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Abstract

Samuel Simon Araya
December - 2012

A harmonious mix of renewable and alternative energy sources, including fuel
cells is necessary to mitigate problems associated with the current fossil fuel based
energy system, like air pollution, Greenhouse Gas (GHG) emissions, and economic
dependence on oil, and therefore on unstable areas of the globe. Fuel cells can
harness the excess energy from other renewable sources, such as the big players in
the renewable energy market, Photovoltaic (PV) panels and wind turbines, which
inherently suffer from intermittency problems. The excess energy can be used to
produce hydrogen from water or can be stored in liquid alcohols such as methanol,
which can be sources of hydrogen for fuel cell applications. In addition, fuel cells
unlike other technologies can use a variety of other fuels that can provide a source
of hydrogen, such as biogas, methane, butane, etc. More fuel flexibility combined
with wider range of applications than any other available technology make them
suitable candidates for powering a sustainable future.

This work analyses the degradation issues of a High Temperature Proton Ex-
change Memebrane Fuel Cell (HT-PEMFC). It is based on the assumption that
given the current challenges for storage and distribution of hydrogen, it is more
practical to use liquid alcohols as energy carriers for fuel cells. Among these,
methanol is very attractive, as it can be obtained from a variety of renewable
sources and has a relatively low reforming temperature for the production of
hydrogen rich gaseous mixture. The effects on HT-PEMFC of the different con-
stituents of this gaseous mixture, known as a reformate gas, are investigated in
the current work. For this, an experimental set up, in which all these constituents
can be fed to the anode side of a fuel cell for testing, is put in place. It includes
mass flow controllers for the gaseous species, and a vapor delivery system for the
vapor mixture of the unconverted reforming reactants.

Electrochemical Impedance Spectroscopy (EIS) is used to characterize the ef-
fects of these impurities. The effects of CO were tested up to 2% by volume along
with other impurities. All the reformate impurities, including methanol-water va-
por mixture, cause loss in the performance of the fuel cell. In general, CO, dilutes



the reactants, if tested alone at high operating temperatures (~180 °C), but tends to
exacerbate the effects of CO if they are tested together. On the other hand, CO and
methanol-water vapor mixture degrade the fuel cell proportionally to the amounts
in which they are tested. In this dissertation some of the mechanisms with which
the impurities affect the fuel cell are discussed and interdependence among the ef-
fects is also studied. This showed that the combined effect of reformate impurities
is more than the arithmetic sum of the individual effects of reformate constituents.
The results of the thesis help to understand better the issues of degradation
and durability in fuel cells, which can help to make them more durable and com-
petitive with traditional devices to revolutionize the current energy systems.



Dansk Resumé

En storre udbredelse af vedvarende og alternative energikilder, herunder breend-
selsceller er nodvendigt for at mindske problemerne i forbindelse med det nu-
veerende fossile breendstof baseret energisystem. Problemer som luftforurening,
drivhusgasemissioner, og ekonomisk afhengighed af raolie, der hovedsageligt
forekommer i ustabile omrader i verden, har fundet sted i mange &r, og de be-
strabelser og tilsagn, der treeffes af nationale og internationale organer har kun
forsinket processen lidt, men har ikke lost problemerne.

Afhandlingen beskriver degraderingsmekanismerne i breendselsceller. Breend-
selsceller er elektro-kemiske enheder der laver elektricitet ved direkte kemisk om-
dannelse af gasformige braendsler, sa som hydrogen og andre hydrogen-rige blan-
dinger. Breendselsceller har vist sig at have en reekke fordele frem for traditionelle
teknologier, bl.a. hejere virkningsgrader, bedre braendstof fleksibilitet, samt milje-
maessige og samfundsgkonomiske fordele. Breendselsceller kan udnytte den over-
skydende energi fra andre vedvarende energikilder, som f.eks. solcellepaneler og
vindmeller. De kan veere en losning pa udfordringen med vindkraftens diskonti-
nuitet. Den overskydende energi kan anvendes til fremstilling af brint fra vand,
som kan lagres i flydende alkoholer, f.eks. methanol, der kan veere brintbeere
til brug i breendselsceller. Desuden kan breendselsceller i modsaetning til andre
teknologier anvende en reekke andre breendsler, der kan fungere som brintbeere,
f.eks. biogas, methan, butan osv. Hojere braendstof fleksibilitet kombineret med
et bredere anvendelsesomrdde end nogen anden tilgeengelig teknologi ger dem
egnede kandidater til at drive en baeredygtig fremtid.

Lesninger i forhold til pris og pélidelighed skal dog stadig findes for deres
endelige kommercialisering og indtreeden i hverdagen bliver mulig. Dette forskn-
ingsprojekt er initieret for at adressere problemstillingerne omkring holdbarhed
og for at analysere forskellige degraderingsmekanismer for en seerlig type breend-
selscelle, kendt som High Temperature Proton Exchange Membrane Fuel Cell (HT-
PEMEFC). Projektet beskriver de primeere fejltilstande og stressfaktorer.

Pa grund af de aktuelle udfordringer for produktion og distribution af brint,
er det mere praktisk at bruge flydende alkoholer som energibeerere til breend-
selsceller. Blandt disse er methanol meget attraktiv, da det kan produceres fra
en reekke af vedvarende energikilder og har en relativt lav dampreformerings
temperatur til fremstilling af hydrogen-rige blandinger. Det aktuelle arbejde un-
dersoger virkningerne pa en HT-PEMFC af de forskellige bestanddele af disse
hydrogen-rige blandinger. Til dette blev en eksperimentel opstilling forberedt,
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hvor alle enkeltdelene kan tilferes anodesiden af en braendselscelle. Opstillingen
omfatter massestremskontrollere til de gasformige arter og en fordamper til de
uomdannede reaktanter.

I dette arbejde er elektrokemisk impedansspektroskopi (EIS) brugt til at karak-
terisere virkningerne af disse urenheder. Virkningerne af CO er undersogt op til 2
volume % sammen med andre urenheder. Alle reformerings urenheder, herunder
dampblanding af methanol og vand, medferer et tab i breendselscellen. Virknin-
gen af CO, er kun en fortynding af reaktanterne, ndr det testes alene ved heje
arbejdstemperaturer (~180 °C), men har en tendens til at forsterre virkningerne af
CO . Paden anden side nedbryder CO og en dampblanding af methanol og vand
braendselscellen afhaengigt af, hvor meget der findes i gasblandingen. I denne
afhandling er nogle af de mekanismer, som urenhederne pavirker breendselscellen
med, diskuteret og den indbyrdes afheengighed mellem deres bidrag er ogsa un-
dersogt. Det viser sig, at de kombinerede virkninger af dampreformerings uren-
heder er storre end den aritmetiske sum af den individuelle virkning af bestand-
delene.

Resultaterne af athandlingen bidrager til en bedre forstaelse af degradering og
udholdenhed af braendselsceller, hvilket kan have betydning for arbejdet med at
gore dem mere holdbare og konkurrencedygtige i forhold til mere traditionelle
teknologier, og dermed revolutionere det nuveerende energi system. Breendsels-
celler kan fremstilles i forskellige storrelser og til forskellige applikationer, herib-
landt, el og varme til husholdninger, samt el og varme til mobile applikationer.

Eksperimenterne i forbindelse med athandlingen blev udfert I breendselscelle
laboratoriet pa Insitut for Energiteknik, Aalborg Universitet i samarbejde med
Serenergy A/S. Resultaterne er formidlet internationalt i form af konferencer og
videnskabelige tidsskrifter.
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Thesis Outline

Guide to the Reader

This dissertation is prepared as a collection of scientific papers produced during
the PhD period, and relevant to the project based on the objectives set at the be-
ginning of the research work. Accordingly the main body of the thesis is made up
of 5 chapters, which are divided as follows;

Chapter 1 describes the current energy system in relation to fuel cells and states
the motivation for the current research work. It describes the fuel cell gener-
alities and gives an overview of the role of fuel cells in the future of energy
systems.

Chapter 2 gives a background on the type of fuel cell under investigation in this
research project, an HT-PEMFC. After describing the working principles, it
presents the different components that make up an HT-PEMFC. It then high-
lights the main degradation modes and characterization methods as part of
the literature review for the project.

Chapter 3 is where the methodology for the work, fuel cell test station is de-
scribed. The chapter is a summary of the work published in paper 1 on a
dedicated vapor delivery system, prepared for the purpose of studying the
effects of methanol-water vapor mixture. Lastly some of the condition for
the tests and techniques used to analyze the EIS data acquired in the tests
are explained.

Chapter 4 summarizes the main contributions of the current research project in
relation to the available literature and the objectives of the project. For easy
reading the chapter is divided in to sections that analyze the effects of im-
purities separately, and therefore, results from the different tests are put to-
gether for an overall analysis. The combined effects of impurities were also
qualitatively compared with individual effects of the impurities.

Chapter 5 Concludes the dissertation by giving the final remarks and addressing
the limitations of the work for possible improvements for future work in
experimental characterization of HT-PEMFCs.

The experimental work in this thesis is entirely undertaken in the fuel cell labora-
tory at the department of energy technology, Aalborg University in collaboration
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with Serenergy A/S. The test station is prepared together with the help of my su-
pervisors Seren Knudsen Ker and Seren Juhl Andreasen.

In this dissertation the acronyms PEMFC and LT-PEMFC are used interchange-
ably, and they both refer to proton exchange membrane fuel cells that employ
Nafion®-based polymer membrane for operation at temperatures below 100 °C.
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Introduction

"What's the use of a fine house if you haven’t got a tolerable planet to
put it on?"
- Henry David Thoreau.

This section gives a brief overview of the current enerqy system and states the motiva-
tion for the current research work. It then describes the fundamentals of fuel cell technol-
o0gy, gives a brief history and outlines research and technology trends.

1.1 Overview

1.1.1  Why Fuel Cells?

With the increasing urgency for action to mitigate climate change and its conse-
quences, several renewable and alternative options for energy generation, conver-
sion and storage are being developed and continuously studied around the globe.
Investments on renewable energy are increasing every year despite the extended
period of global economic recession, with China being the leading country in to-
tal investment in renewable energy for the year 2011 [REN21, 2012]. However,
despite all the efforts and pressure by the international bodies for climate change
mitigation, the global CO, emissions rose by 3.2% in the last year alone compared
to 2010, where it hit an all-time high of 31.6 Gt according to preliminary estimates
from the International Energy Agency (IEA) [IEA, 2012]. In Fig. 1.1 the global
CO, emission from the main anthropogenic causes, use of fossil fuel ad cement
production is provided by region.



CHAPTER 1. INTRODUCTION
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Figure 1.1: Global CO, emission from fossil fuel use and cement production. Re-
produced from Oliver et al. [2012].

Therefore, never before has there been so much need for transition from the
current energy system, which still rely mainly on fossil fuels to a new and alter-
native system based on renewable sources. To favor this transition, there are a
number of initiatives that are catalyzing the increased market share of green en-
ergy, from policy trends to increased investment and national and international
goals to decrease fossil based power generation. According to Renewable Energy
Policy Network for the 21st Century (REN21) [REN21, 2012] annual report, at least
118 countries, more than half of which are developing countries, had renewable
energy targets in place by early 2012. There are concentric targets that go from
global to regional, national, provincial and to municipal, which usually tend to be
more and more ambitious as the area of interest narrows down to smaller areas.
The targets vary from a few percentage increase in renewable energy production in
some countries to other ambitious ones such as the 100% renewable energy target
reached by Denmark for the year 2050 [Danish Energy Agency, 2009].

For these targets to be met, however, a harmonious mix of renewable sources
of various nature for different sectors should be put in place. Fuel cells, being one
of the most versatile energy conversion devices are expected to play an important
role in achieving these goals and in mitigating some of the major issues associ-
ated with current energy sources. Theoretically, they can suitably power mobile
phones and cities alike, and when supplied with hydrogen derived from renew-

2



1.2. FUEL CELL FUNDAMENTALS

able energy sources (solar, wind, biomass, etc.), they can can be 100% CO, neutral
and positively impact the environment. Other advantages of fuel cells include, a
generally higher efficiency compared to combustion engines, absence of moving
parts, which translates into silent and potentially reliable operation, fuel flexibil-
ity, and little or no emissions during operation [Ryan O’Hayre, 2004]. As with
all renewable energy sources they also contribute to socio-economic development,
energy security and energy independence. These advantages are in line with the
policy makers” wish for a sustainable development, with more job creation, cur-
rently accounting for close to 5 million jobs [International Labour Organization,
2012] globally in renewable energy industries, and wider energy access, including
remote areas.

Therefore, together with other renewable sources, fuel cells can reduce the
problems associated with petroleum based energy production, which include air
pollution, Greenhouse Gas (GHG) emissions, and economic dependence on oil,
and therefore on limited resources and unstable areas of the globe. As the big
players in the renewable energy market PV and wind energy suffer from inter-
mittency problems, fuel cells can harness the excess energy that can be used to
produce hydrogen from water, or can be stored in the form of liquid alcohols. In
addition, fuel cells unlike other technologies can use a variety of fuels that can pro-
vide a source of hydrogen, such as methanol, biogas, methane, butane, etc. More
fuel flexibility combined with wider range of applications than any other available
technology makes them suitable candidates for powering a sustainable future.

1.2 Fuel Cell Fundamentals

A fuel cell is an electrochemical device that converts the internal energy of gases
into electrical energy, directly and continuously through chemical reactions. The
reactions take place as half-cell reactions on the electrode surfaces. An oxidation
half-cell reaction takes place on the negative electrode, anode according to Eqn. 1.1,
and the reduction half reaction takes place on the positive electrode, cathode ac-
cording to Eqn. 1.2,

Anode : Hy < 2H' +2e7, (1.1)

Cathode : % 0, +2H" +2e” +— H,O0. (1.2)

When a fuel cell is fed with pure hydrogen and oxygen, the only exhaust of the
process are excess heat and water vapor, which makes fuel cells one of the cleanest
technologies currently available, provided that the H, gas is obtained from renew-
able sources. The schematic in Fig. 1.2 illustrates a simple unit H, /O, - based fuel
cell assembly, and gives the basic flows and working principles.

Since the voltage output of a single cells is limited to the range 0.6 - 0.8 V, fuel
cells are normally connected in series for real life applications to achieve higher
voltages, where the overall voltage is the sum of individual ones in this case. Their
modular structure allows them to cover a wide range of applications determined
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Halnlet Oz Inlet

MEA Electrolyte

Figure 1.2: Working principle of a fuel cell.

by the type of electrolyte used, the operating temperature and the number of unit
cells assembled.

The concept of fuel cells dates back to more than two centuries ago, where
Humphry Davy demonstrated the working principle in 1802. Their invention
however, is usually attributed to Sir William Grove, a Welsh judge and physical
scientist, who invented what he named as “gas voltaic battery” in 1839 [University
of Cambridge, 2012]. Long after, PEM fuel cells were invented at General Electric
in the early 1960s, through the work of Thomas Grubb and Leonard Niedrach,
where they later started collaboration with National Aeronautics and Space Ad-
ministration (NASA) for their use in the Gemini space missions [Smithsonian Insti-
tution, 2004]. In the 1970s, due to climate change, oil depletion and energy depen-
dency concerns, fuel cell’s as other renewable energy sources started to gain more
attention. Since then their development can be said accelerating every decade up
until the present time.
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1.3 Classification of Fuel Cells

Fuel cells are usually classified based on the electrolyte they employ and some-
times based on the temperature range at which they operate, both factors which
determine the suitable application area of a fuel cell. This is one among many ad-
vantages of fuel cells with respect to other technologies, where there is a type of
fuel cell for almost any application where power is needed. The main types of fuel
cells and their properties are summarized in Tab. 1.1.

Table 1.1: Classification of relevant fuel cell types [Fuel Cell Today, 2011]

FC type  Electrolyte Operating  Electrical ~ Typical Applications

tempera-  efficiency  electrical
ture power
PEMFC  Ionexchange 80°C 40-60% <250 kW  Vehicles,
membrane small
(water-based) stationary
HT- Ion exchange  120-200°C  60% <100kW  small
PEMFC  membrane staionary
(acid-based)
DMEFC Polymer 60-130°C  40% <1kW Portable
membrane
MCEC Immobilised  650°C 45-60% >200kW  Stationary
liquid molten
carbonate
PAFC Immobilised ~ 200°C 35-40% > 50 kW Stationary
liquid
phosphoric
acid
SOFC Ceramic 1000°C 50-65% <200kW  Stationary
AFC Potassium 60-90°C 45-60% > 20 kW Submarines,
hydroxide spacecraft

1.4 Technology State of the Art and Trends

There are several national and international, governmental and private funding
bodies that are helping the fuel cell development move forward. Projects and
goals by U.S. Department of Energy (DOE) and the Fuel Cells and Hydrogen Join
Undertaking (FCH-JU) by the European Commission, can be mentioned among
others. Japan also made several efforts and commitments with its Ene-farm pro-
gram, a u—CHP program for single households and the Japan Hydrogen & Fuel
Cell Demonstration Project (JHFC) project, which consists of fuel cell vehicle and
hydrogen infrastructure demonstrations. South Korea’s investments on the tech-

5



CHAPTER 1. INTRODUCTION

nology, are also worth mentioning. For-example, POSCO Power completed the
construction of its fuel cell stack manufacturing plant in the city of Pohang, South
Korea, with current production capacity of 100 MW of Molten Carbonate Fuel
Cell (MCFC) stacks annually [Breakthrough Technologies Institute Inc., 2012]

Moreover, there are independent analysts that suggest the commercial success
of fuel cells may be imminent. According to an industry review by Fuel Cell To-
day [2011], fuel cell sales are growing rapidly, around 75% each year since 2007,
which is when their commercialization started. The review also says that Proton
Exchange Membrane Fuel Cells (PEMFCs) are dominating the early market by
selling 97% of total fuel cells sold in 2010, with the most recent review reporting
that this grew further by 87.2% in 2011 [Fuel Cell Today, 2012]. A statement from
the review summarizes this momentum that fuel cells are currently enjoying and
the prospect for their future success as follows,

"Fuel cells have never been in a better position to positively impact
our everyday lives and enjoy the commercial success promised for so
long."

As already mentioned and can be noted in Tab. 1.1, the different fuel cell types
are appropriate for different areas of application based on their operating tem-
perature and the materials they employ. This means different fuel cell types are
suited for different durability targets, operational stresses and power demands.
Because of this and variations in research investments they have different devel-
opment histories, and consequently different achievements and future trends can
be foreseen.

1.4.1  Transport Application

The current global transportation system based on petroleum is a huge contributor
to the global CO, and other GHG emissions, accounting to 23% of the total CO, in
2009 [Schipper et al., 2009]. For decades fuels cells have given many promises to
free us from the oil bond, especially in regards to automotive applications. How-
ever, many years of postponement of their commercialization has resulted in some
skepticism and cuts in government funds in some countries. In the US, for exam-
ple, energy secretary Steven Chu did not trust hydrogen-powered cars in 2009,
and funding for fuel-cell research was cut in favor of plug-in electric vehicles, as
Obama set a goal of having 1 million electric vehicles on the road by 2015 [Angela
Greiling Keane and Alan Ohnsman, 2012].

Nonetheless, fuel cells are now starting to enjoy good moments, and given
their number of already mentioned advantages over other technologies this will
increasingly be the case. However, considering some skepticism that surround
them, mainly due to delay in their commercialization, their profitability in this
early market may play a crucial role to their success in the years to come.

The cost of automotive fuel cell systems has been drastically reduced from the
values of 2002 of about $275/kW to $49/kW in 2011, assuming a high volume pro-

6



1.4. TECHNOLOGY STATE OF THE ART AND TRENDS

duction of 500 000 units per year [U.S. Department of Energy, 2012]. This needs
to further be reduced in order for fuel cells to commercially compete with the cur-
rent technology of Internal Combustion Engines (ICEs), which costs as low as $25 -
$35/kW. The cost target of $30/kW was initially set for 2015 by DOE, but then has
been postponed to 2017 in their latest technical-plan report. The target includes
also the achievement of a durability target of 5000 hours for their commercializa-
tion, which is the equivalent of the average durability of ICE.

Consequently, many of the major auto-makers along with DOE continue to
project initial commercial production in 2015, with Hyundai and Toyota planning
to sell at $50 000, and other big players in the industry, GM, Honda, Daimler and
Mercedes among others committed to similar goals [U.S. Department of Energy,
DOE, 2011]. Therefore, one could argue that the long anticipated promises are
recently starting to be met, considering also the number of fuel cell buses and fleets
of Fuel Cell Electric Vehicles (FCEVs) that are already being tested in different
regions of the world.

1.4.2 Stationary Application

Table 1.2: Commercially available large stationary fuel cells in 2011. Source:
Breakthrough Technologies Institute Inc. [2012]

Table 8: Commercially Available Stationary Fuel Cells 2011
Prime Power and mCHP
Manufacturer Product Name Type Output
Ballard FCgen-1300 PEM | 2-1kW
CLEARgen PEM Multiples of 500 kW
Bloom Energy ES-5400 SOFC | 100 kW
ES-5700 SOFC | 200 kW
Ceramic Fuel BlueGen SOFC [ 2 kW
ek Gennex soFc |1kw
ClearEdge ClearEdge 5 PEM 5 kW
A ClearEdge Plus PEM |5 - 25 kw
ENEOS CellTech | ENE-FARM PEM 250 - 700 W
FuelCell Energy | DFC 300 MCFC | 300 kW
DFC 1500 MCFC | 1,400 kW
DFC 3000 MCFC | 2,800 kW
Heliocentris Nexa 1200 PEM 1.2 kW
Fuel Cells AG
Horizon GreenHub Powerbox PEM 500 W - 2 kW
Hydrogenics HyPM Rack PEM Multiples of 10, 20,
and 30 kW
FCXR System PEM | 150 kW
Panasonic ENE-FARM PEM 250 - 700 W
Toshiba ENE-FARM PEM 250 - 700 W
UTC Power PureCell Model 400 PAFC | 400 kW

Continuing in the wide spectrum of fuel cell applications, the stationary sec-
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tor is one that is growing very rapidly and has already its early success stories.
Stationary applications can be small as in the case of Uninterrupted Power Sup-
ply (UPS), backup powers and remote powers or large, as prime power plants
for data centers and u-CHP for residential households and commercial buildings.
Low and high temperature Proton Exchange Memebrane (PEM) fuel cells can sup-
ply both small and large stationary applications, while MCFCs, Solid Oxide Fuel
Cells (SOFCs) and Phosphoric Acid Fuel Cells (PAFCs) are mainly used for large
stationary applications.

Table 1.3: Commercially available small stationary fuel cells in 2011. Source:
Breakthrough Technologies Institute Inc. [2012]

Manufacturer Product Name Type Output
Altergy Systems | Freedom Power System PEM 5-30 kW
Ballard FCgen 1020A CS PEM 1.5 - 3.6 kW
ClearEdge ClearEdge CP PEM 10 kW
Power
Dantherm DBX 2000 PEM 1.7 kW
e DBX 5000 PEM |5 kw
Horizon H-100 PEM 100 W

H-1000 PEM | 1kwW

H-3000 PEM | 3kW

H-5000 PEM 5 kW

MiniPak PEM 100 W
Hydrogenics HyPM XR Power Modules | PEM 4, 8, and 12 kW
IdaTech ElectraGen H2-I PEM |25-5kW

ElectraGen ME PEM |25-5kW
Microcell MGEN 1000 PEM | 1kW

MGEN 3000 PEM 3 kW

MGEN 5000 PEM 5 kW
ReliOn E-200 PEM | 175 W

E-1100/E-1100v PEM | 11kW

E-2500 PEM | 2.5 kW

T-1000 PEM | 600 W - 1.2 kW

T-2000 PEM | 600 W - 2 kW
SFC Energy EFOY Pro Series 600, DMFC | 25, 65, and 90 W

1600, 2200

There are a number of commercially available stationary fuel cells, and many
companies are selling their fuel cell systems. Some of these are given in Tab. 1.2
and Tab. 1.3. The Japan’s Ene-farm scheme is one of the most successful fuel cell
programs to date, which was planned since the 1990’s and was launched in 2005.
It is a fuel cell residential y-CHP program mainly dominated by PEMFCs, with
recent introduction to the program of SOFCs. Since the start of commercialization
in 2009, 20 000 units were sold until 2011 and the sales of the same number of units
are expected in 2012 alone [Carter, 2012].

Recently, there is a tendency by renowned internet companies to replace part
of the power supply for their data centers with fuel cell installations. Google was
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the first to deploy Bloom Energy fuel cells in 2008 with 400kW installation at their
Mountain View, California headquarters. Then, eBay started in 2009 with 500kW
installation and have recently announced their plan for 6 MW installation for their
data center in Salt Lake City, Utah to be operational by mid 2013 [Bloom Energy,
2012]. Apple is also planning to deploy 5MW installation in Maiden, North Car-
olina, where the iCloud data centers are located [Apple Inc., 2012]. This tendency
that more and more internet companies and services rely on fuel cells for pow-
ering their data centers is a sign that among their other advantages fuel cells are
proving to be reliable power sources.

1.4.3 Portable Application

Portable application of fuel cells include, Auxiliary Power Units (APUs), methanol
fuelled battery chargers, toys, etc. Direct Methanol Fuel Cells (DMFCs) are the
main candidates for this application, even though miniaturization of PEMFCs is
also making them increasingly interesting for portable applications. However,
miniaturization is still a challenge, reason for which development of fuel cells for
such applications as mobile phones and laptop computers is still slow compared
to the other applications mentioned above. Many fuel cell patents have been filed
by Samsung and Apple recently [Lohr, 2012; Spare; Bradley L. ; et al., 2010], which
may be an indication that the days when we will be able to use consumer electron-
ics powered by fuel cells are drawing ever closer.

Summary

This chapter has introduced the concept and working principles of fuel cells and
the role they can play in the future of energy systems. Given the number of ad-
vantages over other energy sources that include versatility and fuel flexibility, and
considering also the urgency for shift in trend towards greener sources of energy,
the role of fuel cells is crucial for a global energy system that considers the envi-
ronmental and socio-economic advantages to our societies.

The work that is being done in the field in many parts of the globe, summa-
rized in this chapter, is a glimpse of a greener future. The gap between now and
this future is the main drive of the current research work, where a better funda-
mental understanding of the degradation mechanisms in a fuel cell is the first and
necessary step for making them more durable and reliable.
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High Temperature PEM fuel cells

This section gives the motivation for the current work and states the main objectives.
After introducing the fuel cell type under investigation, a high temperature PEM fuel cell,
and describing the working principles, it presents its different components. Knowing these
components and how they are assembled to work together is crucial for understanding
their degradation modes, which are also provided together with possible characterization
methods as part of the literature review for this research project.

2.1 Background

2.1.1  Motivation for the Current Research Project

A proton exchange membrane or polymer electrolyte membrane fuel cell (PEMFC)
is a type of fuel that is normally classified as low-temperature fuel cell and em-
ploys a solid polymer as an electrolyte as the name suggests. Since its invention in
the early '60s a number of PEM based variants of fuel cells have been introduced.
Among them are PEM-based direct alcohol fuel cells, such as DMFC and Direct
Ethanol Fuel Cell (DEFC). To date, PEMFCs top many lists in the fuel cell arena,
from the most sold in this early market stage to the most researched fuel cells, and
consequently, they enjoy the most investment shares compared to other types of
fuel cells [Fuel Cell Today, 2011].

The fuel cells under investigation in this research project can be considered
as the technological off springs of PEMFCs, whose only difference consists on the
type of polymer electrolyte they employ. They make use of acid-based polymer in-
stead of a water-based one to operate at temperatures above 100 °C, hence, known
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as High Temperature Proton Exchange Membrane Fuel Cells (HI-PEMFCs). Since
their invention in 1995 by Wang et al. [1996], they have drawn much attention as
they resolve some of the issues related to their low temperature counter parts.
They bring about cost reduction and reliability in terms of improved reaction
kinetics, catalyst tolerance to impurities such as CO, heat rejection, and water
management with respect to PEMFC, which operates at temperatures lower than
100 °C.

HT-PEMECs not only resolve some of the problems associated with low tem-
perature PEM fuel cells, but also open new opportunities to the technology de-
velopment in the field. Easier or no water management and easier heat rejection
means simpler design, and tolerance to CO combined with useful excess heat gives
opportunities for using reformer systems, internal or external, to feed the fuel cell
with hydrogen from the reforming of hydrocarbon, such as natural gas, gasoline,
methanol or ethanol. This is convenient as it eliminates the hydrogen storage prob-
lems and the need for a new infrastructure for the distribution and supply of hy-
drogen. All these advantages from simpler design to integration with reformers
could translate into cost reduction, making HT-PEMFCs increasingly attractive
for use both in transportation application [Martin and Worner, 2011; McConnell,
2009] and stationary applications, like micro-Combined Heat and Power (¢—CHP)
co-generation applications [Andreasen et al., 2011; Arsalis et al., 2013; Li et al.,
2009]. They are also suitably used for mobile and semi-stationary power supplies,
and for reliable stationary or portable backup power for a variety of applications;
such as servers, hospitals, and telecommunication.

Despite their numerous advantages, wide commercialization of HT-PEMFCs
still face hindrance due to durability and degradation issues that are not yet well
described. Cost is another challenge that is being addressed in many ways, espe-
cially by decreasing the Pt catalyst loading and looking into non-noble metals as
catalyst materials to replace Pt. Therefore, the challenges surrounding real life op-
eration, such as durability and cost viability issues, are some of the last obstacles
to their full commercialization.

Denmark is continuously and extensively investing in fuel cell research to re-
solve these challenges, as part of its plan for 100% fossil independence by the
year 2050 [Danish Partnership for Hydrogen and Fuel Cell, 2012; Hydrogen Link
Denmark Association, 2012]. This is based on a strong partnership and coop-
eration among companies and research institutions. Research and development
in HT-PEMEFCs is done in companies such as Serenrgy A/S, Danish Power Sys-
tems; and the country’s major research institutions, like the Technical University
of Copenhagen (DTU) and Aalborg University (AAU).

This project thoroughly investigates the degradation and durability issues in
such fuel cells, especially in the presence of methanol reformate impurities. There-
fore, the motivation for the current work can be summed up as the pursuit of a
clean energy future and bet on the potential that fuel cells have to help meet such
ambition.
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2.1.2  Definition of Research Objectives

The objective of this dissertation is to characterize the main mechanisms that con-
trol the performance and degradation issues in HT-PEMFCs. It addresses their
response to non-optimal operating conditions that are expected during real life op-
eration of the cell, such as the presence of impurities of various types in the anode
feed. It investigates these issues, both from literature assessments and from exper-
imental tests by means of Electrochemical Impedance Spectroscopy (EIS), which
is described in section 2.4. The project aims at understanding the fundamentals of
the degradation modes by also relating the degrading factors to each other.

In light of the motivation for the current research project, the objective is to
contribute in making durable and cost effective HT-PEMFCs. Understanding the
underlying mechanisms of degradation is key to achieving these goals, and there-
fore, fundamental experimental characterization has been done in this work.

2.2 Fundamentals of HT-PEMFC

Except for the elevated temperature, typically between 160-180 °C, an HT-PEMFC
operates similarly as a PEMFC and the same half-cell reactions govern the work-
ing principle. This principle is illustrated in Fig. 1.2. Hydrogen is fed on the anode
side and oxygen or air on the cathode side, where hydrogen oxidation and oxygen
reduction reactions then take place in the respective electrodes to produce elec-
tricity, heat and water vapor. Due to the elevated operating temperature involved
water is no more a suitable proton conduction media as it is not present in liquid
form at the favorable atmospheric pressure operation. This leads to the substitu-
tion of the usual PEMFC membrane, Nafion®, whose proton conductivity highly
depends on the presence of liquid water, with another membrane based on PBIL
PBI, if doped in Phosphoric acid, which is proton conductive in the absence of
water, can conduct protons and ensure high efficiency at high temperatures and
therefore be suitably used in an HT-PEMFC.

The degradation of fuel cell performance or its failure is normally caused by the
degradation of its components. Therefore, understanding the parts of a fuel cell
and how they function together is crucial for characterizing the degrading mecha-
nisms in a fuel cell. For this, the main parts of an HT-PEMFC are briefly described
below. Further down, their degradation modes and possible characterization tools
are given.

2.2.1 The Making of a Single HT-PEMFC

A single HT-PEMFC assembly is an onion layering of repeating units on both sides
of the electrolyte membrane, which is the central part. The heart of a fuel cell,
crucial for all the electrochemical processes within the cell is a thin layer called
Membrane Electrode Assembly (MEA). It is sandwiched between two flow plates
that allow the flow of reactant gases, both to the anode and the cathode sides of the
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MEA. The flow plates are then sandwiched between a pair of current collectors
that are connected to an external load or a device for harnessing the electricity
produced by the chemical reactions within the fuel cell. An exploded view of the
central part of an HT-PEMFC single cell assembly is shown in Fig. 2.1.

.

Flow plate Gaskets

N

Q

N

MEA

Figure 2.1: The central part of an HT-PEMFC single cell assembly where flow of
gases and chemical reactions take place.

Membrane Electrode Assembly (MEA)

From an electrochemical point of view the MEA is the core of the fuel cell, since
here is where all the relevant reactions take place. It is composed of the poly-
mer electrolyte membrane, PEM, sandwiched between the two electrodes. The
electrolyte membrane has to efficiently conduct protons as exclusively as possi-
ble. Other functions of the membrane include blocking the gaseous reactant from
migrating from one electrode to the other while acting as an interface for the re-
spective half-cell reactions of the reactant gases. Moreover, it serves as a support
for the catalyst and electrically isolates the two electrodes.

Li et al. [2009] identify four groups of membranes for HT-PEMFCs, namely: (1)
modified Perfluorosulphonic Acid (PFSA) membranes; (2) alternative membranes
based on partially fluorinated and aromatic hydrocarbon polymers; (3) inorganic—
organic composites; (4) acid-base polymer membranes. H;PO,-doped PBI, an
acid-base polymer membrane is the most commonly used in HT-PEMFCs, and is
increasingly dominant due to its specific properties for operation at temperatures
up to 200 °C. These properties as listed by Savinell’s group, the ones that hold the
first patent [Savinell and Litt, 1998] on the casting of H;PO,~doped PBI membrane,
include; good protonic conductivity at elevated temperature, near zero electro-
osmotic drag, which means that the proton conduction through these membranes
do not involve water transport, low gas permeability, and low methanol crossover
[Wainright et al., 1995]. To these other advantages can be added, such as good ther-
mal stability with a gas transition temperature (T,) of around 425 °C- 436 °C [Li
et al., 2004], mechanical and chemical stability and low cost. The basic chemical
structure of a PBI repeat unit is shown in Fig. 2.2.
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Figure 2.2: Chemical structure of a PBI repeat unit.

In addition, the MEA consists of the electrodes, which are found on both sides
of the polymer membrane, anode on one side and cathode on the other. The elec-
trodes are composed Gas Diffusion Layer (GDL) and the Catalyst Layer (CL). The
GDL is made of an outer macro-porous carbon fiber layer and an inner carbon-
based Mirco-Porous Layer (MPL) for the flow of the gaseous reactants. The GDL
serves also for electric contact with the flow plates. The CL is the reaction site,
in which Pt nano—particles are dispersed on a carbon support, or coated/sprayed
on the MPL itself. The Pt particles are usually mixed with ionomers that serve as
binders in the electrodes, and for proton conduction to the membrane.

The MEAs that are used in this research project are Celtec®-P MEAs from
BASFE. They are produced by direct casting from poly-phosphoric acid solution
followed by hydrolysis in water and then by a sol-gel transition to form PBI mem-
branes with high acid content [Calundann, 2006].

Flow Plates

The Flow plates are the flow patterns through which reactant gases flow towards
MEA. They are multifunctional and therefore, they have to fulfil high electrical
conductivity, low gas permeability, high corrosion resistance, sufficient strength,
low thermal resistance, and low cost, etc.The most common materials used for
flow plates are carbon graphite or graphite polymer, and even metals such as Al,
Ti, and Ni [Wu et al., 2008]. They are present on both sides of the MEA to allow the
flow of reactant gases to the GDL from their respective inlets. In a fuel cell stack
assembly the plates separate two adjacent cells and block the flow of gases while
conducting the electric current between them.

Gaskets and Other Seals

The gaskets and other seals are used to prevent the leaking of reactant gases and
coolants. Even though they do not constitute a major concern from a degradation
point of view their correct sizing is crucial for optimal sealing. They are usually
made of silicon rubber, and in addition to sealing they also serve as electrical in-
sulators between the parts they separate.
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2.3 Degradation Of HT-PEMFC
2.3.1  Energy Carriers & Degradation

Fuel flexibility is one of the major advantages of fuel cell technology compared
to other technologies. However, the durability of an HT-PEMFC depends on the
energy carrier used as a source of hydrogen and the method used for obtaining
it. Hydrogen, even though not readily available on the earth’s atmosphere in its
molecular state, it is found in a variety of forms as a constituent of many molecules;
hydrocarbons, alcohols, and water. All these represent primary fuel sources for the
so called "hydrogen economy’ [W. Crabtree et al., 2004].

The process of hydrogen production depends on the type of the primary source
used, which consequently determines the quality grade of the H, gas obtained.
Current options include the reforming of hydrocarbons and alcohols; gasifica-
tion of coal and biomass; and the splitting of water by water-electrolysis, photo-
electrolysis, photo-biological production and high temperature decomposition
[IEA, 2007]. Presently, most of the hydrogen for industrial purposes is produced
by steam reforming of natural gas or methane [marketsandmarkets.com, 2011].

The electrolysis of water is a simple process in which electricity is used to
split water into its constituents, H, and O,. The process gives pure H,, which is
highly desired for use in PEM and HT-PEM fuel cells since they involve Pt electro-
catalyst, sensitive even to trace impurities [Du et al., 2009; Li et al., 2003, 2009]. The
issue with using electricity to produce H, gas at the moment is the dominance of
non-renewable sources for its production. However, if excess electricity from PV,
wind energy or even hydroelectric energy is available, the process can be a viable
source of pure and environmentally friendly H, gas for fuel cells [Honnery and
Moriarty, 2009; Silva et al., 2005].

The steam reforming of hydrocarbons and alcohols on the other hand requires
steam and heat and provides a hydrogen rich mixture of gases called reformate,
which contains traces of impurities. While this has the advantage of on site hy-
drogen production and that liquid alcohols can use existing distribution infras-
tructures, as already mentioned, the trace impurities have degrading effects on an
HT-PEMEC.

Even in the case of steam reforming, for the process to be CO, neutral, the fuel
and the heat should be provided by renewable means. Methanol, with lower re-
forming temperature has the possibility of being CO, neutral if produced from re-
newable sources such as wood, forest waste, peat, municipal solid wastes, sewage
and even chemical recycling of CO, in the atmosphere [Bromberg and Cheng,
2010; Olah et al., 2009]. This however, does not eliminate the degradation issues
associated with the reformate impurities.

2.3.2 Durability

Durability and lifetime tests are the main ways of validating a technology, and
consequently vital for the development of new devices, such as fuel cells that are
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supposed to replace existing ones. Fuel cells are candidates to replace combustion
engines for cleaner energy generation and to replace or work in complementar-
ity with batteries for faster refueling, higher energy density and longer operation
time. Therefore, reliability, durability and stability are necessary conditions for
their full deployment. Reliability is defined as the ability of a fuel cell or stack to
perform the required function under stated conditions for a period of time; dura-
bility is the ability of a fuel cell or stack to resist permanent change in performance
over time; and stability is the ability to recover power lost during continuous op-
eration [Wu et al., 2008].

Correspondingly, the minimum requirement the DOE has set for the commer-
cialization of FCEVs is that the fuel cells that power them should be as durable
and reliable as today’s ICEs, which can last for as long as 5000 hours operating
lifetime. More precisely they must be able to perform over the full range of oper-
ating temperatures (—40 °C to 40 °C) with less than 10% loss of performance at the
end of life. So far, DOE has reported durability of around 2500 hours with cycling
for net 80kWe integrated transportation fuel cell power systems operating on di-
rect hydrogen. Fuel cell buses however, have achieved more than 10 000 operating
hours in real-world-service with the original cell stacks and no cell replacement
[U.S. Department of Energy, DOE, 2011].

For stationary applications operating lifetimes of more than 80 000 hours are
required. Similarly to automotive applications the end of life is designated when
10% loss of performance is reached. Even in this case the fuel cell must be able
to perform over the full range of external environmental conditions (—40°C to
40 °C), a target that has already been achieved by PAFC installations [U.S. Depart-
ment of Energy, DOE, 2011]. HT-PEMFCs being suitable both for automotive and
stationary applications have to meet both durability targets under the specified
respective stress conditions.

2.3.3 Degradation Modes

The degradation modes in an HT-PEMFC can be thermal, chemical and/or me-
chanical. These mechanisms are related to each other and entangled in their causes
and effects, which sometimes makes it difficult to distinguish between them. For-
example, higher operating temperatures usually enhance the rates of chemical re-
actions and therefore that of the chemical attacks, which in turn can cause weaken-
ing of the parts and make the fuel cell more vulnerable to mechanical and thermal
stresses.

The flowchart in Fig. 2.3 summarizes the different stress factors that lead to
different degradation mechanisms, and the different parts of an HT-PEMFC that
are attacked. Wherever possible, the techniques to measure the effects are given
in brackets. It can be noticed that higher operating temperature is involved in
most of the degradation mechanisms, and that most of the mechanisms lead to
loss of Electrochemical Surface Area (ECSA). The figure also gives an idea of the
complexity from a characterization point of view of the degrading mechanisms
and their causes and effects.
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Figure 2.3: HT-PEMFC Degradation flowchart

Therefore, it is more suitable to classify degradation mechanisms based on the
parts of the fuel cell they occur in, since they differ from one part to the other due
to the different nature of the materials used. The main parts that cause perfor-
mance degradation or even fuel cell failure if degraded are the polymer electrolyte
membrane, the Pt catalyst and the carbon support of the Pt catalyst. The GDL
also has a significant impact on the fuel cell performance if degraded, however,
being made of carbon its degradation mechanisms are similar to that of the carbon
support. The possible degradation mechanisms for each of these components are
given below.

Membrane Degradation

As already introduced, HT-PEMFCs mainly employ H;PO, /PBI-based membrane.
Membrane degradation mechanisms at HI-PEMFC operating conditions are not
yet well described, but similar mechanisms at a faster rate with respect to those
seen in Low Temperature Proton Exchange Memebrane Fuel Cells (LT-PEMFCs)
are expected, due to the increased operating temperature. For-example, crossover
may cause H, and O, to react on the membrane surface generating hotspots, which
may lead to pinhole formation. Membrane thinning can also increase the chances
for pinhole formation, which in turn causes increased fuel crossover [Schmidt,
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2006]. Membrane thinning can be accelerated by high temperature, ionomer loss,
Open Circuit Voltage (OCV) operations and carbon corrosion [Schmidt and Bau-
rmeister, 2008; Zhang et al., 2009].

Chemical instability due to peroxide (H,0O,) and radical (*OH or *OOH) attack
is a common concern to the life time of PEMFC, with potentially more aggressive
effects at higher operating temperatures [Li et al., 2009]. These peroxy radicals are
formed inside the fuel cell due to the reactants crossover and consequent reactions
on the Pt surface [Borup et al., 2007].

All the above mentioned mechanisms lead to loss in mechanical stability, due
to membrane thinning or pinhole formation that can lead to the formation of
cracks and fractures. This concerns are even more at higher operating tempera-
tures, which makes them real challenges in the case if an HI-PEMFC [Zhang et al.,
2006]. They are challenges also because the requirements for mechanical stabil-
ity are usually opposite to those for an effective proton conductivity. For-example,
thicker membrane is more robust mechanically, but the proton conduction capabil-
ities decrease with increase in membrane thickness. Acid-doping level also affects
conductivity and mechanical strength oppositely [Li et al., 2009].

If phosphoric acid, which is the proton conduction media in PBl-based MEAs
is removed, the proton conductivity of the membrane obviously decreases. This
removal is observed from the cathode side at higher operating temperatures
(180°C-190°C) [Yu et al., 2008]. The same study also showed that PA leaching
is not a major factor in reducing the MEA’s lifetime by showing that only small
percentage of H;PO, was lost after more than 10 000 hours of operation. The
flow plates can also squeeze out the acid and absorb some of it from the MEA.
However, acid loss mechanisms and PA mobility inside a PBI-based MEA and the
effects, especially under reformate operation, are not yet fully understood.

Catalytic Degradation

Most commonly used catalyst in HI-PEMFCs is carbon supported Pt, and its
degradation is the most important degradation in HT-PEMFCs. It is manifested
by Pt particle agglomeration according to Ostwald ripening process, where the
growth of particle size is caused by the Pt dissolution and re-deposition [Song
et al., 2008]. This growth in particle size reduces the ECSA of the catalyst, thereby
causing the performance degradation of the fuel cell. The kinetics of this pro-
cess increases with the increase in temperature causing it to be more severe in
HT-PEMECs than in LT-PEMFCs. Liu et al. [2006] reported that rapid growth of
the Pt particles occurred in the presence of H;PO, and high temperature environ-
ment implying that such an environment speeds up the process of Pt dissolution
and re-deposition.

Surface coverage by adsorbed impurities is another mechanism that causes loss
in the performance of Pt electro-catalyst-based fuel cells. However, this is a degra-
dation mechanism whose negative effects decrease with increase in temperature.
Among other impurities the preferential adsorption of CO on Pt surface is of major
concern [Du et al., 2009; Li et al., 2003].
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In the case of methanol-based reformate, methanol electrooxidation on Pt sur-
face can cause performance loss and lifetime issues. It oxidises both via direct and
indirect routes, that involve the formation of CO,g4,, and other intermediates such
as formaldehyde and formic acid [Cao et al., 2005; Iwasita, 2002]. The intermedi-
ate formations could act as catalyst poisons. Moreover, the rate of this oxidation is
reported to increase with increase in temperature [Modestov et al., 2012], making
HT-PEMEFCs more susceptible to such degradation mode.

Carbon Support Degradation

Carbon corrosion is a slow reaction at low temperature, making carbon a suitable
catalyst support for LT-PEMFCs. However, carbon corrosion is a function of tem-
perature among other factors, and it has been shown that it accelerates at higher
temperature operations (~200 °C) [Schmidt, 2006; Song et al., 2008].

Schmidt and Baurmeister [2008] observed that the main effect from carbon cor-
rosion is an increase in the hydophilicity of the cathodic catalyst layer concomi-
tant with electrolyte flooding which, in turn, leads to increase of the cathode mass
transport overpotentials.

Carbon corrosion weakens also other parts than the carbon support itself. It
weakens the Pt catalyst it is supposed to support and causes loss of ECSA that
translates in performance loss. It also weakens the membrane by causing its thin-
ning, which can lead to increased fuel crossover and pinhole formation [Schmidt,
2006].

Material degradation therefore, remains one of the main issues in HT-PEMFCs,
especially due to the challenge of increased operating temperatures. Since under-
standing the modes of degradation is the first step to mitigating them, character-
ization tests are necessary for the development and deployment of HT-PEMFC
fuel cells. In the following section some characterization techniques relevant to
the study of HT-PEMFCs are discussed.

2.4 HT-PEMFC Characterization Techniques

Although, the development of computational models and simulations that can
give a detailed characterization at unit cell and stack levels are crucial, they need
to be verified and validated through experimental results. Therefore, detailed and
at the same time non-intrusive characterization methods are needed for testing
real life operating conditions.

A number of characterization methods are used in fuel cell research. They can
be in-situ, where tests are performed on a running fuel cell, or ex-situ, in which
only parts of a fuel cell are tested separately. Common in-situ characterization
techniques include [Ryan O’Hayre, 2004]; Current-Voltage measurement (Polar-
ization curve), EIS, Cyclic Voltametry (CV), analysis of effluents, etc. Among
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the ex-situ techniques Microstructural characterization via microscopy, Nuclear
Magnetic Resonance (NMR), Energy-Dispersive X-ray Spectroscopy (EDS) and
Porosimetry can be mentioned [de Bruijn et al., 2008; Guilminot et al., 2007; Io-
joiu et al., 2007; Jian et al., 2002].

The different methods are usually used to characterize different parts or phe-
nomena in the fuel cell and are usually complementary with each other. Therefore,
if used in conjunction to each other, they can help to identify the different processes
and mechanisms that lead to the fuel cell’s degradation. Some of the methods that
are relevant for the characterization of HT-PEMFCs are described below.

2.4.1 Electrochemical Impedance Spectroscopy (EIS)

Impedance spectroscopy, also known as Electrochemical Impedance Spectroscopy
(EIS) or AC impedance, is a technique of characterization of electrochemical de-
vices. It is done by measuring the electrical response of a material to small induced
signal perturbances. These are then analyzed to obtain useful information about
the behavior of the device under various conditions.

Impedance, like resistance, is a ratio of voltage and current, quantifying the
ability of a substance to block the flow of current through it, with the only differ-
ence being that the voltage and current are time dependent in the case of impedance.
This makes impedance a complex function that can be calculated by Eqn. (2.1), us-
ing the amplitudes of the current, the voltage and the phase shift;

7 V, el (wt=9) W

T T T e 9% = Zy (cosp — jsin ). (2.1)

In Eqn. (2.1), Z [Q] is the complex impedance response of the system, 1, [V] and
Iy [A] are the voltage and current signal amplitudes respectively, w [rad/s] is the
signal frequency and ¢ [rad] is the voltage phase shift. It has a real part (Z, cos ¢)
and imaginary part (Zyj sin ¢), and is normally represented on a Nyquist curve
with real part on the horizontal axis and the imaginary on the vertical axis. Typi-
cally in a Nyquist plot the imaginary axis is inverted for a more familiar 4'" quad-
rant representation, and higher frequency measurements are found closest to the
origin, decreasing from left to right on the quadrant. A typical idealized Nyquist
plot of an HT-PEMFC is shown in Fig. 2.4.

In fuel cells, EIS was recently used extensively for optimization, characteriza-
tion and diagnostics [Andreasen et al., 2011; Asghari et al., 2010; Fouquet et al.,
2006; Mamlouk and Scott, 2011; Pattamarat and Hunsom, 2008; Yuan et al., 2010;
Zhang et al., 2009]. The different processes that occur in a cell respond differently
to perturbances at different frequencies. If a fuel cell is perturbed on a broad range
of frequencies, at low frequency the effects on slower processes with longer time
constant like diffusion will be registered, and at higher frequency effects of faster
processes such as charge transfer would be sensed. The technique is described in
detail in [Barsoukov and Macdonald, 2005; Orazem and Tribollet, 2008] for general
application and in [Yuan et al., 2010] for PEM fuel cells in particular.
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Figure 2.4: A typical idealized Nyquist plot of HT-PEMFC.

One of the main advantages of EIS is that it is not intrusive and can be per-
formed in-situ. It is a detailed technique with which information about different
processes in the electrochemical device can be obtained with only little perturba-
tion. Since the perturbances are very small compared to the measured DC voltage
or current, changes within the cell are minimal [Monk, 2007]. In a PEM fuel cell
an AC perturbance of ~ 5% of the measured DC value can be suitably used [Yuan
et al., 2007].

In order to translate impedance measurement in to more comprehensible fig-
ures and extract meaningful information, the analysis of data is typically done
by fitting the measured data to an Equivalent Circuit (EC) or a model based on
physical properties that can reasonably represent the fuel cell under investigation.
An EC model is a network of ideal circuit elements, such as resistances, capaci-
tances and sometimes also inductances that are arranged in a way that they can
reproduce the impedance of the electrochemical device. A typical EC model for
an HT-PEMFC is given in Fig. 2.5. Even though, the correspondence between the
different circuit elements and loops in an EC model and the fuel cell parts are still
controversial, it is useful to see this representation of what part of the fuel cell
contributes the most to what part of the EC model.

2.4.2 Potential Sweep Methods

Polarization curve, also known as I-V curve, is the most common way of repre-
senting the performance of a fuel cell quantitatively. The term polarization implies
loss, voltage drop in this case, and therefore a polarization curve shows the losses
of a fuel cell with the increase in current density. The different losses that can be
identified in an I-V curve are, activation losses, ohmic losses and mass transport
losses (also known as concentration losses). They are presented in an I-V curve
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Figure 2.5: Equivalent circuit model for HT-PEMFC: Reproduced from Jesper Lebaek
[2010].

in that same order as they happen with increasing current density. Though not as
sophisticated and detailed as EIS, I-V curve can give a general idea of performance
profile of a fuel cell and is easier to perform and analyze. For this it is widely used
in fuel cell research to investigate the response of a fuel cell to change in operating
condition, such temperature, pressure, Pt-loading, presence of contaminants, or
merely the effects of time [Li et al., 2003; Liu et al., 2006; Schmidt, 2006].

Another commonly used potential sweep method is Cyclic Voltammetry (CV)
[Higier and Liu, 2012; Wu et al., 2008]. It is done by ramping the potential of a fuel
cell to a certain value and back to the starting point. The corresponding current is
then recorded and two peaks are registered, a positive current peak for the anodic
oxidation and a negative one for the cathodic reduction. The information that can
be obtained from such method is usually the surface coverage by absorption of the
electro-active catalyst area (loss of ECSA). Measurements are taken at different in-
stances, before and after operation in the presence of contaminants, and the active
surface areas at those instances are compared.

CV was shown to be useful in CO adsorption/oxidation tests [Cheng et al.,
2007; Sethuraman et al., 2009]. In PBI-based fuel cells, it has been used to investi-
gate the effects of temperature and OCV on the performance and degradation and

23



CHAPTER 2. HIGH TEMPERATURE PEM FUEL CELLS

in continuous aging tests [Hu et al., 2006; Lobato et al., 2007; Qi and Buelte, 2006;
Zhang et al., 2007].

2.4.3 Analysis of Effluents

The composition of the anode and cathode effluents can give information regard-
ing the possible electrochemical processes in a fuel cell. Evolution of some gases,
such as CO, CO,, and O, can be detected and be used to characterize degradation
mechanisms. Moreover, ionomer degradation species can be detected by analyz-
ing the cathode and anode effluents [de Bruijn et al., 2008].

Acid loss is an important aspect of HT-PEMFC degradation that can be ana-
lyzed by this method. Another application could also be to determine the perme-
ability to some impurities of the polymer membrane. Effluents can be analyzed
by different methods of gas analysis, such as Mass Spectroscopy (MS), Fourier
Transform InfraRed (FTIR), Gas Chromatography (GC), etc.

2.4.4 Microstructural Characterization

Another technique that is usually used as a post-mortem analysis in durability
tests is the microstructual analysis of the MEA. This can reveal the structural
changes in the Pt catalyst, i.e., Pt particle dissolution and redeposition. Mechanical
degradations, such as creeps and microfractures in the membrane and other parts
of the MEA can also be revealed by this kind of characterization.

These are usually ex-situ characterization techniques done to compare the state
of the MEA before and after degradation or durability tests. Sophisticated tech-
niques of microscopy, like SEM and Transmission Electron Microscopy (TEM) are
used for these purposes. PBI membrane and the MEA structure were analyzed by
TEM and SEM in HT-PEMFCs [Hu et al., 2006; Kongstein et al., 2007; Liu et al.,
2006; Seland et al., 2006]. Furthermore, NMR can be used to analyse the chemical
composition of the ionomer in anode and cathode after operation and EDS can
be used to study morphological changes that occur during aging [de Bruijn et al.,
2008; Guilminot et al., 2007; Iojoiu et al., 2007].

Summary

In summary, there are clear advantages in operating a PEMFC at temperatures of
above 100 °C, including improved kinetics and improved tolerance to impurities,
like CO. However, there also challenges related to high temperature operation,
mainly accelerated kinetics of some chemical, thermal and consequently mechani-
cal degradation modes. The objective of this work is to understand the underlying
mechanisms of the various degradation modes in an HT-PEMFC, which is a cru-
cial path to their mitigation and the design and development of more durable fuel
cells.
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From what is presented in this chapter it can be said that, the different stress
factors affect different parts of the fuel cell in different modes. The level of stress
due to impurities depends on the quality grade of the hydrogen gas used, which
in turn depends on the source and the means of hydrogen production. Moreover,
the different degradation mechanisms are related to each other in complex ways,
making it difficult to distinguish among the various causes and effects. In the
following chapters, the methodology used in the current work followed by the
results obtained and their analysis and interpretations, are presented.
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Methodology

This section describes the fuel cell test station that is used in the current work. Since
vapor impurities of reformate gas are also the object of the current work, a dedicated vapor
delivery system that is employed in the experimental setup and the steps of its preparation
are described in this section.

3.1 Introduction

Generally speaking, research in fuel cells lacks of standardized test protocols that
can be found for almost all other established technologies. Part of the reason for
this difficulty of standardizing test protocols, which if done properly would lead
to the uniformity and comparability of different tests, could be attributed to the
fact that fuel cells are operated in a wide range of conditions and for a variety of
application, like no other technology before. Another reason is attributable to the
fact that the effects of some conditions are not yet thoroughly investigated and
hence not well described to have a standardized test protocol.

Nevertheless, even though not standardized, there are a number of test proto-
cols, issued by various organizations, mainly the EU, US and Japan. Test proto-
cols are available for single cell and fuel cell stacks testing; and Accelerated Stress
Test (AST) and long-term steady state testing [Bloom et al., 2011; DOE, 2007; JRC-
IE, 2010; USFCC, 2006; Volvo, 2004]. Some of the organizations that have con-
tributed to these protocols are DOE and the US Fuel Cell Council (USFCC) in the
US, Fuel Cell Testing and Standardization thematic Network (FCTESTNET) in the
EU, and the FCTESQ4 project, an international consortium (EU, Japan, US, etc.) to
develop standardized fuel cell test procedures.
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The main parameters that need to be controlled and monitored during fuel
cell testing are, operating temperature, operating pressure, current density, cell
voltage, reactants stoichiometry and consequently reactants flow rates. The sys-
tem under investigation in the current work operates at atmospheric pressure and
hence, no strict pressure control is required. The reliability of test results depends
on how well all the above mentioned parameters are controlled and varied during
test procedures. Another condition, which most of the characterization techniques
that are mention in chapter 2, including the I-V curves and EIS require is, steady
state condition to be ensured for measurements to be reliable.

It is with this in mind that all kinds of tests, including poisoning effects of
impurities should be conducted. The poisoning effect of reformate impurities
is a highly researched area in fuel cells, especially in PEM fuel cells, due to ob-
vious difficulties related to obtaining and managing cost effectively pure hydro-
gen for fuel cell application [Andreasen et al., 2011; Biichi et al., 2009; Das et al.,
2009; Yan et al., 2009; Zhang et al., 2006]. Consequently, hydrogen from the re-
forming of easily manageable liquid alcohols is usually preferred. The addition
of reforming systems however, not only complicates the operation of a fuel cell
system in general by adding auxiliary components such as the burner and the
reformer, but also complicates the preparation of a comprehensive fuel cell test
station. The reformate mixture contains gases such as CO that are poisonous to
the Pt-electrocatalyst, and that could increase the chance for transient behavior
during testing. This in turn can lead to less reliable and less reproducible results
or to longer testing time.

Moreover, the reforming process does not normally go to a 100% conversion of
reactants to the desired products, a fact which is rarely studied but can have effect
on the performance and durability of a fuel cell. Therefore, it becomes even more
complicated if the vapor constituents of reformate gas, i.e., methanol and water
vapor in the case of methanol reforming are added to the impurities. Their addi-
tion calls for a separate vapor delivery systems, that has to be controlled together
with the other stream of anode feed gases.

3.2 Preparation of the Test Station

For the experiments in the current work a complete single cell test station was
built. As already mentioned the objective is to test the effects of the vapor con-
stituents of the reformate mixture along with the gaseous impurities, and charac-
terize the fuel cell’s behavior under various conditions. To achieve this, a system
that delivers the vapor mixture of methanol and water in a controlled manner is
required. Two systems were tried, and the progress of the work is presented as
follows.
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3.2.1  First Setup: With a Bubbler System

Bubbler systems are very common, and their performances with respect to vapor-
delivery precision depend on their application. A bubbler system is composed of
a reservoir containing the liquid, whose vapor needs to be delivered and whose
temperature is kept constant. A carrier gas is allowed to flow through this reser-
voir, and it takes the vapor up to where it needs to be delivered, which in the
current case is the anode feed stream of the fuel cell. Vapor delivery systems can
also work without a carrier gas, where, vapor flow in the outlet is either controlled
by the vapor pressure of the liquid at a controlled temperature and then the flow
in the outlet is manually restricted or simply by putting a mass flow controller in
the outlet [Boer, 1995]. Many configurations were suggested to optimize bubbler
systems and a number of patent claims have been made on controlled vapor de-
livery using bubbler systems [Lynch et al., 1986; Mcmenamin, 1983, 1984; Partus,
1980; Ross, 1977].

The reliability of a bubbler system for the purpose of delivering the vapor con-
stituents of the refomate mixture in a controlled manner was tested. This is il-
lustrated in fig. 3.1, where the bubbler, the mass flow controller for the carrier
gas, the heating element, the temperature control and the fuel cell are shown. All
components are controlled and monitored in a LabVIEW interface. The bubbler
is controlled by controlling the temperature and carrier gas flow rate, in which
the temperature of the liquid in the reservoir is measured and compared to the
set-temperature and then the heating power is adjusted accordingly, so that the
temperature in the reservoir is kept constant. This is a very crucial task for the
proper functioning of the system, but at the same time very difficult to control,
as it is not easy to account and compensate for all the heat transfers with only a
heating element. Modeling details and assumptions made for the design of the
bubbler system are reported in paper 1.

A mass flow controller, monitored and controlled in LabVIEW, delivers the de-
sired amount of carrier gas. This gas, which is chosen to be CO, in this case but
could have been H, or other inert gases as well, enters from the bottom of the
reservoir and, by passing through the liquid, absorbs and carries up vapor. The
vapor is then led to a stream of other gases, H, and CO, which are delivered by
other mass flow controllers for a complete representation of a methanol reformate
gas stream. Since the head space of the bubbler is assumed to be at atmospheric
pressure condition, the LabVIEW control program controls the bubbler by only
controlling the mass flow controller that releases the carrier gas necessary for the
desired vapor delivery at a fixed temperature. Two measuring techniques were
tried simultaneously for the vapor delivery, one in which a condenser was placed
at the exit of the reservoir and another one where a transparent plastic tube was
placed next to the reservoir to show the level of the liquid. The results had no
real trend, and therefore, the comparison between the two and to the expected
estimates was not possible. This confirms the fact that bubblers suffer from lack
of reproducibility [Boer, 1995], and this is the case even for low flow rates, < 300
ml/min, which is the maximum limit for a linear relation between carrier gas flow
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Figure 3.1: Bubbler system for vapor delivery.

rate and vapor carryover for isothermal conditions given by Love et al. [1993]. The
reason for this could be that the assumptions made are too many, or perhaps the
temperature control did not keep the liquid temperature within admissible fluctu-
ation ranges. The fluctuation measured was less than 2 °C, and temperature being
the main parameter causing irreproducibility, this shows how stringent tempera-
ture control is as a factor in bubbler systems.

The model could be validated by means of more sophisticated gas analyzers or
mass spectrometers. However, this would nullify the advantage of a very cheap
in-house preparation and control for which the bubbler system was considered at
the first place. The scope was to achieve a cost effective, simple, and at the same
time precise and reproducible vapor delivery for the range of typical flow rates of
impurities in a unit cell assembly. The experiment showed that bubbler systems
do not fulfill these requirements and therefore, another solution based on a dosing
pump and an electrically heated evaporator was tested.
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3.2.2 Second Setup: With an Evaporator System

As an alternative to bubblers for the delivery of methanol and water vapor in a
simplified and precise way, a Grundfos DME dosing pump was tested. Down-
stream of the pump is placed an electrically heated evaporator that boils all the
mixture of liquids or the pure liquid passing through it. The pump is a self-
priming diaphragm pump and both the pumps suction strokes and the heating of
the evaporator are controlled in LabVIEW. Figure 3.2 illustrates the concept with
all the components involved. The dosing pump, pumps the liquid mixture from
the reservoir to the evaporator, which is kept at constant temperature, well above
the boiling point of either of the liquids, at around 150 °C. The vapor is then di-
rected to the anode inlet along with a stream of the other gases composing the
reformate gas, H,, CO, and CO. The flow rates of these gases are controlled by
appropriate mass flow controllers.

Fuel Cell

EvaporatoE
A

Pump

GND
J_j Evaporator

~ temperature

Figure 3.2: Evaporator system for vapor delivery.

A mixture of water and methanol does not form an azeotrope, meaning that
there is no composition ratio, in which the boiling point of the solution is higher
or lower than either of the pure liquids. This allows validation experiments to be
carried out with water alone and conclusions to be drawn for the mixture. This is
possible because the boiling point of the solution, at any composition, lies in the
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temperature range between 64.6 °C - 100 °C, which are boiling points of methanol
and water at atmospheric pressure, respectively. Therefore, tests were performed
with water alone and they showed that with a pump that allows such small liquid
flow rates there is satisfactory vapor carryover. There is though a very little risk of
condensation when the flow rates and the distance to the fuel cell increase.

The heating power needed to boil the liquid flowing through the evaporator
can be calculated by Eqn. (3.1)

P =gqp (cAT + L,) (3.1)

where P is the required heating power [kW], g is the liquid flow rate [m3/s], p is
the density of liquid [kg/m?®], c is the specific heat capacity of liquid [k]/kgK], AT
is the temperature difference between the reservoir and the evaporator [K] and L,
is latent heat of vaporization [k] /kg].

As in the case of the bubbler system, the temperature of the evaporator is con-
tinuously monitored and the heating power is regulated by comparing the mea-
sured temperature with the temperature set in LabVIEW. This way temperature is
kept constant and a continuous flow of vapor is ensured. Unlike in the case of the
bubbler system, here temperature control is not so crucial, as far as it is set high
above the boiling point of water.

Table 3.1: Observation on the performance of the evaporator system

Liquid flow rates | Application Vapor carryover

[ml/min]

0.025-0.05 - Unit cell testing at low stoi- | - No condensation
chiometry

0.08-0.5 - Unit cell at high stoichiometry | - No condensation
and small stacks testing

>3 - Fuel cell stack testing - Condensate forma-

tion

The volume flow rate of methanol-water mixture was taken to be 10 % of the
total anode feed gas. This corresponds to 0.025 ml/min in liquid phase, for the unit
cell assembly of total active cell area of 45 cm?, operating at H, stoichiometry( Am,)
of 1.2, air stoichiometry (A,;r) of 4 and current of 15 A. Tests were performed for
liquid flow rates up to 0.05ml/min, for eventual operation of the same unit cell
assembly at higher fuel cell current densities. It was observed that all the liquid
boiled and was carried away as vapor. However, special attention need be paid
on the length and insulation of tubes that take the vapor from the evaporator to
the fuel cell, since temperature drop at the exit from the evaporator may cause
condensation. The length of the tubes needs to be minimized and they need to be
well insulated or even heated, as the condensate may enter a non-operating fuel
cell and leach the acid doping of the PBI membrane. This is however facilitated
by the fact that the temperatures of the evaporator and an operating HT-PEMFC
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are very similar, and the two can be places as close to each other as possible and
thereby avoid heat loss between them.

Medium flow rates between 0.08 ml/min and 0.5 ml/min were also tested and
results showed that there is good vapor carryover in this range as well. This makes
such vapor delivery system a suitable candidate, not only for a unit cell testing at
higher current densities and higher stoichiometric ratios but also for small fuel
cell stacks testing. Finally, tests were done for liquid flow rates of above 3 ml/min,
where a slow temperature drop down to below the boiling point of water was
registered. This temperature would then remain constant at a couple of degrees
Celsius below the boiling point of water and cause the dripping of water droplets
along with the vapor. However, these flow rates are way above the typical liquid
mixture flow rates necessary for single cell tests, and hence the use of the evapo-
rator system is suitable enough for the study of the effects of methanol and water
vapor slips in H;PO, /PBI-based HT-PEMFC unit cell assembly. Vapor carryover
without condensation maybe achieved even for high flow rates by increasing the
size of the evaporator and the heating power supplied. The observations are sum-
marized in Tab. 3.1.

3.2.3 Final Setup
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Figure 3.3: HT-PEMFC unit cell test set-up comprising an evaporator system for
vapor delivery and fuel cell control and EIS data acquisition system.

Based on the studies above a vapor delivery by means of an evaporator system
was found to be more reliable for the purposes the current research project. There-
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fore, it was chosen for inclusion in the final test station for a complete and con-
trolled simulation of reformate mixture. For better precision a pump with lower
limits was employed in the final test set-up. The complete test station is illus-
trated in Fig. 3.3 and a photo of the main components is given in Fig. 3.4. The
fuel cell used is a unit cell assembly of a 45 cm? active area with a Celtec® P
MEAs from BASF, sandwiched between graphite composite flow plates of serpen-
tine flow channels.

o Fuelicel)
/ - e

Evapu}ator

ter
mixture

Figure 3.4: Photo of the HT-PEMFC unit cell test set-up.

The system is controlled and monitored entirely in a LabView interface. Hence,
data acquisition systems from national instruments are used for signal processing
and control of the operation of the fuel cell system by controlling flows through
the mass flow controllers for the gaseous constituents, the fuel cell temperature
and the evaporator temperature.

EIS, whose use is previously described in this dissertation, is the tool of choice
for characterization in the current work. Despite some of its limitation, if per-
formed carefully is a strong tool that can give a variety of qualitative insights into
changes within a fuel cell. Some of the limitations are, the risk of non-linearity
if the the induced AC amplitude is not small enough, and the fact that multiple
EC models can fit the same data. In this project two impedance measurement sys-
tems are tried, an in-house developed LabView based measurement system and
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Figure 3.5: Comparison of two impedance measurement systems at 120 °C and 10
A, a commercial one from Gamry and an in house prepared measurement system.

another system acquired from Gamry, FC350™. Measurements taken by the two
systems are compared to each other in Fig. 3.5, and as can be seen except for small
discrepancies in the two ends of the frequency sweeps the measurements are in
agreement with each other. The Gamry impedance measurement system was used
for majority of the tests in this work.

Data analysis was done by fitting measured impedance data to EC models.
Equivalent circuit modeling was done by attempts based on the knowledge of the
fuel cell and the number of time constants observed in the impedance spectra.
Once the EC model is chosen measured data is fitted to the EC model by means
of a fitting software, ZView™ (Scribner Associates, Inc.). The software employs
Complex Non-linear Least-Square (CNLS) method for fitting and error estimation,
and then the resistances of the different ranges of frequency sweep are analyzed.

Summary

In this chapter, a complete single cell test station capable of testing various operat-
ing conditions and fuel compositions was presented. A vapor delivery system is
necessary for a comprehensive testing of all the constituents of a methanol-based
reformate, and was included in the test station. A bubbler system was found to
be inappropriate for such application due to lack of reproducibility, even for small
flow rates such as those involved in the operation of a unit cell assembly. An evap-
orator system, on the other hand, was found to be reliable for the purposes of the
current work.
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The following chapters are the analysis and interpretation of the various char-
acterization tests performed on a H;PO,/PBl-based HT-PEMFC. The above de-
scribed single cell test station was used for all the experimental work.
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Results and Discussion

In this section the main contributions of the current research project are given, in relation
to the available literature and the stated objectives. Statements on the effects of impurities
on the performance of an HT-PEMFC are given based on the analyses of data acquired
during the experiments. An attempt made to qualitatively relate the combined effects of
impurities with individual effects is also presented.

4.1 Background

The characterizations reported here are results already disseminated in various
forms as mentioned in the list of papers given on page VII. For ease of reading, ef-
fects of impurities are characterized individually first and then in relation to each
other. For this, results from the different tests and publications are put together
for an overall analysis. In paper 4, the effects of the gaseous impurities, CO and
CO, are given at different operating conditions. In paper 3, the effects of vapor
constituents of reformate mixture; methanol and water are analysed as a mixture.
Then, in paper 2 the combined effects of all impurities are analysed and a prelimi-
nary interdependence study among the impurities is provided. The chronological
order in which the tests for the different characterizations were performed do not
coincide with the numbering given to the papers, in fact, paper 4 is the earliest
study of all, followed by paper 2 and then paper 3.

Degradation in this work is defined as the loss in fuel cell performance due to
impurities, other non-ideal conditions and aging. Performance losses can be either
reversible as in the case of CO poisoning or irreversible as in the case of peroxy
radical attacks, membrane thinning, loss of ECSA and other mechanical failures
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[de Bruijn et al., 2008; Kundu et al., 2008]. Reversible performance losses can be
recovered by either simply ending introduction of the impurity or by performing
a recovery procedure [Borup et al., 2007]. Irreversible losses on the other hand are
permanent and usually cause failure of the MEA, and therefore, of the fuel cell.
The performance losses in this work are mainly caused by catalytic degrada-
tion, surface adsorption of impurities on Pt surface or by means of Pt sintering,
both manifested as losses of ECSA; or by membrane degradation, mainly phos-
phoric acid leaching and other unidentified mechanisms that can be caused by
methanol-water vapor mixture. Therefore, it is difficult to distinguish between
reversible and irreversible performance losses without performing recovery pro-
cedures, even in that case some of the losses can be only partially reversible. There-
fore, in this work, recovery test was performed after a durability test, in the pres-
ence of methanol-water vapor mixture, to check the reversibility of the effects.

4.2 Effects of CO

4.2.1 Mechanisms of CO Poisoning

The sensitivity to CO of PEMFCs is one of the main concerns that surround the
issue of their reliability. This has led over the years to an extensive study of char-
acterization of the effects of CO both in LT-PEMFCs and HT-PEMFCs [Andreasen
etal., 2011; Biichi et al., 2009; Das et al., 2009; Du et al., 2009; Yan et al., 2009; Zhang
et al., 2006]. The main reason to this attention on the effects of CO is its inevitable
presence in the outcome of a reforming process, and the cost and complexity of
purification techniques. While there is a general agreement on the mechanisms by
which it attacks the catalyst of a PEMFC, there still remains a margin for better and
more definitive explanation of its effects. The Pt electrocatalyst is the most sensi-
tive part of the fuel cell to this contaminant, by means of preferential adsorption
on the Pt surface and consequent Pt-CO formation, which is more exothermic than
Pt-H formation [Du et al., 2009]. CO adsorption mode on Pt surface is reported to
be mainly a linear bond, and its effect on the fuel cell current density (i), and there-
fore on the fuel cell performance has been modeled according to Eqn. 4.1 [Li et al.,
2003; Song et al., 2008],

MLt (1 _ hoo)?, 4.1)
’LH2

where, iy, co and iy, are the H, oxidation current densities with and without
CO, respectively, and O is the Pt surface coverage of CO. Under conditions more

appropriate to the operation of PEMFCs, Eqn. 4.1 is reduced to Eqn. 4.2 [Li et al.,,
2003],

Hat0 — (1 - beo). (4.2)
ZH2
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The physical meaning of the current ratio in Eqn. 4.2 is the relative activity of
the catalysts for hydrogen oxidation in the presence of CO, where value one of
the ratio indicates no change in the number of active catalyst surface sites for the
hydrogen oxidation even in the presence of CO [Li et al., 2003]. In either one of
the relations above increasing fco decreases in, +co, i-e., the H, oxidation current
density decreases, meaning that the performance decreases, as the CO surface cov-
erage 6o increases.

4.2.2 Temperature and Tolerance to CO Poisoning

The fundamental understanding of the poisoning mechanism of CO, both by
means of modeling and experimental studies has led to a number of proposed mit-
igation methods. Some methods regard the reforming process, where the CO con-
tent is reduced by means of Water Gas Shift (WGS), Preferential Oxidation (PROX),
membrane separation, or methanation [Li et al., 2003]. Other methods involve the
fuel cell itself, in which the operation conditions are changed or more tolerant
materials are used. Operating the fuel cell at higher temperature increases its tol-
erance to CO poisoning. However, for the tolerance to be acceptable with regards
to the amount of trace CO in reformate gas, without any pre-treatment, the fuel
cell should be operated at significantly higher temperatures than 100 °C. Hence,
the HT-PEMFC, a whole new fuel cell type which other than operating at different
temperature conditions also uses a different acid-based polymer membrane with
respect to its low temperature counterpart was invented.

The dependence of CO poisoning on the operating temperature of a Pt-based
PEMFC can be analytically modeled as follows [Song et al., 2008];

—AGY RT RT
InH +

fco = In[CO]/[H,], 4.3)

T r
where AGY is the standard free energy of adsorption, r is the interaction parameter,
H is the Henry’s law constant for CO solubility, [CO] and [H,] are concentrations
of CO and H, respectively.

Experimental results confirm the advantages of higher temperature operation
as shown in Fig. 4.1. The figure shows a Nyquist plot of a single cell running on
H, and 0.5% CO at9 A (0.2 A/cm?) and varying temperature from 120 °Cto 180 °C.
It is evident from the plot that fuel cell impedance increases with decreasing tem-
perature. At 120 °Cthe impedance spectrum is much larger than the other spectra
at higher temperatures, especially in the intermediate frequency range. This indi-
cates that anode poisoning effects have a potentially devastating effect on the in-
termediate frequency impedance. The increase of the intermediate frequency arc
agrees with results obtained by Jiang et al. [2005], from studies of Nafion®- based
PEM fuel cells operated above 100 °C. They suggested that the observed increase
in impedance was due to the decrease in Relative Humidity (RH) while increasing
the temperature from 105 °C-120 °C. This means that there is lower water vapor
content for electrochemical oxidation of adsorbed CO to take place. This negative
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effect over weighs the benefit of the suppression of CO adsorption obtained by
increasing the temperature in that temperature range.
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Figure 4.1: Nyquist plot of a single cell running on H, and 0.5% CO at 9 A (0.2
A/cm?) and varying temperatures from 120 °C to 180 °C.

4.2.3 CO Poisoning in Relation to other Non-ideal Conditions

In paper 2, where the effects of all methanol reformate impurities were tested, the
effects of CO in relation to other impurities were analyzed. 1% and 2% CO were
tested and in line with the literature on CO poisoning it was found that CO has the
most severe degrading effects compared to the other constituents of a reformate
gas. Consequently, its addition to the anode feed causes the degradation in the fuel
cell performance immediately. As a manifestation of the fact that the poisoning af-
fects mainly the catalyst layer, the increase in resistance due to CO poisoning is
most pronounced in the high frequency region of the measured impedance spec-
tra. It adsorbs on the active Pt sites of the electrodes, both anode and cathode
(maybe through CO crossover) and slows the respective half-cell reactions, with-
out affecting so much the proton conductivity of the electrolyte. The effect of CO
poisoning on both anode and cathode is also reported in [Cheng et al., 2007].
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4.3. EFFECTS OF CO,

4.3 Effects of CO,

Another byproduct of the reforming process is CO,, usually present up to 25% by
volume in the anode feed gas. Similarly to the effects of CO, most of the changes
are seen in the high frequency region. This implies that the effects are concentrated
on the catalyst layer here as well. In fact, the effects of CO, can be redirected to
those of CO, as it can be reduced to CO through either Reverse Water Gas Shift
(RWGS), Eqn. 4.4 or directly in the cathode according Eqn. 4.5 [Du et al., 2009];

CO, +H, +— CO + H,0. 4.4)
CO,+2H" +2e — CO + H,O0. 4.5)

4.3.1 Temperature and CO,

In the tests in paper 4, in agreement with the general notion, no significant changes
are seen in any of the frequency ranges at 180 °C. At lower temperatures however,
some losses in performance are observed as can be seen in the increase in high
frequency resistance in Fig. 4.2. The explanation may reside in the fact that CO, is
not completely inert, but loosely binds to Pt-surface, and may be reduced to CO
[Du et al., 2009].
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Figure 4.2: High frequnecy resistance in the presence of CO, at 0.2 A/cm? and
varying temperature from 120 °C to 180 °C.

It is reported that in the case of LT-PEMFCs poisoning effects of CO, increase
with the increase in temperature as the kinetics of the RWGS increase to produce
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more CO [de Bruijn et al., 2002]. This is not seen in HI-PEMFCs, possibly because
the negative effects of the increase in RWGS kinetics are counteracted by the de-
crease in preferential CO adsorption and removal by electrooxidation of adsorbed
species at higher temperatures. Another explanation could be that, owing to the
faster diffusion of reactant gases, the dilution effects of CO, are lower at higher
operating temperatures.
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Figure 4.3: The effect of 20% CO, at varying current density on a PBl-based
HT-PEMEFC operating at 160 °C.

In another test in paper 2, where the effects of all impurities were tested the
effects of CO, were found to be negligible at varying current density. Figure 4.3
shows that the impedance spectra overlap for almost all the measured current
densities both in the case of pure H, gas and when 20% of the anode feed is CO,.
The only exception is seen at 0.22 A/cm?, where the high frequency semi-circle
is slightly shifted to the left in the presence of 20% CO,, while the low frequency
one remains unaltered. This shows that while as already seen CO, exacerbates the
effects of CO, it does not have significant effect on the losses of a fuel cell, if tested
alone, especially in this case where the stoichiometric ratios are relatively high, 1.2
for hydrogen and 4 for air.
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4.4 Effects of Methanol-Water Vapor Mixture

The effects of methanol-water vapor mixture are tested both along with all the
impurities (in paper 2) and alone (in paper 3). In both studies, temperature was
kept constant at 160°C, and for the methanol-water vapor mixture, a steam to
carbon ratio of 1 is considered throughout the duration of the experiments.

The increase in vapor mixture concentration causes resistances to increase as
in the case of CO and CO,, with minimal increase for 5% vapor mixture by vol-
ume in feed gas. More significant performance degradation is observed when the
vapor mixture is increased to 10%. Like with CO, the changes are slightly more
pronounced for high frequency range, signifying here also that the catalyst kinet-
ics is affected the most. The mechanism by which it affects the could be by means
of methanol dehydrogenation process which is known to happen on Pt surface
according to the reaction in Eqn. 4.6 [Sriramulu et al., 1999],

CH,0H + Pt — Pt—CO +4H" +4e™. (4.6)

This produces CO,4,, which as mentioned previously has a poisoning effects on
the Pt catalyst by preferential adsorption. Moreover, the surface coverage by CO,4,
can also impede CO oxidation [Modestov et al., 2012], which is a way of CO re-
moval from the Pt surface.

PBI membrane that is employed in the tested fuel cells is also reported to per-
meate methanol, mainly by diffusion. In fact, methanol permeation through poly-
mer membrane with subsequent dehydrogenation on the catalyst is one of the
main degradation concerns in DMFCs. Moreover, the dehydrogenation process
has complex non—CO intermediates at certain potentials, such as formaldehyde
and formic acid [Cao et al., 2005; Iwasita, 2002], which could have undesired ef-
fects on the operation of a fuel cell.

As reported in paper 3, a durability test was performed over a period of 1250
hours in the presence of methanol-water vapor mixture in the anode feed gas at
different concentrations. The voltage drop was continuously registered, and EIS
measurements were taken for the entire period of tests and analyzed by fitting to
an EC model. At the end of the impedance tests, the fuel cell was disassembled and
SEM was performed on the MEA and compared to an unused MEA of the same
type. PA levels and Pt- distributions were also measured along the cross-section
for comparison with a new MEA.

4.41 Analysis of Voltage Drop

In Fig. 4.4 the voltage drop of the fuel cell is given in voltage-time plane for the
entire period of tests. It is observed that the degradation rate for operation on pure
hydrogen taken over a period of 123 hours gives a near horizontal line, with an
average drop rate of -5 'V /h. Schmidt and Baurmeister [2008] also found the same
voltage drop of -5 1V /h over a period of 3000 and 6000 hours, respectively, for the
same MEA type. Their tests were long-term durability studies on HT-PEMFC at
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Figure 4.4: Cell voltage during the entire period of experiments in the presence of
methanol-water vapor mixture for a fuel cell operating at 0.22 A/cm? and 160 °C.
The red arrows pointing down, show the voltage drop at relevant test points, where
the methanol content was changed

cell temperature of 160 °Cand current density of 0.2 A/cm?. This is in agreement
with the degradation rate claimed by BASF for the MEA. Mogotéguy et al. [2009]
found a higher voltage drop rate of -41 'V /h over a period of 505 hours on a
Celtec-P1000 MEA, at a higher current density of 0.4 A/cm? and temperature of
160 °C.

In comparison, operation in the presence of 5% by volume of methanol-water
vapor mixture in the anode feed gas shows a degradation rate of -900 1:V /h, which
is evidently deviated from the case of a pure hydrogen operation. Li et al. [2009]
worked with reformate in their long-term durability tests with a voltage drop rate
of -20 1V /h, which however cannot be directly compared with the current work
as they used natural gas reformate.

Further increase in methanol content to 8% produces even steeper degradation
slope. The rate in this case is -3.4 mV /h and degradation continued without any
sign of stabilization until the methanol content in the feed gas was reduced. The
concentration was reduced to 3% by volume and this caused a rapid recovery
in the beginning, which then continued slowly until the supply was shut down.
The total recovery was a modest 0.03 V over 157 hours with respect to a total
voltage drop of 0.17 V, caused by the vapor mixture until that point over a period
of 988 hours. When the methanol supply was interrupted, further recovery of
the performance of the fuel cell followed by slow degradation was observed. The
degradation rate on pure hydrogen of the aged fuel cell after tests with vapor
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mixture was faster than the rate before tests with vapor mixture had been started.
However, the initial recovery due to the interruption was high enough to keep
the cell voltage above the levels of operation on 3% vapor mixture concentration
as can be seen in Fig. 4.4. The fuel cell was restarted before end of tests and a
significant rise in voltage was noticed, 11% increase in cell voltage.

4,42 Analysis of Impedance Spectra

In Fig. 4.5 it can be seen from the Nyquist plot that the impedance spectra expands
with time and with the introduction of the methanol-water vapor mixture, while
also being displaced to the right on the real axis. The bode diagram also shows
that the maximum phase shift and the frequency at which it occurs increases with
time. Similar trend of expanding spectra is seen in [Mamlouk and Scott, 2011] with
decrease in temperature of a HI-PEMFC, and is a typical indication of increased
losses manifested by increased impedance.
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Figure 4.5: Impedance spectra and bode plots showing the effects of different con-
centrations of methanol-water vapor mixture in the anode feed gas.

Contrary to expectations, the spectra in Fig. 4.5 do not show any inductive be-
havior at high frequency. High frequency inductive behavior is usually present in
impedance measurements due to the wiring and other instrumental non-idealities
[Andreasen et al., 2011; Mamlouk and Scott, 2011]. In the current work the recom-
mended wiring supplied by Gamry was used to connect the impedance measure-
ment system to the fuel cell, and other wires were used for the rest of the setup.
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Mamlouk and Scott [2011] limit the inductive behavior to above 10 kHz. Otomo
et al. [2004] on the other hand did not see a high frequency inductive behavior
in their sweep of until more than 10 kHz, but observed instead, a low frequency
inductive loop for methanol electro-oxidation in the anode. Despite these uncer-
tainties and relatively high —Z,,,, values, the changes in impedance observed
due to variation in the concentration of methanol-water vapor mixture are rather
typical of performance degradation, and follow closely the overall durability plot
in Fig. 4.4. It can also be noticed that, a high frequency loop is only seen on mea-
surements before the tests with methanol started, after which instead a low fre-
quency semicircle evolves increasingly with time and with increase in methanol
concentration. Mocotéguy et al. [2009] also observed that the high frequency loop
disappears with increase in degradation, which makes it plausible to suggest that
the disappearance of this loop is related to increased degradation from poisoning
due to methanol.

In the beginning, as methanol-water vapor mixture was introduced to the sys-
tem the impedance spectrum shrinks, as can be seen in Fig. 4.5. This shrinking of
spectrum could imply that the vapor mixture has an initial positive impact on per-
formance. This may be attributable to the presence of water vapor, which enhances
the cell performance by promoting the proton conduction through the membrane
[Daletou et al., 2009]. However, water is also reported to have a degrading ef-
fect by leaching the H;PO, from the PBI membrane at lower temperatures during
fuel cell shut down [Liu et al., 2006]. This is expected to be limited in the current
work, as there were no start/stop cycles tested, in which dilution of acid at lower
temperature during shut down is suggested [Gu et al., 2010].

Further continuous operation at 5% and then successively at 8% causes the
impedance spectra to continuously expand. This expansion implies loss in cell
performance with time, according to the increase in methanol concentration. The
increase in spectra size stops for operation at 3% of vapor mixture, suggesting that
poisoning effects are only seen at high concentrations of vapor mixture. When
the vapor supply is interrupted a sudden recovery followed by slow degradation
in performance was observed. This could mean that a small amount of vapor
mixture may enhance the performance by humidification, which is also seen when
methanol was first introduced to the fuel cell.

At the same time, it is observed that more methanol in anode feed means
more pronounced low frequency loops. In fact, the shapes of the spectra before
methanol was introduced and after methanol supply was interrupted resemble
each other in the low frequency region, in that, they have less pronounced low fre-
quency loops. Otomo et al. [2004] observed an inductive loop at frequencies lower
than 0.1 Hz. They concluded that since the inductive loop appeared through the
electro-oxidation, it was an indication of the fact that during the electro-oxidation
of methanol the passage from the intermediates to the products was the rate-
determining process of the overall reaction. The low frequency loop in this case
could be characterized by the start of such behavior, or just mass transport and
diffusive limitations. In either case it can be said that, methanol-water vapor mix-
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ture increases the losses in this frequency range. Ji et al. [2008] reported that the
hydroxyl groups of methanol forming hydrogen bonds, are more likely to accept
hydrogen atoms than to donate hydrogen atoms. This may slow down diffusion
of hydrogen in the anode side, implying that diffusion losses are not limited to the
cathode side alone.

4.4.3 Analysis of Fitted Resistances

The impedance spectra in Fig. 4.5 are fitted to an EC model shown in Fig. 4.6.
The fitted results of the resistances at the different frequency regions are given in
Fig. 4.7, and analyzed thereafter.

Ri Rit Rif
NNV AN M\
Rohmic
o— AW o
V4 ¥4
I ( I\ I\
CPEys CPE;; CPEjs

Figure 4.6: Equivalent circuit model fitted to experimental impedance measure-
ments for data analysis.

Ohmic Resistance (R, pnmic)

Generally speaking, there is not significant change in ohmic resistance. There is
a slight decrease in R,nmic at all the stages of the tests, but it is cancelled out by
the increase seen at each change of methanol content in feed gas. Assuming that,
Ronmic represents the contact resistances and electrolyte resistance, it can be said
methanol-water vapor mixture has negligible effect on the overall conductivity
of the electrolyte. The slight decrease in R,pmi. observed in all the stages of the
tests, may be attributed to the presence of water vapor, which enhances the proton
conduction in PBI-based polymer electrolytes [Daletou et al., 2009].

On the contrary, the same reasoning done earlier on the H;PO, leaching effect
of vapor mixture at lower temperatures can be done [Liu et al., 2006]. Mocotéguy
et al. [2009] observed H;PO, leaching without significant changes in Rpmic in
their long-term durability tests that included start/stop cycling.

High Frequency Resistance (R),)

There is a clear increase in R in the presence of 5% methanol as can be seen
in Fig.4.7. The increase is strangely arrested when the methanol content is raised
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Figure 4.7: Cell voltage during the entire period of experiments in the presence of
methanol-water vapor mixture.

to 8%, and then slightly increases on the passage to and during operation at 3%,
where it then remains constant towards the end. Lastly, when methanol-water
vapor supply was interrupted the effects reversed partially and remained constant
even after the fuel cell was restarted.

Thus, it appears that, it is more the change in vapor content of the feed gas that
determines the magnitude of Ry, than the vapor content itself. This is seen from
the fact that Ry increases every time the amount of vapor is changed, and then
stabilizes. A possible explanation for this could be that, some saturation or equi-
librium condition is established at the interface after each change in concentration.

Intermediate Frequency Resistance (R; )

In the intermediate frequency range, a slow and progressive increase in resistance
is seen during operation with 5% methanol. The increase is then more pronounced
for 8% and continues to increase until the methanol content is reduced to 3%,
where R; remains constant. It is as if operation on 3% methanol by volume stops
the increase in R; ¢, which resumes when methanol supply is interrupted.

It is also interesting to notice that, R;; follows closely the trend of the durability
profile in Fig. 4.4, and therefore, can be a useful parameter for fuel cell diagnosis.
That is, the increase in R;; corresponds to increased voltage drop due to catalyst
degradation and can be a good indication of the state of health of the fuel cell.

Although, the intermediate frequency region is usually associated with charge
transfer limitation of cathodic Oxygen Reduction Reaction (ORR) [Zhang et al.,
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2009], some processes in the anode side may also contribute to part of these resis-
tances. It also seems that, some of the degradations due to methanol-water vapor
mixture are reversible, from which the fuel cell recovered fast when restarted.

Low Frequency Resistance (R; )

Similarly to the R;, the R;y also showed a successive increase for 5% and 8%
methanol-water vapor mixture, proportionally to the vapor content. Unlike in the
former case however, an initial decrease followed by slight increase was observed
both during operation with 3% vapor mixture and when the supply of vapor was
interrupted. The low frequency loop is usually characterized by diffusion limita-
tions in the GDL [Gomadam and Weidner, 2005], which may results in the same
limitations on the catalyst surface as well. This could imply, that higher contents of
vapor mixture increases these diffusion losses, while small amount of vapor may
promote the diffusion of the gaseous species both on the GDL and the catalyst
layer.

4.4.4 Post-Mortem Analysis

A visual idea of the degradation of the MEA can be seen from the differences in
the SEM images in Fig. 4.8 and the atomic distributions in Fig. 4.9. It should be
noted that the two images were taken at different scales, the new one at a scale of
30 ym and the used one at 100 m. Nonetheless, the degradation caused during
the operation of the fuel cell can be noticed from the less uniform distribution of
the Pt particles (white area) in the used MEA.

The peaks in the atomic distributions are displaced, possibly due to the swelling
caused by the intake of the different species in the anode feed, which may also
have caused increased thickness of MEA as can be noticed both in Fig. 4.8 and in
Fig. 4.9. This is in contrast with Liu et al. [2006], where a slight reduction in mem-
brane thickness is seen after a degradation test. This could be due to the presence
of condensed methanol and water in the MEA. It could also be that the membrane
has lost the compression it was subjected to during tests before the SEM images
were taken, and this relaxation combined with the intake of methanol and water
molecules could have caused the swelling. The PA and Pt counts are also more
on the used MEA than the new one. This is mainly because different MEAs are
not identical to each other, and even within the same MEA different cross-sections
may have different levels of Pt and PA.

Contrary to expectations, the visible increase in membrane thickness did not
cause visible decrease in the proton conductivity of the PBI-based electrolyte. This
can be suggested from the fact that, despite the increase in the thickness of mem-
brane, R,nmic does not change much throughout the tests. This may be due to
some counter acting effects, where the presence of water vapor enhances the mem-
brane conductivity and the membrane thickening inhibits it.

A slightly higher concentration of Pt is seen on some points of the cathode
side of the used MEA with respect to the unused one. This could be Pt particle
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Figure 4.8: Post-mortem analysis of the cross section of a Celtec P- 2100 MEA (a)
SEM image of a new MEA and (b) SEM image of a used MEA.

agglomeration. However, the plots represent only one cross-section of each MEA
out of many possible cross-sections. Nonetheless, the same trend is seen in other
cross-sections as well, indicating that there may be some Pt particle sintering.
Small variations in PA levels in Fig. 4.9 between the new and the used MEA
at different points along the cross-section suggest that there is a small PA mobility
from the electrolyte to the electrodes. Acid mobility is reported to be quick in the
MEA, and can be caused due to compression by the flow plates and by drawing
current from the fuel cell [Wannek et al., 2009]. Indeed, PA leaching is suggested
to have effects at lower temperatures of fuel cell shut down [Liu et al., 2006]. In
this work however, there were no intentional start/stop cycles tested. This may
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Figure 4.9: Post-mortem analysis of the cross section of a Celtec P- 2100 MEA (a)
Pt and PA level distributions of a new MEA and (b) Pt and PA level distributions of
a used MEA.

have limited the PA leaching and its effects on the fuel cell.

4.5 Combined Effects of Impurities

The collective effects of impurities on the performance of the fuel cell can be said
greater than the arithmetic sum of effects in most cases. This is attributable to
the possible reactions among impurities and their intermediates, and catalyst sur-
face adsorptions of complex intermediate formations from the electro-oxidation of
methanol on the catalyst surface. In Fig. 4.10, the interdependence among all the
reformate impurities are given.

The interaction plots in Fig. 4.10 show some interdependence between the ef-
fects of the different impurities. In an interaction plot parallel lines represent that
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there is no dependence among effects. Therefore, the less parallel two lines are the
more interacting effects they have.

The interaction between the effects of CO and CO, seems not to exist for CO
concentration below 1%, while on the contrary, a high level of interaction between
the effects of the two gases is seen as the CO concentration is raised to 2%. Bha-
tia and Wang [2004] found that the combined effects of trace quantities of CO
and hydrogen dilution have an extremely detrimental effect on the performance
of a LT-PEMEFC. In this work the interaction is most significant for R,y and R;y,
Fig. 4.10(b) and (c), and negligible for R,pmic, Fig. 4.10(a). Some interdependence
among the effects of these two gases is also seen in [Andreasen et al., 2010].

In LT-PEMFCs the opposite is reported, where the losses due to CO, are the
largest when the CO content is small [de Bruijn et al., 2002; Yan et al., 2009]. Since
the main CO, poisoning mechanism in LT-PEMFCs is through CO formation by
RWGS, it could be that this effect decreases due to shift in equilibrium direction
in the presence of CO. It could also be that, as LT-PEMFCs are very sensitive to
CO, the effects of CO, are simply too small to be noticed compared to those of CO.
However, In HT-PEMFCs the worst effects of CO, are observed in the presence of
CO [Andreasen et al., 2011], specifically 2% CO in the current work. This is not
to say that the effects of CO, are worse at higher operating temperatures, but that
their interaction with CO are evident at high CO concentrations. The main reason
to this kind of interaction might be the same seen in [Bhatia and Wang, 2004],
where the combined effects of CO and hydrogen dilution have detrimental effects
on the performance of the fuel cell. This could be the result of reduced number of
H, molecules per active catalyst area.

Slight interdependence among the effects of CO, and methanol-water vapor
mixture is also seen. The interaction here could be with either methanol itself or
with the intermediate formations of its dehydrogenation process, given in Eqn. 4.6.
However, the effects of methanol-water vapor mixture do not show interdepen-
dence with those of CO, which means their effects are simply additive.

Summary

In summary, the different methanol-based reformate impurities cause performance
losses in a fuel cell. This chapter has presented these effects for each reformate con-
stituent, and related such effects to temperature, current density and to each other.
The losses are exacerbated when two or more impurities are tested together, due
to the interactions that take place among them.

The interaction among effects obtained in this study gives an invaluable first
qualitative insight into the tolerable mixes of impurities for optimizing the oper-
ating parameters of an HT-PEMFC. This can be an used for tweaking the perfor-
mance and selectivity of both the fuel cell and the methanol reforming processor
in a fuel cell system.
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Figure 4.10: Interaction of effects among the different factors at 160 °C (a) for
ohmic resistance (b) high frequency resistance (c) intermediate - low frequency
resistance.
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Conclusion

In this final section a summary of the main conclusions of the current research work is
given. The limitations of the work are also given with suggestions for future work to
continue the effort to better understand the degradation and lifetime issues of HI-PEMFCs
and to improve the test procedures.

5.1 Final remarks

In this dissertation the work of an experimental characterization of a PBl-based
HT-PEMEFC is reported. The effects of impurities from methanol steam reforming
were investigated by means of EIS. To assist in this, a complete unit fuel cell test
station was prepared, and a comprehensive testing of all the impurities in a re-
formate mixture, including methanol and water vapor was done. For a precise,
reliable and reproducible delivery of the vapor constituents of the reformate mix-
ture a vapor delivery system, in which a pump was connected to an electrically
heated evaporator was developed. The choice of such a system is the result of a
study that compared two systems, one based on a bubbler and another based on a
pump connected to an evaporator. The latter system was chosen, as it was found
to be more suitable for the purposes of the current study.

The fuel cell used in this work is a unit cell assembly of a 45 cm? active area
with a Celtec® P MEAs from BASF, sandwiched between graphite composite flow
plates of serpentine flow channels.
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5.1.1 Degradation Due to Non-ideal Conditions

Impedance spectra have been recorded at different operating points, namely dif-
ferent compositions of impurities, and varying temperatures and current densities.
The results show that all the impurities present in the reformate gas; CO, CO, and
methanol-water vapor mixture have poisoning effects on the fuel cell. This is true
whether they are introduced individually or collectively as a stream of gases and
vapors. Results confirm that the most severe effects are observed in the presence
of CO. CO, on the other hand has a very minor effects at high operating tempera-
tures, if present alone. High concentrations of methanol-water vapor mixture also
have degrading effects and should be considered when optimizing the operating
parameters of a reformate gas-fed HT-PEMFC. Other non-ideal conditions, such
as decreasing temperature showed similar degrading effects, owing to increased
CO-adsorption and decreased electro-oxidation of adsorbed CO.

Factorial analysis showed some of the possible interdependence among the
effects of the different impurities. The interaction is most important for CO and
CO, at CO concentration of 2% by volume, suggesting that tolerance to CO of a
PBI-based HT-PEMEFC is reduced in the presence of CO, in the anode feed gas.
The study showed also a small interdependence among the effects of methanol-
water vapor mixture and CO,. Therefore, it can be said that the collective effects
of impurities on the performance of the fuel cell are greater than the arithmetic
sum of effects in most cases.

Most of the degrading effects caused by the impurities are more pronounced
for intermediate-high frequency resistances, implying that charge transfer losses
are the most significant losses. This is in agreement with the general literature that
most of the poisoning effects are seen at the Pt-catalyst surface, causing loss of
ECSA.

5.1.2  Durability in the Presence of Vapor Mixture

Accelerated tests were performed over a period of 1250 hours by changing the
methanol-water vapor mixture content of the anode feed. These tests gave a gen-
eral insight into the effects of the mixture on the performance of the fuel cell. The
voltage drop was continuously registered, and EIS measurements were taken and
analyzed by fitting to an EC model.

Degradation rate for operation with pure hydrogen was found to be —5 uV/h
over the first 123 hours after break-in, which is in the same order of magnitude as
in the literature. Degradation rates in the presence methanol-water vapor mixture
were higher; —900 1V /h for 5% and -3.4 mV /h for 8%. Both from durability curve
and impedance analysis it is seen that continuous operation with 5% or 8% of va-
por mixture degrades the fuel cell severely. Based on literature survey, methanol
dehydrogenation on Pt surface with the formation of CO and other complex inter-
mediates, which then poison the catalyst, can be suggested as a degrading mecha-
nism.

Lower concentrations below 3% of vapor mixture, which are more significant
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to real world operation, have negligible effect in this work. These lower concen-
trations were tested after tests at higher concentrations of vapor mixture, and a
partial recovery of the cell’s performance is seen as a result. This signifies that the
effects of the vapor mixture are in part reversible.

Atomic distribution measurements showed a small Pt particle agglomeration
and slight PA mobility. However, PA leaching was small and cannot be considered
as an issue during continuous operations, where start/stop cycles are not charac-
teristic.

5.2 Future work

As set out in the beginning of this research work, understanding the degrading
mechanisms of fuel cells is a good starting point for mitigating them and prolong-
ing the lifetime of fuel cells. This idea has served as the motivation for the work
done, and while an insight into the fundamentals of these mechanisms by exper-
imental testing has been provided, further work is needed to better understand
and describe them.

In the work reported in paper 2, the effect of time in the interdependence among
the tested factors is not considered. During testing however, the fuel cell continued
to degrade in time, which inevitably changes the starting points for the different
measurements at different operating conditions. To avoid this, tests on as many
identical unit cell test stations as the number of test points in a controlled environ-
ment would be required at very high costs. An easier way of tackling this issue
that can be considered for future work can be, including the history effect of time
and its interdependence with the other factors, and hence, consider it in the facto-
rial design of experiments. This is recommended for a more complete picture of
all the factors affecting the performance of a fuel cell.

EIS as a characterization technique is powerful, and in this work it has been
used to perform a variety of tests and to look into the effects of different oper-
ating conditions. Nevertheless, its use in conjunction with other electrochemical
techniques such as CV, can add more detail to the study. For-example, CV stud-
ies of Pt surface coverage by adsorption of impurities (loss of ECSA) can support
the changes in the kinetics of the catalyst reactions that are usually manifested by
changes in high frequency loops of EIS measurements.

Even though, the effects of vapor mixture have been isolated from those of
gaseous species in this dissertation, further isolation of the effects of methanol
from those of water vapor can benefit the design of both reformer systems and
fuel cells. This could be done with start/stop cycling tests to also reveal whether
the vapors could result in PA leaching a lower temperatures.

Lastly, all the tests done in this work were performed on a single cell assembly,
and though, operating conditions were varied to simulate real life operations, the
presence of other adjacent cells has not been tested. Since fuel cell stacks are used
in real life operations, tests need to be extended to this level. Moreover, even
though the reformate impurities were simulated in a controlled manner and is
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easier to control than a real reforming process, a test station which includes a fuel
cell fed from a reformer can give a wider perspective for systems development.
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