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Abstract

The polymer electrolyte membrane fuel cell (PEMFC) is a potential technology for
future energy conversion in sustainable energy systems. By using hydrogen from
renewable energy sources and oxygen from the air, the fuel cell produces electricity
with water as the only exhaust. However, in order for fuel cells to be compatible
with current techniques, several technological improvements are needed. The major
issues are related to the platinum used to catalyze the oxygen reduction reaction
on the cathode electrode, the proton conducting membrane and the durability of
the fuel cell.

PEMFC electrodes typically consist of nanometer sized platinum electrocat-
alyst particles mixed with an ionomer and supported on carbon particles. The
structural complexity of the electrode renders fundamental studies of its function
difficult. Such studies are needed in order to increase the understanding and perfor-
mance of the PEMFC electrode. For this purpose, model systems with well defined
nanostructures should be used so as to isolate different governing mechanisms.

In this thesis, a structurally well controlled thin-film model system has been
used to investigate PEMFC electrodes. The model electrodes were fabricated using
thermal evaporation of the catalyst material directly on proton conducting mem-
branes or gas diffusion layers. This procedure allows for short fabrication times,
control over the amount of material deposited and a wide range of materials can
be used. The samples were electrochemically evaluated in a conventional fuel cell
under realistic operating conditions.

Evaluation of several different thin-film model systems demonstrated that the
methodology can be used to qualitative compare and rank catalyst material in the
PEMFC environment. Clear changes in the catalytic and structural properties of
platinum were observed when the metal was mixed in bi-layers with iridium and
titanium oxide. TiO, was found to operate as a proton conducting electrolyte
in the PEMFC. In addition, adding TiO, between platinum and the carbon gas
diffusion layer indicated an increased durability of the PEMFC electrode.

Keywords: fuel cell, PEMFC, model systems, cathode, oxygen reduction
reaction, platinum, electrocatalyst, titanium oxide, Nafion, proton conduction,
thin film evaporation
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Introduction

Since the industrialization, the world’s energy consumption has constantly
increased and during the 20" century it has accelerated rapidly, with the
growth of industrial production, transport, infrastructure and raised living
standards. The growing need for energy is expected to continue in the future.
With today’s technology it will not be possible to provide enough energy if
all countries would consume the same amounts of energy per capita as the
western countries presently do.

Today, energy consumption relies strongly on the supply of fossil fuels,
such as oil, coal and natural gas. As the amounts of fossil fuels are limited,
this will emerge as a problem. Another important drawback of using the fossil
fuels is the environmental problems that challenge the society in two ways:
i) globally the release of carbon dioxide (CO,) to the atmosphere increases
the global warming which may change the climate on earth through the
green house effect and i) locally the burning of fossil fuels usually results
in emissions of species such as nitrous oxides (NOy), sulfur oxides (SO ),
hydrocarbons (HC) and particulate matter (soot), which are harmful for all
living creatures [1].

The world is facing a serious energy and environmental challenge that
has to be solved if the people of the world are to keep or increase their living
standards, technical development and infrastructure. One way to continue
economic growth and increased living standards for all is to find ways to use
the limited energy resources more efficiently and in a more sustainable way.
Fuel cell technology offers a more efficient energy usage than conventional
technologies, such as combustion engines. The hydrogen (H,), used as fuel,
can be produced from renewable sources and the fuel cell will thus have little
or no negative impact on the environment.
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Energy Source |:>

Figure 1.1: Schematic illustration of an energy system.

1.1 Energy challenge

The energy challenge is not a single problem, but related to the whole energy
system with production, storage, distribution and conversion, see figure 1.1.
A change from today’s fossil fuel based system to a renewable system based
on for example hydrogen will require a number of technological breakthroughs
in the different areas.

1.1.1 Production

The majority of the energy consumed in the world is produced from non-
renewable and finite sources such as oil, coal, natural gas and nuclear energy.
In 2005, oil, coal and natural gas represented about 80 % of the total amount
of energy consumed. Worldwide, oil is the most important energy carrier
representing about 35 % of the world’s energy consumption in 2005 while
coal and natural gas covered 25 % and 21 % respectively [2]. Until now, the
demand for more energy has been met by increasing the production of fossil
fuel and, to some extent, controlled by the price. Some studies state that
the fossil fuel resources will hit their peak production rate within the next
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decades and increased production will be impossible. For oil production,
it is likely that this peak will be met relatively soon which most likely will
cause a rapid increase in the oil prices [3]. Increased prices will probably lead
to a reduced usage of fuel, which can prolong the production time. When
considering energy resources, it should also be noted that countries, such as
Sweden, use much more energy than is produced within the country [4], and
therefore strongly depend on other countries and are vulnerable for political
changes.

The only long term sustainable option for energy production is to find
ways of using renewable energy sources. In 2005 less the 13 % of the worlds
energy consumption was produced from renewable sources [2]. The largest
part of the renewable sources was the combustion of renewables, which con-
tributed to 10 % of the energy consumption while hydro power supplied 2 %.
Solar, wind and thermal together contributed only 0.5 %. Even if many of
the renewable sources can be explored further to make a larger impact on the
total energy consumption, it is critical that the world’s total energy demand
is decreased in order to produce enough energy in a sustainable way.

1.1.2 Storage and distribution

Energy is often used far away from the production sites and flexible use of
energy is of great importance in today’s society. Thus, there is a need to store
and distribute fuel, from the sources to the consumers. In the fossil fuels,
energy is stored chemically and can be used at need, e.g. when the engine in
a car is turned on. Liquid fuels, such as gasoline, and solid fuels, such as coal,
are easy to store and distribute and the infrastructure for doing this has been
developed and refined for over a century. The losses involved in distributing
solid and liquid fuels are low due to the high energy density of these fuels.
Gaseous fuels such as natural gas or bio gas require compression of the gas
in order to store and distribute them. This limits the distances over which
the fuel can be distributed and puts high demands on the infrastructure.
Electric power is not possible to store in large amounts but has to be used
at the same rate as it is produced. It can however be converted to chemical
energy, which for example is done in a battery or in the electrolysis of water
to produce H,.

1.1.3 Conversion

In the chain from energy source to energy use, the last step is conversion of
stored energy into useful energy in the final application. For automotives, a
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conventional combustion engine or an electrical engine can be used to pro-
duce mechanical energy to power the vehicle. In a combustion engine, the
fuel is burnt to produce heat which is converted to mechanical energy. An
electric engine needs electricity, either from a battery where energy is stored
chemically or from a fuel cell producing electricity from the fuel.

1.2 Environmental challenge

1.2.1 Locally harmful emissions

Burning fossil fuels create a range of unwanted bi-products: ¢) impurities
in the fuel, e.g. sulfur forms sulfur oxides (SO ), 7i) at high temperatures
nitrogen and oxygen from the air forms nitrous oxides (NO ) and #ii) incom-
plete combustion leaves soot and hydrocarbons (HC) to be released to the
atmosphere. The levels of locally harmful emissions can be brought down
to acceptable levels, but these processes reduce the efficiency of the engine.
Additionally, the release of CO, is difficult to reduce.

1.2.2 Global warming

Through the use of climate models and monitoring of the CO, levels in
the earth’s atmosphere it has convincingly been shown that human activities
during the last 150 years is responsible for a major part of the increased global
temperature, and that the temperature will increase significantly further if
actions are not taken to decrease the CO, emissions. The only way to prevent
further increase of the global temperature is to limit the use of fossil fuel and
switch to renewable and sustainable energy sources [1].

1.3 Swustainable energy systems

The development of a new and sustainable energy system must take into
account all steps in the energy chain: production, storage, distribution and
conversion and their impact on environment and health. At the same time it
must be feasible to adapt the infrastructure and to meet the energy demands
throughout the world.

Using hydrogen, H, as energy carrier can in theory eliminate the use of
fossil fuels. The H, can be produced from renewable sources such as water,
wind and solar power. In the end, the H, can be converted into electrical
energy through the use of fuel cells and used to power various electrical

4



1.4 Introduction

Figure 1.2: The general concept of the H,—O, fuel cell.

devices, from small portable equipment up to electric cars and busses or
even up to stationary power production.

1.4 Fuel cells

A fuel cell is a device that produces electricity as long as it is supplied with
fuel. The simplest form converts H, and O, to water, electricity and heat,
without pollutants and at high efficiency. Figure 1.2 shows schematically
the concept of the H,—O, fuel cell. The theoretical efficiency for converting
chemical energy to electrical energy in a H,—O, fuel cell is 83 % [5], which is
much higher than conventional combustion engines, where the corresponding
value is around 52 %. The principle of the fuel cell has been known since the
mid 19" century and during the past 20 years it has been intensively studied
thanks to its potentially important role in a sustainable energy system.

Although the fuel cell is simple in principle, there are high demands on the
fuel cell materials. The catalyst and electrode materials have to be stable
in the highly corrosive environment and be able to convert H, and O, to
H,O fast and efficient at low temperatures. In addition, the fuel cell has to
compete with current technologies for energy conversion, such as batteries
and combustion engines.

Platinum (Pt) is the most commonly used catalyst material in low tem-
perature fuel cells and contributes to a substantial part of the fuel cell pro-
duction cost. Today’s fuel cells require about 1 g of Pt per kW of energy
produced and with a market price of Pt of about €30 /g the Pt cost for a
100 kW fuel cell suitable for powering a car will be roughly €3000. To meet



Introduction 1.5

the automotive cost requirements and make fuel cell cars compatible, the Pt
content should be reduced to about 0.2 g/kW, hence a 5 time reduction of
Pt metal in the electrodes [6]. This has to be done without decreasing the
power density, i.e. the weight and size of the fuel cell should not increase
appreciably. In addition, to meet the automotive requirements, the lifetime
of a fuel cell, which today is around 2000 h of operation in a fuel cell car,
has to be increased to about 5000 h [7].

The catalyst layer in the fuel cell consists of carbon particles forming a
porous structure onto which Pt nanoparticles are deposited and mixed with
a proton conducting polymer. Within the structurally and functionally com-
plex layer reactants/products, electrons and protons are transported to and
from the Pt catalyst particles. To be able to improve fuel cell electrodes with
regard to activity and durability it is important to increase the understand-
ing of the different processes involved and finding ways of studying them. By
the use of model systems and simplified experiments it is possible to isolate
structural or material parameters.

1.5 Motivation and objectives

In order to understand and improve fuel cell electrodes, I have in the work
for this thesis, prepared nanometer thick catalyst layers and evaluated them
in a real fuel cell under realistic fuel cell operating conditions. The thin
films can be seen as being a thin slice of a real porous electrode, just at
the interface between the membrane and the electrode. This model system
has been used to evaluate the activity and stability of Pt in combination
with other materials and to study proton transport in the electrode. Several
material combinations and structures have been studied.

1.6 Outline of the thesis

This first chapter serves as a background of the energy and environmental
challenges that are motivating the fuel cell research. In chapter 2 the the-
oretical background of the fundamentals of fuel cells, how they work and
how they can be improved is discussed. Background to nanofabrication and
model systems is given in chapter 3. Chapter 4, 5 and 6 deals with the work
and the results of the thesis. Finally chapter 7 presents visions for future
work.



Fuel cells

2.1 History

The Fuel cell is an old technology. Already in 1839 sir William Grove dis-
covered and explained the fundamentals of the fuel cell. In Groves setup,
two glass tubes, one filled with H, and the other with O,, where placed in a
beaker with acid electrolyte. In each of the glass tubes there was a Pt elec-
trode in contact with the electrolyte and Grove was able to show a current
flowing between the electrodes [5, §].

More than one hundred years after the invention, General Electric devel-
oped and improved the fuel cell and in the early 1960s NASA used fuel cells
in the Gemini space program. This was later followed by the Apollo program
where fuel cells were used for electricity and water production in space [9].

In the 1970s the first car using fuel cells was built and since then the
technology has been successively developed, and more passenger cars, buses,
portable applications and stationary power production units with fuel cells
have been demonstrated. Today the polymer electrolyte membrane fuel cell
(PEMFC) using persulphonated fluoropolymers, such as Nafion (¥ DuPont),
is the most promising technology for portable applications and transport.
Many of the major car manufacturers have presented concept cars running
on this type of fuel cell, such as for example the Honda FCX and the Mercedes
A-Class F-Cell.

2.2 Principle

In ordinary combustion, on the atomic scale, the molecules of the fuel col-
lide with oxygen molecules and react. The reaction takes place on the order
of picoseconds and involves breaking of bonds in the fuel and formation of
bonds between the fuel and the oxygen by redistribution of electronic charge.

7
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The simplest example is burning of hydrogen:

H, + 10, — H,0 (2.1)

As the reaction occurs, hydrogen-hydrogen and oxygen-oxygen bonds are
broken, while hydrogen-oxygen bonds are formed. The enthalpy in the prod-
uct, water, is lower than the combined enthalpy of the reactant hydrogen
and oxygen, the reaction is exothermic. In ordinary combustion this energy
difference is released as heat. The heat can subsequently be converted into
mechanical energy which in turn can be converted to electric energy.

The principle of the fuel cell is to utilize the electrons when they move
from/to the reactants and let them do work before they recombine and form
the product. In a fuel cell, the energy difference can generate electricity di-
rectly from the chemical reaction. This is done by spatially separating the
reactants (i.e. the Hy and O,) and forcing the electrons through an external
circuit. The electrons generate an electric current as they move from the
fuel to oxidant. A key element for achieving the spatial separation is the use
of an electrolyte, a material that allows ions to flow but not electrons. On
both sides of the electrolyte there have to be electrodes in direct contact with
the electrolyte and connected through a circuit. The electrodes will harness
electrons from the fuel on one side (anode) and distribute them on the oxi-
dant side (cathode). Thus the overall oxidation of the fuel is split into two
electrochemical half cell reactions. If we again look at the simple example of
burning hydrogen, we have:

Anode reaction:  H, — 2H' +2e~ (2.2)
Cathode reaction: ~ £0,+2H" +2e~ — H,0 (2.3)

The overall reaction is still the same as in ordinary combustion (reaction 2.1)
but dividing the reactions and spatially separating them enables the fuel cell
to generate electricity directly from the chemical reaction [10].

2.3 Choice of fuel and fuel cell

Above, the principle for the simplest fuel cell, the H,—O, fuel cell is described.
This fuel cell uses gaseous H, as fuel and protons (H') as charge carriers
(i.e. protons diffuse through the electrolyte). This is the principle used in
the polymer electrolyte membrane fuel cell (PEMFC), which is the fuel cell

8
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type elaborated on in this thesis. There are, however, a number of other
fuel cell types that differ mainly in their operating conditions, charge carrier
and/or the type of electrolyte. Table 2.1 presents the most common types
of fuel cells with typical applications along with their main advantages and
weaknesses [5, 10].

The high temperature fuel cells (MCFC and SOFC) are mainly used in
stationary power units where it is possible to use the high quality waste heat
together with the produced electricity in a so called combined heat and power
(CHP) system. At high temperatures, high reaction rates can be achieved
without the use of expensive catalysts, but instead the high temperatures
increase the demands on the materials used in the system and increase the
start up time significantly.

Low temperature solid electrolyte fuel cells (PEMFC and DMFC) are well
suited for transportation and portable electric applications. The use of liquid
fuel in the DMFC makes the fuel handling relatively easy but on the other
hand it has a considerably lower power density compared to the PEMFC.

2.4 Energy

The fuel cell produces electricity directly from a chemical reaction, and has a
higher theoretic efficiency for conversion of the chemical energy to useful en-
ergy than a combustion engine. Thus, the fuel cell is a promising technology
for energy conservation.

However, to compare the potential benefits of using fuel cells for energy
conversion it is important to keep in mind the entire process of producing,
distributing and storing the fuel before it is used in the fuel cell. As most
fuel cells require H, as fuel and H, is not a natural resource such as oil, it
has to be produced. Production of hydrogen can be made in three different
ways: i) reformation of hydrocarbons such as fossil natural gas and petroleum
or renewable biomass [11], ii) electrolysis of water [12] (this is basically a
reversed fuel cell) or i) photocatalysis to split water [13].

If H, is produced from fossil sources the production will lead to emissions
of CO, in to the atmosphere and thus, some of the environmental benefits
are lost. There are also practical problems with the high amounts of CO
that is produced upon reforming. Most fuel cells are very sensitive to CO
as it poisons the catalyst and extensive cleaning of CO has to be employed
which reduces the efficiency. Different techniques, such as the water gas shift
reaction can, however, be used to remove much of the CO [14].

9
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2.4

Table 2.1:

Key figures for different types of fuel cells (FC); Polymer elec-
trolyte membrane (PEMFC), direct methanol (DMFC), phosphoric
acid (PAFC), alkaline (AFC), molten carbonate (MCFC) and solid

oxide (SOFC).

PEMFC,
Fuel cell type DMEC PAFC AFC MCFC SOFC
Polymer Molten Ceramic,
Electrolyte membrane H3PO4 (aq) KOH (aa) carbonate Yttria-Zirconia
Charge carrier H* H* OH CO% 0%
Fuel H,, Methanol H, H, H,, CH,4 H,, CH,4, CO
Operating
temperature 80-100 170-220 60-220 600-1000 600-1000
0
POV‘EiWS‘”ge 0.001-1000 10-1000 1-100 100100000 10-100000
Catalyst Pt Pt Pt Ni Ni
- High power - Low cost - Low cost - High - High
density electrolyte materials efficiency efficiency
- Good - Reliableand - High - Fuel - Fuel
Advantages | start/stop long time performance flexibility flexibility
capabilities performance - High quality - High quality
- Low waste heat waste heat
temperature
operations
- Expensive Pt - Expensive Pt - Expensive Pt - Expensive - Expensive
catalyst catalyst catalyst materials fabrication
- Sensitiveto - Corrosive - Require - Corrosive - Poor
Weaknesses | COand S electrolyte water electrolyte component
poisoning - Require management - Degradation  stability
- Require electrolyte - Sensitiveto  and lifetime
water management CO, issues
management
Electrical Electrical Space, Stationary, Stationary,
equipment, equipment, military electrical transportation
Applications | portable transportation equipment
devices,
transportation

10



2.5 Fuel cells

Electrolysis of water to produce H, can be thought of as a way of storing
electrical energy. If the electricity used is taken from renewable sources, this
route produces H, without releasing harmful emissions or CO,. Another pos-
sible advantage is that electricity is easily distributed using the electric grid
and H, production can be done close to the usage sites, e.g. a filling station.
The main disadvantage is that the extra conversion step of producing H, is
accompanied by additional losses. Efficiency from electricity to compressed
H, has been reported to vary between 60 — 90 %, depending on production
rate and delivery pressure [12].

For automotive use, studies of energy systems taking into account all steps
in the energy production chain, so called well-to-wheel studies, point towards
a possible total energy gain of using fuel cells or fuel cells combined with
batteries, compared to other technologies [15]. Other studies recommend
that batteries alone might be superior to fuel cells [16]. Creating an energy
system based on fuel cells with little or no environmental impact throughout
the energy chain is still a considerable challenge, but also a great possibility.

2.5 The polymer electrolyte fuel cell

The polymer electrolyte fuel cell (PEFC or PEMFC), also called proton ex-
change membrane fuel cell (PEMFC) or solid polymer fuel cell (SPFC) was
developed in the early 1960s. The principle of the PEMFC is shown schemat-
ically in figure 2.1.

2.5.1 Fundamentals and components

This section describes the components that make up a typical PEMFC stack,
explaining the fundamental role of each component and key parameters for
their individual and combined performance.

The heart of the PEMFC is the membrane-electrode assembly (MEA),
which is a three layer structure consisting of the polymer electrolyte and two
electrodes. Figure 2.2 shows a photograph of a lab-scale MEA and an SEM
micrograph of a cross section of an MEA. The electrodes contain an electro-
catalyst layer and they are mounted on either side of the polymer membrane
and form anode and cathode respectively. Optimizing the electrode struc-
ture is vital since the electrodes must facilitate transport of: i) ions to and
from the membrane, ii) electrons to and from the current collectors and i)
product and reactants to and from the catalyst. A complete MEA is about
200 — 500 pm thick and by the use of bipolar plates they can be stacked
tightly to form a fuel cell stack. In the stack, the individual MEAs or cells

11
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e Electric load e-

Anode:
Flow field plate Flow field plate
Gas backing Gas backing

Porous electrode Porous electrode

Proton exchange membrane

Figure 2.1: Schematic illustration of an operating PEMFC.

are connected in series and thus the total voltage from a stack is the volt-
age of each cell (about 0.7 V') multiplied by the number of cells. The total
current is determined by the combined area of all cells in the stack [5].

i) Proton conducting membrane

The proton conducting membrane is a solid electrolyte that conducts protons
from the anode to the cathode while it functions as an insulator for electrons.
The thickness should be as small as possible in order to reduce the resistance
of proton transport but must provide enough mechanical strength to keep
the MEA together and be a seal between the reactant gases on either side.
Typically, the thickness is 50 — 200 um. Today, the most common proton
conducting materials in the PEMFC are perfluorinated sulfonic acid polymers
such as Nafion. Nafion consists of a polytetrafluoroethylene (PTFE, also
known as Teflon) backbone grafted with fluorinated side chains terminated by
sulfonic acid groups, HSO, [17]. The PTFE backbone is strongly hydrophobic
while the sulfonic acid groups are strongly hydrophilic, i.e. readily attracts

12



2.5 Fuel cells

Figure 2.2: a) A photograph of a lab-scale MEA and b) an SEM cross section of
an MEA.

water. In the hydrated regions the HT ions are loosely attracted to the SO5
and hence are able to move both inside the local water domain and between
the water regions. A key factor for the proton conduction is the presence of
water, as the membrane has to be hydrated. The proton conductivity drops
drastically as the degree of hydration in the membrane is reduced. The need
of hydrating the membranes poses challenges on the surrounding equipment
as usually the gases entering the fuel cell need to be humidified. It also
limits the operation temperature to below 100 °C'. Besides being present in
the membrane, the proton conducting polymer is also present in the electrode
structure where it assures proton transport to the catalyst particles. It also
acts as a binder and increase the mechanical stability of the electrode. The
Nafion type materials are expensive to manufacture and since there is a need
to raise the operating temperature towards 120 °C' in order to increase the
power generation of PEMFCs, research is dedicated to search for alternative
proton conducting materials [18, 19].

i1) Electrode

The electrode or catalyst layer contains the electrocatalyst material. It must
be an electric conductor and it should be prepared so that it can facilitate
transport of ions, gases and water to and from the catalyst sites [20]. The
most commonly used catalyst material is Pt and in the electrocatalyst layer
it is present as highly dispersed nanoparticles to maximize the use of the

13
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Pt. The electrode must have a high surface area and at the same time be
chemically stable under voltage change in acidic conditions, i.e. high H
concentrations. Typically the electrode consists of carbon particles on the
order of 50 — 100 nm, Pt nanoparticles of 2 — 5 nm and an ionomer binder
that ensures proton transport and mechanical stability. On the anode side,
the catalyst splits H, into protons and electrons and on the cathode side
the catalyst adsorbs O, and catalyzes the oxygen reduction reaction (ORR).
The electrodes are generally fabricated by printing, spraying or brushing an
electrode ink, which is a suspension of catalyst powder in dilute ionomer
solution and a solvent. The thickness of an electrode layer is usually 5 —
20 pm.

iii) Gas diffusion layer

The gas diffusion layer (GDL) acts as a current collector, it distributes gases
and prevents flooding of the electrodes. It is located between the electrodes
and the bipolar plate. Usually it consists of a porous carbon fiber paper or
woven cloth with a thickness of 100 — 300 pum [20].

iv) Bipolar plate

The bipolar plates are cathode on one side in one cell and anode on the
other side in the next cell. The plate gives mechanical stability to the stack,
compresses and seals the cells and has groves for the reactant gases to be sup-
plied. It is important that the plates have high electric and heat conductivity,
that they are chemically stable and gas tight [21]. Ideally the bipolar plate
should be as thin as possible to reduce electrical resistance and make the
fuel cell stack small and light weight. However, this makes the gas channels
narrow and increases the pressure drop over the plate and makes it difficult
to pump gases. The result is that the bipolar plates actually comprise most
of the stack volume and about 80 % of the weight. Issues in designing bipolar
plates include: flow field patterns, material and manufacturing routines and
cost. Typically bipolar plates are made by graphite or stainless steel.

v) Surrounding system

The surrounding system, also called balance of plant, includes management
and control equipment to optimize the function of the fuel cell stack. The
amounts and types of surrounding equipments depend on the size and type
of stack, e.g. portable, transportation or stationary. For example, it is often
attractive to operate large stacks (above 10 kW) at higher pressures which
require a compressor, pressure regulators and possibly a turbine. Most fuel
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cells use active water management to humidify the gases entering the stack
to avoid membrane dehydration. It can also be of interest to hybridize the
fuel cell stack with a battery which requires electric control systems. The
stacks usually needs cooling and for small stacks it is often sufficient to use
air cooling, possibly with fans or blowers while larger stacks often call for
water cooling. The use of additional equipment can increase the efficiency of
the fuel cell stack [22] but it adds to the system complexity and cost.

2.5.2 Benefits and problems

Fuel cells offer two important advantages as compared to current energy con-
version technologies: i) high energy efficiency and ii) low and potentially zero
environmental impacts. Fuel cells deliver energy as long as fuel is supplied
and there is no need for recharging, there are no moving parts, they are silent
and easy to mass produce.

The research during the past few decades have increased the performance
and reduced the cost of fuel cells extensively. For example the Pt loading
in the catalyst has been reduced from around 5 — 10 mg/cm? in the early
1990s [23] to about 0.6 mg/cm? used today and at the same time the power
density and life time have been increased. Many experts agree that continued
research and optimization will continue to raise the performance of fuel cells
and that the performance targets posted for large scale commercialization of
fuel cells are feasible, for example, by using Pt alloys [6].

There are however several serious hurdles before fuel cells can be made
commercially attractive. The major barrier is the cost involved in fuel cell
systems, and not only the cost for the fuel cell and the fuel cell stack but
also the cost of producing and distributing the H,, i.e. massive changes in
the infrastructure. The issues of lifetime and durability of fuel cells is also a
considerable problem. Furthermore, power density, both of the fuel cell and
the fuel, is a significant limitation. Fuel cells are also vulnerable to poisoning
from e.g. CO and S, which puts additional constraints on the fuel. Also, the
high price and limited resources of Pt is a problem for mass production of
fuel cells.

Another problem is that the fuel cell technology is competing with already
functioning and available technology. Thus, the fuel cells have to compete
with conventional technology in terms of performance, cost and durability
before it can be commercially attractive.
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2.6 Electrochemistry

An electrochemical reaction involves transfer of charge, usually electrons be-
tween an electrode surface to an adjacent solution and is often termed elec-
trode processes [10, 24]. In the simplest case this reaction occurs in three
steps: i) adsorption of reactants at the liquid-solid interface, ii) electron
transfer between the reactant and the electrode and finally ii) desorption of
the products from the electrode surface. During electrochemical reactions,
the electrodes will be charged, which gives rise to an electric double layer, a
separation of negative and positive charges (ions) close to the electrodes [25].
This means a positively charged surface will have a layer of predominantly
negatively charged ions in the electrolyte close to the surface and vice versa.

In fuel cells, a thermodynamically favorable process (AG < 0, where AG
is the change in Gibbs free energy) is used to generate an electric current. The
amount of energy produced is dependent on the rate of the chemical reaction.
Electrochemistry can also be used to drive thermodynamically unfavorable
processes (AG > 0), for example electrolysis of water, charging of batteries
or electroplating. In this case, a current is supplied to the system and to
some extent the rate of the chemical reaction induced can be controlled by
the current, i.e. the rate of electrons passed.

Pt is not at all inert in the voltage window of an operating fuel cell
and interactions with water induces chemical reactions on the Pt surface,
something that is readily seen by performing cyclic voltammetry (CV) in
inert atmosphere in a fuel cell, or in O,-free electrolyte in a half cell. Figure
2.3 shows a CV for a polycrystalline Pt film in 0.5 M H,SO, measured in
an electrochemical quartz crystal microbalance (EQCM) cell at 18 °C. At
potentials below 0.4 V' vs. reversible hydrogen electrode (RHE) hydrogen
adsorption and desorption peaks are seen, peak positions mainly depend on
the governing crystal planes of Pt. In the forward scan, above 0.8 V' vs.
RHE Pt is oxidized and depending on sweep conditions, several different
oxides may be produced [26]. On the reverse scan, the Pt oxide is reduced
to metallic Pt.

2.7 PEMFC catalysis

A catalyst accelerates a chemical reaction. In heterogeneous catalysis this is
done by adsorbing molecules from a gas or liquid phase on the catalyst surface
where they react and the products desorb, leaving the catalyst unchanged.
The catalyst increases the rate of a reaction by introducing new reaction
paths or lowering of a rate limiting step, i.e. changing the kinetics, but
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Figure 2.3: Cyclic voltammogram in 0.5 M H,SO, for a polycrystalline Pt film
at 18 °C' measured in an EQCM cell.

not the thermodynamics of a chemical reaction. Catalysis involves three
basic steps: i) bonding of molecules to the catalyst surface, ii) reaction
on the surface and 7i7) separation of the formed product from the surface.
If the second step is reaction between adsorbed species on the surface, it
is called a Langmuir-Hinshelwood mechanism while if one of the reactants
is taken directly from the gas or liquid face the mechanism is termed Eley-
Rideal [27]. In addition to the three step process, a catalytic reaction usually
involves diffusion of adsorbed species on the surface, multiple reaction paths
and multiple reaction intermediates. It is sometimes sufficient to only study
the overall or global reaction and derive the apparent reaction rates but in
order to understand the fundamentals of a catalytic reaction, to be able to
control and improve a process, e.g. selectivity and/or yield, it is necessary
to study and understand the elementary reactions. As the rate of the overall
reaction is limited by the rate of the slowest step in the reaction path (rate
limiting step) a good catalyst must have a balance between binding energies
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of reactants, intermediate complexes and products with activation barriers
as low as possible.

In a fuel cell, electrode processes and catalysis work simultaneously in
electrocatalysis, and it is important to understand the underlying processes
and how they interact. For a fuel cell to deliver energy the chemical reac-
tions have to occur at a high rate and a catalyst is employed to do this.
However, in variance with traditional heterogeneous catalysis, the processes
take place in the presence of a potential. A change in potential is similar to
a temperature or pressure change in regular catalysis. This is evident from
the definition of change in Gibbs free energy:

dG = —SdT + Vdp — dW,a.. (2.4)

Which is derived from the first and second law of thermodynamics [10]. The
term dW.. is the electric work, defined as the work done by moving a charge
Q. through an electric potential E:

Welec = QCE (25)

If the charge is carried by electrons:

Where n is the number of moles of electrons transferred and F' is Faradays
constant. Thus, the driving force of chemical reactions, dG is changed when
the potential in the fuel cell is changed. This means that reactions can
be increased (or suppressed) by a change in potential. In a fuel cell under
operation, the potential will change due to the load and it is important to
understand how this affects the chemical reactions and the performance of
the cell.

2.8 PEMFC performance

The combined losses in the fuel cell system can be expressed as an efficiency
which relates the amount of energy put into the system to the amount of
useful energy taken out of it. Additionally, durability of the system and its
components is crucial in order to sustain the performance of the fuel cell over
time. Below, these terms will be explained in more detail.
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2.8.1 Thermodynamics

The theory of thermodynamics is used to describe and track properties of
a system in terms of energy and entropy. The first law of thermodynamics
says that energy can never be created nor destroyed while the second law
says that the entropy of a system and its surroundings must increase or at
least remain zero for any process [10]:

1*" law of thermodynamics:  dU = DQ — dW (2.7)
2" Jaw of thermodynamics:  dSyniw > 0 (2.8)

Where U is the internal energy of a closed system, @) is heat, W is work and
S is the entropy.

The most important thermodynamical quantities when considering chem-
ical reactions are enthalpy, H, and Gibbs free energy, G.

G=H-TS (2.9)

Equation 2.4 relates the change in Gibbs free energy to changes in temper-
ature, pressure and electric potential. For a constant temperature, constant
pressure process and using molar quantities for a reaction, this reduces to:

Adyon = —nFE (2.10)

Considering the PEMFC reaction, i.e. Hy and O, forming water:

This reaction has Ag°, = —237.17 kJ/mol at standard state conditions
(T'=25°C and P =1 bar). Thus the reversible voltage for a H,—O, fuel
cell operating at standard conditions is:

~0
— Agrﬂcn
n

E° =123V (2.12)
This is the theoretical upper limit of the reversible potential in a PEMFC
at standard state conditions. The term reversible voltage implies that the

system is at equilibrium, thus equation 2.12 will not be valid as current is
taken from the cell and the cell voltage will always be lower than E°.
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Thermodynamics can also be used to determine the ideal reversible fuel
cell efficiency. Efficiency, € can be defined as:

hat t
e = Lnat you ge (2.13)
what you pay for

Which means how much useful energy can be extracted divided by the total
amount of energy put into the system. Equation 2.4 says that the maximum
amount of energy available to do work is the Gibbs free energy of the reaction
and the total amount of energy released in the reaction is the enthalpy, and
thus:
Ag
Erc A}AL (2. 14)

At room temperature and atmospheric pressure this yields [5]:

~0

A9 _ 83 (2.15)

N

Erc =

Thus, the maximum electrical efficiency for the PEMFC at room tempera-
ture is 83 % (the remaining is converted to heat). This can be compared to
the theoretical efficiency of a combustion engine which is restricted by the
Carnot cycle:

To —Tx

T (2.16)

ECarnot =

An engine with an operating temperature (Tp) of 400 °C' and rejection tem-
perature (T) at 50 °C' will thus have a theoretical reversible efficiency of
52 %.

2.8.2 Kinetics

In ordinary chemical reactions, electrons are transferred between the react-
ing species directly, without the liberation of free electrons, while for elec-
trochemical reactions electrons are transferred between electrodes and the
reacting species. This means that there is always a current present as reac-
tions take place and the current can be related to the rate of the reaction.
Consider again the over all reaction in the PEMFC:

k
H, + 10, % H,0 (2.17)
b
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k¢ and k; are the rate constants for the forward and backwards reaction re-
spectively, and from classical kinetic theory it is possible to derive expressions
for the reaction rates. The reaction rate v, depends on reactant concentra-
tion C, the rate constant k, the activation barrier AG* and temperature 7.
The net reaction rate may be written as:

(5) ezl )
v=uv;—uv,=kChre )k pe " (2.18)

Where R is the gas constant, subscripts R and P represents reactants and
products respectively in the net reaction (products in the forward reaction
is reactants in the backwards). Superscripts * are used to highlight the fact
that for the fuel cell reaction, the products and reactants are absorbed species
on the catalyst surface. The reaction rate can be related to the measurable
exchange current density j, as current is nothing more than a rate of elec-
trons. Here, it is the rate at which electrons are released in the chemical
reaction, and thus:

J=Jr— gy =nF(vy — ) (2.19)

At thermodynamic equilibrium there is no net reaction and thus no net cur-
rent is measured (j = 0). In other words:

Jf = Jb = Jo (2.20)

Jo is termed the exchange current density of the reaction and is a critical
parameter for the fuel cell performance.

As the potential in an electrochemical system is changed from equilib-
rium, the activation energy barriers are changed. The forward and backward
energy barriers are related to the Gibbs free energy of the reaction, as:

AGzn = AGh — AG; (2.21)

The potential difference (E° — F) is defined as the overpotential,  and rep-
resents the losses in the system. The magnitude of 7 is simply the difference
between the equilibrium potential and the actual value. To relate a change
in potential to the change in activation barrier, a term called transfer co-
efficient, « is introduced. The value of o represents the symmetry of the
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activation barrier and for a symmetric reaction the value is 0.5. A change in
potential to a more positive value lowers the energy of the reactant electron.
The activation barrier of the oxidation (backward reaction, AG%) is lowered
by a fraction of (1 — «) F'n, while the reduction reaction (forward reaction,
AG;) is increased by a fraction of aF'n.

This makes it possible to express the potential dependence of the current
density and this is described by the Butler-Volmer equation:

J=7Jr—Js=Jo (6(‘1}%?") _ @(—7“7%"”)) (2.22)

The Butler-Volmer equation describes how current and voltage are related
in an electrochemical system, and in equation 2.22 it assumes that the con-
centrations of reactant and products on the surface are unaffected by the net
reaction. It can be seen that the current produced by the electrochemical
reaction increases exponentially with overpotential and that an increase in
current results in a loss of voltage (activation loss, 7gc)-

From equation 2.22 it is seen that for large n the second term becomes
negligible and thus:

J=dr—jp= joel “RT") (2.23)
Solving for n yields:
RT RT
=—(——=)1Iny —— ) Iny 2.24
g (omF) Mo + (omF) H ( )

A plot of 1 versus Inj will thus produce a straight line and is often presented
as the Tafel equation:

n=a+0blnj (2.25)

Where a and b are constants and b is called the Tafel slope. Another common
way to write the Tafel equation highlights the importance of the exchange
current density, jo:

n="b haj:]—O (2.26)

The performance of the fuel cell depends on the operating conditions, pres-
sure and gas concentrations. The £ value calculated above is the equilibrium
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potential at standard conditions and assumes 100 % H, and O,. The equi-
librium potential of a fuel cell running at different conditions is described by
the Nernst equation [10]:

1/2
RT PH Po
E,=E"4+— In——2 (2.27)
nkF PH2O

The PEMFC half cell reactions look fairly simple but they involve several
intermediate steps and at different potentials there are several possible side
reactions that may occur. Most problems arise at the cathode side where O,
is reduced to H,O. For a single O, molecule reaction 2.3 becomes:

O, +4H* +4¢~ — 2H,0 (2.28)

This reaction is termed the oxygen reduction reaction (ORR) and is a four-
electron reaction, including the transfer of four protons and the cleavage of
an O—O bond. The incomplete two-electron reduction results in formation
of hydrogen peroxide (H,0,). Two different reaction mechanisms have been
proposed for the ORR reaction, 7) the simple dissociative mechanism where
the O, is split on the catalyst surface and ii) the associative mechanism where
O, does not dissociate on the surface. Ngrskov et al. [28] have presented a
method to use density functional theory (DFT) to estimate the thermochem-
istry for electrochemical reactions and found that the binding energy of O
and OH to the catalyst surface are key parameters for the ORR reaction.
Further, it was concluded that no sole material has higher activity for the
ORR than Pt, but that it should be possible to raise the activity by changing
the electronic properties of Pt, e.g. by alloying.

2.8.3 Transport of species

In order for the fuel cell reaction to occur, the transport of i) reactant and
product species (mass transport) to and from the catalyst sites and transport
of i) electrons and protons (charge transport) between the electrodes has to
be as efficient as possible.

i) Mass transport

Mass transport occurs via diffusion and/or convection. Convection refers to
transport of a species under the action of mechanical forces, e.g. the motion
of a fluid or gas, while diffusion refers to a transport of species due to concen-
tration gradients. Diffusion is restricted by the molecular motion, depending
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on the temperature and the dimensions of the space where diffusion takes
place. It is thus far less effective than the convectional transport which is
related to the mechanical force applied, e.g. the flow rate of the gas.

In the fuel cell, reactant gases are supplied through the gas channels in
the bipolar plates and the gas has to diffuse through the gas diffusion layer
to reach the active catalyst sites. At high current densities, gases have to be
supplied at high rates to the cell. However, at some level the diffusion will not
be sufficient and the performance of the fuel cell will radically decrease with
increasing current. This is termed mass transport losses (7y-qans) or Nernstian
losses since they can be modeled by the Nernst equation (equation 2.27). To
minimize this effect, the distance where gases have to be transported through
diffusion should be made as small as possible.

i1) Charge transport

Charge is transported in the fuel cell via electrons moving in the outer circuit
and via protons moving through the electrolyte. The transfer of electrons is
rarely a big issue in fuel cell design, the electrode, the gas diffusion layer and
the bipolar plates are good electric conductors and the losses associated with
electron transfer are very small.

Proton transport however, is far more difficult than electron transfer,
mainly due to the large difference in mass. In general, proton conductiv-
ity in solid materials is far below the upper limit for proton conduction in
liquids. However, proton conducting polymers such as Nafion shows conduc-
tivities close to that of liquid systems as a consequence of the combination
of hydrophobic and hydrophilic groups present in the structure [17]. This
leads to a system where water can easily move and the conductivity is essen-
tially carried by hydrated protons, e.g. H;O" and governed by the diffusion
coefficient of water.

Resistance to charge transport results in a voltage loss in the fuel cell.
The losses obey Ohms law, and are therefore termed ohmic losses (7onm)
or IR losses. To minimize the ohmic losses the membrane should be as
thin as possible. However, if the membrane is too thin, H, and/or O, will
diffuse through the membrane and react, meaning that fuel is basically lost.
Also, a thin membrane increases the amount of electrons transported through
the membrane and energy is lost as the fuel cell is short circuited. These
two effects results in a voltage loss termed fuel crossover losses (7erss) OF
internal current losses. The fuel crossover losses are often combined with the
activation losses when the fuel cell performance is analyzed.
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Figure 2.4: Schematic illustration of the operating potential curve, with the con-
tributions from the different potential losses and the different polar-
ization regions.

2.8.4 Losses

Kinetics and transport of species in the fuel cell results in three types of
irreversible losses: i) Activation losses, #i) ohmic losses and #ii) mass trans-
port losses. These losses can be expressed as voltage drop or overpotential
and will add together to give the total overpotential for the fuel cell. The
resulting potential is thus:

E= Eeq - Z n= Eeq — Nact — Nohm — Mtrans (2.29)

Figure 2.4 shows a schematic illustration of the resulting fuel cell operating
potential curve where the contributions from the different potential losses
are seen.

2.8.5 Efficiency

The losses described above will lead to a reduced voltage in the cell. These
are unwanted losses, and the efficiency will be lower than the theoretical effi-
ciency calculated in equation 2.15. As seen in figure 2.4 the fuel cell potential
varies with current, thus the efficiency will vary with current. A typical fuel

25



Fuel cells 2.8

cell normally operates at about 0.7 V', the ideal voltage is 1.23 V' (at room
temperature) and the efficiency of the cell is thus:

E A

The actual efficiency from fuel to electric energy is here only 47 %, quite far
from the 83 % that is theoretically possible.

2.8.6 Stability

In order for fuel cells to become a realistic alternative for energy conversion,
they must not only have a high performance, they must also be able to keep
the performance over time. The US Department of Energy has defined the
target lifetime of an automotive fuel cell stack to 5000 h (equivalent to about
240 000 km) for the year 2010 [7]. In 2005 this number was about 2000 A
[29]. All parts of the fuel cell are subjected to degradation and usually a
failure in one component results in failure of the whole fuel cell. The most
critical components are the electrodes (mainly the cathode electrode) and
the membrane.

Degradation of a Pt/C electrode is associated with three fundamentally
different processes: i) coalescence of Pt nanoparticles via Pt particle migra-
tion on the support, i7) Pt dissolution and redeposition (an Oswald ripening
process) and #ii) loss of Pt particles due to corrosion of the support [30, 31].
Moreover, Pt has been found to migrate into the polymer membrane during
voltage cycling [32]. All these processes are strongly dependent on operat-
ing conditions, such as cathode potential, relative humidity, scan rate and
temperature. For the third point, it has been suggested that Pt can catalyze
carbon corrosion [33, 34]. Other studies have, however, reported that Pt on
the carbon do not significantly increase the rate of carbon corrosion [35]. It
is often observed that the Pt particles in the cathode catalyst increase in size
after fuel cell operation, a result of point one and two above, but there is
little evidence to which of the two mechanisms that dominate. Pt dissolution
is dependent on potential and rate of potential change in acidic media, and
it has been suggested that oxidized Pt is more subjected to diffusion than Pt
metal [36]. Moreover, it has been proposed that the stability of Pt can be
improved by alloying with transition metals such as Cr, Ni or Co [37].

Also the polymer membrane suffers from aging effects and loses perfor-
mance over time in the fuel cell. Issues related with membrane degradation
are: 1) chemical degradation, i7) poisoning effects and 7i7) mechanical degra-
dation [38].
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2.9 Improving fuel cell catalysts

In one way or another, improving fuel cell catalysts usually means to raise
the amount of power with respect to system cost (initial and running). Dif-
ferent applications put different limits on features such as size, weight or
lifetime and the routes for improvement may differ depending on the type
of application. However, for all systems it is desirable to have a reliable,
stable operation, high power density and a low system cost. For the catalyst,
this means that several properties might need improvement, e.g. activity,
durability, poison resistance, active surface area, conductivity and catalyst
utilization. Improvements can be achieved by optimizing the catalyst layer
composition, electrode design, employment of new materials or material com-
binations and control of the operating conditions.

2.9.1 Structure

The structure of the electrode, both on micro and macro level and parameters
like porosity, electrode thickness, ionic and electric conduction, distribution
and size of the catalyst particles can have significant impact on the fuel cell
performance. The internal volume should be large in order give a high surface
area of the catalyst, but the overall volume of the electrode should be small
enough to reduce mass transport and size. The catalyst layer should create
the same environment for all catalyst particles, enabling high utilization.
Studies have shown possible effects of introducing ordered structures in the
electrode, such as carbon nanotubes [39] and nanowhiskers [40, 41].

Changing the particle size of the catalyst will affect the activity for the
ORR. It has been shown that the mass activity of Pt particles has a max-
imum around 3.5 nm while the specific activity (surface activity) increase
with particle size [42]. However, to increase the surface area of the catalyst,
particles are made small, usually around 2 — 5 nm.

2.9.2 Composition

Optimizing the electrode composition and the composition of the catalyst has
shown to have a major impact on improving fuel cell catalysts. Changing
the composition of the catalyst material, e.g. via alloying or deposition of
nanoparticles on different support materials can affect the catalyst activity
in two ways: i) by spillover mechanisms and/or ii) electronic modifications.
Introducing new materials in or close to the catalyst can also influence the
stability of the electrode [37].
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2.9.3 Operating conditions

Fuel cell efficiency depends on the operating voltage/current and it has been
shown that durability is more dependent on potential cycling and the po-
tential limits than time of operation [43]. For example, accelerated aging is
usually achieved by excessive cycling. Also the stability of both carbon and
Pt in acidic media is dependent on potential and operating environment [36].
To increase the lifetime of fuel cell stacks it is common to employ an elec-
tric control system to avoid open circuit potential (OCP). The power needed
from a fuel cell is far from constant with respect to time. For example, a car
requires a lot of energy for acceleration under short times while it uses only a
portion of this when driving at a constant speed. In order to handle the peak
power demands, the system has to be over dimensioned. A possible way to
both create a stable performance for the fuel cell and at the same time reduce
the system size is to hybridize the fuel cell. This is done by incorporating
a battery that can provide additional power at peak loads and that can be
charged by the fuel cell at low loads. In this setup it is also possible to use
break energy to charge the battery which further reduces the size of the fuel
cell.
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Nanofabrication of model
catalysts

Fuel cell electrodes have a complex structure and there are a large number
of chemical reactions and processes occurring simultaneously and affecting
each other. In studies on real fuel cell electrodes, it is often difficult to
separate different mechanisms that influence the result. To solve this black
box problem, it is often necessary to make simplified experiments using model
systems. Since the active catalyst particles in a real fuel cell are on the
nanometer range, controlled nanofabrication methods can be used for model
catalyst fabrication.

3.1 Nanofabrication - dimension and control

In a nanomaterial, at least one of the material dimensions is on the nanometer
scale (larger than 1 nm and much smaller than 1 ym). A 1 nm (= 107° m)
thick film of a material like Pt, which has an FCC structure and a lattice
constant of 3.92 A, is equivalent to about 5 atomic layers. Consequently every
fifth atom is located on the surface, which means that the ratio between
surface and bulk atoms is large. In addition, thin films typically are not
continuous but form clusters, thus further increasing the fraction of surface
atoms for a nanomaterial. Many of the processes that occur in materials have
relevant length scales on the orders of nanometers and when the material
dimensions are close to these, the material properties will differ compared to
bulk material [44].

There are many different techniques to fabricate nanostructures, for ex-
ample lithography routines (such as electron beam, colloidal and photo lithog-
raphy), stamping techniques and chemical and physical preparation (mi-
croemulsions, thin films etc.). A review of nanofabrication techniques can
be found in [45]. The different techniques offer different possibilities for the
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fabrication procedure regarding parameters such as, i) size of the structures
that can be fabricated, 7i) sample area that can be covered, iii) time of
preparation and iv) quality and control of the resulting nanostructure.

3.2 Model system approach

Compared to a real system, a model system is more defined, with high control
over important parameters such as, particle size, inter particle separation,
amount of material or materials and support material. Various model systems
have efficiently been used in heterogeneous catalysis [46]. When simplifying
a system in order to isolate specific mechanisms, it is important to keep in
mind that several processes that occur in the real system are eliminated.
The combined effects of different processes may not be seen and it is possible
that new phenomena are introduced in the model systems that do not exist
in the real system. The results from the model studies usually need to be
translated to the real system, which is often not straightforward. In most
cases there is a trade off between how realistic the model system is and how
well controlled it is.

3.3 Model systems for fuel cells evaluated in
the real fuel cell environment

There are typically two ways in which new catalyst materials for fuel cells
are tested. The first is it to synthesize a new catalyst material, deposit it
on to porous carbon and create an electrode which is then tested in a fuel
cell [37]. The second way is to prepare a model system on a flat substrate
and evaluate it in a half cell setup using for example rotating disc electrode
[47]. An alternative approach [48, 49, 50|, takes advantages from both routes
above. The system, termed thin-film catalysts, is the model system used in
this work. The approach is to fabricate nanometer thick catalyst films on
membranes or gas diffusion layers (GDL) and test them in a single cell fuel
cell. This model system, which is relatively fast end easy to fabricate, can
at the same time be evaluated under realistic conditions in a real fuel cell.
Figure 3.1 shows schematically the principle of the thin-film catalyst model
system. The idea is that the catalyst films deposited on either the membrane
or the GDL essentially mimic a thin slice of a real electrode, in the interface
between the membrane and the GDL.

The main advantage with the thin-film model system is that the cata-
lysts can be evaluated under realistic fuel cell conditions. Thus, most of the
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Figure 3.1: Schematic illustration of the thin-film model system.

processes occurring in a real electrocatalyst layer are accounted for. The
model system is fairly well controlled and possible to characterize both using
physical methods and electrochemical methods.
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Objectives of this thesis

The main objectives in this thesis have been to develop a thin-film catalyst
model system and to explore the possibility to study the model electrocat-
alysts under realistic fuel cell conditions. The work has been focused on
fundamental physical processes in order to identify key factors that may im-
prove state of the art PEMFCs. To achieve this, thin film nanofabrication
and characterization methods have been combined with sensitive state of the
art single cell fuel cell tests. By depositing nanometer thick layers of catalyst
materials, with high control over the amount of material deposited and the
ability to characterize the resulting structures both physically and electro-
chemically, it is possible to compare catalyst formulations with respect to
activity, stability and selectivity. The work has been focused on improving
the catalyst activity and durability at the cathode.

33



34



Sample fabrication and
characterization

In this chapter, the nanofabrication procedures and main characterization
methods used in this work are discussed.

5.1 Nanofabrication of thin-film catalysts

In paper I and II, nanometer thick films of Pt and Pt in combination with
other materials where deposited directly onto Nafion membranes. In paper
IIT the same deposition technique was used but the substrate was changed
to a gas diffusion layer. The thin film deposition was done using thermal
(electron-beam) evaporation in vacuum (AVAC HVC-600, 1075 mbar). A
schematic description of the evaporation procedure is shown in figure 5.1.

The principle of the deposition technique, in the present case, is that an
energetic electron beam is directed onto the source material, intended for
deposition. The kinetic energy of the impinging electrons is converted into
heat upon hitting the source and at a sufficient rate of energy deposition the
source will melt and material evaporate onto the surrounding surfaces. A
substrate placed on one of the surrounding surfaces and is thus covered with
the source material.

A quartz crystal microbalance (QCM), situated in the vacuum chamber
is used to carefully measure the thickness of deposited material. For the
samples fabricated in this work, the typical deposition rate was about 1 A /s.

Thermal evaporation can be used to deposit a wide range of materials
and it is possible to sequentially deposit different materials, resulting in lay-
ered structures. The technique offers high control over the mean thickness
of the material deposited and it is a relatively fast process (in total about
2 hours for each deposition, including pump time). The (nano)structure and
roughness of the film depends on the material deposited and for thin films

35



Sample fabrication and characterization 5.1

\\ QCM Sensor
Substrate

Vapour Flow

Electron Beam
(Magnetically Deflected)
e

Cooling Water

High Voltage Power Supply
(1-10 kV)

Figure 5.1: Schematic illustration of electron beam evaporation in vacuum used
to manufacture all samples in paper I-I1I.

(< 20 nm) it is also highly dependent on the substrate. If the deposited
material wets the substrate well, a continuous film is produced already at
low mean thicknesses, whereas a material with poor wetting on the substrate
forms a discontinuous particle film up to higher mean thicknesses. The fun-
damental process for the film growth is, however, similar for most material
and substrate combinations and a schematic of the process is shown in figure
5.2. The first step is adsorption at nucleation sites (typically defects and step
edges) on the substrate. As more material is deposited the particles grow
and at some point they will merge together (coalescence) and form a film,
which will become thicker as more material is deposited.

The resulting film structure can not be controlled directly as it depends
on material and substrate. However, by learning how different combinations
of material and substrate affect film structure one can get some control, and
if temperature of the substrate can be varied more control is available (not
available in the present work).

For this work, it should be mentioned, that for some materials the surface
morphology may change when the sample is placed in the fuel cell. When

36



5.1 Sample fabrication and characterization

Figure 5.2: Schematic illustration of film growth in thermal evaporation, a) nu-
cleation points, particle seeding, b) particle growth, c) particle coa-
lescence, film formation and d) film growth.

possible, the samples should therefore be physically characterized both before
and after fuel cell measurements. Below, the fabrication of the samples used
in this work is explained in more detail and key features of the systems are
discussed.

5.1.1 Sample fabrication on Nafion membranes

Before deposition, Nafion 117 membranes (purchased from Aldrich) where
cleaned by sequential boiling in 3 % H,0, for 1 A, 0.1 M H,SO, for 1 h
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and in three successive baths of Milli-Q water for 1 h each. The samples
were then dried under flowing nitrogen gas. Prior to film deposition, the
membrane surface was cleaned in mild oxygen plasma (PE/RIH, 50 W) for
2 man. The role of the oxygen plasma is to remove impurities, mainly hy-
drocarbons from the surface. This is important for sufficient adhesion. As
oxygen plasmas are highly reactive it is assumed that it may also affects
parts of the polymer membrane. In order to avoid membrane damage, mild
(50 W) plasma conditions were used and proper function of the membranes
was confirmed in fuel cell measurements.

Thin films were deposited onto the membranes in the vacuum system
described above (AVAC). During deposition the membranes were in a de-
hydrated state, and the thin films adhered to the exposed Nafion polymer
surface. A custom made holder was used to hold the flexible polymer mem-
branes flat in position in the deposition chamber. The thin-film catalysts
were later placed in a single cell fuel cell and used as cathode catalysts under
realistic fuel cell conditions.

Simultaneous to the deposition on Nafion, thin films were also deposited
on TEM windows [51] in order to facilitate examination of the nanostructure
by transmission electron microscopy (TEM). For validation of this method,
Nafion covered TEM-grids were used as substrates for control samples of
3 nm Pt films. Good agreement between the films deposited on Nafion and
TEM windows was observed, and for practical reasons TEM windows were
used as substrates for these sample types. Figure 5.3 shows TEM images
of 3 nm of Pt, Au and TiO, (deposited as Ti and oxidized when exposed
to air) deposited on TEM windows. As can be seen, the thin-film structure
differs significantly between the materials. Ti has good wettability and the
resulting structures are well spread out over the surface, whereas Au forms
larger isolated particles and Pt forms a network structure. Although all
samples have the same mean thickness, they correspond to different stages
in the film growth mechanism, illustrated in figure 5.3.

In order for the model system to work properly as a fuel cell catalyst,
it is vital that the catalyst layer is not so thick and/or dense that it blocks
protons from reaching the membrane [50]. For most of the samples in paper
I and IT the thickness of the catalyst layer was chosen to be between 3 and
6 nm. However, in paper II, catalyst layers with thickness up to 21 nm were
prepared.

Depositing material directly on membranes will create a good contact
between catalyst and the proton conducting membrane. For the fuel cell
to perform well there also has to be good contact between the catalyst and
the electrode and at the same time there has to be enough porosity so that
the reactant gas and the product water can be transported to and from the
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Tio,

Figure 5.3: TEM images of thin films on TEM windows for 3 nm films (average
thickness) of single materials, Pt, Au and TiO,.

catalyst (the so called three phase boundary). From the electrochemical
measurements it was seen that the mass activity of the thin films were sig-
nificantly lower than what is seen in a conventional porous electrode at high
current densities [52]. A reason for this can be a poor electric contact be-
tween the electrode and the thin catalyst layer. As the electrode is a porous
structure it is likely that parts of the catalyst film will not be in contact with
the electrode and thus not utilized in the measurements. The specific activity
however, is as high or even higher for the samples with a thin catalyst layer
deposited on membranes as compared to conventional electrodes [52].

In each sample series, the same type of electrodes and assembly procedure
was employed and all electrochemical measurements were repeated with at
least two separate samples for each sample type, with good agreement. Thus,
the differences observed between different sample types have to be related to
the structure and composition of the catalyst layers, which makes this model
system suitable for qualitative comparison of catalyst materials.

5.1.2 Sample fabrication on gas diffusion layers

Deposition of catalyst directly on the gas diffusion layer (GDL) of a non-
catalyzed electrode was done in paper III. In this case, all of the catalyst is
in contact with the electrode and the catalyst-carbon interactions are similar
to a conventional electrode. Deposition of the metal onto carbon instead of a
membrane resulted in a different structure of the catalyst. Figure 5.4a shows
SEM images of a Carbel Cl1 GDL before deposition and figure 5.4b shows
the same GDL after deposition of 3 nm of Pt. As can be seen, Pt forms
small particles of about 3 — 6 nm in size on the exposed carbon particles.
Since the electrode is porous, some of the deposited material will have little
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100 NM
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Figure 5.4: SEM micrograph of a) Carbel Cl prior to catalyst deposition and b)
3 nm Pt film on Carbel CI.

or no contact with the membrane and hence, the proton conduction to the
catalyst might be low in parts of the electrode. As for the system with
catalyst deposited on membranes, this will result in a reduced use of catalyst
material and a low mass activity is observed also for the system with catalyst
on GDL compared to a conventional porous electrode.

A soft GDL (Carbel CL from Gore Technologies) and a hard GDL (Sigracet
34BC from SGL Technologies GmbH) have both been used as substrates for
thin film deposition and have been electrochemically characterized. The
harder GDL has the advantage that it can be disassembled from the MEA
after fuel cell testing and physically characterized.

In this system, single Pt layers and multiple PtMe or PtMeO  layers
have been studied. When incorporating a second material next to Pt, the
effect on the catalyst structure has to be kept in mind. If the Pt is deposited
on the GDL and the other material on top of Pt, it is likely that many Pt
sites are blocked for reactant gases and/or protons from the ionomer. If it
is placed between the Pt and the GDL it can affect the electric conduction
and the structure of the Pt, since it is not evaporated on carbon.

5.2 Characterization methods

In this work, the characterization methods used can be divided in to physical
and electrochemical methods. The physical methods were used to character-
ize the structure and composition of the samples. A range of electrochemical
methods were employed to study the electrochemical behavior of the samples.
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Most of the features seen in the electrochemical measurements are related to
the structure and chemistry of the sample and it is thus important to use
many techniques complementary. For example, the electrochemically mea-
sured surface area of the catalyst can be compared to microscopy images of
the catalyst structure.

5.2.1 Physical methods

The thin film morphology was examined using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The chemical surface
composition was determined by X-ray photoelectron spectroscopy (XPS) and
X-ray diffraction (XRD) was used for crystallographic structure information.

For the thin films evaporated on membranes, characterization was made
with SEM (JEOL JSM-6301F), XPS (Perklin Elmer PHI 5000C ESCA sys-
tem) and fore some samples also with XRD (Siemens D5000 diffractometer).
These measurements were done for films deposited on the same membranes
as the ones that were tested in the fuel cell, and for some samples SEM char-
acterization was also performed after they had been measured in the fuel cell.
TEM (Phillips CM200) characterization was performed using TEM windows
[51] as substrates.

TEM could not be used for characterization of the thin films evaporated
on GDL. Instead High Resolution-SEM (Leo Ultra 55 FEG) was used to
resolve the film structure.

5.2.2 Electrochemical methods

All samples were evaluated in a single cell PEM fuel cell (in cooperation
with G. Lindbergh et al. at KTH). MEAs, with the thin-film catalyst as
cathode was prepared by hot-pressing a GDL, a membrane and a commercial
electrode (anode) at 135 °C for 30 s at 1 M Pa. The MEAs were mounted
in a homebuilt laboratory PEEK (polyether-etherketone) fuel cell, shown
in figure 5.5 [53], in contact with circular 15 mm radius graphite current
collectors with spirally formed gas channels. The cell was clamped together
by applying a force of 380 N over the current collectors.

In the cell, the samples were evaluated using cyclic voltammetry (CV)
in N, (inert atmosphere), CV in O, (polarization curves) and sometimes
using high frequency impedance measurements. The CV in N, was in this
work used to determine the active catalyst area and the influence of different
material combinations on the electrochemical behavior of the catalysts. CV
in O, gives the activity for ORR of the catalyst and measures the actual

41



Sample fabrication and characterization 5.2

Humidifiers Cell temperature
of inlet gases probe
\
Graphite current
collectors
Potentiostat interface R
- - . PEEK fuel cell body
L i with heating elements

Heating wires — &

Pneumatic control of
clamping pressure

Figure 5.5: The single cell used for evaluation of the samples (Picture supplied
by Henrik Ekstrom, KTH).

performance of the fuel cell. Impedance spectroscopy was in some cases used
to measure the cell resistivity.
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Summary of Results

This chapter discusses the background and scientific questions in each of
the three papers. The main results are summarized and discussed in terms
of their implications for practical systems and possible new questions and
research opportunities that they raise.

6.1 Paperl

In paper I, the thin-film model system introduced in reference [49] was val-
idated further. This was done by evaluating the ORR activity and electro-
chemical characteristics of thin films of Pt, Ir, Au and TiO,. The results from
polarization plots in oxygen and cyclic voltammograms in N, agree with pre-
viously reported data for these materials [54] and it was concluded that the
thin-film model system can be used for ranking materials. Not surprisingly,
the activity of the materials rank: Pt > Ir > Au >> TiO,,.

To investigate how Pt behaves in combination with other materials, bi-
layered samples were fabricated using Pt in combination with Ir, Au or TiO,.
Moreover, the effect of deposition order was examined by making samples
with Pt on top of or under the other material. All samples had a total
thickness of 3 nm (1.5 nm of each material). For Au and Ir it was observed
that the deposition order had little or no impact on the ORR activity. The
Pt/Au system showed an increased activity compared to the sole Au sample
but performed poorly compared to the pure Pt sample. The Pt/Ir system
however, showed activities on the same order as the pure Pt sample although
these samples only had half the amount of Pt. The addition of Ir also affected
the voltammograms substantially where a large oxidation regime was noticed.
The Pt/TiO, samples showed to differ in activity with respect to deposition
order. TiO, on top of Pt showed less activity than the sample with Pt on
top. Having Pt on top of TiO, resulted in almost the same activity as the
pure Pt sample, where again the bi-layered sample only had half the amount
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Figure 6.1: XPS analysis of thin films of Pt and TiO, deposited on Nafion with
different deposition orders. Also, a pure Pt film is added for com-
parison.

of Pt. From the cyclic voltammograms it was seen that Pt on top of TiO,
gave a higher available Pt area, something that might explain the higher
ORR activity.

From XPS analysis it was concluded that the fabrication procedure gave
a strongly layered structure as the top layer gave atomic concentrations of
about 12 — 15 % while the underlying material gave about 0 — 2 %. This is
also shown in figure 6.1 with XPS spectra for different deposition orders of
Pt and TiO, (results not shown in paper I). TEM micrographs showed that
the deposition order had a large effect on the resulting structure. However
it should be pointed out that the TEM images were taken prior to the elec-
trochemical evaluation and that it is possible that the material, at least for
some material combinations, reorganized in the cell. Unfortunately it was
not possible to perform the same characterization after the fuel cell measure-
ments as the thin-film catalysts were hot pressed to the gas diffusion layer
prior to mounting in the cell.

The electrochemical results led to speculations of the mechanisms in-
volved in the relatively high activities seen for the Pt/Ir (both deposition
orders) and the Pt/TiO, (especially Pt on top) samples. As deposition order
did not affect the activity of the Pt/Ir samples and there where no clear
indications of increased surface area of Pt it is likely that the mechanism
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involved is a spill over effect between Ir and Pt. This can be explained by
the fact that Ir has a lower oxidation potential than Pt and thus oxidizes
easier. Other studies have identified the binding of OH and/or oxygen to Pt
as being the rate limiting step in the ORR [28]. It is possible that in our
system the presence of Ir can induce diffusion of OH and/or oxygen groups
from Pt to Ir and thus free Pt sites. It is also possible that the mechanism is
the reversed, that OH and/or oxygen is adsorbed on the Ir and then diffuse
to the Pt where they are reduced to water.

As the voltammograms for the Pt/TiO, samples show a Pt like appear-
ance, and the increased activity can be explained by the increased surface
area when Pt is deposited on top of TiO, it was concluded that the TiO,
acted as a stable and surface enhancing support rather than changing the
kinetics of the process. The results were also seen as an indication of that
TiO, can be a relatively good proton conductor over (at least) nanometer
dimensions. This was studied further in paper II.

Pt/Ir and Pt/TiO, were also examined by making solid solution type (or
mixed) samples by subsequently depositing 3 A of Pt and Ir or Ti to a final
thickness of 2.7 nm where the first and last layer was Pt. These samples
however, showed poor ORR activity and high cell resistivities. One expla-
nation for the poor performance can be increased mass-transport limitations
for these samples. From TEM images it was seen that the mixed Pt/Ir and
Pt/TiO, samples formed dense, well spread and homogenous layers, which
can result in blocking of gas and proton transport through the thin layer. In
particular for the Pt/TiO, mixed sample, it is interesting to note that the
proton conduction of TiO, seems to be destroyed.

6.2 Paper II

Interesting properties of Pt in bi-layer combination with Ir and TiO, was
observed in paper I and it was concluded that some Pt could be exchanged
with Ir or TiO, without any loss of activity. For practical applications, Ir is
not a good alternative to Pt as it is also a precious metal with a high price.
TiO, on the other hand is a very cheap and abundant material and replacing
some of the Pt with TiO, would lower the fuel cell cost substantially. Another
observation from paper I is that the deposition order of Pt/Ti affected the
activity for the ORR which the highest activity observed for Pt on top of
TiO,. In this configuration, the protons from the membrane have to diffuse
through the TiO, layer to the Pt to react as it was concluded that TiO, in
it self has no catalytic affect on the ORR.

In paper II, the effect of adding TiO,, to the catalyst was further examined
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and compared to that of oxides of Zr and Ta. All samples in this study had
3 nm of Pt on top of 1.5 nm of the additional metal which later oxidized to
their natural oxides when the samples were vented to atmosphere. The metal
oxides mainly functioned as a spacer layer for the electrolyte and catalyst.
For TiO,, spacer layers of up to 18 nm (of Ti) were fabricated to examine
the proton conducting properties of TiO,. This sample was compared with
a thick layer of 20 nm of pure Pt, which should be very dense and thus
have very low proton conduction. All samples were compared with a film of
3 nm Pt evaporated directly on the membrane without spacer layer, which
served as a reference. The electrochemical characterization was performed
in terms of oxygen reduction activity, high frequency impedance and cyclic
voltammetry in N, in a fuel cell at 80 °C' and full humidification.

Prior to the electrochemical measurements, the catalyst sample morphol-
ogy and chemistry was examined using TEM, SEM and XPS. TEM analysis
using TEM windows as in paper I showed that all samples with a metal oxide
spacer layer had similar structures. The metal oxides readily wet the surface
and create a high coverage film and the 3 nm film of Pt on top adapt to
the structure of the metal oxide and is well distributed. The 3 nm Pt film
without spacer layer form the same net-like structure as seen in paper 1. The
thick 20 nm Pt film showed a dense and fully covering film structure. Also
in SEM all samples showed a similar and smooth structure. The SEM and
XPS measurements were made on Nafion membranes, identical to the ones
tested in the fuel cell. From the XPS characterization it was seen that the
spacer layer metals were all in an oxidized state, with peak positions that
correspond to TiO,, ZrO, and Ta,O; for Ti, Zr and Ta respectively. These
are also the most stable oxides for the respective elements in the fuel cell
environment.

Electrochemical characterization using high frequency impedance showed
that the samples with ZrO, and Ta,O; gave cell resistances 20 — 100 times
larger than for the pure 3 nm Pt sample or the 3 nm Pt on 1.5 — 18 nm
of TiO,. The high resistance of the Zr and Ta samples also affected the
voltammograms and gave them a tilted appearance. Consequently, the ORR
activity measured in the polarization curves was poor for the Zr and Ta
samples. Since the morphology of all samples was almost identical prior
to the electrochemical measurements, the electrochemical differences have
to be related to the materials and the processes in the fuel cell. High cell
resistance is typically induced by poor proton conduction. As the metal
oxides were observed to fully cover the membrane surface and protons have
to be transferred through this layer to reach the catalyst, it is likely that
it is this mechanism that was responsible for the increased cell resistance.
Interestingly, TiO, even at a thickness of 18 nm gave no increase in resistance.
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Evaporating thicker Ti films did not give reproducible results, probably since
they do not completely oxidize to TiO, in the materials fabrication. The thick
20 nm Pt film rendered the highest cell resistance of all samples in this study,
about 160 times higher than the 3 nm Pt and the 3 nm Pt on 1.5 — 18 nm
of TiO,. The ORR activity for the 3 nm Pt on TiO, samples did not vary
with thickness of the TiO, layer and was found to be approximately a factor
of 2 higher than the pure 3 nm Pt film. The surface area of Pt, estimated
from the cyclic voltammograms was substantially higher for the Pt on TiO,
samples and did not vary with the oxide thickness.

After the fuel cell measurements, the MEAs were disassembled and the
thin films characterized in SEM again. At this stage, all films showed a
cracked, net-like structure, probably a result of membrane swelling/shrinking
due to water uptake in the cell. Most importantly, the 3 nm Pt on 18 nm
TiO, and the 20 nm Pt sample had very similar structure, with similar
amount of cracks and dimensions. Thus, the proton conduction can not
be explained by the protons moving in cracks in the film but have to be
transported through the TiO, film.

To our knowledge, this is the first demonstration of proton conduction
in TiO, measured in a fuel cell. However, there have been many reports on
the proton conductivity of TiO, measured in other systems [55, 56, 57, 58].
The values of the conductivity depended on the preparation method and the
observed differences are believed to be due to resulting differences in the
structure of the TiO, layers. It is frequently reported that the conductivity
of these materials is dependent on humidity since condensed water in the
nanopores is believed to be involved in the proton conduction at high hu-
midity [57, 58]. Some studies claim that the proton conduction of TiO, can
surpass that of Nafion [55].

By fabricating thicker and more controlled TiO, layers, e.g. by anodic
oxidation, and with the same measurement setup used in this work it would
be possible to quantify the proton conductivity of TiO,. This would be a
very interesting study to perform as TiO, potentially has many advantages
over Nafion, including a lower cost.

There are several possible mechanisms for the observed ion conduction in
the TiO, films. One alternative is proton conduction (”as protons”) through
the bulk TiO,, as reported by Lunell et al. [59] for anatase, or by the
Grotthuss mechanism [58], occurring within hydrated nanopores in the TiO,,
film [57]. A combination of these two suggested mechanism may also be
possible.

An important parameter in the proton conduction of TiO, is the crystal
structure of TiO,. Rutile is the thermodynamically most stable form for
bulk TiO,, but for nanostructures with a high surface area to volume ratio,
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Figure 6.2: XRD spectra of a 3 nm Pt on 3 nm TiO, film on Nafion 117 mem-
brane.

anatase is the most stable form [60]. To find the structure of the thin films
used in this work, XRD measurements were performed. As seen in figure 6.2,
anatase seems to be present, while no rutile is observed (results not showed in
paper II). However, it should be mentioned that the XRD measurements gave
a very weak signal and conclusions were hard to make. Since the amount of
material in these samples is so low and further that the Nafion membrane is
not flat on the mm range it is hard to probe the TiO,. Another reason for the
low XRD signal might be that the TiO, is mainly in a very microcrystalline
to amorphous phase.

The findings in paper II proves that the proton conduction in TiO, is
considerable over at least tens of nm, which potentially opens up for a number
of applications of TiO, as electrolyte material in fuel cells. Areas of particular
interest may be the application of TiO, in porous electrodes, as protective
layer against fuel and oxygen permeation in various types of polymer fuel
cells, or perhaps most intriguing; the usage of TiO, as the sole electrolyte in
a proton exchange fuel cell.

6.3 Paper III

In paper III thin catalyst films were deposited on GDL rather than on mem-
branes as in paper I and II. The reason for this was to explore how this

48



6.3 Summary of Results

model system compared to the case when the catalyst is deposited on the
membrane and to a conventional electrode. Another reason was to develop a
model system in which the long-term stability of Pt in contact with carbon
could be studied. It was seen that the degradation behavior of an evapo-
rated Pt film on GDL is similar to that of a conventional electrode in terms
of activity loss upon potential cycling. The effect of adding TiO, to the cat-
alyst layer, both on the initial activity towards ORR and on the stability of
the catalyst was studied electrochemically under realistic fuel cell conditions.
Characterization prior to the fuel cell measurements was carried out using
HR-SEM.

The samples discussed in paper III consisted of a pure 3 nm Pt film on
GDL, 3 nm Pt on top of 10 nm TiO, on GDL and 10 nm of TiO, on top
of Pt on GDL. Also a sandwiched sample with 10 nm of TiO, on both sides
of a 3 nm Pt film on GDL was fabricated and tested (results not showed in
paper III).

In the fuel cell, the samples were first tested for their activity for ORR
and via cyclic voltammograms in N, in the same way as the samples in paper
I and II. After this, an accelerated aging test consisting of excessive potential
cycling was performed before the ORR activity and cyclic voltammetry was
performed again to evaluate the effect of the corrosion test.

From the SEM characterization prior to the electrochemical measure-
ments it was seen that Pt formed isolated particles about 3 — 6 nm in size
on carbon. This structure differs from the particle net-like structure seen on
TEM windows in paper I and II. The reason for this is that differences in
surface structure and surface properties between the TEM-window and the
carbon particles results in the different film structures for the two supports.
When Pt was deposited on top of TiO,, no individual Pt particles could be
seen, indicating that the Pt has a high wetting and is well spread.

Before the corrosion experiment, as seen in figure 6.3a and b, the pure Pt
sample performed better than the TiO, containing samples. All samples had
an almost identical surface area of Pt and it is reasonable to believe that the
lower activity of the TiO, samples are related to i) poor electric conduction
when TiO, is placed between the carbon and the Pt and i) blocking of
gases to Pt sites when TiO, is deposited on top of Pt. The sandwiched
sample had the lowest ORR activity, probably as a result of both of these
effects. After the corrosion experiments all samples lost a significant amount
of Pt surface area, as seen in figure 6.3c and d, and showed a reduced ORR
activity. Interestingly, the samples with Pt on top of TiO, corroded less
than the samples when Pt was deposited directly on the carbon. The sample
with 3 nm Pt on 10 nm TiO, now had the highest ORR activity, the pure
Pt sample had a slightly higher activity than the sandwiched sample that in
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Figure 6.3: a) Polarization plot in oxygen before corrosion, b) Cyclic voltamme-
try in nitrogen before corrosion, c¢) Polarization plot in oxygen after
corrosion and d) Cyclic voltammetry in nitrogen after corrosion for
a pure 3 nm Pt film, 3 nm Pt film sandwiched between two 10 nm
TiO, films, 3 nm Pt film on 10 nm TiO, and 10 nm TiO, on 3 nm
Pt, all deposited on GDL.

turn performed better than the 10 nm TiO, on 3 nm Pt. The Pt surface
area of the samples with Pt on carbon was similar for the two, and lower
than that of the other two samples with Pt on TiO,. Thus it seems that
samples with Pt on TiO, had lost less surface area compared to the samples
where Pt was in contact with carbon. The differences were small but they
indicate the possibility that stabilizing Pt with other metals/materials may
be possible.
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Outlook

Model systems are a powerful tool to study central and basic properties and
phenomena, and it has been demonstrated that they can be of great value
for understanding and improving fuel cells. In the continuing work, I plan
to further develop the model system fabrication, the electrochemical evalu-
ation routines and include new characterization methods. More traditional
model systems on planar supports with new nanofabrication procedures are
presently being developed and preliminary results are promising. However,
it is important to be able to measure model systems in realistic fuel cell
environments. To include more detailed mechanistic studies, half cell exper-
iments will be conducted as well as fuel cell measurements. Below follows
a description of the electrochemical measurement setups that currently are
being assembled.

7.1 Ongoing work

7.1.1 Single cell fuel cell

A single cell fuel cell, humidifiers, temperature regulators, mass flow con-
trollers (MFCs), a three electrode potentiostat and a computer have been
purchased. Figure 7.1 shows a photograph of the setup. The temperature
regulators individually control the temperature of i) the cell, ii) anode hu-
midifier, 7ii) cathode humidifier, iv) anode gas line between humidifier and
cell and v) cathode gas line between humidifier and cell. The MFCs supply
different gases or gas mixtures to the cathode and anode. Both the tempera-
ture regulators and the MFCs are controlled via a LabVIEW interface on the
computer. The computer also controls the potentiostat via open source soft-
ware. Different electrochemical measurements can be scripted sequentially
in potentiostat software that has also been modified to communicate with
the LabVIEW program. By doing this, it is possible to completely automate
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Figure 7.1: A photograph of the single cell fuel cell setup, 1) fuel cell, 2) hu-
midifiers, 3) temperature regulators, 4) MFCs and 5) computer with
potentiostat.

the measurements. Since a typical measurement in a fuel cell requires mul-
tiple electrochemical experiments with different gases and range from about
15 — 60 h of measurement time, the automation of the test setup minimizes
waiting times and allows overall faster characterization times. Moreover, the
automation eliminates the risk of human errors in the measurement protocol.

At the moment the setup is assembled and initial benchmark tests have
been performed. In the future this system will be used for the same types of
electrochemical measurements as has been presented in this thesis. Moreover,
the setup also has the possibility to supply CO to the fuel cell which can be
used to determine the active catalyst area and to study CO oxidation, e.g.
for anode catalysts.

7.1.2 EQCM

Electrochemical quartz crystal microbalance (EQCM) offers electrochemical
half cell experiments in liquid electrolyte and at the same time monitor the
mass change on the electrode surface. The concept has been described in lit-
erature [61, 62]. The quartz crystal sensor functions as the working electrode
for the electrochemical measurements, and there is in addition a reference
electrode located in the chamber and a counter electrode. Photographs of
the EQCM cell is showed in figure 7.2. The mass sensitivity of the EQCM
technique is about 0.5 ng/cm? which makes it possible to observe e.g. Pt
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Figure 7.2: Photographs of the EQCM cell, 1) working electrode connected to
the quartz crystal, 2) counter electrode, 3) reference electrode, 4)
electrolyte flow channels and 5) a quartz crystal.

oxidation in a CV experiment on a flat Pt film. The EQCM technique is
also ideal for studying stability of catalyst materials under electrochemi-
cal experiments. The high sensitivity of the EQCM in combination with
nanofabrication makes it possible to perform mechanistic studies and make
quantitative estimates of electrochemical and physical processes.

Initial tests have been performed and validated with experiments from
literature with positive results. Figure 2.3 was measured using the EQCM
setup. This setup will be used as a complement to the single cell setup and
studies of catalyst stability have been planned.

7.2 Visions

A large technical barrier for the fuel cell commercialization is the short life-
time of the MEAs, related to catalyst and membrane degradation. This will
be the main focus of the next coming studies and will involve both the single
cell measurements and the EQCM.

It is also of great interest to increase the ORR activity and the utilization
of Pt to reduce the cost of fuel cell systems. In order to do this improved
understanding of Pt and Pt in contact with other materials is needed. Plans
exist for preparing different types of nanostructures to help in these matters.

The fuel cell technology might be within reach and in a near future it is
possible that a large number of applications are going to rely on fuel cells for
energy conversion. If this will happen, to what extent and when is still to be
seen and will depend on current and future research. I believe that fuel cells
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will play an important role in tomorrow’s society and my future work will be
devoted to improve the fuel cell technology and assist its development.
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