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ABSTRACT

This thesis studied the performance of low platinum loading proton exchange
membrane fuel cells that were fabricated using the inkjet printing method and assembled with
four different types of SIGRACET® gas diffusion layers (28 BC, 29BC, 28 BA and 29BA).
The performance was study based on the results obtained from polarization curves, cyclic
voltammetry and limiting current experiments. As the major voltage losses of low Pt-loading
proton exchange membrane fuel cells are on the mass transport region because of water
management problems, the addition of micro porous layers on the gas diffusion layers can
prevent the flooding of the cell because of the presence of a hydrophobic agent on the micro

porous layer.

The differences between the gas diffusion layers tested are porosity (28-29) and the
presence of a hydrophobic agent (BA-BC). The obtained results suggest that the presence of
a micro porous layer on the gas diffusion layer is predominant when comparing the
performance of the cells with 28BC and 29BC gas diffusion layers, therefore the porosity in
this type of gas diffusion layers does not affect much the performance. On the other hand,
the gas diffusion layers without micro porous layer, the BA series, show great difference on
the performance, being the cell with the gas diffusion layer 28BA with an excellent
performance, even better than the BC series, reaching up to 4 A/cm? at wet conditions.
However, the 29BA gives the worst performance. Despite the outstanding performance
obtained with the 28BA, the lack of a micro porous layer on the gas diffusion layer led to a
huge crossover because of the carbon fibers intrusion into the catalyst coated membrane. In
addition, an improvement on the fabrication process of the cell was achieve adding a drying
time of 90 seconds between each layer during the inkjet printing, which allowed reducing the

cracks generated on the catalyst coated membrane.
KEY WORDS:

Hydrogen fuel cells; Inkjet printing; Membrane electrode assembly; Low platinum loading;
Polymer electrolyte membrane.



RESUMEN

La tesis estudia el desempefio de celdas de hidrogeno del tipo membrana de
intercambio proténico que operan con una baja carga de platino. Las celdas se fabricaron
usando el método de impresién por inyeccion de tinta y se ensamblaron con cuatro tipos
diferentes de capas difusoras de gas de lamarca SIGRACET® (28BC, 29BC, 28BAy 29BA).
El rendimiento fue estudiado en base las curvas de polarizacion, voltametria ciclica y
corriente limitante. Dado que las mayores pérdidas de voltaje en las celdas de este tipo se dan
en la region de transporte de masa y son debidas a la falta de un manejo adecuado del agua
generada; la adicidn de capas micro porosas en los capas difusoras de gas puede prevenir que

la celda se inunde, ya que en las capas micro porosas se encuentra un agente hidrofébico.

La diferencia entre las capas difusoras de gas testeadas son la porosidad (28-29) y la
presencia de un agente hidrofébico (BA-BC). Los resultados obtenidos sugieren que la
presencia de capas micro porosas en la capa difusora de gas es predominante cuando se
compara el rendimiento de las celdas con las capas difusoras de gas 28BC y 29BC; por lo
tanto, la porosidad en este tipo de capa difusora de gas no afecta mucho el rendimiento. Por
otro lado, las capas difusoras de gas sin capas micro porosas (serie BA), muestran una gran
diferencia en el rendimiento, al ser la celda con la capa difusora de gas 28BA la que tiene un
rendimiento excelente, incluso mejor que la serie BC, alcanzando hasta 4 A/cm? en
condiciones humedas; sin embargo, el 29BA muestra el peor rendimiento. A pesar del
rendimiento sobresaliente obtenido con el 28BA, la falta de capas micro porosas en la capa
difusora de gas condujo a un cruce de protones y electrones a través de la membrana debido
a la intrusién de las fibras de carbono en la membrana y en las capas de catalizador.
Adicionalmente se lograron mejoras en el proceso de fabricacion agregando un tiempo de
secado de 90 segundos entre capa y capa durante la impresidn por inyeccion de tinta, lo cual

permitio reducir las fracturas generadas en las capas de catalizador que cubren la membrana.
PALABRAS CLAVE:

Pilas de combustible a hidrogeno; Impresion a través de inyeccion de tinta; Ensamblaje de
membrana y electrodos; Baja carga de platino; Membrana de intercambio proténico.



INTRODUCTION

All over the world, there is a growing awareness about global warming and there is
an increasing concern on reducing the emissions of CO2 and other greenhouse gases.
Therefore, the human civilization is facing one of the greatest challenges of the century:
Controlling Greenhouse Gas Emissions (GHG) for minimizing the impact on the
environment [1]. Based on it, in 1997, the Kyoto Protocol promoted by the United Nations
Framework Convention on Climate Change (UNFCCC), established the main goal of
stabilizing the greenhouse gas concentrations present on the atmosphere avoiding dangerous
anthropogenic interference with the climate system [2]. However in the following years no
major actions where done for achieving this goal and the effects of climate change became
more noticeable. Therefore in 2015, at the 21st Conference of the Parties (COP 21) of the
UNFCCC, 196 state parties negotiated the Paris Agreement, where a long term goal was
established for keeping the increase in global average temperature to below 2 °C above pre-

industrial levels; and to limit this increase to 1.5 °C [3].

Based on the Paris Agreement, many countries started to implement action plans. For
example, France announced a plan to ban all petrol and diesel vehicles by 2040, Norway is
going to ban the sale also of those types of vehicles by 2025; the Netherlands will do the
same by 2030. Now in Germany electric trains powered by wind energy are running on the
national rail network [4]. As shown in Figure 1jError! No se encuentra el origen de la
referencia., the energy sector, in the whole world, is responsible for more than the 60% of
GHG emissions [5].
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Figure 1 Contribution to 2016 GHG emissions per emission category.
Source: IEA. Trends in global CO; and total greenhouse gas emissions [5].

We own alternative technologies that can allow us to replace the current technology
used on the energy sector. On one hand, renewable energies avoid CO> emissions by
replacing fossil fuels in the power generation sector, mainly in conventional thermal power
plants. On the other hand, electric vehicles avoid the tailpipe emissions of internal

combustion engines of the conventional vehicles [6].

The energy sector is very complex and plays a significant role in our daily life.
Worldwide, the CO. emissions generated only by the transport sector, as a subsector of the
energy sector, represents one of the most significant amounts of emissions. For example, in
2016 the transport sector contributed 24 % of total EU-28 GHG emissions [7]. Figure 2
shows that fuel combustion used for the transport sector is the second most important source
of GHG emissions [7].

Xiii



GHG EMISSIONS BY SOURCE SECTOR EU-28, 2017
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Figure 2 GHG emissions by source sector EU-28, 2017.
Source: Eurostat. Greenhouse gas emission statistics-emission inventories [7].

The same happens in the U.S., transportation accounted for the largest portion (28%)
of total U.S. GHG emissions in 2017; according to the Inventory of U.S. Greenhouse Gas
Emissions and Sinks 1990-2017 (The national inventory that the U.S. prepares annually
under the UNFCCC) [8]. In Figure 3 it is shown the U.S. GHG Emissions by Sector for
2017. Furthermore, in the same year, for the CO2 emissions across sectors, transportation

accounted for 15% of Asian emissions [9].
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SHARE OF U.S. GHG EMISSIONS BY SECTOR, 2017
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Figure 3 Share of U.S. GHG Emissions by Sector, 2017.
Source: Environmental Protection Agency. U.S. Transportation Sector Greenhouse Gas Emissions [8].

Therefore, the transport sector is one of the greatest responsible of GHG emissions
all over the world, and only light-duty vehicles, in the U.S. for example, generate one-third
of total CO2 emissions from the country [10]. As it is effectively impossible to capture CO>
emissions from individual vehicles, the only way of reducing the emissions in the
transportation sector is by replacing current fuels with lower carbon fuels or even better, with
zero-carbon vehicles [10].

A sustainable alternative to the vehicles with an internal combustion engine, are the
battery and fuel cell electric vehicles (Hereafter BEVS/FCEVS), as long as the electricity and
hydrogen are generated from renewable energy sources [6]. EVs are already been developed
and play an important role in the energy transition. Their massive implementation will allow
us to achieve the reduction of global CO2 emissions.

The proton exchange membrane fuel cell (PEMFC) is the type of fuel cell most widely
used for transport applications; however, this technology still cannot be massively

implemented because of the lack of hydrogen infrastructure (fueling stations), the high
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production cost of this technology and technical limitations. In order to overcome these
problems, the first goal was to reduce the platinum loading in order to reduce the production
costs; after achieving it, mass transport losses at high current densities become a performance
and durability problem.

In that regard, the current thesis focuses on identifying the type of Gas Diffusion
Layer (GDL) that contributes to solve the problem of mass transport losses and gives higher
performance to low platinum loading Proton-Exchange membrane fuel cell (PEMFC). In
order to achieve it, there will be fabricated low Pt-loading PEMFC using the inkjet printing
method and then the cells will be assembled with different GDLs and connected to a fuel cell
station where polarization curves, cyclic voltammetry tests and impedance spectroscopy tests

will be run in order to study the performance of cells.

Scope

The scope of this thesis is to fabricate, assemble and test single PEM fuel cells with
different SIGRACET® gas diffusion layers (28 BC/29 BC/28 BA/29 BA). Then, study the
performance of the different cells and determine the effects of the GDL porosity and the
presence of a micro porous layer (MPL) on the fuel cell performance.

The fabrication and testing of the fuel cells will take place at the Energy Systems
Design Laboratory, University of Alberta, Canada. The method that will be used for the
fabrication of the catalyst-coated membrane is the inkjet printing method and the ink will be
prepared with platinum powder supported by carbon, Nafion®, and a solvent mixture. The
printer used for printing the catalyst layers over the membrane is the FUJIFILM Dimatix
printer. Then the cells will be assembled and tested on the 850e Multi-Range Fuel Cell Test
System, in order to obtain polarization curves, cyclic voltammograms, and resistance values
with the FuelCell® software.

Background

XVi



Nowadays, a potential EV driver can choose between a battery-powered electric
vehicle and a hydrogen powered fuel cell electric vehicle. Each of these technologies has its
own advantages and disadvantages regarding cost, range, performance, and infrastructure, as

shown in Table 1, those are some of the differences between BEVs and FCEVs.

Characteristic BEV FCEV
5 .
Recharging/Refueling ﬁO/O cha;]rgmg could be_ at _ TOIO complt_ax thc;
infrastructure ome, chargers are easier implementation of a
to install hydrogen recharging network
Recharging/Refueling speed Low Fast as ICV
Range leltedo?yég(t)g;/s;densny As good as ICVs
Enerav demand 18-25 kWh of electricity 60 kWh
9y per 100 km Electricity-H,-electricity
Flexibility to follow intermittent | Has to be connected to the .
S H; can be generated any time
Renewable Energy Systems power grid in times of and be easilv storage
(RES) high RES generation y 9
Round-trip efficiency >70% 40-60%

Table 1 Differences between BEV and FCEV.
Source: Own elaboration based on [6][11][12].

Currently there is no clear answer as to which one could dominate the future low
carbon vehicle market. However, there are various technical, economic and infrastructural
barriers that limit the large scale adoption of both the FCEVs and BEVs [13]. Both types of
vehicles share many of the same components because they operate with the same electric
system inside the EV; they both have an electric motor and power controller or inverters;
however, their main energy source, their input, is very different. Hydrogen Fuel Cell VVehicles
(HFCVs) use a fuel cell to convert the hydrogen energy into electricity and BEVs use
batteries to storage the energy [14].

In the future, both of these technologies will probably coexist, while the BEVs are
more suitable for short range and small vehicles, the HFCEVs are mostly to be applied in
medium and long range vehicles [15]. By 2050, BEVs and FCEVs could become less
expensive than the advanced Internal Combustion Engine Vehicles (ICEVS). Putting aside
the complexity of developing a hydrogen infrastructure, fuel cell vehicles are the most

promising alternative to ICEVs mainly because they are not subject to the limitations of
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battery vehicles [10]. Nevertheless, why are there less than 10 thousand of hydrogen vehicles
running all over the world?

First, the production cost a hydrogen fuel cell vehicle is still too high for being a
competitive technology as internal combustion engines vehicles. On 2017, a team from the
Department of Energy, Argonne National Laboratory, made an analysis on the cost of direct
hydrogen fuel cell vehicles. They found that the estimated system cost to date for 100,000
and 500,000 units per year, result in a total system cost of 50$/kWnet and 45%/kWhnet,
respectively. For 2025, there is a target of a total system cost of 40$/kWnet and the ultimate
goal is to reduce the overall HFCEVs system to 30$/kWhnet in order to be on a essentially
cost parity with ICEVs [16].

Second, there has been less research and technology improvements for FCEVs than
for BEVS. Over the past decade, there had been very significant cost reductions and
performance improvements of Li-ion battery packs for EVs, making the BEVs a more
competitive technology available in the market [17]. As shown in Figure 4, between 2010 and
2016 the battery costs had been reduced on 77%, being now near to reach the $125-$150
target that makes EVs competitive with conventional gasoline vehicles [18]. On the other
hand, as shown in Figure 5. between the same period of time (2010-2016), the costs of fuel
cell systems had been reduced only on a 17%, being now still far from the target of 30$/kW
for being as competitive as ICEVs.

Cost Evolution of Battery Pack
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S ® .
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S 500 4 ® Battery Pack Cost
o
2 —&—Final target 125 $/kWh
& 300 PY
< [ ]
s}

100 L ]
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Year

Figure 4 Cost Evolution of Battery Pack for EVs (2010-2016).
Source: Own elaboration based on [18][19].
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Cost Evolution of Fuel Cell System
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Figure 5 Cost Evolution of Fuel Cell System for EVs (2010-2016).
Source: Own elaboration based on [16] [20].

Third, as shown in Figure 6, the greatest cost of the Fuel Cell Stack is represented by
the membrane electrode assembly (MEA), and inside of it is the catalyst component that
represents 41% of the overall cost. The catalyst used on PEMFC is platinum, a precious metal

that is rare and expensive [21].
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FUEL CELL STACK COST
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Figure 6 Component cost breakdown at production volume of 5M units/yr for the FC stack
Source: Thompson et al. Direct hydrogen fuel cell electric vehicle cost analysis: System and high-
volume manufacturing description, validation, and outlook [16].

In order to achieve a massive penetration of these type of vehicles into the market,
they need to be as cost effective as today’s ICEVs so that they can be more competitive and
widely commercialized. Based on the research that has been done so far, still more research
has to be done in order to achieve a cost reduction in materials, especially in the catalyst area.
The last years, the researchers have been focused on reduction of platinum group metal
(PGM) content, platinum alloys, novel support structures, and non-PGM catalysts. Given that
the catalyst cost is projected to be the largest contributor to overall system level costs at high
volume production, if we achieve substituting the platinum with an alternative material that
still works as a catalyst, then the overall cost of the system could be reduced [22].
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Justification and Motivation

In the past few years there have been significant improvements in the development of
FCEVs, however further development of this technology has to be done because they are still
not as efficient and cost effective as ICEVs are. According to The National Research Council,
one of the main technology challenges for the HFCV is making the fuel cell system as durable
and cost effective as today’s conventional engines for vehicles [10]. In addition, the
Committee on Transitions to Alternative Vehicles and Fuels states that the research done on
advanced materials and battery concepts will be critical for the success of electric drive
vehicles. It also recommends that the following research areas will have the greatest impact
[23]: New catalyst structures that increase and maintain the effective surface area of
chemically active materials and reduce the use of precious metals. And the development of
novel structures of gas diffusion layers that maintain an effective amount of water and
increase the performance and durability of fuel cell stacks.

One of the laboratories that is working on the development of fuel cells and
sustainable electrochemical systems is the Energy Systems Design Laboratory at University
of Alberta, Canada. In the past years, this research team has achieved to reduce the platinum
loading using in-house inks based on platinum supported by carbon and coating the catalyst
over the membrane with the inkjet printing method [24]. Nowadays, they are working with
low-Pt loading PEM fuel cells, however after achieving high current densities with less
platinum loading; the water management has become a major problem.

There has been identified mass transport loses that affected the performance of the
cells because of the water accumulation on the cathode side at high current densities. The
proton conductivity is directly proportional to the amount of water generated, and a higher
proton conductivity gives a better performance however, high levels of water is not desired.
There should not be so much water because if the electrodes that are bonded to the electrolyte
flood, the pores in the electrodes or the GDL will be blocked, disabling the proton exchange.

A balance is therefore needed, which takes a lot of effort to achieve [25].
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One of the components of the fuel cells is the gas diffusion layer which serves as
structural support and electrical conductor, and this component with an appropriate porosity
and with a hydrophobic agent, may help to solve the mass transport problem [26].

Therefore, this thesis will study the effects of SIGRACET® GDLs on the performance of
the PEM fuel cells. The aim of this research project is to contribute to the elaboration of more
scientific knowledge on low Pt-loading PEMFC because the achievement of improvements
on the performance of this technology will allow us to turn it into a more competitive
technology and replace internal combustion engines. Moreover, achieve to scale-up the use
of FCEVs in the market would subsequently accomplish the overall objective of reducing
CO- emissions worldwide, contributing to the construction of a more sustainable transport

sector.

General Objective

Study the effects of SIGRACET® gas diffusion layers with different porosity and
hydrophobic agent on the performance of low Pt-loading PEMFC.

Specific Objectives

o Study the performance of low Pt-loading PEMFC and identify major losses.

o Perform a literature review and identify a solution to the problem previously
identified.

o Investigate and identify the properties of SIGRACET® gas diffusion layers (28
BC/29 BC/28 BA/29 BA).

. Fabricate PEM fuel cells using the inkjet printing method.

o Assemble and test single PEMFC with different SIGRACET® GDLs.
o Study the effects of different SIGRACET® GDLs on the performance of PEMFC.

XXii



CHAPTER I
THEORETICAL FRAMEWORK

In the late 1900s, the concept of the fuel cell emerged as a new electrochemical power
device. Since then, many scientists and engineers believe that fuel cells hold promise as an
alternative energy source to help offset our traditional reliance on coal, oil, and natural gas
[27]. However, it was in 1839, the first discovery of the fuel cell principle by William Grove,
a lawyer and physicist from Great Britain [28]. Nevertheless, it was until 1960s, in the Apollo
space program, that the fuel cells where used to power the onboard electrical systems of the
Apollo spacecraft. They were use because no batteries could last long enough for a flight to
the moon; the system provided both, electricity and drinking water for the astronauts. This
energy device supplied 1.5 kW of continuous electrical power over ten thousand hours of
operation, without a single in-flight incident [29].

Besides that, the performance of fuel cells that NASA deployed was exemplary, the
cost per kilowatt was astronomical because the FC were hand-built and used exotic materials.
Therefore, other types of technologies emerged with a higher commercial potential, and
research of FC continued at a low funding level [28]. It was recently at the beginning of
1980s, when governments agencies in the US, Canada and Japan, significantly increased their
efforts on the development of fuel cell technology [30].

1.1  Fuel Cell Technology

According to the U.S. Department of Energy, a fuel cell is an electrochemical device
that converts the chemical energy of hydrogen or another fuel to electrical energy in a cleanly
and efficiently way [16]. Unlike batteries, the energy supply in a fuel cell is external and can
be supply essentially indefinitely by refueling the external tank, the same as in an internal
combustion engine.

Generally, fuel cells use gaseous or liquid fuels, such us natural gas, methanol, etc.,

but hydrogen fuel cells uses hydrogen as fuel and the oxidant for a fuel cell is usually oxygen



in air [31]. In comparison to heat engines, the energy conversion in fuel cells is direct and
simple and it is not limited by thermodynamic limitations like Carnot efficiency [32].

Fuel cells are a promising technology for the transportation, power generation and
even as an energy storage device because of their high energy density and efficiency and low
environmental impact [33]. They are very versatile because can be used as very small devices
producing only a few watts of electricity, or as large power plants producing megawatts. Fuel
cells are suitable for different applications because there are different types. These are
classified according to the nature of the electrolyte they use, each type require particular
materials and uses different fuels and reactants [34]. As shown in Table 2 fuel cells have
advantages and disadvantages when compared to internal combustion engines and batteries.
Those disadvantages are the reason why still this technology cannot massively replace other
technologies with lower efficiency and higher impact on the environment, however these
limitations eventually will be solved by the development of research and engineering

solutions [35].

Advantages Disadvantages
Higher efficiency: direct production of electric | Lack of hydrogen infrastructure, is difficult to
energy (40-50%) produce and store hydrogen

Low chemical, acoustic and thermal emissions | Emerging technology that still needs to
(have no big moving parts and GHG emissions | accomplish reductions in cost, weigh, size, and
are low if hydrogen is used as fuel) increase in reliability and durability.

Fuel flexibility: it can be used hydrogen, | Require relatively a pure fuel, without
natural gas, propane, and even anaerobic | contaminants that can deactivate the fuel cell
digester gas catalysts. Therefore, in some cases is needed a
reformer on the fuel cell system.

Compactness: higher energy density and | Fuel cell system is still a little heavier than
energy storage capacity. Fuel cell system is | internal combustion engine systems

lighter than batteries.

Exhibit good load-following characteristics
because are solid-state devices that react
chemically and instantly to changes into load.
Don’t need recharging, they must be refueled,
which is faster

Modularity: allow independent scaling
between power and capacity. The fuel cell size
can be adapted by simply changing the number
of fuel cells stacks.

Table 2 Advantages and disadvantages of fuel cell technology
Source: Own elaboration based on [30][36][35].



1.1.1 Basic operation principles

A fuel cell consists mainly of an anode, an electrolyte, and a cathode. As shown in
Figure 7jError! No se encuentra el origen de la referencia., on the anode side, the fuel is
oxidized electrochemically and releases positively charged ions; on the cathode side, oxygen
molecules are reduced to oxide or hydroxide ions [37]. The electrolyte is the medium through
which either the positively charged ions travel from anode to cathode or the negatively
charged ions travel from cathode to anode. The only byproduct that goes out of the system is
water vapor. A catalyst is often used to speed up the electrochemical reactions at occur on
the electrodes [34].

Load
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Figure 7 Basic schematic fuel cell operation
Source: Nail et al, The Evolution of the PEM Stationary Fuel Cell in the U.S. Innovation System [38].

The reactants of fuel cells can be classified based on the properties of the components
that donate the electron (oxidant) or accept the electron (reductant). Oxidants mainly include
pure oxygen and the reductants, which are also known as the fuels, include pure hydrogen or
gases that contain hydrogen like ethanol, methanol, natural gas, etc. [39]. The most basic
reaction that occur inside the fuel cell consists of the combustion of hydrogen fuel into water,
and this process is split into two electrochemical reactions: the oxidation reaction (1) that
occurs on the anode and the reduction reaction (2) that occurs on the cathode. These are the



two half reactions and the overall combustion reaction is given by the combination of the two
half reactions (3) [40].

H, — 2H" + 2e (D)
%07 + 2H" + 2" — H>0 (2)
%02 + H2— H20 )

The role of the electrolyte is to contain the two half reactions electrically while
allowing the movement of ions: the protons produced at the anode are moved to the cathode
side where they will combine with the oxygen and form a molecule of water [32]. Therefore,
electrolytes should be both good proton conductors and excellent electric insulators. There is
a third requirement for electrolytes, they need to be impermeable to gases so that the anodic
and the cathodic compartments remain separated, in order to prevent gas crossover [34].
Through the electrolyte, the flow of electrons is hindered; therefore, it is forced to go through
another way. There should be an external electrical circuit through which the electrodes flow
and that allows fuel cells to provide DC power by the direct collection of electricity [41].

In the case of the electrodes, a high surface area is an important feature in order to
maximize each half reaction zone, for this reason they are relatively porous compounds [42].
According to the application of fuel cell technologies, the materials of the whole systems
depends on each type of fuel cell and they are describe on the section below. Every type of
fuel cell is characterized by its own particular dimensions, reactants and materials; however
the basic structure of fuel cells consists of an electrolyte, two electrodes, and requires a fuel

and a oxidant for producing electricity [43].

1.1.2 Types of Fuel Cells

Nowadays, there are different types of fuel cells that are currently under development
and are classified primarily based on the electrolyte they use. The electrolyte is an essential
part of the fuel cells, and it determines the operating parameters, such as the type of catalysts,
the electrochemical reactions, the operating temperature, the reactants that can be used and

therefore the applications for which these cells are most suitable [44]. The most promising



types of fuel cells, with their characteristics, are show in Table 3. The schematic fuel cell
operation of each type can be find on Annex 1, Annex 2, Annex 3, Annex 4, Annex 5, and

Annex 6.

Fuel cell type

Efficiency

Operation temperature

Common Electrolyte
Charge carrier
Fuel
Electrode catalyst

Applications

(PEMFCs)
50-100 °C
60%

Polymer electrolyte membrane

Perfluorosulfonic acid
H+

Hydrogen

Platinum based

Distributed generation
Portable power
Transportation

Ideal for vehicles

Direct methanol (DMFCs)
60-130 °C
60%

Perfluorosulfonic acid
H+

Methanol
Pt-ruthenium

Portable power
Early market
applications

Alkaline electrolyte (AFCs)

Alkaline polymer, agueous
KOH

Portable power

40%

Pt catalyst dispersed on
carbon

50-100°C OH Backup power
60% Pure hydrogen Space shuttles
Nickel
HsPO,
Phosphoric acid (PAFCs) H*
150-250 °C Hydrogen Distributed power

Molten carbonate (MCFCs)
500-700 °C
45-50%

(Li, K, Na).COs

CO32'

Hydrocarbon fuels (methane)
Non-precious metal

Distributed power
Electric utility

Solid oxide (SOFCs)
600-1000 °C
60%

Stabilized Zirconia Oxides
o~

Hydrocarbon fuels (methane)
Non-precious metal

Distributed power
Electric utility
APUs

Table 3 Types and characteristics of fuel cells

Source: Own elaboration based on [31][32][33][34][35][45][46].

1.1.3 Application of fuel cells on transportation

One of the most common application of fuel cell technology is on the transport sector.
In addition to the environmental advantages offered by fuel cells, they have several properties




that make their use suitable for many transport applications, including scooters, passenger
cars, busses, and even space shuttles [43].

FCEVs are considered low emission vehicles and the HFCEVs zero emission, these
vehicles have greater efficiency than ICEVs and BEVs [47]. This type of vehicle propulsion
system has short startup times, high dynamic load demand and requires to operate at low
temperatures, therefore, PEMFCs are the technology most widely used for this application
[36].

The transportation application of FCs is mainly concentrated on automobiles, buses
and niche transport applications [48]. The development and application of PEMFC in the
transport sector is competitive and promising due to the desire of depleting fossil fuels and
the need of zero emission vehicles. Currently most of the governments (like USA and Japan)
and the companies car makers are actively engaged on the development of this technology
and are working on the onboard integration of fuel cell systems and electric energy storage
devices with an energy management system [35].

The main components and the basic operation of a hydrogen fuel cell vehicle are show
on Figure 8 where the letter A represents the electric motor, the letter B the fuel cell stack,
C isthe battery and D is the high-pressure hydrogen tank. On the first step, the oxygen present
in the air gets into the system. Then on step 2, the oxygen and hydrogen supplied to fuel cell
stack. The third step is the generation of electricity and water, through the electrochemical
reaction produce inside the fuel cell stack. On step 4, the electricity generated feed the electric
motor and then, step 5, the motor is activate and powers the vehicle system, enabling it to
move. The last step, step 6, is the water expulsion of the outside the vehicle as tailpipe
emission [49].
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Figure 8 HFCEV operation diagram

Source: N. Barilo and S. Loosen, Hydrogen Fuel Cells and Fuel Cell Electric Vehicles [49].
1.1.4 Evolution of hydrogen fuel cell electric vehicles technology

Today, passenger cars powered by fuel cells have demonstrated about 3000 hours of
operations (depending on speed: 150-300 thousands kms), but still durability issues like start-
stop operation and steep transient load cycling, have to be solved. However, the major
problem are the high costs despite the significant cost reduction achieved over the last years
[50].

The automobile manufacturers that are currently leading the development of HFCEVs
in the United States, are Daimler and Ford; there is also the Automotive Fuel Cell
Cooperation (AFCC) with Ballard [51]. On 2013, the companies Daimler AG, Ford Motor
Company and Nissan Motor Co. signed an agreement where the three parties agreed for a
joint development of common fuel cell system to speed up the development of the
technology, furthermore increase the availability of zero-emission technology and
significantly reduce costs [52]. In Japan, the largest auto manufacturers are Toyota, Honda
and Hyundai [40].

Despite all the efforts of the governments and companies put on the development of
FCEVs, today still these type of vehicles are not massively available on the market, many of
them are still prototypes units [36]. Nevertheless, in the last 5 years, fuel cell cars started to
come out of demonstration stage and are becoming commercials, by today, companies like

Toyota, Hyundai and Honda have started initial commercial sales of their fuel cell cars. In



2013 the first fuel cell vehicle became commercially available and since then until 2017,
6,364 hydrogen fuel cell vehicles were sold globally [53].

The most advance fuel cell vehicle with the world’s best fuel cell efficiency and with
a driving range of 666 km is the NEXO Fuel Cell SUV. This vehicle can reach a maximum
speed of 179 km/h, a maximum output motor of 120 kW, the total output of the fuel cell
systems is 135 kW, the stack is conformed of 440 cells (250-450V) [54]. The evolution of

the FCEVs of Hyundai is show on Figure 9.
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Figure 9 Evolution of FCEVs manufactured by Hyundai
Source: INSIDEEVSs, Hyundai Announces Partnership With Audi On Fuel Cell Technology [55].

Because of the high costs and extensive knowledge required for the development of
this technology, many companies are joining their forces in order to achieve the massive
commercialization of cost-efficient HFCVs [54]. As stated by Mark Kane, a European editor,
“The partnership between Hyundai Motor Group and Audi will leverage collective R&D
capabilities in fuel cell technology to elevate their presence in the FCEV market. Therefore,
the agreement also includes mutual access to fuel cell components. As a first step, Hyundai
Motor Group will grant its counterpart the access to parts that are based on Hyundai’s know-
how accumulated from the development of ix35 Fuel Cell as well as NEXO. Audi —
responsible for the development of fuel cell technology within the Volkswagen Group — will
also be able to take full advantage of Hyundai’s FCEV parts supply chain. Hyundai Motor
Company, the world’s first mass-producer of fuel cell vehicles, has been offering SUV-Class

FCEVs since 2013, and currently sells them in 18 countries around the world” [56].



Despite the achievements that have been accomplished so far, there are still two major
challenges to HFCEVs commercialization, reducing cost and improving durability [57].
Ongoing research is mainly focused on the development of new materials for the membranes,
catalysts, bipolar plates and membrane electrode assemblies in order to reduce the cost and

extend the life of fuel cell stack components [46].

1.2 Proton Exchange Membrane Fuel Cells

The proton exchange membrane (PEM) fuel cell use an electrolyte that conducts the
protons from the anode to the cathode, these electrolyte is composed of a solid polymer film
of acidified Teflon [36]. This is the most suitable type of fuel cell for transportation
applications. The characteristics that make this type of fuel cell the most widely used on
vehicles are the low operating pressures (15-30 psig), which increases the safety of the system
and low temperatures (<100°C) that allows relatively short start-up times, and the “load
following” that means that it responds almost instantaneously to changing power demands
[28].

A PEM hydrogen fuel cell generates approximately 0.7 V DC under no-load
conditions. In order to obtain higher voltages, multiple PEM fuel cells can be connect in
series. A series-connected set of fuel cells technically forms a battery, but engineers call it a
stack [58]. The PEM cell stacks have already been made compact and powerful enough, and
they provide power and acceleration equal to, or even better than, internal combustion
engines; for this reason, since 1994 FCEV are available in the market being offered by
companies like Daimler, Toyota, Nissan, Honda, Hyundai, General Motors, Ford, etc. [59].

This technology has drawn the attention because of its simplicity, viability, suitability,
and quick start-up and because it has been even proposed as a promising power source for
zero emission vehicles [42]. PEMFC systems are suitable for different vehicle applications
since they do not require the use of hazardous fluids, and they enjoy high power densities
while maintaining low operating temperatures [35]. It is shown in Table 4 the advantages

and disadvantages of this specific type of fuel cell.



Advantages Disadvantages
» Tolerant to carbon dioxide *  Only tolerate 50 ppm CO
» Operate at low temperatures and pressures » Tolerate few ppm of total sulfur
» Use solid, dry and non-corrosive electrolyte + Use an expensive platinum
» High voltage, current and power density catalyst
»  Use stable materials + Is difficult to work with the
» Relatively simple mechanical design membrane, water management
» Compact and rugged problems

Table 4 Advantages and disadvantages of PEMFCs
Source: Own elaboration based on [36][35][32].

1.2.1 Working principles

Inside a PEM fuel cell, two electrochemical reactions take place and make up the total
redox reaction, at the anode an oxidation reaction, loss of electrons, (1) and at the cathode a
reduction reaction, gain of electrons (2) [29]. On the reduction reaction the H* is drawn
through the electrolyte from the anode to the cathode the reactive attraction of hydrogen to
oxygen, while electrons are conducted through an external DC circuit [34]. The overall cell
electrochemical reaction (3) is obtain combining anode and cathode reactions. The product
of the whole reaction is water; this must be continually remove of the system to facilitate the
continuity of further reactions. All of this process is better show on Figure 10. A Schematic
operation of PEMFCs [46].

H, — 2H* + 2¢° 1)
%02 + 2H" + 2e- — H20 (2)
Y02 + H2— H20 3
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Figure 10 Schematic of a Polymer Electrolyte Membrane fuel cell
Source: U.S. Department of Energy, FUEL CELL TECHNOLOGIES, Energy Efficiency & Renewable
Energy [46].

1.2.2 Structure and Components

The main component of a PEM fuel cell is the membrane electrode assembly
(Hereafter MEA), which is composed by the membrane, the catalyst layers, and gas diffusion
layers (Hereafter GDLS). As shown in Figure 11, MEA components are the GDLs, the
catalyst layers (Hereafter CLs), and the proton exchange membrane. On one side is an
electron-conducting anode consisting of porous GDLSs as an electrode and an anodic catalyst
layer; on the other side is an electron-conducting cathode consisting of a cathodic catalyst
layer and again, a porous GDL as an electrode and in the middle there is a proton-conducting
electrolyte, a hydrated solid membrane [44].

Besides the MEA, there are hardware components that incorporate the MEA into a
fuel cell and enable an effective operation. These includes gaskets that provide a seal,
preventing leakage of gases, they are usually made of rubbery polymer like Teflon (PTFE)
[30]. There are also bipolar plates that assemble individual PEMFCs into a whole fuel cell
stack and incorporate channels for the fluids, they are usually made of metal, carbon or
composite and provide electrical conduction and physical strength to the stack. Finally,
outside the cell there are current collectors with the reactant gas flow fields and take the

electrons to an external circuit, providing a DC current [60].
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Figure 11 Basic structure and components of the PEMFC
Source: NPTEL, Fuel Cell Technology [61].

The most common membrane used at PEMFC is Nafion (DuPont), a sulphonated
polymer, its layer has a thickness between 35 and 170 um, while thinner is the membrane the
cell will have a higher conductivity because there will be less resistance, nonetheless this
implies water management problems [35]. The main function of the GDLs is to act as a gas
diffuser, which means to provide mechanical support as an electrical pathway for electrons
and as a channel for the evacuation of the byproduct, water. Typically are constructed from

carbon paper with thickness between 100 and 300 um [26].

1.2.3 Catalyst Layers

The catalyst layers are where the electrochemical reactions take place; they transport
the electrons from the GDLs to reaction site, as well as the protons from the membrane to the
reaction site. Usually these layers are made of platinum and the typical thickness of the CLs
is between 1 to 20 um [62].
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The nanoparticles of platinum are dispersed on a high surface area supported by

carbon for later being mixed with an ion-conducting polymer, usually Nafion [60].

1.2.3.1 Materials

The catalyst layer, is a porous electrode containing carbon-supported platinum mixed
with a polymer electrolyte, given that he electrochemical reaction occurs here, the material
and structure of the CLs have a major influence on the overall performance of the fuel cell
[63]. In order to facilitate the electrochemical reactions, the CLs should meet the following
three properties: electronic conductivity, protonic conductivity and gas diffusivity as shown

on Figure 12.

Protonic
conductivity

diffusivity

Electrolyte Catalyst
(Nafion) (Pt/Carbon)

Figure 12 Schematic illustration of a catalyst layer
Source: Suzuki et al, Analysis of the Catalyst Layer of Polymer Electrolyte Fuel Cells [63].

On one hand, platinum is a rare metal and one of the most expensive metals on Earth.
It is known for its allure in engagement rings, and because it works as an excellent catalyst,
however the availability of this metal on Earth is limited. Without a cheaper substitute for
platinum, these clean energy technology (PEMFC used in hydrogen vehicles) won’t be able

to compete against means of transportation that burn fossil fuels [64].

On the other hand, the activated carbon is a common material used for supporting the
Pt catalyst layers, thanks to its stability in both acid and basic media; in addition the fact that
the carbon can be burnt off, allowing an economic and ecological effective recovery of the

13



precious metal platinum[65]. Nowadays, there is a growing awareness of the need to study
the surface chemistry of carbon-supported material to achieve an improvement on the catalyst
performance. On way of modifying the catalytic behavior of activated carbon-supported
noble metal catalysts can be done by increasing the active area through oxidation treatments

of the support prior to metal loading [66].

1.2.3.2 Cost Analysis

A key factor that will determine the successful commercialization of the fuel cell
technology is its cost competitiveness. Now, the predominant cost driver of a HFC vehicle is
the amount of precious metal (Platinum) used on the PEMFC, that is the reason why
researchers are striving to reduce the amount of Pt required for the cell by designing better
materials [67]. As shown in Figure 13, the highest cost of FCV is on the fuel cell stack,
contributing with a 41% of the overall system cost and if we go back to Figure 6, at the
breakdown costs of fuel cell stacks, the catalyst is the most expensive component of the

system.
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Figure 13 Estimates of breakdown FCV costs, 2016
Source: Own elaboration based on [51].

As previously mentioned, HFCEVs cannot be commercialize yet on a large scale
because there is a significant technical-cost barrier, the high amount of Pt required on the
CLs. Therefore, many research centers, universities, and government agencies are working
on either reducing the platinum loading or developing non-platinum group metal catalysts
(Hereafter PGM-free) [47].

1.2.3.3 Current Cost Optimization Methods

One of the problems on the objective of using less platinum as a catalyst is that these
expensive catalyst is the most efficient alternative so it is important to make sure that the
cheaper alternatives are not only less expensive but also at least as efficient [68]. Researchers
at Stanford University have found a technique to increase the energy efficiency and
performance of the platinum catalyst meaning it may be cost-effective in the end. Their
developed method consists of a thin material (lithium cobalt oxide) that can strain a platinum
lattice, both compressed and stretched out, and the catalytic activity is then doubled [69].
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The design of electrodes of polymer fibers is a method that supports the catalyst
because the surface area where reaction can occur is greater, which means that less Pt is
needed. Scientists at the Vanderbilt University have found this fiber electrode design that
also significantly boosts the fuel cell performance [70]. Another method of cost optimization
Is the development of non-precious metal catalyst, for example, researchers at the
Washington State University have found a catalyst made of a nanomaterial called aerogel,
consisting of about 92% air. That catalyst owns a high porosity that increases the surface

area, therefore allows to reduce the need of Pt [71].

There are a lot of methods for cost optimization of PEMFC that are being discovered,
research on-going in this field and improvements on electrodes and fuel cell catalysts are
being done all the time. The improvements that have been described above are in an early
stage of development; therefore, there is more work that needs to be done [72].

1.2.4 Performance and durability targets
The two primary metrics for analyzing the activity of a PGM catalyst are: specific
activity (A/cm?), and mass activity (A/mgeem) [73]. Due to the lingering kinetics of the
oxygen reduction reaction, which is more less 5 orders of magnitude slower than hydrogen
oxidation kinetics, the greater portion of the PGMs are required at the cathode side [74].
Researchers on PEMFC are aware of this challenge and focus their research on
improving the catalysts used for the hydrogen oxidation at the cathode, as shown in the Table

5, the cathode has a higher Pt loading than the anode.

Anode Areal Cathode Anode Cathode Normalized
. Areal PGM Content
Case Loading . PGM PGM Mass
Mgpew/cm? Loading Mass (g) @ g/kW (rated,
Mgpem/cm? gross)
State-of-art 0.05 0.2 4.5 18 0.25
2020 DOE Target 0.025 0.1 2.3 9 0.125
Stretch Target 0.0125 0.05 1.1 4.5 0.0625

Table 5 Relationship between PGM real loading and absolute/Normalized Mass (90kW, 1W/cm?)
Source: A. Kongkanand and M. F. Mathias, The Priority and Challenge of High-Power Performance of Low-
Platinum Proton-Exchange Membrane Fuel Cells [75].
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Nonetheless, the reduction of Pt loading is expected to be reduce on both sides, anode
and cathode, as shown in Table 6, the U.S. DOE had established performance and durability
targets for the 2020 and in the long term, for the PGM-free and PGM cathodes used at the
MEA:s.

- . 2015 2020

Characteristic Units Status Targets
Platinum group metal total
content (both electrodes) o/kW (rated, gross) at 150 kPa (abs) 0.16 0.125
Platinum group metal (PGM) 2
total loading (both electrodes) mgrem/cm? (electrode area) 0.13 0.125
Mass activity A/mgeem at 0.9 Vir-free >0.5 0.44
Loss in initial catalytic activity | % mass activity loss 66 <40
Loss in performance at 0.8 A/cm? | mV 13 <30
Electro catalyst support stability | % mass activity loss 41 <40
Loss in performance at 1.5 A/lcm? | mV 65 <30
PGM-free catalyst activity Alcm? at 0.9 Vir-free 0.016 >0.044

Table 6 Technical targets: Electro catalysts for transportation applications
Source: Own elaboration based on [73][76][77]1[78][79].

1.2.5 Gas diffusion layers

The gas diffusion layers are the structural support of the CLs, and electrical
conductors between the carbon supported catalyst and the current collector plates. The
porosity, thickness, gas permeability and electric conductivity are important characteristics
of the GDL that influence significantly on the performance of the fuel cells [80]. The GDLs
with a graded porosity is beneficial for the electrode process of the cell reaction because large
pores facilitate the transportation of liquid water generated, while the small pores are a gas

difussion via that will enable the transport of gases that need to react [65].

1.2.5.1 Materials

GDLs are commercially available in various forms as carbon paper or woven carbon
fabrics. Commonly the porous GDLs are made of a gas diffusion backing and a micro porous
layer (MPL) [26]. The MPL is important for the enhancement of the cell performance and
are usually made of carbon black powder and a hydrophobic agent like

Polytetrafluoroethylene (PTFE). Even though the PTFE is not an electric conductor and high
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concentrations of it may reduce the electric conductivity of the GDL, the presence of PTFE

Is essential for proper water management [81].

1.3 Methods for reduction of platinum loading at the catalyst layers

During the past decade, researchers have being developing different catalyst with the
objective of reducing the PGM present in the MEA and therefore reducing the production
costs of the PEMFC technology. They had focused on the development promising ORR
catalysts, because of its higher use of Pt [72]. These catalysts can be categorized as (1) Pt/C,
(2) Pt and Pt alloy/de-alloy, (3) core-shell, (4) nonprecious metal catalysts (PGM-free), (5)
shape-controlled Nano crystals, and (6) Nano frames, as shown in Figure 14, currently the
catalyst used is the platinum catalyst supported by carbon particles (1), and the others (2, 3,

4,5, 6) are being under development.
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Figure 14 Development timelines for Pt, Pt alloy/de-alloy, core—shell, nonprecious metal, shape-controlled,
and Nano frame ORR electro catalysts
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Source: D. Banham and S. Ye, Current status and future development of catalyst materials and catalyst layers
for proton exchange membrane fuel cells: An industrial perspective [82].

1.3.1 Direct reduction of Pt loading

The Pt/C is the simplest and most commonly type used as catalyst of PEMFC because
when limiting the design of the catalyst to a single element, in this case platinum, there are
no many options for improving the activity and durability of the cell. In fact, further
improvements in activity and durability with conventional platinum supported by carbon
catalyst rely on advances in “catalyst—support” interactions and modifications, nor in single

material treatments [83].

The development of this Pt optimization method has reported enhancements on both
activity and durability of PGM- based hydrogen oxidation at the cathode side. However, the
several methods that follow this objective will not be able to meet long term mass activity
requirements using conventional nanoparticles [84]. Nonetheless, if further PGM reduction
is successfully achieved using this method(<6gPGM/vehicle), the cost of PGM itself will
become a smaller fraction of the total fuel cell cost, making it unnecessary to entirely remove
PGM [82].

1.3.2 Ptalloy electro catalyst

The second most developed method for reducing the platinum loading of the CLs are
the Pt-alloys, like PtCo and PtNi catalysts. These materials are becoming the new baseline
catalyst at the commercial level because they are able to achieve better durability than Pt/C
while allowing high mass activities [85]. This almost mature optimization method has

already been used on the catalyst layer of the Toyota Mirai, 2018 as shown in Figure 15.
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Gas diffusion layer: Lower density and
thinner base material

Gas diffusion performance
more than doubled

Electrolyte membrane:

Thinner by one-third Catalystlayer:
Proton conductivity increased Highly reactive Pt/Co alloy catalyst
by 3 times Activity increased by 1.8 times

Figure 15 Electrode innovations Toyota Mirai, 2018
Source: S. T. Thompson et al., Direct hydrogen fuel cell electric vehicle cost analysis: System and
high-volume manufacturing description, validation, and outlook [16].

Carbon supported binary and ternary alloys have demonstrated up to three times
higher mass activity than Pt/C, these improved electrocatalytic activity of Pt-alloys (Pt with
other metals like cobalt, nickel, iron, titanium, aluminum, silver, among others) has been
attributed to [26]:

e Smaller platinum bond distances.

e Structure sensitive inhibiting effect of OH ads.

Despite the high mass activity presented, improvements on the stability and durability
of these catalysts have to be done. Further work on Pt-alloys has to be performed with the
objective of removing the base metal poorly alloyed to the platinum [80].

There are some treatments that can be applied to the Pt-alloy by either acid and heat
treatment, inhibiting a improved stability and activity, due to the formation of a richer
platinum surface [87]. If these methods are further developed and proof a successful
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improvement on the durability of alloy catalysts, this type of catalyst could substitute the
Pt/C at the MEA, and contribute to the cost optimization of PEMFC [82].

1.3.3 Core shell nanoparticles

During the past years, another type of material achieved an important progress; this
Is the core-shell nanoparticles, which is shown in Figure 16. This method relies on dispersing
Pt particles only on the surface of the catalyst nanoparticle because this is the only active
ORR catalyst, while another metal, like palladium, can make up the bulk optimizing the
surface area of Pt. This method allows the highest possible platinum utilization, being an
attractive cost effective method [88]. Perhaps the reduction of the cost achieved with this
type of catalyst, on the cathode side is almost impossible to achieve to achieve PGM loadings

<0.1 mg/cm2 with it [89].

& Prtatom
® metal atom

Figure 16 Basic concept of core—shell nanoparticles
Source: M. Oezaslan et al, Pt-Based Core—Shell Catalyst Architectures for Oxygen Fuel Cell Electrodes [90].

1.3.4 Shape Controlled Nano crystals (Pt-based nanoparticles)

There is another method similar to the core-shell nanoparticles called shape-
controlled catalysts, where the structure of the particles are modified in a Nano scale,

achieving a high specific activity by generating high mass activity with those nanostructure
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modifications [91]. At Georgia Institute of Technology, a group of researchers has developed
a 9 nm Pt2sNi catalyst; despite the low Pt utilization afforded by the large 9 nm particles. In
this study, a mass activity of 3.3 A/mg was achieved [92]. This achievement was
accomplished through maintaining the ideal Pt2sNi crystal structure at a Nano scale; despite
the great accomplishment still it has been obtain at a RDE level only, and more research has
to be done so that it can be proved in industry [42].

1.3.5 Use of non-Pt group metals at CLs

As the ultimate goal on the development of PEMFC is to eliminate the PGM from the
catalyst in order to reduce the production costs, there are some solutions with an approach of
zero-Pt that are gaining attention. This approach consists of packing as many active sites as
possible into a catalyst based on carbon and nitrogen, allowing a breakthrough in ORR
activity [73]. However, non-PGM catalysts in the actual state of the art, are very unstable and
this cause a poor performance at high power densities, due to mass transport limitations. This
last aspect needs to be improved because it is required to provide acceptable ORR activity
[75].

1.4  Low platinum loading PEMFCs

Despite there are been studied different methods, and novel materials for reducing the
amount of platinum used on the CLs of the fuel cells and meet the targets established by the
DOE; there are mature techniques that are been developed by research centers and industry
that are capable of achieving low platinum loading PEMFCs. These techniques are mainly
focused on the electrode fabrication method and the substrate and had achieved to increase
the Pt utilization at the CLs while reducing the Pt-loading [93]. For example Su et al.
developed a ultrasonic spray coating technique for low platinum loading proton exchange

membrane fuel cell and achieved a loading on the cathode side of 0.350 mg/cm? [94]. There
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are other methods as thin film, electro deposition, sputter, brushing, bade coating; all of these
differ on the way the electro catalyst is deposit on a substrate. However, these methods
require more research for achieving a better performance of the cells while reducing more
the amount of platinum deposited on the membrane [78].

A promising fabrication method of low platinum loading is the inkjet printing
(Hereafter 1JP) method that deposits the catalyst over the membrane. Methods such as spray
deposition and screen-printing are not well suited for ultra-low Pt-loadings while the 1JP
method is very convenient for depositing small volume of catalyst diluted on a solvent
mixture with a high precision thanks to the properties of a printing cartridge. In addition this
method allow the uniform dispersion of the ink solution that contains the platinum particles

supported by carbon black [95].

1.4.1 Challenges on the performance of low Pt-loading PEMFCs

The performance of a fuel cell can be characterize by the most common method of
testing a fuel cell, a polarization curve. As shown in Figure 17, this curve is obtained by
graphing the voltage output of the cell for a given current density and there can be clearly

identified three distinct regions [96].
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Figure 17 Typical polarization curve of a PEMFC
Source: C. Spiegel, Polarization Curves [96]
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First, at low current densities the cell potential drops because of the activation losses.
Second, at moderate current densities, the cell potential decreases more less linearly with
current due to ohmic losses. Third at higher current densities, the cell potential drops in a
more pronounced concentration losses also known as mass transport losses. Among these
three potential losses, the most significant is the third one, however these mass transport
losses can be reduced by finding an appropriate GDL [97].

As the fuel cell performance at high current densities is affected by mass transport
losses due to water accumulation on the cathode side, a hydrophobic layer could be added to
the catalyst layer to more effectively removal of the excess of water [98].

The excess of water also contributes to a rapid degradation of the membrane electrode
assembly and a micro porous layer can enhance the performance of the ell by facilitating the
liquid water transportation. More research has to be done in order to improve the performance
of low platinum loading PEM fuel cells studying the effects of GDLs with different properties
[24].
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CHAPTER Il
METHODOLOGY

In this chapter there will be described all the methods and procedures designed for
the manufacturing, characterization, assembling and testing of PEM fuel cells, developed at
the Energy Systems Design Laboratory at University of Alberta with the guidance of Dr.
Marc Secanell, and the PhD candidate Manas Mandal.

As detailed on Chapter I: Theoretical Framework, the main components of the
PEMFC are the membrane, catalyst layers (CLs), and the GDLs. The membrane as well as
the GDLs were obtained from different suppliers, however the catalyst layers were fabricated
preparing the catalyst ink (A) that was later deposited over the membrane using the inkjet
printing method (B), see Figure 18. After fabricating the CLs, these were optically
characterized using microscopes (C). Once the CLs were fabricate, these were assemble with
different types of GDLs (D). Finally, the assembled PEMFCs were test on a fuel cell station
(E), where different tests were conduct in order to study the performance of the cells. In the

following paragraphs, there will be a detailed explanation of all the executed steps.

"
i
0

Figure 18 Experiments procedure
Own elaboration



3.1 Fuel cell fabrication
3.1.1 Ink fabrication

The first step for fabricating the fuel cell was preparing the ink that was going to be
used for printing the catalyst layers. As mentioned on the introduction, the catalyst layers
were compose mainly by platinum supported by carbon nanoparticles that enable a high

surface area for the electrochemical reactions.

There are different commercial types of Pt/C powder, but for this study it was used
the HyPlat platinum powder. This powder was dilute on a solvent mixture. Then this solution
was place on a bath of sonication where was add the Liquion Nafion-solution. Finally, the
solution was put on a probe sonicator device with a Micro-Tip for blending the whole

mixture.

3.1.2 Inkjet printing

Once the ink was ready, it was injected on the cartridge of the Dimatix printer and the
catalyst layers are printed over the Nafion membrane, where the printed area for each cell
was 5cm?. The inkjet printing method is the most simple and accurate method depositing the
active catalyst electrode layer directly from print cartridges onto Nafion® polymer
membranes. It allows deposition of materials in desired patterns without the need for complex
processing and allowing the control the platinum loading. The tested cells were low-platinum

loading because they operated with a minimum loading of Pt:

e Cathode: 0,1 mg/cm?
e Anode: 0,005 mg/cm?

For calculating the platinum loading, the following formula was use:

(1 - Naﬁonloading) * (CatalySt Ptcontent)

Ptloading = Amassg; * Cell area

Once the desired amount of platinum was deposit over the membrane, the catalyst-
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coated membrane was dry overnight at atmospheric conditions, so that the remaining PG and
IPA evaporate.

3.2 Fuel cell characterization

When the catalyst coated membrane (CCM) was already composed of platinum
supported by carbon and Nafion, then the cathode and anode sides are characterized using an
optical transmission microscope (Fisher microscope & Micron Program) and a stereoscopic
microscope (Leica microscope and LAS program), respectively. These are qualitative
methods for analyzing the microstructure of the CLs and see if they were properly print

without cracks.

3.3 Fuel cell assembling

After the CCM was characterize, then it was ready for being assemble on a fuel cell.
As the thickness of the GDLs that were used for this study varied, then gaskets with different
thickness were needed. For calculating the thickness of the required gaskets the difference

between the thickness of the gaskets and thickness of the GDL should have been 50 um, see

Table 7.

GDL type | GDL thickness | Gasket thickness
28BC 250 um 200 pm
29BC 225 um 170 um
28BA 190 um 140 um
29BA 190 um 140um

Table 7 GDLs and gaskets thickness
Own elaboration

The different components of the cell were assembled based on Figure 19 and the type
of channels used for conducting the reactant gases were serpentine channels. A pressure test
was done for verifying that the membrane electrode assembly was leak-proof using Pressurex

sheets.
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Figure 19 Assembling Setup
Source: NPTEL, Fuel Cell Technology [61]

Fuel cell testing
Testing station

The testing station used for this research is for single cell testing, therefore the

performance results were only for each cell, the performance of a cell stack was not part of

the scope of this work.

Every cell was first conditioned because the membrane needed to be hydrated so that

it could perform effectively. This conditioning was perform at relative humidity of 80%,

which means the anode and cathode sides operated at 74°C and the cell at 80°C. On the anode

side it was applied a flow of 0.2 L/min and on the cathode side a flow of 0.4 L/min, using

hydrogen and air as reactants, respectively.

After the conditioning, the cell was ready for being tested. The tests executed for

studying the performance of the cells will be further explain in this chapter.
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3.4.2 Tests executed

Polarization Curves

The first tests that were perform were polarization curves, at different humidity levels.

The station parameters are show in Table 8.

Test Station Parameters Value
Cell temperature 60 °C 80 °C
Anode relative humidity 90 % | 50/70/90 %
Cathode relative humidity | 90 % | 50/70/90 %
Anode flow rate (H.) 0.1slpm | 0.1slpm
Cathode flow rate (Air) | 0.1slpm | 0.1slpm
Wet stoichiometry 2/6 2/6
Back pressure 50 kPa 50 kPa

Table 8 Polarization curves test station parameters
Source: Own elaboration

The polarization curves plot the cell voltage against the current density showing the
general performance of the cell. With these tests, the irreversible losses can be identify as the
following: Kinetic activation resistance on the first drop, ohmic resistance on the second drop
and mass transport resistance on the third drop. These tests were perform at the Fuel Cell

Station with the potentiostat and backpressure system.

Cyclic Voltammetry

The other performed test was the cyclic voltammetry, which is a common diagnostic
tool for characterizing the catalyst layer. It allows to experimentally determine the
electrochemical surface area (ECSA), which is the active area of platinum that is involve on

the electrochemical reaction.

This test was perform at 30°C and 80°C and the cathode was purged with an inert gas,
nitrogen while the anode was fed with hydrogen, the test parameters are shown at Table 9

and equipment used for them was the Fuel Cell Software and the BioLogic Potentiostat.
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Test station parameters Value
Cell temperature 30 80
Anode temperature 28 77
Cathode temperature 28 77
Cathode flow rate (Ny) 0.005 slpm 0.005 slpm
Anode flow rate (H») 0.2 slpm 0.2 slpm

Table 9 Cyclic voltammetry test station parameters
Source: Own elaboration

In order to calculate the ECSA, a code developed in Python by Michal Moore for the
ESDLab was use for processing the data, as shown in Figure 20, the graph on the right side
is a typical cyclic voltammogram, and the colored green area is the ECSA.
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Figure 20 Cyclic voltammetry test.
Source: Own elaboration

Limiting Current

The general implication of the limiting current condition is that the reaction rate at
the cathode is limited by how quickly oxygen diffuses to the electrode's surface. The total
oxygen transport resistance R;,:,; can be calculated at limiting current, using the following

formula:

4Fcp,
Riotal = —

lim
Where ¢y, is the gas channel oxygen concentration, i;;,, is the measured limiting
current density and F is the Faraday constant.
The limiting current experiment is conducted with H2 on the anode and 1% oxygen

in nitrogen on the cathode side. The voltage is scanned as at a polarization curve, but only
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the las part of the graph is of interest. On Table 10 are the station parameters for the test and

on Figure 21 is a common graph of a limiting current experiment of PEMFC.

Test station parameters Value
Cell temperature 80
Anode temperature 72
Cathode temperature 72
Cathode flow rate (N>) 0.2 slpm
Anode flow rate (Hy) 2 slpm
Back pressure 0 kPa

Table 10 Limiting current test station parameters
Source: Own elaboration
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Figure 21 Limiting current test graph
Source: Own elaboration based on experimental data and the program EC-Lab V11.21

3.4.3 Reproducible data

In order to guarantee that the process of fabrication, assembling and testing were done
properly and that the obtained data was reliable, first two batch of four cells each were
fabricated, assembled and tested under the exact same conditions until at least three cells
presented reproducible results. The results of the repeatable data can be verified on the

polarization curves (see Annex 7) and the cyclic voltammograms obtained (see Annex 8).
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CHAPTER Il
RESULTS

This thesis is based on experimental research conducted at the Energy Systems
Design Laboratory. The results that will be presented on this chapter were obtained following
the methodology previously explained. For obtaining reliable results, first a standard process
of fuel cell fabrication, characterization, assembling and testing was done in order to learn
the techniques, and two batch of four cells each were fabricated until obtaining reproducible
data. Once the repeatability was achieved, then the experiments subject of this thesis were

conducted. This whole process took 4 months.
3.1  Fuel cell fabrication
3.1.1 Ink fabrication

The components of the ink for fabricating the CCM remained always the same as well
as the quantities for printing one batch of four cells; these constituents are in detail at the

Table 11 and on Figure 22 is showed a 3 mL sample of the ink.

Component Type
Platinum catalyst HyPlat 40wt%

supported by carbon
Propylene glycol (PG)
Isopropylene alcohol (IPA)
lonomer solution Liquion 5wt% Nafion
Table 11 Constituents of the ink
Source: Own elaboration

Solvent mixture

Figure 22 3 mL sample of ink
Source: Own elaboration



3.1.2 Inkjet printing

In total, four batches of cells were printed, the first two were for obtaining
reproducible data with the standard process, and the other two were for testing the different
GDLs. The platinum loading obtained after printing was the same for all the batches. At the
cathode side, it was always obtained a final loading of 0,1008 mg/cm? after printing 11
layers, whereas at the anode side, it was obtained a final loading of 0,0504 mg/cm? after
printing 6 layers. These values were calculated after the CCMs dried overnight. Figure 23

shows a batch of cells with the anode and cathode side printed.
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Figure 23 Batch of CCMs
Source: Own elaboration

3.2 Fuel cell characterization

In order to characterize the structure of the printed CCMs, they were observed using
microscopes. The first two batches of printed cells were for obtaining reproducible data,
therefore for the fabrication of those CCMs it was followed the standard process, however
when characterizing the cells it was observed the presence of many cracks, as it can be seen

in jError! No se encuentra el origen de la referencia..

After reading different studies about the factors that influence the generation of cracks
on nanostructures of platinum catalyst supported by carbon, Kumano et al. explained that the
cracks are generated when the solvent breaks through the catalyst structure for evaporating
[99]. Based on this, during the printing process, it was established a drying time for allowing
the solvent to evaporate little by little between layers and on Table 12, it can be seen clearly
how the number of cracks decreased with 90 seconds of drying between layers. This change
was applied for the CCMs that were used for testing the different GDLSs.



Component | Resolution
1 mm
Cathode
2mm
1 mm
Anode
200 pm

= 9|e0S
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Without drying time between
layers
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With 90 seconds of drying
between layers

Table 12 Optical characterization of CCMs
Source: Own elaboration



3.3 Fuel cell assembling

The fuel assembling was done with different GDLs; therefore, gaskets with different
thickness were used. Because of it, the pressure tests shown on Table 13 look different
between each type of GDL, however all of them show serpentine channels, which is the

reason why it was concluded that the assembly was correct, that there was not going to occur

any leaking of gases and that the experiments at the fuel cell station can be done.

GDL

28 BC

29 BC

28 BA

29 BA

Pressure test

Table 13 Pressure tests
Source: Own elaboration




3.4 Fuel cell testing

In order to obtain reliable results, two batch of cells were fabricated and tested
following the exact same procedure. Therefore, in the following sections there will be showed
the results obtained from the tests executed with those two batch of four cells each, giving
repeatable trends on the performance of the cells with the four different GDLs (28BC, 29BC,
28BA and 29BA). For facilitating the order and comprehension of the results, they will be
identified by the roman number I for the first batch of tested cells, and by the roman number

Il for the second batch.

3.4.1 Tests executed
Polarization Curves

As explained on the previous chapter, polarization curves allow identifying the major
losses during the operation of a fuel cell. Figure 24 shows the polarization curves obtained
with four different GDLs at different levels of relative humidity (50, 70 and 90%). With this
test, it can be also obtained the cell resistance by plotting the E_iR_Avg in function of the

current densities, these graphs are shown in Annex 9, Annex 10, and Annex 11.
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Figure 24 Polarization curves with different GDLs and at different relative humidity (a) 50% (b) 70% (c)

90%

Source: Own elaboration using the data from the FC Software

Cyclic Voltammetry

The cyclic voltammetry test is a tool for identifying if there is a crossover or short

circuit during the fuel cell operation and for calculating the electrochemical surface area.

Figure 25 depicts the cyclic voltammograms obtained from the fuel cell station after testing

the cells with the four different GDLs.
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Figure 25 Cyclic voltammogram at 30°C with different GDLs
Source: Own elaboration using the data from the FC Software

As it can be observed, the cell with the 28BA GDL presents a short circuit represented
as a huge crossover at the cyclic voltammogram. The other three cells show a regular CV,
however the cell with the 29BA GDL shows a higher crossover than the BC series because
the carbon fibers intrudes into the CCM generating electron conductivity through the
membrane and this does not happen with the BC series because of the presence of a MPL on
the 28BC and 29BC GDLs.

Limiting Current

The limiting current experiments were conducted with the BioLogic Software. This
test graphs a polarization curve with an excess of oxygen and from the graphs obtained with
different GDLs (see Annex 12, Annex 13, Annex 14, and Annex 15). From these graphs
there could be obtained the limiting currents for the different GDLs tested, whose average

values are shown on Table 14.

Cell Average of limiting current
28BC 732 mA
29BC 895 mA
28BA 966 mA
29BA 1430 mA

Table 14 Limiting currents for the cells with different GDLs
Source: Own elaboration



As it can be seen from Table 14, the BA GDLs have a higher limiting current
therefore a lower mass transport resistance than the BC GDLs. This can be explain by the
presence of bigger pores in the macrostructure of the BAs through were the water is
evacuated, avoiding the flooding of the cell at high current densities. The BCs have an extra
layer (the MPL), therefore the structure of this type of GDLs has more pores of smaller sizes
reducing the area through which the water could be evacuated.



CONCLUSIONS

In the last decades, it has been proved the benefits that the technology of fuel cells
has for the environment and the energy sector. The applications of hydrogen fuel cells range
from industrial backup power systems to means of transport like light duty vehicles, buses,
trains and heavy-duty trucks. However, this technology still cannot be massively

implemented mainly because of one hurdle, the high manufacturing costs.

Researchers and developers have identified the use of platinum on the catalyst area
of the fuel cell as the major cost of this technology. In order to promote the large-scale
commercialization of the fuel cell technology and ensure the transition to a clean transport
sector, catalyst developments need to be done. The development of Pt catalyst supported by
carbon is the most advanced method for Pt reduction however it is still needed to improve
durability and performance through innovative catalyst layer designs that can be modified by
different fabrication techniques.

In this thesis it was studied the performance of low platinum loading PEM fuel cells
that were fabricated using the inkjet printing method and assembled with four different types
of SIGRACET® GDLs (28 BC, 29BC, 28 BA and 29BA). The performance was studied
based on the results obtained from the polarization curves, cyclic voltammetry and limiting
current tests. After testing the first batch of cells under standard conditions, the major losses
were identified on the mass transport region, and after performing a literature of review about
the problems on the operation of low Pt-loading PEMFC, the water management was
identified as the major problem. However, literature states that the addition of MPLs on the
GDLs is the main solution to the water management problem.

In order to study the effects of the different properties of GDLs, like porosity, carbon
matrix, and presence of a MPL, on the performance of low Pt-loading PEMFC; various cells
were fabricated using the inkjet printing method and were assembled and tested with different
SIGRACET® GDLs. The conclusions of the study of the effects of different SIGRACET®
GDLs on the performance of PEMFC are the following:



1. There is no significant difference between the performance of the cells with the GDLs
28BC and 29BC; therefore, it can be conclude that the MPL is predominant when
comparing the performance of the cells with GDLs with different pore size
distribution (see Annex 16 and Annex 17). The BC series gives a better performance
than the 29 BA, and does not have a crossover problem as the BA series because the
MPL has a better contact with the CLs, avoiding the intrusion of the carbon fibers
into the CCM.

2. Intheory, the GDL with MPL (BC series) should give the best performance, however
the 28BA showed an outstanding performance reaching up to 4 A/cm? at wet
conditions. This could be explained by the pore size distribution obtained by the PhD
candidate Fei Wei from the ESDLab (see Annex 16 and Annex 17); with a higher
number of big pores, the excess of water generated at high current densities can be
easily evacuated through those pores. Therefore, the GDL that gives the best
performance is the 28 BA even the cross over problem, but until this problem is
solved, it is recommend using the 28 BC because it gives a good performance and
has not this problem.

3. Given the cyclic voltammograms, it can be concluded that there is a short circuit with
the BA series. The only reason for explaining a short circuit is a hole through the
membrane, and this could be because of the carbon fiber intruding into the CLs.

As future work, some steps from the methodology could be optimized. First, the
drying time between layers during the inkjet printing process can be further explored at a
wider range of time; and the effects of them on the performance of the cells should be studied.
Second, in order to determine with certainty if there are holes through the membrane after
testing the cell, a new set up could be built for characterizing the cells after each test and
reduce the uncertainty about the presence of holes. Finally, the inkjet printing method could
be applied for printing MPLs over the catalyst layers and study the effects of it on the
performance of the cell at high current densities.
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ANNEXES

Annex 1 Polymer electrolyte membrane (PEMFCs)
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Annex 5 Molten carbonate (MCFCs)
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Annex 7 Repeatable polarization curves at 50% RH of 3 cells
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Annex 8 Repeatable cyclic voltammograms at 30°C of 3 cells
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Annex 9 Cell resistance from polarization curve at 50% RH
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Annex 10 Cell resistance from polarization curve at 70% RH
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Annex 11 Cell resistance from polarization curve at 90% RH
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Annex 12 Limiting current experiment with GDL 28 BC
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Annex 14 Limiting current experiment with GDL 28 BA
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Annex 15 Limiting current experiment with GDL 29 BA

Pore Size Distribution

Annex 16 Pore size distribution SIGRACET® GDL BA series
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Pore Size Distribution

Annex 17 Pore size distribution SIGRACET® GDL BC series
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