-workers in the fuel cell group, D.Sc. Mikkoilkola, Ms. Suvi Karvonen, Ms.

Sonja Jokimies and Ms. Saara Tuurala, and formevas&ers D.Sc. Olli Himanen, D.Sc.
Matti Noponen, D.Sc. Tero Hottinen, Mr. Jaakko S®ar and Mr. Timo Lehtinen

constantly gave me valuable advice related to thkwand made my life in Finland more
joyful. I can not find any words to express my tk&to you all. | am really glad that | have
come to get to know you in my life.

I would also like to thank professor Maarit Karpminat Laboratory of Inorganic and
Analytical Chemistry, Helsinki University of Techlogy and professor Hisao Yamaguchi
at Materials and Structures Laboratory, Tokyo togi of Technology for introducing this
great university to me and encouraging me to salmpad. | would also like to thank my
supervisors in Japan, professor Yoshitaka Kitanaoit professor Yohtaro Yamazaki, Mr.
Yohichi Matsuo and Mr. Yasuto Honma, who ignited imyerest in science and my
curiosity of exploring new worlds, and gave me ioadble advice not only on scientific
research but also on life in general.

Finally special thanks to my parents for all theipport that has kept me going.
The main financing for the work was provided by thorin Saatié (Fortum Foundation)
and the Center of International Mobility (CIMO). would also like to thank the

Scandinavia-Japan Sasakawa Foundation and theskiRonding Agency for Technology
and Innovation.

Espoo, March 2008

Iwao Takemori Nitta



A

ABSTRACT OF DOCTORAL DISSERTATION HELSINKI UNIVERSIY OF TECHNOLOGY
P.O. BOX 1000, FI-02015 TKK
http://www.tkK.fi

Author Iwao Nitta

Name of the dissertation Inhomogeneous CompresgiBEMFC Gas Diffusion Layers

Manuscript submitted 11.12.2007 Manuscript revisefl.2.2008

Date of the defense 14.3.2008

| Monograph X Article dissertation (summary + original artigles
Department Engineering Physics and Mathematics

Laboratory Advanced Energy Systems

Field of research Fuel cells

Opponent(s) Professor Jon Pharoah

Supervisor Professor Peter Lund

Instructor D.Sc. Mikko Mikkola

Abstract

Proton exchange membrane fuel cells (PEMFCs) aetrechemical devices which convert the chemica&rgy of reactants
directly into electrical energy. This technologyabtes high efficiency and high energy density comgdo internal combustio
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components, and to provide mechanical supportHerMEA. The properties of GDL are strongly dependam compressiol
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conductivities but does not affect the thermal amtiity. Both electric and thermal contact resistas and gas permeability gre

decreased nonlinearly by the compression.

The modeling study was performed by applying theeexnentally evaluated parameters for the systeniatiestigation of the
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1. Introduction

1.1.General

Fuel cells are electrochemical devices which canber chemical energy of reactants directly
into electrical energy, and as such they are nbjestito Carnot cycle limitations like heat
engines. This process enables achieving high effilyi compared to the conventional internal
combustion engines. Another favorable characteristi fuel cells is their very low
environmental impact since fuel cells generatetetity without burning fuel. In addition,
because there are fewer moving mechanical pangmations, noise due to the operation is
also reduced. All these characteristics drive aatgneterest for both terrestrial and space
applications, such as automobiles, trains, statjonelectric power plants, airplanes,
submarines and space shuttles.

A reduced dependence on crude oil is also a stroagivator for the effort of fuel cell
development all over the world. The fuel of fuell deydrogen, can be produced by numerous
processes, such as steam reforming of naturaktggrolysis, or as a byproduct of petroleum
refining and chemicals production [1,2]. Hydrogean de also available at such sites as for
instance chlor-alkali factories or coke oven plamtere hydrogen can be produced as a by-
product. Furthermore, hydrogen production is exggbcto be a potential process for
increasing the fuel economy of conventional techgigls, by utilizing the waste heat of
electricity generation process such as in nucleargy [3]. A number of advanced processes
of hydrogen production have also been studied, ek@mples include biological water
splitting, photoelectrochemical water splitting,forening of biomass and wastes, solar
thermal water splitting and renewable electrolygithough fossil fuels will be used to
produce hydrogen in the medium term, in the lomgnteydrogen can be derived largely from
renewable sources. Once the renewable-based hydprgduction process is established, a
CO,-neutral energy society, which is widely consideasdhe best overall solution in the long
run for the global environment, may be realizechwlite use of fuel cells.

Over the past 20 years, the focus in terms of reseand development on fuel cells has
shifted dramatically. Because of a surge in oitgrin the 1970s, more focus was on large
scale power generation using molten carbonate dell(MCFC) and phosphoric acid fuel
cell (PAFC). In the 1990s, transport, in particdlght duty vehicles, gained more attention,
leading to greater research and development onmaolyelectrolyte membrane fuel cell
(PEMFC). Since 2000, there has been increasingestten small-to-medium scale generation
of power, using SOFC and PEMFC. Furthermore, dim@ethanol fuel cell (DMFC)
development has also accelerated recently.

Above six fuel cell systems, namely AFC, DMFC, MCHEAFC, PEMFC and SOFC, are
classified according to the type of electrolytesteyn requirements, and temperature of
operation. DMFC is considered to be a variant oMPechnology. The major differences
between various fuel cells are summarized in Tadbl&he requirement of noble metal for
catalyst and fuel conditioning options are variedoading to the type of fuel cell. In general,
fuel cells operating at relatively low temperatuegjuire a platinum based catalyst and
complicated fuel conditioners, which add cost anthglexity to the system. On the other
hand, fuel cells operating at higher temperatuteeze high reaction rates without the need
for expensive catalysts and gases such as naasalay be internally reformed. However, the
high operating temperature limits the materialeg@n and placement possibilities, and the
relatively fast degradation of components andditfifabrication processes are problematic.

Table 1 also includes the possible applicationfuef cell types.Depending on the system
output and operation temperature, the examplempleimented applications may be varied
for each fuel cell type. Small scale applicationshsas vehicle and portable applications are



attractive for PEMFC, DMFC, PAFC and AFC, while trarge utility applications and
combined heat and power (CHP) plants are envisiasdaklonging to the MCFC and SOFC.
Any kinds of fuel cell may be applied for statiopapplications, depending on meeting the
requirements and preferences of purchasers.

Table 1 Comparison of fuel cell type and charasties

PEMFC DMFC AFC PAFC SOFC MCFC
Proton Proton . Liquid Solid -
Ele.? troelyte Exchange Exchange Eoéizi:g:‘ Phosphoric Zirconium L'%lg?b'gﬂr?‘;in
P Membrane Membrane Y Acid Oxide
Catalyst Platinum ;J?;'Q;T& E;ehgrélf?ré Platinum (Perovskites) (Nickel)

Operating Room temp. to] Room temp. to| Room temp. to 150-200 °C 650-1000°C 600-700 °C

temperature 100 °C 90°C 150 °C
Electric
efficiency 25-60% >50% 50-60% 32-45% 35-55% 45-55%
(LHV)
Typ'gj‘t' ;l}’tStem <1kW-250kW |  1W-100W | 10kW-100kW|  50KW-1MW 5KW-3MW <1KAMW
Applications
Passenger
vehicle v v v (V)
Cogeneration N \/ N N N
Potable power V J J
Utility power J V V y
Distribute
power v \ \/ v v
Heavy duty
vehicles v v v v v
Specialty N N N
power

PEMFC operates at a relatively low temperature eabgtween the freezing and boiling
points of water, which contributes to its quickrstgp and shut-down. In addition, they are
smaller in volume and lighter in weight comparedtioer fuel cell types and the electrolyte is
solid material, thereby making the technology ative for portable and automotive

applications. That is why most major automobile elettronics companies are competing in
fuel cell development and why approximately 90%fwdl cell research and development
work involves PEMFCs [4,5].

Although PEMFC is the type under the most activaretment in the industry, its
implementation is beset with formidable technicifficllties. The major obstacles ahead of
us include the high initial cost of manufacturimg tfuel cell and cost of hydrogen. The cost
target of a fuel cell system is around 30 €/kWently two orders of magnitude higher than
the target [6]. Furthermore, the lack of an infrasture to supply fuels to the cells, and the
lack of familiarity in industry and general publdth the fuel cells are also challenging
hurdles to overcome [7]. From the engineering pointiew, the insufficient durability and
stability of fuel cell, arising from factors such eathode catalyst oxidation, catalyst migration,
catalyst agglomeration, corrosion of the carborpstpand membrane degradation, are the
main concerns. Real-life operation conditions sagmumerous start-ups and shutdowns and
impurities in fuel and air may cause unexpectedop@iance drop after a long operation
period. Therefore, thorough understanding of in-glhenomena both from experiment and
modeling points of view are necessary.



1.2.Background and motivation for this study

The overall fuel cell performance is governed bycamplicated interplay of transport
phenomena, including reactant, product, chargehaatitransport. A mathematical model is a
powerful tool for studying the various phenomena@usdng in a fuel cell from local to
system level, predicting the fuel cell performantceler different operating conditions and
optimizing the design of fuel cell systems. Howewaty model generally requires a number
of assumptions and/or simplifications due to ttmaitition of the numerical techniques and
experimentally evaluated data, which may then ledd significant error in the modeled
results and does not represent the physicallysteasituation.

One of the most common shortcomings of previouslistuis disregarding the effect of
compression on the physical properties of the @mthponents. Gas diffusion layers (GDLS),
in fact, are deformed when assembly pressure idieappresulting in changes in their
morphology and physical properties. Of particutaportance is the fact that the compression
pressure over GDL is inhomogeneous because ofilthehannel structure of neighboring
bipolar plate. In an actual fuel cell assembly, ¢hepression force is in practice exerted only
on the GDL under the rib area of bipolar plate fmttunder the channel. This inhomogeneous
compression leads into thickness variation of G®hich significantly affects local transport
phenomena, cell performance and cell life-time. Eesv, typical published fuel cell models
do not take into account the inhomogeneous comipress the GDL and its effects, but
instead assume the geometric and physical parasrat&DL constant over the cell area.

The right choice of modeling parameters is esderitin accurate prediction of local
phenomena, which can not be easily interpretedrby superficial modeled results, such as
the polarization curves. So far, however, informaton experimentally evaluated modeling
parameters has been limited and further investiga@f physical properties of GDLs is
essential, especially paying attention to the éftécompression. Therefore, the aim of this
study is to present a method for determining thegsialal properties of GDL and to provide
reliable data. The experimental work includes oe #ubjects of the GDL's mechanical
properties, electric conductivity, electric conta@sistance, gas permeability, thermal
conductivity and thermal contact resistance. Funtioge, theoretical study based on the
achieved experimental results was also conducteduidy the effect of physical properties
change on local transport phenomena inside thectikel

1.3.Outline of thesis

This thesis begins with a short introduction to tiperation principles and components of a
PEM fuel cell in Chapter 2. Chapter 3 addresseseraxentally evaluated GDL
characteristics as introduced in Publication lahd 1V and theoretical analysis introduced in
Publication Il and V. Chapter 3 also includes adddl results which are not included in the
published articles and suggestions for further isgidSummary of this thesis is given in
Chapter 4. Manuscripts of Publication I, 1l, I/ bnd V are included as appendices.
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2. Proton Exchange Membrane Fuel Cell

2.1. Principles of Operation

PEM fuel cell uses hydrogen as fuel at anode sideoaygen (from air) as oxidant at cathode
side. Hydrogen is split into protons and electracsording to:

H, — 2H" + 26 1)

Driven by an electric field, the protons migrateotigh the polymer electrolyte membrane
and electrons via an external electric circuithte tathode. The oxygen in the cathode side
reacts with the protons and electrons to form wateprding to:

%02+2H*+ 26 — H0 ()
The overall reaction is exothermic and can be amits:

1
H, +§ 0O, — HO (3)

The operational principle of a PEM fuel cell imdtrated in Fig. 1.

(cathode)

«— bipolar plate

e e —9gas diffusion layer
/\ /\ «——— catalyst layer
H0302/  \ TH20302/ \ TH20 102 ¢—electrolyte membrane

[Coar]

THE THF e
H2 H2 H2
e e
«e
(anode)

Fig. 1 Schematic illustration of an individual fugall

The maximum electric poweW,, obtained in fuel cell operation at constant terapge and
pressure is expressed by the change in Gibbs riergyAG of the electrochemical reaction:

W, = AG = -nFE (4)

Wheren is the number of electrons participating in thact®n, F is Faraday’s constant
(96485 coulombs/mol), and tiieis theoretical equilibrium potential of the célbr reactants
and products in their standard states conditio®8 (R and 1 atm), represented by the
superscript °,

AG’ =-nFE’ (5)

The theoretical standard potentil, at 298K for a fuel cell in which hydrogen andyg&n
react is 1.229 V with liquid water product, or 1.¥8with gaseous water product. The
difference in ideal standard potential stems froimb& free energy change of vaporization of
water at standard conditions.

11



The relationship between the theoretical standatdrpial, E’, for the cell reaction and the
theoretical equilibrium potentiak, at various partial pressures of reactants isnglwe the
Nernst equation:

: R :
E=g + 0y e |4 0T in[R, ] (6)
2F |Po| 2F "%

The actual cell voltage is decreased from the #texa equilibrium potential because of 1)
crossover losses, 2) activation overpotential, Bnic overpotential and 4) concentration
overpotential.

Even though the polymer membrane is impermealilegoeactant gases, some small amount
of reactant gases diffuse through the electrolygenbrane. This fuel crossover is essentially
equivalent to the so-called internal currents sieageh hydrogen molecule contains two
electrons. Because of the current losses duedgaritarnal current, the open circuit voltage is
significantly lower than the theoretical voltagsually less than 1 V. Hydrogen crossover is a
function of membrane permeability, membrane thiskn@perating conditions and hydrogen
partial pressure. A very low open circuit voltageymindicate either hydrogen leak or
electrical short.

The activation overpotentiaja, arises from sluggish reaction kinetics and is ickamt at low
current density. The activation overpotential ipressed with Butler-Volmer equation as:

i :io{eX[{_aZF”aCt)_eX (l_a)ZF”actj} (7)
aT aT

whereR is the gas constant, the temperatureg the electron transfer coefficient of the
reaction,i the current density, arigithe exchange current density.

Exchange current density is a measure of an eli®goreadiness to proceed with the
electrochemical reaction. Thus, the lower the atim overpotential is, the higher the
exchange current density becomes. The activatiogrpotential of hydrogen oxidation
reaction is much lower than that of oxygen redurctieaction, and thus the anode exchange
current density is several orders of magnitudegefathan that at cathode (<10vs ~10°
Acm? at 25 °C and 101.25 kPa). The exchange currersitgeis dependent on reactant
concentration, temperature and electrode catabgatihg and catalyst specific surface area.
Because of its concentration dependence, the egehaurrent density inherently entails the
correlativity to the concentration overpotential.

The ohmic overpotentialyonm arises from ionic and electronic resistance ofl faell
components. The resistive losses obey the Ohm'’s law

,70hm = iRceII (8)

whereR is the area-specific total resistance of the fed| evhich includes electronic, ionic,
and contact resistance:

I:itell = I:gelectric-'- I:ﬁonic + I:itontact (9)

It has been thought that the dominant part of ohloss is ionic resistance of membrane.
However, the electric contact resistance betwedalysh layer (CL) and membrane was
found to be quite comparable to ionic resistancenefmbrane as discussed in sub-chapter
3.2.5. The ohmic loss depends on cell geometry, nilag¢erials used, and the operating
temperature. This is a key performance paramescesly in high-temperature fuel cells,
where the ohmic losses often dominate the ovedddirization of the cell.

As reactants are consumed at the CL by the eldwmical reaction, concentration gradients
are established and the concentration overpotenti@lrs. The concentration overpotential
contributes significantly to loss of cell potentalhigh current density, where the reactant is

12



rapidly consumed. Furthermore, in low operatinggerature fuel cell such as PEMFC and
DMFC, hindrance of gas-phase reactant transpogrbgtuced liquid water in the GDL and
CL can significantly increase the concentrationrpegential.

The typical shape of the polarization curve issillated in Fig. 2. The three separate regions
indicate where the different loss mechanismspierpotentials, are dominant. The processes
in the fuel cells are very complicated becauseheftight coupling between electrochemical

and transport processes. Thus rigorous theorditallysis is required to obtain the accurate
picture of the occurring phenomena in the fuelscéllhere, the detailed knowledge of the

embedded parameters of electrochemical kinetiog] flow, charge transfer, mass transfer

and heat transfer is highly important and suffitierperimental assessments of them are
necessary.

Theoretical potential

1.23

Crossover losses 4

1.0 (Internal current loss)
< ( Activation polarization
® (Reaction rate loss)
& Ohmic polarization Total loss
S (Resistance loss)
>
)
o

0.5 + A\ 4

Concentration polarization
(Mass transport loss)

Current density (mA/cm?)

Fig. 2 Ideal and actual cell voltage/current chenastic for a PEMFC

2.2.Water and Heat Management

Because of the low operating temperature of PEMie@e of the byproduct water does not
evaporate and remains in liquid form within the poments as well as in DMFC [8,9]. At the
cathode of a fuel cell, water is generated throelgictrochemical reactions and exists as a
vapor and/or liquid phase depending on local teatpee. The excess liquid water fills the
pores of the GDL, which significantly hinders oxypgaccess towards the catalyst [10-15], a
phenomenon referred to as ‘flooding’. This is tylig the origin of the limiting current for
PEM fuel cells. At subzero temperatures, the liguader forms ice or frost. Once the pores of
GDL and CL are filled with the ice or frost, readtaransport to the reaction sites is
significantly blocked, and the fuel cell performaris suddenly degraded [16,17]. In addition,
the resulting clogging of flow channels by liquidater droplets shuts down the entire
electrochemical reaction in those channels and-dwently been implicated in cell durability
problems [18,19]. The driving force of liquid wateansport is created by the local capillary
pressure gradient, which is a strong function ofewaaturation [20]. Therefore, once liquid
water is present in the channel, the channel/GDé¢rfiace is no longer dry and this reduces
the water saturation gradient in the GDL downstreahich consequently reduces the rate of
water transport by capillary action [13].

The capacity of liquid water retention dependsrgily on the material properties. Therefore,
the wettability characteristics of the GDL, its fawe and CL are of paramount importance.
Typically GDLs are tailored by addition of hydrofiio agent to increase the hydrophobicity

13



and to enhance the liquid water removal. Unlike ligdrophilic pore where liquid water is
preferentially adsorbed by the fiber surface asialep in Fig. 3(a), the hydrophobic pore
surface distorts the molecular force balance atitieeof contact, which results in forcing the
liquid water to move towards an unstable state @ige 3(b)), and leads into a higher
capillary pressure within the pore. Obviously, tegree of hydrophobic agent loading plays
a determining role in the capillary transport metha. The hydrophobic treatment, however,
reduces the porosity of the GDL simultaneously, #imgs an optimum loading must be
carefully determined considering the desired ojpegatonditions [21-24]. Recently, Kumber
et al. discussed that the compression pressureoperhting temperature also affects the
capillary pressure [25,26].
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Fig. 3 Schematic illustration of liquid water drefd inside a pore of a GDL with different
hydrophobicities (Figures: Kumbur et al. [27]).

On the other hand, deficiency of water decreasesptbton conductivity of the membrane
and severely impacts membrane lifetime, and thusidification of reactants is typically
needed. Ideal humidity conditions exist for each afeoperating conditions, and clearly,
understanding the formation, behavior and moverétiguid water inside the components
of the cell is of great importance. Water contentriembrane is determined not only by the
operation conditions but also by membrane chaiatts. The electro-osmotic drag
coefficient of water, defined as the number of watwlecules dragged per proton, is an
important factor. During operation, 1-3 water moles are dragged with each proton [28,29].
As a result, a concentration gradient of water ballformed through the membrane where the
anode is drier than the cathode. Under these c¢onslitthe back-diffusion of water from the
cathode to anode will occur and also the membrdriekrtess becomes important.
Furthermore, water can be pushed hydraulically foma side of the membrane to the other if
there is a pressure difference between the anodethen cathode. A net water exchange
through the membrane should be optimized accortiinghe system. Adherence of the
membrane and CL is also important especially azetabtemperature [30]. Intimate contacts
between them avoid creating a space where liqutdmgtrapped [4].

The effect of operational and material parameterthé water management and consequent
fuel cell performance has been energetically disedis see, e.g. [31-37]. Mathematical
models suggest that liquid water is prone to cosuhgnunder the rib [12] and water
management would be difficult especially when theLGs thin [11,12]. During fuel cell
operation, it is essential to diagnose either fiogdr drying inside the fuel cell stack and
thus diagnostic methods have been developed [38A@ntification of liquid water in GDL
has been attempted by numerous methods, suchieal sgualization using transparent fuel
cell [19], neutron radiography [40,41], magneticsaeance imaging and X-ray
microtomography, see, e.g. [42].

Water transport inside the fuel cell has a closk 8o temperature distribution since water and
oxygen diffusivity, the phase change of water, rgditon parameters, and reaction kinetics are
all temperature dependent, see, e.g. [43]. Therekxtensive modeling studies have been
devoted to obtaining an accurate picture of the lsoed thermal and water transport
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phenomena, see e.g. [44-46]. Furthermore, accpratiction of the temperature distribution
is of vital importance for achieving better and matable fuel cell performance. This is
because the temperature distribution caused byeqade thermal and water management
may lead into formation of local hotspots in thél,aghich may degrade the cell components
and drop the life-time of the cell [47-49].

2.3.Fuel Cell Structure

A typical PEM fuel cell consists of 1) bipolar @atwith channels machined on either side for
reactant distribution over the electrode surfagea Znembrane electrode assembly (MEA)
where the electro-chemical reactions and protonstrart take place, and 3) porous gas
diffusion layers (GDL) sandwiching the MEA (see Fig.

2.3.1.Membrane

It is often mentioned that the proton-conductivéyp@r electrolyte membrane is the heart of
a fuel cell, and significant efforts have been dedofor development of better ionic

conductive membrane, see, §80,51]. Typically, the membrane consists of a perfluoridate
polymer backbone with sulfonic acid side chaing}. Bi shows the chemical structure of the
best-known membrane material, Nafidh

The polymer electrolyte membrane is required takekhigh proton conductivity, to present
an adequate barrier to mixing of fuel and reactgases, and to be chemically and
mechanically stable under the fuel cell operatiovirenment.

—(CFz—CFz)X—((sz—CFz)V

SOsH
Fig. 4 Structure of perfluorocarbon-sulfonic acaymer (Nafiord™).

The perfluorinated polymer backbone is highly hydirabic and the sulphonic acid at the end
of the side chain is highly hydrophilic. The hydndf regions absorb relatively large
amounts of water (in some case up to 50% by weigimtpugh which the proton can travel.
Therefore, the ionic conductivity of the membrasatrongly dependent on its water content,
2 (mol H,O/ mol SQ'H"). The maximum amount of water in membrane dependie state
of water used to equilibrate the membrane, £.g22 for a Nafion membrane when it is
equilibrated in boiled water anél =14 when water is taken from water vagés,52].
Furthermore, the water uptake was reported to be dépendent on temperature [51,53].
Water uptake results in membrane swelling, which ggnificant matter for cell design and
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assembly and should be carefully taken into accduhas been reported that the dimensional
change can be up to 10% [29,54].

2.3.2.Catalyst layer

The electrochemical reactions take place in the The CL typically consists of carbon

supported platinum catalyst and ionomer (see Hig))5Because of slow oxygen reduction
reaction (ORR), typically much more Pt catalystaquired in the cathode CL than for the
faster hydrogen oxidation at the anode. The ionaroatent and characteristics of the solvent
used to disperse the catalyst and ionomer are ialportant parameters to achieve the
optimum morphology and microstructure of CLs [535he CL is deposited onto either

electrolyte membrane or GDL by spreading, spraysmuttering, painting, screen printing

decaling, evaporative deposition and impregnatieduction, followed by a hot-pressing

process.

Since there are three kinds of species, i.e. dastren and proton, which participate in the
electrochemical reactions, the reactions take ptadg where all three species have access
(three-phase boundary). One of the major cell pevdmce-limiting factors is the blocking of
reaction sites by liquid water [10] (see Fig. 5(lhich prevents the reactant from reaching
the active reaction site particularly at low aiegsure. Therefore, hydraulic permeability as
well as ionic conductivity are important parametef<L [56]. In order to expand the three-
phase boundary area, the CL is formed as a potoudige. Furthermore, it is important that
the platinum particles are small enough (typicdllym or smaller) to expand the surface area
and evenly dispersed on the surface of carbon stifg40 nm). In order to elucidate such
complicated transport phenomena, various matheatatiodels have been developed for the
CL, for example, pseudo-homogeneous model, see[56]g heterogeneous models using
such as thin film-agglomerate approach, see, 4@. [However, there are still a lot of
uncertainties in the design parameters.

In addition to the flooding problem, research areash as the catalyst degradation [57], the
carbon support [58], the morphology of CL [59], tthevelopment of CO-tolerant catalysts
[60] and non precious metal catalysts [61] are alstively studied to reduce cost and
improve durability.

(b)

Fig. 5(a) TEM image of catalyst layer. The smadidi dots are the catalyst particles, the
larger circular features are the carbon black stgpw the ionomer appears light gray
(b) ESEM image of catalyst layer with water dropléth a radius below 100 um (Figures:

Ziegler et al. [62]).
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2.3.3.Gas Diffusion Layer

GDLs typically consist of randomly aligned carbdloefs or woven spun yarns to have high
porosity. Examples of carbon type GDLs are showfRigm 6(a) and (b). In addition to the

carbon GDLs, metallic GDLs or metal mesh diffudesise also been proposed as GDL [63].
Although the carbon cloth-type GDLs may presenhéigpower performance than that of
paper-type GDL [64], there are considerable acadlemd industrial interests in using paper-
type since there is a cost advantage with non-wedrstrate and it is more convenient to
fabricate a micro-porous layer (MPL) or catalyseladirectly onto them.

N ,f AN |
Mat ' 1 U — untested

=100 m—r AR ;
(a) s0kv - _ x50.0° "600 i

Fig. 6(a) Carbon paper consisted of randomly atigregbon fibers,
(b) Carbon cloth woven the spun yarns (Figureshidatet al. [65]).

Until recently, less attention has been paid toGd. even though it plays a crucial role in
fuel cell operation. The GDL covers a wide rangéuoftions in fuel cell operation:

1. It provides a passage for reactant access tnerfidw field channel to CL

2. It provides a passage for product water remfveat CL to flow field channel

3. It conducts electrons between CL and flow fiéhd

4. It conducts heat generated in the electrochdmdeation in the CL to the flow field ribs
5. It provides mechanical support to the CL and brame

These functions impose requirements on the morgiaf electric, thermal and mechanical
properties of GDLs, i.e. high porosity, suitabletevamanagement properties, high electric
and thermal conductivity, and chemical and physétaiability. Comprehensive details are
provided by Mathias et al. [65].

GDLs have a large impact to the optimum humidifaratevel and liquid water distribution
in the CL. This is required in order to minimizeetbhmic resistance of the ionomer and to
prevent the appearance of local hot spots in theysh coated membrane. Depending on the
specific operating conditions, a variety of aspeftdie GDL come into play.

Alike in CLs, flooding in GDL is often stated aspaoblematic issue. Limited gas-phase
transport in GDL by condensed liquid water (see. Fi(n)) determines the cell limiting
current and also affects the slope of the poladmaturve in the medium current density
domain [56]. Therefore, the GDLs are generally magdrophobic to enhance liquid water
removal. Typically, GDLs are impregnated with pelyafluoroethylene (PTFE) or
fluorinated ethylene propylene (FEP) by e.g. digpthe GDL in to the PTFE solution
followed by drying and sintering. The amount of thalrophobic agent is a sensitive issue,
since some amount is certainly required to alleviae flooding but excessive impregnation
results in blockage of surface pores and reductigrorosity, see, e.g. [21,34].
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Depending on the specific operating conditionsadditional layer can be coated on the GDL
(see Fig. 7(b)). The commonly used layer is MPLjclvhconsists of carbon or graphite
particles mixed with polymeric binder such as PTBkce the pore size of the MPL (100-
500 nm) is orders of magnitude smaller than thahefGDL (10-100 um), the electric contact
resistance with the adjacent CL can be reducetrins of hydrophobicity, the MPL contains
considerably fewer hydrophilic pores, and thus ialimost exclusively hydrophobic in nature
[69]. Therefore, the MPL provides effective wicking liquid water from CL, resulting in
much smaller water droplets less likely to clog &indd inside the CL [20,66]. In addition,
the MPL keeps the membrane hydrated by pushingraatay from the GDL [11]. Adding a
MPL on cathode GDL may be more important than ondanGDL since more severe
flooding occurs at cathode [67].

The bulk and interfacial properties of GDL depetrdrggly on compression. The changes in
the physical properties have critical consequermesransport phenomena, which are key
point of this study and described in chapter 3.

Fig. 7(a) Water droplets formed on the GDL fibdfg(re: Gurau et al [68])
(b) GDL with MPL, the white dense layer is CL (Goktet al. [69]).

2.3.4.Bipolar plate (flow field plate)

The bipolar/flow field plate is one of the most erpive components of the fuel cell stack and
accounts for more than 80% of the total weighthe stack. The bipolar plate provides a

separation between the individual fuel cells arrdhfoa series of electrical connections across
different cells in the fuel cell stack. The chamsngtooved onto it supply fuel and oxidant gas

streams to individual cells.

At high current density and/or low flow rate of ceants, the accumulation of liquid water in
the gas channels becomes problematic. If waterleloappearing on the channel surface
clog the channel (see Fig. 8), the entire elec&otbal reaction in the channel downstream
from the water blockage is shut down, and thusctiiks active area is reduced drastically.
Furthermore, this water clogging increases pacagpitessure loss and provides facilitated
transport of ionic impurities, which can accelertite ionomer degradation. On the anode,
liquid blockage can cause voltage reduction antldtagvation in the CL, which can lead to
oxidation of carbon support and accelerated detjcadal herefore, this phenomenon can be
much more critical than the flooding of the GDL®k for a better and more stable fuel cell
operation. Obviously, the water clogging in therolel has to be avoided by e.g. hydrophilic
treatment of the channel walls, improving the stefgroperties of GDL such as the
roughness and hydrophobicity, employing purging cpdures of liquid water and
improvement of flow field geometry. The complicatedchanisms of the liquid water growth
and its movement have been discussed in literataeg,e.g. [41,70].
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Fig. 8 Snapshots of dynamic process of water dtdptenation process. The water droplets
start to appear on the preferential location (@Jesce to the channel walls (b), and finally
clog the channel (c). (Figures; Zhang et al. [19]).

Conventionally, bipolar plates are made out of biap with machined gas flow-field
channels. However, the machining process is tediodsexpensive. Furthermore, a graphite
based bipolar plate is brittle, and therefore aliéve materials and design concepts are under
active study, see, e.g. [71-75]. Instead of th@lgta bipolar plates, metallic plates have been
gaining attention because of its advantages sucuigbility for mass manufacturing, high
electric and thermal conductivity, mechanical rigjidvhich can makes the plate very thin
(e.g. less than 1 mm) resulting in compact andweight stacks. However, the metal plates
are easily corroded when they are exposed to acéllebperating environment (pH 2 to 4 and
temperature 60 to 80 °C). The metal ions from abedbmetallic bipolar plates would diffuse
into the cell, and contaminate the CL and membf&84dg To avoid this corrosion problem,
the metallic bipolar plate is given a passive treatt, which, in turn, increases the ohmic
resistance. Several ideas have been proposed tooowe these persistent problems, e.g.
highly electrically conductive metallic inclusiorsse dispersed on a stainless steel base,
which is then given an oxidized coating see, €/§,195]. This prevents corrosion while
establishing a compulsory electrical pathway, tdiexe good electrical and thermal
conductivity (see Fig. 9).

With metallic inclusions s
Electrically

conductive
Electrical ~ metallic
Passive pzlthway inclusious
treatment

Electrically
conductive
metallic inclusious|

L]
Stainless steel base Passive
? treatment

Without metallic inclusions

No electrical
Passive conductivity

treatment V’ \-ﬂ

1
T
Stainless steel base

Fig. 9 An example of application of metallic bipofdate
(Figures: Honda press information [76]).
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2.3.5.0ther components

In addition to the components discussed in theipusvchapters, a PEM fuel cell requires
also other components such as gaskets, endplteyscand gas manifolds. At system level,
a variety of auxiliary components such as tempeeatontrollers, mass flow regulators, gas
humidifiers, compressors and gas purification systare required for proper operation.

2.4.Applications of PEM fuel cells

The applications of fuel cells vary depending af thipe of fuel cell to be used. Since fuel

cells are capable of producing power anywhere énlib0 mW to 10 MW range they can be

applied to almost any application that requires grouwn the smaller range they can be used in
mobile phones, PCs, and any other type of persaleatronic equipment. In the 100 mW-

100 kW range a fuel cell can be used to power lehictationary, military purpose, as well

as any auxiliary power unit application. In theglrscale applications, e.g. the 1-10 MW
range, fuel cells can be used for distributed pagesreration. In the following, main targets,

obstacles, potential benefits and future prosgectkey applications are briefly described.

Vehicles application

Fuel cell vehicles (FCVs) are one of the most psimg applications of PEM fuel cell
because of its high fuel efficiency and environmaéfriendly characteristics, as well as
potential to cut the dependence of foreign enemyces. Even though hydrogen is more
expensive than conventional fuel by weight or vauACVs are much more efficient than
internal combustion engine vehicles (ICV); the ohiyvefficiency of FCVs is close to 50%,
compared to about 15% for gasoline combustion esgi®n this basis, the per-km costs for
FCVs are comparable to gasoline vehicles even taiday’'s prototypes. Relatively fewer
moving parts in FCV is also favorable since it ntegmatically decrease the likelihood of
failure. FCVs have a great advantage over everrigleehicles (EVs), they do not need long
recharging time like EVs, only fuel, and they hawach higher power densities than current
commercialized batteries, which enables longerimgivange than EVs. There has been
steady progress in the development of fuel cetlkstand the technology of hydrogen storage
on board. More than hundred FCV prototypes are @ameed every year by car manufactures.

The main technological hurdles of FCV developmeat a

1. Cost

Based on current best technology, production cb8QY engine is $225 per kW, which is
still far too expensive compared to conventiondl khgine for private cars ($60 to $100 per
kW) [77,78]. The major high-cost contributing comgots are the catalyst (precious metal
such as Pt or Pt-alloys), electrolyte membranetapalar plate. Several studies conducted by
major car manufactures have shown that the FCVkldmel produced cost-competitively, if
mass production manufacturing techniques are apiie).

2. Driving range

An approximately 500 km range is used as referaicirgeted drive range. In order to
extend the driving range of FCV, other componeathss hydrogen storage tank, secondary
battery and power control unit are subjects of nrgkevelopment.

3. Reliability

FCV must survive and operate in various weatheditimms, e.g. -40 to 40 °C. In start-up and
operation in extremely cold climate, the residuadl groduct water becomes ice or frost,
which significantly hinders the electrochemical atans and may damage the cell
components such as membrane [17,80]. Obviouslypd¢esture dependent water retention
characteristic of components such as GDL, MPL aednbrane is an important parameter
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[16,81], and the proper purging process and sfarturrent density must be carefully
designed for proper cold start-up operation [82lirtlikermore, the real-life operation
conditions such as numerous start-ups and shutdamndsmpurities in fuel and air can affect
the durability of cell components and must be abersid in sufficient detail to improve the
reliability [83,84].

The power density of fuel cell system is still lovtkan that of conventional ICVs engines,
making the fuel cell drive train much heavier andkker. Thus, the further technology
development still focused on the size reductionluitiog hydrogen storage system and
performance improvement.

Although fuel cell reaction itself does not prodin@mful gases such as N@nd CQ (tank-
to-wheel path), they are produced during the hyeinggroduction process (well-to-tank path).
Therefore, total energy efficiency and greenhousge gmission through the well-to-wheel
path are important evaluation criteria.

The development of hydrogen infrastructure inclgdgtorage, distribution and production
issues remain an integral part of the fuel cell wmrcialization process, therefore, car
manufactures, energy companies and government iageneed to work together in joint

development programs and to share their knowle8@s]. At the same time, it is necessary
to develop standardization, safety codes, and atigns for production, distribution and

storage of the fuels, and to educate the indusarebs end-users to let fuel cell as more
common energy form.

Fuel type remains an important consideration fovetpment of FCV [79]. To date,
compressed hydrogen gaseous system yields theobesdll technical performance and
shows the highest maturity for automotive apploagi Although the liquid form of hydrogen
has a very high energy density, this system hasdbtirawbacks including difficult thermal
insulation, evaporation loss, and system compledihother alternative for hydrogen storage
is the use of metal hydrides. The engineering buafehis system is its long refueling time,
the requirement of operating pressure above 10 afidahe limit of operating temperature to
70 °C.

Stationary applications

Although vehicle applications of fuel cells are gag more attention, the applications for
stationary power generation may offer even greaigrket opportunities. The advantage of
stationary fuel cell applications is that the sgsteost targets are much less demanding than
in automotive applications, fuel is more easily ialde, fuel storage is not so problematic
and typically the size and weight constraints arecnitical, which all allow the fuel cell to be
operated at favorable conditions.

Hydrogen can be produced from natural gas whosasméicture is already in place. The fuel

conversion is done by methods such as steam refgrmith separate units using special

catalysts operating at high temperatures [2]. ig pinocess, the sulfur-containing compounds
which are used to give an odor to natural gas $& cd leakage are removed. It can also be
done by operating the fuel cells at such high teatpees that their own catalysts can convert
the fuel to hydrogen at the electrodes.

Fuel cell power generation systems in operatiorayodchieve more than 35% fuel-to-
electricity efficiency utilizing hydrocarbon fue[86]. When the fuel cell is sited within or

near the facility where the electricity is to beedsits waste heat produced during the
electricity generation can be captured and recovdoe useful purposes. In residential
systems, these fuel cell cogeneration systems weptfte total system efficiency drastically,
even up to 80% [86,87].
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Stationary fuel cells may be used in different aggtions, namely,

1. Grid parallel and grid interconnected

The fuel cell systems provide electricity when rexkdand the grid is used to cover short-term
demand peaks (grid-parallel). The fuel cell systam be designed to export the excess power
to grid (grid-interconnected).

2. Stand-alone

The fuel cell system provides power without a gfiilis application is conceivable in areas
such as remote entities, where the grid connedsiorot practical or does not offer reliable
power. Typically, secondary battery is also addethis system in order to follow the load
changes, and the dynamic behavior of fuel cellesgstunder various load conditions must be
considered [88].

3. Backup or emergency generator

This system may be equipped with an electrolyzeirtiyen generator and a hydrogen storage,
with which the unit generates its own fuel whercgleity from the grid is available.

The key to the commercial implementation of stadigrfuel cell systems is the lifetime. It is
generally recognized that a cost-effective statipriael cell power plant is required to
operate 40,000 to 80,000 hours (5 to 10 years)rease3000 to 5000 hours is enough for
automotive systems. The most critical componentheffuel cell which limits stack life is
typically the MEA [89].

Mobile and portable applications

The driving forces for fuel cell applications inetlportable sector are very different from
those for vehicle or stationary applications. Hemyironmental issues are not the key driver
and the main advantage of fuel cells is insteadh leigergy density, which allows portable
devices to run for longer periods than those waéttdsies.

Small-scale fuel cells can be used as battery ceplants in the most attractive high-volume
consumer markets. A number of prototypes have dyreéaen demonstrated for e.g. mobile
phones, laptop computers, music players, PDAs, mguewnsoles and flashlights [90]. Other
applications for micro fuel cells include low powesmote devices such as hearing aids,
smoke detectors, burglar alarms, hotel locks angémeaders.

Obviously, the reduction of size and weight is imignt for these small fuel cell applications.
Another critical issue is the fuel and its stora@aseous hydrogen is not a good option due to
bulkiness and weight of its storage. Therefore,trpostable fuel cells use methanol as fuel,
either directly or via microreformers [91]. Furthrare, simplicity of the system is also
important. A cell or a stack whose power densitgaw 100 mW ci typically operates in

a dead-end mode, and air is often supplied pagsitelsuch systems the cell dimensions,
inter-cell spacing and the gap between the arraytla@ bottom substrate must be optimized
to achieve the best air flow patterns in the sfa2k

Military applications

Portable fuel cells are also used in military aggiions. They are lighter than secondary
batteries and last longer, which is especially irtgot to soldiers carrying heavy equipment
in the field and carrying out long missions. Furthere, the silent operation of fuel cells,
unlike a diesel fueled generator, is of course fagon military operations.

One of the critical barriers to the fuel cell usethe military is the absence of an acceptable
hydrogen delivery and storage system. Logisticsfudkefined as easily transportable and
stored, and compatible with military uses, areidift to convert to hydrogen for fuel cell use.

Furthermore, the current technologies such as ocesspd hydrogen tanks or metal hydrides
do not meet the military’s tactical requirementigsice the energy density is still too low.
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Therefore, more energy dense sources of hydrogebeing investigated, such as hydrogen
storage in carbon nanotubes and microchannel refsrfor hydrocarbon based fuels [93].

Closed environment and other applications
Since only exhaust from fuel cell reaction is watee applications of fuel cells in closed
environment have been favorable and studied si866sl

The first application of PEM fuel cell in a spacéssion was demonstrated in the Gemini
missions in 1962. After that, alkaline electroljtiel cells were used in the Apollo and space
shuttle missions. Fuel cell applications for sulimes in place of nuclear energy source have
been studied since 1970’s throughout the world, utheir advantages of low noise and
infrared signatures, high efficiency and low maiatece requirements. Such qualities are
essential for submarines since they are expectsert@ well into the future.

Furthermore, it has been suggested that fuel cellkl be employed in marine applications to
provide propulsion or auxiliary power for cruiseps) powered barges, ferry boats, offshore
supply boats, push-tow boats, oceangoing tugs.eaad submarine tankers. Fuel cells have
also been suggested for use as power sourcesfétiocég oil platforms, underwater facilities,
and refrigerated containers on containerships. Sofrtbese possible applications may be
technically feasible and cost-effective in a decaidso.
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3. Inhomogeneous compression of GDL

3.1.Effect of inhomogeneous compression

When the fuel cell is assembled, a certain comjmegsessure must be exerted to achieve
adequate contact between the components and tocegmsper gas sealing. This assembling
pressure affects significantly the fuel cell pemfiance as suggested by e.g. Lee et al. [94], Ge
et al. [95], Ihonen et al. [96], Lim et al. [97]c&hang et al. [98]. This is mainly because the
soft and flexible GDL, typically made of highly mars carbon-fiber based paper or cloth, are
deformed under the compression pressure, resutirdpanges in their morphological and
physical properties. A flowchart of the effectsiméreasing compression is presented in Fig.
10.

Generally speaking, increasing compression imprtévelectric and thermal conductivity of
GDL and decreases the contact resistance at tedaoes. While a certain compression
pressure is necessary, excessive compression ispedetant transport by decreasing GDL
porosity and may also damage typical paper type $Rhd other components. These
interrelations are highly complicated, however, gptimum compression pressure and
compressed thickness (more concretely, gasketribgsl}, which trades off these competing
issues, has to be identified for each fuel celteays

Increasing compression
v v v
Loss of pore volume Better contact between Better contact between
Physical carbon fibers in GDL GDL and other components
changes * Decreasing permeability
in GDL * Changes in pore size * Improved bulk conductivity, * Lower contact resistance,
distribution? both electrical and thermal both electrical and thermal
\J \ A
Chgnges in * Lower gas permeability * Lower resistance * Lower interfacial resistance
ex situ results
A/ \ Y
: o Wi * Lower ohmic overpotential * Lower ohmic overpotential
Efffﬁ:ri'er;l E;%Z?;g%i? otential * Smaller temperature * Smaller temperature differences
P gradients over the interfaces

Fig. 10 Flow chart of effects of compression on GDL

So far, a number of experimental studies on the Ddperties have been conducted on
subjects such as production process [99-101], gd<flaid permeability [102-109], electric
conductivity [110-114], thermal properties [96,1115], water transport properties [24-27,67-
69,117-119], contact resistance at the interfac®8,112,113,120-125]. Relating to
compression, it has been observed that excessimpression damages the carbon fibers in
GDL materials, see, e.g. [122,126,127] as showFign1l.

However, in previous studies, the electric conditets have been roughly estimated based
on the initial thickness, see, e.g. [112,113].latkic contact resistance evaluation, the effect
of compression on bulk conductivity was neglectsek, e.g. [112,121]. Contact resistance
between the GDL and CL, to the authors’ knowledges not yet been adequately evaluated
experimentally and typically estimated with rougis@mption or simply overlooked, see, e.g.
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[128,129]. As for thermal properties of GDL, vetignited experimental data compared to
electric properties have been reported in thedlitee and further studies are necessary. Gas
permeability of GDL has been typically measuredaaginction of external compression
pressure. Here it should be noted that the effecbmpression on the physical properties of
the GDL should be discussed in the light of comgedsGDL thickness, although previous
experimental studies commonly characterized theipblproperties of GDL as a function of
compression pressure. This is because correlatingdata expressed as a function of
compression pressure to conditions inside a fuebssembly is not straightforward since the
compression pressure exerted onto the GDL depantisecthickness of neighboring gaskets
and is different from the cell assembling pressimefact, it is the thickness of the GDL
compressed to gasket thickness under the rib dsawalncompressed thickness under the
channel that are the only parameters one can setealistic fuel cell construction, and that
determine the GDL's characteristics. Expressionploysical properties as a function of
compressed thickness are also convenient for moolestruction, since one just needs to
change the parameters according to the model gepmben the effect of compression is
considered. Therefore, the physical properties DL Gvere evaluated as a function of its
thickness in this study.

In accordance with the experimental studies, siggnit efforts on modeling studies have also
been devoted to exploring the impact of these patarm on the transport mechanisms and
fuel cell performance. Examples of the systemagi@ametric study are found on the electric
anisotropy of GDL [130-132], the thickness and gdxoof the GDL [12,133-135], pore size
distribution [136-138], gas permeability [130,13%)], water transport parameters
[20,141,142] geometric parameter of flow field [1486], operation parameters
[10,13,43,146,147] and the effect of compressia@i#[148-151].

o TR

Fig. 11 SEM images of the GDL after it has beenm@ssed for 5 minutes. The carbon
fibers are damaged more as higher compressiompigdp(a) 0.18 MPa, (b) 0.36 MPa, (c)
0.68 MPa, (d) 1.37 MPa (Figure: taken by Bazylallef118]).

In an actual fuel cell assembly, the compressi@sgure over the GDL is not homogeneous
since the compression force is practically not &xtron the GDL under the channel of
bipolar plate. As a consequence, thickness of thé Caries, i.e. the GDL under the rib is
deformed and becomes thinner and the GDL underchia@nel partially intrudes into the
channel as seen in Fig. 12(a). The compressedneg@ioGDL do not recover to their initial
thickness when load is removed because of a rdsithain of GDL as seen in Fig. 12(b).
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Fig. 12(a) Photograph of inhomogeneous compresiginbution of GDL under rib/channel
structure (b) Photograph of a GDL after compresgiamk striations correspond to GDL
under the rib area under compression pressure)qptaph taken by Pharoah et al. [130]).

The inhomogeneous compression pressure leadspat@isvariation of GDL and, bulk and
interfacial properties. In region under the ribflofv field plate, the gas permeability of GDL
becomes lower due to loss of porosity, while ieceic and thermal bulk conductivities are
improved and cell components have a better coritactach other by the compression,
resulting into the decrease of bulk and contagstasce. On the other hand, region under the
channel where practically no compression pressuapplied, the gas permeability remains
high but both electric and thermal bulk and contaeststance are also higher than those under
the rib. These variations in GDL properties sigmifitly affect local transport phenomena,
most probably also the water transport, and coreeoeell performance and life-time, and
therefore, need to be study in sufficient detalil.

Partial intrusion of GDL into the channel is alsoldematic because it causes reactant flow-
field pressure drop to increase over that obtaimiéd a carbon-fiber paper, resulting in higher
air compressor power requirements. Furthermoregssiee compression and deformation of
GDL may result in local delamination of GDL unddretchannel because of cantilever
mechanism as discussed by Lim et al. [97]. If theppens, current and temperature
distribution over the active area would be extrgmeieven because of significant variation
of contact resistance between the GDL and CL.

However, to the authors’ knowledge, only a few msadvhich consider the inhomogeneous
compression of GDL can be found in literature, seg, [110,129,149,152,153]. Although
their findings are enlightening, many of the addpteodeling parameters are subject to a
large uncertainty, i.e. the spatial variations atues of the parameters due to inhomogeneous
compression were not properly taken into accouhis Thay cause significant errors in the
prediction of modeled results, such as currentitdedistribution and temperature profile.

The effects of inhomogeneous compression exidt e cells with normal flow field plates
but are difficult to measured directly due to snsdale of the phenomena. Thus, the only
available option is to characterize the GDbs situand model the effect. In the following,
experimentally evaluated GDL parameters as a fonctf compressed thickness and
modeled predictions of the local phenomena areepted.
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3.2.Experimental evaluation of GDL properties

A commercial gas diffusion media, SGL SIGRACEID BA carbon paper (made by SGL
Carbon Group), was used in the measurements. Téilanihas uncompressed thickness of
380 um, is treated with 5 %wt PTFE for wet proofing, has microporous layer, and has
relatively high porosity of 88% [154]. Also, a coramial MEA (Gore™ Primea® Series
5510) and isotropic graphite (ISEM-3 grade, Svendkanso Ab) were used in all
measurements.

3.2.1.Mechanical properties of GDL

The amount of GDL intrusion was measured to knoe shape change of GDL under
compression. The experimental setup, as illustratgeig. 13 consists of steel gages, GDL
and two aluminum plates. The thickness of the GB\ifg area of 1.6 chwas controlled by
the neighboring steel gages whose thickness wasdvkom 150 to 300 um. A channel was
machined into the bottom aluminum plate. The widtlichannel ranged from 0.6 to 2 mm.
The two aluminum plates were clamped together fathr 8 mm bolts, using a torque from
0.8 to 1.5 Nm, depending on the desired thickn@83L intrusion was measured with a dial
indicator (ND 221B by Heidenhain Corporation). Timeasurements were conducted more
than ten times for each GDL compressed thicknedsraasured results were averaged out.

Aluminum plate

[ Steel gage

©
]
-

< Groove

Dial indicator

i il

Fig. 13 Schematic illustration of GDL intrusion nseeement setup.

The thickness of GDL under the channel, i.e. tha sfi the measured GDL intrusion and
steel gage thickness, are shown in Fig. 14. ltexpected that the channel width may cause a
change in GDL intrusion since the mechanical fapplied onto GDL is dependent on the
geometry of adjacent components (channels and ktsyever, the results indicated that the
thickness of GDL under the channel is not stromglgendent on the channel width and/or the
thickness of the steel gages, and it remains alomosdmpressed. For example, if a 260
thick gasket having low compressibility is used thickness change of GDL is less than 10
um under the channel regardless of the channel width
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Fig. 14 Thickness of GDL under channel.

The stress-strain behavior of the GDL was measwittdthe experimental setup illustrated in
Fig. 15. Measurements were conducted using 1 ttaeked GDLs. Various compression
forces were exerted onto the GDL by increasinddhding weight at 0.5 kg steps up to 82 kg,
with which the maximum compression pressure wascqpately 5.5 MPa. It was found
that the more GDLs stacked the longer the intereguired to achieve the steady state
conditions after the weights were loaded. Therefbre load was increased at 5 to 20 minute
intervals, depending on the number of GDL sampieteutest. Measurements were repeated
five times for each sample area and number of sth¢kDLs. The initial deflection of the
GDL was found to be fairly susceptible to low coegsion pressures, probably because of
the rough surface of the GDL. Therefore, an addiiomeasurement applying low
compression pressures was conducted using a snsédlelr rod and lighter weights up to
approximately 5 kg (~ 0.1 MPa).

Support plate
< Steel rod
f M€
[GDL ‘ Plunger

Dial indicator

Fig. 15 Schematic of experimental setup for measguhe stress-strain behavior of GDL.
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The thickness of uncompressed GDL, which was 380gpurted by the manufacturer, was
determined to be 370 + 10 pm in a separate measutemth a low compression pressure.
This thickness was set as a base point and thessttein curve was calculated from the
measured thickness-pressure pairs. Fig. 16 shenstbss-strain curves of a GDL, calculated
from measurement results with 1 to 4 GDLs. Thelte$tom the two separate measurements
using low (up to 0.1 MPa) and high compressiongues (0.1 to 5.5 MPa) were ascertained
to coincide well. The area of the GDL sample wastbnot to affect the stress-stain curve as
long as the compression pressure was the same.

The most noticeable variations in GDL strain weyenid with the low compression pressure
(~ 0.2 MPa), as reported in literature, see, €95,106,112,126]. This is most probably due to
the smoothening of the rough surface of the GDLaAtompression pressure above 1 MPa,
two piecewise linear regions were identified in thage from 1 to 3.5 MPa, and from 3.5 to
5.5 MPa. This was probably because of the natuteeoSDL. Typical paper type GDLs have
two different pore diameter regions, namely, hythaigic pores and hydrophilic pores, see e.g.
[69,96,119,155]. The first linear region may beoassted to the crushing of hydrophobic
pores, and the second to the crushing of hydrapbdres.

Although the curves obtained with different numlzérGDLs indicated almost identical
compressive behavior, the strain of each GDL dsetas more GDLs were stacked. This
was most probably due to the fact that stressrstvahavior of the interface of two rough
GDL surfaces is different from that of the GDL/ghétp interface or bulk GDL. However, the
properties of the bulk GDL or interface between @8L and graphite do not depend on the
number of the stacked GDLs. For the purposes ofuating the thermal properties, when
more than one GDLs were used each GDL was assunfeliow the same stress-strain curve.
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Fig. 16 Stress-strain curve of the GDL measured different number of GDLs.

3.2.2.In-plane gas permeability

The gas permeability measurement setup allows megsthe pressure drop through GDL
with controlling the thickness of GDL. The top vi@kthe measurement device is illustrated
in Fig. 17(a), and its cross-section is illustraitedrig. 17(b) and (c). A circular GDL piece of
30 mm diameter was mounted concentrically on tofhefinlet in the steel base plate. Four
steel gages were situated in each corner of theflage in order to enable the precise control
of the GDL thickness. The radii of air inlets, and of GDL,r,, were 8 mm and 15 mm,
respectively. Gas pressure at inletvasp, and the gas pressypgatr, was ambient pressure
since air was discharged freely to the surroundings
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Fig. 17 Gas permeability measurement setup:
(a) top view, (b) cross-section view, (c) enlargeass-section view.

The measurements were conducted by varying the remsgd thickness of GDL from 150 to
350 pm with 50 pm steps controlled by steel gag@es. flow rate of flowing fluid: dry air,
was varied in the range of 10 to 310%¢min controlled by a mass flow controller (Model
5850S by Brooks Instruments).

The porosity loss in GDL under compression incredbe pressure drop and reduces mass
transfer. The flow resistance is characterizedneygas permeability, which can be estimated
by measuring pressure difference between inleatmdsphere and by applying Darcy’s law:

v=-K Op 9)
7

Wherev is flow velocity, k is gas permeabilityy is dynamic viscosity ang is pressure. In
cylindrical measurement geometry the flow can beumed to be radially symmetric. By

applying conservation of mass and ideal gas lave, cen deduce the permeability from
Equation (9):

aT V. oT V.,
k:W% - zEﬂn(rZJ:mzlz_ztﬂn(er (10)
shpi-p2 s h(p,+pf-p2 1

wherevy is the source volume flow rat®, is the gas constari, is the temperaturdy is the
cylinder height (here equivalent to compressed GhBitkness), and/, is standard molar
volume. The pressure difference was measured withanometer (Type MM3K by HK
Instruments Qy).

Fig. 18 shows the calculated in-plane gas pernigabil GDL as a function of compressed
thickness. The gas permeability decreased nonlinesinen the thickness of GDL was
decreased by compression. The reduction in the gaifity was as much as one order of
magnitude when the GDL was compressed to approzljn®5% (250 um) of the initial
thickness (380 pum). The range of results is in gagdeement with those published in
literature for typical carbon paper type GDLSs.
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Fig. 18 In-plane gas permeability as a functionahpressed thickness of GDL.

In the range where the measurements were condwutteghression of the GDL mainly leads
into loss of pore volume, not compression of bulktenial. Therefore, porosity can be
assumed to correlate directly with compressed Gidkhess. However, most of the previous
modeling studies may not directly reflect the r&#di situation occurring in a fuel cell since
the two above-mentioned parameters were studiearatefy and their combined effect was
basically not considered. In fact, the compressedkiess (and thus porosity) and gas
permeability of GDL are closely linked to each athend it is the combined effect that
determines the gas-phase mass transport withilcle. Furthermore, such parameters as
sensitivity to water accumulation, and mass andgeh&ransport resistance are also closely
associated with the compressed thickness of the.GMhen ones sets the mass transport
parameter in their model, special attentions mustphid, noting that they are nonlinear
function of the compressed thickness as showngnld.

3.2.3.Electric conductivity of GDL

Evaluation of bulk resistance of GDR,gp(2) separately from the measured resistance
R, meas,corkZ) 1S NOt easy task, and the conventional methodraritly contains errors in the
evaluated values since the measurements are cedduatier the wrong assumption that the
effect of compression on the bulk conductivity dDIGis simply disregarded. Therefore, a
special effort was made, which allows investigatiminthe compression effect on GDL
through-plane bulk conductivity, cp_alone.

Two to five pieces of GDLs were placed on top affeather as illustrated in Fig. 19(a). Non-
conductive tapes were pasted on graphite currdigictars in order to avoid direct electrical
contact between the end plates. The thickness aif &DL was controlled by steel gages
having thickness from 150 to 350 um. This meantsrtbanatter how many GDLs were used,
both the contact resistance between graphite duceltector and GDLR;grcpi(2) and
Ry 6pL(2) were unchanged when the compressed thicknesBb$ @as set constant. The total
resistance, which is a function of number of GDh,s;an be expressed as

R, meas(Z:N) = 2Rsg + NIR, 55, (2) + 2R, griep (2) + (N =D R, g1 /600 (2) (11a)

WhereR. spucpLiS the contact resistance between two facing GIiLibis R cpepL can be
eliminated from Eg. (11), it reduces into

R, mead Z1) = 2Reg + N IR, 60 (2) + 2R, 6rie01 (2) (11b)
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Thus, when one plotR, mea{n) as a function of number of GDLs, the slope of gnaph
indicates thdx, gpi(2). In order to eliminat&. gpepL, highly conductive silver particles were
sputtered onto GDLs. This method was previouslywshto successfully reduce the contact
resistance [156-158] without significant changeébitk conductivity. In sub-chapter 3.4, the
errors caused by the assumptions that silver smgtéreatment reduces thH& cpucpL IS
discussed.

All GDL surfaces that came into contact with otl@bLs were silver coated, but GDL
surfaces facing the graphite current collectorseweft untreated, which allows to evaluate
R. criepi(2) as discussed below.

The experimental setup used for investigation eplane conductivity as a function of
compressed thickness of GDL is illustrated in Rig(b). GDL was placed on the base plate
and both ends were compressed by graphite curoletiors clenched with two 8 mm bolts.
Steel gages were inserted between graphite cucalgctors and base plate, and thus the
GDL thickness under the graphite current collect@s always fixed to the steel gage
thickness of 25@um. The separation between two current collectors vaaied in the range
from 1 to 32 mm. A nonconductive plastic plate vaced between the graphite current
collectors. This plate allowed the accurate contblthe compressed thickness of GDL
underneath it and maintained the separation. Tiokntéss of GDL under plastic plate was
controlled from 150 to 350m with steel gages.

A current in the range from 50 mA to 1 A with 50 rsfep was applied and the voltage drop
was measured to calculate the total resistance. miéasured total resistané® mea{Xx,2
consists of the bulk resistance of graphite curceiiectorRgg, bulk resistance of GDL under
the graphite current collectd®,sp(250) and under the plastic pla® cpi(X,2 and the
contact resistances between graphite current ¢otflaad GDLR; gr/cpi:

Rimead X 2) = 2Rg + R 601 (250 + R, 65 (X, 2) + 2R, gricnL (12)

In order to separate the bulk GDL resistance frbetbtal resistance and to investigate the
effect of compression, following facts and assuorgishould be underlined. First, since the
steel gages under graphite current collector fbeedcompressed thickness of GDL to 260,
both R; gricpLandR, cp(250) remained constant through the measuremeiess&econd, the
conductivity of graphite current collector was e&dt one order of magnitude larger than that
of GDL, and therefore the current path within gréglcurrent collector was assumed to
concentrate to the edge of the plate Rgedremained constant. And third, since the separation
between the graphite plates was at least an ofderagnitude larger than the thickness of
compressed GDL, it was assumed that the effeairént flowing in through-plane direction
from the graphite plates was negligible, allowirgyto study only the changes in in-plane
direction.

Based on the above facts and assumpti@nss.(x,2 can be derived by subtractifymea{X)
from the other measured values with different saf@ns between graphite plates. For
example, with two different separation, andx, (x; < X;), and with same thickness, the
bulk GDL resistance can be calculated from theragbbn of total resistances as

R meas X2+ Z1) = R mead( X1, 21) = Ry oo (% =%, 2) = Ry g (8%, Z) (13)
Then, the in-plane conductivity, gp1 (2) can be calculated from the bulk resistance as
Oyon(2) = ! Ax (14)

R><,GDL (AX! Z) z EW

whereAx, z andw are the current collector separation, compressiefirtess and width (10
mm in all of the measurements) of the bulk GDL undath the plastic plate, respectively.
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Fig. 19 Experimental setup for (a) through-plarectlc conductivity
and (b) in-plane electric conductivity.

Fig. 20(a) and (b) illustrate the measured totsilstance in through-plane measurement setup
as a function of the number of GDLs and the measumdal resistance in in-plane
measurement setup as a function of GDL lengththeeseparation between current collectors,
respectively. It is obvious from the results thed theasured resistances are linear functions in
both Fig. 20(a) and (b), and thus the in-plane #&m@ugh-plane conductivity can be
calculated from the linear fits.
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Fig. 20 Measured total resistance: (a) in throulgimg direction as a function of number of
GDLs, (b) in in-plane direction as a function afidggh of GDL.

The resulting values for the in-plane and throulgim@ conductivity of GDL as a function of
compressed thickness are illustrated in Fig. 2% @bnductivity in in-plane direction was
three to four times higher than that in througmpladirection, which is not as large a
difference as stated in the literature, see e.§]. [Bhe previously reported data for GDL
conductivity varies a lot even among paper type &Dlhe reported values range from 5000
to 23000 S/m for in-plane conductivity and from 3@® 1400 S/m for through-plane
conductivity. These variations can most probablyatigbuted to the physical and structural
properties of different GDLs such as hydrophobieragontent, fiber diameter, density, areal
density and implementation of micro porous layertermore, the significant difference in
the reported conductivities may arise from the draoks in measurement setups and
inadequate consideration of contact resistance.

33



@ T T T T I T T T T I T T T T I T T T T I T T I:
- ® in-plane _:
5000: W through-plane -
E 4000F ¢ .
2 I ]
23000 F .
EN. ¥
2 2000 3
3 [ L i ]
1000 F i 3

O :f L L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I_-

150 200 250 300 350
GDL thickness (pm)

Fig. 21 In-plane and through-plane conductivitisgdunction of compressed GDL thickness.

Both in-plane and through-plane conductivities monizally increase as the compressed
thickness of GDL was decreased. For example, wieiGDL is compressed to a thickness of
250 um, the in-plane conductivity increased by 160% #mwdugh-plane conductivity over
tenfold compared to the values of uncompressed GDIis interesting to note that the
conductivities have practically linear dependenodle GDL compressed thickness. This is
possibly because of the reduction of porosity ofLGBhich leads into shorter distances
between the conductive carbon fibers and also imboe and better contacts between the
fibers. In an assembled cell, there are signifieantations in the GDL thickness between the
areas under the flow channels and under the ridgesrefore, the assumption of constant
conductivity may distort modeling results signifitiy.

3.2.4.Electric conductivity of other components

The conductivities of graphite current collectoda@lL on MEA were also evaluated by
applying four-point probe method. For determinihg tonductivity of graphite, a graphite
block having dimensions of 8x14x90 mm was usedufient lead was connected to both
ends of the block and current was applied in thhgedrom 50 mA to 1 A. The potential drop
was measured at various positions of the block widtances from 9 to 63 mm. The
conductivity of graphite was solved from the sulticn of bulk resistances obtained with
various lengths in similar fashion to the in-plaswnductivity of GDL as described in Sub-
chapter 3.2.3.

In the evaluation of the CL conductivity, the measnent setup was fundamentally the same
as illustrated in Fig. 19(b), but the GDL was repld with a piece of MEA (PRIMEA 5810
by W.L. Gore). The separation between two graphiteent collectors was varied from 0.5 to
10 mm and the thickness of CL on MEA was assumdxktbOum. Then the same procedure
as for the in-plane conductivity of GDL was appltecevaluate the conductivity of the CL.

The conductivities of graphite and CL were 6970839 and 320 + 20 S/m, respectively,
which were one order of magnitude higher and Iavan that of GDL.

3.2.5.Electric contact resistances between GDL and grapta
Finite element method based simulation was empltayaolve the contact resistance between

graphite current collector and GDL using a comnadiiciavailable PDE solver program
COMSOL Multiphysics 3.2a, since it was believedbi® difficult to separate the contact
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resistance from total resistance experimentallye Httual measurement geometry was
implemented as a 3D modeling domain, which was saméhe experimental setup for

through-plane GDL conductivity (see Fig. 19(a))eT&DL thickness was changed from 150
to 350um in the modeling domain corresponding to the drpemtal study and the evaluated

bulk conductivities of GDL and graphite were embestid

The electric potentials in graphitggr, and in GDL,¢cp., were solved in the model. The
governing equation for current density follows frtime conservation of charge:

0% =0 U=0,cr0¢Pcr) =0 U-0, 5 UPep ) =0 (15)

Measured potential differences were used as boyraditions in the model where voltage
leads were attached (see Fig. 19(a)).

Since there is a contact resistance between geaphitent collector and GDL, the potential
profile is discontinuous. This potential drop aé timterface can be expressed with current
density and the contact resistance. At the graphiteent collector/GDL interface, Neumann
boundary condition was applied,

—NU-0,c:00::) = Pse = oo (16)

&,GR/GDL

wheren is the normal vector of the interface. After solyithe potentials, the total current,
passing through the system was calculated by iatiegr the local current densitiR. cricoL
was evaluated by changing its value in the modél tive total current corresponded to the
measurement result. The same modeling procedurap@id to a system that consisted of
various numbers of GDLs in order to find an errstireates for contact resistance.

The area-specific contact resistance between dgeaphirent collector and GDL simulated by
applying the conductivities presented above isrgineFig. 22. Error estimates were obtained
by conducting the simulations again with considgrifariations in measured voltages and
calculated conductivities. The contact resistanibanged exponentially as a function of
compressed thickness of GDL. Contact resistanceiesaldecreased by two orders of
magnitude from very little compression (3pfh) to high compression (150-2%0n). This
result is most probably due to the fact that theaaontact area of the GDL at the interface
increased with compression pressure.
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Fig. 22 Contact resistance as function of compretsekness of GDL.
There is a vast amount of literature discussingctir@act resistance values, varying a lot in

the range of 1-50 fxcn? with moderate compression pressure (0.5-2 MPa)s Tdnige
variation and difference from the values achievethis study may be attributed to the fact
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that in the previous studies, the bulk resistaricke@@GDL and current collector was typically
underestimated or simply disregarded, which in fead into overestimation of the contact
resistance. The bulk resistance of current colteprticularly has been assumed to be
negligibly small because of its high conductivitg9700 £ 300 S/m in this case) in
comparison to that of GDL materials, which alsofien the case. However, the thickness of
current collector is also almost one order of magls larger than that of GDL because of the
structure of flow field, which is typically consined to the millimeter scale. Thus, one can
not doubtlessly assume that the voltage drop iphgta current collector is small enough to
be neglected in these measurements. Hence, it wdh mvestigating how significantly the
bulk resistance of graphite affected the chargespart.

The electric potential profile achieved from thensiations is plotted from top to bottom at
the center of x-y plane of the modeled domain {tireugh-plane measurement system, see
Fig. 19(a)) in longitudinal direction, as depicted Fig. 23(a). In order to be able to
distinguish the potential drop at the interfaced anthe bulk GDL, the enlarged potential
profile in the region around the interface is ithased in Fig. 23(b). According to Fig. 23(a), it
Is obvious that the gentle potential drop insident thick graphite current collector at both
ends (2Apgr) is comparable to that caused by contact and Gidk resistances. It is worth
noting that especially at the highest GDL comp@s&Agpcr accounts for the dominant part
of total potential drop. Hence, the resistance wient collector must be also taken into
account properly when evaluating the contact rascst values in order not to distort the
results. This is especially the case if the curieitectors used in the measurements have
lower conductivity than graphite, such as carbampounds or polymer/graphite composites.

The potential drops caused by different factorsthed relative significance are summarized
in Table 2. The ratios of potential drop causedtWwy contact resistances and bulk GDL
resistance to measured total resistafi@geas 2 APrd APmeas AN Apcpl/Apmeas FESpPECtively,
are also tabulated in Table 2. Bott\@z. and 2AprdApmeas iNCreased as the compressed
thickness of GDL was increased. However, it shobéd noted that Apr/A@meas Was
unexpectedly small, whereas many sources claimtfigatontact resistance accounts for the
major part of the total resistance, see, e.g. @B 3]. The results presented here highlight
the fact that the contact resistances cause ther aptribution to the total resistance only
when the GDL is very little compressed.

These results also indicate that the bulk resistasfcthe GDL can make a significant

contribution into the total resistance, while camnteesistance was found to be smaller than
previously reported. Furthermore, the effect of poession on bulk resistance can not be
neglected in the evaluation of the contact rest&anSince the bulk conductivities of GDL

changed linearly with compressed thickness as shiowig. 21, the method used in previous
studies, in which bulk conductivities are assumedstant may not yield proper values for

contact resistance.
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Fig. 23 Potential profiles within the model domairongitudinal direction:
(a) whole system, (b) enlarged around the GDL.
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Table 2 Predicted voltage drops at bulk and integaand percentage of them from the total
measured voltage drop.

Thickness j(m) Potential drop (mV) Ratio (%)
2'A(oRc AgpcpL 2'A(DGR Z'A(”RCIA(”meas A(”GDL/A(omeas
150 0.17 0.44 0.67 8.8 23.3
200 0.42 0.74 0.67 17.1 30.4
250 1.23 1.12 0.67 33.6 30.7
300 2.35 2.24 0.67 39.4 37.6
350 6.90 6.04 0.67 51.2 44.9

3.2.6.Electric contact resistance between GDL and CL

Experiments were based on AC impedance spectrosecapgymmetrical blH, cell. The AC
impedance method has been widely used for anabfsislectrochemical systems and is
suitable to comprehend the complicated processedvied in operation of a PEM fuel cell
[39,53,159-162]The HyYH cell can be used to study phenomena occurringPEM fuel cell,
see e.g. [162-167]. In J#H, cell hydrogen is fed into both the anode and a#ho
compartments. The anode and cathode reactionsigta cell are:

H, — 2H" + 2¢€ (anode) 17)
2H" + 2€é — H, (cathode) (18)

Since the electrochemical kinetics of the reacioBqg. (18) is substantially faster than that of
the oxygen reduction reaction, the activation ogtaptial is small, which makes the AC
impedance measurement easier and helps in obtanmgate results. Furthermore, since the
heat production by the reaction in this systermslter than in PEM fuel cell systems, the
H./H, cell can be assumed isothermal. This is imporsamte membrane properties such as
water uptake and proton conductivity depend on tatpre [51,53]. Other advantage in the
H./H; cell is that because there is no water producdtidhis system the water content of the
cell can be accurately controlled by reactant hiffo&tion conditions. When membrane
parameters can be assumed constant the contatanesi between the GDL and CL can be
calculated by subtracting the membrane resistamd®ther bulk and contact resistances from
the total cell resistance.

The schematic of the measurement system and iHd, Eell employed in this study are
illustrated in Fig. 24(a) and (b), respectively.eTH,/H, cell consisted of the cell body and
two cylindrical graphite current collectors, betweehich the MEA and circular GDLs with a
diameter of 8.5 mm were placed. The current callscicould move in the cell frame,
allowing separation of sealing pressure onto trskefs and compression onto the active cell
area. To achieve uniform compression on the GDIdSMEA, the current collectors were not
grooved, i.e. there were no gas channels. Hydrogaa humidified in a commercial
humidification unit (Fuel Cell Technologies, In@hd entered the cell from the inlet hole
located in the center of the current collector,eapr radially from the center and exited
through the outlet located at its outer edge. Ték temperature was set to 40 °C and
controlled using a West 6100 controller, four hagtelements (Watlow EB) inside the cell
frame and K-type thermocouples in the current ctiles.

Prior to the AC impedance measurement, the cell mrasin fuel cell mode to ensure gas
tightness. The AC impedance spectra were recordddam impedance spectrum analyzer
(Zahner IM6 Electrochemical Workstation) and pdtestat (Zahner PP240 Power
Potentiostat) by sweeping the frequency from 50QrtdH20 kHz. The measurements were
conducted in galvanostatic mode with 20 mA ampétahd 0 mA DC-level. After the AC

impedance spectra were obtained, the compressieasyme onto the active area was
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increased stepwise from 0.66 to 4.7 MPa and the saotedure was repeated. Recording the
AC spectrum was repeated five times for each cosspya pressure.

compression pressure

Ha2 tank

out-flow

in-flow

I

|

% GDL cell body
"

mass flow controller

. humidification unit
impedance / MEA
analyzer
l Hz/Hs cell - in_,meW <—| current collector |

potentiostat out-flow

exhaust f

compression pressure
(a) (b)

Fig. 24 Schematic of measurement system (a) wlyskes, and (b) enlarged.i; cell.

Fig. 25 shows a typical example of the Nyquist pbitained from the AC impedance
measurement with various compression pressureslomtactive area. The high frequency arc
is associated with the charge transfer acrossatadyst interface and the low frequency arc is
attributed to both adsorption and desorption ofrbgdn on the electrode surface and water
transport in the membrane [162,165,167]. The rgisl iatercept of the impedance spectrum
at high frequency indicates the total cell resistaR.. Only theR., which includes the
bulk resistances of MEA, GDL and graphite curresifectors, and the contact resistances
between the components, is needed here. The mdasupedance spectrum, as expected,
shifted to the left as higher compression presswas applied, indicating a decrease of the
Reeir The measurements with different inlet hydrogemidities showed that the membrane
was fully humidified and the measurements wereatgie (see Fig. 25).
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Fig. 25 Impedance curves measured with compregsessure of 1.72-3.93 MPa on the
active area.

The compression pressure applied to the active wasaconverted to the compressed GDL
thickness, based on a study of mechanical propestiehe GDL (see sub-chapter 3.2.1). The
obtainedR., as a function of compressed GDL thickness and cessjpn pressure on the
active area is illustrated in Fig. 26. Fig. 26 aiscludes the negligibly small contact
resistance between the GDL and graphite currereatol, R;griep, and the bulk GDL

38



resistanceR, sp., Which were evaluated in a previous study (seechiapters 3.2.3 and 3.2.4),
and the membrane resistan&gscalculated as described below.

The R decreased nonlinearly as the GDL was compressedadthe reduction of contact
resistances between the GDL and ®L.epuci- The error estimate di.; was obtained by
repeating the measurement and represents the 90ftderzce limit when the applied
compression pressure to the active area exceedd®al However, the error limits were
larger at the lowest compression pressure of 0.6@,Mecaus&. was found to be fairly
susceptible to the assembling process when low mEsga[@N pressures were applied.
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Fig. 26 Resistance as a function of compressed tBlgkness.

Since the water uptake of the membrane from sa&wiratater vapor and liquid water are
significantly different [28,52,168], values of camdivity for membrane humidified with
water vapor [29] could not be used for the caléotabf theR,, in this study, where severe
flooding was occurred in the cell. Therefore, thermbrane conductivity was calculated from
the assumed water content of the membrankis defined as the number of water molecules
per sulfonic acid groupi= mol H,O/ mol SQ'H") and can be calculated from

_ WU [EW
M., (19)

whereWU is the water uptake of the membrane defined amtss of water in the membrane
divided by the mass of dry membravg = kg H,O/kg dry membraneEWis the equivalent
weight of the membrane defined as the weight of brame per mole of sulfonic acid groups
(EWE kg membrane/mol SM*) andM,, is the molar mass of water.

A

The published values /U have considerable variation. TW&J of 32% measured by Kolde
et al. [169] may be too high compared to the camsehis measurement, because their
membrane was equilibrated with boiling water, whiehd to higheMU values than those
when the membrane was soaked in water at lowerdeahype as reported by Springer et al.
[170]. Another possible reason for the hiiJ value measured in [169] is that they used a
plain membrane and not a MEA as in this study. Bseoved by Matic et al. [163], water
content in the membrane with CLs is highly unewghich may yield substantially different
WU values compared to the plain membrane. This iausthe CL is usually hydrophobized
to enhance the water removal, and therefore, tresamrement may give a lower valueVgty

for a membrane with CL. On the other hand, W& of 10% for the MEA measured by
Himanen et al. [166] was so small that the caledahembrane resistance exceeded the total
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cell resistance in Fig. 26. This was most probalolg to the inaccuracies in the measurement.
Based on above review of literature, the valug/af was assumed to be between 20 and 30%.
Using these values d/U and the value dEW given by the manufacturer, 1.1 Kg mélL69],

thed was calculated to be between 12.2 and 18.3.

The membrane conductivitysnem Which is a function of the water contehtand the
temperatureT, can be calculated with the empirical equationgddafion membrane [170]
with a correlation for the Gore membrane [80],

0. =100(0.0051391 - 0.0032§ exq 2224 —~ -1
303 T

(20)

Eqg. (20) yields thespen to be 7.5 and 11.5 S trwith the WU value of 20 and 30%,
respectively. The area-specific resistance of mamdbrwas then calculated with fixed
thickness of membrane, 25 um. The membrane swetling to water uptake was not
considered here. Furthermore, tRg was assumed to independent of the compression
pressure. The area-specific resistance of bulk @O graphite current collector was
ascertained small enough (see sub-chapter 3.2d neglected.

The results foiR, gpcL Which were obtained by subtraction of tRegricpL, Roeol and Ry,
from theR, are shown in Fig. 27. The error bars of B3ep,c. were calculated based on the
error estimates of the measured total cell resissmrand the variation in the membrane
resistance calculated with two differelYU values. The values oR.gpuc. changed
nonlinearly from 44 to 7.8 @ cn? when the GDL was compressed from 300 to 140 pm
thickness, which are approximately from 14 to Qe larger than th, cr/cp. This is most
probably due to the presence of non-conductive madta the CL and the poor contact
between the GDL and CL. Compared to a valuB.@b,c. reported by Makharia et al. [171],
the values obtained here are more than 10 timgsrlamhis is most probably because they
used a GDL coated with an MPL, which reduces Ragpic., See e.g. [65]. Fig. 27 also
includes the ratio of two d®; gpLicL 10 Reer- TheR; gpLicr iS the dominant part of tHg,, and
quite comparable to thB,, especially when the small compression pressuie applied.
Even with the very high compression pressure athvttie GDL was compressed to 40% of
the initial thickness, thgpucL) accounts for 35% of the.;. These results indicate that the
R..cpbLcL €can not be neglected.
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Fig. 27 Contact resistance between the GDL anda@d ratio of two of the contact resistance
to total cell resistance.
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3.2.7.Thermal conductivity of GDL

Fig. 28 shows the experimental setup for measuhaghermal properties of the GDL. Heat
flux from the heating element (Watlow Metric FIRER® Cartridge) embedded in the lower
graphite rod transferred from the lower rod to thgper rod through the GDL(s) between
them. The graphite rods were constructed so tleetid facing to the GDL had a smaller
diameter of 20 mm and the rod diameter is 38 mne. griaphite rods and GDL samples were
thermally insulated from the surroundings by a PWBe and polystyrene insulator. The
temperature of the upper end of the upper grapbitavas maintained at approximately 16 C°
by a cooling block (Thermaltake CL-W 0087) througihich coolant fluid flowed. A
thermostat (Lauda RE 310 chiller with a Lauda E 80@trolled head) was used to control the
coolant temperature and flow. This system alloweasstraining the heat dissipation in radial
direction and thus, a nearly one-dimensional heatsfer in longitudinal direction was
achieved.

GDL samples having an area of 144 hwere placed onto the lower graphite rod. The fixtu
accommodated 1 to 5 stacked GDL pieces. Measuremeate conducted with various
compression pressures by changing the weight loadeding from 4.7 to 77.8 kg.
Corresponding compressed GDLs thicknesses weralagdd using the measured stress-
strain curve (see Fig. 16). Temperature probesfélcilty Pt100/1528 Class A) were located
at four points (‘A’, ‘B’, ‘C’ and ‘D’ in Fig. 28) n the upper and lower graphite rods.
Furthermore, an additional temperature probe ‘ES westalled in the upper graphite rod in
the vicinity of the cooling block to measure theperature at the graphite rod/cooling block
interface. Temperature readings were recorded eévesgconds with a data logger (Agilent
34970A) until steady-state conditions were achieVldwt took typically more than 5 hours.

In order to accurately determine the heat flux ¢fammed through the graphite rod3gr, a
separate measurement was conducted. The experimsystem of this measurement is
fundamentally similar to the one shown in Fig. 2&h the exception that the two graphite
rods and the GDLs in Fig. 28 were replaced by ong graphite rod, into which temperature
probes were embedded. TQgr was calculated from Fourier's law using the knatvermal
conductivity of graphite, 128 W ™TK™, and the temperature drop measured with the
temperature probes. For quantitative analysis,different heating powers were applied, 4.05
and 5.24 W.

== coolant fluid

| Cooling block

|Graphite rod (13 cm)l—) -
PVC tube b

Thermal insulator

1

¢ —| Temperature probe |

Heating element

Fig. 28 Schematic of thermal properties measuresystem.
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As discussed previously, changing the compressi@sspre leads into changes in both
electric contact resistance and electric bulk teste of GDL. This correlation between
compression and resistances was expected to headlso for thermal resistances because of
the analogy of electric and heat transfer. Theegftine authors applied the experimental
technique of the previous study to derive the tlaroulk conductivity and thermal contact
resistance separately.

The measured temperature drop between points ‘8"@h(Fig. 28),ATg¢, is a function of
the number of GDLs, n, and the compressed GDL ti@sk, h, and is expressed as

AT, (,n) = (27, crreo (M) + (=1 T goreon (M) + N Ty ol (M) oo, + 20, 6x er (21)

wherel . cricpl(h) denotes the thermal contact resistance betweeGDL and graphite rod,
I'. spuepL(h) the thermal contact resistance between two GDLsp(h) the thermal bulk
resistance of GDLI}, gr the thermal bulk resistance of the graphite rdte fieat flux through
the GDL,QgpL, Was calculated from GDL sample area &g based on the assumption that
heat transfer from graphite and GDL to the air gag negligibly small.

To eliminate the thermal contact resistance betwbenGDLs, conductive silver particles
were sputtered onto the GDL surfaces, same method as used above for electrical conta
resistance elimination, with referring process wublshed literature [158,161]. All GDL
surfaces that came into contact with other GDLsevedliver coated, but GDL surfaces facing
the graphite rods were left untreated to evaluBtercpi(h). This procedure allowed
eliminating/ ¢ spuepL(h) and reducing Eqg. (21) into

AT, (0 ) = (27, ey () + N T o (N) Qe + 20 0r Qar (22)

Thus, plottingATg ¢ as a function of the number of GDLs, the slopéhefgraphS, gives the
value ofly, gpL(h)-QepL. The thermal bulk conductivity of the GDkgp (h), can be expressed
with 7'y, gpi(h) and the compressed GDL thicknésss:

LIS (23)

Ko (h) =———— =
oo (1) oo () S

For the calculation of thegp.(h), the evaluatedh (see Fig. 16) were used based on the
assumption that the valuestotlepend on the compression pressure but not omutinder of
stacked GDLs.

The measured temperature drops between the p@hend ‘C’, ATgc, as a function of the
number of GDLs are shown in Fig. 29. Fig. 29 inelsidheATs.c when GDL(s) were
compressed to various thicknesses, from 328 tqut29When a higher compression pressure
was applied and GDL thickness decreased, a lawgr was observed. This was because
both thermal bulk and contact resistances of thé. @&creased with compression pressure.
TheATgc increased linearly with the number of GDLs.

I I I I
50 [ compressed GDL thickness (um)
[ ® 328
m 305
B A 259
40 - v 214
& 167
M 129

number of GDL
Fig. 29 Temperature drops between the points ‘B’ ‘@1 as a function of number of
stackgg GDL.



The heat fluxes through the graphi@;r, were determined to be 3.33 and 4.45 k\{ an
heating powers of 4.05 and 5.24 W, respectivelye Tésulting thermal conductivity of the
GDL, xepi(h), as a function compressed GDL thickness is shiowfig. 30. The error bars
shown in the Fig. 30 were estimated consideringfalewing error sources; 1) errors of the
measured temperature inside the graphite rodsheagradient of thaTg ¢ in Fig. 29, 2) heat
leakage in the radial direction from the system, change in heat flux passing through the
graphite rods and the GDLs, 3) variation in thidsef initial and compressed GDL, and 4)
fluctuation in set temperature at the end of ugpaphite rod. This analysis was conducted
with the method adopted in a previous study [1T&e margins of error shown in the figure
represent the 90% confidence interval.

An important finding is that thegp, (h) does not depend on compression and was determined
to be 1.18 + 0.11 W thK™. It was expected that higher compression pressatad reduce
kepL(h) as observed for electric conductivity, since ocarliibers in the GDL have better
contact to each other under compression, and tlueneoof poorly conducting air in the pores

is reduced. However, this was not the case anihthgelation between compression and heat
transport through the GDL was found to be differeotn that between compression and
electric transport.

ThexgpL(h) obtained here is approximately four times higtien the reported value (0.3 W
m™* K™ at approximately 2 MPa) [96,115,116]. This diffeze is probably due to the fact that
in the previous study, the contribution Bfspuepl(h) was simply neglected in calculation of
kepL(h) [115] or ', spi(h) was not properly derived from the measured teatpes gap [96].

If the I';epucoi(h) is not eliminated by e.g. the process implemeritedhis study, the
resultingly, gpi(h) will contain also the contact resistances, ang timderestimate thep. (h).
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Fig. 30 Thermal conductivity of GDL as a functiolhcompressed GDL thickness.
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3.2.8.Thermal contact resistance between GDL and graphite

For determining the thermal contact resistance éetvthe GDL and graphite rad,cricol(h),
a 3D model corresponding to the experimental appsirdig. 28) was constructed using a
commercial finite element method solver softwar®KSOL Multiphysics 3.2a).

The temperature distribution in the system wasesblysing the measured values for thermal
conductivities and calculated heat flux and varyting GDL thickness from 129 to 328n
corresponding to the experimental work. The unkn@arameter/ creol(h), was varied
until the resulting temperature profile correspahttethe measured one.

The temperature profiles in the graphite rogk, and the GDLTgp., were modeled using the
governing equation for heat flux which follows frdahe Fourier’s law:

02T = 0 - ke OTsg) = O O~ Ko OTgp, ) = O (24)

It should be noted that the thermal conductivityhef GDL was assumed to be isotropic, i.e.
same value in both in- and through-plane directi@ecause of ; cricoi(h), the temperature
profile becomes discontinuous. At the GDL/graphibel interface, a Neumann boundary
condition was applied,
T~ T
—ﬁ[q—K OT ): GR _ 'GDL (25)
T Teeron ()

wheren is the surface normal vector.

At the boundary between the upper graphite rod arading block, a constant temperature
boundary condition was applied, using the tempesatobeasured by the temperature probe,
‘E’ (see Fig. 28). At the graphite rod/PVC tubeenfice, graphite rod/air interface and
GDL/air interface, Neumann boundary conditions wapplied for the thermal flux. The
thermal contact resistances at the rod/PVC tulefade and heat transfer coefficient at the
graphite rod/air and the GDL/air interfaces wersdohon estimations. They were varied
within reasonable limits and ascertained not teafthe temperature distribution significantly.
The thermal contact resistance between the PVGresuthtor was not included in the model
due to negligible effect on the temperature digtidn inside the graphite rods.

At the boundary between heating element and gmapbd, a boundary condition for the heat
flux from the heating elemerye, was applied,

~ - KopOTor) = Que (26)

The value ofQ4e was set so that the temperature profile in a sé@anodel in which one long
graphite rod was used matched the experimentaltse3ine same value @, was applied

to the model with two graphite rods and GDL, basedhe assumption that heat loss in the
radial direction was the same in both cases.

The area-specific thermal contact resistance betwee GDL and graphite rod cricpi(h),

is shown in Fig. 31. Thé; criep(h) decreased nonlinearly as the GDL was compressed.
Higher compression increased the actual contaet atr¢he interface between the GDL and
graphite, thus decreasing contact resistance. Egtimates were obtained by repeating the
simulation with varying the modeling parametersitg thermal bulk resistance of GDL, 2)
the heat fluxes, and 3) the measured temperatures.

The I.crepi(n) at an approximate compression pressure of 2.2 KBmpressed GDL
thickness of ca. 233 pm), 0.65 + 0.18 x*1& K W™, is smaller than the value reported in
the literature [115], 1.5 x 10nm? K W™. A possible reason for this is that the matenial i
contact with the GDL is different. Khandelwal andeidh used aluminum bronze [115],
while graphite was used in this study.
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Fig. 31 Thermal contact resistance between GDLgraphite as a function of compressed
GDL thickness.

The temperature profiles of the system with varioampressed GDL thicknesses obtained
from the simulations are plotted in Fig. 32(a), ethincludes also the measured temperatures
at points ‘A’, ‘B’, ‘C’ and ‘D’ in the graphite rosl (see Fig. 28). To clarify the contribution
from I'; grieou(h) and7y, gpi(h) to temperature drop, the temperature profilehi ticinity of

the GDL interfaces is enlarged in Fig. 32(b). I lneen often speculated that the interface is a
larger source of thermal resistance than the buk Glowever, thel}, gpi(h) accounts for
more than 30% of the total thermal resistance efGDL at low compression and for more
than 50% of the total thermal resistance when tbé @as compressed to less than 70% of
initial thickness (below 259 pum).
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Fig. 32(a) and (b) Modeled temperature profile aresured temperature (a) region around
temperature measured point, and (b) enlarged imithaty of GDL.
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3.3.Modeling analysis

A two-dimensional, one-phase, nonisothermal moded developed to study theoretically the
effects of inhomogeneous compression of GDL onldbal transport phenomena in a PEM
fuel cell. The modeling parameters which were expentally evaluated and discussed in
above subchapter are applied in the model.

3.3.1.Model assumption

Making a theoretically rigorous fuel cell model whireflects the micro- and macro-scale
transport processes is extremely challenging becatia lack of experimentally evaluated
physical parameters. Therefore, the following aggtions were employed in the model:

(1) Steady state conditions

(2) All gases obey the ideal gas law and are igeaiked

(3) Water exists only in gaseous form

(4) Anode reaction rate is high enough and anodssrmansfer is fast enough
(5) The CL and membrane are isotropic and homogeneo

(6) The membrane is fully hydrated so that ioniodiectivity of membrane is constant and no
water transport through the membrane are considered

(7) Physical properties of GDL under the rib arastant
(8) Electrodes are assumed to be homogeneous

Because of assumption (3), the model presented$igadid only when the partial pressure of
water is below the saturation pressure. Assumgéddimplies that the conservation equations
for mass, momentum and species at anode GDL andr€hot solved. Assumption (7) was
made since all the experimental work to evaluate physical properties of GDL was

conducted by changing the thickness of the compde&DL under the assumption that the
compression pressure applied to the GDL was uniform

3.3.2.Model description

The modeled domain is a two-dimensional partiassreection of a unit cell as shown in Fig.
33, which consists of a half of both the graphiteand the channel in the flow field plate,
two GDLs and CLs, the electrolyte membrane andttvio pseudo layers TH1 and TH2 that
represent the contact resistance between graptdt&BL, and GDL and CL, respectively.

The effects of inhomogeneous compression are stiiecomparing two models. In the base
case, Fig. 33(a), the GDL is compressed evenly iengbhysical properties are assumed
constant. The alternative model, Fig. 33(b), camrsidhe inhomogeneous compression of
GDL and the GDL partially intrudes into the flowasimel. The deformation curve of GDL
observed in the photomicrograph taken with an aptiticroscope (see Fig. 12(a)) was fitted
with a third order polynomial (fitting accuracy? R 0.947) and its dimensionless thickness
can be expressed as:

h, [xm] x<500x10°[m] (27

h(x) =

~1.047x* x10° [xm ]+ 2.105¢2 x10°* [x m?| -1.070x[ x m ]+ 3.894x10°*, x>500x10° [m]
for the case where the compressed GDL thickigsis 250um. The same process was used
to obtain expressions for the thickness of the Gibien theh, was varied from 150 to 300

um. The dependence of physical properties of GDlthenlocal thickness is described in the
following sub-chapter 3.3.2.3.
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3.3.2.1.Governing equations and source terms

The transport phenomena occurring within the calraodeled with conservation equations
for mass, momentum, species, charge and energyhdéljoverning equations are listed in
Table 3. Table 3 also includes the subdomains wiherequations are solved.

The Navier-Stokes equation that describes momewtumervation was reduced to Darcy’s

law since the Reynolds number is less than ondtarglthe inertia and viscous terms can be
neglected in the GDL and CL. Darcy’s law was coredirwith the mass conservation

equation which gives Eg. (28) in Table 3. The spedonservation equation Eq. (29) is the
Maxwell-Stefan diffusion equation and takes inta@amt the convective and diffusive molar

fluxes. Since air is fed to the cathode, the maitiponent mass transfer involves a ternary
gas mixture (oxygen, water vapor and nitrogen). @lierge conservation equations Egs. (30
and 31) describe the electric current in electiycabnductive components and ionic current
in ionic conductive components. The energy consienveEq. (32) takes into account both

conductive and convective heat fluxes. Note thathmnanode only the charge and energy
conservation equations were solved.

Table 3 Governing equations.

Conservation equation Subdomains
k
Mass O Eﬁ— o3 ;" Dp] =S (28) cathode (GDL, TH2, CL)
t
Species O, =0tcvX,)-0ifeD,0X,)=S  (29) cathode (GDL, TH2, CL)
Charge (electric) 00-0,..0@)=S, (30) rib, TH1, GDL, TH2, CL
(ionic)y O 0~ 0pe0) = S, (31) CL, membrane
Energy 0 EﬁZpiCmVT\J—D Mk ,O0T)=S, (32) all
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The source terms for the governing equations atediin Table 4. The source terms of the
mass and species conservation equation repregenbdtisumption of oxygen and production
of water in the cathode CL. The number of electronslved in the reaction (4 for oxygen
consumption, 2 for water production) appears incipgations. The source terms in the charge
conservation equation describe the charge tramsfigent density between the electric and
ionic phases inside the anode and cathode CLstrahsfer current densities are expressed
with the Butler-Volmer relation as follows:

j.=-a,j" 7(0': ¥ a'j‘)F n for anode (33)
2 2 aT 2
. et 7| Co acF f

= ' 2 laxg ——c¢ or cathode (34)
Jc a\,Jc [C(r)esz F{ DT ncj

Anode side has fast reaction kinetics and low osergtial compared to the cathode, and thus
anode transfer current density can be linearizeth &. (33). The reference concentration
cg';f is equal to the concentration of oxygen in air S®P conditions andoz is the

concentration of oxygen in the CL. In the modek tatio ofc02 to cgj in Eq. (34), was
replaced by the molar fraction of OXYQEN,, - 77a andy, are the overpotentials at anode and
cathode, respectively:

Na =@n~a (35)
Ne =Gc=On— EO (36)

wherek, is open circuit voltage.

The source terms in the energy conservation equatiocrespond to Joule heating, irreversible
heat of electrochemical reactions and entropic beetactions in CLs but only Joule heating
in other subdomains.

Table 4 Source terms in each modeling subdomain.

Region Mass Species Charge  Energy

GDL 0 0 0 S :UGDL(D@)2

CL

A d 0 0 Ss,a = Ja _O_CL(D )2 +UCL (D )2 + . + JaTASa

(Anode) S, =i S =0 0a) +on Qg +ian. + =2
g = S =]

— jcMo2 jcMHZO O 4F S =l — 4CL 2 CL 2 _ _ chASc

(Cathode) s, =-- % +-—1 i s ey S Oa) +or Oa) - io. —= =

S '
©2F
TH1, TH2 0 0 0 S =0..(0a)
Membrane 0 0 0 S, =0,(0a,)
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The constitutive relations used for the governiggations are listed in Table 5. The molar
density can be calculated from ideal gas law &@sqgn(37). The molar fraction of nitrogen is
calculated from the fact that the sum of molar ticacs is equal to unity Eq. (38). The
effective Maxwell-Stefan diffusion coefficient teors D, , is related to the non-porous

diffusion coefficient,D , through the Bruggeman correlation as in Eq. (38 elements of
the D for a ternary system are calculated from the Madix&fan binary diffusion
coefficients as in Eq. (40). The temperature ardsure dependence of the binary diffusion
coefficients was taken into account with Eq. (4A)so, the temperature dependence of
exchange current density was taken into accouiht &gt (42).

Table 5 Constitutive relations.

Expression
M
Ideal gas law o =M, :D—‘Tp (37)
Molar mass of gas mixture M, = IZ XM (38)
Effective diffusion coefficient tensor D =£D (39)
X D, oy + (=X, )D,
Dll - DOZVN2 0, “H,O,N, 0O, 0,,H,0
S
Dy, . - D,
D12 = XOZDHZO,NZ Cutt S St
D D -D
Elements ofD Dy = Xy, 0D, H,ON, . 0, H,0 (40)
X, oDy o + (=X, o)D
D - D H,0=0,,N, H,0 0,,H,0
22 H,0,N, S
S: X02 DHZO,NZ + XHZODOZ,NZ + XN2 DOZ,HZO
Temperature and pressure dependence of . _ p,( T 1'5D (Po.T) (41)
binary diffusion coefficients W, ) TP
Temperature dependence of exchange [T = T e _AE, (1 1 (42)
current density ¢ ¢ o \T T,

3.3.2.2.Boundary conditions

Symmetry boundary conditions were appliek at 0 andx = x; in Fig. 33, i.e. all the fluxes
were set to zero. No electric current passes tlrdhg interface between the GDL/channel
and CL/membrane. It was assumed that there is mic icontact resistance at the
CL/membrane interface, and thus the ionic potetia temperature are continuous. On the
other hand, ionic current does not pass throughGibe/CL interface since the GDL is not
ionically conductive.

The concentrations and pressure are continuousghr@DL, TH2 and CL, and no boundary
conditions are required at the interfaces. Howetr@re is no mass flux across the rib/GDL
and CL/membrane interfaces.

At the cathode gas channel/GDL interface, the press/as set equal to ambient pressure.
The molar fractions of the species at the chaniil/@iterface were calculated based on the
following assumptions

(1) The modeled cross-section is in the middleedf and produced current is constant along
the channel.

(2) The stoichiometry of air is 2
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(3) The air temperature is 325 K and the relatimidlity or the air is 40%.
(4) There is no water transport through the men#ran

Thus the molar fractions of oxygen and water vapeare fixed to 0.143 and 0.149,
respectively.

Furthermore, heat transfer from the GDL to aithia thannel is calculated via:

-niQ=x, (TGDL _Tair) (43)

whereQ denotes the heat flux calculated from Eq. (4@)is the heat transfer coefficient,
TepL the temperature of GDL and;, the temperature of air. The temperature of theljta
ribs aty = 0 andy =y, was set to 330 K.

The electric and thermal contact resistances gihigegdGDL and GDL/CL interfaces were
converted to corresponding electric and thermaduotivities of TH1 and TH2. Therefore,
the electric potential and temperature through amehrib, GDL and CL are continuous
through the TH1 and TH2 and no boundary conditltage to be prescribed.

3.3.2.3.Model input parameters

Table 6 lists the cell design parameters and nadjdinetic and electrochemical parameters.
When the GDL deformation is taken into account (Sige 33(b)), the properties of GDL are

varied according to the shape. These changes in @iykical properties were fitted as a
function of compressed GDL thickness as describeldwb and the fitted values were

implemented into the model.

Porosity and gas permeability

The reduction of the GDL thickness was assumedet@dused by the reduction of GDL
porosity. Therefore, the porosity of the compresS&ld,, ¢, is calculated from the equation,
see, e.g [69]

£ = h(x) —h, =1_(1_£ )A
“=h9 () (a4)

wheregg denotes the initial porosity of GDL ard the initial thickness of GDLhs is the
thickness of the GDL when all the pores are lost:

h, = (1-¢&)h (45)

The reduction of GDL porosity leads into a decrdasgas permeability. The experimentally
evaluated in-plane gas permeability of the comme<sDL, k(x), was fitted with the curve
(fitting accuracy: R= 0.997):

k(x) = 0.8061(x)* ~ 6.464x10°°h(x)* ~5.305x10°h(x) +7.164x10* (46)

The gas permeability was assumed isotropic and4&).was also used for the permeability
of TH2. The porosity of CLsc, adopted by Bernardi et al. [172] and permeabdftZL, ke,
reported by Himanen et al. [166] were assumed tadb@ffected by compression.
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Electric properties

The electric conductivity was found to be anisoicognd fitted with a straight line (fitting
accuracy: R= 0.964 for in-plane and’R: 0.975 for through-plane):

Oopx =-1.15%10"h(x) +6.896x10° [S m]  for in-plane conductivity (47)
OgpLy = —8.385x10°h(x) +3.285¢10° [S m'  for through-plane conductivity (48)

The electric contact resistance between GDL angdhipea current collectof. gpLer(hc) was
converted into through-plane electric conductivdf TH1, ory1(X). The o (X) was
calculated as a function of compressed GDL thicknasd exponential curve was fitted into
the data (fitting accuracy:’R: 0.983), yielding:

Orpin, () = 1.714x10° ex]- 2056x 10 h(x)| [S m"] (49)

The electric contact resistance between the GDLGINMR; gpic(e), was also converted to
the through-plane electric conductivity of TH2, (X), which was fitted with a third degree
polynomial (fitting accuracy: R= 0.996), giving

Triay (X) = 7.726x10°0(X)° - 4.943x10Ph(x)? + 2.664x10"h(x) +18911[S m"] (50)

Accurate experimental evaluation of tRgsp/ci(ne) was found difficult as the compression
pressure decreased. Therefore, in sub-chapter, $12.fowest compression pressure at which
the R. cpuci(he) could be evaluated was 0.664 MPa. This corresptmé GDL thickness of
approximately 30Qum, above which the accuracy of Eqg. (50) diminishéswever, the trend

is clear — the lower the compression, the higherctintact resistance.

The values used for the in-plane electric conditgtnf TH1 and TH2 g1 x andoriz x, Were
set equal to the in-plane electric conductivity@DL and CL, respectively. These values
were adopted because the lateral current flowenTtHl and TH2 can be expected to follow
to that in the neighboring more conductive compdsiethe GDL and CL. On the other hand,
the conductivity of CL evaluated previously (seab-shapter 3.2.4.) was assumed to be
isotropic since no reliable experimental data sraitisotropy was found.

Thermal properties

The through-plane thermal conductivity of GDL was affected by the compression pressure
(see sub-chapter 3.2.7.) and a constant value sed in this model. The in-plane thermal
conductivity of GDL was assumed to be the saméeashrough-plane thermal conductivity.

The evaluated thermal contact resistance betweegrtiphite current collector and GDL (see
sub-chapter 3.2.8.) was converted to the throughepthermal conductivity of THizy, (X).
The calculated;(X) as a function of compressed GDL thickness wasdfitvith a fourth
degree polynomial (fitting accuracy? R 0.993), giving

Kra, (X) = —2.912x10"*h(x)* +3.133x10"h(x)* ~1.170x 10 h(x)? +1.639x 10" h(x) - 0438 [W m* K7 (51)

The thermal contact resistance between the GDL Gndvas assumed to be same as the
thermal contact resistance between graphite and. Gberefore, Eq. (51) was used also for
the through-plane thermal conductivity of TH2,,,(x). The in-plane thermal conductivities
of TH1 and TH2 g7y x @andkrho 4, Were set equal to the in-plane thermal condugtivi GDL

and CL, respectively, based on the same assumgiticimarge transport at the interface.
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The thermal conductivity of CL was calculated frtime data reported by Khandelwal et al.
[115]. In their study, the combined thermal resistg i.e. thermal bulk resistance of the CL
plus thermal contact resistance between GDL andwals, determined to be 1.25 218’ K
W™ at a compression pressure of 1.83 MPa (compre38edthickness of ca. 250 pm, see
sub-chapter 3.2.1.). By subtracting the thermaltaxinresistance between GDL and CL,
which can be calculated from Eg. (51), from the borad thermal resistance, the thermal
bulk resistance of CL was determined. The thermabtactivity of CL,k¢., calculated using
the measured thermal bulk resistance of CL wasmasduo be isotropic and independent of

compression.

Table 6 Cell design parameters and material priggeidr base case.

Symbol Description Value
Geometrical parameters
w Channel and rib width
he Compressed GDL thickness under rib
Uncompressed GDL thickness 380 um
h CL thickness 25 um
0 Membrane thickness 50 um
TH1, TH2 thickness 10 um

Material parameters

Do, n,0(Po:To)  diffusion coefficient QH,0O
Do,n,(PosTo)  Binary diffusion coefficient @N,
Dyon, (Po,To)  Binary diffusion coefficient HO,N,
ot CL electric conductivity

o CL ionic conductivity

KcL CL thermal conductivity

Kbl GDL thermal conductivity

OGR Graphite plate electric conductivity
KGR Graphite plate thermal conductivity
Om Membrane ionic conductivity

Km Membrane thermal conductivity

Kh Heat transfer coefficientfrom GDL to air
kel Permeability of CL

€0 Porosity of uncompressed GDL
EcL Porosity of CL

Kinetic and electrochemical and other parameters

ABeyc Activation energy (By>0.8V)
(Ecen < 0.8V)
Po Ambient pressure
ot ot Anodic and cathodic transfer coefficients in Eg.
e (33)

ag Cathodic transfer coefficient in Eq. (34)
AS, Entropy change of anode
AS Entropy change of cathode

- Exchange current density x ratio of reaction suf
&la to CL volume, anode

ref T, Exchange current density x ratio of reaction suf
&l to CL volume, cathode
Coo, Heat capacity of oxygen
Como Heat capacity of water vapor
Eq Open circuit voltage
To Reference temperature

3.98 x 10 n* s* [128]
2.95 x 10 n? s* [128]
4.16 x 10 n? s [128]
320S™
5.09 S th
0.476 WHK™[115]
1.18 [subchapter 3.2.6]
69700 S [173]
128 WHiK™ [173]
5.09 S'9]
0.12 W' [115]
5 WrK*
1.26 x 1§ n? [166]
0.83 [174]
0.4[172]

76.5 kJ mot [175]
27.7 kJ mai [175]
101 325 Pa

1[131]

1[131]
0.104 J ki
-326.36 J it

8 7 x 10 Am®[128]

% x 10 A m®[128]

923 Jki ™
1996 J'kg*
1.23V
273 K
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3.3.3.Polarization behavior and species distribution

In the following discussion of modeling resultse ttompressed GDL thickness under the rib
is 250 um for the both cases, i.e. base case aedcomsidering inhomogeneous compression,
unless stated otherwise. The polarization curveshi® two modeled cases, presented in Fig.
34, were obtained by changing the cell voltage frbto 0.45 V. The voltage drop at low

current density region is steep possibly becauseatfopted values of exchange current
density are smaller than those of state of thexgrerimental results. The curves are almost
identical for both the cases except at lower va@sagince two-phase flow is not taken into
account here, the model is valid only when pagraissure of waterp,, ., does not exceed

the saturation pressurg,,.. The lowest limit for voltage was determined byca&ating the

relative humidity under the rib where flooding ubyastarts, see e.g. [12,13,35]. Fig. 35
shows the relative humidity of gap(,/ p,,) at the GDL/CL interface at cell voltages of

0.45 and 0.5 V. In both modeled cases, water startondense when the cell voltage is
below 0.5 V and thus in the following the cell age is fixed 0.5 V.

Fig. 36 shows the molar fraction of oxygen at tHeL¢EL interface for both the modeled
cases. Only slight difference in molar fractiorogf/gen is observed between the two cases as
discussed in previous work, which suggests thatrthss transfer is not significantly affected
by GDL deformation as long as no flooding occurs.
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0.8fn .
- |
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5 | T _
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> L
02f ]
0:"IIII|IIIIIIIII|IIII|IIII|IIII|IIIIllllllllll';
0 200 400 600 800

current density (mA cm?)
Fig. 34 Polarization curves for the base case and considering the inhomogeneous
compression.
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Fig. 35 Relative humidityp.o/psa) at the GDL/CL interface at the cell voltage of®.
(thin line) and 0.5 V (bold line) for the base casel case considering the inhomogeneous
compression.
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Fig. 36 Oxygen molar fraction at the GDL/CL intexéaat cell voltage of 0.5 V.

3.3.4.Current density distribution

Fig. 37 shows the current density distributionhet GDL/CL interface. For the base case, the
current density distribution is fairly uniform ovélre active area. However, a notably uneven
distribution is seen when inhomogeneous compressiteken into account. In this case the
local current density is significantly lower in thaiddle of the channel and increases in the
region close to the edge of the rib. This is beeaafschanges in the selective current path,
which is largely determined by the electric contasistance between the GDL and CL, i.e.
orz(X) In Eq. (50), and electric conductivities of G Egs. (47 and 48). A large portion
of the produced current flows laterally under tharinel where the contact resistance is high
and crosses over to the GDL near the rib edgeRige&8).

The shape of the current density distribution fedent from that observed in the previous
study [128]. The difference mainly arises from tstimates used for the contact resistance
between the GDL and CL, and the shape of the defr@DL, which both differed
significantly from the experimentally evaluated wed used here. As a result, the current
density was overestimated at the edge of the buadler the channel in the previous study.
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Fig. 37 Current density distribution at the GDL/@iterface at cell voltage of 0.5 V.
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Fig. 38 Current density profile at TH2/CL interfa@row plot) and at cathode GDL
(streamline plot). Note that the magnitudes of\aramd streamline plots are not in scale.
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3.3.5.Temperature profile

Fig. 39 shows the temperature profile at the GDLiGterface. It is interesting to note that
when inhomogeneous compression is taken into atdhentemperature profile is more
uniform than that of the base case. A possibleore&sr this is that the current density under
the channel is substantially smaller when inhomeges compression is taken into account
than in the base case (see Fig. 37). All the terfribe heat source equation include current
density, and thus the current density distributibrectly affects the temperature profile.
Among the heat sources, the irreversible heat eftelchemical reactions accounts for a
major part of heat production.

The temperature difference across the active areahé case considering inhomogeneous
compression, less than 1 °C, is much smaller tharvalue, more than 10 °C, predicted in a
previous study [176]. There, the values for thertted contact and thermal bulk resistances
were overestimated and the values of electric com&sistance between GDL and CL were
underestimated, leading into larger temperatuferdifices across the components.
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Fig. 39 Temperature distribution at the GDL/CL nfeee with cell voltage of 0.5 V.
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3.3.6.Effect of the compressed GDL thickness

Applying the simulation technique described abake,effects of compressed GDL thickness
on charge and heat transport were investigated tAibkness of the compressed GDL under
the rib was varied from 300 to 15%®n, and a corresponding expression for the shapleeof

GDL intruding into the channel was used. The phalgicoperties of the GDL were changed
correspondingly.

Fig. 40(a) shows the current density distributiantlee GDL/CL interface for various
compressed GDL thicknesses under the rib. The ¢tot@ént integrated over the active area
increases as the GDL is compressed more, sincetlimiglectric contact and bulk resistances
of GDL are reduced. For example, the case in whithGDL is compressed to 150 um
produces ca. 25% more current than the case oft80at the same cell voltage of 0.5 V. The
shape of the current density distribution also geanwvhen the compressed GDL thickness is
changed. A current density peak is observed atethge of the rib when the GDL is
compressed to 300 um. On the other hand, when EieuBder the rib is compressed to 150
pm the current density has a maximum at aroxird 0.61 mm. In this case, the contact
resistance between GDL and CL is small enough eweter the channel so that lateral
current flows in the CL change the direction anteeito the GDL. The shape of current
density distribution is largely determined by thefipe of the deformed GDL, on which the
contact resistance between the GDL and CL depends.

Fig. 40(b) shows the temperature profile at the @GIbl interface for various compressed
GDL thicknesses under the rib. As predicted in ghevious study [see publication 1V], the
temperature under the rib increases with decrea=angpression because of an increase in
both thermal bulk and contact resistance. Howetyer, temperature profile becomes more
uniform over the active area when the GDL underribés less compressed. This is due to
the lower heat production under the channel in suchse. Since the value of oxygen molar
fraction depends on the porosity of GDL, i.e. thape of GDL, lower compression of GDL
leads into relatively higher value of oxygen mdiaction compared to the case of higher
compression, which in turn results in a lower vabfieverpotential in CL. Even though the
differences in their values are fairly small (cgsd than 2% for both oxygen molar fraction
and overpotential), changes in heat productiomatable. For example, the irreversible heat
of electrochemical reactions when the compressed @&lixkness is 20Qum is ca. 23%
higher than that for the case of 300 on an average over the active area.

The minor irregularities in the shape of the cundensity distribution under the channel (Fig.
40(a)) stems from the difficulty of determining theofile of the GDL intrusion into the
channeh(x), i.e. the equivalent of Eq. (27) for each compeelsGDL thickness under the rib.
Due to the structurally complex architecture of Glite profile of the deformed GDL under
the channel varied from sample to sample in thetgrhizrographs taken at the same
compressed thickness under the rib. Thereforegxipeessions foh(x) are unique for each
sample and compressed thickness, which is in eftected in the current density profiles.
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Fig. 40(a) Current density distribution and (b) parature profile at the GDL/CL interface
at cell voltage of 0.5 V with variousSgompressedLGckness under the rib.



3.4.Unpublished results

Compressive behavior of wet GDL (for sub-chapteB.2.1.): In the measurement, the GDL
sample was immersed into cold and hot water foh@4rs and 1 hour, respectively, and the
procedure described in the sub-chapter 3.2.1. waged out. The reason for using hot water
also here was that the surface tension dependengpetature and generally decreases with
increasing temperature due to the larger amounstafed energy within the molecules,
leading to an increase in wettability charactessstif pore network [26]. The obtained stress-
strain curves for wet GDL samples were found alnaettical to those for dry sample.

Process of reducing the contact resistance betwefating GDLs (for sub-chapter3.2.3.):

In order to eliminate the contact resistance betwaeing GDLs for the evaluation of electric

GDL conductivities, at first author considered pagtighly conductive silver glue onto the

surface of GDL. However, this method was not adbgiace the silver glue was too viscous
in order to spread out on the GDL evenly and thialyd once strong force was applied to
spread it out some portion penetrated into the pb@DL, resulting in a change of GDL bulk

conductivity.

Effect of silver sputtering (for sub-chapter3.2.3.,3.2.5.,3.3): The effect of silver sputtering
treatment on the reduction of contact resistance stadied by the comparison of the
measured results obtained from the system (seelBig)) with silver sputtered and non-
sputtered GDLs. Fig. 41 shows the measured resist@na function of the number of stacked
GDLs for various compressed GDL thicknesses ranfjimg 150 to 30Qum. Figures clearly
show the silver sputtering treatment reduces the tesistances ranging from 14 to 17%
when each GDL was compressed to less thanugh0With very low compression pressure,
which compressed each GDL to 3@@n, the magnitude of reduction in the measured
resistance is found relatively large, more than 25%
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Fig. 41 Measured total resistances of stacked Giittsand without Ag sputtering for
the GDLs compressed to (a) 150, (b) 200, (c) 250(en300um.
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To study the effects of silver sputtering on thataeot resistance between two facing GDLSs,
the following three standard assumptions were niaceding that described in sub-chapter
3.2.3, and through-plane GDL conductivities and taoh resistance between GDL and
graphite were calculated and compared.

The assumptions made here are namely:

- Assumption Athe contact resistances between two facing GDegeduced to zero by the
silver sputtering treatment (presented in sub-aaR.3.)

- Assumption Bthe contact resistances between two facing GDésrdentionally neglected
although the GDL surfaces are not silver sputtered

- Assumption Cthe contact resistances between two facing GDéseduced by 50% by the
silver sputtering treatment

Assumption B

The through-plane GDL conductivities for the measwuent system where the sputtering
treatment is not given are derived using Eq. (1Tag Eg. (11a) is now in an unwrapped
form rewritten as follows:

R;,%t:sg(z1 n) = ZRGR + n |:Rb,GDL(Z) + 2R:,GR/GDL(Z) + (n _1) ‘:RC,GDL/GDL(Z) (110)
=R, 0.2 + Rcoveo. (2))+ 2Rer + 2R, oo (2) ~ Rocourcon (2)

If the contact resistances between two facing GIR.gp1/6p1(2), are reduced to zero by the
silver sputtering treatment on the GDL surfacAssgmption A the slope of the plot of
R, mea{Z,n) as a function of number of GDLs, in Fig. 41 indicates the bulk GDL resistance,
Ry.epi(2), as described in sub-chapter 3.2.3. However,awitlthe silver sputtering treatment,
the slope becomes larger because of the existdriResgcp(2), which is clearly seen as a
deviation in slope between the red broken lines tedblue line in Fig. 41. Here if one
assumes the pseudo bulk GDL resistarrie;*9(z) , which is a sum ofR,cpi(2) and

R:epucpL(2), the pseudo though-plane GDL conductivity obtdifim the system without
silver sputtering treatmeng > *9(z), can be calculated from it. Note that g *9(z) for

GDL compressed to 350m is not included in Fig. 42 since the accuratesussament of total
resistance for the system without silver sputtetirgtment was extremely difficult especially
when the GDL was very little compressed (@) and thus the measured results are
unreliable. However, the trend that lower comp@sressure yields lower through-plane
GDL conductivity was verified.

Assumption C

If the R spuepL(2) are reduced to half from original values by thees sputtering treatment,
the Eq. (11a) can be rewritten as:

R:,i:feas(L n) = ZRGR tn h,ZIIDL(Z) + 2R(:,GR/GDL(Z) + 05(n _1) |:R(:,GDL/GDL(Z)
=n [ﬁR:aGILL(Z) + O'5R:,GDL/GDL(Z))+ 2Rsr + 2R, grico (2) = 0.5R; 6o /6oL (2)
By the subtraction of Eqg. (11d) from the equatiepresenting the electrical resistances of the
system without silver sputtering treatment, i.e. @d4.c), theR; spuep(2) can be expressed as:
Romeas (2:N) = Rfead Z,1)
R,GDL/GDL = 05(n-1) (11e)

(11d)

wheren is a number of stacked GDL and larger than 2.
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The calculatedR; gpiepi(2) for each compressed GDL thickness are then sutestito Eq.
(11d), and with the slopes of blue line in Fig.th& bulk GDL resistance fakssumption C

half

“oL(2), can be determined. Finally, the through-plane @Dhductivities,al (), can be

obtained from ther)%" (z). For the same reason mentioned above gflif(z) for the GDL
compressed to 350m is not included in Fig. 42.

The comparison of the$ (z) shown in Fig. 21 withg2*9(z) and gl (z) provides the

insight of the effect of silver sputtering on tleeluction ofR; gpepl(2). Fig. 42 illustrates the

calculated conductivitiess/g (2) , olr**(2) and g3 (z) for Assumption AB and C,

respectively. The error estimates of the condu@iviare obtained from the error sources
including the deviations of slopes in Fig. 41, meead total resistances of the systems and the
compressed GDL thickness.

As expected, the stacked GDLs without the silveutteping treatment vyield lower
conductivities since th&* *9(z) inherently includes thB:couco(2), and the subtraction of
the contribution oR; cpepL(2) With theAssumption Grields higher conductivities. Whatever

the assumptions, the through-plane GDL condudtivitire expected to be in between two
extreme casegissumption BandC.
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Fig. 42 Through-plane conductivities of GDL caldatawith three assumptions.

The contact resistances between GDL and graphéetlan calculated using the model
described in sub-chapter 3.2.5 with the evaluatedugh-plane GDL conductivities. The
errors are estimated from the major error sountesyalue of through-plane conductivities
and measured voltage drop.

Since the bulk GDL resistances are larger wssumption Band smaller wittAssumption C
than those withAssumption Athe calculated contact resistances are smalldr lager,
respectively, than those seen in Fig. 22.
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Fig. 43 Contact resistance between GDL and graphitlated using the evaluated through-
plane conductivities based on three assumptions.

The magnitude of bulk GDL resistance is negligibiyall compared to the membrane and
cell resistance as seen in Fig. 26. Therefore effext of error in the through-plane GDL

conductivity was thought trivial and simply negkedtfor the derivation of contact resistance
between GDL and CL.

The effects of silver sputtering are further stadising the model presented in sub-chapter
3.3. As applied in sub-chapter 3.3.2.3, the contesistances between GDL and graphite are
converted to the through-plane conductivities ays® thin layer, TH1 (see Fig. 33), and the
olm*9(z) andgl3 (2) which are linearly fitted as a function of commed GDL thickness

are embedded in the model. Fig. 44(a) and (b) shewnodeled current density distribution
and temperature profile at the interface betweenL GIbd CL, respectively, with the
parameters obtained based on the three assumgtigsbvious from Fig. 44(a) and (b) that
the slight difference in the values of through-gl@DL conductivities and contact resistance
between GDL and graphite causes only minor effethé modeled results and negligible. In
fact, there are much more essential contributoch s1$ contact resistance between GDL and
CL, thermal contact resistances, and water trahgpoperties that determine the modeled
outcome and consequent cell performance than éuotriebl through-plane GDL conductivity.

Thus, the author suggests future studies devotingnyestigate those parameters more
thoroughly.
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Fig. 44 (a) Current density distribution, (b) temrgtare profile at the GDL/CL interface at
cell voltage of 0.5 V for the GDL compressed to a&®under the rib.
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Comparison of in-plane conductivity of different GOLs: (for sub-chapter 3.2.3.): The
electric in-plane conductivities of GDL with MPL@% SIGRACET 10 BC) were measured
as a function of compressed thickness for the cosgrawith those of GDL without MPL
(SGL SIGRACET 10 BA). Fig. 45 shows the measured in-plane cordticof the GDLSs.

The in-plane conductivities of GDL 10BC were fouslifhtly higher than those of GDL
10BA. This is most probably because the uncompdettisekness of GDL 10BC is thicker
(415 pm) than that of GDL 10BA (38@m) due to the coating of MPL on one surface, and
thus the compressed ratio for GDL 10BC at the cedampressed thickness becomes larger
than that for the GDL 10BA. However, since the bpgkt of the both GDLs is hydrophobized
with same amount of PTFE (5 wt%), the electric prtips of both GDLs are expected almost
identical.

O GDL 10BA (without MPL)
~ ® GDL 10BC (with MPL)

in-plane conductivity (S/m)
&
o
<

1000

0] S E N T TP B PR =

150 200 250 300 350 400
GDL thickness (um)

Fig. 45 In-plane conductivities of different GDLs.

Evaluation of contact resistance between GDL and CL(for sub-chapter 3.2.6.): The
evaluation of contact resistance between GDL anaCthe electrolyte membrarn®, gpiici,
was attempted using the experimental setup showfign 19(b). The measurement was
conducted fundamentally similar approach for thal@ation of electric contact resistance
between GDL and graphite. The difference was that@DL was replaced with MEA and
there were GDLs between the graphite current doifeand MEA. The potential profile was
modeled with a similar domain as in in-plane expental setup (see Fig. 19(b)) by applying
previously evaluated parameters. Hagpc Obtained here by simulation was in the range of
1-7 Q cnt for GDL thicknesses from 150 to 3fn, which are far too high and unreliable. If
the contact resistance really was that high, thege of a unit cell would drop to zero due to
resistive losses only at the current density ofraxmately 500 mA/crh A possible
explanation for these unrealistic results is tihat ¢urrent profile through the electrode and
GDL interface was significantly uneven. Practicallyof the current concentrated to the very
edge of GDL since the graphite and GDL conductsitivere significantly higher than the
measured conductivity of the electrode (320 + 2)S/This may have caused numerical
problems in the simulations and distorted the tesul

In order to adjust the compression pressure toatiwve area and separate the anode and
cathode compartments inMH. cell (see Fig. 24), a plastic wrap was used. Autar MEA
with a diameter of 10 mm was mounted on the holthefplastic wrap with diameter of 8.5
mm in a concentric fashion and pasted with doubted tape. Then circular GDLs with
diameter of 8.5 mm were also mounted to the MEA.
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Effect of silver sputtering (for sub-chapter 3.2.7.): Fig. 46 shows the measured total
temperature drop of the system (see Fig. 28) asctibn of each compressed GDL thickness.
The figure includes the results for two and foumcked GDLs with and without silver
sputtering treatment on the GDL surfaces. The is@pattering treatment slightly reduced the
measured temperature drop, although the differenéeund only less than 4%, which is by
far smaller than that of electric total resistan@e® Fig. 41).

Since the differences in the measured temperattop df the system between with and
without silver sputtered samples are so small, dhleulated thermal contact resistances
between two facing GDLs are quite small even thotlghcalculation was conducted based
on the assumption that only 10% of the contacstasce between GDLs were reduced by the
sputtering treatment. In general the evaluatiothefmal properties is far more difficult than
that of electric counterpart because of, for examgie difficulty of proper heat insulation
and the determination of transferred heat flux, #mgs obtaining a reliable parameter is
difficult. Thus the evaluated values of thermal GBdnductivity in this work may contain a
large error and further study is necessary.

- - -GDL without Ag sputtering

40 F ——GDL with Ag sputtering

30

temperature drop (K)

150 200 250 300
GDL thickness (Um)

Fig. 46 The measured total temperature drop okethGDLs with and without Ag sputtering.

Comparison of modeled results (for sub-chapteB.3.): A number of notable differences are
found in modeled results presented in publicatiband V. They are mainly arisen from
physical assumptions in publication Il

1. Porosity expression

2. Water saturation expression

3. Geometry of deformed GDL under the channel
4. Contact resistance between GDL and CL

The equation (42) for porosity expression in pudilan Il yields significantly lower porosity
values. For example, when the GDL is compress@&®um the calculated porosity with Eq.
(42) is 0.49, which is in fact 0.74 with right e¢joa (18) in publication V. The low values in
porosity in turn result in significantly low oxygemolar fraction as shown in Fig. 47 (black
broken line). The reason why the calculated makeetion in publication Il is lower than that
seen in Fig. 47 is that the water filling of pofexpressed with an equation (10)) was also
taken into account in the publication Il. As a aemgence of the significant depression in
oxygen molar fraction under the rib, the currenigdiy profile is quite uneven even for the
base case in publication II.
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Fig. 47 Molar fraction of oxygen at the GDL/CL irflece at the cell voltage of 0.5V where
inhomogeneous compression is taken into accouheimodels.

The magnitude of peak in current density at theeedd rib for the models where
inhomogeneous compression is taken into accourigidy dependent on the interrelation of
the equation representing the contact resistante@eba GDL and CL (i.e. equivalent
conductivity of TH2 in publication V) and the geaimyeof intruded GDL into the channel.
Fig. 48 shows an example. The curves in Fig. 48tilate the current density profile of:

- Black broken lineroughly estimated GDL deformation under the clehrexpressed with
logarithmic curve (adopted in publication 1) wittoughly assumed contact resistance
between GDL and CL (adopted in publication II)

- Black dotted lineroughly estimated GDL deformation expressed unberchannel with
logarithmic curve (adopted in publication Il) witheasured contact resistance between GDL
and CL (adopted in publication V)

- Red line experimentally observed geometry of GDL deforomatiunder the channel
(adopted in publication V) with measured contasistance between GDL and CL (adopted
in publication V)

A current density profile has a high peak at thgeeof rib as discussed in publication Il when
the wrong assumptions were made for contact resistand GDL geometry. Furthermore,
the current density under the channel is somewhkatestimated, which in turn yields

unrealistically high temperature region as showrefn[176].

rib channel
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Fig. 48 Current density distribution at GDL/CL irfece at cell voltage of 0.5 V with
different GDL geometries and assumptions of conesistance between GDL and CL for
the GDL compressed to 250 under the rib.
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Another example is shown in Fig. 49(a) and (b)resenting the two different fitted curves of
equivalent conductivity of TH2 and the modeled entrdensity profile with the fitted
conductivities. The Fig. 49(b) clearly shows tha slight difference in the fitting equation of
equivalent TH2 conductivity (i.e. the expressiorcofntact resistances between GDL and CL)
significantly affects the current density distriiount

rib channel
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Fig. 49 (a) Fitting curves of equivalent condudyivaf TH2, and (b) current density
distribution at GDL/CL interface at the cell voleagf 0.5V with different expression for
equivalent conductivity of TH2.

Observation of GDL deformation (for sub-chapter 3.3.2.): In order to make qualitative
analysis of GDL deformation under the channel di@nnel width was changed from 0.5 to 2
mm for various compressed GDL thicknesses (see IA(n)). Because of the structurally
complex internal architecture of GDL, it was somatvldifficult to obtain the identical
deformation curves for each compressed GDL thicknbswever the channel width was
ascertained not to affect the deformation curvgsicantly.
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3.5.Suggestion for future studies

There is a continued interest in understandingtthlesport phenomena inside GDLs. It is
often claimed that the liquid water transport metsmm is the slowest and most dominant in
influencing the performance of the cathode [10,T8js is due to the fact that when the cell
is flooded by the condensed water, gas transposigisificantly hindered, which in turn
affects the electrode kinetics and heat produdtince all of the type of transport (gas, liquid,
electric and heat) are highly interrelated.

The physical properties of GDLs are the key to mheit@ng the water transport through GDL,
CL and even membrane and amount of liquid watenracatated in GDL, MPL, CL and flow
field channel [27,65,194]. However, at presentdamental information on water transport
parameters in GDL is scarce because of the conptichimodal pore distribution and
nonuniform wettability characteristics, and many thfe necessary relationships and
parameters embedded in typical two-phase models qaestionable. To the author’'s
knowledge, GDL-specific experimental data on watensport properties have been
published only recently, see, e.g. [68,69] or ested from numerical models, see, e.g.
[20,138]. Therefore, further effort is necessaryehacidate the reliable correlations for two-
phase transport properties directly relevant to GBuch as effective gas permeability,
effective porosity and effective diffusivity as Wweds their dependence on liquid water
saturation or local liquid water content, the fuoical dependence of capillary pressure on
saturation and condensation and evaporation rateuafr.

Of particular importance is fact that the watengort within the GDL is strongly coupled
with the compression [25], since any change inpbee structure can cause a substantial
change in the multiphase transport characteriddiagylaket al. visualized the water transport
through the GDL using fluorescent microscope amdpiteferential pathway for liquid water
transport was found in the compressed part of the {318]. Zhang et al. also observed the
liquid accumulation under the rib [41]. This wassnprobably because these broken fibers
act as hydrophilic defects and thus decrease weteoval [97], expansion of the hydrophilic
sites due to the breakage of hydrophobic ageningphy compression [25,27] or degrading
the hydrophobicity during the operation [191,198]a common fuel cell, which uses carbon-
paper type GDL and rib/channel grooved bipolar glgtartial deformation of GDL is
unavoidable, and thus spots where water is prore®mdense must be created especially at
compressed GDL sites under the rib. Previous migefitudies have also argued that
flooding starts under the rib, but their logic ssefinrom the longer diffusion length, i.e.
difficulty of water vapor to escape, and relativédyer temperature because of better heat
conduction under the rib, see, e.g. [11-13,35,18df,not from the changes in GDL physical
properties as a result of the compression.

In the following, suggestions for future studies water transport properties are listed. In
addition, subjects on which further discussions regeded in terms of the validity of our
assumptions or uncertainty in the results are stited.

Total poresize distribution and capillary pressure under compression

A detailed investigation of the change in the tdtath hydrophobic and hydrophilic) pore
size, its distribution and the pore structure oflGi3 a function of compression is critical to
establishing the accurate multiphase transportachenistics of the GDL, since they are
directly relevant to both gas and liquid water peaiility. According to Wilde et al. [122],

the collapsing of the microstructure of GDL by coegsion pressure forms locally larger
pores. Although their discussion contained uncetyaisince they did not provide any
information on the properties of their working fluimost probably wetting fluid), a probable
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reason for their finding that large local pores avgenerated by the compression due to the
hydrophilic defects forming a virtual pore netwotR. typical models, it has been assumed
that the reduction of the thickness of GDL under ¢bmpression leads to a loss of porosity
by uniform reduction of pore size. However, thatieh between compression and pore size
distribution may not be that simple and thorougpegimental assessment is necessary.

The measurement can be performed by applying thieadef standard porosimetry (MSP).
MSP is a reliable and established technique useddguiring the necessary data regarding
the capillary pressure-saturation behavior of psrmaterials. Since the MSP technique is
based on the natural capillary equilibrium concepmasurements with this technique does not
require any external pressure to let the workimgdfintrude into the GDL like in mercury
intrusion porosimetry (MIP). In the experimentse tBDL is brought into contact (maybe
soaked) with a low surface tension liquid as inomdluid, e.g. octane or silicone oil, which
wicks into the sample. By applying a gas pressaress the flooded sample, the liquid can be
forced out of the pores. The pressure at whichbgagns to flow due to the clearing of the
first pore (reflecting onset of flow occurring)dslled the bubble point, and this point can be
used to calculate the maximum pore fzeith the Washburn equation, see, e.g. [177}179

D= 4y,,, cOSE (52)
Pe
whereyy, is the surface tension of the liquitithe contact angle angd the capillary pressure.

The pressure is then further increased andtaurve is traced as the sample is being cleared
of liquid until the sample is fully dried. Ary curve where only dry gas is fed is also taken in
a subsequent scan. The smallest detectable paretdiais obtained from the pressure at
which thewet curve meets thedry curve. The pressure at whiclet and half-dry curves
(calculated from dry curve to yield half of the lorate through the sample at a given
differential pressure) intersect gives the meaw fhore diameter. An example of flow rate vs.
pressure drop data from a through-plane MSP expeatinvith carbon fiber paper is shown in
Fig. 50 [65].
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Fig. 50 Flow vs. pressure curves [65]

From the difference between they, the half-dry and thewet curves, one can calculate the
pore size distribution. The pore size distributitermined from the data in Fig. 50 is shown
in Fig. 51 where the cumulative flow is plotted &gh pore size. By design of a sample
holder that passes flow in the plane of the samitle, in-plane flow-based pore size
distribution can be determined. In this case, ttrapgressed GDL thickness can be varied and
an interrelation between compressed thickness aralgize distribution may be studied.
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Fig. 51 Cumulative-filter-flow pore size distribati [65]

In reality, it would be very difficult to define slinct pore bodies and to identify pore
structure, consisting of hydrophobic, hydrophilitind and throat pores [155] (see Fig. 52).
Therefore, studying the pore network (or pore cetimgy) of GDL is in fact far more
important than pore size and the distribution whkscussing the reactant and product
transport. Obviously, the best way to construct ploee network would be to extract its
geometric and topological properties from experitaeBD volume data of the GDL materials.
However, this may be extremely challenging becaigee complex random microstructures
of GDLs. Therefore, in addition to MSP, other maethsuch as MIP are also worth trying
when evaluating the pore structures. As discussedsigova and Lee et al. [180,181],
different fluids provide information on differenbge characteristics, e.g. MIP measures the
wider parts of the pore as large pores of consieraolume and the narrowest part as a
small pore of small volume, on the other hand M&Rcts pores with constricted part and
wide mouth as a single pore of small diameter edmrding their complex shape and cross-
section. A combination of different methods may e detailed information of pore
structure.

Furthermore, several models have recently beeropeapto express the pore structure, such
as Weibul cumulative distribution adopted by Gdset al. [138] with spatial correlation of
pore sizes using experimental data, or stacks wtiramusly interwoven (overlapping) fiber
screens with regular, square pore spaces adopteNany et al. [20]. Comparisons of
experimental data with mathematically constructegrep structure may vyield useful
information.

Pore Diameters

Fig. 52 Possible pore structures of GDL [155]

According to the theoretical description given iq. E52), applying compression on the GDL
reduces the available pore volume and consequeleityeases the pore radius, therefore
leading to a higher capillary pressure. On the rottamd, excessively high compression may
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create hydrophilic sites in GDL and thus, the dapilpressure may decrease. Consequently,
water distribution in the GDL should be affected mcal compression pressure and
experimental evaluation of compression effectsapillary pressure should be carried out.

The measured capillary pressure data can be adalyzeerms of the commonly useg-
Swp(Or Shwp) curves obtained using MIP and MSP as shown in33g
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Fig. 53 Example op—s,, curves from MSP and MIP [138]

The experimentally evaluatgd.,,0f a certain working fluid can be converted to thitvater

according to the following equation [69,182,191]:
— y2—air COS52—air

cosé

1-air

(53)

pc,water pC,EXp

1-air
Measurement can be conducted with various compitésBe. thicknesses, various amount of
hydrophobic agent and different temperature. Qrétently, Kumber et al. conducted this
kind of measurements and provided good correlagprations for the capillary pressure [24-
27]. There, they used GDLs coated with a MPL. Tigelrand compact structure of the MPL
and thus, almost exclusively hydrophobic in nataray restrict the water retention within the
GDLs, and therefore the effects of temperaturecmlpression on the capillary pressure for
the GDLs with a MPL may be different from the ories GDLs without a MPL. Therefore,
the author is not convinced that thes,, curves for a plane GDL (without the MPL) can be
expressed with correlation equations discoveretloyber et al. by simply eliminating the
MPL region. Comparison of measured data for the &WBithout a MPL with data reported
by Kumber et al. may provide interesting insighttbe effect of MPL on water transport.
Furthermore, they correlated the compression effedhe capillary pressure only in terms of
the porosity change but not of changes in the Ipfbicity. This contradicts to their
experimental data [25] and other reported discusgld,118]. In fact the hydrophobicity of
GDL is affected by the compression and should Ise @koperly correlated. It would be
extremely useful toward developing an accurate ivase model if further studies can
elucidate these complicated interrelations.

Contact angle of liquid water in GDL pores

A question still remains concerning the adoptedi@adf contact angled, in Eq. (52) and
whether it reflects realistic values for GDL. Tlygsestion arises because the hydrophobic
agent is localized more in the surface region tteninterior, since the hydrophobic agent
migrates to the surface region during the dryiracpss [22].

68



In general, the surface contact angle of liquidewahn GDL is measured with e.g. the sessile
drop method, the Wilhelmy method [65] or the capill rise method [22]. In the modeling,
the contact angles evaluated with these methodsftae assumed to be equal to the internal
contact angles in the GDL pores. However, the ptaseof the surface and pores of GDL
must be different, especially when the GDL is comsped and the operation temperature is
changed [16], and proper experimental evaluatidmeisieeded. A solution was proposed by
Gurau et al. [68]. There, various working fluidsreveised to evaluat® The same kind of
measurements could be done under the various cegipne pressures and in various
temperatures.

On the other hand, recently Kumber et al. [24-2Tfoduced empirical Leverett-type

functions (capillary pressure vs. saturation relgtiwithout the any representative value of
the internal contact angle as an input paramdténel can be applied to any type of GDL,
the contact angle evaluation measurements areseded any more.

Hydrophobic and hydrophilic pore volume

Once the total pore distribution of GDL under coegsion is successfully determined, the
next step is to distinguish the hydrophilic and togpdhobic pores from total pores in a
compressed GDL. The latter are sometimes callettfe pores in literature, and represent
the part of the porous network of the GDL freeigbid water.

The consequences of partial flooding could be 8mamt not only in lowering the limiting
current, but also in affecting the slope of thegpiahtion curve in the medium current density
domain [56]. Furthermore, partial flooding may afféhe uniformity of flow distribution and
affects the relative permeability of gases andidiquater. Therefore, detailed knowledge of
effective porosity is important in the two-phased®iing. According to a study by Benziger
[119], only a few percent of void fraction of thédG is necessary for liquid water transport
driven by capillary action, whereas a large portafnpores is occupied by ‘disconnected’
water. Only the rest of small pores is for gasgpamt and thus, diffusive gas transport is
significantly confined by water, although Jenalefi83] asserted that the largest pores have
a close link to the gas permeability.

According to the study by Jena [155], hydrophoboces are relatively small compared to
primary hydrophilic pores although many small hyahitic pores are also contained in the
GDL (see, Fig. 54). When the GDL is compressed anchrbon fiber is damaged, the
hydrophilic properties of GDL may change as suggesibove, which may be observed as a
change in hydrophilic pore volume. The dependentehe effective porosity on the
combination of external humidification conditionghysical properties of the GDL, cell
current and cell dimensions is probably very difficto predict. Therefore, in this
measurement, the water content in the GDL is catt@nly by external humidification.
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Pore volume distribution of hydrophobic
through and blind pores
(water intrusion porosimetry)

Pore volume distribution of hydrophobic and hydrophilic
through and blind pores
£ (mercury intrusion porosimetry)

Hydrophobic

o

Fig. 54 Pore size distribution (modified from [1}5]

Since GDL is given a hydrophobic treatment, it rbaydifficult for the pores to imbibe the
water droplet spontaneously although in some ssudiégonized water was used as a working
fluid [25,27]. Therefore, in the measurements, lidiumidified air (relative humidity fully
exceeds 100% inside the GDL) is fed into GDL to weiter droplets condense and fill
hopefully only the hydrophilic pores (see Fig. 5Bhr quantitative analysis, the humidity
level of inlet gas and temperature inside the mesasent system can be varied, for example,
by changing the dew point temperature of the igi@s humidifier and inserting heating

elements and temperature probes.
N

! (7

-| Heating element |

A
| humiditied air inlet

Fig. 55 A schematic of water accumulation insideLGD

If the measurement is successful, the mass gaBDdaf sample by liquid water accumulation
gives information of hydrophilic pore volume. Comipg this data to the results of total pore
volume (characterized with wetting fluid), the hgdhobic pore volume can be evaluated. To
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study the effect of effective porosity on the coegsmion, the measurements should be
conducted with various compressed GDL thicknesses.

Relative gas-phase permeability:

Although the permeability is a geometric propedy, experimental study by Dohle et al.
[102] showed the permeabilities of GDL for air amdter were different (see Table 7). A
possible explanation is that the pores of GDL weasially filled by water due to its surface
tension, which changes the pore geometry.

Table 7 Permeability of GDL [102] (Gap width indiea the compressed thickness of GDL).

Gap width 5 (mm) Permeability & (ml)

Asr Water
02 1.05E-11 —
03 1 41E-11 334E-12
04 1.62E—-11 6.60E—12
05 333E-11 234E-11

This is most probably the case during normal opmratf fuel cell, where humidified gas is
used and water is produced in the electrochemiattion, and thus the components are
partially flooded. Therefore, the relative gas peability, i.e. the gas permeability of partly
saturated GDL, must be measured. This is a far nmoportant parameter in two-phase
modeling than the often used absolute permeabitigpwever, no successfully evaluated
values are reported, possibly because of the coitylef mechanisms involved and only
computed values are reported, see e.g., [138].eTaier several expressions for relative gas
permeability found in the literature, see e.g.,183,147,191] but none of them are based on
the proper assumptions. Therefore, an experimemtduation of this parameter is worth a try.

The in-plane relative permeability may be measurgdhe same process employed for the
absolute gas permeability measurements (see sybechZi2.2.): pressure drop is measured
as a function of gas flow rate, then permeabittgalculated using Darcy’s law. The essential
modification from the previous system is that futlymidified gas instead of dry gas will be
fed to achieve two-phase conditions. Furthermoeatihg elements and temperature probes
must be equipped in the system to keep the humigl constant as depicted in Fig. 55.

Challenges of this method may be that water mayleose on the surface of GDL and form
the water film blockage, which then causes an amtdit and undesirable increase in pressure
drop. Special treatments to avoid or alleviate gngblem must be applied, for example,
having the gas inlet face down in order to remoigid water gravitationally with
hydrophilic treatment employed on the inward swfaf hole. Heating elements can be
inserted to the inlet so that the temperature ensie¢ inlet is high enough to vaporize any
condensed water. The relative permeability shoeldtfected also by compression pressure
since it reduces the porosity. Therefore, the nreasents should be conducted with various
levels of compression.

Minimization of contact resistance between GDLSs

The sputtering process on the GDL surface sucdgssfuluces the electric resistance of the
measurement system (see Fig. 41). However, a questill remains if the assumption that
the contact resistance between facing GDLs camimpletely neglected was right. Therefore,
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it is worth studying the effect of sputtering pasders, e.g. the thickness of sputtered layer or
other sputtered metal, on the total resistance.

Alternatively, if the GDLs having same physical pedies and different uncompressed
thickness such as Toray carbon paper series ailaldegathe sputtering process is not needed
any more since contact resistances of the measuotesystem can be subtracted by the
comparison of measured resistances with GDLs halififerent thicknesses, i.e. same contact
resistance but different bulk resistance under dbain compression pressure, and bulk
resistances can be separately calculated.

Evaluation of in-plane thermal conductivity of GDL

In the modeling study presented in sub-chapter, #18. in-plane thermal conductivity was
assumed to be same as the through-plane condyctildwever, since carbon paper-type
GDL typically consists of laterally aligned carbbbers, the in-plane thermal conductivity
can be expected to be larger than the through-maneterpart and should be evaluated.

The measurements can be done using a fundamesitailar experimental system as in the
in-plane electric conductivity measurements (see F9(b)) but replacing current leads with
heating elements and coolant, and inserting tertyergrobes into the plastic plates which
compress the GDL. The difficulty of this measuretany lie in proper thermal insulation.

Evaluation of physical properties of Gore membrane

MEA used in this study was Gore Primea series 53& Gore membrane is slightly

different from Nafion, as it has a polymer matror fidditional structural integrity. To date,

the properties of the Gore membrane are not wdllighed compared to Nafion membrane,
therefore a simple correlation was applied to esttnthe membrane conductivity in the sub-
chapter 3.2.6.

Experimental assessment of the Gore membrane piesesuch as water uptake, ionic
conductivity and thermal conductivity, would be bg&aial for studying the validity of the
measurement results and will be helpful for thehier studies.

Effect of membrane swelling

For the evaluation of electric contact resistanetwben GDL and CL, the effect of
membrane swelling was neglected. However, the manebshould swell when it uptakes
water, and consequently the contact resistanceeleetDL and CL may be relatively lower
than with a dry membrane, even though the compmesgsiessure is same. Therefore, the
measurements presented in sub-chapter 3.2.6 witbugamembrane humidity conditions are
worth to be conducted.

Detailed analysis of electrode kinetics and water transport through the membrane

Thorough discussion on the electrode kinetics aatemtransport behavior in membrane
interpreted with the AC impedance spectrum is adgtamportant to study the rate-limiting
process, electrode structure and operating conditibhe high frequency arc in Nyquist-plot
of Hy/H, cell (see Fig. 25) is reported to associate tcatdorption and desorption processes
of hydrogen on the electrode. Also according toavidl et al. [167], the high frequency arc
can be pressure dependent because the adsorpsiamptien step is pressure dependent, and
thus this arc can be fitted to a Gerrischer impedait would be interesting if the insight
obtained from the Nyquist-plot presented in subptdia3.2.6 supports or deviates from that
reported by Meland et al. For the argument, a #tem model as introduced, e.g. in [167],

72



should be developed to compare the fitted parasmeteth as admittance of arc and relaxation
time.

Also, discussion on how water transport in the memé can be rate-limiting is also
interesting. The measurements can be done by the paocedure as described in chapter
3.2.6 by taking the DC current from the system, ahdnging the humidity levels and
pressure of entering hydrogen at anode and catlodethen studying how the low frequency
arc of the Nyquist-plot and the fitted parametérange.

Effect of MPL and hot press on R cpyicL

In order to study the function of the MPL, the pl&DL is replaced by the GDL with MPL
and the same measurement presented in publicdtioan be conducted. It is expected that
the characterized contact resistances between GIILMPL and CL would be smaller than
those shown in Fig. 27.

Furthermore, it is fairly reasonable to presume tiwd pressing process reduces the contact
resistances. Comparison of the presented resyttghlication Il with the one obtained using
hot pressed sample will provide valuable insight ithhe role of hot pressing and the effect of
compression on the contact resistance, althougittdiomparison might be slightly difficult
because of irreversible damage of GDL during thephessing process.

Consideration of ionic resistance of CLsfor the evaluation of R.gpy/cL

It may be of interest that the CL ionic resistancesild be taken into account for the
evaluation of contact resistance between GDL andnGhublication Ill. This is because the
CL ionic conductivity is believed lower than thdtedectrolyte membrane since a CL contains
ionically non-conductive substance and the voluraetion of ionomer is always lower than 1.
In fact, the reported values of effective CL ionanductivities were found to be by far lower
than that of membrane [171,193]. In addition, th&kness of two CLs can be quite
comparable to the membrane thickness ofi@bfor Gore Primea series 5510, although the
exact thickness of CL is not found. If the thickei@sd ionic conductivity of CL are assumed
10um and 5 S/m (approximately half of membrane rescsp respectively, the sum of ionic
resistance of two CLs becomes higher than the leabimembrane resistance. Furthermore,
with the above assumptions, the sum of the membearte CL resistance exceeds the
measured total cell resistance.

Therefore, the discussion in publication Il thiag tcontact resistance between GDL and CL
accounts for 30—70% of the total resistance maghsli overestimate the contribution of the
contact resistance between GDL and CL, althouglmidgnitude of percentage is correct.

Development of new GDL

As discussed in sub-chapter 3.3.4, local deformatioGDL causes a severe current density
distribution and may affect the cell durability. &refore, development of GDLs which are
mechanically rigid and not deformed under the clagnpressure is probably needed. A MPL
coating on the GDL may make the GDL more rigid [2&]t typically reduces the through-
plane gas permeability. Metal type GDLs such thappsed by Fushinobu et al. [63] may
solve the problem of deformation, however, probl@isuch GDLs may be the very poor in-
plane gas permeability and corrosion under acidrdition. Then metal mesh can be thought
as an alternative, however with such GDL, poor @cninay be a problem. Furthermore, the
metal mesh may damage the CL and membrane. Oniblpossiution of them is a coating of
the metal mesh GDL with MPL to achieve intimate teoh with neighboring components,
although coating of metal mesh may be difficulthwitit losing the porosity.
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As discussed by Gostick et al. [138], higher inaglaielative permeability creates preferential
spreading of liquid water in plane of material, @fhsignificantly reduces the gas transport in
the through-plane direction. Therefore, in factersed anisotropy of GDL fiber is preferred,
i.e. higher through-plane permeability. In realpwever development such GDL architecture
with carbon fiber would be extremely difficult, tieddy metal mesh GDL is again promising.
The mesh structures can be designed by changing diasieter or the volumetric density
and through-plane preferential GDL may be developed

The metal mesh GDLs may also be useful to faallithe water management especially at
subzero temperature. According to the Ge et al, fhé hydrophilic metal mesh wire wicks
and effectively removes the liquid water from thiesGnd thus to create a more favorable
condition during the cold start.

Effect of GDL intrusion on flow-field pressure drop

Partial intrusion of GDL into the channel redudes ¢tross-section area of flow field and may
increase the reactant flow-field pressure drop,[#@ich is of course not favorable for
auxiliary power requirements. It is worth studyihngw much the pressure drop would be
changed by the GDL intrusion into the channel. He tneasurement, the combination of
GDL'’s compressed and uncompressed thickness, gésiokhess and height of channel
should be systematically studied.

Observation of GDL under extreme compression

Excessive compression pressure on soft GDLs, ssclkasbon cloth, may significantly

deform and result in local delamination of GDL untlee channel as illustrated in Fig. 56,
because of cantilever mechanism as discussed byetah [97]. If this happens, current and
temperature distribution over the active area wohkl extremely uneven because of
significant variation of contact resistance betw#esn GDL and CL. Such a situation must
certainly be avoided. Visualization of such GDL atefation using optical microscope is
worth a try. Careful attention should be paid te gasket and GDL thickness and width of
channel and rib, considering GDL rigidity and témsitrength during the measurement.

«—BP

GDL

«—CL
membrane

delamination delamination

Fig. 56 Schematic of delamination of GDL.

Updating the mathematical model

To more accurately predict the temperature andentidistribution, models should take into
account liquid water accumulation and transportlevibbnsidering the changes in physical
properties of GDL by compression, reactant deptetiong the channel, and water transport
thought the membrane by electro-osmotic force aak{dliffusion as studied in [184,185].

Furthermore, the phase change of water should dstaken into account since the local
temperature is cooled by evaporation of liquid wafecently, research on liquid water
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transport especially inside the GDL and CL has becincreasingly active, and therefore, a
careful review of literature would be recommended.
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4. Summary and Conclusions

Experimental and theoretical study of transport nameena in a polymer electrolyte
membrane (PEM) fuel cell is performed to study efffects of inhomogeneous compression
of gas diffusion layers (GDLs) within the cell. Tihomogeneous compression caused by
the rib/channel structure of the flow field plagadis into partial deformation of the GDLs and
significantly affects material parameters.

Several physical property parameters of a comme@ialL material were experimentally
evaluated. These include GDL intrusion into thencte, stress-strain behavior of GDL, gas
permeability, in-plane and through-plane electidnductivities, electric contact resistances
between GDL and graphite, electric contact resigdretween GDL and catalyst layer (CL),
through-plane thermal conductivity and thermal aohtesistance between GDL and graphite
as a function of compressed GDL thickness. Frometkgerimental study, the following
conclusions were drawn:

- GDL is compressed very little under the channel.

- Stress-strain curve of GDL shows one nonlinedrtao linear regions

- Gas permeability decreases nonlinearly as GRbnspressed

- Electric conductivity of GDL decreases lineardy@DL is compressed

- Thermal conductivity of GDL is not affected bytbompression pressure

- Both electric and thermal contact resistance éetmcomponents nonlinearly decreased as
GDL is compressed

- The electric contact resistance between GDL dndsGn order of magnitude larger than
that between GDL and graphite

It is also worth mentioned that the magnitude dhlmlectric and thermal bulk resistances of
GDL is quite comparable to the contact resistagoatrary to the discussions in previous
studies.

The results of the modeling study suggest that rimdgeneous compression does not
significantly affect the polarization behavior agds-phase mass transport. However, the
effect of inhomogeneous compression on the cudensity distribution is evident. This is
because of selective current path, which is deteecthby the combinations of conductivities
of components and contact resistance between theral current density under the channel
was substantially smaller than under the rib windloimogeneous compression was taken into
account, while such high current distribution wast wbserved with the model which
excluded the effect of inhomogeneous compressian.aBnormally high current density
distribution may accelerate the deterioration @& thembrane and is critical in terms of cell
durability of fuel cell. Therefore, further effashould be devoted to mitigate the detrimental
effects of inhomogeneous compression of GDL [186].

Despite the highly uneven current distribution aradiation in material parameters as a
function of GDL thickness, the temperature profilas fairly even over the active area for
both modeled cases, contrary to the predictionpravious studies. This difference stems
from the adopted modeling parameters such as dorgsistance and conductivity, and the
geometry of the deformed GDL. Especially the locaftrent density distribution, which
significantly affects the temperature profile, waand to be very sensitive to the value and
variation of contact resistance between GDL and CL.

It is certain that the each GDL has unique physitaperties and the modeling parameters
adopted here can be applied only to the GDL thatalithors used. However, the methods
applied in this study should be valid for testingsinmaterials. The right choice of modeling
parameters is essential for accurate predictioloadl phenomena which can not be easily
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interpreted by the modeled polarization curves pa$ydiscussed in literature [187-190] and
shown also in this thesis. This is because theatlvpolarization curve is a synthesized
outcome of many influencing modeling parametergragrnwhich some have a positive effect
while others have a negative effect. This findinghlights the importance of detailed

knowledge of the cell component properties in stialioperating conditions.

The insight obtained from this study is highly bigcial for development and construction of
fuel cells, as well as predicting their performaaoel life time. In future studies, liquid water
transport should also be taken into account toiolke accurate picture of local phenomena
in the fuel cells.
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Nomenclature
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1
@
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Xe<-—Anwnxx$~" O =Z2Z~x

Greek letters

D*H§IS AV T I ® = Q

Subscripts
a

b

C
¢,GR/GDL
c,GDL/CL
CL

g

GDL

GR

H,

H,O

HE

I

ratio of reaction surface to CL volume {jm

molar concentration (mol
Heat capacity (J kgK™)
diffusion coefficient (rhs®)

unit vector

Faraday constant, 96487 (As fpl
thickness (m)

transfer current density (A
exchange current density (A%n
permeability ()

molar mass (kg md)

molar flux (mol nfs?)

pressure (Pa)

heat flux (W nf)

radius (m)

electric resistance) n)

Source term

temperature (K)

velocity (m &)

channel and rib width (m)
molar fraction

transfer coefficient

surface tension

porosity

overpotential (V)

thermal conductivity (W mK™)
contact angle

viscosity of air, 1.9 x 10(kg m* s?
density (kg riY)

electric conductivity Q™ m™)
electric potential (V)

ionic potential (V)

thermal resistance i W™)
water content in membrane
gas constant, 8.314 (J m&™)

anode
bulk
cathode

interface between graphite and GDL

interface between GDL and CL
catalyst layer

gas phase

gas diffusion layer

graphite

hydrogen

water

heating element

species of gas
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liquid phase

ionic phase
membrane
nitrogen

oxygen

electric phase
saturation
subdomain

mixture of gas
temperature

thin layer 1

thin layer 2
x-direction, in-plane
y-direction, through-plane
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