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Abstract

Fuel cells are electrochemical devices that contleet chemical energy of fuel into electricity andah Polymer
electrolyte membrane fuel cells (PEMFCs) are a tfpfeiel cells which use a proton conducting polymembrane a
the electrolyte. PEMFCs are envisioned to replacaventional power sources in many applications)utfiog

transportation, stationary distributed and backoywegr generation, and portable devices. This worlceatrated on thg
limiting factors of the PEMFC cathode performanfoeusing on mass transport and water managemeetrpOtential
of oxygen reduction reaction was outside the sadghbis thesis. The main study subject was the y®toansport laye
(PTL). Physical properties of the PTL have a sigaifit effect on reactant and reaction product parts as well ag
electrical and thermal fluxes.

PTL research concentrated on three main areasaatbaration of PTL media, correlation of PTL plogdipropertied
to fuel cell performance, and the effects of inhgemeous compression distribution. An improved metfoy PTL
characterization was developed and used to inwgstithe performance of PTL materials under differgrerating
conditions. It was observed that the flooding oa tathode side begins in the PTL, not the electitsaédf. A clear
relation between PTL properties and fuel cell penfance could not be established.

Inhomogeneous compression of PTLs was found toectagal variations in the mass transport properedsctrical
conductivity and contact resistance at variousriates. A method for determining the bulk condugtivf the PTL
and the contact resistance at the PTL-flow fieltginterface as a function of compression wasldped.

The applicability of titanium sinters as porousnsport layers for free-breathing PEMFC was invedéd. The
mechanical properties of titanium sinters were tbanceptable, but due to high hydrophilicity, thees was prone tg
flooding. Furthermore, contact resistance betweersinter and other components was high.

The effect of sodium chloride on PEMFC performancas investigated experimentally and found to caase
irreversible performance loss. Sodium ions wereébto replace protons in the electrolyte membramkthus increas
resistance. Chloride ions were not observed torfere with fuel cell operation under the conditionsed in the
experiments.
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1. Introduction

1.1. Background

World primary energy demand was 10.7 Gtioe2003 [L], up 94 % from 5.5 Gtoe in
1971 P] and expected to rise by 58% to 16.3 Gtoe by Z@BO0At the same time,
fossil fuel resources, especially oil, are limiteshd geographically unevenly
distributed, and there is pressure to combat aptigenic climate change by reducing
greenhouse gas emissions. This creates a needrense the share of renewable
energy sources (hydro, wave, tidal, geothermafrsahd wind power, and biomass)
and improve the efficiency of end use technologiegel cells are an energy
conversion technology well suited for the futuiece they have high efficiency, low
emissions and can use fuels from renewable sources.

Fuel cells are electrochemical devices that transfine chemical energy of the fuel
directly into electricity and heat. The operatingnpiple of fuel cells is similar to
primary batteries, except that in fuel cells reatsare stored externally.

The main benefit of fuel cells is high efficiendyuel cells are not heat engines, but
the energy conversion process is fundamentallgdifit, and thus Carnot’s efficiency

limitation does not apply. Furthermore, fuel cdfiaency is not strongly dependent

on the device size and contrary to heat enginess dot suffer from operating on

partial load but actually improves. High efficieneyen on partial load and separation
of conversion and storage functions make fuel catisattractive power source for

numerous applications.

Other often quoted benefits of fuel cells are fiekibility, low emissions, low noise
and footprint, and scalability. However, fuel flbiity and scalability on the extremes
depend to some degree on the fuel cell type, andsens on the fuel. The optimal
fuel for fuel cells is hydrogen, which producesyomtater as exhaust and can be
derived from fossil or renewable sources or prodwda electrolysis, but also many
others, both from fossil and biological sources bamused.

The strongest advocate of the introduction of feells is the automotive industry
seeking to replace internal combustion enginessagle power sources with a more
efficient and environmentally friendly option. Othgiable application areas are
mobile electronics, backup power systems, disteidignergy generation, combined
heat and power production, power systems for renutations, and military and

space applications.

From technology perspective fuel cells are readyniarket introduction. However,

fuel cell applications will compete with batterigaternal combustion engines and
other established power sources in a saturated enavwkhere successful market
penetration requires economical viability. Currgnthe price of fuel cells is not yet
competitive in most applications.

#toe = ton of oil equivalent, 1 tee41.8 GJ = 11.6 MWh



1.2. Motivation and objectives

The main outstanding issues with fuel cell techgglthat impede widespread market
penetration are the high cost compared to conveatichnologies and establishing
long term durability and reliability. Currently, Riele power trains based on internal
combustion engines cost $25-$35/kW, whereas cupeoe of fuel cells is close to
$1000/kW and high volume cost estimate with 20@hnelogy was $110/kW4].
Fuel cell power trains need to cost less than $8Qtk be competitive against internal
combustion engines in vehicle applicatioBf [U.S. DOE target cost for vehicle fuel
cells is $45/kW by 2010, with a power train lifeaspof 5000 hours4]. For
stationary applications, competitive price liestie range of $400-$750/kW with
$1000/kW acceptable for initial applicatior8].[However, required system life time
is over 40 000 hours, which has not yet been detraind p].

Lowering price per watt can be done either by imprg performance using current
materials or developing cheaper materials and coenus, or both. In this thesis, the
emphasis is on improving performance, and thus mahtéevelopment will not be
discussed further than mentioning that cheaper d¢onductors, catalysts and
manufacturing methods are needed.

In many cases, improving fuel cell performance @acess of trial and error. Some
areas of fuel cell systems are very complex anarétieal understanding is not

complete. Investigating these areas may yield kadgé that enables development of
more efficient, stable and durable fuel cell desice

This thesis is concentrated on one of the lessiextubut crucial components of
polymer electrolyte membrane fuel cells, the porvassport layer. The goal of the
studies summarized here was to increase knowledgéh® operation of porous
transport layers and their performance determipnogerties.

1.3. Outline of this thesis

This thesis begins with an introduction to fuell€eéh chapter2. The history of fuel
cells and a brief overview of different fuel cejpes are given. The fuel cell type
relevant for this thesis, polymer electrolyte meamiar fuel cell is presented in detail
in chapter 3, covering main functional components, theory qferation, cell
performance, loss mechanisms and efficiency. Tleeafowater and heat management
and mass transport in cell performance is emphasize

Chapterss to 10 summarize and review the publications listedvab&ach chapter
provides an introduction into the topic and an wiew of methods and experimental
setup. The most important results are revieweddistlissed. To support chaptérs
to 10, the fuel cell test station used for most ofélkperimental work described in the
publications is described in chaptdr Conclusions on the results presented in
previous chapters are presented in chapiein which the significance of the results
is discussed in a broader perspective and someestigigs for further studies are
given.

10



2. Fuel cells

2.1. Description in a nutshell

In the simplest form, a fuel cell consists of tweatrodes separated by an electrolyte,
which prevents reactants from directly mixing. Tluel is oxidized on the anode
while oxidant species are reduced on the cathoddo® product of either anode or
cathode reaction depending on the fuel cell typsses through the electrolyte to the
other side of the cell, while electrons travel tigh the external circuit, producing
electric current. Transported ions and electroastrevith the other reactant species,
forming reaction product and heat.

2.2. History of fuel cells and current trends

The journey of the fuel cell from the discovery thie theoretical basics to the
threshold of commercialization has been a long dgheSwiss chemist Christian
Friedrich Schonbein (1799-1868) described the ajera principle of fuel cells in
the Philosophical Magazine in January 18397], and a Welsh lawyer and scientist Sir
William R. Grove fabricated the first prototype lsgbr gas batteries, as he referred to
them. Grove’s papers on the subject appeared inPtikwsophical Magazine in
February 1839 and December 1842 and irPttitosophical Transactionsin 1843.

&
=N

4
T
ST

%

it }; Lk o

&
4
&

LLLLTTIT TP

%‘{' 1|’
il
g
T
e a2

il
T
|

===
Mitigyyy

]
ol
]
i
ki

.‘l witil
bt
i

rm‘!”“l”l“ it LIRS
|
1
i
iy
e
Il
il
TREDAD4 gyay
I
[
Iillll'.'ll
il
i
Il

14

)

[
l'.mll!m
llllllllm

it
]
11k
Il

i

|

|

E
|
|

l|II

Figure 1: William Grove's prototype fuel cell

Grove’s gas battery consisted of platinum stripcteteles surrounded by tubes
containing hydrogen and oxygen in a dilute solutiérsulfuric acid and water. This
design, illustrated in Figure 1, was published le Philosophical Magazine in
January 18397]. He experimented also with other electrolytast, Wwas plagued by
inconsistent cell performance. Grove also expertewnwith other fuels, e.g.
camphor, essential oils, ether and alcoBal [
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The first major breakthrough in fuel detechnology was achieved in the 1890s by a
German-born British scientist Ludwig Mond and hssiatant Charles Langer, who
introduced improved porous electrod®%. [Porous electrodes were already patented
by M. Vergnes 10], but they suffered a performance loss wherptaBnum catalyst
became wet.

Mond and Langer attempted to build the first padtfuel cell device, which would
operate on air and industrial coal gas. Their agéirated at 2.8-3.5 mA ¢frat 0.73 V
with cells of 700 crfy covered with 0.35 g of platinum foil and 1 g ddtnum black.
Furthermore, they recognized the large losseseabxizgen electrode, and the roles of
internal resistance and concentration polarizad®ioss mechanisms$1].

Sulfuric acid was the dominant electrolyte in /8 tentury. In the latter half of the
century, much attention was given to direct coa&l ftells which worked at higher
temperatures with molten salts, such as sodiunataeitand potassium and sodium
hydroxide, as electrolytell]. In the 1890s, William White Jacques used phosp
acid as the electrolyte for the first time.

Although fuel cell research in Germany during th@20s laid foundations for
carbonate cycle and solid oxide fuel cells, thet senificant contribution to fuel cell
technology was made by a British engineer, Dr. &manlf. Bacon. He began
experimenting with alkali electrolytes and cheapops nickel electrodes in the early
1930s. Potassium hydroxide performed as well ad atgctrolytes and was less
corrosive to the electrodes. Over the next twerndary, Bacon made sufficient
progress to demonstrate a practical 5 kW hydrogeigen fuel cell stack in August
1959 [12]. The system provided 700 mA ¢mat 38 bar pressure and temperature of
200 °C and could be used to power a forklift or a wajdinachine. Later that same
year, Allis-Chalmers Manufacturing Co. demonstradettlactor powered by a 15 kW
fuel cell stack. The design was based on Bacortenps which had been obtained by
Pratt & Whitney Aircraff, but operated at lower temperature and pressure.

The space race in the 1950s and 1960s promotedetvelopment of fuel cells. In
search of an improved energy source for on-boadtrétity, NASA chose fuel cells
to power space missions and funded over 200 rdsgeiajects awarded to industry
and universities 13]. General Electric developed the first polymdectolyte
membrane fuel cells (PEMF8sfor Gemini space missions. The first mission
utilizing fuel cells was Gemini V in 1965.4]. Gemini V doubled the space flight
record of Gemini IV mission, thanks to the fuellslstem, which outperformed the
battery systems used on previous missions.

Initially, sulfonated polystyrene membranes weredufor electrolytes, but they were

replaced in 1966 by NafiGhionomel, which proved to be superior in performance
and durability to sulfonated polystyrene. Howewtie Apollo space missions and

subsequent Apollo-Soyuz, Skylab and Space Shuitisioms utilized fuel cells based

on Bacon’s design and alkaline potassium hydrogidetrolyte, developed by Pratt &

Whitney Aircratft.

® Depending on the source, the term ‘fuel cell'tisilauted both to Mond and Langer (1899), and
Jacques.

¢ A fine black powder of platinum; used as a catalyghemical reactions

4 Later UTC Fuel Cells, a part of United Technolsg@orporation.

® PEMFC is also known as proton exchange membrazieéli, polymer electrolyte fuel cell (PEFC),
and solid polymer fuel cell (SPFC).

" Nafion® was developed for the chlor-alkali industry in 298/ Walter Grot of E.I. du Pont de
Nemours and Company. Source: http://en.wikipedigvaki/Nafion, quoted 2006-08-02
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Despite their success in space programs, fuel sysllems were limited to space
missions and other special applications, where bagt could be tolerated. It was not
until the late 1980s and early 1990s when fuelscb#écame a realistic option for
wider application base. Several pivotal innovatidnsve the cost of fuel cells down,
making development of PEM fuel cell systems vialllee most notable improvement
was the invention of thin-film electrodes, whicldeto reduction of platinum loading.

In the last two decades, driving forces for fuel cesearch and development have
been the automotive industry and distributed enegggeration sector, and more
recently portable electronics manufacturers. Dudéiniited reserves of fossil fuels,

environmental concerns and imposed limitations otiufant and greenhouse gas
emissions, vehicle manufacturers are looking folean and efficient replacement for
the internal combustion engine. The interest imgsuel cells to power portable

electronics, e.g. laptop computers, has increastidtiae increasing requirements for
higher energy density, specific energy and longerational time.

In most applications, fuel cells are entering aursded market and thus need to
outperform the competition. Although the technology mature enough for
commercial introduction, the price is still too hiépr market penetration. Therefore,
current research aims at lowering the cost to coithy@level by replacing expensive
materials and improving performance.

2.3. Fuel cells types

Fuel cells are a family of technologies that shidwe principle of electrochemical
oxidation of the fuel and spatial separation ofdaxion of fuel and reduction of
oxidant. Fuel cell types are usually characterizgdheir electrolyte, temperature of
operation, transported ion and fuel. A summary w#l fcell types with respective
electrolyte materials, transported ions and opsgatemperatures are presented in
Table 1. Characteristic features of different foell types are discussed below, with
the exception of polymer electrolyte membrane figdl, which is discussed in detalil
in chapter3.

From the fuel cell types listen in Table 1, moltawbonate fuel cells and solid oxide
fuel cells are classified as high temperature ¢edls, the rest are low temperature fuel
cells, even if the operating temperature of phosphacid and alkaline fuel cells
exceeds 200 °C.

Alkaline fuel cells are very efficient and cheapwsmanufacture, but the electrolyte
is sensitive to carbon dioxide and therefore oxidanhas to be scrubbed before use,
or pure oxygen used, which makes operating AFCemsige. The primary fuel is
hydrogen, but also the use of low alcohols andwodiorohydride has been studied
[e.g.1516]. AFCs are used in applications that requiréh lpgrformance regardless
of price, e.g. space and military applications.

Phosphoric acid fuel cell was the first commeré&iggl cell type. Owing to operating

temperature closer to 200 °C, in PAFCs platinunalgat is less sensitive to carbon
monoxide in the fuel, but still requires noble nhetatalysts to enhance oxygen
reduction reaction on the cathode, and corrositeraot materials because of highly
corrosive electrolyte. PAFCs have been used méstigtationary electricity and heat
production, but the interest has waned, since theenpial for cost reduction is

considered low.
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Table 1: Summary of electrolyte materials, transpoted ions and operating temperatures of
common fuel cell types.

Fuel cell type Electrolyte material _Transported Operating
ion temperature
Polymer electrolyte
membrane fuel cell Cation conducting polymer membrane “H 20-80 °C
(PEMFC)
Direct
fmugrk;“ollethanol Cation conducting polymer membrane “H 20-80 °C
(DMFC/DEFC)
Direct formic acid . . + R
fuel cell (DFACF) Cation conducting polymer membrane H 20-80 °C
. . Aqueous alkaline solution (e.g. KOH),
Direct borohydride Anion or cation conducting polymer OH or N& 20-80 °C
fuel cell (DBFC)
membrane
Phosphoric acid . . + o
fuel cell (PAFC) Molten phosphoric acid (P0Oy) H 150-200 °C
Alkaline fuel cell Aqueous alkaline solution (e.g. KOH) OH <250 °C
(AFC)
Molten carbonate . 2. o
fuel cell (MCFC) Molten alkaline carbonate (e.g. NaHgO| CO; 600-700 °C
Solid oxide fuel O” conducting ceramic oxide (e.gyGs- 2. R
cell (SOFC) stabilized ZrQ) o 600-1000 *C

Direct methanol, ethanol and formic acid fuel celle closely related to polymer
electrolyte membrane fuel cells. The main diffeeerscthe fuel which these cell types
utilize instead of neat hydrogen or hydrogen ri@s.gThe cathode side is often
identical to that in PEMFCs, but the anode is medifto accept liquid fuels and
tolerate more carbon monoxide, which is sometinteated as a byproduct in fuel
oxidation. The prime attraction of these fuel agfies is the high energy density and
easy handling of the fuel compared to hydrogen.s&heell types are still in

development phase, often afflicted by fuel pernogato the cathode side, although
there are some DMFC applications already availabléhe market.

There are three variants of the direct borohydfide cell, which employ different
electrolytes. The PEMFC subtype uses a cation aimdupolymer membrane, and
the mobile ion is Ng whereas AFC subtypes utilize either anion corideigiolymer
membranes or immobilized KOH and the charge cairiethe electrolyte is OH
DBFCs with KOH electrolyte have an advantage ovdimary AFCs, since the waste
product, NaB@, prevents the C{poisoning of the electrolyte, and thus removing th
need for CQ@ scrubbing. Like direct ethanol and formic acid Ifuells, direct
borohydride fuel cells are still in the developmphase.

The focus of molten carbonate fuel cell developniexst been on larger stationary or
marine power plants, where slow start-up time ardd footprint are not an issue.
Thanks to relatively high operating temperaturecebde reactions do not require
noble metal catalysts. In addition to many comnussil and renewable fuels that can
be reformed internally, MCFCs can use also carbomaxide as a fuel. However,

high operating temperature and corrosive eleciofgfjuire expensive materials for
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cell components for mechanical stability and sidfit life time. Furthermore,
carbonate forming reaction at the cathode needsiae of carbon dioxide, which is
usually provided by recycling from anode exhaust ga

Solid oxide fuel cells utilize a ceramic oxygen ioonductive electrolyte and operate
at high temperature. Therefore, there is no needdble metal catalysts and carbon
monoxide can be used as a fuel. High operating ¢eatpre also allows using various
hydrocarbons as fuels and using waste heat forngwggon or in steam turbines.
High operating temperature also has drawbacks. nideexpansion has to be
controlled carefully and corrosion of metal compuises a challenge. SOFCs are best
suited for stationary and distributed power genenateither in heat and power
cogeneration or hybrid systems with gas turbines.

The field of fuel cells is very active and it idfaiult to provide a comprehensive list
of cell types and possible fuels that are undeeld@ment. Many fuel cell types, e.g.
biological fuel cells and zinc-air fuel cells wermitted, and many potential fuels, for
example dimethyl ether, acetaldehyde and 2-propaac# left unmentioned.

2.4. Theory of operation

2.4.1. Theoretical cell voltage

In a hydrogen-oxygen fuel cell, PEMFC for examgigdrogen is oxidized at the
anode and oxygen reduced at the cathode. Anode®ydmtand total cell reactions are
presented in equations 1, 2 and 3, respectively.

H, - 2H* +2e (1)
2H" +2e” +%0, - H,0 )
H, +%0, - H,0 3)

The phase of water produced in the cell reactigpedds on the conditions under
which the reaction occurs.

Standard potentia® for the cell reaction, i.e. the potential at s@mdtemperature
and pressure (STP) when no current is drawn, iaimdéd by dividing the Gibbs’
energy change of the reaction at SAB? by the Faraday constaft(96 485.3 C mol
1) and the number of electrons transferred in ometienz,

AG°

E°=- 4

zF @
Assuming that water is produced as liquid in eque8, AG® equals -237.1 kJ mol
and z equals 2, and thus the standard potential is 1\22§ product water is in
gaseous form, the corresponding potential is 1.18 V

For a reaction outside STP conditions, the potkistigiven by the Nernst equation

. RT
E=E —Z—Fln{na } (5)

WhereR is the universal gas constaifitjs the temperature; and v, are the activity
and stoichiometric coefficient of species i respety. For dry air (21% oxygen, 79%
inert gases) on the cathode instead of neat oxyges temperature of 298.15 K,
equation 5 yields for liquid product
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E=g° - "l Buz0 |- po —Eln[%} =1219v
= | a,,ag, zZ= [ 0217

Real PEM fuel cells do not achieve the theoretag@n circuit potential given by
equation (5) due to mixed potentials caused by dopein diffusion through the
membrane and platinum oxidation on the cathode.

2.4.2. Polarization behavior

Polarization of a fuel cell is defined as the ditmm open circuit voltage as a result of
drawing electric current. Voltage drop is caused Jaious current and mass
transport-induced losses, often called overpotisnfiche total sum of overpotentigls
n, is defined as the difference of the real voltegend the theoretical onE;.

/7:E—Et (6)

Typical fuel cell polarization curve, voltage asfunction of current density, is
outlined in Figure 2. Additionally, the figure inmles also a power density curve.

Region Region Region
I II — 1l

Voltage
Power density

Current density

Figure 2: Characteristic polarization and power dersity curves of a fuel cell. (Picture: Matti
Noponen)

At low current density, region | in Figure 2, thieape of the polarization curve is
governed by the activation overpotential, whicts@si from the kinetics of charge
transfer reactions across interfaces and repretgentaagnitude of activation energies
when reactions propagate at the rate required dyguirent. It depends on the type of
reactions and catalyst materials, electrode miarogire, reactant activities,

electrolyte material (acidic/alkaline), temperatarel current density.

Activation overpotential of hydrogen oxidation isegtigible compared to the
overpotential associated with ORR at the cathodiégiwis larger by several orders of
magnitude 17]. Thus, anode activation overpotential is ofteeglected in

calculations.

9 To be more exact, the total sum of overpotentiskraged over the electrode area, since
overpotentials may vary over the electrode area.
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After the rapid drop due to activation overpotensae region Il in Figure 2, fuel cell
polarization exhibits pseudolinear behavior as cherent density increases. In this
region, the shape of the curve is governed by timio overpotential otR-loss,
which arises from the resistance of fuel cell comgs. Bulk materials and
interfaces between components display an intrinssistance to electron flow, and
electrolyte materials offer resistance to transpdrions, which carry the current in
the electrolyte phase.

The magnitude of ohmic overpotentiaj,r, is proportional to current and cell
resistance, and can be expressed as

Neg =IR=]r (7)

wherel andR are the total current and cell resistance, resmdygt Alternatively,
ohmic loss can be expressed in terms of area ammlspecific current density and
resistance,j and r, respectively. This approach is useful when cakiod
contributions tdR-loss from individual components.

Resistance of rigid bulk material depends mainlynoaterial properties, but bulk
conductivity of pliable materials and contact resmise are also affected by surface
properties and contact pressure between the comfmnElectrolyte conductivity
depends primarily on temperature and for some relgte types, water content. The
largest single contributor to cell resistance isally the electrolyte resistance to ionic
current.

Measuring fuel cell resistance is not entirely igtitforward, since ohmic loss has to
be separated from other overpotentials. Furtherreleetrical current is carried by

ions in the electrolyte, and therefore ordinarystasice measurement methods which
rely on imposing a potential difference over a sienamd observing electronic current
are not usable. However, there are methods to me&sel cell resistance, which are

discussed further in chapter

At large current density, region Il in Figure Betshape of the curve is determined by
the mass transfer overpotential. When current tensiaches a certain level,
sluggishness of mass transfer processes starisitathe supply of reactants to the
electrodes, and cell voltage begins to decreaséllyawith increasing current
demand. Mass transfer overpotential can be viewexhactivation energy required to
drive mass transfer at the rate needed to supgp®durrent.

Polarization behavior of electrochemical RedOx eyst due to activation and mass
transfer overpotentials can be represented by tinermt-overpotential equatiBnin
which current densityis expressed as a function of overpotential

N (1-a)zF 7 c, azF
= _red X 7 - - 8
j Jo{cb exx{ =T /7} o 0 TRy n}} (8)

red OX

jo is the exchange current denbity the charge transfer coefficient for the cathode
reaction, anctes andco,, and ¢, and ¢’ represent the electrode concentrations of

" This equation is often, and misleadingly, calleel Butler-Volmer equation. The historical Butler-
Volmer equation ignores mass transport, i.e. edéetiand bulk concentrations are assumed equal, and
thus describe polarization behavior only due tovatibn overpotential. This is a good approximation
when current is less than 10% of the maximum caisenby mass transport limitations.

' For a RedOx systeny is the absolute value of anodic and cathodic oisrim equilibrium, when total
currentis zerg,=ja+jc. = 0 |id = | =Jo-
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the RedOx pair species on the electrode surfacénaihe bulk, respectively. The first
term in equation 8 is the anodic and the lattemait current density. In a case where
the overpotential is largey||>> RT/zZF, one of the terms becomes insignificant,
depending on the sign of the overpotential.

. Cy [(-a)F }

= .~ exp~—~ ,n>0 9a
I=1o > { =7 7| o (%)
. . C azF

=—j,—2exp——— ,n<O0 9b
j Jo¢( { RTU} n (9b)

Although equation 8 appears relatively simple, aitin is complicated by the fact
that both concentrations and different overpotétae not constant everywhere on
the electrode surface. Local variations in tempeeatreactant flow velocity and
concentration in the flow channel, transport lagssperties (material porosity, pore
size distribution, permeability, thickness, presemt inert species etc.), humidity
conditions, and so on have an effect on reactamterttration on the electrode surface
and magnitude of overpotentials. Therefore, an rateudescription of fuel cell
polarization using equation 8 must take into actdath local variations in operating
conditions and species transport by convection mndticomponent diffusion. If
liquid water is present, mass transport in bothsphashould be considered. Causes
and effects of local variations in operating coiodis are discussed further in chapter
3.4.

In addition to overpotential listed above, actuadlfcell voltage is often decreased by
reactant diffusion through the electrolyte and eneg of impurities. These react on
the electrodes, creating so called mixed poterdiatsdecreasing cell performance.

2.5. Fuel cell efficiency

High electrical efficiency is one of the attractipeoperties of fuel cells. Since the
energy conversion process is electrochemical inreatuel cells are not bound by the
Carnot law of efficiency heat engines are subjectherefore, the same equation for
efficiency cannot be used, but there are sevefalatt efficiencies for fuel cells that
make up the total efficiency.

The reversible efficiencyyr,, is defined as the ratio of the maximum electrical
energy from the cell reaction to the reaction elptharhis represents the theoretical
upper limit for electrical fuel cell efficiency.

_-AG
-AH

PEMFC reaction with liquid product has a reversiiiciency of 83% and 95% with
gaseous product. There are also reactions withrsiile efficiency over 100%. For
example, for the formation of carbon monoxide froanbon and oxygeme, is 123%.
These reactions convert the thermal energy talen the surroundings into electrical
energy. However, technical difficulties prevent tluse of many theoretically
promising fuel-oxidant pairs.

Mreu (10)

When electrical energy is drawn from a fuel cedlll woltage drops due to various
losses. Voltage efficiency, takes into account these losses and is definedtiasof
the actual cell voltage to the theoretical voltage.

18



(11)

Often, mass transport problems force to supply feells with more fuel than
consumed in the cell reaction. Fuel or currentcedficy, is defined as the ratio of
actual current to theoretical current, which carcéleulated from Faraday’'s equation
using the actual molar flow of fuel.

I
zFn,,

n = (12)

theor

wherel is the current drawn from the cell arig, the molar flow rate of hydrogen.

Furthermore, a small fraction of the fuel diffusttsough the electrolyte, further
decreasing fuel efficiency and generating mixedepwals, which decrease cell
voltage. Fuel efficiency is closely related to #teichiometric facto#, which is used
to describe the amount of excess fuel fed intac#ike Stoichiometric factor is defined
as

_ZFny,
|

Total efficiency of a fuel cellywia, IS calculated as the product of reversible, \gata
and current efficiencies, equations 10 to 12.

El

Noa = Mred 11 :m (14)

A (13)

In the nominator of equation 14 is the electricalvpr of the fuel cell and in the
denominator the rate at which chemical energydsri the cell.

For complete fuel cell systems, also the power woresl by auxiliary devices must be
taken into account. System efficiengysiemtakes into account the parasitic losses by
auxiliary devicesPau Which decrease efficiency.

El -P

= aux 15
Nysen = e MR, (15)

Efficiency of fuel cell systems can be increaseatmbining them with gas turbines.
Estimated electrical efficiencies of such fuel galiver plants can reach up to ca. 70%
and total efficiency even higher if waste heatsedifor e.g. space or service water
heating.

19



3. Polymer electrolyte membrane fuel cells

3.1.

Overview

Polymer electrolyte membrane fuel cells utilize eotpn conducting polymer
(ionomer) membrane as the electrolyte, and hydragehoxygen as fuel and oxidant,
respectively. Hydrogen molecules are oxidized andhode and protons are carried
through the electrolyte membrane to the cathodectEins stripped from hydrogen
molecules travel to the cathode via the externmaldi creating electrical current. On
the cathode, oxygen, protons and electrons reachirig water and heat. The
operating principle is illustrated in Figure 3.

A" Hydrogen
& Proton
- Electron
[ . Oxygen
Electricity
i ®
|“ Water

B a0 !

T
v ¥ — 55

/ B! Heat

Anode f Cathode

1.

'."':'

2k,

.
e

Electrolyte
Membrane

Figure 3: The operating principle of the polymer eéctrolyte membrane fuel cell. (Picture:

XCellsis)

The schematic structure of a PEM fuel cell is pnésé in Figure 4. The main
functional component, the membrane electrode adgerfMEA), with porous
transport layetgPTLs) on each side, is sandwiched between bimﬁﬂeé',. Bipolar
plates feature flow channels for reactant delivand PTLs enable transport of
reactants into the areas under the flow channejesd Functions and material
requirements of each component are discussedaii agrethe following subchapters.

Theoretical output voltage of a unit cell is c& ¥, but due to the overpotentials, it
drops to ca. 0.7 V when current is drawn. For aapions, unit cells are connected in
series to increase output voltage. Electrical auenection between the cells is made
by bipolar plates, hence the name. An integrategrably of series-connected unit
cells is often called a fuel cell stack. A crosstiem of a stack is shown at the bottom
of Figure 4. There exists a multitude of differemtit cell and stack structures and
designs for different applications and purposes.

I Porous transport layers are also known as gassibifi backings (GDBs) and gas diffusion layers
(GDLs). However, some authors call a part of tleetebde the ‘gas diffusion layer’.
¥In unit cells, bipolar plates are often referreds flow field plates or current collectors.
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Single cell
Stack

Figure 4: Cross section schematic of a PEM unit dednd a PEMFC stack. 1. MEA 2. porous
transport layers 3. bipolar plates 4. reactant flomchannels 5. coolant channels

The operating temperature of PEMFCs is restrictetietween freezing and boiling
points of water, since common electrolyte membranesd to be humidified to
maintain proton conductivity, and full humidificati is achieved only by contact with
liquid water. Fuel cells can operate in temperatuelow freezing, due to internal
heat production, but freezing water may damageartembrane or other components
when the fuel cell does not operate. Operating &xatpre range can be expanded
beyond the normal range by pressurizing the sysiery utilizing so-called high
temperature membranes that maintain conductivitygiter temperatures.

Characteristic benefits of polymer electrolyte meame fuel cells include fast startup,
quick load following, and ease of electrolyte hamgil low corrosion and system
robustness due to solid electrolyte. Furthermdrés possible to utilize waste heat
from larger PEMFC systems, for example for serweaer heating in residential
systems.

Low operating temperature involves also drawbadkeesence of liquid water,
required by the ionomer, complicates mass transféfater may flood parts of the
system, rendering them inaccessible to oxygen,ewidarcity of water lowers the
proton conductivity of the ionomer. Furthermoretatgsts commonly utilized in
PEMFCs are sensitive to even very low concentratiohcarbon monoxide in the
normal operating temperature range. Additionalbyy loperating temperature makes
expulsion of waste heat problematic, if the ambiemperature is high. Increasing
operating temperature beyond the boiling point @itex would alleviate all these
problems, since in addition to simplifying massngfer and heat removal, platinum
catalyst is more tolerant to carbon monoxide amrdtren kinetics are more facile in
higher temperature, and waste heat is more valuable

PEMFC technology as such is almost ready for agptins, but there are still issues
to be solved before PEM fuel cells can successfullgi conventional technologies.
Probably the most important outstanding questiorcel durability and lifetime,
which have not yet been demonstrated. Furthermitre, current price of both
catalysts and ionomer materials is too high for geftitiveness outside niche markets.
Manufacturing and assembly cost per unit can beeerp to decrease with mass
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production and advanced manufacturing methodsewdatalyst and ionomer cost is
more dependent on material development.

Polymer electrolyte membrane fuel cells are enwistb to replace internal
combustion engines (ICEs) as vehicle power souraed to compete with
conventional technologies in backup power systemsidential combined heat and
power (CHP) devices and consumer electronics. Mttn for vehicle applications
lies in the high efficiency even on partial loaddldow emissions at the time of use.
Backup power systems have traditionally been basedither diesel engines, which
are noisy and polluting, or batteries, which arékypuFuel cell devices generally
produce less noise than ICEs and surpass battariesergy storage density after a
given capacity.

3.2. PEMFC components

3.2.1. lonomer membrane

A solid proton conducting ionomer membrane is usedhe electrolyte in PEM fuel
cells. The electrolyte conducts protons from antodeathode electrode and prevents
mixing and direct combustion of reactants. Most thie fuel cells utilize
perfluorosulfonic acid (PFSA) polymer membranesjciiconsist of perfluorovinyl
ether groups terminated with sulfonate groups ipoted onto
polytetrafluoroethylene (PTFE) backbone. The m@shmon membrane material is
Nafion®. Other similar materials are for example Flerfliand AcipleX (Asahi Glass
Co. Ltd.), and GORE-SELECT(W.L. Gore & Associates, Inc.). Main differences
between these membranes are the lengths of moncmaérs in the backbone and
side chains18]. Thickness of common membranes varies apprdgimaéetween 15
and 200um, depending on the material and intended operatngitions.

lonomer membranes for PEM fuel cells have to haigh lchemical and physical
durability, high proton conductivity, and preferablow price. Current PFSA
membranes are chemically and physically stable, thair conductivity depends
strongly on the degree of humidification. Furthereydest humidification is achieved
by contact with liquid water, and therefore operatiemperature is limited to the
range where water exists in liquid form. Under very conditions or at temperatures
above boiling point membranes lose absorbed watet eonductivity drops
drastically. Fully humidified, conductivity of comon membranes can reach values
from 1 to 10 S it [18].

Current PEMFC membrane research concentrates on mam themes, high
temperature membranes and alternatives to expe¥&A materials, which are
partially overlapping. High temperature membranes the subject of intensive
research and development efforts. A review of higimperature PEM fuel cells,
including new ionomer materials, was published ghhnget al. [19].

3.2.2. Electrodes

Electrochemical reactions in PEM fuel cells takacpl on the electrodes, which are
manufactured directly onto the membrane, hence ténen membrane electrode
assembly or onto the porous transport ldy&&MFC electrodes are very thin, only

' Due to the lack of established terminology, catetyporous transport layers are sometimes called ga
diffusion electrodes.
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ca. 10um, thinner than in other fuel cell types, and tipasver density in PEMFC
electrodes is higher compared to other fuel cells.

Kinetics of oxygen reduction reaction (ORR) in &cienvironment at the cathode are
relatively slow under normal operating temperatuaes! therefore PEMFC electrodes
have high effective area and contain noble mettdlysts. High effective area is
attained by creating a highly porous three-dimamdistructure, where the ionomer
and catalyst are in contact with each other andssile to the gas phase and electron
conductor (a.k.a. three phase boundary), and tlualaglectrochemical reaction takes
place on the catalyst surface.

Porosity is an essential property of a high pertotoe electrode. Pores allow
transport of reactants onto three phase boundeey and removal of reaction product
water. Porous structure is achieved by the prejparamethod or by adding a pore
forming agent, which is later removed, into the twig in the manufacturing phase.

Typically, a PEMFC electrode consists of a mixtaféonomer and platinum black
suspended on carbon black particles (Pt/C catalgs®rage catalyst loading on an
electrode is usually between 0.1 and 0.4 mg éwn both anode and cathode.

Highest performance is achieved with platinum gatalvhen using neat hydrogen,
but unfortunately platinum is sensitive to carboonmxide, which is often present in
reformed fuel feeds. Even very small amounts ofi€@@e fuel stream, 5 to 10 ppm,
cause a notable performance loss by blocking @asites on platinum surfacgd].
CO tolerance can be improved by using alloyed amuhloyed bi- and trimetallic
catalysts, anode side air bleed, reconfigured @)jod@d increasing operating
temperature. Platinum alloy catalysts, of which WPt&loy is the most common,
enhance CO tolerance by facilitating CO oxidatiddnder normal operating
conditions, PtRu alloy catalysts can tolerate ugl®@® ppm and nonalloyed PtRu
catalyst up to 150 ppm of CO in the fuel strearapeetively R122].

Air bleed, i.e. injecting a small amount (1 to 6%hvof air into the fuel stream for
oxidation of CO on the catalyst surface can impro@ toleranceZ3], but selectivity
for CO oxidation is low. Reconfigured anodes camt@aisecondary catalyst layer on
the porous transport layer, which is specific f@ ©Gxidation R4]. When used with
air bleed, carbon monoxide is chemically oxidizedioicarbon dioxide before it
reaches the electrochemical catalyst layer. Withbled, reconfigured anodes with
platinum catalysts electrodes can tolerate up d@n CO, and PtRu electrodes up
to 300 ppm 25].

Carbon monoxide adsorption onto platinum surfaceredses dramatically as
temperature is increased]. An analysis of free energy for CO and &tlsorption
suggests that CO tolerance increases by a fact®® @fhen operating temperature is
elevated to higher than 100 °€7]. At 125 and 200 °C normal Pt/C catalyst tolesat
0.1 and 3% CO in the fuel stream, respectivelyhwibd significant performance loss
[27].

In addition to improving tolerance to impuritiesureent research efforts aim at
decreasing noble metal loading in the electrodéss B pursued by both increasing
catalyst utilization ratio for existing catalyst teaals, and developing new, noble
metal free catalysts.
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3.2.3. Porous transport layers

Porous transport layers have numerous functionrs REM fuel cell. As the name

suggests, they act as a conduit for reactant spe@action products, electric current
and heat. Furthermore, they provide mechanical augpr the MEA, ensuring a

sufficient electrical and thermal contact betwdenMEA and the PTL under the flow
channels.

The porous nature of the PTL materials providesrdastants access to the parts of
the electrodes that are under the flow channelesd@nd a passage for reaction
product water from the electrode to the flow chanReactant transport is usually
driven by diffusion and in some cases by convecéind water removal by capillary
action. Electric current passes trough the PTLsnwdlectrons travel from the cathode
to the anode electrode via an external circuit, dedt produced in the cathode
reaction leaves the MEA mainly by conduction thotlgh PTLSs.

These functions set various requirements on PTlenas. Transport of reactants and
reaction products calls for high permeability anditable water management
properties; the ratio of hydrophilic and hydroplwopores has to be balanced to allow
passage of species in both gaseous and liquid gh@satact with the electrodes and
mechanical compression require both chemical ancharecal durability, and high
electrical and thermal bulk conductivity and lowntact resistances are necessary to
minimize ohmic losses and temperature differenoeglé the cell. Additionally, the
material should be inexpensive in order to impregenomic competitiveness of fuel
cell systems. Many of these properties are intereoted and thus best performance is
often achieved by carefully balancing differentpedies instead of optimizing one.

Traditionally, PEMFC porous transport layers haeerbmade of carbon cloth, paper
or felt treated with PTFE or similar fluorocarbam increase hydrophobicity, i.e. to
ensure that water does not fill all the pore28 P9]. Many PTLs feature a
microporous layer of carbon black and PTFE on anboth sides to improve water
management propertie3( 31]. If the electrodes are manufactured onto th, PT/C
catalyst is bound onto the microporous layer oedly onto the PTL substrate by
ionomer or ionomer/PTFE solutioB3]. Instead of carbon cloths or papers, the use
of metal webs, sinters, foams and micromachined fiins for PTLs has been
suggested. Details of PTL materials, charactedmaéind cost estimates are given in
the literature 33 34 35] and in publication V.

Porous transport layers are a critical componenteah water management, and
experiments and modeling have shown that majofitpass transfer losses occur due
to limited oxygen diffusion through the cathodees#®@TL, especially when liquid
water is present3p 38]. Diffusion of reactants and removal of excesstew are
affected by PTL porosity, pore size distributiondaratio of hydrophobic and
hydrophilic pores, gas permeability and materiaikhess. It has been suggested that
liquid is transported in micropores by capillaryiae, while gases diffuse through the
hydrophobic macropore88 39], which makes careful balancing of various prtpe
crucial for high performance.

Reactant transport processes and water managementveay complex and
interconnected phenomena, which depend on operatinditions and cell geometry
and assembly as well as PTL properties. An adedudtebetween PTL properties
and fuel cell performance has not been establisWader management is discussed
further in chapteB.3.
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3.2.4. Flow field plates

Flow field plates feature flow channels for reatistribution over the active cell are
and water removal, and provide an electrical irtenection between the porous
transport layers and outer components. Furthernftoe, field plates conduct heat
and provide mechanical support for more flexibl# cemponents, such as PTLs and
the MEA.

Flow field plates in a fuel cell stack are ofteffiereed to as bipolar plates, because
they act as an anode side plate for one unit cell Gathode side plate for another,
separating reactants and connecting adjacent ekeltgrically. Similarly, flow field
plates of a single cell are sometimes called molawpaates. A simple flow field
plate is shown in Figure 5.

Figure 5: A simple flow field plate with a serpentne flow channel. Gas inlet and outlet are located
on the opposite face of the plate.

Electrical and thermal properties have an effectcelh operation and performance.
For minimizing ohmic losses in the flow field platdectrical conductivity of the bulk

material should be as high as possible and contatttance between the flow field
plate and adjacent components should be low. Edattresistance of a flow field

plate should be lower than @Q m? [34]. Thermal conductivity of bipolar plates
determines the maximum area of unit cells, whersigascooling is used. For more
efficient heat removal, coolant channels can begirdted into bipolar plated(].

Chemical durability and low gas permeability arsibaequirements for all flow plate
materials. Flow field plates are exposed to a harsémical environment, and
preventing hydrogen leaking and permeation to aanoels is essential for fuel
efficiency, cell performance and safety.

Besides performance, also economic aspects wil aleole in the success of a flow
field plate material. Bulk material should be rdadivailable, inexpensive and lend
itself to mass production techniques, e.g. injectimlding. Additionally, low density
will lead into lower stack weight, which is desilalfrom application manufacturers’
point of view.

Common flow field plate materials include graphitgraphite composites, and
stainless steel and other metal][ Resin-impregnated graphite has low gas
permeability, and good electrical and thermal catiglity, but is expensive and
unsuitable for mass production, e.g. injection nmgdor other melt processing
methods. Flow channels have to be machined, wiicfeases manufacturing costs.
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Metallic materials are usually cheap, mechanicdillyable and flow channels can be
stamped onto the plate, but often suffer from o and high contact resistance
due to oxides forming on the surfag®]. Therefore, coatings or surface treatments
are necessary48 44 45]. Composite flow field plate materials, whicheabeing
actively researched [e.46 47 48 49], are a promising candidate due to suitability f
melt processing, low gas permeability and sufficmnductivity.

A vital factor for flow field plate performance flow channel geometry. Channel and
ridge width, channel depth, surface properties @aredall geometry all have an effect
on reactant distribution and water removal. A mgyriaf different channel
configurations exist, e.g. parallel, serpentingias@and interdigitated geometries with
their single and multiple channel variations. Thare also channelless designs that
utilize a metal net or foam for reactant distribati(50 51]. There, the functions of
flow fields and porous transport layers are comiin@to one component.
Furthermore, reactant supply by natural convecsind forced convection both need
different flow field geometries. Several experinenand modeling performance
studies have been published, for example by Bisgereind Vynnycky42] or Yanet

al. [53].

3.2.5. Other components

In addition to the core components introduced apaveumber of other components
are needed to make a functional unit cell or fuedl stack. An exploded view of a
simple unit cell is provided in Figure 6.

Figure 6: An exploded view of a unit cell. 1) MEA 2PTL 3) Gasket 4) Flow field plates 5)
Current collectors 6) Insulator 7) End plate. Clampng bolts are omitted from the figure.

Gaskets, either separate or integrated into otleenponents, prevent leaks and
accidental mixing of reactants. Common gasket rnas$einclude PTFE, VDF, EPDM
and other thermoplastic polymers that can endwwd#nsh conditions in a fuel cell.

If connecting current leads directly into flow fielplates is unfeasible, separate
current collector plates are used. They are platdubth ends of the cell or stack and
have terminals for current leads. Corrosion reststhigh conductivity materials are
suitable for current collector plates.

Single cells and fuel cell stacks are held togeliyethe end plates and clamping bolts
or similar structures. They provide mechanical supmnd exert the required

compression for sealing and electrical and themoatact between the components.
High rigidity is required from the end plates, grmuckling under stress will lead into
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uneven compression, which in turn causes probleitisgas tightness and electrical
and thermal contact between components. In orderetiuce the number of
components, the functions of the end plates andestrcollectors are sometimes
combined. The end plates are made of a rigid, atimtumaterial, and current leads
are connected into them. This requires insulathmg ¢lamping bolts from the end
plates at least at one end to prevent short cinguibhe cell.

To facilitate thermal management, cooling plates @ften integrated into fuel cell
stacks. They are sandwiched between bipolar pthegshave been divided in two
parts and feature channels for coolant circulate® Figure 4. Alternatively, cooling
plates can be made of high conductivity materiald feature cooling fins for heat
removal outside the flow field area. With this agament, efficiency of heat removal
is highly dependent on the thermal conductivityhaf plate material.

On system level, more components are needed. Timbetuand type depend on the
system in question, but common components are aelatines and storage units,
reactant humidification systems, compressors owéis, valves, pressure and flow
controllers and control electronics, heating andliog systems, and power
conditioning units. If the fuel contains impurities needs to be reformed, a separate
fuel handling unit will be needed for extracting tllydrogen from the carrier.

Compressors supply the cell or stack with reactdntdrogen and air or oxygen, and
the control system takes care of flow and pressangrol, purging, fuel recycling and
so on. Before introduction the reactants into ttecls they are routed through a
humidification subsystem it the reaction producttewas not enough to keep the
membranes well humidified. Reaction product wager lbe recycled for this purpose.

Heating and cooling systems maintain the stack ¢ézatpre within the design
specifications. At startup, the system can be lleatdernally until internal heat
production can maintain the temperature, and dumangnal operation excess heat is
removed through the cooling system. Excess heabeaxpelled or used for reactant
heating and humidification, or in external systemg, space or service water heating.

The exact number and type of required auxiliaryickssdepends on the systems and
application. For portable systems, the size and beunof external systems is
minimized by utilizing passive control where possjtbut for large systems active
controls are often more practicable.

3.3. Water management

Water management is one of the key issues for P&l dells for achieving high
performance, since it has an effect on both ionow@nductivity and reactant
transport. Furthermore, these two effects competth weach other: lonomer
conductivity is maintained only under ample humdadifion, but presence of liquid
water in the electrode and porous transport lagbstructs reactant transfer from the
flow channels to the electrodes. Mass transfer Iprob caused by flooding are
usually more severe in the cathode side, due terwabduction in cathode reaction,
slower diffusion of oxygen and oxygen dilution bther inert species. Optimum
performance is achieved by carefully balancingam®unt of water inside the cell.

Water is produced in the cathode reaction andduired into the cell with reactants if
they are externally humidified. Water is transparite the flow channels and removed
from the cell with the gas streams, either as vagotiquid, depending on the
concentration of water in the gas stream. Water aso permeate through the
membrane by electro-osmotic drag, diffusion andraylic permeation. Electro-
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osmotic drag stands for the water flux from anodecathode which arises from
protons carrying water molecules along through thembrane. Diffusion and
hydraulic permeation fluxes are driven by concdittna and pressure gradients,
respectively. The direction of these fluxes is Ulgyuaom cathode to anode, but can
vary in magnitude and direction over the activeceetale area. Thinner membranes
lead into larger diffusion and hydraulic permeatilorxes. Water fluxes inside a PEM
fuel cell are illustrated in Figure 7.

H, (+ H,0 water air/O,(+ H,0
2 (+ HO) production I 2(| )

|

electro-osmotic
drag

diffusion

flow channel flow channel

hydraulic
permeation

PTL membrane PT
H,+ H,0 anode TS air/0,+ H,0

Figure 7: Water transport through the membrane in FEMFCs.

The direction and magnitude of local water flux elegs on the local conditions, i.e.
current density, temperature, reactant flow cood#j water concentration,

component properties and cell geometry. These faetiso have an effect on current
density distribution in a cell, and these two alesely connected. Current density
distribution is discussed further in chapet.

The objective of water management is to ensurecsaft ionomer humidification
throughout the active area, while removing exceagemthat might obstruct reactant
diffusion. Water removal from the cell can be agtyvcontrolled by regulating cell
temperature, reactant flow rates and humidificatiBassive control methods are
based on cell design, i.e. flow channel geometigw fdirections, PTL material
selection, MEA thickness etc. Active control methaequire additional equipment
and require power, thus reducing system efficiendgwever, active controls can
respond to changing external conditions better tre@sive control methods.

3.4. Current density distribution

Current density distribution, i.e. current prodantiprofile over the electrode area in
PEM fuel cells is not homogeneous but distributddin causes for current density
distribution are local variations in ohmic resistarand reactant transport, which in
turn are caused by local variations in materiapprties and operating conditiors]
55].

Variation of ohmic resistance is caused by vanmeim ionomer hydration conditions
and contact pressure between components. Locahtiydrconditions depend on the
amount of liquid water in contact with the ionomeavhich in turn depends on
electrode and PTL properties, local temperaturg, #ow conditions in the flow
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channels. Changes in contact pressure have art effethe electrical and thermal
contact between the components and bulk conduesvitf PTLs, which changes the
ohmic resistance and temperature profiles in thie Teansport of the reactant to the
electrodes is controlled by the flow conditionghi flow channels and the properties
and water content of the porous transport layedstlam electrodes. Local variations in
mass transport arise from changes in local conditifor example temperature, and
material properties, such as PTL permeability &mckhess, which are different under
the flow channel and under the flow field plategad

Current density distribution occurs on three défdrscales. On the microscopic level,
current production is uneven due to distributiorttoke phase boundary sites in the
electrode and differences in reactant diffusion ithte catalyst particle agglomerates.
On millimeter scale, current production is unevese tb differences in mass transfer
conditions and ohmic resistance. For example, siiffu path from the flow channel to
the electrode is longer under the flow field platige than under the channel, and
permeability in the PTL under the ridge is loweredio compression. Similarly,
contact resistance between the electrode and thasFiigher under the channel than
under the ridge. On cell level, reactant conceiatnatirops and water concentration
changes along the flow channel, reducing reactapplg to the electrode and
changing humidification conditions, creating a deltel current density distribution.
All these effects are interconnected and the sgvercreases with average current
density.

Uneven current production profile can decrease lfelltime or cause component
failure due to local hot spot$4], or create dead zones where current produégion
significantly below the average. This leads intsslefficient use of catalyst material
and cell area, and thereby into suboptimal perfoceaThe methods which can be
used to optimize current density distribution arfkréby cell performance are
substantially the same that are used for water genant, since the distribution of
liquid water in the cell has a significant effeat the resulting current production
profile. Current density distribution measurementhich are discussed further in
chapter5, are a valuable tool in improving fuel cell perfance.

29



4. Fuel Cell Test Station

For the experiments described in Publications &nidl 111, the same base components
of the fuel cell test station were used. The teatish was a commercial one,
GlobeTech GT-100 Fuel Cell Test Station, consistioig a gas control unit
(GlobeTech, Inc., incorporated into ElectroChem."lh@and an electronic load unit
(Scribner Associates, Iy. A PC acts as a system controller and data lgggiit. A
block diagram of the test station is presented igufe 8. The test station was
augmented with auxiliary components and devices reguired by different
experiments.

The gas control unit feeds hydrogen, and air orgery into the fuel cell. Reactant
flows are controlled by MKS Type 1179A Mass-Flow®or@rollers (MKS
Instruments, Inc.). The gas control unit has bulbygle humidifiers for each reactant
gas, which can be bypassed if dry reactants aieede$urthermore, the gas control
unit is equipped with back pressure regulatorsctontrolling reactant pressure in the
fuel cell. Reactant gases are supplied from pres=ircylinders. Additionally,
nitrogen from a pressurized cylinder is used fagmg gas lines.

The load unit is a Scribner Series 890 Fuel Cedld_tnit (Scribner Associates, Inc.),
rated for 100 watts. The unit acts as the eleatrdoad either in galvanostatic,
potentiostatic or constant power mode. A tempeeatontrol system, which consists
of a thermocouple, PID controller and two electigating cartridges, is integrated
into the unit. The unit also features a built-inrremt interruption circuit, which
enables measuring the ohmic resistance of thecklelwhich is discussed further in
chapters.

The test station is controlled by a PC running Eed#® software (Scribner
Associates, Inc.) for system control and data leggirhe PC communicates with the
load unit via a GPIB interface and the load ur@hsmits the control signals to the gas
control unit.

Base measurement procedures and practices are dasle operational experiences
and accumulated knowledge of the Advanced Energye®is fuel cell group at the
Helsinki University of Technology, and are detaitdgdewhereq7 58 58 60]. Detailed
descriptions of operating conditions, e.g. cell amamidification temperatures,
reactant pressures and auxiliary systems and devioce each experiment are
presented in their respective chapters.

™ Electrochem, Inc., 400 W. Cummings Park, Woburn 801, USA
" Scribner Associates, Inc., 150 E. Connecticut Axersouthern Pines, North Carolina 28387, USA
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Figure 8: Block diagram of the test station
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5. Current Interruption Measurements

5.1. Background

Resistance measurement is an important performana#/sis and diagnostic tool
which can be applied on an operating fuel cell.Higsistance after cell assembly
may be an indication of improper alignment of comgus, leading into high
electrical contact resistances. Increasing or @esang resistance during cell operation
is usually an indication of changes in water manag@, since the conductivity of the
ionomer membrane is dependent on its hydratiore.s@dmplementing the voltage
measurements of unit cells in a fuel cell stackhwisistance measurements yields
more information on the operation of the stack @sdndividual cells and possible
problems than voltage measurements alone. Howeweaisuring fuel cell resistance
is not trivial, since fuel cells contain both pmoiw and electronic conductors.
Furthermore, different overpotentials overlap, magkit difficult to distinguish ohmic
losses from other overpotentials difficult.

The current interruption method, which has beenuwised in several publicatiorl|
62 63 64], for measuring fuel cell resistance is basedtlon fact that different
overpotentials dissipate at different rates aftemrent interruption. In a PEMFC,
ohmic overpotentials dissipate in less than 0.5 wbkereas the dissipation of
electrochemical overpotentials takes significarlipger, at least 10 n$63]. By
rapidly interrupting the current and observing tlesulting voltage transient, the
magnitude of ohmic losses can be estimated from difference of potentials
immediately before and after the current interruptiThe principle is illustrated in
Figure 9.
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Figure 9: The principle of resistance measurementybcurrent interruption method. The current

is interrupted at to. Ohmic losses dissipate almost instantaneously andltage increases rapidly

(AVonmic = RI). After that, electrochemical losses start to dipate. At t;, the current is switched
back on. Ohmic losses set in very rapidly and elecichemical losses at a slower rate.

Implementing the current interruption method regsiithe use of a fast switch to
interrupt the current for a brief moment. Alternaty, an auxiliary current pulse can
be fed into the system under scrutiny. The regylivitage transient is similar to that
in Figure 9 but inverse, i.e. voltage drops rapidigen the pulse is applied. This
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approach has been found to give more accuratetseauhigher currents68 64],
where rapid interruption of current is difficult implement.

In practice, measuring the rapid transient acclyrate complicated. Due to the
inductances of the measured system and the measuireeguipment, and the
nonideal electronic components, the voltage sigeabbscured by noise, and an
overshoot and oscillations immediately after therrent interruption. These
disturbances are present also in high-quality ésviand circuits built for current
interruption measurement$d]. An example of a recorded voltage transient is
presented in Figure 10. The equipment used wasptohized for current interruption
measurements and thus the voltage transient iblgatbower than that mentioned in
reference 3].
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i IR
— }

Voltage (V)
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Figure 10: Real voltage transient from a current inerruption measurement. DC components
have been subtracted from the voltage signal.

Post-interruption overshoot and oscillations lagahly longer than the dissipation of
ohmic losses, see Figure 10. Therefore using sageltvalue recorded after the
voltage has stabilized would probably lead intoregémation of resistance, since
some of the electrochemical losses have dissipayethat time. In this work, an
estimate for the voltage value after the curremérmption was obtained by the
following procedure: A linear fit was made into thaltage data after the oscillations
had decayed and the line was extrapolated badietmbment of current interruption.
The ohmic loss was calculated as the differencevdst this value and the averaged
voltage before the current interruption. While macturate, linear extrapolation will
yield better results than using a voltage valuended either during the overshoot and
oscillations or at a later time, when also sometedehemical losses have dissipated.
While the transient is exponential in nature afilee initial rapid change, linear
extrapolation was used because the overshoot &ilthtisns obscured the area of the
transient which is critical for accurate expondrfitaWith specialized equipment, the
disturbances can be controlled better and expaefiis can be used in stead of
linear ones for improved accuradg].

An alternative method for measuring cell resistarecelectrochemical impedance
spectroscopy (EIS), which is based on concurresefation of cell voltage and
current when steady state is perturbed by a sn@lsignal applied to the system, and
subsequent study of phase difference. For intapoet, an equivalent circuit is fitted
to EIS data or a set of differential equations dbsty the system is used, which
makes EIS less straightforward than the currem@rinption method. On the other
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hand, EIS yields also other information in additibm cell resistance. Current
interruption data can also be analyzed using theesaethods as for EIS data, if the
data is Fourier-transformed into the frequency darfb].

In Publication I, the current interruption methoadsvapplied to a fuel cell stack, a
successful measurement series demonstrated and sewicces are discussed. The
method was first mentioned by D. Webb and S. Mdllelst [66], but no results were
presented. The method used here is an improvenmerhe previous work of the
author p0], and is faster, simpler and provides more ateuesults.

5.2. Experimental setup

The experiments were carried out using the tesibatalescribed in chapter and a
commercial four-cell fuel cell staBkeach cell having an active area of 25 ciihe
cathode side flow channels were open to surroundingnabling air supply both by
free convection and the use of an external farur€ig1 is a picture of the stack.

Figure 11: The stack used in current interruption measurements.

The current interruption function was provided e tload unit and the voltage

transients were recorded using a TDS-320 digiteilloscope. The anode end of the
stack was connected to ground through the load and therefore the oscilloscope
had to be disconnected from ground. Otherwise attimgethe counter probe, which

is grounded through the oscilloscope, in the middlthe stack would have created a
parallel path to ground, severely distorting theuts. Therefore, the oscilloscope was
powered through an isolating transformer.

The stack was operated without external heating fead with dry hydrogen at
constant stoichiometry of 1.5. Ambient temperatmd relative humidity were ca. 22
°C and ca. 20%, respectively. When operating ondogwection, measurement series
were carried out at 100, 150 and 200 mA“crRor forced convection, a fan was
placed under the stack and air flow directed iht® ftow channels using a cardboard
housing. The fan operated at a constant power20fML..Compared to the case of free
convection, the forced air flow provided some addi@l cooling. With forced
convection, measurements were carried out at 5&cmAsteps from 100 to 400 mA
cm?. During the experiments, stack temperature wagrebd with a thermocouple
sensor located in the flow field plate at the cdthend of the stack. Individual cell
voltages were monitored with an Agilent 34970A datmer.

°BCS # 25-4-29X, BCS Fuel Cells, Inc., 2812 FinfieatRoad, Bryan, TX 77801 USA
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At each current density for both free and forcechvemtion cases, the stack
temperature and voltage were allowed to stabilfter which a sequence of
measurements were performed. First, a full stadkage transient was recorded,
followed by voltage transient measurement from eawcib cell. Last, a second full
stack transient was recorded in order to checlpdésssible changes in the state of the
stack conditions. Stack and unit cell voltages, atatck temperature were also
recorded during the transient measurements. |fo@lye recorded quantities changed
in a notable way, the data was discarded and tlzsumement sequence was repeated.

5.3. Results and discussion

Measured ohmic losses and unit cell voltages ufateed convection are presented
in Figure 12. As current density was increased i@ to 400 mA crf, the ohmic
loss in the middle cells of the stack increased mamed to end cells. At maximum
current density, resistance of th€ &ell from the anode end of the stack was 21%
higher than that of the®1cell. However, measurement of unit cell voltagegeals
that the performance of cell 3 was equal to thatetlf2 and second to only cell 1.

The most likely reason for uneven ohmic loss peofitas uneven temperature
distribution in the stack. Temperature of the médcélls was probably higher than at
the ends of the stack, which led into increasege@naion, convection and reaction
rate. Improved water removal could not be compeashly water production on the
cathodes, which caused incipient drying out, butlenother hand facilitated oxygen
diffusion to the electrode compensating for therease in ohmic loss. Reliance on
voltage data only would not have revealed thatsdellthe middle of the stack were

actually on the verge of drying out.
UL
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Fig 12 Measzed ohmic losses in individul cdls. AF sqply: foxed comvecson. Fig 13 Individual cell vokages during the meassement of chmic losses. Air sapply: forced comvertion.

Figure 12: Ohmic losses (left) and unit cell voltags (right) measured from the stack under forced
convection.

Figure 13 presents the comparison of full stackstasce measurements before and
after the unit cell measurement sequence agaiesuim of unit cell resistances under
forced convection. Measurements indicate a goodesgent between the individual
readings and full stack measurements, which fursh@ports the applicability of the
current interruption method for unit cell resistameasurements.

Some features of Figure 13 warrant further discussrhe curve of the sum of unit
cell resistances seems to be smoother than thatllaftack measurements, which
contains more scatter. This scatter is probablyagx@d by the extrapolation process.
When the measured voltage transient is larget, iasiith the full stack compared to
a unit cell, also the overshoot and oscillations maore pronounced. This will add
uncertainty to the extrapolation and thus causétescan the resistance calculation
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results. This uncertainty in full stack measureraemtl probably increase with stack
size.

| -=- sum of unit cells
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Figure 13: Comparison between full stack resistanceeasurements and sum of unit cell
measurements.

Examining the raw voltage transients recorded withoscilloscope revealed that the
post-interruption transient and subsequent osafiat last 3 to 4us, which is
considerably more than the time scale for the pliggin of fastest electrochemical
losses. Therefore, extrapolation of voltage bacthéomoment of current interruption
is necessary, and was implemented when analyzitg ftam the experiments.
Specialized low inductance circuits are neededutotlte duration of perturbations
after the current interruption.

Pre-interruption voltage average as well as pdswiaption linear fitting was
performed over a period of 2@s. Conservative estimates for sampling rate and
standard deviation, 2 MHz and 5 mV, respectivelye@ standard error of the mean
of less than 2 mV for ohmic loss. As a relativeogrthat is less than 10% even in the
worst case.

Another error source is the linear extrapolatios.dscussed by Bkt al. [63], the
extrapolation should be done by fitting a logarithrrurve to the transient, but due to
the amount of noise and oscillations, a lineaw#s used instead. Based on the results
presented by Buichet al. [63] and Bichi and Scheref4], transients display
logarithmic behavior during the first microseconftea the current interruption,
whereas the fit used here starts 2 tps3later. Judging from their data, a linear fit
exaggerates ohmic loss by some millivolts. Furtteenthe error is systematic and
thus comparing ohmic losses of different unit celisuld be feasible.
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6. Measurement of current density distribution in a
free-breathing PEMFC

6.1. Background

Current density distribution in fuel cells is setdaniformly distributed throughout

the active area, and furthermore, there are oftdarences in the current density
distribution from cell to cell in a fuel cell stackineven current production stems
from the varying reactant availability and contaatssure distribution, humidity and
temperature profiles across the electrode surfate causes of uneven current
density distribution and common solutions are dised in detail in chapt8t4.

Uneven current density distribution leads to unepewer production distribution,

which leads into suboptimal use of active area kmger cell size. Furthermore,

uneven power production distribution may create &pots or other phenomena
harmful to power density or lifetime. Larger PEMB@stems often use auxiliary
devices, e.g. humidifiers and blowers, to keep sgetem performance optimal.
However, with small devices, system mass and fodtare paramount, making the
use of auxiliary devices undesirable. Minimizing thumber of system components
requires the introduction of passive control methddr reactant delivery and

temperature and humidity control. This can be aqiisined with careful cell design

and selection of materials.

Oxygen transport in free-breathing fuel cells oscby diffusion and convection.
Diffusive transport is driven by concentration geads, while the driving forces of
convective transport are the buoyancy effects chiiseheating and concentration
changes, i.e. density changes of air in the catlftmle channels. Of these two,
convective transport is clearly dominating overfudifon under common operating
conditions §7]. Convective mass transport is strongly dependarthe temperature
difference between the cell and ambient air. Higkenperature difference improves
oxygen transport by increasing air flow rate, bsbanhances water removal due to
increased evaporation and convection, which may ile@ drying out.

Several methods for measuring the current densstyilsution in an operating fuel
cell can be found in the literature. They are basedeither a segmented current
collector on one side of the cell or on sensingntfagnetic field produced by electric
current using e.g. Hall sensors. Segmentationetthrent collector can be achieved
in a variety of methods, e.g. by embedding condgcélements or Hall sensors in a
non-conducting frame6B 69 70 71 72 73 74 75 76], or by a printed circuit board
approachT7]. Each approach has their benefits and disadgast

In publication Il, an apparatus for measuring tbeent density distribution in a free-

breathing fuel cell is presented. The device isetasen the segmented current
collector approach and will be discussed in dataithe next subchapter. To the
knowledge of the authors, publication Il was thetfpaper presenting current density
distributions measured from a free-breathing fedil c

6.2. Experimental setup

For current density distribution measurements dlesdrin publication Il, the fuel cell
test station described in chapter 3.1 was augmewitid a special cell with a
segmented cathode current collector. The anodecsidgonents of the cell, an end
plate, current collector and single channel seipergraphite flow field plate, were
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taken from a commercial 25 émell by GlobeTech. Cathode side components were
in-house production. GORE PRIME/Series 5510 MEAs arftSIGRACET GDL 10
H PTLs by SGL Carbon AG were used in the experisient

The flow field plate was made of PVC plastic, witB parallel channels open to
ambient air machined into it. The cross sectioe sizeach channel was 3 mm by 3
mm. 48 gold plated stainless steel current colfes¢gments were embedded into the
flow field plate to form ridges between the chasndlhe size of each segment was 1
mm by 10.5 mm and they were arranged in 4 (vejtibgl12 (horizontal) pattern.
Small gaps existed between the current collectgmeats and the PVC ridges. They
allowed air flow between adjacent channels, butesthe main gradients driving mass
transport are in the vertical direction, mass tpansbetween channels was assumed
negligible. Each current collector segment was ected to a 0.1Q resistor for
current measurement. Unlike the current colledtee, PTLs and the MEA were not
segmented. The cathode side current collectoragshn Figure 14 and details about
the structure in Figure 15.

Gold-plated stai
stesl cumant

Cunmant wire

Currant collacior height
Adusirnean sGws

Insulation

Figure 15: Detailed schematic sections of the segnted cathode current collector plate.

Individual height control of each current collegtinsegment allowed device
calibration for every measurement series. Befadinat) the experiment, the cell was
operated at a low average current density, less S&amA cn?, and the current

density of each segment was measured. If notahlatons from the average were
detected, they were corrected by adjusting thetipasif the segments in question. At
low average current density, mass transport wasea®&d not to cause local
differences in current production and thus compdiche calibration procedure.

For demonstrating the measurement system, currensitg distributions were
mapped at four temperatures (ambient, 45, 60 ari@)7&nd two average current
densities (100 and 200 mA &n Ambient temperature, in this case, means that th
cell was not heated externally. However, heat preduby the cell reaction
maintained the cell slightly above the ambienttamperature. At each measurement
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point, the cell was heated to the desired tempeyand allowed to stabilize at 100
mA cm? for 15 minutes. Current density distribution wasarded for 15 minutes,
followed by a polarization curve measurement.

The cell was not actively humidified. The hydroded into the cell was dry, and the
only water sources were the ambient air and reagti@duct water. Due to these
conditions, humidity on the cathode side increasedards the top of the cell, due to
water production on the cathode electrode. On tizel@ side, which was humidified
only by water diffused from the cathode, hydrogemldity increased towards the
outlet, which was near the segment (12,1).

6.3. Results and discussion

Figure 16 to Figure 18 present current densityridistions measured at ambient
temperature, 6@ and 75C at an average current density of 100 mAZcmiihis
measurement series illustrates many aspects of treassfer in free-breathing fuel
cells.

In Figure 16 to Figure 18, numbers on the x- arakgs represent the location of
current collector segments, x-axis being horizoatad y-axis vertical. The arrow in
the figures indicates the direction of air flowushpointing towards the top of the cell.
Hydrogen inlet was located near the (1,4) segméniring the measurements,
ambient temperature and humidity varied betweef £#528.8C and 48.2 to 50.3%,

respectively.

At ambient temperature, see Figure 16, the averagent density in the bottom part
of the cell is three times higher than in the teptpand 50% above the average. At
60°C, Figure 17, the current density distribution seavmore uniform quality, with
an observable drop near the hydrogen inlet. Athighest temperature, 75, see
Figure 18, the distribution is very different (Ndtee different viewing angle). The
majority of the current is produced in the upperneo of the cell, away from the
hydrogen inlet, and the lower part is nearly dead.
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Figure 16: Current density distribution at ambient temperature (ca. 27 °C), at an average
current density of 100 mA cnt.
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Figure 17: Current density distribution at 60 °C, & an average current density of 100 mA cii
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Figure 18: Current density distribution at 75 °C, & an average current density of 100 mA cii.

Together with polarization and resistance curveews in Figure 19 and Figure 20,
respectively, current density distribution graphsovile enlightenment on the
conditions at different parts of the cell. At amitieemperature the cell is heated only
by the cell reaction. The small temperature diffieee between the cell and ambient
air, combined with concentration gradients in tlevfchannels, is not enough to
provide sufficient amounts of oxygen to the uppartp of the cell. Oxygen transport
was further impeded by liquid water accumulationtiie flow channels, which is
evident from the polarization curve and was condidnbby visual inspection. Thus, the
current density is highest at bottom of the ceisiRtance measurements indicate that
the cell does not suffer from drying out under thesnditions. At 68C, buoyancy
effect of air in the flow channels is strong enougtkeep the oxygen concentration
relatively uniform along the flow channel, thus therrent density distribution is
smooth. However, the corner of the (1,4) segmeptasgucing less current than other
parts of the cell, which is an indication of begmndrying out of the cell. Dry
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hydrogen was fed into the cell near the segmen) (&hich lead into local drying out
the water vapor accumulation in the flow channeincd compensate for.

At 75°C, the current density distribution is very diffete Most of the current is

produced in the top part of the cell, away from the@lrogen inlet. Increased cell
resistance, see Figure 20, is an indication of reewlying out. High operating

temperature leads into enhanced mass transpoitjgreased air flow in the channels
and evaporation, resulting in membrane drying Wdater vapor content of air is at
maximum at the upper part of the flow channel doeatcumulation of reaction

product water, thus the top part of the cell wattelbdumidified, and produced more
current than the bottom part. The effect of feedinghydrogen into the cell is clearly
visible: The area close to the hydrogen inlet igrtyedead, even if it is located at the
top part of the cell, despite water diffusion frtime cathode to the anode.
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Figure 19: Polarization curves at ambient temperatee, 45, 60 and 75 °C.
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Figure 20: Cell resistance as a function of averagrirrent density at ambient temperature, 45, 60
and 75 °C.

The results presented here and in publicationdlraturally quantitatively valid only
for the hardware used, but they demonstrate ontgtre¢ level the problematics of
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oxygen transport and water management in freedureptfuel cells. At low
temperatures the performance limiting factor isgety transport. The upper part of
the cell suffers from oxygen starvation, thus thdr part performs better. At 8D,
the temperature difference between the cell angdh®unding air is large enough to
drive a sufficient amount of air through the cathaghannels to provide oxygen for
the cathode reaction. At the same time, water reindv balanced with water
production, keeping the membrane adequately humidiéverywhere in the cell.
Under these conditions, the current density distrdm is the most uniform. At the
highest temperature water removal is excessivederamy most of the cell area
useless and creating very high local current diessin certain locations. Current
density distribution is mainly caused by the locariations in membrane
conductivity, not the concentration of reactantsimshe first case. It was thus
concluded that 6 was the optimal operating temperature among ttesded.

The effect of varying contact force between therentr collector segment and the
porous transport layer can be seen in Figure 16Fagure 17. Segments (6,1) and
(8,1) had better contact to the PTL than surroupdegments. Since current seeks the
path of least resistance, higher current was medduom those segments, with lower
results for adjacent segments. In the graphs trise seen as peaks in corresponding
locations with depressions around them.

The current density distribution mapping device baen used in the laboratory of
Advanced Energy Systems to further study the effiédperating conditions/B] and
cell orientation as well as the driving forces ofd convectiong7]. Furthermore,
measurement methods utilizing this device for meaguoverpotential distributions
have been developedd].

The results described above are based on the assuontpat the effect of non-
segmented MEA and PTLs was minor. However, latediss BO] have shown that
the use of common electrodes with segmented cuneltgctors will significantly
affect the current density distribution under paitesiatic operation due to variations
in contact resistance between the current colle@nod the PTL. While the results and
conclusions above are most probably qualitativelgrect, care must be taken when
interpreting data from current density distributiomasurements where common
electrodes and PTLs have been used.

42



7. Titanium sinter as porous transport layer

7.1. Background

Implementing passive control systems can be useddace fuel cell system weight
and size by reducing the number of auxiliary systeeeded. For example, air fans or
blowers and humidification systems can be dispemstgdif oxygen is supplied to the
cathode side by free convection. In this approacihode channels are open to
surrounding air, or the whole cathode structurehiannelless. These so called free-
breathing cathode structures are simpler and ttheaper to manufacture than
traditional forced convection flow field plates tvitnachined flow channels.

Implementing channelless cathode structures witiditional PTL materials is
challenging. Flexible carbon cloths and papers rsegxgporting ridges for maintaining
sufficient electrical and thermal contact with #dectrode. More rigid PTL materials
would make large cathodes open to surroundingassiple. In the literature, the use
of metal foams, sinters and nets as porous tran$pgars, flow fields or both has
been suggesteb() 51 81 82 83]. Benefits of these materials include unchanged
porosity under compression due to high rigidityd amgh thermal and electrical
conductivity.

Metal foams, sinters and nets can also be usetefidacing PTL and flow channel
structures in forced convection cells, either irarohelless structures which are
simpler to manufacture than current channel strastu or channels can be
manufactured directly on the PTL. Rigidity also leles the use of higher
compression in cell assembly to ensure electriodl #ermal contact between the
components.

In publication 1ll, the applicability of titaniumirgter as porous transport layer for
PEMFCs was evaluated. Testing was carried out foreed convection cell, and
special emphasis was given to contact resistasoess

7.2. Experimental Setup

The test station used for the experiments was itbestin chapted. 0.5 mm thick
titanium sinter PTLs were fitted into a 25 Trommercial single cell, either on the
anode or cathode side. Commercial carbon papeuses as a reference material for
performance comparison. In addition to untreatishitim sinter, titanium sinters with
two coating materials, platinum and carbon, westetd Coating thicknesses were 5
and 10 nm for platinum and 10 nm for carbon. Cagtiwere prepared by evaporation
method. The porosity of the titanium sinter was 3&8ording to a mercury intrusion
porosimetry measurement.

The effect of PTL materials was investigated byordimg polarization curves in
galvanostatic mode, accompanied with resistancesmmements by built-in current
interruption feature of the test station. Curvesemmeasured following a 20 minute
stabilization period at 100 mA ¢mCell temperature was 50 °C. The flow rates of
hydrogen and oxygen consisted of constant basesfloiv26 and 62 chmin®,
respectively, and variable flows of 10 and 25°anin™® per ampere, respectively. If
air had been used instead of oxygen, the flow vatald have corresponded to a
stoichiometric factor of ca. 1.5. However, pure gay was used instead of air, giving
a stoichiometric factor of 7.2. Excessive oxygeowflrate was used in order to
achieve water removal conditions correspondingperation on air.
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Each PTL material was tested on both anode anddatiside of the cell, with
commercial carbon paper PTL of the other side. regrence, a polarization curve
was recorded when carbon paper PTL was used orsluteh of the cell.

7.3. Results and discussion

Polarization curves recorded when uncoated titarsinter was used as PTL on one
side of the cell are presented in Figure 21. Fderemce, a polarization curve

measured with a conventional carbon paper PTL dslsehin the cell is also shown.

It is clearly evident that using a titanium sinésr PTL on either side of the cell gave
rise to a notable performance loss compared toardional PTLs. Performance loss
was more severe when titanium sinter was on theodatside.
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Figure 21: Polarization curves recorded when usingn uncoated titanium sinter as PTL on one
side of the cell. “Anode” and “cathode” indicate tre side the sinter was on, and “paper” refers to
the reference measurement with carbon paper on botkides of the cell.

Explanation to performance loss was provided bistasce measurements, see Figure
22. Resistance curves show that the total celktaste was ca. five times higher
when titanium sinter was used as a PTL. Since tiledpnductivity of titanium sinter

is high, the most likely cause for high resistales in contact resistance between the
sinter and the electrode, and the sinter and tiehige flow field plate.

If high resistance was the only reason for perferceadrop when using a titanium
sinter PTL,IR-compensatédpolarization curves would overlap. However, thsisdt
the case in Figure 22: While thB-compensated “anode” curve closely follows the
reference curve, the “cathode” curve still exhildtperformance loss, although cell
resistances are equal in both cases.

This is probably due to mass transport problemsedby accumulation of liquid
reaction product water in the pores of titanium PThis assumption is supported by
the fact that performance loss that can not beaéxgll by resistance increase
occurred only when titanium sinter PTL was on tla¢hode side. Cathode reaction
produces water, while water is supplied to the anside only by diffusion through
the membrane. Furthermore, dynamic viscosity ofrbgen is lower and diffusivity
higher due to smaller molecule size. Thus, hydrogansport in the sinter on the
anode side is less impeded by loss of porosity thanof oxygen on the cathode.

P The voltage ofR-compensated polarization curves is compensateteogeasured ohmic loss.
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Figure 22: IR-compensated polarization curves recorded when ugjnan uncoated titanium sinter
as PTL on one side of the cell. “Anode” and “cathoé” indicate the side the sinter was on, and
“paper” refers to the reference measurement with cebon paper on both sides of the cell.
“Comp” and “res” refer to |R-compensated polarization curves and resistance cugs,
respectively.

In the titanium sinter, both oxygen transport tadgathe electrode and removal of
both liquid and gaseous water to the flow chantegtes place in the pores. Water
accumulation in the pores thus obstructs oxygensprart, rendering parts of the
electrode inaccessible to oxygen. For carbon paged<loths, a different mechanism
has been suggested by Amphlettal. [84]. Gaseous species, both reactants and
reaction products, diffuse along the macroporethénmaterial, while liquid water is
transported by capillary forces in the microporasthe carbon fibers. Therefore,
titanium sinters are more prone to flooding thanvemtional PTL materials, which
are treated with non-functionalized fluorocarbaméncrease hydrophobicity.

In order to reduce contact resistance, platinum @rtdon coatings on the titanium
sinter PTLs were testedR-compensated polarization curves recorded wheredoat
titanium sinter PTLs were on the cathode side ef ¢bll are shown in Figure 23.
“Pt5”, “Pt10” and “carbon” refer to 5 nm platinunoating, 10 nm platinum coating
and 10 nm carbon coating, respectively. Platinurating on the titanium sinter
lowers the cell resistance ca. 60%, but carbonirgpaloes not have a notable effect.
Platinum seemed to bond well with the titanium aoef while the electrical
connection between the carbon coating and the rsimt&@s poor. Either the
conductivity of carbon layer was low, or the comtegsistance between the carbon
coating and the electrode was high. Still, theltaaistance of the cell in the case of
platinum coating remains twice as high as in tHeresmce case. Furthermore, since
titanium sinters were coated only on the side towahe electrode, resistance drop
would indicate that the contact resistance betwtdensinter and the electrode is
significantly higher than that between the sintedt the graphite flow field plate.

45



—a— PO comp
0.9 - Pt5 comp 5.5
—— carbon comp
e —a— PUO res 15
: w— PL5rea -
. - 5 C T —+— carbon res 4.5
07F ﬂ.m 4
1"‘1—..._._'1 E
< 08 g -
s g
=4 0.5 3 P
£ | e s &
g pal | L 25 =
| A, 2 g
0.3
| 15
Py
] e e
0 ||| " et 14
oA J' 05
o : 5 . . 0
[i] 100 200 300 400 500 &00

current density (mA cm 2:|

Figure 23: |R-compensated polarization curves recorded when ugincoated titanium sinters as

PTL on the cathode of the cell. “Pt10”, “Pt5” and “carbon” indicate the coating material and

thickness, 10 nm platinum, 5 nm platinum and 10 nnearbon, respectively. “Comp” and “res”
refer to IR-compensated polarization curves and resistance cugs, respectively.

A certain difference in polarization behavior beéneexperiments using uncoated and
coated titanium sinters on the cathode side warAmther discussion. Evidence of
flooding discernible in Figure 22 is not presenfigure 23. This would indicate that
coatings on the titanium sinter improved water reahdrom the cathode, probably by
altering the surface properties of the sinter talsarlesser hydrophilicity.
Hydrophobicity helps keep the electrode surface € liquid water. To this end,
conventional PTL materials are often treated willxP or similar fluorocarbons.

Performance of titanium sinter PTLs tested here wgeior to conventional carbon
paper PTLs in a forced convection PEMFC due to luightact resistance and mass
transport problems. However, in special applicaj@uch as free-breathing fuel cells
with large cathode area, where current densitpuwsdnd high rigidity of the PTL is
desirable titanium sinters may be feasible.

Coating PTLs with platinum conflicts with the cumtetrend of lowering the noble
metal content of fuel cell electrodes, but the amiaf platinum required for 10 nm
loading (0.2 mg ﬁ?l) is still several orders of magnitude lower théwattof low
platinum load electrodes (~1 g%n Material cost for 10 nm platinthtoating is ca.
$8.5 n¥?, while the price of conventional porous transpayers and titanium sinters
is ca. $1000 A [85]. However, the vacuum deposition method usedpfatinum
coatings is very expensive. With a cost effectivatmg process, additional cost of
platinum coating may be tolerable at least foraiarapplications.

9World spot price for platinum: $39.26 per gramdga4-25)
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8. Porous transport layer characterization

8.1. Background

Despite their multiple functions in a PEM fuel catid the fact that their properties
are crucial for high performance, porous transfayer properties remained a poorly
characterized and understood subject until recearsy Especially in the case of
uncatalyzed PTLs, the number of studies in openalitire was limited at the time of
writing publication 1V 186 8788899091929394 9596 97 98 99]. Many of these
papers discuss the effect of certain propertig2Tdfs, e.g. PTFE content, on fuel cell
performance under various operating conditions. él@w, they do not provide a solid
link between the physical properties of a PTL matemnd performance in a fuel cell.
There are also a number of studies on catalyzed sPTL
[51100101102103104105106107 108], but in that case establishing a connection
between PTL properties and performance is even glfwkenging, since the effect of
the PTL substrate is difficult to differentiate finadhe effect of the electrode structure.
In the last two years, the general interest in RFaperties and performance and
consequently the number of papers published osubhpect has increased.

Traditionally PTL performance testing has beeniedrout by recording polarization
curves and electrochemical impedance spectra. Wdpfdicable, this approach is
very time consuming, since especially electrochahimmpedance spectroscopy (EIS)
requires equilibrium conditions in order to produadiable results. Furthermore,
testing performance at several compression presduyepolarization curve scans
multiplies the testing time by the number of presgwoints. In publication V, a faster
method for PTL performance characterization is dbed and the dependence of
performance on various physical properties of PHtarals is studied.

8.2. Experimental setup and methods

In situ PTL testing was carried out using cell hardwarnd btithe KTH in Stockholm,
Sweden. In the cell, clamping pressure on the notircellectors is independent of
sealing pressure and is exerted by a pneumationpigtctive area of the cell is 7.1
cn and current collectors are cylindrical, with spitaw channels. The cell and a
schematic cross section of the device are presemtéidure 24. The cell is described
in detail in fL09] and 110].

Cell temperature durinn situ testing was 6. Reactants were fed into the cell at
excessive rates in order to keep the oxygen corat@nt uniform throughout the
active area. Stoichiometric factdrwas 5.5 for hydrogen and 4.3 for air. For oxygen,
same flow rate was used as for air in order to taminsimilar water removal
conditions. Reactant gases were humidified, hydrage60C, and air and oxygen at
48 or 60C in order to investigate PTL performance undehbmte and two phase
conditions. All testing was carried out at atmosjhpressure.
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Figure 24: On the left, a photograph of the cell usd for PTL testing. On the right, a schematic
cross section of the cell. (Figure: Jari lhonen)

Two carbon cloth and four carbon paper PTL matenare subjected to an array of
in situ andex situ tests. The goal af situ testing was to investigate the effect of
clamping pressure on cell performance and findapgmal clamping pressure for
both one and two phase conditions. The experimamtsisted of variable clamping
pressure and cathode dew point experiments in gastatic mode and polarization
curve measurements. Polarization curve measurements carried out at low and
high humidity regions at various clamping pressurg&gag both oxygen and air as the
cathode reactant. Variable cathode dew point t@ste run in galvanostatic mode,
unlike Mathiaset al. [33], to maintain constant water removal conditiomn$iich
depend on heat production and flow rate and stombtry. Additionally,
electrochemical impedance spectroscopy was usedédstigate cell operation.

Physical properties of PTL materials, e.g. eleatréasd thermal conductivity, porosity
and pore size distribution, gas permeability, andage wetting properties were
investigated byex situ. The main goal was to investigate the dependemdeTa
performance on the physical properties, and segpmbvide values of physical
properties for modeling purposes. The procedures @isrex situ measurements are
detailed in publication V.

8.3. Results and discussion

8.3.1. In situ testing

The traditional approach, recording polarizatiornves, was applied to one of the PTL
materials, GORE™ CARBEL™ CL. Polarization curvescareled at various
clamping pressures and two different cathode hdmardset points are illustrated in
Figure 25. The curves at®-compensated to better highlight the effect of gamg
pressure on mass transport, caused by the losserosity. The effect of clamping
pressure on cell resistance is discussed later.

For the set of operating conditions and hardwaexluthe highestR-compensated
voltage at high current densities under both low &igh humidity conditions was
obtained when clamping pressure was 9.7 bar. Torerethe optimal clamping
pressure lies between 4.3 and 18.1 bar. The irelieasass transfer overpotential is
clearly distinguished when the difference in calltage between polarization curves
measured with oxygen and aiko,-4i) are plotted. At low current densitigss 400
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mA cm?, AUoz.air behaves uniformly at all clamping pressures, lispldys variations
at higher current densities. This is an indicatiwet the mass transfer overpotential is
significant at current densities higher than 400 end. Furthermore, the fact that the
behavior ofAUq,.,ir is similar for both low and high cathode humiditglicates that
the mass transport overpotential stems from the ddgporosity under the ridges of
the current collectors rather than flooding of éhectrode.
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Figure 25: IR-compensated polarization curves and cell voltageifterence between
measurements using oxygen and air. PTL material: ERBEL™ CL. a) one phase conditions,
cathode humidifier dew point 48 °C b) two phase cdtitions, cathode humidifier dew point 60 °C

The results derived from polarization curve measents were corroborated by
variable clamping pressure tests at constant curféxe |R-corrected voltage reached
the maximum at ca. 10 bar for both low and highhedé humidity. However, the
optimal cell voltage was obtained at ca. 20-25fbahigh humidity conditions, and
significant mass transport problems were detectelg olose to 30 bar. For low
humidity, optimum clamping pressure was clearlyhiig over 28 bar.

A possible explanation for this behavior is the ioyed thermal conduction with
increasing clamping pressure. This allows moreieffit heat removal from the MEA,
which lowers the temperature difference betweenMfisA and current collectors.
Since the absolute humidity is constant, decredd&d\ temperature leads into
increased relative humidity near the MEA, resultingmproved humidification and
lower membrane resistance. On the other hand, ralsss transport overpotential
increases with clamping pressure, due to loss ofgity under the flow field ridges.
This counteracts the beneficial effect of improedectrical and thermal contact, and
at the optimal clamping pressure, these opposifegtsfare balanced. The exact point
of balance depends on the materials and operatingitions, but in general the
optimal clamping pressure is higher for low humnyiditonditions, because the
decreased temperature on MEA surface is less ltkelyad into flooding.

As a further example of information obtained byiable clamping pressure testing,
cell voltage and resistance measured uSiBGRACET GDL 10 BC and 30 BB
carbon paper PTLs at constant current density r@septed in Figure 26a and Nyqvist
plots for 30-BB at various clamping pressure levetsn the same measurement in
Figure 26b. 30-BB is recommended for low to intediage humidity operation, while
more rigid 10-BC is targeted for intermediate tghhhumidity region. As expected,
10-BC outperformed 30-BB under two phase conditi®est performance with 30-
BB was reached already at a clamping pressure dfat2above which performance
degraded due to loss of porosity and flooding. Base in cell resistance and increase
in mass transport overpotential are clearly visédko in the Nyqgvist plots, see Figure
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26b. For 10-BC, performance improved monotonowgith increasing clamping
pressure, and optimum point, which is above 25Wwas, not reached in the test.
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Figure 26: a) Cell voltage and resistance as a futien of clamping pressure at 1 A crif under two
phase conditions for®SIGRACET GDL 10 BC and 30 BB materials. b) Nyqvistplots for
®SIGRACET GDL 30 BB at various pressures.

Variable dew point method was found to be the &stay to study PTL performance
under one and two phase conditions. As an exarRgare 27a illustrates cell voltage
and resistance at constant current of 1 AZcat various cathode dew point
temperatures when usiffgIGRACET GDL 30 BB PTL, and Figure 27b shows the
cell voltages when operating on air and oxygen é&snation of cathode dew point
with ®SIGRACET GDL 10 BC.

Under one-phase conditions 30 BB performs well, éelt voltage begins to drop
steeply when approaching two phase conditions,cae53C, because liquid water
accumulates in the PTL and obstructs oxygen diffusimproved humidification is
seen to decrease ohmic losses but that is not Bnmugounteract the detrimental
effect of flooding.

For 10-BC, the dew point sweep was performed alkensoperating on oxygen.
Comparing the voltages recorded at various catldegepoints when operating on air
and oxygen reveals the effect of improved membhameidification and the fact that
flooding occurs mainly in the PTL, not in the etecte. Cell voltage on air increases
due to improved humidification when cathode dewnpdemperature approaches
50°C and drops slowly after that because of floodidg.neat oxygen, voltage rises,
again due to improved membrane humidification, lws#thode dew point reaches ca.
60°C and stays on that level at higher dew pointshdf electrode was covered by
liquid water, oxygen diffusion to the electrode Wwbibe obstructed which would
appear as voltage drop also in tliecompensated voltage curve measured on neat
oxygen. Therefore, it can be concluded that flogdincurs in the PTL.

Measuring the exhaust gas temperature confirmetethperature difference between
the PTL and the current collector. Temperatureedifiice between the exhaust gas
and current collector for both anode and cathodke,sand cell resistance are

presented as a function of clamping pressure iurei®28. The existence of the

temperature difference is an indication that thé Birface is at higher temperature
than the current collector, and the fact that tawpee difference decreases with
increasing clamping pressure is a further confiromabn the explanation provided

when discussing the results in Figure 26.
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Figure 27: a) Cell voltage and resistance as a futien of cathode humidifier dew point measured
using ®*SIGRACET GDL 30 BB and air. Clamping pressure 31.3ar. b) Cell voltage as a
function of cathode humidifier dew point, measuredising®SIGRACET GDL 10 BC and oxygen
and air. Clamping pressure 28.4 bar.

Gases are flowing in channels in which one wak, BYTL, is at higher temperature
than the other three. Therefore, depending onthesagfer properties, the temperature
difference between the PTL and the current collestmuld be two to three times
higher than that between the exhaust gas and ¢wo#actor. Thus, the temperature
of the PTL under the flow channel can be expeateuktat least 3 to°6 higher than
the temperature of the current collector. If hdak ffrom the PTL to the current
collector is assumed to be 0.7 Wgnthe heat transfer coefficient of the PTL-current
collector junction is in the order of 1.7 to 3.3 k* K. However, the PTL
temperature is based on a best-guess estimatethasdeat transfer coefficient is
only suggestive.

Exhaust gas temperature measurements can alscetiegausletect the onset of PTL
flooding. Reaction product water accumulates indanode air stream, and therefore
flooding starts near the outlet location. Flooddegrreases local current density and
heat production, thus decreasing PTL temperatutdchwcan be observed as a
decreasing temperature difference between the eklg@s and current collector. An
example is presented in Figure 29. Between 45 @n@,%he temperature difference
between the exhaust gas and current collector diggstically as the end of the flow
channel begins to flood. Above %7 the temperature difference is seen to increase
again as the current density distribution evens dug to flooding reaching the whole
area of the cell.

While polarization curve scans are applicable td P€&rformance characterization,

they are very time consuming, especially if eledemical impedance spectroscopy
is applied. EIS requires steady equilibrium cowdisi, which are reached only after 10
to 20 minutes. Furthermore, current density sweepsnge the water and heat
production and thus the water management condjtanm$ may change the kinetics of
electrode reactions. Many of these drawbacks caavbaled by variable clamping

pressure and humidifier dew point testing, whiclovile a faster method to

characterize PTL performance in fuel cells.

Measurement of exhaust gas temperatures is a obate task due to low heat
capacity of gases. Temperature probes must belatsta the gas outlet channels
without any contact to channel walls or other saiiterial, otherwise thermal
conduction will distort the measurement results.
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8.3.2. Ex situ testing

Pore size distributions measured from uncompred®€d samples by mercury
intrusion porosimetry are presented in Figure 3il&there are notable differences
in pore size distributions, they could not be lidketh PTL performance in a fuel cell
under two phase conditions. Most PTL materials hachicroporous layer (MPL),
which has very different structure than PTL sulistraaterial, on one or both sides.
However, samples without the MPL could not be ofgdifor most materials, and
therefore achieved porosity values are a combinatib PTL substrate and MPL
porosities. For further research, pore size digtidms should be measured from both
plain and MPL containing samples in order to défeiate the effect of the MPL.

Interestingly, all measured porosities were lowéant those given by PTL
manufacturers. However, this may be a reflection different measurement
procedures.
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Figure 30: Pore size distributions in uncompresseBTL samples measured by mercury intrusion
porosimetry.

Measured in-plane permeability at 1 bar compresammhthrough-plane permeability
varied in the range from 3B to 5.210"° m? and 1.€10™ to 9.610** m?
respectively. While an exclusive and unambiguougeddence of performance on
PTL permeability was not found, due to the numbwet mterdependent nature of the
phenomena, it can be concluded from the resultsaihan-plane permeability in the
range of 13% m? is sufficient for fuel cell operation.

Wetting properties of PTL materials were investghlby measuring the contact angle
with deionized water. Results ranged from 145 td°1%and the two materials that
performed best under two phase conditions scoredldivest and highest contact
angles. Therefore it can be concluded that theingegroperties of PTL surfaces are
not deciding factors for performance in a fuel cell

Porosity, pore size distribution and wetting projesrall affect the water management
properties of PTLs. The phenomena controlling thesgperties are interdependent
and it is difficult to deduce PTL performance infael cell based orex situ
measurement results. Furthermore, water managepreperties depend also on
gualities that are very difficult to measure, etlge distribution of PTFE and the
wetting properties of micro and macropores insideRTL substrate.

Measured thermal resistance and electrical comésistance fof SIGRACET GDL
10 BC and CARBEL™ CL as a function of clamping jgree are presented in Figure
31. Bulk conductivities usually fall in the range&D-200 S crit [33], which would
correspond to less than IOment in resistance per unit area and is small compared
electrical contact resistance. Similar values weld#ained for electrical bulk
resistance in other tests. Obtained values of rdattcontact resistance for one
PTL/current collector interface, 5-15(ment, agree well with results published by
Mishra and coworkers9p]. However, the work here and by Mistataal. ignore the
effect of compression on bulk conductivity, inciiegsuncertainty of the results.

Measured heat transfer coefficient from the PTlth® current collector range from
0.7 to 1.4 kW K™, corresponding to thermal resistance of 7 to &W™, in the
clamping pressure range of 3 to 10 bar. These salartain contributions from both
bulk and two interfaces between the PTL and curresitectors. If interface
resistances are ignored, this corresponds to thewnauctivity of 0.2-0-4 W i K™,
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close to the value reported by Vigl[l]. However, thermal conductivity that low is
unrealistic for a material that consists of grapgkd carbon fibers. Thermal and
electrical conductivities of porous materials angeirelated and the fact that the
electrical bulk conductivity of PTLs is about 5-1086 the conductivity of solid
graphite, it can be assumed that the same appiied@ thermal conductivity. That
gives a thermal conductivity of ca. 5-10 WK™, which corresponds to less than 1
K cm?> W' for normal PTLs. Similar to electrical resistandeterfaces are the
dominating source of thermal resistance, with tfemasistance of ca. 3-7 K érv ™.
This value agrees well with the thermal resistaralee calculated from exhaust gas
temperature data, but there is large uncertaintg thu the method used here.
Measurement of contact resistance is discusseukfuirt chapte®.
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Figure 31: Thermal resistance and electrical contdaesistance as a function of clamping
pressure for®SIGRACET GDL 10 BC and CARBEL™ CL. Resistance values include the bulk

resistance and two contact resistances (PTL-currertollector).

At a realistic heat production rate of 0.7 Wtand a channel/ridge ratio of 1:1 this
would correspond to a 2-5 K drop across the eldetf®TL interface, if all heat is

assumed to leave the electrode by conduction ewenbyugh both sides of the cell.
This is significant for water removal and MEA huifichtion — A temperature

change from 60 to 6& increases the pressure of saturated water vap2E%.
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9. Inhomogeneous compression of PEMFC porous
transport layers

9.1. Background

When a fuel cell with traditional flow channels bipolar plates is assembled, flow
channel ridges exert a pressure onto the poroaspoat layers, but areas under the
flow channels remain uncompressed. While PTL uriberridge is compressed to
gasket thickness, PTL under the channel retaing wiogs original thickness and
intrudes into the flow channels, as illustratedrigure 32.

Hipoiar oiate

(7L introiad il ofarns!

MEA

(Fach=! <il:—

LY comorassad under il

Figure 32: PTL deformation under compression. PTL mder the ridges is compressed to gasket
thickness, while the parts under the flow channeleemain uncompressed and intrude into the
channels.

Inhomogeneous compression of the porous transpyetd has several effects on fuel
cell operation. PTL intrusion into flow channelscdeases the effective cross section,
increasing pressure loss in the channels. Furthesn®TL compression under the

ridges reduces porosity, which decreases permsahiid thus hinders oxygen access
to the electrode under the ridge and water remfowai under the ridges.

Contact resistance between the PTL and electroderuhe channel is higher than
under the ridge, due to the pliable nature of PTdtenals and lack of compression.
Lower contact pressure under the channels has blessrved experimentally [e.qg.
110]. As a result, there are lateral currents i ¢kectrode as the current pursues a
path of least resistance and crosses over to thenPi€re contact resistance is lower,
i.e. under the ridge. Uneven current density distion may create unfavorable hot
spots due to ohmic heating where local current ilens high. Current density
distribution is further distorted by the changesP@iL bulk conductivity induced by
compression. Compression increases the numbemtdaapoints between the carbon
fibers in the PTL, thus increasing conductivitym8arly to electrical current, also
heat flux is affected by changes in thermal contasistance.

Despite their various functions and importance foel cell operation, porous
transport layers have received little researcmttte until recent years. There are few
previous studies on PTL properties under comprassibere are a few studies on
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PTL gas permeability under compressiéii $4112113114115116], and it has also
been considered in some modeld7118]. Variations in bulk electrical conductivity
of the PTL under compression have been modeled éygvand Yang1[17] and by
Pharoahet al. [121], but experimental studies are scarce. Typicalectrical
conductivity has been roughly estimated from valh@&sed on uncompressed samples
[99 109]. Thermal bulk conductivity of PTLs has beemperimentally determined in
publication IV and more recently, by Khandelwal aktgénsch 119]. They also
determined the thermal contact resistance betweeRTL and metal plate. However,
the effect of compression on thermal bulk condutgtiwvas not considered in
publication IV or by Khandelwal and Mench1[9].

The importance of electrical contact resistancewbeh the PTL and other
components has been discussed by many autBdm2[74 80 99109110120121],

but few experimental results have been publisH#110 120]. Furthermore, all
authors have ignored bulk conductivity of the PWhijch is affected by compression.

Fuel cell modelers have so far seldom taken théfeete into account. Sust al.
[122] and Zhouet al. [123] considered the effect of inhomogeneous corsfef
the porous transport layers, but Ssral. ignored contact resistance and Zlebal.
the effect of compression on bulk conductivity ofLB. Typically, PTL thickness,
permeability and contact resistance between the &Id_electrode, if considered at
all, are assumed uniform all over the cell area.

Goal of this work was to experimentally evaluategus transport layer properties
and contact resistance between cell components &saion of compression.
Obtaining accurate values for these properties avaerable improving existing
computer models and thereby optimizing fuel cetlcure for higher performance.
Measured properties were PTL intrusion into thewflehannel, in-plane gas
permeability, in- and through-plane electrical coctivities, and contact resistance
between the current collector and PTL, as well 8 &nd electrode. All properties
were measured as a function of PTL compressed gk instead of compression
pressure, since unlike compression pressure, casgulethickness can be controlled
without special equipment. Values were successbbbained for all properties except
for contact resistance between the electrode ahd PT

9.2. Experimental methods and setup

9.2.1. PTL material

Porous transport layer material used in all expenits was SGI°SIGRACET GDL
10 BA (by SGL Carbon AG). The material is a carlpaper, wet proofed with 5%-wt
PTFE solution. The material has no microporousrlaye the porosity is 88%4.24].

9.2.2. PTL intrusion into flow channel

For measuring the intrusion into flow channel, & Bample was placed between two
rigid metal plates and compressed to desired teskiset by clearance gages. One of
the plates had a groove in the middle, which fumetd as the flow channel. Bottom
of the groove had an opening in the middle, throwgich a probe attached to a dial
gage came into contact with the PTL surface. Ra@ssembly, dial gage was zeroed
to plate surface. Thus, PTL intrusion into the geocould be measured. The
experiment was repeated with several groove widgrgying from 0.6 to 2 mm.
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9.2.3. Gas permeability under compression

For gas permeability measurement, a circular PThpda was centered between two
rigid metal plates and compressed to desired tegkiset by clearance gages. The top
plate had a gas inlet in the middle. The flow of dir, which entered the PTL sample
in the center and then permeated radially throlgh gample until the edge, was
controlled by a Brooks 5850S mass flow controlferessure difference between the
inlet and outlet was measured with a tube manonfeteseveral air flow rates and
sample thicknesses. Gas permeability of the safopleach thickness was calculated
by Darcy’s equation, using measured pressure diffags and set flow rates.

9.2.4. PTL through-plane electrical conductivity

Through-plane conductivity of the PTL material wdetermined by measuring the
resistance of a stack of PTL samples (up to 6) ceaged between two graphite
current collector plates, see Figure 33, by founfpprobe method. The thickness of
the PTL sample stack was controlled by clearangega
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Figure 33: Resistance measurement setup.

A

To eliminate contact resistance between the PTLpkmsnall PTL surfaces at PTL-
PTL interfaces were vacuum evaporation coated avith0 nm layer of silver, which
has been shown to reduce contact resistance sigmify [L25126], but not affect the
bulk conductivity L27]. If the PTL-PTL contact resistance is assumegligible, the
measured resistance can be expressed as

Rmeas = 2[ Rgr + n[RPTL,bqu +2[Rc (1)

whereRess, Rg, RerLbuk Re, @andn are the measured resistance, bulk resistancesof th
graphite, bulk resistance of the PTL, the contadistance of the PTL-graphite
interface, and number of PTL samples in the stAtkenRyes is plotted as a function

of n, the slope of the graph gives the bulk resistarfid&TL material Rere pux. Ryr was
measured with the four point probe method, &dvas obtained with a method
presented in chaptér2.6.
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9.2.5. PTL in-plane electrical conductivity

The apparatus used for in-plane electrical condiigtmeasurement is presented in
Figure 34. Both ends of a rectangular PTL sampleewsamped under graphite
current collectors. Thickness of the PTL under ¢herent collectors was controlled
by clearance gages, and the distance between ttentuollectors could be adjusted.
The part of the PTL not under current collectors wampressed to desired thickness
by a plastic plate. Resistance of the system wassuned by four point probe method
for each sample thickness at several distanceseketthe current collectors. Since
contact resistances between the PTL sample anentwollectors remained constant,
the difference of the two resistance values gaeectntribution from the bulk PTL
material. Bulk conductivity was calculated from tlesult using equation 2.

Um:#ﬂ ()
’ R,-R hiw

whereoy, is the bulk conductivity of the PTL sample at Kriessh, x, andx; are the
distances between current collectd®sandR; are measured resistance values,\and
is the sample width. In order to increase accuratyneasurements were conducted
at several current collector separations and trsailtee averaged for each PTL
thickness.
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Figure 34: In-plane conductivity measurement set-upa) top view b) cross section

9.2.6. Contact resistance between PTL and currentc  ollector, and
PTL and electrode

Instead of using equation 1 and measured grapbitductivity to calculate contact
resistance between the PTL and current collectw, apparatus in Figure 33 was
implemented as a 3D model in COMSOL Multiphysica, & commercial PDE solver
software, and contact resistance was determinesirbylation. Conductivity of the
graphite current collectors was only an order ognii@de higher than that of PTLs,
and the thickness was an order of magnitude higfesrefore, the bulk resistance of
graphite current collectors was comparable to Ristance, and thus current profile
through the current collector could not be assuroedstant. Measured potential
differences were used as boundary conditions atewtrlead connectors and
determined bulk conductivity of PTL material andagjnite were used, and the
potential profile was solved in the model. The ptitd profile and measured current
were used to calculate the contact resistance battree PTL and current collector.
Beginning from an initial guess, the contact resise was varied until the simulated
current was equal to the measured one.
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Since the ionomer membrane between the electradesni MEA is an electric
insulator, the device in Figure 33 could not be ligppfor determining contact
resistance between the PTL and the electrode.ddstihe apparatus for in-plane
conductivity, see Figure 34, was used. The measmeprocedure was similar to that
of PTL in-plane conductivity, but the PTL sampleswaplaced with a MEA sample
of similar dimensions. Pieces of PTL of exactly sane size as the current collectors
were placed under the current collectors, betwhkerctrrent collector and the MEA.
Resistance of the system was again measured ausarurrent collector separations
and the measurement system was implemented in CQM@@tiphysics 3.2. Since
contact resistance between the current collectas RTL was known from the
previous experiment, the only unknown quantity,taohresistance between the PTL
and electrode could be solved by simulation.

9.3. Results and discussion

Figure 35 gives the thickness of PTL under the nkhaat various channel widths as a
function of gasket thickness i.e. steel gage thesknin the figure. Intrusion depth is
the difference of PTL thickness under the chanmel gasket thickness. Even at
maximum compression, the PTL under the channel ceagpressed only 8% of the
original thickness. When the PTL under the ridges wompressed to 250n, PTL
thickness under the channel changed only by ca. B¥#usion depth into the channel
depends on the type and properties of the PTL magtdyut all pliable materials
exhibit this behavior to some extent.
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Figure 35: Thickness of PTL (SGL®SIGRACET GDL 10 BA) under the flow channel as a
function of the thickness of the compressed part dhe PTL (gage thickness).

Large local differences in thickness lead into loeariations in mass transport
properties. Oxygen and water transport is hindeneder the ridges due to loss of
permeability caused by compression. Furthermone, dompression leads into low
contact pressure between the PTL and the electuodier the channel, which
increases electrical and thermal contact resistafdditionally, PTL intrusion into
the channel decreases channel cross section,iaffe¢lee velocity of the reactant flow
and increasing pressure loss in the flow channels.

Measured in-plane gas permeability®8§IGRACET GDL 10 BA PTL as a function
of compression is presented in Figure 36. Permgalibecreases by an order of
magnitude when the PTL is compressed to 250 66% of the original thickness, but
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decreases slowly afterwards. These values agree wittl results in the open
literature, e.g.33]. ®“SIGRACET GDL 10 BA porosity given by the manufaetuis
88%, and at 66% thickness (2pf), approximately 39% of the pore volume is lost,
giving a porosity of ca. 82%.
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Figure 36: In-plane gas permeability of SGL°SIGRACET GDL 10 BA as a function of thickness.

As shown above, PTL permeability under the chacael be an order of magnitude
higher than that under the ridge, and reactant flelecity and pressure loss increase
due to PTL deformation. This has a notable effecinass transport especially on the
cathode side, and should be taken into accounbrmpater models if more realistic

description of operating conditions is desired.

Measured electrical conductivity §SISIGRACET GDL 10 BA in in- and through-
plane directions is given in Figure 37. In-plan@dactivity was three to four times
higher than through-plane conductivity, probable do orientation of carbon fibers in
the material. Most fibers are aligned in the inaglairection and have relatively few
contact points with fibers above and below at lommpression. The number of
contact points increases with compression, as agethe quality of existing contacts.
Through-plane conductivity was very low at lowesimpression for the same reason.
The in-plane values were smaller than previoushpred, from 5000 to 23000 S'm
[3373 ]. However, obtained through-plane conductiyitynormal compression range
(up to 66%) agreed with those previously reportiedm 300 to 1400 S th[33
80 124 128]. Some of the difference can probably be aftted to structural
differences between PTL materials, but majority deerestimation of contact
resistance, which leads into overestimation of lmalkductivity.

Area specific contact resistance values for theriate between the graphite current
collector and the PTL are presented in Figure 38 Values were obtained by
simulation using measured conductivity values andrelimits were obtained by
repeating the simulation and varying the valuesni@asured quantities within their
respective error limits. Contact resistance isngllp dependent on compression. As
PTL is compressed from 92% to 66% of the origiratkness, contact resistance
decreases by an order of magnitude, due to increasentact quality and actual
contact area.

60



§ ® in-plans E
5000 - B ihrough-plans
Bant  ? ;
@ 4000 - @ .
g 3000 i * i
= - -
g - ' 9
= L ]
'E 2000 & -
g - L & 1
1000 i -
l] :r 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 |__

150 200 250 300 350

GDB thickness (pLm)

Figure 37: In- and through-plane electrical condudvity of SGL ®SIGRACET GDL 10 BA as a
function of thickness.
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Figure 38: Area specific contact resistance betweehe current collector and SGL®SIGRACET
GDL 10 BA as a function of thickness.
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Contact resistance between fuel cell componentisisussed in many publications.
Reported values for contact resistance betweeruhent collector and PTL under
moderate compression (0.5-2 MPa) fall in the raofjé to 50 n®2 cnf [33 42 73
80110120121 ]. Based on these results, the significanceootact resistance has
been often overestimated. Large variation of resofin probably be explained to
some extent by differences in material propertleg, more probably the cause is
ignoring the contribution from the bulk of PTL aadrrent collector.

Resistance contributions from bulk PTL material LRTrrent collector interface and
bulk current collector are comparable. Using thiees measured in publication V for
through-plane conductivity of PTL at 2%0n, bulk resistance of the PTL is ca. 1.7
mQ cn?, and contact resistance between the PTL and ¢urodiector was ca. 1 @
cn?’. For the graphite used in the experiments, thie bohductivity was ca. 70000 S
m. Therefore, the resistance of a 5 mm current ctteis approximately 0.7
cm?, which is close to both PTL bulk resistance and.#iirrent collector contact
resistance.
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Measuring contact resistance between the elecandethe PTL was not successful,
probably due to numerical problems in the simutatimodel. However, contact
resistance at that interface is probably highen tinat between the PTL and current
collector due to the ionomer content in the elatgroTherefore, it can be expected
that electrical and thermal contact between thetmlde and PTL under the channel is
poor compared to that under flow channel ridgess phoduces lateral currents in the
electrode, as current searches for the path of teasstance. Thus, realistic current
density distribution is probably very different fnothose given by models that ignore
the deformation of porous transport layer under m@ssion and resulting variations
in mass transport and electrical and thermal coii@toveen cell componentsZ9].

62



10. The effect of NaCl on PEMFC performance

10.1. Background

Laboratory PEM fuel cells typically use high puritgactants, which are not
economically viable for real world applications. the near future, affordable
hydrogen will be manufactured from hydrocarbons womass by reforming,
gasification or biological methods, while ambient B used as the oxidant. In
addition to a wide range of temperature and humidanditions, fuel cells will be
exposed to a number of impurities carried by thectants. Before full
commercialization of PEM fuel cells is possiblefeefs of different contaminants
must be determined and ways to mitigate the hareffatts found.

Depending on the type and quantity of the contantispecies, time of exposure, and
the side of the cell it is present in, i.e. anodeathode, impurities may affect one or
more components in the cell. Catalyst poisonsegi@mple carbon monoxide, adsorb
onto the catalyst surface and block reaction sitgsrfering with the electrode

reactions, or alter reaction pathways by inhibitmigpromoting certain reactions.

Other impurities attack the ionomer, increasingstasce to the current carrying ion
or induce ionomer degradation. In addition to affer electrochemical operation,

impurities may also cause corrosion or other serfelsganges in flow field plates,

PTLs, pumps, fittings and other hardware.

On the anode side impurities are usually introduiced the cell with the fuel or
originate from cell components. Hydrogen rich fistleams made by reforming
hydrocarbons such as natural gas, methanol, diesghsoline often contain at least
small amounts of carbon monoxide and dioxide, sutfompounds, hydrocarbon
residues and other possibly harmful species. Faglirities often poison the catalyst,
decreasing cell performance by altering reactiametics. For some impurities the
effect is reversible and performance can be redtdrat for other contaminants the
degradation is permanent. The most studied fueliitypis carbon monoxide, which
is present in most reformed fuel streah3(0131132133134135136137138139].
Other investigated contaminants include carbonid®§139140141142], hydrogen
sulfide [143144145], ammonial41146147148], and hydrogen peroxid&49].

Contaminants in the atmosphere have both naturlaathropogenic sources, the
most important being vehicle and industry exhafrets1 combustion of fossil fuels.
In addition to exhaust gases, also fine particte$s some naturally occurring species
may have an adverse effect on fuel cell performaidd#hough air impurities are
present in majority of fuel cell operating enviroemts, their effect on fuel cell
performance has received less attention than fugliiities.

Previously, many groups have investigated the efftsome common contaminants
found in vehicle exhausts: CO, gONO, and SQ [150151152 153]. Mooreet al.
included also some common chemical warfare agentkdir study 154]. Mepsted
carried out an extensive study on the effects airoon exhaust gas components and
other contaminants from internal combustion enginad used several different MEA
types in his experimentd$5]. Okada has discussed theoretically the efiecation
presence in a PEM fuel cell$6157].

There are several approaches for mitigating thenhreffects of fuel and oxidant
impurities, scrubbing or using high purity hydrogearriers and optimizing the
reforming process being the most obvious. In miiigaof the effect of air impurities
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air filtering has been preferred over contaminaferant catalysts. Mechanical and
chemical filtering can be used to lower the contant content of air down to
tolerable levels]52155158159].

To a great extent, studies on fuel impurity mitigathave concentrated on increasing
tolerance to carbon monoxide. Operation at higlkeenperature, between 120 and
150°C, would decrease CO adsorption onto the cataly$aee P7133160161]. On
the other hand, it would require ionomers that rt@mproton conductivity at higher
temperature and low humidity, which are developetivaly, see for examplelf2
163]. CO tolerance can also be improved by alloyimgplatinum catalyst with other
materials, which promote oxidation of adsorbed @orrently, the most common
catalyst alloys for CO-tolerant anodes are Pt/Rd RtiRu-based ternary alloysg4
165166 167 168 169]. CO oxidation can also be promoted by air dilée. mixing
some oxygen into the fuel strea@8[168170171172]. This involves some losses in
fuel conversion to electricity due to direct cheahiceaction between +and Q, but
that is only of the order of a few percer3] and performance benefits usually
outweigh the losses. Similar addition of {Dto the fuel stream can be achieved by
injecting oxygen evolving compounds, e.g. hydrogeeroxide, into the fuel
humidification system 173 174]. The beneficial effect of an air bleed can be
enhanced by adding a CO selective catalyst layevdan the flow channel and the
electrode 2425175176].

Publication VI concentrates on the effect of sodicimoride in the cathode side on
PEMFC performance. NaCl from sea water is presetiteé atmosphere as aerosol on
coastal areas, and is used as deicer on roadsh wiédkes it a very relevant air
impurity considering fuel cell powered vehicles.riéul effects of metal anions on
Nafion™ conductivity are well documentedq6 157 177178 179180181182 183]
and chloride ions are a known catalyst poison,esgefl84 185], but studies of the
effect of NaCl on PEMFC performance are scarc@enpen literature.

10.2. Experimental methods and setup

The effect of NaCl on fuel cell operation was stutby injecting NaCl solution into
cathode air stream of an operating PEM fuel cedl abserving cell performance by
several methods. These methods included polanzatim high frequency resistance
(HFR, 8 kHz) measurements at intervals to monitsfggmance change in time, and
cyclic voltammetry in order to detect signs of &gt poisoning. Furthermore, the
effect of NaCl on Pt/C electrode was studied féenmence irex situ test. A single Pt/C
electrode was prepared on glassy carbon and imdhénse HSO, solution, and
cyclic voltammograms were recorded. SubsequentlgCINwas added into the
solution and another set of voltammograms was decbr

Fuel cell experiments were conducted using a 25 agth with double sided E-TEK
ELAT® porous transport layer on the anode side, E-TEKELv2.22 on the cathode
and a Nafiofi 112 membrane with thin film electrodes prepardib¥dng the Los
Alamos National Laboratory standard procedur@g]. Platinum loading was ca. 0.2
mg cmi for both electrodes.

Cell temperature was 80 and anode and cathode reactant humidification
temperatures were 105 and 88C, respectively. Reactant flow rates were constant,
500 cni min™® (NTP) for dry hydrogen and 2100 émin™ (NTP) for dry air at a total
pressure of 2.9 bar(a). These flow rates correspmstbichiometric factors of 2.9 and
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5.1 for hydrogen and air, respectively, at a curdemsity of 1 A crif. The chosen
operating conditions are similar to those usediiomotive applications.

1 M NaCl solution was prepared using ACS reageatigMNaCl and deionized water.
The solution was injected into cathode side aieastr at 1 ch min® from a
pressurized reservoir and flow rate was contrdbge needle valve downstream from
the reservoir. The flow rate was chosen so thgitlinot initially cause flooding in the
cell.

The cell was operated at a constant voltage o¥@@ring the NaCl injection test and
average current density was recorded. After staqpNaCl injection, the cell was
operated on neat air to study recovery from NaGuaed performance loss. During
the experiment, polarization and resistance cuwe® recorded at intervals. Cyclic
voltammograms were recorded before the NaCl imectnd after the recovery
period.

10.3. Results and discussion

Current density vs. time curve recorded at constalthge during the NacCl injection
test is presented in Figure 39. NaCl injection stasted at t = 0 h and continued until
t = 99.2 h. Polarization and resistance curveschvhre presented in Figure 40, were
recorded at times indicated in Figure 39.

0.95
— 0.80
e
E 0.85

1 M NaCl 1 ml min”

0 20 40 60 B0 100 120 140 160
time (h)

Figure 39: Current vs. time curve recorded at consint voltage (0.6 V) while injecting 1.0 M NacCl
into the cathode air stream at 1 crimin-1, and recovery on neat air. Polarization cures were
recorded at a) 1.1h b) 53.4h ¢) 71.6h d) 99.2h €713h

Onset of performance degradation is delayed ch. @dspite the fact that the injected
NaCl solution contains enough Ni replace every proton in the membrane in every
15 seconds. The delay leads to the conclusionstiditim ions are transported to the
MEA by diffusion in liquid, since diffusion in saliphase would be much slower and
convective transport faster. Diffusion through dmég parts in the PTLs can not be
ruled out as a secondary transport mechanism, slac was seen to diffuse through
graphite flow field plates, making them a long teNaCl source. After the initial
onset of performance degradation, the rate of nudensity decay was ca. 4 mA ém
h' and was nearly linear after the first 30 hourse Phateau from 35 to 45 h was
caused by NaCl pump malfunction.
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Figure 40: IR-compensated polarization and high frequency resiahce curves recorded before,
during and after the NaCl injection test. The polaization curves were recorded at a) 1.1 h b) 53.4
hc)71.6hd)99.2he)167.3h.

An interesting feature can be seen in the poladmaturves in Figure 40dR-
compensated by the measured HFR values, see FbrePolarization curves here
do show indications of other loss mechanisms thanio overpotential — The curves
overlap at low current densities, thus the actratverpotential was not affected,
and curves do not bend down at higher current dessiwhich would be an
indication of mass transport overpotential. StiR-compensation by the measured
HFR values does not suffice to restore the cumensity — voltage curves back to the
initial level.

Probable explanation for this phenomenon is thiugien of contributions from both

H* and N4 conductivity in the membrane into measured HFRbility of Na" in the
membrane is lower than that of ;Hherefore the measured HFR increases as sodium
ions replace protons. However, the increase inresastance experienced by protons
is steeper since the number of available acid stesnstant and the ratio of protons
to sodium ions decreases. Fuel cell performancertiponly on H conductivity,
since they are the only species that can carrnentthrough the membrane. While
sodium ions have the same electrical charge asmspthey are not reduced at the
cathode, because the reduction potential of Na2.71 V, which is outside the
operating conditions of a PEM fuel cell.

If assumed that only the ohmic overpotential isréased by NaCl injection, the
resistance experienced by protons can be calcufeted the measured polarization
curves. This is done by finding a resistance valtlest would make alllR-
compensated polarization curves overlap with trst ne. The least squares method
was used obtain the resistance valuegdRresented in Figure 41a, which contains
also the measured HFR values for reference. Pataizcurves in Figure 41b ale -
compensated by &. values and match the original curve well. Thisi¢ates that
ohmic loss is the primary loss mechanism affecietl&Cl injection.

Measured HFR increased by ca. 29% during the exjeert, while R, after the NaCl
injection was 138% higher than the original HFR.wewer, fuel cell performance
dropped only by 33%, despite the large decreapeoiton conductivity.
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Figure 41: Calculated total resistance for polarizéion curves a) - €) in Figure 39, divided into
measured HFR and contribution from other sources. pPolarization curves from Figure 39,|R-
compensated with the calculated resistance valueR.f).

The assumption that ohmic loss is the only overmt@kaffected by the presence of
NaCl, was supported by cyclic voltammetry after M&Cl injection test. Although
the ex situ single electrode tests in,BIO, solution containing NaCl indicated that Cl
adsorbs onto the Pt catalyst and changes adsdgegnrption behavior of hydrogen,
cyclic voltammograms from the fuel cell did not kasny indication of chloride
presence on the catalyst surface, see Figure 42.
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Figure 42: Cyclic voltammograms of cathode side at&rode before and after NaCl injection test.
Scan rate 10 mV &, scan range 0.1 — 1.4 V vs. SHE.

Furthermore, recovery from NaCl was investigatedpgrating the cell continuously
after stopping the NacCl injection for ca. 60 ho@sll performance kept dropping for
the first 10 hours after switching off the NaCl gunndicating that the NaCl already
in the cell did not flush out instantly. After theell voltage stabilized and did not
change significantly during the next 50 hours.

As a conclusion, the major effect of NaCl contartiorain a PEM fuel cell is the

replacement of protons by sodium ions in the ionordéis increases the protonic
resistance of the membrane, thus decreasing pafm® and performance loss is
irrecoverable under normal operating conditionesBnce of NaCl in the cathode side
did not affect activation or mass transport ovezptil. However, these results apply
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only to the hardware and operating conditions ugetthis work and results may be
different under other conditions. Furthermore, ithjection rate of NaCl was five to
six orders of magnitude larger than those likelyotcur naturally. Still, proton
replacement by sodium ions can be expected to aseder all relevant operating
conditions, and exposure of PEM fuel cell system®laCl should be minimized in
order to avoid performance loss.
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11. Summary and conclusions

The work in this thesis concentrates on investigathe limiting factors of PEMFC
cathode performance. PEMFC cathode is a major iboitdr to cell losses, which are
connected to oxygen reduction reaction, oxygensfrart and water management.
Furthermore, the cathode is exposed to impuritieshe surrounding atmosphere.
Oxygen transport and water management issues aasvitle effect of air impurities
are included in this study. The activation overptitd of oxygen reduction reaction is
an electrochemical issue, involving catalyst anectebde development, and thus
outside the scope of this thesis.

The main goal was to gain a better understandirtheeffect of physical properties
of cell components on mass transfer on the cathodeon cathode performance. The
study on the effect of air impurities concentratedone common impurity relevant
for transportation applications of PEM fuel celglditionally, new measurement and
analysis methods were developed.

Essential part for fuel cell operation and the fquaint of this work was the porous
transport layer. Properties of the cathode porowsport layer affect the
transportation of oxygen and electric current a#l a®& water management. Despite
their evident importance, porous transport layees/ehreceived little research
attention. In publication IV, an improved charaization method for porous transport
layer performance under one and two phase conditi@as presented, and correlation
between the physical properties and cell perforraamas investigated. However, no
clear correlation was found. During the work, tlaiations in contact pressure and
contact resistance between cell components, whigate current density and
temperature variations, were observed and suggestilues for previously poorly
known material properties, such as thermal conditgtiand electrical contact
resistance, were obtained. Furthermore, analysiexperimental results confirmed
that the flooding of PEMFC cathode side beginshim porous transport layer, not in
the electrode. Additionally, the performance of esal porous transport layer
materials was compared under different operatimglicions.

Porous transport layer investigation continuesuhlipation V. The focus was on the
effect of inhomogeneous compression on porous pahsayer caused by the
channel-ridge structure of flow field plates, arma tphysical properties of porous
transport layer materials under compression. Newthaus were developed for
measuring the electrical bulk conductivity of th€Pand contact resistance at the
PTL-flow field plate interface as a function of cprassion. Results include values for
previously poorly known physical property parametd?revious studies were found
to overestimate the contribution from contact tesise at the interfaces because
current collector resistance and the effects of mession on bulk conductivity of
PTL are ignored.

Uneven contact pressure distribution between cethponents stems from the
pliability of porous transport layers. A rigid pa® transport layer material would
alleviate the problem and make possible the coctstiu of free-breathing fuel cells
with large open cathode area without additionalpsupstructures. In publication 11,
titanium sinter was studied as an option. Mechdmioaperties of titanium sinters are
acceptable and material cost is affordable, butvdser management properties are
lacking and contact resistance between the simdr ather components is high.
However, titanium sinters might have potential§ome applications, especially if the
problem with high contact resistance can be solved.
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Publication VI presents a study on the effect adism chloride in the cathode air
stream on PEM fuel cell performance. Sodium chiridas chosen due to its
presence in the atmosphere offshore and in coesgigdns, and its use as a road
deicer. Thereby, the effect of sodium chloride wagestigated under operating
conditions that are relevant for automotive PEMHApli&ations. The presence of
NacCl in the cathode was found to cause an irreliergierformance loss due to proton
replacement by sodium ions in the ionomer. Chlorigles were not observed to harm
PEMFC performance.

New measurement methods were developed duringwihik. In publication |, the
application of current interruption method for stahce measurement of a unit cell in
a fuel cell stack is presented. Combined with well voltage measurement,
resistance measurements facilitate locating anatifgiang performance problems. In
publication Il, an apparatus for measuring curmgsity distributions from a free-
breathing PEMFC is introduced. Current densityritigtion measurements enable
studying the effect of ambient conditions on fuel performance and efficient use of
active cell area. Furthermore, the device can leel i3 developing passive control
methods for free-breathing fuel cells.

As a result of this effort, new methods for PEMlIfoell and porous transport layer
performance analysis and characterization werelodped, and insight was gained on
current density distribution in free-breathing feells. This information is useful for
developing more efficient passive control methoald fiee-breathing PEM fuel cells.
The effect of porous transport layer propertiesn@ter management and mass and
charge transport in the cathode is now understagiteh Furthermore, values for
previously poorly known material parameters wer¢aimied, enabling modelers to
develop more accurate models that take local phenarinto account. The effect of a
common air impurity, sodium chloride, on PEM fuetllc performance was
investigated and the action of the impurity on celmponents was determined. This
information can be used by automotive companiestthge to consider the effect of
air impurities on the performance of fuel cell poweurces in vehicles.

Based on the work here, the following topics werenfd to warrant further research.
The relation between the physical properties obpsrtransport layers and fuel cell
performance is not established. Insight into gas légquid transport process in the
porous transport layer is needed. New testing Aadacterization methods are needed
to better understand the critical processes ananpeters of porous transport layers,
especially in the presence of liquid water.

As a result, fuel cell models often include parametlues for porous transport layer
and other properties that are based on estimatois best guesses. To improve
accuracy, these parameters should be determinedapplied into the models.
Furthermore, models should take into account theallosariations in material
properties and contact pressure between comporEmse create local variations in
reactant, water, heat and charge transport, wheeld linto emergence of current
density distribution. Including local phenomenaisbmputer models would provide
new insight into fuel cell operation.

Before commercialization, the effect of various ampurities on PEM fuel cell
performance and durability should be investigateldiny operating environments
contain harmful compounds, and therefore developroeimpurity tolerant catalysts
and other materials, as well as filtering methdusud be pursued.
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