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Abstract

Anode catalysts are one of the key components.of direct alcohol fuel cells (DAFCs). They play
a huge role in the alcohol oxidation reaction (AOR) that occurs on the anode side. Palladium
(Pd) supported on carbon material has been reported to have good catalytic activity towards
alcohol oxidation reactions. Better stability and activity has been reported for catalysts
supported on conductive polymers like polypyrrole (PRy) when compared to traditional carbon
support material. This study investigated the effect of support materials on Pd and PdCo
electro-catalysts while concurrently determining the support material that can improve the
activity and stability of Pd and PdCo electro-catalysts used as direct alcohol fuel cells catalysts.
All Pd and PdCo catalysts supported onPPy (prepared using oxidative polymerization method),
reduced graphene oxide (rGO) and prepared using modified Hammers method and multi-
walled carbon nanotubes and pre-treated by acid. All the catalysts were synthesized using the
modified polyol method. The synthesized catalysts were: palladium on reduced graphene oxide
(Pd/rGO), palladium on multi-walled carbon nanotubes (Pd/MWCNT), (Pd/PPy), palladium
on polypyrrole-reduced graphene oxide (Pd/PPy-rGO), palladium on polypyrrole-multi-walled
carbon nanotubes (Pd/PPy-MWCNT), palladium-Cobalt on reduced graphene oxide

(PdCo/rGO), PdCo/MWCNT,PdCo/PPy,PdCo/PPy-rGO andPdCo/PPy-MWCNT.
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Electrochemical, chemical and physical properties were investigated by cyclic voltammetry
(CV), lear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS),
chronoamperometry, fourier transform Infrared spectroscopy, high-resolution transmission
electron microscopy (HRTEM), energy dispersive spectroscopy (EDS) and X-ray diffraction

(XRD).

Firstly, all of the support material were prepared before use by various methods. Reduced
graphene oxide (rGO) was prepared and functional groups were confirmed through FTIR.
MWCNT were functionalized in a ratio of (3:1) HNO3s/H>SO4 mixture, and the functionalized
MWCNT were investigated through FTIR-and-the spectrum obtained revealed the presence of
significant functional groups. Lastly Polypyrrole (PPy) were investigated through FTIR and
the spectrum obtained revealed the presence of all significant functional groups. The
electrochemical active surface area (ECSA) of the synthesized catalysts was calculated from
cyclic voltammogram. Pd/PPy showed the highest ECSA of 68.01 m?.g* followed by Pd/rGO
with ECSA of 50.72 m?.g™%, because the metal particles were well dispersed on the surface of
the support material. Among the binary catalyst PdCo/rGO showed the highest ECSA of 33.9
m2.g™* followed by PdCo/PPy-MWCNT. The LSV results showed that Pd/rGO was the most
active catalyst followed by Pd/PPy with the current density of 0.64 mAcm2 and .32 mAcm
in methanol oxidation. Pd/rGO was the found to be the most stable among mono catalysts
followed by Pd/PPy, Pd/PPy-rGO, Pd/PPy-MWCNT and Pd/MWCNT respectively.
PdCo/MWCNT showed to be the most stable among binary catalyst followed by PdCo/PPy,
PdCo/PPy-rGO, PdCo/rGO and PdCo/PPy-MWCNT in methanol observed using
chronoamperometry. The highest current density from the mono catalysts was 0.64 mAcm of
Pd/rGO whereas binary catalysts showed the maximum current density of 0.37 mAcm from

PdCo/MWCNT. Pd/PPy also showed a higher current density of 0.32 mAcm2 compared to
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PdCo/PPy with the lowest current density of 0.014 mAcm™ in methanol. Among hybrid
supported mono catalysts Pd/PPy-rGO showed a better catalytic activity and stability compared
to Pd/PPy-MWCNT, also the hybrid supported mono catalysts displayed a better catalytic
activity on methanol oxidation compared to the hybrid supported binary catalysts namely
PdCo/PPy-rGO and PdCo/PPy-MWCNT. However binary catalysts collectively showed a
better stability compare to mono catalysts. The HR-TEM and XRD studies, showed that
particle sizes were in the range of 7.7-13.5 nm for HRTEM and 6.0-8.32 nm for XRD with

some agglomeration observed from HRTEM images for most of the catalysts.
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Chapter 1

Introduction

1.1 Background

The world is facing a serious problem of energy demand caused by the population increase and
fossil fuels depletion as well as the issue of climate change caused by the high CO2 emission
from the fossil fuels that are currently used as the main source of energy. Due to these problems
scientists are compelled to find a better renewable source of energy. Among the discovered
sources of renewable energy, fuel cells have been found to be the promising alternative mainly
for future use. Fuel cells has attracted-a broad-attention from-the researchers because of their
intriguing ability to produce energy with high efficiency and high density [1]. Fuel cell is an
electrochemical device that converts chemical energy of a fuel (e.g. hydrogen, alcohol, etc.) to
produce electricity through electro-catalytic reaction. Currently fuel cells are the most
promising source for renewable energy production because they produce less to none pollution.
At present, human population globally depends on fossil fuels as the major source of energy
and in the meantime the use of rapidly depleting fossil fuels to meet the increasing global
demand for energy is economically and environmentally unsustainable. Concurrently, the
reserves of easily-accessible fossil fuels are declining as they are not produced from renewable
sources, resulting in continually escalating financial and environmental costs in utilization,
extraction and processing activities, especially as the use of non-ideal deposits in complex areas
becomes necessary to meet global demand. Greenhouse gas emissions (e.g. CO2, CHs and N20)

that are linked to the extraction, processing and use of fossil fuels have raised atmospheric
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concentrations of CO- significantly beyond the natural historical maximum of around 300 ppm.
The concentration now of approximately 390 ppm is considered to be a substantial global risk
of irreversible climatic changes and it still continues to increase [2-4]. According to the World
Energy Outlook, the world’s energy demands are expected to exceed 50% by 2030 than today

[3-5].

In order to reduce the risk of global warning, emission of greenhouse gases needs to be reduced.
To attain such dramatic emission reductions, whilst concurrently addressing the issue of
increasing energy demand and improving energy security requires a change-over to renewable
primary energy sources. The adoption of clean and efficient energy distribution and conversion
technologies to replace hydrocarbon fuels and thermo-mechanical engines [3-4]. Renewable
energy sources have a lower efficiency compared to fossil fuels, making it difficult to have
renewable energy sources as fossil fuel replacements. However fuel cells have a high efficiency
compared to photovoltaic cells and wind turbines. Emit no greenhouse gases this makes fuel
cells a good candidate to replace orwork with fossil fuels to decrease greenhouse gases [6].
Their reliability is still evolving; and there ‘are safety concerns with hydrogen fuel cells and
also with hydrogen not being readily available. The fuel used for fuel cells also has a low
density compared to gasoline. Although fuel cells have their fair share of drawbacks they hold
promise for our energy crisis in the future. Fuel cells have a high efficiency, and they use
renewable fuels. Fuel cells can run continuously as long as fuel is available, they do not require
recharging. Another advantage of fuel cells is that they can run in reverse process known as

electrolysis for energy storage, producing hydrogen from electricity and water [7].

Fuel cells are advantageous in many ways. One of the key advantages is their ability to operate

at low temperature which makes them suitable for use in motorized applications. Quiet
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operation, their nature of operation is amazingly quiet which allows them to be used in the
places where noise is not required like residential areas. They are also environmentally friendly
meaning they do not emit harmful greenhouse gases. Higher efficiency, fuel cells can produce
more energy with less fuel as compared to the combustion engines. In a fuel cell stack there

are no moving parts hence the absence of mechanical inefficiencies [8-10].

1.2 Overview of fuel cells

A fuel cell can be defined as a device that converts the energy of a fuel (e.g. hydrogen, alcohol,
and etc.) and oxidant in the presence of a catalyst into electricity, heat and water. Fuel cells
could result in innovative improvement in energy production and shortly they might become a
future world economy. Fuel cells are economically achievable for business energy production
and also the developed fuel cells are becoming more competent for energy production [11-13].
These days the types of fuel cells are differentiated by their electrolytes; proton exchange
membrane fuel cell (PEMFCs), solid oxide fuel cell (SOFCS), phosphoric acid fuel cell
(PAFCs), molten carbonate fuel cell (MCFCs), alkaline fuel cell (AFCs) and direct alcohol fuel
cell (DMFCSs). Fuel cells can differ from tiny devices that produce a few watts of electricity
to large power plants producing megawatts of electricity. A fuel cell is composed of an anode,
cathode, and an electrolyte membrane. A typical fuel cell works by passing hydrogen through
the anode of a fuel cell and oxygen through the cathode. At the anode site, a catalyst splits the
hydrogen molecules into electrons and protons. The protons pass through the porous electrolyte
membrane, while the electrons are forced through a circuit, generating an electric current and
excess heat. At the cathode, the protons, electrons, and oxygen combine to produce water

molecules. The figure below shows a schematic diagram of a fuel cell as described above.
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Figure 1.1 Schematic diagram of a direct methanol fuel cell. [14]

Among the different types of fuel cells, direct alcohol fuel cells (DMFCSs) has attracted more
attention for their use in portable, application which makes it to be more advantageous as
compared to other fuel cells. This is based on the fact that the liquid low-molecular-weight
alcohols can easily be transported as compared to other conventional internal combustion
engines. However, there problems related to the use of alcohol as fuel in fuel cells is the rapid
poisoning of the anode during alcohol oxidation reaction (AOR) by adsorbed intermediate such
as carbon monoxide making it impossible for the fuel cells to compete in the commercial
market [15]. To address these problems a different metal palladium (Pd) has been used as the
catalyst, showing resistance against poisoning by intermediate products [16]. The issue of low
surface area and stability leading to a poor fuel cell performance has been solved by introducing
carbon catalyst support material which provides a better and improved fuel cell performance

through an increased surface area. But carbon supports material can be easily degraded in
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alcohol fuel cells, to mitigate such challenges the ionomer was introduced. The ionomer is
usually used as the electrolyte for proton production and to maintain the catalyst layer as a
binder [17]. Anode catalysts are one of the key components which directly determine the
performance output of DMFCs. This study investigated the effect of support (such as PPy,

rGO, MWCNTS) of Pd and PdCo anode catalysts on the performance of DMFCs.

Rationale of the project

The focus of this investigation is on direct methanol fuel cell that is a low-temperature fuel
cell. It has received more attention over the years as-a promising technological development
that may replace typical batteries as power sources for portable devices. this can be because of
their distinctive features of utilizing liquid alcohol as fuel that offers, high specific energy
density, the high energy conversion potency of 40-50%, low in operation temperatures (0 -100
°C), and also the use of alcohol as fuel permits for simple storage and transportation [15, 18-

19], one thing that simplifies the fuel cell system.

One of the major problems associated with the DMFCs deals with the anode side of the fuel
cell where oxidation of the fuel produces CO. The corrosion of the anode catalyst when carbon
black is used as a support material results in a considerable loss in the overall efficiency of the
DMFCS. Some great Measures have been made to solve such problem, carbon nanostructured
materials like carbon nanotubes, graphene and etc. have been largely employed as the catalyst
support material for low temperature fuel cells like DMFCS’s. However still there are several
drawbacks of these support materials, limiting the catalyst performance, which leads to a total
fuel cell performance and stability being lowered. These drawbacks include their micro-pores
which limits the surface accessibility lowering the surface area, easy corrosion. Therefore an

advanced or modified carbon material is required to further enhance the fuel cell performance.
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Due to the distinctive characteristics of Polypyrrole (PPy) like its high conductivity, it has been
suggested as the promising alternative to carbon support material [20-21]. Studies have proven
that fuel cell performance can be improved by means of ionomer as stated by Eguchi. M, et al,
(2012) [17], hence in this study Polypyrrole is used as the ionomer. In light of these facts the

development of research goals with regards to the project were developed.

Aim and objectives

The main purpose of the study is-to prepare a highly conductive Polypyrrole material which
will be used to enhance the properties-of the nanoestructured carbon support material for

Palladium (Pd) catalyst in DAFCs. The objectives are as follows:

Objectives

e Preparation of a highly electron conductive Polypyrrole material

e The catalytic properties will be evaluated using analytical techniques such as cyclic
voltammetry, Linear Sweep Voltammetry, Chronoamperometry and Electrochemical

Impedance spectroscopy.

e The physical characterization will be done by employing X-ray diffraction (XRD)
spectroscopy. Scanning electron microscope will be used for elemental composition
and high resolution transmission electron microscope (HRTEM) for morphology and
particle size. The FTIR and BET will also be used to study the functionality and surface

area of the catalysts, respectively.
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Research questions

What impact does a highly conductive Polypyrrole have on the electro-activity of the Pd

catalyst and to the fuel cell efficiency and stability?
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Chapter 2

Literature review

Chapter overview

This chapter focuses on the important concepts related to electro-catalysts of fuel cells. A brief
look into the different types of materials used to modify support materials and catalysts for fuel
cells and different types of fuel cells, with knowledgeable choice into the preference of catalyst
and support material for this project. This chapter also introduces various synthetic routes for
synthesizing catalysts, with an emphasis on-the synthetic method used in this task. The purpose
of this chapter is to provide a clear and illuminating guide to the literature reviewed for the

proposed work.

2.1. Types of fuel cells

Fuel cells are classified and differentiated by the type of electrolyte material used [1].
Electrolyte is the conductive substance located between the positive and negative electrode,
acting as the conductor, yet it does not conduct electrons for the ion exchange that produces
electrical current [2]. There are five different types of fuel cell that are currently studied,
developed and demonstrated, in various stages of commercial availability. These five types of
fuel cell are significantly different from each other in many aspects but the key distinguishing
feature is the electrolyte material (Table 2.1). All fuel cells have the same basic operating

principle.
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Table 2.1: The table below shows different types of fuel cells [3-5]

Proton Molten Alkaline Fuel | Solid Oxide | Phosphoric
Fuel cell Type | Exchange Carbonate Cell (AFC) fuel Acid Fuel
Membrane fuel cells cell | Cells (PAFC)
Fuel (MCFC) S(SOFC)
Ce
s
(PEMFC)
Proton Typically, Typically Stabilized H3PO4
Electrolyte used| exchange molten aqueous KOH | ceramic matrix | solutions
membrane Li2COs/K2CO | solution with free oxide
3 ions
eutectics
Plastic, metal, | High Plastic, metal Ceramic, high| Carbon, porous
Typical orcarbon tem temp metals ceramics
construction p metals,
porous
ceramic
Operational (60-120 °C) | (650-700 °C) | (60-260 °C) (650-1000 °C) | (150-210 °C)
temperature
Primary CO,  Sulfur, | Sulfur CO, COz, and | Sulfur CO <1 %,
contaminate andNHs Sulfur Sulfur
sensitivities
Electric utility, | Electric utility | Military space | Electric utility | Electric utility,
Applications portable transportation
power,
transportation
Solid High Cathode High Up to 85 %
electrolyte temperatur reaction faster | temperatur efficiency
reduces e in alkaline | e in
Advantages
corrosion advantages electrolyte — | advantages co-generation
therefore high Solid of electricity
& management performance electrolyte and heat.
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problems. Low advantages Impure Hz as
temperature. fuel
Quick start-up
Low High Expensive High Pt catalyst.
temperature temperature removal of | temperature Low  current
requires enhances CO:2 from fuel | enhances and power.
Disadvantages

expensive corrosion and air streams | breakdown Large size.
catalysts. an | required 0

Hi | dbreakdown f cell
ghsensitivity of components

to | cell
fuel impurities | components

2.1.1 Polymer Electrolyte Membrane Fuel Celis (PEMFCs)

The proton-exchange membrane or PEM fuel cell; is made up of two electrodes separated by
an electrolyte. It is the type of electrolyte used which distinguishes the PEM fuel cell from
others. Hydrogen-PEMFC and direct methanol fuel cells (DMFC) are categorized as PEMFC
because of the solid proton exchange membrane used in them as the electrolyte. The main
difference between the DMFC and the H>-PEMFC is the fuel used for the production of
electrical energy, with hydrogen in the case of H.-PEMFC and methanol in the case of DMFC
[10]. The unique physical and operational properties of the polymer membrane electrolyte
provide significant advantages over liquid and high temperature solid electrolytes in materials

selection, component design and manufacturing, and power plant systems design [6].

Polymer electrolyte membrane (PEM) fuel cells have the potential to alleviate major problems

associated with the production and consumption of energy. PEMFCs offer high energy
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conversion efficiency, at low operating temperatures, which can rapid start-up. These
characteristics and the ability to rapidly change power output are some of the traits that makes
the PEMFCs the most promising fuel cell technique for large-scale application in, such as
portable electronics, automobiles or stationary power supplies [7-9]. The proton-exchange
membrane fuel cell uses one of several ion-exchange polymers as its electrolyte. These

polymers are electronic insulators, but excellent conductors of hydrogen ions.

2.1.1.1 H2-Proton exchange membrane fuel cells (H2-PEMFCs)

The first H2-PEMFC device was developed in the 1960’s by the General Electric Company,
for use as a military power sources in-the Gemini space missions. A H>-PEM fuel cell converts
chemical energy stored in the fuel (hydrogen) into electrical energy through electrochemical
reactions between H2 and O2 [11-13}. H>-PEM fuel cell-uses platinum (Pt) as electrodes, on
the anodic side it uses platinum catalyst together with hydrogen fuel and Pt and oxygen for the
cathodic side. Because of the sensitivity of Pt to carbon monoxide (CO), the fuel need to be
purified which enables the best fuel cell performance [14-16]. But the problem in storage and
transportation of hydrogen, has led to a search for an alternate fuel. Methanol has been
suggested as a better alternative because it is known to be an excellent carrier for hydrogen

[17]

2.1.1.2 Direct Methanol Fuel Cells (DMFCs)

The DMFC technology has gained wide acceptance as a viable fuel cell technology and DMFC

has a proven track record in powering cell phones, and laptops [18-20]. DMFC uses methanol
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which has a higher energy density than hydrogen and is liquid, making it easy to adapt to
existing fuel infrastructure with the benefit of its application in small portable devices. DMFCs
will be widely used for years to come. In the DMFC system, liquid methanol enters the fuel
cell directly, without the need for an intermediate step to convert the fuel into hydrogen.
Methanol is an inexpensive liquid at room temperature, easy to store, high in energy density,
and can be produced from various sources such as natural gas, coal, and even biomass. It is
also biodegradable. It is not corrosive to the DMFC frame. DMFC provides unlimited
possibilities for many applications [21-22]. These advantages allow DMFCs to be
commercialized for use in portable electronic devices. One of the disadvantages of methanol
used as fuel in fuel cell technology is methanol crossover. Methanol tends to diffuse to the
cathode side where there is an oxidant (oxygen) and methanol oxidation occurs on the cathode

catalyst, thus reducing the performance of the cell [23].

Compared to the H2-PEMFC catalyst, in addition to platinum, other catalysts such as
ruthenium (Ru) must be added to convert CO to CO> in the anodic reaction. The electrolyte
and operating temperature in DMFC are essentially the same as used in H.-PEMFC normally
operating in the temperature range of 50 to 100 ° C. Higher efficiency is achieved at high
temperatures. The main difference is the reaction at the anode where methanol is oxidized
instead of hydrogen as in H2-PEMFC. DMFC uses a catalyst and a solution of methanol
(usually 1-2 M) at the anode, a Pt catalyst and O at the cathode. The electrochemical oxidation

of methanol is more complex than that of hydrogen [24].

Anode: CH3OH + H;0 — CO2 + 6 H* + 6e 1)
Cathode: 3/202+6 H" + 6e — 3 H20 (2)
Overall: CH3OH + 3/2 O, — CO2 + 2 H,0 (3) [24]
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2.1.1.3 Operating principle of the direct methanol fuel cell

The DMFC is a specialized PEMFC that operates on methanol instead of hydrogen on the
anode side. It consists of several layers, the three key layers include membrane electrode
assemble (MEA) (which is formed by the electrodes (anode and cathode)), proton conducting
membrane, catalyst layer and hardware. The mixture of methanol and water is fed into the
anode catalyst, where the catalyst particles present in the anode help separate methanol
molecules into hydrogen atoms and carbon dioxide (CO2) (as shown in Figure 2.1). The
separated hydrogen atoms are usually stripped of their electrons to form protons and the protons
pass through the membrane to the cathode side of the battery. In the cathode catalyst, protons
react with oxygen in the air to form water. By connecting a wire from the anode to the cathode
side, electrons stripped from the hydrogen atoms on the anode side can propagate to the cathode

side and combine with electron-deficient substances [25-26].
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Figure 2.1 Schematic diagram of a Direct Methanol Fuel Cell [27].

2.1.1.4 Challenges in the direct methanol fuel cell

Although DMFC is already in the market, there are still some drawbacks that needs to be
addressed in order to improve the efficiency and commercialization of this device. Most
DMFCs operates in acidic electrolyte where platinum (Pt) catalyst is utilized as the anode with
a solid Nafion proton exchange membrane. Nevertheless DMFCs have some drawbacks which
lowers cell voltage and fuel utilization. These drawbacks include poisoning of electro-
oxidation by adsorbed intermediate like CO, carbon material corrosion, membrane degradation
and alcohol crossover. Construction and operational costs are one of crucial aspects on the
successful development and commercialization of these fuel cells. The metal used as the
catalyst which is platinum (Pt) is highly expensive. Research has been done to reduce noble
metal catalyst loading without affecting fuel cell performance [28-30]. In order to solve this

problem extensive research has been conducted using platinum based binary and ternary
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metallic electrocatalysts. The platinum ruthenium (Pt-Ru) catalyst have been found to be the

one of the good electrocatalysts for the direct methanol anode catalyst [31].

2.2 Catalyst

A catalyst is a substance that has the ability to fasten the chemical reaction by forming a bond
with reacting species and reducing the activation energy. A catalyst enables reactants to form
a product which later detaches leaving the catalyst in its original form in such a way that it can

be used for the next reaction.

2.2.1 Catalysts used in fuel cells

In fuel cells catalyst known as electrocatalyst are utilized, electrocatalyst is a catalyst that is
used in electrochemical reaction to improve and increase the rate of a chemical reaction. They
are a form of catalysts that are specifically designed for a sole purpose of working as either an
electrode itself or at the surface of the electrode. Different catalysts are used in fuel cell because
of the urge of trying to enhance the fuel cell’s performance, which includes the stability,
stability, cost reduction and activity of the fuel cell. Fuel cell uses heterogeneous catalyst,
which is a metal dispersed on the conductive support material, this done to improve the catalytic
activity by increasing the surface area. [31-32]. Heterogeneous catalyst exist in a different

phase to the reactant.

In DMFCs catalysts are classified according to their role in the electrochemical reaction,
namely cathode catalyst and anode catalyst. For reducing reactants at the cathodic end the

cathode catalyst is used. Alcohol oxidation happens at the anodic side, hence the anode catalyst
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is used to carry out the alcohol oxidation process. The most commonly used catalysts are

platinum (Pt), palladium (Pd), and their alloys they can be used either as pure metals doped on

the carbon support material or alloyed with other metals like gold, ruthenium and nickel [33-

34]. In this project Pd and Pd-Co are used as the catalysts for methanol oxidation. There has

been a lot of work done on the anode catalyst and Table 2.2 reviewed some work as given in

below table.

Table 2.2: The application of different catalyst in direct alcohol fuel cells and their

performance

Catalysts Experimental conditions Specific/mass References
Composition activity
Pd/MnOz/graphene | 0.5 M KOH and 1 M CH3zOH 20.4 mA/cm? [35]
Pd/PPY/graphene 0.5 M NaOH and 1 M CH30OH 359.8 mA/mg [36]
PtNi/C 1 M NaOH and 1 M CH30H 48.5 mA/cm? [37]
PtPd/graphene 0.1 M HCIO4 and 1 M CH30OH 198 mA/mg [38]
Pd/MnO2/CNT 0.5 M NaOH and 1 M CH3sOH | 432.02 mA/mg [39]
Pd/graphene 0.5 M NaOH and 1 M CH30OH 61.6 mA/cm? [40]
Pd/PANI 1 M NaOH and 1 M CHsOH 0.82 mA/cm? [41]
PdCo/RGO 1M KOH and 1 M CH3OH 303.8 mA/mg [42]
Pd/PPy PNCs 1 M KOH and 1M C>HsOH 13.08 mA/cm? [43]
Pd/PPyC 1 M KOH and 1M C>HsOH 983 mA/cm?.mg [44]
PANI/MWCNT 0.5 M NaOH and 1 M CH30H 482.2 mA/mg [39]
PUYMWCNT 1M KOH and 1 M CH3OH 730.0 mA/mg [45]
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2.2.2 Platinum based electro-catalyst

In many years of research and development of fuel cells platinum group metal has been the
most used and promising as a catalyst, platinum (Pt) is commonly used as the catalyst because
of its high electrocatalytic activity. Platinum has the highest catalytic activity for oxygen
reduction more than any of the pure metals and when supported on a conductive carbon serves
as state of the art electrocatalysts in DMFC air cathodes. However, due to Kinetic limitations
of the oxygen reduction reaction (ORR), a considerable loss in efficiency occurs in the cathode
electrode, as the result of cathode overpotential [46]. Platinum based catalyst has shown to
enhance the fuel cell performance if it is used in higher amount. Using high quantities of Pt
raises concerns with the cost because Pt metal is expensive meaning the total fuel cell cost will
be high and unaffordable, therefore it is impossible to take the fuel cell into the market while
the cost is too high. Due to the above mentioned, reason many scientists have conducted
research with the aim of improving fuel cell performance and reducing the cost using small
quantities of Pt in Pt based catalyst [47-48]. With the aim to decrease the Pt loading and
improve the ORR kinetics several new classes of the Pt based ORR catalysts such as Pt-based
binary and ternary alloys/ nanocomposites have been discovered as active ORR catalysts [49].
Platinum is also commonly used as the anode catalyst supported on carbon based material in
low-temperature fuel cells. The activity for the methanol oxidation reaction (MOR) of Pt alone,
however, it is too low for an industrial use, thus research efforts have been addressed to improve
the MOR activity of platinum. A way to increase the catalytic activity is the addition of a second
metal, in particular ruthenium, to Pt. According to the bifunctional mechanism, the second
metal supplies oxygen to oxidise the Pt-adsorbed methanol oxidation intermediate species

known as CO and form CO2, while according to the electronic effect, the second metal modifies
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the Pt electronic configuration, weakening the adsorption of methanol oxidation intermediate

species on Pt [50].

2.2.3 Palladium (Pd) based catalyst for fuel cells

The high cost and less availability of platinum has led to the research looking for other metals
that can be used as catalyst for fuel cell with cheaper cost. Not only that platinum has pose the
challenge of higher cost but has been found to be poisoned by CO formed as a by-product when
used in methanol fuel cells. Palladium has proven to a promising most abundant alternative to
be used as catalyst in fuel cells. Unlike Pt-based catalyst which can be easily poisoned by
intermediate product, Pd has shown te-have tolerance against poising by intermediate products
and being able to oxidise some alcohols like methanol, glycerol during the alcohol oxidation
reaction in alkaline media [51-52}. The difficulties that are faced by platinum based catalyst
are not encountered by palladium binary catalysts, because of the oxophilic nature of Pd which
allows the oxidative desorption of intermediate products. Hence Pd has higher activity for
ethanol oxidation reaction (EOR) as compared to Pt [53]. Pd based catalyst will be used as the

anode for methanol oxidation in this study.

2.3 Support material for catalysts

The issue of low stability and stability and poor performance of fuel cells has led the researchers
to look for a material that can be used to solve such problem. Catalyst support material has
been found to be a promising solution, proving a better and improved fuel cell performance

through an increased surface area. A good support material is the one that has high electric
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conductivity, high surface area to improve catalytic dispersion, electrochemical stable in the
electrolyte, corrosion resistant, and it must be porous enough to allow the easy flow of the

reactants [54].

Traditionally, carbon black has been used as the support material of choice in DMFCs as it
offers high electronic conductivity, high surface area and is cost effective. Recently, carbon-
based nanomaterial with high graphitic structure, such as carbon nanotubes (CNTSs), and carbon
nanofibers (CNFs) are being extensively studied as new generation of catalyst support [54].
This is due to their distinctive characteristics as they offer more crystalline structure with high
electrical conductivity, excellent corrosion- resistance-and high purities compared to
conventional carbon black powders. CNTs are particularly of great interest due to their unique
structural, electrical and mechanical properties. Carbon-based support, however, generally
suffers from corrosion in different fevels depending on the carbon material used, carbon blacks
being the most affected by corrosion under fuel cell conditions. The instability of carbon based
support material under fuel cell conditions, is a major concern and accordingly a drawback in
the performance of electro-catalyst supported on these materials because the corrosion of the
carbon support leads to Pt sintering and lowers the electro-chemical active surface area of the
catalyst and ultimately results in the undesired degradation of the fuel cell system. Thus, a new
class of support material is needed that will be extremely resistant to corrosion under fuel cell

conditions [55].

2.3.1 Multi-walled carbon nanotubes (MWCNT)
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Layers of graphite rolled into round and hollow frame and are frequently closed on both ends
are known as carbon nanotubes. They can be made and/or orchestrated in laboratory and appear
amazing mechanical and warm conductivity. Multi-walled carbon nanotubes (MWCNTS),
have received a rising attention in recent years for their use as catalyst support materials,
because of their appealing properties like high chemical stability and a large surface to volume
ratio. Several papers have focused on the application of carbon nanotubes in fuel cell as catalyst

supports [56].

It is evident from previous studies that for low temperature fuel cells like PEMFC and DMFC
that have Pt catalyst supported on multi-walled carbon nanotubes shows better performance for
electro-oxidation of methanol than that on carbon black [57]. Nano-structured carbon materials
have been used due to their improved physical chemical properties. In this study MWCNT was
chosen due to improved properties. Either than good catalytic activity, a good support material
should possess good corrosion resistance; it has been proposed that carbon material with more
graphite component can be more stable. Carbon nanotubes have been proposed as promising
support material for fuel cell catalyst due to their unique characteristics, which include high
electron conductivity, and high mass transport capability. Active metal particles may be
dispersed on the external walls or be encapsulated in the interior of the nanotubes due to the
size and morphology of the MWCNTSs. The metal particles on the external walls and the
reactant molecules make contact more easily compared to those encapsulated in the internal

channels of the MWCNTS [58].

2.3.2 Polypyrrole as a catalyst support material

In previous years carbon materials like carbon black has been largely used as the catalyst

support for low temperature fuel cells like DAFC’s. However there are several drawbacks of
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these support material, limiting the catalyst performance, which leads to a total fuel cell
performance and stability being lowered. These drawbacks include their micro-pores which
limits the surface accessibility lowering the surface area, easy corrosion at high potentials.
Therefore an advanced or modified carbon material is required to enhance the fuel cell

performance [59-60].

More research have been conducted to mitigate the problems related to carbon support
materials. One of the solution was the introduction of metal oxides and conductive polymers
to improve the surface of the support material. To overcome the drawbacks of pure carbon
supports and achieve a breakthrough in catalytic performance, a wide range of modified carbon
materials have been and are being explored-as special, more exciting and promising support
material for catalysts in PEMFCs. Their unique physicochemical structures have resulted in
improved stability and catalytic activity via the chemical and physical modification of carbon
supports. Some metal oxides have been tested and found to have a necessary characteristic to
make advanced support materials. Metal oxides like tungsten oxide, molybdenum oxide,
ruthenium oxide, tin oxide, cerium oxide and manganese oxide, and multi-component
perovskite oxides are abundantly available, have high chemical and electrochemical stability,
abundant hydroxyl groups on the surface, and strong interaction with metal nanoparticles, and
thus are promising to reduce the present problems in PEFCs. For example Magnéli-
phase titanium oxides, which shows no oxidation peaks between 0 and 2.0 V in 1 M sulfuric

acid meaning that it is resistant to electrochemical corrosion[61-62].

Conductive Polymers such as Polypyrrole (PPy), polyaniline (PANI), poly 3,4-
ethylenedioxythiophene), poly (methylene blue), poly (methoxyaniline) and poly (O-amino

phenol) have been used as electrocatalysts for methanol oxidation, due to their excellent
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electrical and electrochemical properties [63]. For example Eris etal. fabricated the
rGO/PANI/Pt composite and applied it as catalyst for methanol oxidation. It was reported that
PANI bridges the rGO and Pt through Pt-N bond and improves the stability of rGO/PANI/Pt
[64]. In some cases metal oxides have been used together with polymers to modify the support
material. For instance Wei, L et al reported the use of manganese oxide (MnOy) and poly (3,4-
ethylenedioxythiophene) (PEDOT) nanocomposite on multi-walled carbon nanotubes (MnOy—
PEDOT-MWCNTS) as a support for Pt. The catalyst showed a significant improved electro-
oxidation activity and stability [65]. Lastly Polypyrrole have been also used in cobalt-polymer-
MWCNT composite which displayed improved power densities for hydrogen, methanol and

ethanol fuel cells as reported by Reddy, A.L.M et al [66].

Due to the distinctive characteristics of Polypyrrale (Ppy) like its high conductivity, has been
suggested as the promising alternative to enhance carbon and nanostructured carbon support

material.

Polypyrrole is the conjugated polymer formed by the polymerization of pyrrole, when oxidized
it turn to be a conductive polymer as shown in figure 2.2 below. This polymer can be
synthesized in two different ways namely chemically and electrochemically methods.
Chemical method can be achieved by mixing the solution of pyrrole with an appropriate
oxidant such as iron (I11) chloride (FeClz) [59&67]. The use of a molecular solvent/electrolyte
like lithium perchlorate/acetonitrile to carry out the synthesis of conductive polymers like
Polypyrrole is known as the customary electrochemical synthesis, but recently new ways has
been reported. Pringle, J.M et al, reported the use of ionic liquids like 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) amide as electrolyte and growth medium

[68].
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Figure 2.2 Schematic diagram of Pyrrole polymerization to form Polypyrrole [69]

Amongst the known conductive polymers PPy stands out because of its unique conductivity
and the ability to resist corrosion under high-posttive potentials. Hence it will be used on this

project as an ionomer on the catalysts support material.

2.4 Fuel cells catalyst preparation. methods

The catalyst activity is mainly affected by the preparation method employed to form the
catalyst. There are various methods used to prepare catalysts such as polyol method,

impregnation method and sulphite complex route to name a few.

2.4.1 Impregnation method

Impregnation method is said to be the most common and easiest methods to prepare the fuel
cell catalysts. This method it simple involve the infusion of a metal salt solution onto a support
material at specific time intervals. The most common used salts are chloride salts RuCls and

H2PtCls, because of their simple availability. During this method the metallic catalyst precursor
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is impregnated first into a support before reducing it into metallic nanoparticles. The reduction
process involves two steps namely chemical and electrochemical reduction of which both of
the steps can be conducted either in gas or liquid phase. The slurry is put through heat to
eliminate the solvent and thereafter the residue is successively reduced at increased temperature

to decompose the salt and obtain the required catalyst [70].

2.4.2 Sulphite complex route

In this method the Pt sulphite complexes are synthesized in an aqueous solution. The starting
precursor salt which is H2PtCls is dispersed in-an-aqueous solution containing NaHSOs. This
the will undergo oxidative composition with-H20-, these particles are then adsorbed onto the
carbon support material. The catalysts are filtered and then treated with heat and further
reduced under the flow of hydrogen gas. The disadvantage of this method presence of chlorine

contaminants [71-72].

2.4.3 Polyol method

The polyol method falls under the catalysts synthesis methods known as colloidal methods. It
uses the bottom-up approach. This technique is typically used to synthesis bimetallic metallic
nanoparticles in a solution by means of reducing their ionic salts. During polyol method an
inorganic metallic compound powder is dispersed in a liquid polyol (ethylene glycol). The
suspension is mixed by stirring followed by heating at a given temperature. It takes few hours
to complete the reduction of the compound and thereafter fine powder metal is recovered. The

method is advantageous because it is less energy demanding, it can be conducted at a room
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temperature because it does not require any external heat. At room temperature this reaction

employs sodium borohydride as a reducing agent [73-74].
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Chapter 3

Experimental

3. Introduction

The chapter presents the details of the experimental and characterization methods employed in
the synthesis and analysis of PA/MWCNT, Pd/rGO,Pd/PPy-rGO, Pd/PPy-MWCNT, Pd-

Co/MWCNT, Pd-Co/rGO.PdCo/PPy,PdCo/PPy-rGO andPdCo/PPy-MWCNT.

3.1 Chemicals

All chemicals used are listed in Table 3.1. Ultrapure water from Millipore was used for all

preparations.

Table 3.1: The list of chemicals used for the study, and their suppliers.

Chemicals Company

PdCls SA Precious Metals (PTY) (LTD)
C0304 Alfa easar

EG Kimix

KOH Kimix

HNOs Kimix

NAOH Sigma alrich

H2SO4 Kimix

Hydrazine Sigma aldrich

Ultra-pure water Milli-Q system
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MWCNT’s Carbon Nano-material Technology, South
Korea

Graphite Sigma aldrich

Nafion Alfa Aesar

Isopropanol Alfa Aesar

Pyrrole Sigma Aldrich

FeCI3 Sigma Aldrich

Methanol Alfa Aesar

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

further purification.

3.2 Methodology

This section goes over the specifics of how the catalysts were prepared. First, before using the
MWCNT, they were treated with acid to remove impurities and to introduce functional groups
on the surface of the MWCNTSs, which are known to be essential in improving catalyst loading

and dispersing on the surface of the support [24].

3.2.1 Pre-treatment of carbon nanotubes

The treatment was performed by using 5 g of Multi-walled carbon nanotubes treated in an
aqueous solution composed of 90 mL concentrated sulphuric acid and 30 mL of concentrated

nitric acid, the mixture was refluxed for 6 hours at 160 °C.

http://etd Ywe.ac.zal



The carbon nanotube sediments were separated from the reaction mixture, washed with
ultrapure water. The synthesis solution pH was adjusted to ~7 by using 2M NaOH solution.
The purified, acid-functionalized MWCNT slurry was then oven-dried at 80°C overnight to

obtain the solid black product.

3.2.2 Preparation of Graphene oxide
Graphene oxide was synthesized by means of modified Hummers method. 1 g of natural flake
graphite powder, 0.5 g of sodium nitrate and 50 mL of sulphuric acid were mixed ata 0 °C ice-
water bath. 3 g of potassium permanganate was slowly added into the solution every half an
hour, three times in total. After that 46 mL of hot de-ionized water was added into the
suspension drop-wise. The temperature was kept at 90 °C and maintained for 1 hour.
Subsequently to that 20 mL of H>O2> was added into the suspension drop-wise. The solution
was taken to an ultrasonicator for 30 minutes with the power of 200 W. The suspension was
centrifuged and a mud-like material was obtained. The material was washed with de-ionized
water and ethanol for several times, respectively. Lastly, the material was dried in oven at 40

°C and maintained for several days to get the copletely dry GO material.

3.2.3 Preparation of Reduced-Graphene Oxide (rGO)

1 g of graphene oxide (GO) was dispersed in 1L water by means of 30 minutes’ ultrasonic
treatment. As a result a homogeneous brown GO aqueous suspension was obtained.

The pH of the suspension was adjusted to ~10 by dropping NH3H20. An amount of 1.4 mL
hydrazine hydrate was added into suspension and heated under reflux at 80°C for a period of

24 hours.
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A kind of black flocculent substance was gradually precipitated out of the solution. The
product was obtained by filtered with the qualitative filter paper. Finally, the resulting black

product was washed with methanol and water and dried at 80°C for 24 hours.

3.2.4 Preparation of Polypyrrole (Ppy)

25mL of de-ionized water was added into round bottom flask. Pyrrole monomer (8.5mL) from
sigma Aldrich was added into it and mixing was carried out for ten minutes using magnetic
stirrer. Further FeCls solution (2.5M) was added very slowly as an oxidant to the monomer
solution. The appearance of black colour precipitates was observed in the flask immediately
after the addition of oxidant. The polymerization was aliowed to continue for 24 hours at room
temperature. The precipitates were filtered and washed with a mixture of water and ethanol
several times to remove any traces of oxidant from product.

The filtrate was dried in a vacuum oven and weighed to calculate the yield of final product.

3.2.5 Preparation of the Catalysts

All catalysts prepared in the study were prepared using the modified polyol method.

3.2.5.1 Preparation of mono catalysts PdA/MWCNT, Pd/rGO, Pd/PPy

The catalysts were prepared using modified polyol method as follows:
0.4g of MWCNT,rGO andPPy were each dispersed in 15 mL of ethylene glycol (EG) under

stirring followed by sonication in an ultrasonic bath for 15 minutes. To the dispersion, a
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solution of a catalyst made of 0.1 g PdCls and 15 mL EG was added followed by stirring for
15 minutes. The pH of the solution was adjusted with 2M of NaOH/EG solution to ~12 and
the mixture was sonicated for 15 minutes, a homogeneous adsorption of the metal precursor
onto the surface of the support occurred. For the reduction of the metal ions, the solution was
transferred to a round bottom flask which was put in an oil bath and heated for 6 hours at 160°C
under stirring and reflux. After completing the reduction, the reaction mixture was left under
stirring overnight. Finally the product PA/MWCNT, Pd/rGO and Pd/PPy was filtered and

washed with ultra-pure water. The catalyst was dried in an oven at 80°C overnight.

The binary catalysts were prepared-as follows:
The PACo/MWCNT, PdCo/rGO and-PdCo/PPy-were prepared using the similar procedure to

the PA/MWCNT, but the metals Pd and Co were added in 1:1 mol ratio.

Preparation of mono-catalysts with hybrid supports (Pd/PPy-MWCNT and Pd/PPy-
rGO)

For supports hybrids (Pd/MWCNT-Ppy and Pd/rGO-Ppy) the supports were mixed in a 1:1
mass ratio under magnetic stirring for 24 hours before the catalyst was added the mixture was
put under sonication in an ultrasonic bath for 15 minutes

To the dispersion, a solution of a catalyst made of 0.1 g PdClz and 0.13 g Co304, 15 mL EG
was added followed by stirring for 15 minutes. The pH of the solution was adjusted with 2M
of NaOH/EG solution to ~12 and the mixture was sonicated for 15 minutes, a homogeneous
adsorption of the metal precursor onto the surface of the support occurred.

For the reduction of the metal ions, the solution was transferred to a round bottom flask which
was put in an oil bath and heated for 6 hours at 160°C under stirring and reflux. After

completing the reduction, the reaction mixture was left under stirring overnight.
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Finally the product Pd/PPy-MWCNT and Pd/PPy-rGO was filtered and washed with ultra-pure

water. The catalyst was dried in an oven at 80°C overnight.

Preparation of binary catalysts with hybrid supports (PdCo/PPy-MWCNT and
PdCo/PPy-rGO)

The PdCo/PPy-MWCNT and PdCo/PPy-rGO were prepared using the similar procedure to
the mono catalyst hybrid support above, but the metals Pd and Co were added in 1:1 mol
ratio.

3.2.6 Ink preparation

A stock solution of 20% isopropanol and 0.02% Nafion is prepared by mixing 79.6 mL of
ultrapure water, 20mL of isopropanol and 0.4mL of 5 wt. % Nafion solution in 100mL

volumetric flask.

10mg of the catalyst is measured into a 10mL vial and 5mL of stock solution is added; mixed
through and sonicated for 1 hour: A 10 pl volume or 0.01 mg of the catalyst ink was then
transferred via a syringe onto a freshly polished (mirror finish) Glassy Carbon (GC) electrode

with a diameter of 3 mm (Single), Size: 25 x 25 mm.

3.2.7 Cleaning of the glassy carbon rotating disk electrode (GCRDE) tip

The GCRDE was cleaned before and after every use, by polishing the electrode for 5 minutes
on Microcloth TM (Buehler) using 0.3 and 0.05 micron alumina slurries in sequence. The
polished electrodes were rinsed well with UHP water. The electrodes were then dried at room

temperature before use.

http://etd Hwe.ac.zal



3.3 CHARACTERIZATION TECHNIQUES

For structural identification of the catalyst the following instruments were used

= High-resolution transmission electron microscopy (HRTEM)

= X-ray diffraction microscopy (XRD)

= Fourier Transmission Infrared (FTIR) spectroscopy

For elemental analysis

= Energy dispersive spectroscopy (EDS)

For electrochemical characterization

Cyclic voltammetry (CV)

Linear sweep voltammetry (LSV)

Electrochemical Impedance Spectroscopy (EIS)

Chronoamperometry (CA)

3.3.1 PHYSICAL CHARACTERIZATION
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3.3.1.1 HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY

(HRTEM)

High Resolution Transmission electron microscopy is a microscopy technique where a beam
of electrons produces a micrograph when transmitted through a specimen. HRTEM has become
a powerful and is considered to be an indispensable tool for studying the properties of
nanostructured materials such as nanoparticles, and sp? bonded carbon such as carbon
nanotubes and graphite. Due to the electrons having both wave and particle nature and the de
Broglie wavelength of electrons are significantly smaller than that of light and so they higher
resolution capability. This enables the finer detail examination, to even as small as a single

column of atoms [1-2].

Working principle of HRTEM

The HRTEM works by utilizing a high voltage electron beam to create an image. The electron
beam is produced by an electron gun, normally fitted with a tungsten filament cathode as an
electron source. The electron beam is accelerated by an anode typically at plus 100 KeV (40-
400 KeV) with respect to the cathode, and the electron beam is focused by electro-static and
electro-magnetic lenses. The focused beam is then transmitted through the specimen that is in
part transparent to the electrons and in part scatters them out of the beam. When the electron
beam emerges from the specimen it contains information about the structure of the specimen
that is magnified by the objective lenses of the microscope. The image is viewed by projecting
the magnified electron image onto a fluorescent viewing screen coated with a phosphor or
scintillator material such as zinc sulphide. Differently, the image can be photographically
recorded by exposing a photographic film or plate directly to the electron beam, or use a high

resolution sensor that may be coupled by means of a lens optical or fibre optic guide to the

http://etd we.ac.zal



sensor of a charge-coupled-device (CCD) camera. The image detected by the CCD is then

displayed on either a monitor or computer [1-3].

HRTEM was utilized in this study to examine the metal nanoparticle size, nanoparticle size
distribution, homogeneity of dispersion, and agglomeration of the nanoparticles in supported

nanophase electrocatalysts [4].

Sample preparation

HRSEM samples were prepared by placing double-sided conductive carbon tape on an
aluminium specimen stub. A very small amount of the sample was deposited on the specimen
stub and flattened with a spatula, then gently tapped to remove the excess and loose sample.
The nanoparticles supported on rGO, MWCNTSs, PPy and hybrid support catalysts did not
require any coating, as they were conductive enough to be imaged without charging. The
samples were then introduced into the vacuum chamber of the microscope for analysis. In this
study HRSEM Auriga was used with the experimental parameters listed below as:

Working distance: 10 nm

Accelerating Voltage: 5 KeV

Tilt Angle: 0°

3.3.1.2 X-RAY DIFFRACTION (XRD)

The discovery of X-rays enabled scientists to probe crystalline structure at the atomic level. X-
ray diffraction has been heavily used in science, for the fingerprint characterization of
crystalline materials and determination of their structure. Each crystalline solid has its unique

characteristic X-ray powder pattern which may be used as an information for its identification
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[5]. XRD in this study was used for the direct examination of crystalline structure, phase

identification, average particle size, and lattice parameter.

Working principle of XRD

In a typical XRD analysis, X-rays are generated in a cathode ray tube by heating the filament
to produce electrons. The produced electrons are then accelerated toward the target material by
applying voltage and bombarding the target material with electrons [6-7]. When the electrons
have enough energy to dislodge the inner shell electrons of the target material, characteristic

X-ray spectra are produced.

The structural properties of the electro-catalysts were investigated using XRD. From the
obtained results the average crystallite size, (, A®) was calculated from line broadening analysis
using the Scherrer formula. The Scherrer equation was used as shown in Equation to estimate

the crystallite size from the XRD data[8].

092
- B cosb

3.1)

Where d = crystallite size, 0.9 = shape factor, A = x-ray wavelength, § = peak width at half peak

height and 6 = angle of reflection.

Sample preparation

In the XRD analysis, dry nanophase electrocatalyst samples were mounted in plastic sample
holders and the surface was flattened to allow maximum X-ray exposure. Experimental
parameters for XRD analysis are given as follows: X-ray Diffractometer: Bruker AXS D8

Advance from Ithemba labs.
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Table 3.1 XRD sample preparation

Parameter settings

Tube Copper
Detector Sodium lodide
Monochromator Graphite
Electron intensity 40 kv

X-ray Source

CuKa (A= 1.54184)

Current

40mA

Scan range

10°<26<100°

3.3.1.3 Fourier Transmission Infrared (FTIR) spectroscopy

The discovery of infrared light dates back to the 19th century. Since then, scientists
have established multiple methods for using infrared light. Infrared absorption
spectroscopy is a method used by scientists to determine the structure of the molecule,
in which the functional groups of the molecule absorb infrared radiation. Infrared
spectrum is a molecular vibration spectrum. When exposed to infrared radiation, sample
molecules selectively absorb radiation of unique wavelengths, causing changes in the
dipole moment of the sample molecules. Therefore, the vibrational energy levels of
sample molecules changed from the ground state to the excited state. The frequency of
the absorption peak is determined by the vibration energy gap. The diversity of
absorption peaks is related to the diversity of degrees of freedom of molecular vibration.

The intensity of the absorption peak is related to the change of the dipole moment and
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the possibility of the transition of the energy levels. Therefore, by studying infrared
spectroscopy, you can easily obtain a great deal of information about the molecular
structure of a substance. Most molecules are infrared active except for several
mononuclear diatomic molecules (such as Oz, N2 and Cl2) because of the zero dipole
change within the vibration and rotation of these molecules. What makes the Infrared
Absorption Spectrometer even more useful is that it can successfully study all gas,
liquid and solid samples [9-10]. The commonplace used region for infrared absorption
spectroscopy is 4000 ~ 400 cm-1 because the absorption radiation of maximum natural

compounds and inorganic ions is within this region [11].

Working principle of FTIR

The IR beams from the light source passes through an interferometer, which consists
of a beam splitter, a fixed mirror and a moving mirror. The interferometer is a well-
designed optical device that splits the spectral components of the beam in time. As the
moving mirror makes reciprocating movements, the,optical path difference to the fixed
mirror changes, in such a way that the phase difference changes with time. The light
beams are recombined in the interferometer to produce interference light. The intensity
of the interference light is recorded in an interferogram, with the optical path difference
recorded along the horizontal axis. The corresponding absorbance spectrum is received
from a Fourier transform of the interferogram [12]. Figure 3.1 shows the collection of

devices used for FTIR analysis.

Sample preparation
The KBr pressed disc technique was used. Discs were thoroughly washed and dried

before use. An amount of KBr in a tip of spatula was added into the grinding mortar
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and a small amount of the sample in a tip of the spatula was added followed by grinding
until the powder was completely mixed and fine. The prepared powder was then slowly
dropped into the discs and hardly pressed to form a thin film. The film plane was placed

normal to the IR beam sample holder for analysis.

Figure 3.1 Working station of FTIR'[13]

3.3.2 ELEMENTAL ANALYSIS

3.3.2.1 ENERGY DISPERSIVE SPECTROSCOPY (EDS)

Energy dispersive spectroscopy (EDS) detector which is connected to the HRSEM was used in
this study to investigate the elemental composition of the electrocatalysts synthesized. After
taking HRSEM images, the samples would then be scanned on six different areas to obtain the

average wt. % of the metals.
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Working principle of EDS

EDS analysis works by letting an electron beam hit the inner shell of an atom, knocking off
electrons from the shell and leaving positively charged electron hole. As an electron moves, it
attracts another electron from the outer shell and fills the void space. As electrons move from
the outer high-energy shell to the inner low-energy shell, this energy difference is emitted in
the form of an X-ray beam. The energy of this X-ray beam is unique to a particular element
and transition [14]. EDS requires no special sample preparation, other than that which is
required to image the sample in the SEM or TEM, for qualitative analysis, but for quantitative

analysis in the SEM the sample need to be bulk, flat and polished.

3.3.3 ELECTROCHEMICAL CHARACTERIZATION

3.3.3.1 CYCLIC VOLTAMMETRY

Cyclic voltammetry is probably the most versatile electro analytical technique for the study of
electro active species. Its ease of measurement and versatility has resulted in it being in
extensive use in many scientific fields like, electrochemistry, organic chemistry, inorganic
chemistry and biochemistry. Cyclic voltammetry is an great approach to study the reactivity of
new materials or compounds and can offer information about (i) the potential at which
oxidation or reduction processes transpire, (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 [15-16]. Cyclic
voltammetry is usually done using a three electrode system consisting of a working electrode,

reference electrode and counter electrode in the presence of a supporting electrolyte. The

http://etd Swe.ac.zal



reference electrode can be a standard hydrogen electrode, saturated calomel electrode or silver
electrode chloride. Counter electrodes can be gold, platinum or carbon while the working
electrode is normally a glassy carbon electrode deposited with the catalyst being studied. The

supporting electrolyte is present to repress migration of charged reactants and products [17]

In cyclic voltammetry the potential of the working electrode is swept linearly with time and
between two potential ends. By adjusting the potential of the working electrode, electrons are
transferred between the electrode and the molecules in the electrolyte, which records the
current response of the working electrode when the potential is swept back and forth between
two selected potentials [18-19]. Cyclic voltammetry was used in this study to examine the
electro-active surface area (ECSA) and stability of nanophase supported electrocatalysts. In

figure 3.2 is the CV graph used for illustration to show how the ECSA is calculated.

JImAcm?

-10 1 1 1 1 1 1 1 1

-800 -600 -400 -200 0 200 400 600
EImV [AglAgCIIKClsat ]

Figure 3.2 cyclic voltammogram of Pd/MWCNT (at the fifth cycle) in 2 MKOH solution. Pd loading
17 ug cm™. Scan rate: 50 mV s [20].
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The Pd reduction peak is used to calculate the electro-active surface area (ECSA). ECSA is a
property which is used to validate the electro-catalytic activity of the prepared catalyst. The
ECSA is an indication of the electro-active surface of the catalyst, calculated by using the
equation:

ECSA(M? g p) = [QH /420 . L .ag] 10° (3.2)

QH = is the area of the Pd reduction peak divided by the scan rate (V/s), 420 uC cm2is required
to charge the formation of a monolayer of Hz on a smooth palladium surface. L is the loading
of catalyst in mgPd cm and Ag is the geometric surface area of the electrode (5 mm in

diameter, Ag = 0.196 cm?) [21].

3.3.3.2 Linear sweep voltammetry (LSV)

Linear sweep voltammetry is a type of voltammetry in which a current is measured in the
working electrode, while the potential between the working electrode and the reference
electrode is linearly scanned over time. The oxidation or reduction of a substance is recorded
as the peak or through the current signal at the potential at which the substance starts to oxidize
or reduce [22]. Linear sweep voltammetry is used to determine the current density and onset

potential of the catalyst used for alcohol oxidation.

Table 3.3: Sample preparation and operating parameters for LSV
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Parameter Specification
Electrolyte Potassium hydroxide
Alcohol oxidation Methanol

Working electrode Glassy carbon electrode
Counter electrode Platinum electrode
Reference electrode Silver chloride electrode
Scan rate 20 mV/s

Scan range -1.0- 0.4V

3.3.3.3 Electrochemical Impedance Spectroscopy (EIS)

AC impedance measurements may be helpful in identifying the kinetic, ohmic, electrolytic,
and diffusion layer resistances, as well as the delivery limitations inside the machine. This
technique makes use of a small sinusoidal perturbation potential at one or several frequencies,
and the reaction is an alternating current (AC) sign of the identical frequency with a probable
phase shift and amplitude trade. In a few dimension systems, the AC current is imposed on top
of the DC current generated by way of the fuel cell, and the voltage is recorded in place of the
current. The recorded response is used to calculate the impedance using a mathematical
method. Via repeating this at numerous frequencies, an electrochemical impedance spectrum
is received. EIS is a non-invasive method that varies the current or voltage of the fuel cell by
some percentage. The magnitude of the fluctuations is depending on the peak-peak current of
the AC signal imposed and the impedance of the fuel cell at every frequency [23]. The AC-
Impedance measurement is obtained with an electronic load, a function generator, and a

computer. This is additionally the equal setup also can be used for obtaining a fuel cell
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polarization or IC curves. EIS is useful in characterizing rapid and gradual delivery phenomena
as it tests each single and a big variety of frequencies. This check helps to signify mass transfer
resistance, resistance to electron transfer at some stage in electrochemical reactions, and ionic
resistance through the membrane. This data can then be used to evaluate the numerous
impedances inside the gas cell [24]. A charge transfer resistance (Rct) for the kinetically
controlled reactions may be represented by the diameter of the semicircle in the medium

frequency and is related to the charge transfer reaction kinetics according to the following

equation.
RT
Rct = L, (3.3)
i = nFAK,Cy =" Cr" (3.4)

Where R: molar gas constant (J.mol* k %); T: temperature (K); n: number of electrons
transferred; F: Faraday constant (C); is: exchange current (A); A: reaction area (cm?); Ko:
standard heterogeneous rate constant (cm.sec™): Co, CR: bulk concentration of oxidant and

reductant species (mol.LY); o: transfer coefficient [25].

The symbol for impedance is usually Z and it may be represented by writing its magnitude and
phase in the form |Z|£6. The electrochemical impedance spectroscopy was used to study the

electrode kinetics of the catalysts.

3.3.3.4 Chronoamperometry (CA)

Chronoamperometry is one of the simplest voltammetric methods, but one of the most used

voltammetric methods. In its simplest form, chronoamperometry consists of applying a single
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voltage step at time to and then measuring the current resulting from the applied potential.
The simplicity of chronoamperometry makes it an ideal analytical technique as an example of
basic voltammetry operations. In chronoamperometry the potential of the working electrode
is stepped and the resulting current faradaic processes are monitored. Chronoamperometry is
an electrochemical technique that generates high charging currents, which decay
exponentially with time as any RC circuit. The faradaic current which is due to electron
transfer is almost always the factor of interest [26]. Chronoamperometry has been applied in
many studies independently or alongside other electrochemical techniques such as CV. In
most case it used to examine the electrochemical activity and stability of the electrocatalysts
[27-28]. In this work the Chronoamperometry was used to determine the stability of the

catalysts.
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Chapter 4

Results and Discussion

This chapter focuses on analysing the results obtained from various characterization techniques
performed on the synthesized catalysts of palladium and palladium cobalt supported on multi
walled carbon nanotubes (PA/MWCNT & PdCo/MWCNT), reduced graphene oxide (Pd/rGO
&PdCo/rGO) and on polypyrrole (Pd/PPy &PdCo/PPy) and palladium on polypyrrole - multi-
walled carbon nanotubes hybrid (Pd/PPy-MWCNT), palladium on polypyrrole — reduced
graphene oxide hybrid catalyst (Pd/PPy-rGO), palladium cobalt oxide on polypyrrole — multi-
walled carbon nanotubes (PdCo/Ppy-MWCNT)-and on polypyrrole — reduced graphene oxide
(PdCo/Ppy-rGO). The different characterizations help in determining the various properties

exhibited by these synthesized electro-catalysts.

4.1 Functionalization of The Support material
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4.1.1 Multi-walled carbon nanotubes (MWCNT)
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Figure 4.1.1FTIR spectra of Functionalized MWCNTs with COOH

The functionalized and non-functionalized MWCNTs were analysed through Fourier transform
infra-red spectroscopy (FTIR). The vibration bands obtained from the spectra of the MWCNTSs
shows a formation of new peaks in functionalized MWCNT compared to the non-
functionalized MWCNT. The spectra of functionalized MWCNTSs depicts related vibrational
bands characteristic of carboxylic groups on MWCNTSs. FTIR spectra from the MWCNTSs
show a broad peak at ~3124 cm™ in Figure 4.1.1 above which is assigned to the O—H stretch
from carboxylic groups (C—OH and O=C—OH), these peaks were not present on the non-
functionalized MWCNTs [1]. The peak at 1738 cm™, associated with the stretch mode of
carboxylic groups C=0 as observed in the IR spectrum of the functionalized MWCNTSs which
indicates that carboxylic groups are formed due to the oxidation of some carbon atoms on the
surface of the MWCNTSs by nitric acid. . The peak at 1557 cm™ is allocated to the -C—C—
stretch in a ring (aromatic) and the peak at 1206 cm™ is associated with C—O stretch of
carboxylic group. The overall peaks found in the spectrum are v (O-H) (3750-3250 cm™?), v (C-

H) (3000-2750 cm™t), v (C=0) (1760-1650 cmY), v (C-C) (1600- 1550 cm™) and v (C-O) (1350-
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900 cm™). These vibrations are in good agreement with the spectrum of the functionalized

MWCNTSs as reported by Moosa, et al [2].

4.1.2 Graphene oxide and reduced graphene oxide (rGO)
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Figure 4.1.2FTIR spectra of GO and rGO

The synthesized GO and rGO were analysed through FTIR. The vibration bands obtained from
the spectra of the GO and reduced GO shows related vibrational bands characteristic of
carboxylic groups on GO and rGO as expected. The broad peak at 3386 cm™ is attributed to
the O—H stretching, which is associated with the OH stretch of carboxylic acid, is due to the
presence of absorbed water molecules and alcohol groups. The peak at 1566 cm™ is ascribed
to C=C stretches from un-oxidized graphitic domain. The peak at around 1713 cm™ is ascribed
to C=0 stretch of carboxyl group. The peak at 1190 cm™ corresponds to C—OH stretch of
alcohol group and the peak at 1044 cm™ is ascribed to C—O stretching vibrations of C—O—C.

These vibrations corresponds to the spectrum of GO reported by Emiru, et al [3].

http://etd Gwe.ac.zal



The reduction of GO was also characterized by FTIR. As seen in Figure 4.1.2. The rGO peaks
displays the reduction of oxygen-containing functional groups on GO by KMnOa. These peaks
were confirmed by the removal and the reduction of the peaks as displayed in figure 4.1.2. The
peaks in 1044, 1190, 1713 and 3386 cm™ enormously decreased and disappeared, which
indicates that the oxygen-containing groups in GO were removed. The observations on rGO
spectra confirmed that most oxygen-containing functional groups in the GO were removed
even though some residual oxygen functionalities on GO still remains on the rGO surface with

weaker intensity after reduction [4].

4.1.4 Polypyrrole (PPy)
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Figure 4.1.3: The FTIR spectrum of pyrrole monomer [5]

The pyrrole (Py) was analysed through FTIR by Bruno, et al. Figure 4.1.3 above shows the
FTIR spectrum of pyrrole. The broad peak at 3383 cm™ is attributed to the presence of N-H
stretching vibrations. The absorption around 1650 cm™ is attributed to the amines in the pyrrole

structure these peaks were confirmed on the literature by Kamal, M.M et al [5].

http://etd Bwe.ac.zal



S
(D)
o
c
<
= 1293
. 3
5 2994
= \ J
1550
3135 ! \
1040
5

14017 / 899
1182

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 4.1.4 FTIR spectra of PPy

The polymerized pyrrole or polypyrrole was analysed through FTIR. The observed peaks are
in agreement with the spectrum shown in the figure above from the work done by Kamal, et al
[5]. Figure 4.1.4 above shows the FTIR spectra of PPy powder. The broad peak at 3135 cm™
is attributed to the presence of N—H stretching vibrations. The peaks at 1550 cm™ and 1182 cm
! represents C=N and C—N bonds respectively. Whereas the peaks at 1401 cm™ and 1293 cm
correspond to the C=C stretching. The peaks at 1040 cm™, 899 cm™ are attributed to C—H
wagging. At about 2994 cm™, there is a small sharp peak in PPy spectrum but not in monomer
spectrum. The peak is due to asymmetric and symmetric C-H stretching vibration of saturated
hydrocarbon in PPy. The peaks observed in figure 4.1.4 relates well with the ones available in

the literature [6-7] confirming the formation of PPy.3fv
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4.2 XRD Analysis
4.2.1 XRD of the prepared support material

— PPy
—— MWCNT
— GO
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C(110)
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20 (Degrees)

Figure 4.2.1 XRD patterns of the in house supports material (PPy, MWCNT
and rGO)

The XRD patterns of the PPy,rGO and MWCNTSs samples are presented in Figure 4.2.1 above.
The strongest and sharpest diffraction peak for all samples at around 20 = 25.6° could be
indexed as (002) reflection of the graphite [8]. The other characteristic diffraction peaks of
MWCNT and rGO at 26 of ~43.6° 78.8° corresponded to (100), and (110), respectively. All
diffraction peaks were observed at the same 20 values for both samples. Distinctly, the intensity
of the diffraction peak at (002) in functionalized MWCNTSs and rGO was more intense in
comparison with the PPy. This shows that the loosely of the MWCNTSs floss after the acid
treatment formed more ordered MWCNTSs floss in the functionalized MWCNTS, whereas in
rGO it indicates the more graphitic character of rGO nano-sheets[9-10]. XRD pattern showed
that two broad peaks related to the scattering from PPy chains at the inter-planar spacing are
centred at26 ~11.7°; 25.7°, these broad peaks were observed indicating some structural
ordering of nanometric dimensions, distinctive of nanostructured polymers with low degree of
crystallinity. It is clear that there are several strong diffraction peaks at ~23, 33, 47 and 59

degrees for PPy which indicates the presence of some Fe impurities in the PPy sample [11].
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4.2.2 XRD of the prepared palladium catalysts
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Figure 4.2.2 The XRD patterns of the-in-housecatalysts namely Pd/rGO, Pd/MWCNT,
Pd/PPy,Pd/PPy-rGO, Pd/PPy-MWCNT.

The crystalline structure of the synthesized nanoparticles were investigated by XRD. The XRD
patterns for the in-house catalysts are presented in figure 4.2.2 above. New peaks were formed
after the addition of Pd compared to the peaks observed in Figure 4.2.1 above. The peaks at
39.99°, 46.7° and 68.1° can be assigned to (111), (200), and (220) for reflection of Pd on
Pd/rGO, PA/IMWCNT, Pd/PPy, Pd/PPy-rGO and Pd/PPy-MWNCT. Meanwhile the peaks at
82.5° can be assigned to (311) index of Pd/rGO and PA/MWCNT [8]. The peaks of Pd/rGO,
Pd/MWCNT, Pd/PPy, Pd/PPy-rGO and Pd/PPy-MWCNT at 25.1° may be assigned to (002)
index which is attributed to the carbon [11]. A very broad humped peak appeared at about 12.5
degrees which indicates that the synthesized material is amorphous with short range ordering
[32]. In addition, PPy compared with Pd / PPy, the diffraction peaks (at ~ 23, 33, 47 and 59

degrees) of PPy disappeared.
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4.2.3 XRD of Palladium Cobalt catalysts
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Figure 4.2.3A The XRD patterns of the palladium cobalt catalysts namely PdCo/rGO,
PdCo/MWCNT, PdCo/PPy, PdCo/PPy-rGO, PdCo/PPy-MWCNT with a zoomed patterns in the
diagram labelled B.

The crystalline structure of the synthesized nanoparticles were investigated by XRD. The XRD
patterns for the in-house catalysts are presented in figure 4.2.3A above. The prepared binary
PdCo electro-catalyst display characteristic patterns similar to that of the standard Pd electro-
catalyst, an indication that all catalysts have prevailed the Pd face-centred-cubic (fcc) crystal
structure. These diffraction peaks in all samples corresponded to (111), (200), and (311) of the
Pd- rich fcc crystalline structure. However, the 20 values of the binary catalyst shifted slightly
to higher values, showing that cobalt was alloyed well with this preparation method. The
diffraction peak for carbon attributed by the supports material at about 26 = 25° which
corresponds to (002) is one of the five major peaks, this peak can be clearly observed in a

zoomed diffractograms in Figure 4.2.3B. The peaks at 39.99° shifted to 40.2°, 46.7° to 47.2 and
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68.1° to 68.4° [8]. The combined XRD patterns for PdCo/rGO, PACo/MWCNT, PdCo/PPy,
PdCo/PPy-rGO and PdCo/PPy-MWCNT show the peaks corresponding to Pd peaks and also
show the diffraction peaks corresponding to the Co peaks and these shows that they coexist in
the sample [12]. The average size of the metal particles is calculated according to Scherrer’s

equation.

The Scherrer equation was used to calculate the crystal size and the equation is given as:

D=2 (4.1)

" BCos6

Where Kk is Scherrer constant which can take values from 0.9 to 1, for this calculation we chose
to use 0.9, A is the wavelength of the x-ray which has a value of 1.540598 in Angstroms, B is
full width at half maximum, and 6 is the angle. Plus, the FWHM value is converted to radians.
The plane calculated was the (111) which had the most intense peak. Table 4.1 below gives the

various data points acquired to make the calculations.

Table 4. 1: XRD data of Gaussian Fit for (111) plane and HRTEM for crystal size calculation

Catalyst 20 0 FWHM | FWHM | Crystallite | HRTEM
(radians) | size (nm) | Particle

size (nm)
Pd/rGO 40.001 20.001 1.186 0.021 7.13 135
Pd/MWCNT 39,995 19.998 1.253 0.022 6.75 10.4
Pd/PPy 40.088 20.044 1.016 0.018 8.32 7.9
Pd/PPy-rGO 39.999 19.999 1.361 0.024 6.21 1.7
Pd/PPy- 39.995 19.998 1.338 0.023 7.13 10.4
MWCNT
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PdCo/rGO 40.081 20.040 1.175 0.021 7.19 8.2
PdCo/MWCN | 40.097 20.049 1.154 0.020 7.33 7.9
-

PdCo/PPy 40.131 20.065 1.337 | 0.023 6.33 8.9
PdCo/PPy- 40.039 20.019 1.216 0.021 6.95 10.9
rGO

PdCo/PPy- 39.985 19.992 1,392 0.024 6.07 111
MWCNT

The average particle size for Pd/rGO is 7.13, PdCo/rGO is 7.19, Pd/PPy-rGO is 6.21 and
PdCo/PPy-rGO is 6.95. For Pd/PPyis-8.32, PdCo/PPy is 6.33 and for Pd/PPy-MWCNT is 7.13,

PdCo/PPy-MWCNT is 6.07.

4.3. Internal structure

The internal structure of the synthesized nanoparticles was evaluated by High resolution
transmission electron microscope (HR-TEM). From the HR-TEM images particle sizes of the

catalysts were calculated using J-image software and reported below in the histogram plots in

Figure 4.3.3.
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4.3.1HRTEM of the support material used in electrocatalysts
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Figure 4.3.1HRTEM images of the prepared supports material of (A) MWCNT, (B) rGO and (C)PPy at
low and high magnification.

The internal structure of the prepared support materials was investigated through HRTEM as
displayed in Figure 4.3.1 above to view the morphology of each support at high and low
resolution of 20 nm and 5 nm. MWCNT (A) are clearly visible with thick thread like
appearance which indicates that, MWCNTs were finely prepared without any perceptible
deformation. The rGO (B) is visible as the nano-layers in the 20 nm magnification and showing
some porosity within the nano-sheets at 5 nm magnification. PPy (C) shows smooth layer on

the surface and clear micro-pores.

4.3.2HRTEM analysis (Particle size and size distribution)

The particle size and particle morphology has a great influence in the electro-chemical activity
of the catalyst owing to the relationship between catalytic activity and surface structure.

Therefore, HRTEM analysis of the supported electro-catalyst was therefore carried out before
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the comparison of their catalytic activity. Their particle size were calculated and presented in

Table 4.1 above.
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Figure 4.3.2 HRTEM images of the synthesized catalysts together with the Mean particle size
plots from HRTEM namely (A) Pd/rGO, (B) PA/MWCNT, (C) Pd/PPy, (D) Pd/PPy-rGO, (E)

Pd/PPy-MWCNT.

Images A-E of Figure 4.3.2 above shows the particle distribution of the mono-catalysts
Pd/rGO, PA/MWCNT, Pd/PPy, Pd/PPy-rGO and Pd/PPy-MWCNT. At low magnification the
catalysts showed agglomeration on the rGO, PPy and MWCNT surface and at high
magnification the d-spacing values of the catalysts were calculated from the XRD and reported
in Table 4.1 above. The inner shape of the synthesized catalysts is unclear additionally the
images show that catalysts they may-be agglomerated except for Pd/rGO with a better inner
structure and they have small particle size. The particle sizes obtained for the catalysts were
summarized in histogram plots. The typical histograms of the HRTEM images of the
synthesized catalysts were estimated from 100 particles selected from random regions using
the J-image software. The average particle size was collected and presented in Table 4.1 above.
It was observed that the alloyed metals nanoparticles are uniformly dispersed on the supports
materiel with few agglomerates on some parts of the sample for the PPy, MWCNT and the
hybrid supports. The uniform distribution of the catalyst particle is known to be a crucial factor

for electro-catalytic activity [13-14].
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Figure 4.3.3 HRTEM images together with Mean particle size plots from HRTEM images of
the synthesized catalysts namely (A) PdColrGO, (B) PdCo/MWCNT, (C) PdCo/PPy, (D)

PdCo/PPy-rGO and (E) PdCo/PRy-MWCNT.

Images A-E of Figure 4.3.3 above shows the particle distribution of the catalysts PdCo/rGO,
PdCo/MWCNT, PdCo/PPy, PdCo/PPy-rGO, and PdCo/PPy-MWCNT at low and high
magnification. The particle sizes obtained for the catalysts were summarized in histogram
plots. The typical histograms of the HRTEM images of the synthesized catalysts were
estimated from 100 particles selected from random regions. The average particle size was
collected and presented in Table 4.1 above. The uniform distribution of the catalyst particle is
known to be a crucial factor for electro-catalytic activity [13]. It was observed that the alloyed
metals nanoparticles are uniformly dispersed on the supports materiel with few agglomerates

on some parts of the sample for the hybrid supports [15-16].
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4.4 Elemental analysis of the synthesized electrocatalysts

EDS was used to confirm the elements in the synthesized catalysts as shown in Figure 4.4

below.

Spectrum 5

Spectrum 3

Jectrum4
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Figure 4.4EDS plots of the synthesized catalysts of (A) Pd/rGO, (B) Pd/MWCNT, (C) Pd/PPy, (D)
Pd/PPy-rGO, (E) Pd/PPy-MWCNT, (F)PdCo/rGO, (G) PdCo/MWCNT, (H)PdCo/PPy, (1)PdCo/PPy-rGO
and (J)PdCo/PPy-MWCNT.

Figure 4.4 shows the EDS spectra of the synthesized catalysts confirming the presence of the
elements in the prepared catalysts. Pd/fGO, Pd/MWCNT, Pd/PPy and the hybrid support
catalysts Pd/PPy-rGO and Pd/PPy-MWCNT spectra shows the presence of palladium and
carbon. PdCo/rGO, PdCo/MWCNT, PdCo/PPy and their hybrid catalysts spectra shows the
presence of palladium, Cobalt and carbon. It was observed that are some unwanted metals

which may be impurities that remain after, preparation of PPy [17].

4.5 Electrochemistry Analysis

The electrochemical techniques (that is CV, LSV, EIS and Chrono) were used to investigate
the electrochemical properties of the synthesized electrocatalysts. The cyclic voltammetry was
used to study the electro-activity of the synthesized catalysts with 1 M KOH as electrolyte and
1 M methanol as an alcohol. The potential window used for the investigation ranges from -1 V
to +0.4 V. The synthesized catalysts that were investigated were Pd/rGO, Pd/MWCNT,
PdCo/rGO, PACo/MWCNT, Pd/PPy, Pd/PPy-rGO and PdCo/PPy-rGO. A three-electrode

system made-up of working electrode, counter electrode and reference electrode was used. The
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working electrode used was glassy-carbon electrode while the counter electrode was platinum

electrode and the reference electrode used was Ag/AgCl saturated in KCI.

4.5.1 Cyclic Voltammetry and ECSA Investigation

It is generally believed that the electro-chemical surface area of palladium is one of the most
important parameters for characterizing a fuel cell electrode [18]. A large electro-chemical
surface area is a sign for a better electrode, as more catalyst sites are available for electro-
chemical reactions. It is reported that the performance degradation of DMFC is largely due to
the electrochemical active surface area loss of -the electrodes. The decrease in the
electrochemical active surface area-mainly results from the growth of palladium alloy
nanoparticles size, the dissolution of palladium and/or other palladium alloy nanoparticles from
the carbon support material. Thisresults in poor stability of the fuel cell catalyst and the fuel

cell system [19].
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Figure 4.5.1 Cyclic voltammetry of Pd in house-electro-catalyst supported on rGO, MWCNT, PPy
and on a hybrid support of PPy-rGO-andPPy-MWCNT in-Nz saturated 1.0 M of KOH at a scan rate
of 20 mV.s?

Figure 4.5.1 compares the electrochemical responses of Pd/rGO, PA/MWCNT, Pd/PPy and
Pd/PPy-rGO in 1.0 MKOH measured in the potential range of -1.0V and 0.4V vs Ag/AgCl.
The H. adsorption-desorption voltammetric peak-in alkaline-media was observed between the
potentials of -0.23Vand -0.86V. The Pd reduction peak was observed at the potential of -0.36V
and the electrochemical active surface area (ECSA) of Pd/rGO, PA/MWCNT, Pd/PPy, Pd/PPy-
rGO and Pd/PPy-MWCNT catalysts was then calculated using the reduction peak. The
Electrochemical Active Surface Area (ECSA) was calculated from the density of charge
associated with the reduction of a full monolayer of Pd oxides [20]. This area was then
converted into the effective active surface area by using the factor 420uC.cm™ for the
monolayer of Pd Oxides. The results were collected and presented in Table 4.5.1 below. All

ECSA calculations for this study were done following equation 4.5 given below:

_  QH-adsorption (c)
ECSA= 420 uC.cm=2.(LPd).(Ag) (4.5)
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Qu = is the charge area from Pd(reduction) peak; 420uC.cm™ is the charge of full coverage for
clean polycrystalline Pd and is used as the conversion factor; Lpq is the working electrode Pd
loading (ug.cm?); and Ag is the geometric surface area of the glassy carbon electrode (i.e.

0.196 cm™ ). The values for ECSA are reported in m? .g™L.

Table 4.5.1: Summary data of ECSA

Catalyst ECSA (m?.g?)
Pd/rGO 50.7
Pd/MWCNT 14.0
Pd/PPy 68.0
Pd/PPy-rGO 40.3
Pd/PPy-MWCNT 217.6
PdCo/rGO 339
PdCo/MWCNT 49.3
PdCo/PPy 1.4
PdCo/PPy-rGO 17.3
PdCo/PPy-MWCNT 4.8

The table above displays the obtained data of ECSA for the synthesized catalysts, with Pd/PPy
having the larger ECSA followed by Pd/rGO, PACo/MWCNT, Pd/PPy-rGO, PdCo/rGO and
Pd/MWCNT. This is most likely ascribed to the smaller size and much better dispersion of the
Pd nanoparticles on PPy as compared to reduced-graphene oxide and multi-walled carbon
nanotubes which is agglomerated due to growth in palladium alloyed nanoparticle size. This is

in agreement with the results as it can be observed that most of the catalysts with larger particle
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size leads to a smaller ECSA and those with the smaller particle size shows a larger ECSA.
The mono-catalysts showed to have higher ECSA than most of the binary catalyst. This can be
observed when comparing their HR-TEM particle size with ECSA. The ECSA values for mono
catalysts are 50.7 m?/g for Pd/rGO, 14.0 m?/g for PA/MWCNT, 68.0 m?/g for Pd/PPy, 40.3
m?/g for Pd/PPy-rGO and 27.6 m?/g for Pd/PPy-MWCNT. Adding the second metal to form
binary catalysts did not increase the ECSA due to agglomeration [30]. The ECSA values for
binary catalysts are 33.9 m?/g for PdCo/rGO, 49.3 m?/g for PACo/MWCNT, 1.4 m?g for
PdCo/PPy, 17.3 m?/g for PdCo/PPy-rGO and 4.8 m?/g for PdCo/PPy-MWCNT. The HR-TEM
particle size values for mono catalysts are 13.5 nm for Pd/rGO, 10.4 nm for PA/MWCNT, 7.9
nm for Pd/PPy, 7.7 nm for Pd/PPy-rGO and 10.4 for Pd/PPy-MWCNT of which are mostly
lower than that of binary catalysts. The HR-TEM values for binary catalysts are 8.2 nm for
PdCo/rGO, 7.9 nm for PACo/MWCNT, 8.9 nm for PdCo/PPy, 10.9 nm PdCo/PPy-rGO and
11.1 nm for PdCo/PPy-MWCNT. . The high ECSA value for Pd-based mono-catalysts can be
attributed to their lower particle sizes and electrochemical reaction kinetics [21]. The higher

ECSA is associated with good catalytic activity [22].
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Figure 4.5.2 Cyclic voltammetry of Pd in house-electro-catalyst supported on rGO, MWCNT, PPy
and on a hybrid support of PPy-rGO-andPPy-MWCNT in-Nz saturated 1.0 M of KOH and 1.0 M of
Methanol at a scan rate of 20 mV.s?

Figure 4.5.2 displays the CVs for methanol oxidation by different catalysts. Two peaks of
methanol oxidation under anodic condition are clearly observed: the oxidation peak in the
forward scan is corresponding to the oxidation of freshly chemisorbed species coming from
methanol adsorption; the reverse oxidation peak is primarily associated with removal of
carbonaceous species not completely oxidized in the forward scan, rather than caused by
freshly chemisorbed species [23]. The magnitude of the peak current on the forward scan
indicated the electrocatalytic activity of the electrocatalysts for methanol oxidation. It can be
clearly observed from figure 4.5.2 above that the Pd supported on rGO has the highest oxidation
peak followed by PPy and PPy-rGO composite, with PA/MWCNT showing the smallest peak.
The current density of the other three catalysts is very low, which may be associated with

agglomeration on the surface of these catalysts as it can be seen from the HRTEM images from
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figure 4.3.2 above. The onset overpotential is around -0.2 V for all the catalysts which is better

in terms of overpotential [24].

Table 4.5.2: All the data collected from figure 4.5.2 of methanol oxidation.

CatalySt EOnset(reduction) If(oxidation) Eonset(oxidation) |r(reduction) I_O
L
(mVvs Ag/AgCl) | (mA/cm?) | (mV vs Ag/AgCl) | (mA/cm?)
Pd/rGO -231.01 0.479 -329.2 -0.042 11.40
Pd/MWCNT | -250.5 0.065 -284.7 -0.009 7.22
Pd/PPy -252.9 0.229 -294.5 -0.064 3.58
Pd/PPy-rGO -213.9 0.136 =282.3 -0.016 8.50
Pd/PPy- -284.7 0.069 -217.4 -0.033 2.09
MWCNT

All the data in Table 4.5.2 were collected from Figure 4.5.2. The current density of Pd/rGO is
0.479 mA/cm2 which is higher than all of the other prepared catalysts followed by Pd/PPy,
Pd/PPy-rGO with 0.229 mA/cm and 0.136 mA/cm™ respectively and PA/MWCNT with the
lowest current density of 0.065 mA/cm™2. In addition, the ratio of the forward anodic peak
current density (l) to the reverse anodic peak current density (Ir), I¢/lr, can be used to describe
the catalyst ability to tolerate carbonaceous species accumulation. A higher ratio indicates more
effective removal of the poisoning species on the catalyst surface during the anodic scan and
little accumulation of carbonaceous residues on the electrode surface, a low I¢/l; ratio shows
the reverse case [25]. The I¢/I; ratio for PPy-rGO was 8.5 which is lower than that of rGO 11.4

but higher than all of other catalysts, indicating more intermediate carbonaceous species were
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oxidized to carbon dioxide in the forward scan on Pd/PPy-rGO surface than on the surface of

the other catalysts.
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Figure 4.5.3 EIS of the synthesized electrocatalysts of Pd/rGO, Pd/MWCNT, Pd/PPy, Pd/PPy-rGO
and Pd/PPy-MWCNT in 1.0MKOH with 1.0M methanaol.

Figure 4.5.3 shows the nyquist plot which is characterized by a resistive behaviour for
Pd/MWCNT, Pd/rGO, Pd/PPy, Pd/PPy-rGO and Pd/PPy-MWCNT. The plot resembles a
semicircle, which can be attributed to a kinetically controlled reaction. The small arc in the
high frequency region is associated with the dehydrogenation and chemisorption of the
methanol molecule at the initial stage of the oxidation process [26]. A charge transfer resistance
(Rct) for the kinetically controlled reactions may be represented by the diameter of the
semicircle in the medium frequency and is related to the charge transfer reaction kinetics

according to the following equation:

RT
Rct = —r 4.2)
i = nFAK,C, (" (4.3)
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Where R: molar gas constant (J.mol? k 1); T: temperature (K); n: number of electrons
transferred; F: Faraday constant (C); io: exchange current (A); A: reaction area (cm?); Ko:
standard heterogeneous rate constant (cm.sec?); Co, CR: bulk concentration of oxidant and

reductant species (mol.L?); o: transfer coefficient [20].

Table 4.5.3 the table below shows charge transfer resistance (Rct) of the synthesized mono-
catalysts

Catalysts Rct (charge transfer | Current density
resistance) in ohms () | in (mA/cm?)

Pd/rGO 29.38 0.479

Pd/MWCNT 229.27 0.065

Pd/PPy 77.81 0.229

Pd/PPy-rGO 106.99 0.136

Pd/PPy-MWCNT 256,64 0.069

In Table 4.5.3 above it can be observed that the catalyst with higher oxidation current density
has lower charge transfer resistance. Pd/rGO has the lowest charge transfer resistance and the
highest current density followed by Pd/PPy, Pd/PPy-rGO, PA/MWCNT and Pd/PPy-MWCNT
respectively which can be attributed to the methanol oxidation reaction. Meaning that there is
less difficulty encountered when electrons are transferred during MOR in Pd/rGO,
Pd/MWCNT and Pd/PPy. This behaviour indicates that the reaction kinetics were affected by
the adsorption of methanol on the electrode surface. However, the hybrid supported catalysts
namelyPd/PPy-rGO and Pd/PPy-MWCNT were not favoured by the reaction kinetics. The high
values of charge transfer resistance for all hybrid supported catalysts suggests low reaction

kinetics. These results are in agreement with those obtained from voltammetric studies [26].
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Figure 4.5.4 Chronoamperometry of Pd in-house electro-catalysts on rGO, MWCNT, PPy, PPy-rGO

and PPy-MW(CNT support in N, saturated 1.0MKOH and 1.0 M methanol comparing their stability
ata-0.3V.

Shown in Figure 4.5.4 is the chronoamperometry for the synthesized catalysts, a decay of
current value in the time interval measured for the studied electrocatalysts was observed.
However, after the initial drops: the performance become stable for all the catalyst tested.
Pd/rGO shows a better stability compared to PA/MWCNT, Pd/PPy, Pd/PPy-rGO and Pd/PPy-
MWCNT respectively. This was to test the impact of the PPy support material on Pd stability
when compared with other support materials like rGO and MWCNT. The stability test showed
a better stability when Pd is supported on PPy compared to MWCNT but less stable than the
Pd supported on rGO. Secondly the introduction of PPy on MWCNT to form a hybrid support
for Pd catalyst showed a better stability compared to the PA/MWCNT mono catalyst support
as it can be observed on Figure 4.5.3 above. The ability for PPy to function as a support material
with a good stability observed in this study was in agreement with the results obtained from
other studies that compared this support material with other carbon based support materials

[24&27].
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Figure 4.5.5 Cyclic voltammetry of PdCo in houseelectroscatalyst supported on rGO, MWCNT, PPy

and on a hybrid support of PPy-rGO and PPy-MWCNT in N saturated 1.0 M of KOH at a scan rate of
20 mV.s*

Figure 4.5.5 compares the electrochemical responses of PdCo/rGO, PdCo/MWCNT,
PdCo/PPy, PdCo/PPy-rGO and PdCo/PPy-MWCNT in 1.0 MKOH measured in the potential
range of -1.0 and 0.4 vs Ag/AgCl. The second metal which is cobalt was introduced to confirm
the effect of the supports material in presence of the bimetallic electro-catalyst. The adsorption-
desorption voltammetric peaks of PdCo was observed between the potential of -0.26 V and -
0.53 V [28]. The electrochemical active surface area (ECSA) of the synthesized catalysts was
then calculated using the reduction peak at the potential of -0.39 V. The Electrochemical Active
Surface Area (ECSA) was calculated from the density of charge associated with the reduction

of a full monolayer of Pd oxides [20]. This area was then converted into the effective active
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surface area by using the factor 420uC.cm™ for the monolayer of Pd Oxides. The results were

collected and presented in Table 4.5.1 above.
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Figure 4.5.6 Cyclic voltammetry of PdCo-in-house-electro-catalyst-supported on rGO, MWCNT, PPy
and on a hybrid support of PPy-rGO and PPy-MWCNT in N, saturated 1.0 M of KOH and 1.0 M of
Methanol at a scan rate of 20 mV.s™*

Figure 4.5.6 displays the CVs for methanol oxidation by synthesized PdCo catalysts supported
on rGO, MWCNT, PPy, PPy-rGO and PPy-MWCNT. Two peaks of methanol oxidation are
clearly observed: the oxidation peak in the forward scan is corresponding to the oxidation of
freshly chemisorbed species coming from methanol adsorption; the reverse oxidation peak is
primarily associated with removal of carbonaceous species not completely oxidized in the
forward scan, rather than caused by freshly chemisorbed species. PACo/MWCNT showed a
higher current density followed by PdCo/PPy-rGO, PdCo/rGO, PdCo/PPy-MWCNT and
PdCo/PPy respectively. Introducing the second metal on the Pd catalyst seems to be improving
the catalytic activity for the PdCo supported on MWCNT compared to the ones supported on

rGO and PPy where current density was lowered. According to the studies addition of Co on
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Pd improves the catalytic activity as it can be observed with PdACo/MWCNT [29-30]. The onset
potential (Eonset) for methanol oxidation is an important factor. The most negative onset
potential is preferred, the lower it is the better in terms of overpotential and less over-potential.
Increasing the Eonset may be due to the CO adsorbed on the electrode surface that leads to
overpotential [29]. PACo/MWCNT shows a high current density with a more negative onset
potential which indicates higher catalytic performance compare to the other 4 catalysts namely
PdCo/rGO, PdCo/PPy, PdCo/PPy-rGO and PdCo/PPy-MWCNT. The onset potential and

current density of the prepared catalysts is shown in the table below.

Table 4.5.4: Current density values-and onset potentials of PdCo/rGO, PdCo/MWCNT,
PdCo/PPy, PdCo/PPy-rGO and PdCo/PPy-MWCNT in 1.0MKOH with 1.0M methanol at a
scan rate of 20mV.s

Catalyst Current density (mAcm™) Onset potential (V)
PdCo/rGO 0.12 -0.40
PdCo/MWCNT 0.37 -0.57
PdCo/PPy 0.007 -0.25
PdCo/PPy-rGO 0.17 -0.54
PdCo/PPy-MWCNT 0.02 -0.31
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Figure 4.5.7 EIS of PdCo synthesized electro-catalyst supported on rGO, MWCNT, PPy and on a
hybrid support of PPy-rGO and PPy-MWCNTin N, saturated 1.0 M-of KOH and 1.0 M of Methanol.

The Nyquist plot shown in Figure 4.5.7 is characterized by a resistive feature forPdCo/rGO,
PdCo/PPy-MWCNT, PdCo/PPy as expected for hydrogen adsorption/desorption and double
layer charging/ discharging phenomena as observed in Figure 4.5.7 above the Nyquist plot

resembles a semicircle, which can be assigned to kinetically controlled reaction.

Table 4.5.5 the table below shows charge transfer resistance (Rct) of the synthesized binary
catalysts

Catalysts Rct (charge transfer | Current density
resistance) in ohms (Q) | in (mA/cm?)

PdCo/rGO 116.71 0.12

PdCo/MWCNT 142.37 0.37

PdCo/PPy 4392.45 0.007

PdCo/PPy-rGO 109.92 0.17

PdCo/PPy-MWCNT 1069.92 0.02
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In Table 4.5.5 above it can be observed that the catalyst with higher oxidation current density
has lower charge transfer resistance. PdACo/MWCNT has the lowest charge transfer resistance
and the highest current density followed by PdCo/PPy-rGO, PdCo/rGO, PdCo/PPy-MWCNT
and PdCo/PPy respectively which can be attributed to the methanol oxidation reaction.
Meaning that there is less difficulty encountered when electrons are transferred during MOR
in PACo/MWCNT, PdCo/rGO and PdCo/PPy-rGO compared to PdCo/PPy and PdCo/PPy-
MWCNT catalysts. This behaviour indicates that the reaction kinetics were affected by the
adsorption of methanol on the electrode surface. However, the catalysts supported on PPy, PPy-
MWCNT were not favoured by the reaction kinetics. The high values of charge transfer
resistance for the latter mentioned catalysts suggests low reaction kinetics. These results are in

agreement with those obtained from voltammetric studies above [26].
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Figure 4.5.8 Chronoamperometry of PdCo in-house electro-catalysts on rGO, MWCNT, PPy, PPy-

rGO and PPy-MW(CNT support in N saturated 1.0MKOH.and 1.0 M methanol comparing their
stability at -0.3V.

Figure 4.5.8 shows the chronoamperometry of the synthesized electrocatalysts, a decaying
current density value in the time.interval measured. for the studied electrocatalysts was
observed. However, after the initial drops the performance become stable for all the catalyst
tested. PACo/MWCNT and PdCo/PPy shows a better stability compared to PdCo/PPy-rGO,
PdCo/rGO and PdCo/PPy-MWCNT respectively, which indicates that the present of PPy has
the potential to improve the stability of the catalyst by giving a balanced adsorption between
OH species from methanol adsorption on Pd. The results obtained on this study agrees with the

study conducted by Zhao, Y, et al [24&31].
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4.6 Summary

The Pd mono electro-catalysts and PdCo binary catalysts were synthesized following the
modified polyol method outlined in chapter 3 and supported on reduced graphene oxide, multi-
walled carbon nanotubes, PPy and hybrid support PPy-rGO and PPy-MWCNT. The home
prepared electro-catalysts were then evaluated for their electro-catalytic properties. Physical
characterization was evaluated using powerful techniques such as XRD, HRTEM, FTIR and
EDS. For electro-chemical characterization CV, EIS and chrono were employed. It was
observed that the performance of the electro-catalyst mostly depends on the structural
properties of the support material and the morphology of the electro-catalysts. Mono-catalysts
performed better than binary catalysts that were supported on the similar material in terms of
catalytic activity during methanol oxidation Pd/rGO was better than PdCo/rGO,
Pd/MWCNT>PdCo/MWCNT, Pd/PPy>PdCo/PPy, Pd/PPy-rGO>PdCo/PPy-rGO and Pd/PPy-
MWCNT>PdCo/PPy-MWCNT. Secondly most of the binary catalyst showed a better stability
compared to mono catalysts. Lastly it was observed that adding PPy as an ionomer to MWCNT
and rGO can bring a remarkable catalytic stability during methanol oxidation reaction. In terms
of catalytic activity PPy did not give us the expected outstanding results, hence further studies

need to be conducted to investigate the effect of PPy on the electrocatalysts.
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Chapter 5

Conclusion and recommendation

5.1. Conclusion

The purpose of this study was to investigate the effect of PPy ionomer on the support materials
for electro-catalysts while concurrently determine support materials that can improve the
activity and stability of Pd and PdCo electro-catalysts used as direct alcohol fuel cells catalysts.
The literature confirms that supported electro-catalysts perform better than non-supported
catalysts, hence the focus on support materials. The support material must have certain
properties that make it a suitable material for use as a support material for the metal catalyst.
So far, carbon, and carbon nanotubes has been regarded as an ideal materials for supporting
nanoscale metal particles to the electrodes of low temperature fuel cells such as PEMFC and
DMFC. Therefore, PPy was selected for this study because of the special properties such as
excellent electronic, physical and mechanical properties it poses. This made it to be proposed
as a replacement for traditional carbon black as an alternative support for fuel cell catalysts. In
addition, the literature shows that electro-catalysts supported in these materials gives improved
activity and stability. Nonetheless, it is known that all support material are corroded under the

operating conditions of the fuel cell leading to performance deteriorating over time due to the

http://etd%?/vc.ac.za/



accelerated loss of the active surface of the catalyst. To address the instability of support
materials, this study selected to investigate the potential of using Pd based catalysts supported
on rGO and MWCNT with PPy added as an ionomer for fuel cell electro-catalysts. The main
purpose is to enhance the stability of the electro-catalyst by improving the support material, as
Pd is known to be resistant to corrosion. Pd and PdCo were chosen as electro-catalysts to

examine if they could be methanol tolerant electro-catalysts for DMFC.

This work involved the preparation and characterization of Pd-based catalysts on Polypyrrole,
reduced graphene oxide, multi-carbon nanotubes and on PPy-rGO and PPy-MWCNT hybrid
supports. Two in-house catalysts, namely Pd and PdCo were synthesized using the modified
polyol method. The support materials were synthesized using different methods stated in
chapter 3. Electrochemical, chemical and physical properties were investigated by CV, LSV,
EIS, chronoamperometry, HRTEM, EDS and XRD. The CV results showed that Pd/PPy had
the largest area for the reduction peak which resulted in it having the highest ECSA of 68.01
m?.g * followed by Pd/rGO with an.ECSA of 50.72 m%.g * and Pd/rGO showed the highest
current density and highly negative onset potential in- methanol more than any other mono
catalysts, with current density at 0.64 mAcm and onset potential at -0.48mV. The Pd catalysts
containing Co did not perform well in methanol and from XRD it is seen that the catalysts did
not alloy well and this affected the catalyst activity. The Pd catalysts supported on rGO showed
good stability followed by PPy compared to the Pd supported on MWCNT, also their activity
in LSV in the presence of PPy as a hybrid support material can be observed but with decreased
oxidation peak showing clearly that the catalysts may not be favoured in methanol as an alcohol
of choice. The catalyst kinetics was faster in the Pd mono catalysts supported on PPy compared
to those supported on rGO and MWCNT. The particle size observed in TEM showed the
smallest particles were for Pd/PPy-rGO, while the average particle size from XRD also showed

that Pd/PPy-rGO had the smallest average particle size. Based on all the results obtained in the
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study, using PPy as an ionomer to the support material does improve the stability and activity
of the catalyst. This study further shows that Pd catalysts favour the use of mono support more

than a hybridized support material.

5.2 Recommendations

The effect of using PPy as an ionomer for support material for Pd catalysts shows a promising
improvement in the activity and stability. This study therefore recommends that the Polypyrrole
should be used as an ionomer for support material for alcohol oxidation tolerant catalyst as they
show both activity and stability over the catalysts supported on rGO and MWCNT. Therefore,
in terms of reducing the metal loading the role of supporting materials is recommended as these
materials have great influence on the cost, activity and stability of the fuel cell catalyst as

whole.
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