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ABSTRACT

Polymer electrolyte membrane fuel cells (PEMFC) are in the forefront of energy production
and have drawn a great deal of attention in both fundamental and application in recent years. It
is a promising energy system used in commercialized electric vehicles presenting with the
following advantages: low-temperature operation, high power density (40%—-60%), nearly zero
pollutants compared to conventional internal combustion gasoline vehicles, simple structure,
and so on. There are, however, two major obstacles which obstruct PMFCs pathway to
commercialization— durability and cost. Recent advances in PEMFC systems showed the most
common fuel cell catalysts to be Platinum (Pt) (or platinum alloys) supported by high surface
carbon in both the cathode and anode. However, carbon is very susceptible to corrosion and

results in lower durability of Pt supported catalysts.

The rate of the oxygen reduction reaction (ORR) occurring in the cathode catalyst layer
primarily determines the cell voltage, as the rate of the anodic reaction is considerably faster
by comparison. The characteristics of the cathode catalyst layer, therefore, have a huge impact
on the overall performance of PEMFC. Successful commercialization requires ORR
electrocatalysts that can meet performance targets, are fow in cost and are highly durable.
Currently not all proposed approaches meet these demands. This study was performed to
improve the durability of the Pt catalyst by means of ‘material modification without
compromising the ORR performance of the catalyst. This encompasses a mitigation strategy in
which the surface of the carbon support is chemical modified to reduce the effect of carbon
degradation.

Recent studies of Polydopamine (PDA), the final oxidation product of dopamine or other
catecholamines, attracted much attention as versatile coatings that can be used to cover the
surface of almost any material with a conformal layer of adjustable thickness ranging from a

few to about 100 nm.

GKB40 (40% Pt supported on Graphitized Ketjen black (GKB)) was coated with a thin film of
PDA at different deposition times and calcined. GKB40, PDA1/GKB40 and PDA24/GKB40
electrocatalysts were investigated and evaluated in terms of their surface morphology, mass
composition and structural changes using High Resolution Transmission Electron Microscopy
(HRTEM), Thermogravimetric Analysis (TGA), Fourier Transmission Infrared Spectroscopy
(FTIR) analysis respectively. The electrochemical activity, kinetics, and durability towards the
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ORR were studied using a rotating disc electrode (RDE) and cyclic voltammetry (CV). The
nanoparticles were well dispersed and found to be in the range of 3-5 nm. TGA was performed
on the PDA coated catalysts which were coated for 1 hr before being calcined (PDA1/GKB40),
samples coated for 24hrs (PDA24/GKB40) to estimate the amount of PDA deposited and
whether the calcination degraded the catalyst. Approximately 20% of PDA material was found
to be deposited on PDA24/GKBA40 catalysts, which degraded during oxidation at much lower
temperature as compared to uncoated GKB40 catalyst. After calcination the mass loading of Pt
catalyst remaining in all the samples was determined and GKB40 commercial was observed to
have approximately 3% less in Pt mass composition as compared to PDA coated GK40

catalysts.

Thee synthesized PDA coated catalyst presented with improved activity towards ORR and
durability, having greater mass and area specific activities and lower overpotential as compared
to GKB40 commercial catalyst. A remarkableincrease in corrosion resistance during durability
cycling treatment was observed in the PDA/GKB40, shown by the slower ECSA decay due to
carbon support degradation that causes less Pt loss as compared to commercial GKB40.

The results presented here suggest that the studied PDA coating material are suitable to prepare
Pt catalysts supported on graphitized Ketjen black, increasing their activity toward the ORR
and durability. PDA/GKB40 are therefore good candidates to be employed as cathodes in

proton exchange membrane fuel cells.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

The need for energy and its related services to satisfy human social and economic development,
welfare and health is increasing. Securing energy supply and curbing energy contribution to
climate change are two over-riding challenges for the energy sector on a road to a sustainable
future. An estimated 1.4 billion people in the world lack access to electricity, while 85% of them
live in rural areas. As a result of this; the-number of rural communities relying on the traditional

use of biomass is projected to rise from-2.7 billion today to 2.8 billion in 2030 [1].

The world is largely dependent on fossil fuel energy such as oil, gas and coal providing 80 % of
energy produced, with renewable energy 13.5 % and nuclear energy supplying 6.5 % of the
remaining energy [1]. This large amount of energy consumed has major environmental impacts
with the fossil fuels responsible for about 70-75 % of greenhouse gases which contribute to global
warming [2]. The current energy supplies are unable to cope with the rapidly increasing energy
demand and the emission regulations are changing and will create constrains on energy production.
Alternative energy production methods have been considered which will be able to provide for the

increasing energy demand while decreasing the impact on the environment.

Research into alternate sources of energy dates back to the late 90°s when severe price hikes in oil
shocked the world. It is evidential in literature that replacing fossil fuel-based energy sources with
renewable energy sources, which includes: bioenergy, direct solar energy, geothermal energy,
hydropower, wind and ocean energy (tide and wave), would gradually help the world achieve the
idea of sustainability. In 2012 renewable energy sources supplied 22% of the world energy

generation, which was not possible a decade before that [3].

A fuel cell is an energy device that converts chemical energy into electricity by oxidizing the fuel.

Hydrogen has a high-power density and produces water as the only emission when used as a fuel
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[4]. Hydrogen fuel cells work by combining hydrogen (H2) fuel with oxygen (O2) to produce

electricity through a chemical reaction, generating water and heat as byproducts.

Hydrogen energy has been widely recognized as the most promising alternative sustainable energy
source for the future. Hydrogen, like electricity, is a carrier of energy which can deliver a
substantial amount of energy. The chemical energy available in hydrogen can be converted into
mechanical energy either by burning hydrogen in internal combustion engines or through a
chemical reaction in a fuel cell. As the world attempts to combat climate change, hydrogen fuel
cells offer emission-free energy with low to zero pollutants. At present, the most suitable fuel cell
being developed for transport, stationary and portable fuel cell applications is the proton-exchange

membrane fuel cell [5].

This research focuses on the Polymer Electrolyte Membrane Fuel Cells also known as Proton
Exchange Membrane Fuel Cells (PEMFECs) which are clean and efficient energy systems.
PEMFCs are well suited to be a power source by virtue of their energy conversion efficiency,
relatively simple and low weight design, environmentally friendly nature, and high energy and
power densities compared to other fuel cell types [4. The efficiency can reach as much as 60% in
electrical energy conversion and an overall 80% in the cogeneration of electrical and thermal
energies. Additionally, fuel cells can significantly reduce (by more than 90%) or even eliminate
pollution- such as in the case of hydrogen-fuelled PEMFCs where the water forms as a non-
polluting by-product, which can further be reused as potable water [6]. Use of the PEMFCs can
also eliminate the emission of greenhouse gases, if the hydrogen gas is produced through water
electrolysis driven by renewable energy, and not generated by burning fossil fuels. As a
consequence, avoiding the need for the usage of conventional carbon-based fuels (coal, oil and
gas) can significantly decrease economic dependence on oil producing countries and, therefore,

also provide greater security of energy supply for the user nation [6].

However, despite the considerable advantages related with the use of fuel cells, they also show
serious drawbacks. Switching from fossil fuels to fuel cells comes with its own challenges. Two
major challenges towards the commercialization of PEMFCs are cost and durability. These
challenges may be overcome with more advancements and developments in fuel cell technology,

materials and component design.

2
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Most fuel cells currently use Platinum group metals (PGMs), in the form of nanoparticles dispersed
on carbon black support), as catalysts for the hydrogen oxidation reaction (HOR) and oxygen
reduction reaction (ORR). The ORR occurring at the cathode is about 6 orders of magnitude slower
than the HOR on the anode and thus limits performance. As a result, more PGMs are required for
the cathode which increases raw material cost. This is a renowned challenge. Consequently, a
considerable amount of research and development efforts are aimed at improving cathode catalysts
towards the ORR [7].

Significant progress has been made in PEMFCs on materials, design, manufacturing, and
application. However, durability remains a major challenge for large scale commercialization. A
great number of parameters influence the performance, degradation, and durability of PEMFCs.
Carbon has been widely used as support material for catalysts in PEMFC because of its high
surface area onto which small metals can be depostied. Despite its widespread use as a catalyst
support, carbon is very susceptible to corrosion [8]. Carbon support corrosion is the major
contributing factor of catalyst layer degradation in PEMFCs. It has been reported that catalysts
supported on carbon black gradually aggregate during long term cell operation, which reduces the

ECSA, leading to irreversible performance losses {9].

Taking a step towards successful commercialization requires ORR electrocatalysts that can meet
performance targets, are low in cost and are highly durable. Currently not all proposed approaches
meet these demands. This study will focus on improving the durability of the supported Platinum
catalyst by means of material modification. This encompasses a mitigation strategy in which the
surface of the carbon support is chemical modified to reduce the effect of carbon degradation.

1.2 PURPOSE OF THE STUDY

In PEMFC technological development, there are two major challenges which obstruct its pathway
to commercialization; durability and cost. Recent advances in PEMFC systems showed the most
common fuel cell catalysts to be platinum (Pt) (or platinum alloys) supported by carbon with high
surface area in both the cathode and anode [1]. However, carbon is very susceptible to corrosion
and results in lower durability of Pt supported catalysts. To reduce the effect of carbon degradation,

3
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mitigation strategies such as material modification are used which change the chemical nature of

the support.

This study will introduce the use of a polydopamine thin film as a catalyst coating to reduce the
effect of support degradation, increasing the durability of the platinum catalyst. Polydopamine
(PDA), has attracted much attention as versatile surface coatings on a host of materials with a
conformal layer of adjustable thickness ranging from a few to about 100 nm [10,11].
Polydopamine can form a thin protective barrier (carbon layer) against harsh pH environments on

the catalyst surface which improves the durability of the catalyst [12].

1.3 AIM AND OBJECTIVES OF THE STUDY

The aim of the study is to improve the durabtlity of Pt catalyst by coating the catalyst with a layer
of PDA film without compromising the ORR performance of the catalyst. To achieve this goal the

following objectives are set:

- Optimization of the PDA coating thickness and calcination conditions on Graphitized
Ketjen Black (GKB) and Pt/GKB40 (40 wt% Pt) to form a thin amorphous carbon layer on
the catalyst surface.

- Physical characterization of the coated catalysts using high resolution transmission electron
microscopy (HRTEM), thermogravimetric analysis (TGA), Fourier Transmission Infrared
Spectroscopy (FTIR) analysis respectively.

- To determine the impact of the PDA surface layer on the electrochemical surface area, the

oxidation reduction reaction (ORR) activity and catalyst electrochemical durability.

4
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1.4 LAYOUT OF THE THESIS

This thesis is constructed as follows:

Chapter 1: Prepares the readers for the thesis by providing background overview on the world’s
energy demands and the current energy supply shortages. Fuel cells are introduced as a promising
energy source for a sustainable future supply. The importance of ORR catalysts as part of fuel cells

studies is explained. A summary of the aim and objectives of the experimental study is presented.

Chapter 2: Provides a literature survey on fuel cells mainly focusing on the activity and stability
of ORR catalyst in PEMFCs. This section will detail relevant literature on the problem statement

which will then be used to support the work presented in this thesis.

Chapter 3: Describes the experimental methods and.techniques used in this study. This includes
details on the experimental procedures used in-polydopamine deposition onto the support material
and the relevant characterization techniques. This chapter further describes the preparation of the

catalysts for electrochemical characterization.

Chapter 4: Discusses physiochemical characterization of PDA-GKB, Pt/GKB and PDA-Pt/GKB
including FTIR, TGA and HRTEM: This section is followed by the results and discussion on the
electrochemical characterization of the catalysts using a three-electrode cell. The catalysts
activities towards the ORR and their electrochemical durability are compared.

Chapter 5: Provides the conclusions drawn from this study and recommendations for future work.

5
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CHAPTER TWO

LITERATURE REVIEW

This Chapter presents a literature survey and background study for the project based on the
Polymer Electrolyte Membrane Fuel Cell (PEMFC) electrocatalysts and their durability. The
various types of fuel cells and differences are discussed in brief and a detailed analysis of the
PEMFC type is the represented, detailing relevant literature on the problem statement which will
then be used to support the work presented in this thesis. Furthermore, a detailed description of
PEMFC catalysts degradation and the associated mitigation strategies currently implemented is

represented.

2.1 OVERVIEW OF FUEL CELLS

A fuel cell is a device which converts chemical energy from a fuel into electricity through a
chemical reaction with oxygen as an oxidizing agent and will continue to produce electricity for
as long as the fuel and oxidant inputs are supplied. Fuel cells and batteries have similarities because
both rely on the electrochemical nature of the power generation process except that a fuel cell does
not need recharging as the fuel is constantly being supplied. Some of the characteristics associated
to these devices are its silent operation without vibration, inherent modularity allowing to a simple
construction and a diverse range of applications in portable devices, stationary units and
transportation [13]. The fuel cell operates quietly and efficiently, and when hydrogen is used as
fuel, it produces only power, heat and water. Therefore, a fuel cell has low emissions and provides
a cleaner and more flexible chemical-to-electrical energy conversion than that offered by fossil
fuel combustion. In this sense, it is important to highlight that combustion of fossil fuels has
increased air pollution and the emission of greenhouse gasses such as COg, leading to climate

change, ozone depletion and acid rain [6, 14].

The first fuel cell device was developed by Sir William Robert Grove in 1838, this device
combined hydrogen and oxygen to produce electricity and was named a gas battery. Later, this
device was known as fuel cell [15]. In 1959, Francis Thomas Bacon presented the first fully-

operational fuel cell [13, 14]. Although fuel cells were invented in the middle of the 19th century,
6
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they didn’t find the first application until space exploration in the 1960’s. Since then, the
development of fuel cell technology has gone through several cycles of intense activity, each
followed by a period of reduced interest. However, during the past two decades, a confluence of
driving forces has created a sustained and significant world-wide effort to develop fuel cell

materials and fuel cell systems [16].

2.2 TYPES OF FUEL CELLS

A fuel cell is an electrochemical device that converts the chemical energy embedded in a fuel into
electrical energy through a chemical reaction with an oxidizing agent such as oxygen [29]. This
conversion will continue to produce electricity for as long as the fuel and oxidant inputs are
supplied. The fuel cells are classified according to the name of the fuel they use. The hydrogen

fuel is the widely used fuel in fuel cells.
There are different types of fuel cells. They are divided into:

- low temperature fuel cell systems (Proton Exchange Membrane Fuel cell, Direct Methanol
Fuel Cell, Alkaline Fuel Cell) and
- high temperature fuel cell systems (Molten Carbonate Fuel Cell, Solid Oxide Fuel Cell,

Phosphoric acid fuel cell).

Table 1 compares the differences of the main different types of fuel cells that exists with the type
of electrolyte they use, the temperature they are operated, its power density and efficiency followed

by a brief description of those fuel cell types. [17].

This research focuses mainly on one type of low temperature fuel cells namely, proton exchange
membrane fuel cell (PEMFC).

.
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Table 1: Comparison of the five main types of Fuel Cells

Fuel cell Type Operating Transported | Membrane used | Power Fuel Cell
Temperature | ion density efficiency
(°C) mwW/cm?
Polymer electrolyte
membrane fuel cell | 50-80 H* Polymeric 350 45-60
(PEMFC) membrane
Alkaline fuel cell
(AFC) 60-80 OH" Aqueous alkaline | 100-200 | 40-60
solution
Phosphoric  acid
fuel cell (PAFC) 150-200 - Molten 200 55
phosphoric acid
Molten  carbonate
fuel cell (MCFC) 600-700 COs?> Molten alkaline | 100 60-65
carbonate
Solid oxide fuel cell
(SOFC) 800-100 0z Ceramics 240 55-65

2.2.1 Alkaline Fuel Cell

technology of choice for vehicular applications [18].

8
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The alkaline fuel cell (AFC) was the first fuel cell technology to be put into practical service and
make the generation of electricity from hydrogen feasible. Starting with applications in space the
alkaline cell provided high-energy conversion efficiency with no moving parts and high reliability.
AFCs were used as the basis for the first experiments with vehicular applications of fuel cells,
starting with a farm tractor in the late 1950°s equipped with an Allis Chalmers. However, despite
its early success and leadership role in fuel cell technology, AFCs have fallen out of favour with

the research community and have been eclipsed by the rapid development of PEMFC as the




2.2.2 Direct Methanol Fuel Cell

Direct methanol fuel cell (DMFC) is considered as a highly promising power source. It is based
on polymer electrolytes membrane (PEM) fuel cell technology. In contrast to the established
hydrogen fuel cell technology, the DMFC allows the direct electrochemical oxidation of methanol
to carbon dioxide under generation of electric energy. It possesses a number of advantages such as
a liquid fuel, quick refuelling, low cost of methanol and the compact cell design making it
suitable for various stationary and portable applications [19]. DMFCs are also
environmentally friendly. Although carbon dioxide is produced, there is no production of sulfur or
nitrogen oxides. Advantages of the DMFC include easy storage of the high-energy density liquid
fuel and the simple reactor design without fuel reforming, as necessary to feed classical hydrogen
fuel cells [19]. The development of commercial DMFCs has nevertheless been hindered by some
important issues. The most important are the low power density caused by the slow
electrochemical oxidation of methanol and methanol crossover through PEM, which is responsible
for inhibiting the activity of the cathode catalyst. The fuel cell system has to cope with highly
dynamic operating conditions. So far, most research work published in the literature is restricted

to steady-state investigations [20].

2.2.3 Molten Carbonate Fuel Cell

Molten carbonate fuel cells (MCFC) have emerged as the most promising high temperature
hydrogen fuel cell technologies [21]. They have attracted significant attention of many
communities because of the potential contribution to the development of a sustainable society
powered by unconventional, distributed clean energy sources. MCFC generate power via
conversion of chemical energy of gaseous fuel (hydrogen, hydrogen-rich mixtures or hydrocarbons
including biofuels into electricity through electrochemical reactions [22,23]. These
electrochemical reactions require specifically designed catalysts (electrodes) in terms of their
microstructure and chemical composition that govern physio-chemical phenomena related to the
mass transfer properties and catalytic activity. MCFC materials should also possess high
temperature and chemical stability in molten salt environments. However, using molten salt

electrolytes (carbonates) is considered very promising from the point of sustainability as it
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becomes possible to use MCFCs in processes that incorporate carbon cycle, and CO2 vaporization

or capture and separation to reduce CO2 emission into the atmosphere [21,22].

2.2.4 Phosphoric Acid Fuel Cells

In the wake of the emerging importance of fuel cell-based energy generation using hydrogen as
raw material, it becomes imperative to improve the real-life performance of fuel cell systems.
There are various types of fuel cell among which phosphoric acid fuel cell (PAFC) represents the
most mature technology [22]. This type of fuel cell uses phosphoric acid as the electrolyte,
contained within a ceramic matrix such as silicon carbide or glass mat. PAFC has the most
extensive track record for operational experience of any fuel cell technologies [24].
PAFC system can operate at a temperature up to 190°C and consequently less sensitive to carbon
monoxide poisoning of the Pt catalyst compared to-PEM- fuel cell. Apart from the catalyst, the
other components used in PAFC are mainly made of graphite and carbon. All these factors make
PAFC a versatile member of the hydrogen-oxygen fuel cell family. However, the major drawback
of PAFC is the crossover of the gases through the electrolyte and drying and flooding of electrolyte
[23].

2.2.5 Solid Oxide Fuel Cells

Production of high-efficiency electrical energy with low waste heat has been the main concerns of
researchers in recent decades. Solid oxide fuel cells (SOFCs) assigned to be the most effective

method for the conversion of fuel chemical energy into electrical power.

SOFCs have been extensively explored as an eco-friendly technology for the production of
electrical energy via electrochemical reaction between oxidant and fuel. The three key components
of which a fuel cell is composed of are; the cathode where reduction of oxygen takes place to
produce ions, the electrolyte solution for an ion migration and the anode where these ions react
with fuel to produce electricity and other by-products [25]. Recently, symmetrical solid oxide fuel
cells (SSOFCs) have drawn wide attention due to its diverse industrial applications. SSOFCs are
utilizing the same material for both the cathode and anode. Possible coke formation and Sulfur
poisoning at the anode can be easily eliminated by alternating the gas flow without causing damage
to the cell and doubling the life-span of fuel cell. Reduction in fabrication cost can be seen because
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of the same composition of cathode and anode which lets them fired in a single step. Therefore,
finding an efficient and suitable electrode materials for SSOFC is restrictive and extensively
studied. An efficient SSOFC electrode material should fulfil certain criteria’s which includes; good
structural stability and chemical compatibility with electrolyte both in oxidizing and reducing

condition, appropriate electro catalytic activity for hydrogen oxidation reaction [25].

2.2.6 Proton Exchange Membrane Fuel Cells

This project investigates activities associated with low temperature polymer electrolyte membrane
fuel cells (PEMFCs). PEMFCs are a clean and efficient energy system and are well suited to be a
power source by virtue of their energy conversion efficiency, relatively simple design,
environmentally friendly nature, high-energy and power densities. Its relatively low temperature
allows for quick start-ups and suitability for discontinuous operation and zero emission [26]. The
use of polymer electrolyte membrane resolves limiting requirements faced by other types of fuel
cells, such as the need for pure fuels [27]. PEMFCs are expected to become the most promising
and clean energy converters for automotive, stationary, and portable applications. Moreover, they
can be made light-weight and therefore the leading fuel cell technology for handling technologies
(e.g. forklifts) and transport (e.g. cars, trains etc.). Consequently; PEMFCs have increasingly been
cited by governments as a possible pathway to the reduction of greenhouse gas emissions [24,28].

2.3 UNDERSTANDING THE FUEL CELL TECHNOLOGY

The fuel cell consists of three basic components, the anode which oxidizes the fuel into protons
and electrons, cathode where oxygen is reduced and an electrolyte or membrane that allows
charges to move between the electrodes. The electrochemical reactions are enabled using a catalyst
[30,31] . The electrons and protons are drawn from the anode to the cathode, producing direct
current electricity and water. Fuel cells come in a variety of sizes and produce very small amounts
of electricity, about 0.7 V and so are placed in a series or parallel circuits called stacks, to increase

the voltage and current output to meet an application’s power generation requirements [32]. The
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energy efficiency of a fuel cell is generally between 40-60%, or up to 85% efficient if waste heat

is captured for use. Figure 1 shows a schematic diagram of a fuel cell [32].

Electric Current

Fuel In = 1 Air In
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Figure 1: Design of a proton exchange fuel cell [32].

Fuel cells are galvanic cells in which the Gibbs free energy of a chemical reaction

is converted into work via an electrical current. In PEMFCs, hydrogen gas dissociates into protons
(H+) and electrons (e ) at the anode. The electrons pass through an external circuit/load producing

electricity while the H* ions move across the proton-conducting membrane. On reaching the
cathode, these electrons and protons react with the supplied oxygen to form water, which is the
product of the fuel cell [30].

2.4 FUNDAMENTAL COMPONENTS OF PEM FUEL CELLS

PEMFCs are made from several layers of different materials. The structure and the components of
a PEM fuel cell are described below.
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The most important part of a PEMFC is the membrane electrode assembly (MEA). The MEA
consists of five layers: the polymer electrolyte membrane (PEM), two catalyst layers and two gas
diffusion layers [32]. The PEM, which separates the anode and the cathode compartment, ideally
allows for proton transport only. The anodic and cathodic electrochemical reactions take place
within the associated catalyst layers directly attached to the surface of the PEM. The diffusion
layers on either side of the MEA distribute the reactant gasses and provide for good electrical

contact with the catalyst layers [36]. Figure 2 below represents a typical structure of an MEA.

MEA7

| -

Sealing Gas Catalyst (A) Gas Sealing
Material Diffusion Layer . .Membrane (B) Diffusion Layer Material

Figure 2: The Membrane electrode assembly of PEMFC [36].

Hardware components used to incorporate an MEA into a fuel cell include gaskets, which provide
a seal around the MEA to prevent leakage of gases, and bipolar plates, which are used to assemble

individual PEM fuel cells into a fuel cell stack and provide channels for the gaseous fuel and air.
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2.4.1 Gas Diffusion Layer

The GDLs adjacent to the catalyst layers facilitate transport of reactants into the catalyst layer, as
well as the removal of product water. Each GDL is typically composed of a sheet of carbon paper
in which the carbon fibers are partially coated with polytetrafluoroethylene (PTFE) to form
hydrophobic pores which prevents excessive water build-up. Gases diffuse rapidly through the
pores in the GDL [33]. In many cases, the inner surface of the GDL is coated with a thin layer of
high-surface-area carbon mixed with PTFE, called the microporous layer. The microporous layer
can help adjust the balance between water retention (needed to maintain membrane conductivity)

and water release (needed to keep the pores open so hydrogen and oxygen can diffuse into the

electrodes [33].
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2.4.2 Bipolar Plates

The MEA is sandwiched between two bipolar plates. These plates, which may be made of metal,
carbon, or composites, provide the electrical conduction and physical strength to the cell. The
surfaces of the plates typically contain a flow field, which is a set of channels machined or stamped
into the plate to allow gases to flow over the MEA [33].

2.4.3 Proton exchange membrane

PEM materials can conduct protons to maintain the ionic conductivity. In addition to the high ion
conductivity, the membrane should be durable, robust and resistant to chemical attack. For
PEMFCs, which operate below 100° C, sulfonated polymers such as Nafion (Dupont) are the most
used material. The sulfonated polymers are comprised of perfluorinated back-bones and sulfonated
side-chains. The perfluoroethylene is responsible for the chemical stability while the function of

sulfonated side-chains is to aggregate and facilitate hydration [34].
2.4.4 Gaskets

Sealing gaskets in PEMFCs are placed between bipolar plates and the MEA. The gaskets are added
around the edges of the MEA to make a gas-tight seal. The main functions of the gaskets are to
prevent the leaking of reactant gases and coolants inside the cell. In addition, they also work as
electrical insulators between the parts they separate. Gaskets are generally made of polymeric
materials [35,36].

2.4.5 Catalyst Layer

There is a catalyst layer on either side of the PEM —the anode and the cathode layer respectively.
The function of catalyst layer is to initiate the dissociation of the hydrogen on the anode, and for
accelerating the oxygen reduction reaction (ORR) on the cathode. Conventional catalyst layers
include nanometer-sized particles of platinum dispersed on a high-surface-area carbon support.
This supported platinum catalyst is mixed with an ion-conducting polymer (ionomer) and
sandwiched between the membrane and the GDLs. On the anode, the platinum catalyst enables
hydrogen molecules to be split into protons and electrons [31]. The electrons produced on the
anode side travel through an external circuit to produce the current while the protons traverse the

membrane to the cathode side of the membrane, and combine with oxygen and the electrons
15
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arriving from the external circuit [34]. The platinum catalyst enables oxygen reduction by reacting
with the protons generated by the anode, producing heat and water [31]. The ionomer mixed into

the catalyst layers allows the protons to travel through these layers.

2.5 GENERAL WORKING PRINCIPLE OF PEMFC

Fuel cells are galvanic cells in which the Gibbs free energy of a chemical reaction is converted
into work via an electrical current [37]. The basic principle of the PEMFC is the conversion of
chemical energy to electrical energy using a complex reaction where the reactants H> and O-
undergo several catalyzed reaction steps to eventually form the product H>O. During the reaction,

heat is formed which is then released at the cathode [31].

Hydrogen gas enter at the anode while pure O or air is fed at the cathode. At the anode, Hydrogen
gas is oxidized and dissociates into protons (H*) and electrons (€") ions. The electrons pass through
an external circuit/load producing electricity while the H™ ions are transported from the anode
through a polymer electrolyte membrane to the cathode. At the cathode, O react with H* ions and
electrons in a 3-phase zone to form H20 and heat is released. Only in this 3-phase zone consisting
of the reactant gas, the liquid electrolyte and the solid electrode catalyst is the reaction between H>
and O possible [38].

This process is illustrated in Fig.4. Half-cell reactions and the total reaction of the PEM fuel cell

are given as follows.
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Anode reaction Hp — 2H* + 2¢e° uo VY (2.5.1)
H2/H
Cathode reaction %02+2H+ +2e- —>H»0 U002/H20 =123V (2.5.3)
Total reaction  Hp + 20 — H0 EVell = 1.23v (2.5.2)

The protons (H*) are generally solvated in water molecules. This solvated state of protons is called
the hydronium ion and is represented as HzO". The half-cell reactions exhibit standard potentials
of 0.0 V for the hydrogen oxidation (U°H2/H") and 1.23 V for the oxygen reduction (U° O2/H>0).
This results in a standard reversible cell potential of 1.23 V. The oxygen stream at the cathode side
is usually air, and about 77% by mass of it is nitrogen [39].
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2.5.1 Oxygen Reduction Reaction

Despite the advantage of high conversion, high energy density and low carbon footprint, fuel cells
are fully commercially viable primarily due to the slow kinetics of the oxygen reduction reaction
(ORR) occurring at the cathode [42].

A high over potential is required for the ORR to occur in low temperature fuel cells [43]. The
mechanism of the ORR on Pt is sensitive to the properties of the surface and the presence of other
adsorbed species on the catalyst. To increase the performance of the ORR, the mechanism and
kinetics of the ORR have been studied on a great variety of electrode materials and electrolytes.

ORR is a multielectron reaction that may include a number of elementary steps involving different
reaction intermediates. The ORR can take place through two pathways, (Figure 5) that is the four-
electron pathway which is the electro-reduction of oxygen to water and there’s also the two-
electron transfer which is the electro-reduction of oxygen to hydrogen peroxide [44-46]. The first
pathway is the direct four-electron pathway and it takes place via the reaction pathway above (see

reaction 2.5.3).

Path A: 4e— Path B: 2e~ + 2e~
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Figure 5. Schematic representation of the oxygen reduction reaction (ORR) mechanism by direct
pathway (A: adsorption parallel to the surface) and indirect pathway (B: adsorption perpendicular to
the surface) [43].
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The second pathway is the peroxide pathway, which is a two-step process involving the two-
electron electrochemical reaction creating hydrogen peroxide (see reaction 2.5.1) and then the
subsequent two-electron decomposition (see reaction 2.5.3) or reduction (see reaction 2.5.2) of
peroxide to water or hydroxide ions. The formation of hydrogen peroxide takes place when the

oxygen reduction is not completed. The following steps below represent the reaction pathway:
02+ 2H* + 2¢" > H,0; E°=0.67V (2.5.1)

Reduction of peroxide: H202 + 2H" + 2" —» 2H,0 E°=1.77V (2.5.2)

Or decomposition of peroxide: 2H202, — 2H.0 + O (2.5.3)

This combined four-electron pathway results in the presence of hydrogen peroxide in the solution,
before it is either reduced or decomposed into hydroxide ions or water [44]. The peroxide that is

produced is low in efficiency and carrosive.

According to Figure 5, the ORR starts with the adsorption of oxygen on the surface of two adjacent

platinum atoms. Once the water is-formed, this:is desorbed from the catalyst surface [48].

Due to the slow kinetics of the oxygen reduction reaction, catalysts are used to increase the reaction
rate. It has been found that platinum has the highest catalytic activity, which can be increased by
reducing the particle size and supporting it onto a conductive material [43]. The Pt catalyst is the

widely used catalyst for ORR but it is expensive.

2.6 CATALYSTS FOR FUEL CELLS

Fuel cells consist of two electrodes. These electrodes contain catalysts that speed up
electrochemical reaction which occur on these electrode surfaces. Research done on platinum
alloys and other noble metals found platinum to be the most widely used catalyst. There are many
factors that affect the rate of the reaction such as bigger particle size, lower surface area, low

temperature, low pH etc.
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A catalyst is a compound that increases the rate of a reaction but is not consumed during the overall
reaction. The catalyst’s role in a reaction is to make the rate of the reaction fast such as to lower
the energy needed for the reaction to take place. Catalysts are classified as heterogenous and
homogeneous. A heterogeneous catalyst does not dissolve in a solution, and hence the catalyst is
in a different phase separate from that in which the reaction occurs. A homogeneous catalyst
dissolves in a solution. Acids, bases, enzymes and most organometallic species are used as
homogeneous catalysts. The energy which is needed to initiate a reaction is called activation
energy. A catalyst can lower the activation energy without itself being changed or consumed
during the reaction. All catalysts operate by the same principle, that is, the activation energy of the

rate-determining step must be lowered in order for a rate enhancement to occur [40].

In a fuel cell the anode catalyst oxidizes the fuel and the cathode catalyst reduces the oxygen and
this results in the formation of water. The ORR has-a low-reaction rate due to the higher energy
requirement. A catalyst is needed to lower the activation energy and increase the reaction rate
[41].

2.6.1 Catalyst for Oxygen Reduction Reaction

Platinum is a silvery-white, lustrous, ductile, and malleable pure metal [49]. It is more ductile than
gold, silver and copper [50,51]. Platinum does not oxidize at any temperature, although it is
corroded by halogens, cyanides, sulfur, and caustic alkalis. It is insoluble in hydrochloric acid, but
dissolves in hot aqua regia to form chloroplatinic acid, H2PtCl> [52]. The metal has an excellent
resistance to corrosion and high temperature and has stable electrical properties. It is used for
industrial applications [53]. Platinum is mostly used as a catalyst in chemical reactions, as platinum
black. This metal also catalyzes the decomposition of hydrogen peroxide into water and oxygen
gas [54]. Ptis used as a catalyst in fuel cells for both electrodes. The cathodic ORR is significantly
slower that the HOR therefore requires higher amounts of Pt [55]. The Pt catalyst is supported to

increase the electrochemical surface area, and therefore the reaction rates.

Consequently, the state-of-the-art commercially available catalysts use highly dispersed Pt or Pt-
alloy nanoparticles as the active catalyst material in fuel cell applications. To increase the surface
area and reduce the Pt loading, Pt/M-alloy catalysts, where M is a base metal (M= Co, Ni, Cr, Fe)
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are used. Some of these Pt-based binary alloy catalysts (Pt-Co, Pt-Cr and Pt-Ni) were prepared
and compared with Pt in ORR studies [56,57,58]. Pt-alone and Pt-based alloy electro-catalysts
showed increasing specific activities with decreasing surface area. This indicates that oxygen
reduction on platinum surface is a structure-sensitive reaction and the Pt-based alloy catalysts
showed significantly higher specific activities than Pt-alone catalysts with the same surface area
[59]. This comes from the reduced Pt—Pt neighbouring distance as the catalysts were alloyed. The
reduced Pt—Pt neighbouring distance is favourable for the adsorption of oxygen [59].

It is also observed that alloys with smaller Pt-Pt distance than in pure Pt usually have higher ORR
activity. Although, the exact cause of such improvements is elusive, it is generally accepted that
introduction of the second metal (M) favourably alters the electronic structure of surface Pt atoms
in a way that enhances its ORR activity. Thus, depending on the application, it may be possible to
use tailor made catalysts. But this usually involves a trade-off between activity and durability [55].
A major challenge of Pt catalyst, is catalyst layer degradation mainly caused by loss in the
electrochemical surface area of Pt or Pt alloys. The main degradation mechanisms can be broadly
identified as (i) Pt dissolution; (ii) Pt nanoparticle migration and agglomeration; and (iii) carbon
corrosion [60]. These processes are interrelated and will be discussed further in (Section 2.8).
Research is being done to find ways of reducing the cost of the catalyst in the MEA. The move
from Pt black to carbon supported Pt catalysts has significantly cut Pt requirements. Typical
loadings in the electrode today are about 0.4-0.8 mg Pt/cm?, which is significantly lower than
25mg/cm? with early Pt black catalysts [61].

2.6.2 Catalyst Supports

Platinum based catalysts are deposited on catalyst supports to enhance their surface area [62].
A catalyst support is the material, usually a solid with a high surface area, to which a catalyst is
affixed [63]. The catalyst supports prevent the electro-catalysts from aggregation but also play a
significant role in transporting the electrons generated from and consumed by the electrical
reactions [64]. It has been reported that catalyst supports play a significant role in the performance

and durability of electro-catalysts. An ideal catalyst support should have the following properties:
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» High surface area to improve the catalytic dispersion
» High electrochemical and thermal stability

» Low combustion reactivity,

» High conductivity

» High corrosion resistance

» Low cost

Currently, the most popular support material is porous carbon black but there are various studies
conducted on other types of carbon support material, e.g. carbon nanotubes and non-carbon
materials e.g. metal oxides etc. [65]. Although some metal oxide and ceramic supports show
encouraging results, most possess low. surface areas resulting in low catalyst dispersion and
consequently, low electrochemical activity {66]. Carbon black remains the ideal support due to
low costs, however, they undergo corrosion during operation [65].

For this study graphitized Ketjen black was used as catalyst support. Graphitized carbon supports
have been gaining more attention due to increased corrosion resistance, high surface area, chemical
stability and superior electrical conductivity [67]. Graphitic content has also been found to be more
robust and resistance towards carbon corrosion, Pt on reinforced graphite only had a 25% loss in
ECSA compared to 60% and 80% loss observed by Pt on Vuican and Pt on high-surface area

carbon respectively [68].

2.7 CHALLENGES FACING THE USE OF PEMFCS

PEMFCs face major challenges, including cost and durability of PEMFCs catalyst. The catalysts
are prone to chemical, mechanical and thermal degradation during its lifespan which results in a
voltage and performance decline [69]. The challenges of durability and cost are the main barriers

to mass commercialization of fuel cell technology.

Due to the finite availability of PGMs, the materials used reflect in the cost of the fuel cell and in
the context of commercialization, cost reduction is a major factor.
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Increasing the durability of the fuel cell is a major drive and a growing focus to bridge the gap
between the ideal and current state of fuel cell technology [70]. The life time goals for fuel cell
range from approximately 5000 operating hours for vehicular applications and 40,000 for
stationary applications [71]. One of the major factors effecting the durability is materials
challenges such as the durability of the carbon support. Carbon corrosion of electrodes is proven
to be a major cause in performance drop in fuel cell [72]. In normal operation, this degradation is
not a primary cause of performance loss due to the low potential ranges (0.6-0.85V). However,
during events such as start-up, shutdown and fuel cell starvation, the corrosion of the carbon
support occurs rapidly due to high potential (>1,2) thereby permanently damaging the catalyst
layer [73].

2.7.1 Factors affecting durability of PEMFCs

In addition to cost and performance, long term stability of the catalyst is important. Often-quoted
lifetime targets for fuel cells are 5,000 h for automotive and 40,000 h for stationary applications
[74]. The membrane and the catalyst must withstand these durations without significant changes
in performance. The membrane may degrade over time due to attack by peroxide radicals which
can form at the cathode. Presence of contaminants in the cell can accelerate the rate of peroxide
generation. Contaminants such as chloride ions may also poison the Pt catalyst. Purity of fuel cell
components is critical to stability, although high purity sometimes results in higher cost. The
catalyst may also lose stability due to sintering of Pt particles, dissolution of Pt, and corrosion of

the carbon support [74].

Significant progress has been made in PEMFCs materials, design, manufacturing, and application.
However, durability remains a major challenge for large scale commercialization. While the
lifetime of PEMFCs used for stationary applications has exceeded 3 years, the automotive MEAS
do not meet the required Department of Energy (DOE) standards [75]. A great number of
parameters influence the performance, degradation, and durability of PEMFCs. They can be
attributed to operating conditions, cell design and assembly, environmental conditions, and

degradation mechanisms [76].
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PEM fuel cells comprise different components including the membrane, catalyst, catalyst support,
GDL, bipolar plate and sealing gaskets. Each of these components can degrade or fail to function,

hence resulting in the fuel cell system performance degradation with time [77].

The durability of each component can be affected by internal and external factors These include
the material properties, fuel cell operating conditions, (i.e., humidity, temperature, cell voltage)
impurities or contaminants in the reactants, environmental conditions, (such as subfreezing or cold
start), operation modes (e.g. start-up, shutdown, potential cycling, etc.), and the design of
components and the stack. The degradation routes in a fuel cell system are interconnected and
may affect multiple components. Long-term durability tests are required to assess the degradation
mechanism of these components under various stress scenarios. However, it is costly and not
viable to operate a fuel cell under its normal conditions for several thousand hours for those tests.
Thus, accelerated test methods are implemented to-obtain condensed information on the main

degradation mechanisms and impacts on overall durability [77,78].

Many researchers worldwide are devoted to finding a better understanding of degradation causes
and mechanisms, with early detection of the degradation symptoms [79]. Fuel cell diagnostics not
only detect the symptoms, but also identify the causes and/or mechanisms, which could inform
corrective actions. There are several degradation-mechanisms, typical for automotive applications,

such as:

- Degradation of the catalyst layer caused by carbon corrosion due to frequent starts and
stops (air fuel front).

- Catalyst active area loss caused by Pt dissolution and sintering due to frequent voltage

cycling.
- Catalyst active area loss due to adsorption of contaminants from the inlet gases [31].
- Mechanical degradation due to thermal and humidity cycling induced by the load profile.
- The environment in which the vehicle operates, cold and wet or dry and dusty.

Corrosion of carbon-based supports not only degrades the catalyst by lowering the

electrochemical surface area (ECSA), but also has a profound effect on the electrode
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morphology [33]. To decrease degradation of the catalyst, this project therefore focuses on

reducing carbon corrosion.

2.7.1.1 Catalyts Degradation

In many cases, Pt catalyst degradation impacts on fuel cell durability and life span [80]. One cause
of catalyst degradation is the dissolution of the platinum particles into ions. The ions either
redeposit on large Pt particles or dissolve and migrate away from the catalyst layer and into nearby
regions. Sustained degradation reduces the available catalyst surface in the anode and cathode

resulting in loss of power.

Carbon corrosion is another degradation route in a fuel cell [79]. The carbon structure corrodes
into particles that migrate into the membrane and GDL. The migrating Pt and carbon particles
weaken the membrane structure as discussed ahove, causing irreversible structural damage
ultimately resulting in tears and pinholes. Oxidation of the Pt particles may also occur which results
in the formation of surface films that effectively reduce the available catalyst surface area resulting
in loss of power. While oxidation of Pt reduces the surface area, it is also known to protect Pt
particles beneath the oxide layer from dissolution [79].

Early empirical models attempted to capture the effect of catalyst degradation and the resultant
power loss based on hours of operation. These models are incomplete and do not account for the
fuel cell operational factors that results in catalyst degradation. Several models of fuel cell
electrochemical interactions account for platinum catalyst degradation. They capture the physics
of the rate of dissolution and oxidation of the platinum particles. These models show the significant

effect of fuel cell operating voltage on catalyst degradation [79].

Pt particles supported on carbon are not stationary, but can migrate across the carbon support and
agglomerates to form bigger particles, resulting in loss of active surface area. The particle growth
decreases the total surface tension. Therefore, the interaction of Pt with carbon, as well as the
interaction of Pt precursor with carbon during the catalyst formation, is crucial to the stability of

the catalyst. Several strategies have been adopted to inhibit Pt migration and agglomeration such
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as the use of stable catalyst support, and modification of Pt deposition method to enhance metal-

support interaction [60].

2.7.1.2 Carbon Support Degradation

Carbon support corrosion is the major contributing factor of catalyst layer degradation in PEMFCs.
Despite being the most widely used catalyst support for PEMFC, carbon support is actually
thermodynamically unstable at PEMFC operating conditions. Carbon is very susceptible to
corrosion. Carbon corrosion is accelerated in environment which are wet, have a low pH (<1), high
temperature (50-90 °C), high oxidative potential (0.6 -1.2 V), and high oxygen concentration [47].
Oxygen atoms are being generated by the Pt catalyst and at elevated temperatures, the oxygen
atoms combine with the carbon to form CO and CO» which leave the cell. After a significant
amount of carbon is lost, the noble metal nanoparticles dislodge from the electrode or aggregate
to larger particles, reducing catalytic activity, and leading to a structural collapse of the electrode
[47]. Oxidation of carbon support can also lead to changes in surface, destabilizing the supported
catalyst. It has been reported that during the start-up and shutdown of a fuel cell, the cathode

potential can reach up to 1.5 V which significantly accelerates carbon corrosion [47].

Electrochemical carbon support carrosion proceeds.as in:

C + 2H20 — CO; + 4H+ + de- E=0207V  (2.7.)

The reaction is almost negligibly slow at the potential at which the fuel cell operates (< 1V)
Provided it is constant throughout the operation. However, automotive PEMFC systems
experience significant dynamic operating conditions involving an estimated 300,000 voltage
cycles over the lifetime of a vehicle (5500 h) could result in an increase in potentials at both the
anode and cathode, thus, accelerating the carbon corrosion process with detrimental effects on
PEMFC performance [81].

As carbon support corrodes, Pt nanoparticles agglomerate into larger particles and/or detach from

the support material, consequently reducing the electrochemical surface area (ECSA) and catalytic
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activity. In the case of severe corrosion, the porous structure of the catalyst layer can be destroyed,
increasing the mass transport resistance due to the blockage of gas access paths [60].

Corrosion of the carbon support also may lead to performance loss [82]. When carbon corrodes,
the relative percentage of conductive material in the catalyst layer decreases. The resistance of the
remaining dielectric material then dominates the cell resistance. Further, as the carbon support
oxidizes, the thickness of the catalyst layer decreases, decreasing electrical contact with the current
collector and increasing the cell resistance. Carbon corrosion also decreases the number of sites
available to anchor platinum, resulting in metal sintering. The extent of carbon corrosion in the

cell depends on the operating conditions and the specific chemistry of the support used [82].

2.8 MITIGATION OF DEGRADATION

Recent research has proposed and successfully employed several strategies to enhance catalyst
durability. To mitigate or prevent the effects of fuel cell operations on the durability of the MEA,
and more specifically the catalyst layer, there are two main strategies: System management

strategies and materials modification [83].

System management mitigation requires the monitoring of multiple operation parameters with
required sensors and feedback loops. Although costly, these strategies are approached in the
balance-of-plant development and operation, and once set in place, extent for the lifetime of the
fuel cell [84]. Material modifications unlike system management strategies, aim to prevent the
impacts of failure events on the components. The materials contained in the components are

chemically or physically modified to increase their resistance during degradation events [85].

According to the degradation mechanism of Pt/C cathode catalysts in PEMFC. Studies by Yu and
Ye, 2007, proposed the following strategies towards the improvement of the catalysts stability by
chemical modification: (i) building proper surface functional groups (including surface oxygen
functional groups), or increasing the basic sites on carbon supports to enhance the Pt—C interaction;
(it) increasing surface stability of carbon support. Since carbon corrosion in a PEM fuel cell
condition is an electrochemical process, the increasing of the hydrophobicity through proper
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surface treatment of the carbon surface would be beneficial to the suppression of carbon

degradation; (iii) preparing catalysts with high platinum uniformity and low platinum load [86].

Catalyst supports are one of the main factors which affect the stability of fuel cell. Increasing the
graphitic degree is a valid approach to enhance the intrinsic thermal and chemical stability of
carbon supports. Several advanced nanostructured carbon supports with high graphitic degree
including carbon nanotubes (CNTSs), carbon nanofibers (CNFs), reduced graphene oxide (rGO),
ordered mesoporous carbon spheres (OMCS), and carbon nano-onions (CNOs) are more
corrosion-resistant and thereby promising to substitute conventional carbon black [87]. However,
highly graphitized carbon often suffers from low surface area, poor porous structure, weak PGM-—
support interaction, and insufficient anchoring sites, thus leading to the inhomogeneous dispersion
of the supported PGM particles [88]. Appropriate surface treatment such as oxidation treatment,
heteroatoms doping and polymer modification that can introduce functional groups and defect sites
to the carbon supports is required to improve the interaction between PGM particles and carbon
supports.

Wau et al. developed a 3D N-doped porous graphitic carbon (PGC) as durable and active support
to load Pt nanoparticles, which is derived from the carbonization of polyaniline (PANI) and
polypyrrole (PPy) polymer hydrogel with -manganese salt as: graphitized catalyst [89]. The
introduction of Mn salt guarantees the high graphitization of polymer hydrogel-derived carbon
prepared at a low temperature of 1100°C.compared with traditional high temperature graphitized
treatment requiring heating treatment up to 3000°C, which alleviates the impact of high
temperature on nitrogen dopant loss and surface area decrease. EXAFS results and DFT
calculations by Qiao et al., revealed that the more electronegative nitrogen doping alters the
electronic state of the carbon support and Pt atoms are prone to bind with bridge sites adjacent to
the N dopant much stronger than those in the pristine carbon matrix. Pt/PGC exhibited high
stability in MEA under real PEMFCs working environment. In particular, the voltage loss at a
current density of 1.5 A cm of MEA with Pt/PGC as cathodic catalyst was found to be only 9 mVv
after 5000 potential cycles from 1.0 to 1.5 V, far exceeding commercial Pt/C cathode and even the
DOE durability target (<30 mV) [90]. Beyond the remarkably enhanced stability, the Pt/PGC also
displays outstanding activity owing to the optimum balance between graphitization and the porous
structure of the PGC support [89].
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Figure 6: Structure of Polydopamine [91].

PDA, the final oxidation product of dopamine or other-catecholamines, also attracted much
attention as versatile surface coatings onto almost all materials with a conformal layer of adjustable
thickness ranging from a few to about 100 nm [91]. This study therefore introduces the use of
polydopamine (PDA) thin film as a possible corrosion resistant material to mitigate carbon

corrosion in PEMFC to meet the durability and requirements.

Onasimple level, PDA has long been considered as a polymer coating material inspired by nature.
During the past few years, research on PDA has been directed toward the construction of smart
PDA-coated functional substrates based on the inherent adhesive property of PDA. However, the
function of PDA is not limited to adhesion [92].

Furthermore, PDA was previously used to develop ORR catalysts under metal and metal-free
conditions [93,94]. The presence of nitrogen groups in the PDA increases the electrical
conductivity while enhancing the electron affinity of the catalytic sites which facilitate adsorption
of oxygen molecule, weakens the oxygen-oxygen double bond and therefore lowering the required
overpotential. However, the use of PDA as a coating for ORR catalysts, in which metal is
supported on carbon, has yet to be fully explored [94].
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2.10 HYPOTHESIS

It is hypothesized that using PDA as a coating material on Pt electrocatalyst in PEMFCs will
increase the durability of the catalyst due to its inherent adhesive property, its ability to cover the
surface of almost all materials with a conformal layer of adjustable thickness. The PDA thin film
can therefore serve as a corrosion resistant support material to reduce the effect of carbon support
degradation, thus sustaining the durability of platinum catalyst and enhance the activity of the ORR

due to its high conductivity.
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CHAPTER THREE

EXPERIMENTAL METHODOLOGY

The experimental procedure describes the preparation method of electro-catalysts as well as the

physical and electrochemical characterization techniques used to study them.

3.1 MATERIALS AND REAGENTS

Platinum, normally 40% on Graphitized Ketjen Black (GKB40), dopamine hydrochloride
(Germany), Cupric sulphate CuSO4 .5H.0O (KEMIX), Trizima base tris-Hcl (PH 8.5) (USA),
Graphitized Ketjen black (GKB), sulphuric acid (KHMEX), -Nafion (Alfa Aesar), isopropanol
C3H80 (Alfa Aesar) and Ultrapure water was prepared with-Milli-Q system.

All the reagents were of analytical grade and were used as received from the suppliers without
further purification.

3.2 SYNTHESIS AND EXPERIMENTAL PROCEDURE

3.2.1 Preparation of Polydopamine thin film on GKB and supported Platinum catalyst

To form a polydopamine (PDA) layer onto GKB and Platinum supported on Graphitized Ketjen
black (GKB40) the following procedures was followed. 100 mg of GKB (or GKB40) was added
to 100 ml of 30 mM of cupric sulphate. 0.1mg ml* of dopamine hydrochloride was added to 10
mM tris-HCI (pH 8.5) in 100 ml deionized water. The solutions were combined, and the mixture
was stirred for 30 min at room temperature, rinsed and dried. The procedure was for 24 hours
exposure time, rinsed and dried overnight in the oven at 80 °C. The dried samples of each
deposition time were calcined at 400°C in N2 for 60min. The prepared catalysts are presented in
Table 2.
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Table 2. Description of the synthesized catalysts

Synthesized materials Name
1. PDA-1/GKB PDA deposited on GKB for 60min deposition time
2. PDA-24/GKB PDA deposited on GKB for 24hrs deposition time
3. PDA-1/GKB40 PDA coated on GKB40 for 60min deposition time
4. PDA-24/GKB40 PDA coated on GKB40 for 24hrs deposition time

3.3 CHARACTERIZATION TECHNIQUES

3.3.1 Physical Characterization

3.3.1.1 Fourier Transform Infrared Spectroscopy

FTIR spectra reveal the composition of solids, liquids, and gases. Infrared spectrum is molecular
vibrational spectrum [95]. When exposed to infrared radiation, sample molecules selectively
absorb radiation of unique wavelengths which causes the change of dipole moment of sample
molecules. Therefore, the vibrational energy levels of sample molecules switch from ground state
to excited state. The frequency of the absorption peak is decided through the vibrational energy
gap. The variety of absorption peaks is associated with the wide variety of vibrational freedom of
the molecule. The intensity of absorption peaks is associated to the change of dipole moment and

the possibility of the transition of energy levels [96].

The FTIR analysis was used in this study to identify the functional groups and identify chemical

bonds associated with polydopamine on the various surfaces
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3.3.1.2 High Resolution Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique where a beam of electrons
produces a micrograph when transmitted through a specimen. A micrograph is made from the
association of the electrons with the sample as the beam is transmitted through the sample. The
image is then amplified and centered onto an imaging device; a fluorescent screen, a layer of
photographic film, or a sensor such as a charge-coupled device. A typical TEM consists of the
following components: light source, condenser lens, specimen stage, objective lens and projector
lens [1].

In this study, TEM analysis was performed in the Electron Microscope Unit (EMU) at the
University of Cape Town on FEI/Tecnai T20 with a high-resolution camera and electron energy
loss system (EELS). A small amount of the Pt electrocatalysts synthesized was mixed with acetone
and sonicated for 1min. A few drops of dispersion were deposited onto a carbon coated copper
grid The acetone was evaporated under a UV- lamp for approximately 5 min. This was performed
to evaluate the distribution and particle size of the nanoparticles on GKBA40.

3.3.1.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is the change of the mass of a sample with temperature or time
during temperature rise, constant temperature or temperature reduction. The purpose is to study
the thermal stability and composition of the material. A TGA consists of a sample pan that is
supported by a precision balance. That pan resides in a furnace and is heated or cooled during the
experiment. The mass of the sample is monitored during the experiment.

TGA was performed on an STD 560 TGA at the University of Cape Town. A small amount (2-
10mg) of sample was placed in a ceramic crucible and oxidized synthetic air at 10°C per min from
25°C to 800°C. TGA was performed on GKB to establish its oxidation temperature and mass

decomposition of the synthesized catalyst as well as to determine the Pt loading.

3.3.2 Electrochemical Characterization
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Electrochemistry is one powerful technique to study material electron transfer properties. When

electron transfer is between a substrate and a solution species, it is a heterogeneous interaction.

All electrochemical measurements were performed on a three-electrode cell using a Hg/HgSO4
reference electrode, a Pt wire counter electrode and glassy carbon working electrode (geometric
area = 0.196 cm?) working electrode on which the catalyst was studied. The electrolyte used was
a 0.1 M HCIO4 prepared with Millipore deionized water and the solution was bubbled with Argon
gas to remove all dissolved oxygen.

The catalyst ink was deposited onto the working electrode. To make the ink, 7.6 mg of the
synthesized catalyst was made into a suspension with 40 pL of Nafion, 2.7 ml isopropanol and 7.3
ml ultrapure Millipore water. The inks were sonicated in an ultrasonic bath for 30min. Once the
catalyst in the ink was adequately dispersed, 10 pL-was drop cast onto a polished glassy carbon
electrode with a diameter of 2.5 mm. The film was left to dry in air. To ensure consistency and
reproducibility, a fresh ink was made for every batch of tests run to mitigate any settling of the
catalyst in the ink. All glassware (including beakers, electrachemical cell, bubblers, etc.) were
cleaned using a Nochromix bath.. They were soaked overnight in the bath thereafter cleaned
thoroughly using Millipore deionized water (18.2 m€2). Once cleaned they were submerged in a

5L beaker filled with Millipore water for storage before use.
3.3.2.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is used to study the reactivity of new materials or compounds and can
offer information about (i) the oxidation or reduction potential, (ii) the oxidation state of the redox
species, (iii) the number of electrons involved, (iv) the rate of electron transfer, (v) viable chemical

processes corresponding with the electron transfer, and (vi) adsorption effects etc. [97].

In CV the voltage is swept between two values at a fixed rate, resulting in a forward and reverse
scan (anodic and cathodic, respectively). CV can be used to determine the electrochemical surface
area (ECSA) of an electrocatalyst, reaction kinetics and reaction mechanisms occurring on the

electrode.

To condition the catalyst films, CV was scanned between 0.0 V to 1.0 V vs. RHE at 50 mV/s for

100 cycles to electrochemically clean the catalyst surface of any surface impurities. To determine
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the ECSA, Cyclic voltammograms were taken in the potential range between 0.05 V and 1.2V at
20 mV/s. All the experiments were conducted in triplicates to ensure reliable and good results. The
ECSA was determined using the H> adsorption and desorption currents on Pt under Argon purge

to avoid the contribution from faradaic reactions.

The number of electrons liberated during the oxidation/reduction of hydrogen on Pt is equivalent
to the number of hydrogen atoms desorbed/ adsorbed and thus the number of adsorption sites. The

ECSA can then be determined using the following equation [98].

_ Q (uC/cm2)
ECSA = 210 (uC/cm2 Pt) x Pt loading (gPt/cm2) (3.1.1)

210 uC/cm?Pt is the charge required to reduce a monolayer of protons on Pt. The total charge of
ions, Q, corresponding to the hydrogen adsorption ¢an be calculated through integration of the area

where hydrogen adsorption occurs.

The total charge, Q, can be calculated using the following equation [99].
Q= [} ldt =—{ " IdE (31.2)

Where Vb is the scan rate, I, is the current and E, is the electrode potential. The integral was
calculated using the integration tool on Excel. To avoid overestimating the total charge density
attributed to electrocatalytic activity of the Pt surface, the area due to double layer charging and
the hydrogen crossover currents are subtracted from the area of hydrogen adsorption. The validity
of the method implies that the point where hydrogen adsorption is complete can be exactly
identified, and that the coverage is completed before the rate of hydrogen evolution becomes
significant [100].

To determine the ORR activity of the electrocatalysts the electrolyte was bubbled with oxygen for
30 minutes and after that the electrode was purged with oxygen while the experiment was running.
CV scans were performed in an O-saturated electrolyte (0.1 M HCIOs) with the potential cycled
between 1.2 V and 0.5 V at 20 mV/s. Polarization curves were obtained at four different rotation
speeds, 400rpm, 900rpm,1600rpm and 2500rpm by subtracting the N saturated voltammogram

from the O -saturated voltammogram to remove any background contributions. The activity was
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determined at rotational speed of 1600rpm in the same potential window. The electrochemical cell
was titled, and the working electrode rotated to remove any O2 gas bubbles that form on the
electrode surface which block the catalyst surface and effect the measurements. Kinetic ORR
activity (Ik) was calculated for the anodic sweep curve via the following relationship:

Ilimx I total
Ik =

" Ilimit—I Total

(3.2.1)

where I lim is the diffusion-limited current and | total is the total current.

The parameters for determining the activity include mass activity and specific activity. All current
densities were calculated from the geometric disk area. Mass activity was calculated from the

equation below:

MA = Ik

TPt loading

(3.2.2)

where MA is the mass activity in A/gPt, Ik is the kinetic current in A, and Pt loading is the mass

of Pt in g on the electrode surface [101].

The specific activity (A/m?) is defined as:

MA

where SA is specific activity of the catalyst, MA is the mass activity A/gPt and ESCA is the

electrochemical surface area in m?/g [101].

According to electrode kinetic theory [98], the kinetic current density (jk) can be expressed as a
Tafel form

2.303RT
anF

log jk (3.3.1)
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where 1 is the overpotential, a is an exchange current density related constant, R is the gas constant,
T is the temperature, F is the faraday constant, n is the electron transfer number in the determining
step of the ORR, and a is the electron transfer coefficient. The plot of ) and log jK gives a linear
relationship, and the slope is 2.303RT/anF. This slope is called the Tafel slope. The higher the
Tafel slope, the faster the overpotential increases with the current density. Thus, for an
electrochemical reaction to obtain a high current density at low overpotentials, the reaction should

exhibit a low Tafel slope.

3.2.2.2 Electrochemical durability of Carbon Support

The electrochemical durability of the supported catalyst is measured by its ability to retain its
activity after being subjected to extreme potentials for tong periods [102]. Several Accelerated
Stress Tests (ASTs) for PEMFC components (e.g., electrocatalyst, catalyst support, membrane)
have been developed by the U.S. Department of Energy (DOE), the U.S. DRIVE Fuel Cell Tech
Team (FCTT), and the Japan Automobile Research Institute (JARI) to evaluate the durability of
electrocatalysts [103]. In this study, CV was used to cycle and study the ECSA degradation during
potential cycling [103]. The AST for carbon corrosion inthis studied required the potential cycling
between 1 and 1.5 V for 6000 cycles at 250 mV/s. The ECSA was recorded after every 10 cycles
till 100 cycles, every 100 cycles till 1000 cycles and finally every 1000 cycles till 6000 cycles
were reached. The ECSA was determined at 20mV/s between 0.05V and 1.2V.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

This chapter evaluates the physical and electrochemical properties of the polydopamine coated and
uncoated Pt catalysts determined through the experimental tasks formulated in the literature review
and given in Chapter 3. The results in this section start with structural characterization using
Fourier Transform Infrared Spectroscopy. The material composition was determined using
Thermogravimetry analysis and morphological of the platinum-based catalysts was studied using
high resolution Transmission Electron Microscopy. The electrochemical performance and
characteristic of the catalysts were studied using cyclic voltammetry (CV) and Rotating disk

electrode (RDE) techniques.

4.1 PHYSICAL CHARACTERIZATION

4.1.1 Fourier Transform Infrared Spectroscopy

All the catalysts synthesized were supported on the graphitized ketjen black (GKB), which is a
unique electro-conductive carbon black with an intrinsic resistivity of about 0.01-0.1 [Q.cm] that
has received favorable evaluation for itssuperior performance and stability of quality, GKB has
garnered high marks for providing the same level of electro-conductivity with lower loading
quantity as conventional carbon black, however GKB’s pore structure allows it to perform in a
manner that is superior to that of other types of carbon black. The chemical structures of the
untreated GKB and GKB40 and after PDA deposited on GKB and GKB40 material were studied
with Fourier-Transform Infrared spectra (FTIR) to verify the surface chemical group composition
and the successful modification with PDA film. The individual spectra observed are presented in
Figure 7. There were no obvious absorption peaks in the wavelength region below 2000 cmand
above 3000 cmfor untreated GKB and GKB40. PDA material was then introduced onto the
surface of GKB and GKBA40, this was also done at different deposition times (1hr and 24hrs) to
examine the time effect on the success of PDA thin film deposition onto the electrocatalysts surface
material. After coating with PDA, Peaks of spectrum observed at the wavelength of 1500-1650
cm (1hr and 24hrs deposited) and 3200-3600 cm™ (24hrs deposited) indicated atomic vibration
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of the N-H group hydroxyl groups in the structure. Moreover, the intense peaks below 1700 cm™
are attributed to aromatic C=C and C-H bonds. And the intense peak in the regions of 1250-1310
cm is attributed to C-O stretching and between 1730-1830 cm™ is attributed to C=0 stretching
[104].
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Figure 7: FTIR spectra of uncoated material GKB(A) and GKB40(D) and after coating with PDA at different
deposition time, B) PDA1/GKB (B), PDA24/GKB(C), PDA1/GKB40 (E) and PDA24/GKB40 (F).
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The presence of the coating layer is confirmed by the presence of increased absorbances for the
PDA coated material as compared to GKB and GKB40. For GKB and GKB40 materials the only
observable peaks were due to C=C=0 (ketene) stretching, O=C=0 (carbon dioxide) stretching
and C-H (aldehyde) stretching. For the PDA coated material, the formation of PDA thin films
stimulated the occurrence of new peaks after 1hr and 24hrs deposition times, the new peaks
observed include C=C, C-H (aromatic) bonds, C-O (aromatic ester) stretching, C=0 (acid halide)
stretching, N-H (amine) vibration and O-H (hydroxyl groups). Zhao et al., study on the
polydopamine-based surface modification, also found similar observations [105]. The primary
difference between 1hr and 24hrs PDA coated on both GKB and GKB40 support is the peaks due
to hydroxyl groups observed at the wavelength region between 3200-3600 cm™ observed when
PDA was coated for 24hrs which was not observable for 1hr coated. A study by Damberga at al.,
on the influence of PDA coating on the structural, optical and surface properties confirmed that
PDA peaks are located at approximately 1288, 1492, 1607, 3362 cm™ which correspond to C-O,
C=N or/ and C=C and -OH or/and N-H vibration mode [106].

4.1.2. Thermogravimetric Analysis

TGA was performed on the GKB and GKBA40 catalyst before and after the deposition of the PDA
film to determine the amount of carbon versus Pt, and possibly the amount of PDA which was
coated onto the surface of the materials as a fraction of the weight %. Under nitrogen atmosphere
in Figure 8, the low-volatile processing aids (volatile material) and polymers were thermally
degraded. However, the carbon material remained unchanged because of its inertness under
nitrogen atmosphere. From Figure 8 for uncoated GKB and GKB40, decomposition of non-
carbonaceous material starts at approximately 400°C with a gradual decrease and for PDA coated
material decomposition starts at approximately 200°C with 1hr coated decomposing gradually and
a drastic decomposition observed for 24hrs PDA coated material. The total % weight

decomposition is reported in Table 3.
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Figure 8: Comparison of TGA results abtained for, GKB, GKB40 and PDA deposited on both
GKB and GKB40 at 1hr and 24hrs deposition time under N2 atmosphere.

TGA results above performed in N2 was performed to compare the catalyst coated and uncoated
by observing the temperature at which decomposition of PDA takes place. The weight loss was
determined as a function of temperature. From the results in Table 3, the 1hr PDA coated material
weight decreased gradually with only less than 10% decrease whereas 24hrs PDA coated material
decreased drastically with more than 50% decrease in carbonaceous material. This would imply
that substantially more PDA was coated onto the surface of the GKB materials after 24hrs. The
results also suggest that PDA deposition for 24hrs may not be ideal since it results in far less
carbonaceous material remaining for catalyst support, suggesting a decomposition of some of the
carbon along with low volatile materials under N2 atmosphere. Considering the 1hr PDA coated
GKB40 material as compared to uncoated material, there is evident of a slight increase in

carbonaceous material remaining of approximately 3.2% after decomposition.
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Table 3: Shows the total weight percentage of carbonaceous materials after decomposition
of inorganic substances in GKB, GKB40 materials before and after PDA deposition at 1hr

and 24hrs deposition time, performed in Nitrogen (N2) atmosphere.

Total weight % of degradable, Total weight % of material at
Sample volatile and polymer materials in 800 °C
the substance at (800 °C)

GKB 5.1% 94.9%
PDA1/GKB 5.5% 94.5%
PDA24/GKB 46.0% 54.0%
GKB40 11.6% 88.4%
PDA1/GKB40 8.4% 91.6%
PDA24/GKB40 35.0% 65.0%

After calcination, TGA was also performed in the air to determine the composition of PDA and
final loading of Pt catalyst on the GKB support before and after PDA deposition. The TGA
Thermal curve of each substance are shown in Figure 9 displayed from left to right. Thermal curves
indicate initial weight loss (approx.10%) due to removal any moisture present in the sample at
temperature below 200°C and the second degradation due to carbon oxidation of any carbonaceous
material present in the sample occurred under oxygen atmosphere. The TGA shown in Figure 9,
confirmed that the GKB is stable in air till around 600 °C before it begins to oxidize. When coated

with Pt, GKB40, the supporting catalyst starts oxidizing at approx. 400°C. After coating GKB and
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GKB40 with PDA films, the thermogram showed that the mass loss began at significantly lower
temperatures (approx. 200°C) for 24hrs deposited compared to the uncoated GKB40 which began
at (approx.400°C). The mass loss is ascribed to carbon oxidation until constant region is reached
> 700 °C which reflects Pt weight percent due to the thermal stability of Pt [89]. Thermal analysis

results for O, atmosphere are provided in Table 4.
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Figure 9: TGA results comparison of bare GKB, GKB40 and PDA deposited on GKB and
GKB40 at 1hr and 24hrs deposition time in air to determine loading.
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Table 4: The total weight percentage composition of inorganic material after decomposition
of organic substances in GKB and GKB40 materials before and after PDA deposition at 1hr

and 24 hrs deposition time performed under Oz atmosphere.

Sample Total weight % | % Weight composition of
decomposition inorganic  residue in  the
of organic | substances at 800 °C
substances

Commercial GKB 78.1% 21.9%

PDAL1/GKB 100.0% 0.0%

PDA24/GKB 73.1% 26.9%

Commercial GKB40 59.0% 41.0%

PDA1/GKB40 56.1% 43.9%

56.0% 44.0%

PDA24/GKB40

From the thermogravimetric results observed after calcination, the addition of PDA onto the
surface of GKB and GKB40, contributed to the increase in composition of carbonaceous substance
available for carbon oxidation, this is confirmed by the existence of low-temperature oxidation

process observed. Approximately 20% of initial composition of PDA coated catalyst decomposed
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at low temperature (approx. 200°C-400°C) due to oxidation attributed by deposition of PDA
material only since GKB is only stable in the air at temperatures above 400°C before it oxidizes.
The addition of PDA favored the oxidation at much lower temperature as seen in (Fig.9) leaving a
stable support for the catalyst at high temperature. After degradation of organic substance, the
remaining final mass loading of Pt catalyst reflected by the constant region is found to be 41% in
GKB40, 44% for PDA1/GKB40 and 44% for PDA24/GKB40. PDA/GKB40 coated catalyst
composition is found to be slightly high (approx.3%) compared to commercial uncoated GKB40

catalyst after calcination.

4.1.3 High Resolution Transmission Electron Microscopy

High Resolution Transmission Electron Microscopy (HRTEM) was used to study the morphology
of the catalysts. It was also used to determine the particle size and the particle distribution of the
catalysts on GKB after coating and calcination. Typical micrographs of TEM images are shown
for GKB40, PDA1/GKB40 and PDA24/GKB40 catalysts in Figure 10. The GKB support is
observed in the HRTEM images as large grey particles with small black Pt particles distributed
upon them, due to the difference in mass and density. From the TEM images the respective Pt

particle size histograms were determined. The average particle sizes are shown in Figure 11.
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Figure 10: HRTEM images of A) GKB40 commercial, B) PDA1/GKB40 and C) PDA24/GKB40

(electro-catalysts observed at higher magnification (50nm) and the corresponding images of a,

b, and c at high magnification (10nm).
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Figure 11: Particle size distribution histograms determined from HRTEM images of A) GKB40
Commercial B) PDA1/GKB40 and C)-PDA24/GKB40-electro-catalysts.

From the TEM images in Figure 11, the particle size distribution (PSD), measured over 100
particles, showed an average particle size of 4.1 + 1.4 nm for GKB40, 45 + 1.5 nm for
PDA1/GKB40 and 4.5 = 1.4 nm for PDA24/GKB40. Fine particles and good metal dispersion of
almost the same sizes were obtained for GKB40 and PDA coated GKB40 electrocatalysts. The
sticklike carbon structure also changed for 24hrs PDA coated material which indicates carbon
agglomeration. The Pt dispersion remained stable after calcination of the PDA coated catalyst. The
particle size increased slightly after coating and calcination. This could be attributed to the
agglomeration of the nanoparticles to form some large particles observed for PDA coated catalyst,
this is supported by a study of Yu, X. and Ye., on Pt catalysts supported on the carbon material at
elevated temperatures [47]. However, in this study with 80% of the particles lying in the same
range of 3.0 — 5.0 nm for all the electrocatalyst characterized (seen in Figure 11). It is suggested
that the polymerization of dopamine on the surface of the support material successfully formed a
PDA film that stabilized the catalyst support, thus maintaining the particle size of the catalyst. Liu,
Ai and Lu., Study on the Polydopamine and its derivative materials confirmed that PDA-coated
structures of this nature can potentially improve the overall stability, because PDA forms a

protective barrier [94].
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4.2. ELECTROCHEMICAL CHARACTERIZATION

This section presents results of electrochemical characterization for the synthesized PDA/GKB40
at various coating time with respect to its activity and durability towards the Oxygen Reduction
Reaction (ORR). The activity and durability of the supported catalyst is compared to commercial
catalyst GKB40.

4.2.1. Cyclic Voltammetry

Cyclic voltammetry was used to electrochemically determine the electrochemical surface area

(ECSA) and ORR activity of the catalyst and to determine their electrochemical durability.

Cyclic voltammograms (CV) for the synthesized PDA/GKB40 at various coating time and
commercial GKB40 is shown in Figure 12, The eyclic voltammograms presented in Figure 12
shows well defined peaks. The Pt-hydride desorption peak potential appears from 0.05-0.35 V for
all catalysts, the double layer region is between 0.4 and 0.7 V, the Pt-oxide formation appears
around 0.7-1.2 V. The peak between 0.35 and 0.05 V is attributed to hydrogen adsorption onto the
Pt surface. Figure 12 compares the voltammograms of the commercial GKB40, PDA1/GKB40
and PDA24/GKB40 in 0.1 M HCIO4. The typical voltammetric curve of Pt was observed and the
ECSA of GKB40, PDA1/GKB40 and PDA24/GKB40 catalysts was determined. The ECSA was
calculated from the density of charge associated to the reduction of a full monolayer of Pt oxides.
This area was then converted into the effective active surface area by using the factor 210puC.cm™

for the monolayer of Pt catalyst [107]. The ECSAs are presented in Table 5
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Figure 12: Cyclic voltammograms-of the synthesized-electrocatalyst of PDA supported on

GKB40 compared to GKB40 commercial electrocatalyst.in 0.1M HCIO4 at 20mV/s.

Table 5: Electrochemicalisurface area.of. GKB40 and PDA coated catalysts.

Catalyst Pt loading (%0) ECSA (m?pt/gpt)
GKB40 41.0% 78.6
PDA1/GKB40 43.9% 61.4
PDA24/GKB40 44.0% 59.9
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The ECSA (m?mi/gp) provided in Table 5 shows that after PDA coating and calcination, the ESCA
of GKB40 is decreased. This is likely due to the slight particle observed in TEM, or coating of the
Pt with PDA film. This trend was observed by Taylor, S et al., they reported on a system with
increasing Pt loading on carbon and observed the trend of decreasing ECSA with high loading
[107]. These authors also observed similar particle sizes for all catalysts prepared, this indicated
that even when agglomerated, the particles maintain the behaviour of a single particle, this was
shown by the cyclic voltammetry where no changes in voltametric profile observed and the same
observations were observed for this study.

4.2.2. ORR study of platinum based electro-catalysts

The ORR activity experiments were performed using Linear Sweep voltammetry (LSV) and a
rotating disk electrode (RDE) (0.1M HCIOs solution saturated with pure oxygen, 30 min). Figure
13 compares the cathodic sweeps of ORR polarization curves of the catalysts recorded at a
rotational speed of 1600 rpm. The ORR curves appear in the diffusion-control region until 0.5 V
then move to the mixed Kinetic-diffusion control region from to 0.5 — 1.0 V, then further forward
to the kinetic control region [108]. In the diffusion-controlled region, the value of ORR current
density for the catalyst increased with increasing rotation speed. ORR electrocatalytic performance
in this study is reported in terms of their mass-specific activities, area-specific activities and Tafel
slopes at 1600 rpm at the rate of the half reaction of the system at approximately 0.9 V. The results

are provided in Table 6.
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Figure 13: Polarization curves comparison of the ORR performed on GKB40 Commercial ,
PDA1/GKB40 and PDA24/GKB40 electrocatalysts'in Oz saturated 0.1M HCIO4 at a sweep rate

of 20mV/s, rotated at 1600rpm, at room temperature.

Figure 14 provides the Tafel plots of the GKB40 commercial catalyst, PDA1/GKB40, and
PDA24/GKBA40 electro-catalysts obtained at 1600rpm. The plot gives a clear analysis of the ORR
activity of the catalysts. From the plot it can be deduced that the activity of the catalysts is similar
with PDA coated electrocatalysts having slightly lower slopes, which are provided in Table 6. The
Tafel slope shows how efficiently an electrode can produce current in response to the change in
applied potential. When the slope (mV/decade) is lower means less overpotential is required to get
high current [109].

52
http://etd.uwc.ac.za/



TAFEL PLOTS
1.1
1 Ampe
Ay&"é‘“"
iy,
0.9
2 o8
g
wn
2 07
o
= © GKB40
AA
W o6 ® 2AA A
W PDA1/GKBA40 * o Mgk 4% A A
®
0.5 4
A PDA24/GKBAO ° o
® o
0.4 ° o
0.2 1.2 22 32 42 5.2 62 ¢ ® 72
LOGIK (A/G) ® o

Figure 14: Mass transfer Tafel plots-forthe ORR on-GKB40 Commercial and PDA1/GKB40,
PDA25/GKB40 electro-catalysts in O2 saturated 0.5M H2S04 at a sweep rate of 20mV/s,

rotating velocity of 1600rpm, at room temperature,

Table 6: The Mass specific, Area-specific.and Tafel slope activities current at half reaction
(i=0.9V) of LSV curve of GKB40, PDA1/GKB40 and PDA24/GKB40 at 1600rpm.

Mass Specific | Area-specific Activities Slope
Electrocatalyst |, tivity (MA) in Oz | (SA) in Oz saturated/ (Ve
saturated/ (A/gPt) | (nA. cm)
GKB40 83.5 104.9 112.0
PDA1/GKB40 114.3 186.1 110.0
PDA24/GKB40 137.9 230.5 96.0
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From Table 6, the PDA coated GKB40 electrocatalysts had higher ORR activities compared to the
commercial catalyst. PDA 24hrs on GKB40 showed the largest mass and area specific activities
and a lower overpotential (lower Tafel slope). Parnell et al., study on PDA coated materials,
explained the dramatic shift observed in the ORR potential possibly lies within the interaction
between PDA and carbon contained support material. The nitrogen atoms in PDA interacts with
the sp? carbon network in GKB, which creates defects in the adjacent sites. This, in turn, changes
in the charge density, resistance in charge transfer, and hydrophilicity of the material to assist in
ORR. Moreover, the charge density change can affect the contact of the dissolved oxygen
molecules on the PDA coated electrocatalysts. The oxygen bond is weakened, allowing for easier
ORR. Thus, when PDA interacts with GKB, the conjugated system is delocalized between the sp?
carbon framework in GKB and the lone pairs of electrons on the nitrogen in PDA to give better
electrochemical transfer towards ORR with a lower-overpotential [110].

4.2.3 Electrochemical durability of GKB40 electrocatalysts

To determine the electrochemical-durability of the catalyst, an accelerated degradation testing
(ADT) was conducted in 0.1M HCIO4. The catalyst layer-is exposed to the electrolyte solution to
mimic the environment of electrode membrane interface in PEMFC. The synthesized catalysts
were tested to assess the corrosion resistance in similar conditions to those employed in a PEMFC,
following the procedure described in Section 3.2.2.2. The loss of Pt was evaluated periodically
during the carbon degradation test, by monitoring the ECSA loss. The comparison of
electrochemical behaviours of the catalysts supported on GKB before and after potential cycling
are presented in Figure 15. The catalysts supported on GKB demonstrated changes in the hydrogen

adsorption peaks during potential cycling.

The current intensity of the voltammograms of GKB40, PDA1/GKB40 and PDA24/GKB40
catalysts obtained after potential cycling dropped with potential cycling, indicating a degradation
in electrocatalytic activity. The percentage ECSA loss with cycling number up to 5000 cycles is

plotted in Figure 16 and the results are provided in Table 7.
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Figure 15: Cyclic voltammograms of GKB40, PDA1/GKB40 and PDA24/GKB40 catalysts
before and after the cycling
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Figure 16: The ECSA% determined after every 100 cycles until 5000 cycles for commercial GKB40,
PDA1/GKB40 and PDA24/GKB40 in 0.1 M'HCIO..

Table 7: The ECSA loss determined after 5000 cycles of GKB40, PDA1/GKB40 and PDA24/GKB40

Electrocatalysts Loss in ECSA (%)
GKB40 314
PDA1/GKB40 94
PDA24/GKB40 14.4
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The loss in Pt ECSA because of carbon corrosion is evidenced by the decrease in hydrogen
adsorption/desorption peaks shown between 0.05-0.35 V potential region, the most visible change
was observed for uncoated GKB40 (Table 7). The major rate of degradation was observed for the
first 100 cycles for both coated and uncoated catalysts followed by the second rate up until 1000
cycles for GKB40 catalyst only and then remained constant till 5000 cycles were reached. The
ECSA of commercial GKB40 decreased significantly faster than PDA coated having a total loss
of 31.4% after 5000 cycles compared to only 9.1 % for PDA1/GKB40 and 14.4% for
PDA24/GKB40 electrocatalysts. Electrochemical carbon corrosion decreased the amount of
carbon available for Pt loading, which forced the Pt nanoparticles to migrate on the carbon surface
and aggregate at relatively stable sites, explained by the study of Jang and Kim Study on the effect
of water electrolysis catalysts on carbon corrosion in PEMFCs [111]. The PDA coated catalysts
displayed higher stability and resistance to corroeston.compared to commercial GKBA40, verifying
that carbon support have improved corrosion resistance in acidic media in the presence of PDA

films that acted as a protective barrier against harsh oxidative environment.

Stability studies of PDA-coated nanacomposite also showed catalytic activity in a wide pH range
which is advantageous in fuel cell-application [110}. When this-nanocomposite was coated with
PDA, the multicomponent material revealed a significant-increase in ORR performance. Varying
the pH revealed increased current density. in alkaline media accompanied with slightly high
overpotential. Literature study by Parnell et al., also stated that during the formation of the PDA
coating, the Mn (I11) complex was reduced to a Mn (1) complex. This oxidation state changed,
along with the possible interaction of PDA with graphene, furnished a nanocomposite with
enhanced ORR activity. Furthermore, the RRDE ring current did not increase, which suggests that
no hydroperoxide intermediate is involved in the ORR mechanism. To their knowledge this was

the first use of a PDA-MN-graphene nanocomposite for ORR applications [110].
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

The aim of this work was to increase the durability of a carbon supported Pt catalyst without
compromising its performance toward the ORR. To this end, a commercial catalyst, GKB40 was

coated with polydopamine (PDA), the final oxidation product of dopamine.

The PDA/GKBA40 catalyst was successfully synthesized. The synthesized PDA/GKB and
PDA/GKBA40 elecro-catalysts were deposited at two different deposition times (1h and 24hrs)
whereafter they were calcined at 400°C in N»>. These catalysts then underwent physical
characterization using FTIR, TGA and HRTEM. FTIR analysis of PDA coated catalysts confirmed
a more complex material as compared.to uncoated catalyst by the presence of absorbances
corresponding to the functional groups in PDA. TGA was then performed on the synthesized and
commercial samples to estimate the amount of PDA deposited and whether the calcination
degraded the catalyst. Approximately 20% of PDA material was deposited on PDA/GKB40
catalysts for 1hr deposition time. Degradation due to carbon oxidation in GKB40 catalyst only
took place at high temperatures attributed, to.carbon .degradation from GKB material. After
calcination the mass loading of Pt catalyst remaining in all the samples was determined and
GKB40 commercial was observed to have approximately 3% less in Pt mass composition as
compared to PDA coated GK40 catalysts. HRTEM images produced well dispersed Pt
nanoparticles with majority of the particles in the size range of 3-5 nm for synthesized and
commercial catalysts. There was a slight increase in the particle size after PDA deposition and

calcination that could be due to agglomeration of the nanoparticles at high temperature.

An electrochemical benchmarking study was then performed to determine the activity and
durability of the ORR catalyst with respect to two PDA coated GKB40 and commercial GKB40
electrocatalysts. The synthesized catalysts PDA1/GKB40 and PDA24/GKBA40 catalysts had better
mass specific activity of 114.3 A/g, 137.9 A/g and area specific activity of 186.1 pA. cm, 230.5
nA. cm™ compared to the benchmark. The PDA coated electrocatalysts also presented with lower
Tafel slopes of 110 mV/dec, compared to 112 mV/dec for GKB40.
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The corrosion resistance of PDA/GKB40 coated and uncoated GKB40 electrocatalysts materials
was evaluated by subjecting the catalysts to a potential cycling. 31.9% of the commercial GKB40
ECSA was lost after 5000 potential cycles and only 9.1% for PDA1/GKB40 and 14,1% for
PDA24/GKB40. ECSA decay in both PDA coated and un-coated GKB40 catalysts was caused by
Pt loss due to carbon support degradation. These results showed that the synthesized PDA coated
catalyst maintained the ORR activity while improving the durability compared to the commercial
GKBA40.

In conclusion the objectives of the study were achieved. The addition of PDA thin film onto the
surface of Pt catalyst improved the durability without effecting the performance of Pt catalyst in
PEM fuel cells. This study therefore recommends that the PDA/GKB40 should be used over the
Pt commercial catalysts in PEMFC applications. The PDA thin film slows the degradation of
platinum catalyst, caused by corrosion of the carbon support, which is the major contributing factor
of catalyst layer degradation. The surface interaction of the N-containing PDA, inhibit degradation
and likely constitute a sacrificial layer.

Further studies are also recommended in scaling of the catalyst and including in a membrane
electrode assembly for fuel cell testing. Herein, the influence of the PDA and supporting material

interactions can be studied and exploited in PEMFCs.
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