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ABSTRACT

The electrooxidation of alcohol in alkaline media is vital for the development of
alkaline direct alcohol fuel cells (ADAFCs). This research investigated and
compared the electrocatalytic properties of different alternatives of palladium
catalysts supported on carbon black (CB) and onion-like carbon (OLC), and
their CeO2 added counterparts - Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-
Ce0O2/0OLC - towards ethanol oxidation.

All the nanocatalysts were characterized by powder x-ray diffraction (PXRD),
thermogravimetric analysis (TGA), Raman spectroscopy, transmission electron
microscopy (TEM), high resolution transmission electron microscopy
(HRTEM), scanning electron microscopy (SEM), x-ray absorption

spectroscopy (XAS) and x-ray photoelectron spectroscopy (XPS).

The addition of CeO: significantly enhanced anodic performance as compared
to carbon-only-based support for palladium. Half-cell reactions were studied,
and Pd-CeO2/OLC was observed to be the best of the four nanomaterials for
EtOH oxidation reaction in terms of current densities (highest current density),
smaller peak-to-peak separation (faster electron transport), higher ji/jp value
(less poisoning from products of the intermediate reaction) and the lowest

resistance to current flow as seen in the EIS results.

The Pd nanocatalysts were explored for hydrogen oxidation and oxygen
reduction in alkaline environment. Pd-CeO2/OLC showed the best behaviour
towards both experiments, evidenced by higher current density. The addition
of CeO2 to the electrocatalysts enhances their performances toward the
alkaline HOR and ORR. For ORR, the catalysts containing OLC showed better
electrocatalysis.
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CHAPTER 1

INTRODUCTION

This chapter summarizes the motivation and objectives of this research project,

as well as the structure of the dissertation.

1.1 Motivation and Rationale

Electricity is a form of energy which is commonly used in the world today and
an essential part of modern technology. Motor vehicles, aircrafts, cellphones,
internet, heating system, among others depend on this form of energy to

function.

This ever-growing, incessant need of electricity leads to an increase in the
consumption of fossil fuels, which has adverse effects on health and
environment, causing global warming. Hence, it is imperative that sources of
clean energy which are economical and environmentally friendly be developed

and commercialized.

The energy management system (EMS) (Figure 1.1) comprises of various
renewable energy sources that are a sure way to generate large amounts of
energy to meet the enormous demands [1]. Amongst these sources, fuel cell
(FC) technology has a unique energy impact and is one of the most

recommended renewable energy for power generation facilities [2].



Photovoltaic

Wind turbine

Power distribution

Energy Management
System (EMS)

Qe

Scheme 1.1: lllustration of an energy management system [2].

The alkaline electrolyte membrane fuel cell (AEMFC) is one of the most
advanced technology, which has, in recent times attracted great attention due
to such intriguing properties like: fast cathodic kinetic, improved electrocatalytic
stability and activity, better water (H20) management mitigating flooding and
the use of non-precious metals as electrocatalysts for cathodic reactions.

This research focuses on the AEMFCs with characteristic improved
performances and reduced cost of fabrication. The most common fuels used in
the FC technologies are hydrogen (H2) and small molecular weight alcohols
like ethanol (EtOH) and methanol (MeOH). Hydrogen and ethanol fuels have
been explored in this research because of their low toxicity, and ease of

production from abundant resources.

Alkaline direct ethanol fuel cells (ADEFCs) are among the most renewable,
viable and portable electrochemical devices that have been developed in
recent times due to the impressive properties of the ethanol fuel like its high
theoretical energy density, affordability, easy transportation and storage, and
high-octane rating making it possible to use them in internal combustion
engine. It is also non-toxic. [3,4]. Moreover, large quantities of ethanol can be

produced from agricultural and organic municipal wastes. 90 million liters of



ethanol are produced globally from agricultural and organic domestic wastes
every year [5]. The ADEFC tends to reduce greenhouse gas (GHG) emission.
Therefore, it is a good alternative to the fossil fuel technology as it is no threat
to the the environment and health. The ADEFCs are applicable in portable,

stationary, and transportation auxiliary devices.

1.2 Statement of Research Problem

Although Pt is the catalyst that is mostly used for fuel cell technology, the
commercialization of the direct ethanol fuel cell (DEFC) has been unsuccessful
due to the high cost of using Pt catalyst at both electrodes (anode and cathode),
unwanted side reactions with intermediate atoms/anions such as OH-, causing
poor utilization of Pt catalyst, poor tolerance of Pt to carbonaceous species
poisoning, the use of carbon (which is prone to corrosion in acidic media) as

catalyst support to reduce loading.

Additionally, alcohols are not easily oxidized on platinum or its alloys. There is
no platinum-based anode catalyst known to generate power densities that are
high enough for the DEFC, except in cases where partially inorganic solid
electrolytes are used at certain temperatures [6,7,27,28]. Hence the need to
design new platinum-free catalysts for DAFC anodes or catalytic structures that
contain only tiny amounts of platinum. Pd-based electrocatalysts are gaining a
lot of attention because palladium has been found to be more abundant than
platinum and less expensive to use as it efficiently oxidizes many different
substrates in alkaline media, where non-noble metals can also be stable and
function sufficiently [8,9]. The Pd-non-noble metal compatibility means that the
cost of using the membrane electrode assemblies (MEAs) would be less. A

decrease in the cost of production can boost the commercialization of DAFCs.

The numerous benefits of alkaline environments, such as the possibility of

using less expensive non-noble metals, alcohol oxidation at lower anodic



overpotentials, limited alcohol crossover from the anode side of the cell to the
cathode side, less risk of corrosion and less poisoning effects, make it possible

for efficient operation of alkaline fuel cells [10-26].

1.3 Research Aims and Objectives

The aim of this research project is to explore the feasibility of using palladium-
based nanocomposites - Pd/CB, Pd/OLC, Pd-CeO2/CB, and Pd-CeO2/OLC -
to develop alcohol fuel cells for the development of power-generating fuel cell

materials.

This study involves synthesizing the different palladium-based catalysts and
evaluating their physical characteristics — structural and morphological
properties - and how they affect the catalytic behaviors of the samples. The
electrochemical properties for ethanol oxidation reaction (EOR), as well as
oxygen reduction and hydrogen oxidation reactions are also evaluated using
cyclic voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry
(CA), and electrochemical impedance spectroscopy (EIS).

The micro direct ethanol gas fuel cell (DEGFC) is designed, fabricated and

tested to prove the EOR concept.

1.4 Structure of the Dissertation

Chapter one discusses the rationale behind this research, as well as the aim

and objectives.

Chapter two gives a brief overview of the types of fuel cell and their

applications.



Chapter three presents the methodology used for the different studies

conducted in this research.

Chapter four discusses the physical properties of the nanocomposites and
their behaviors toward EOR, while Chapter five discusses the behavior of the

electrocatalysts towards HOR and ORR.

Finally, Chapter six concludes the dissertation and gives suggestions for

future directions.
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CHAPTER 2

LITERATURE REVIEW

2.1 Fuel Cell Technology

A fuel cell (FC) is a renewable/clean energy-generating device that converts
the chemical energy in a fuel into electrical energy [1]. All fuel cells have two
electrodes - the anode and the cathode. It is at these electrodes that the
electrochemical reactions (such reactions that produce electricity from

chemical reaction) take place.

An electrolyte is a medium through which protons can move between the
electrodes. Therefore, a good electrolyte is one that is a good proton conductor
and a good electronic insulator. The electrolyte also physically separates the
half-reactions (oxidation and reduction) occurring at the electrodes to prevent

mixing of reactants.

A catalyst provides an alternative pathway with lower activation energy thereby
making it possible for more particles to have the activation energy required to
start a reaction and enhance the speed of the reactions occurring at the
electrodes.

While generating energy, fuel cells give out H20 as a by-product. Therefore, no
pollutants are emitted into the air, as opposed to traditional methods that rely

on combustion to produce electricity [2].

Unlike most batteries, fuel cells do not require electrical recharging. They rather
require a constant supply of the fuel and Oz [3].
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2.2 Types of Fuel Cell

Fuel cells are classified according to the type kind of electrolyte they use, and
these electrolytes determine the operational temperature of the fuel cell [7].
PEMFCs and AFCs are classified as the low temperature fuel cells. The
phosphoric acid fuel cell (PAFC) employs medium temperature [8], while the
molten carbonate fuel cell (MCFC) and the solid oxide fuel cell (SOFC) work
with high temperatures. The SOFC and PEMFC use solid electrolytes while
PAFC, AFC and MCFC employ liquid electrolytes [7,9].

The different types of fuel cell all have slightly different principles of operation.
However, they generally have fuel (hydrogen or alcohol) atoms entering the
cell through the anode, where the atoms lose their electrons and are ionized.
These electrons then flow between the electrodes through a wire (an external
circuit), providing electric current to do work. The purity of the fuel used is

important for the electrochemical energy conversion [10].

The different types of fuel cells all have their own advantages and
disadvantages. The tables below (Tables 2.1 and 2.2) present different types
of fuel cells, the electrolyte used, their operational temperature range, anode

and cathode catalysts and half reactions [7].

2.2.1 Solid Oxide Fuel Cells (SOFC)

SOFCs are solid state devices, operating at temperatures up to 1000°C [11].
SOFCs consist of two electrodes, which are separated by a transition metal-
based ceramic such as Zirconium oxide (ZrOz), Y-stabilized ZrO: as
electrolytes. By operating at high temperature, SOFCs can use different fuels

such as hydrogen and other naturally occurring gases [12,13].



12

This type of fuel cell has electrical efficiency of up to 60% for stand-alone or
80% if heat and power are being co-generated. One drawback in the
applications of SOFC is that the units are limited by the high temperature and
they tend to be big and prone to fracture as a result of thermal stress and
cycling [14,15].

SOFC

Electrical Current

e-

= |t ;‘
t ol
Hz | <k

Fuel In Air In

|

Excess Unused
Fuel and H Gases
Water |2 Out

= |, N

Anodc;‘Ir l \Cathode
Electrolyte

Scheme 2.1: Solid Oxide Fuel Cell (SOFC) [16].

2.2.2 Proton Exchange Membrane (PEM) Fuel Cell

The PEMFC is simply FC that employs hydrogen as fuel in acidic medium.
Scheme 2.2 represent a typical hydrogen-oxygen PEMFC. PEMFCs are
primarily made up of membrane electrode assemblies (MEA) which comprise
of the catalyst, electrodes, and electrolyte. Hydrogen is oxidized at the anode,

and electrons and protons are generated. This is shown in Equation 2.1.
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Scheme 2.2: Schematic diagram of the PEMFC [16].

At the anode:
2H, » 4H* + 4e~ 2.1

The protons formed at the anode flow to the cathode through the PEM. The
PEM is electrically insulating, and so the electrons cannot be transferred
through it. They therefore get to the cathode through an external circuit, thereby
generating electricity. The rate of reaction is measured by the current
generated. While this is happening, Oz (air) enters the cell through the cathode
and is then reduced after reacting with the protons and electrons to produce
H20 (water). The half-cell reaction for the reduction of oxygen (ORR) is shown

by equation 2.2.

0, +4H" + 4e~ - 2H,0 2.2

The overall reaction:
2H, + 0, = 2H,0 2.3
This process takes place in every type of fuel cell.

PEMFC are being explored for use in transport, stationary power generation

and portable power [17] owing to their potential for high power density. The
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polymer that serves as electrolyte membrane must be a separator that supports
protons mobility and blocks electrons transport and have low impermeability to

gases.

This membrane also plays an important part in PEMFC water management.
Water is important during fuel cell operation because the electrolyte membrane
requires some moisture to be proton conductive [10]. However, water blocks
the flow of the reactants, thus hindering their access to the catalyst layer and
leading to low performance of the cell [10,18]. So, excess level of water in the

flow channel should be avoided.

Despite the challenges with water management, the PEMFC remains the most

promising option among FCs because:

e They can operate at low temperatures (70 - 100°C) and so they can
operate instantly without any residual time delays.

e They possess high power density (3> 100 mW/cm?).

e There are zero emissions especially when they operate under pure

hydrogen [19].

PEMFCs have electrical efficiency of about 50% when operating at
temperatures between 60 and 100°C [20]. However, platinum, the most
common catalyst for both the anode and cathode has one drawback, which is
its high sensitivity to low levels of CO. And so, on exposure to 10 ppm CO

concentration, the performance of the device degrades [21].

Fuels for PEMFCs include hydrogen and alcohol because protons are used as

charge carriers through the membrane [22].
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2.2.3 Alkaline Fuel Cells (AFC)

This is simply FC that employs hydrogen as fuel in alkaline medium. It has been
around for a long time and has been used to power electrical space vehicles
[23]. AFCs have power efficiencies of up to 60% [24,25]. They work with
potassium hydroxide as electrolyte and operate between 60 and 90°C. They
employ precious metal at the anode while using platinum or lithiated NiO at the
cathode. Scheme 2.3 shows the working of the AFC [26].
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Scheme 2.3: Alkaline Fuel Cells (AFC) [16].

Oxidation of hydrogen occurs at the anode, following Equation 2.4:
2H2+40H_ —)4‘H20+4‘e_ 24

The electrons flow to the cathode and oxygen is reduced according to
Equation 2.5:

0, + 2H,0 + 4e~ — 40H" 2.5

Overall reaction:
2H2 + O2 —» 2H20 2.6
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2.2.4 Molten Carbonate Fuel Cells (MCFCs)

MCFCs operate at temperatures around 650°C with efficiency of up to 60%.
The electrolyte used here is molten carbonate salt, which usually contains a
mixture of potassium and lithium, or lithium and sodium carbonates, which are

kept in a ceramic matrix of LIAIOz [27-29].
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Scheme 2.4: Molten Carbonate Fuel Cells (MCFC) [16].
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2.2.5 Phosphoric Acid Fuel Cells (PAFC)

The PAFC is also a high temperature (about 200°C) fuel cell. Its electrolyte is
phosphoric acid. PAFCs have electrical efficiency between 40 and 45% but can
be up to 80% if the discarded heat is recycled in a co - generation scheme
[30,31]. The operation of the PAFC is illustrated in Scheme 2.5.
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Scheme 2.5: Phosphoric Acid Fuel Cells (PAFC) [16].



Table 2.1: The different fuel cells and their properties [7].
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Fuel Cell Electrolyte Operating Charge | Anode Cathode Electrical | Fuel Sources
Temperature | Carrier Catalyst Catalyst Efficiency
(%)
Solid Oxide | Zirconium oxide 650- 1000 0+ Mickel/ Strontium 50- 60 H:, CO,
(SOFC) Zirconium doped Matural gas
oxide Lanthanum

Manganite
Polymer Sulphonated Organic | 70- 100 H* Platinum (Pt) Platinum (Pt) | 40- 45 H: Reformate
Electrolyte Polymer (hydrated with less than
Membrane during 10ppm of CO
(PEMFC) operation)
Alkaline Aqueous Potassium 60- 90 OH Mickel (Ni) or | Platinum (Pt) | 60 H: Removal of
(AFC) Hydroxide (30-40%) precious metal | or [ithiated CO: from both

NI, gas streams
Maolten Solution of 600- 700 CO3* Mickel/Chromi | Nickel Oxide | 50- 60 H:, CO,
Carbonate Lithium/Sodium/Potas um (MiQ) Matural gas
(MCFC) sium Oxide

Carbonate

Phosphoric Phosphoric acid 150- 220 H* Platinum (Pt) Platinum (Pt) | 40-45 H: Reformate
Acid (PAFC)




Table 2.2: Electrochemical reactions of the different fuel cell types [7].
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Fuel Cell Fuel to Fuel to | Anode Half Reaction Cathode Half Reaction Overall Reaction of The Cell
Anode Cathode

Solid Oxide | Hzin Qs H: + Oz — H:0 + 2 % 0: + 2 — 0% H: + %2 0: — H:0

(SOFC) hydrocarbon
fuel

Polymer H: Qs H: — 2H" + 2 ¥e 0z +2H"+2e'— H:0 H: + %2 02 — H;0

Electrolyte

Membrane

(PEMFC)

Alkaline H: (] 2H2 + 40H — 4H:0 + 4e 0 + 2H:0 + 4 — 40H 2H: + Oz — 2H:0

(AFC)

Molten Hz in 02 H: + CO:* — H:0+ CO:+2e | %20z + COz+ 2 — COs* | Hz + %202 + COz2— H:0 + CO:

Carbonate | hydrocarbon

(MCFC) fuel

Phosphoric | Hs oF H: — 2H" + 2e ¥e 02 +2H"+2e'— H:O Hz + ¥ 02 — H:0

Acid

(PAFC)
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2.3 Fundamental Electrochemical Reactions for Fuel cells

All fuel cells have similar fundamental structure, consisting of two electrodes
(cathode and anode), and operate with an electrolyte (which separates the anode
and cathode and transports the protons) and connected through an external circuit

(which transports the electrons).

2.3.1 Cathode Reaction: Oxygen Reduction Reaction (ORR)

ORR is the reaction that occurs at the cathode. In aqueous solutions, it can follow
any of two pathways: (i) the direct 4-electron reduction pathway from O2 to H20
(preferable for fuel cells), or (ii) the 2-electron reduction pathway from O2 to H202
(preferable in industry) and then from H20:2 to H20. In non-aqueous aprotic solvents
or alkaline solutions, the ORR can also follow the 1-electron reduction pathway from

02 to O2 "~ (superoxide) (used to explore the ORR mechanism) [98].

The ORR kinetics is usually slow and requires a cathode ORR catalyst to enhance
the ORR kinetics.
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Table 2.3. Thermodynamic electrode potentials ORR reactions [96, 97].

Electrolyte ORR reactions Thermodynamic
electrode potential at
standard conditions, V
Acidic agueous Oz + 4H* + 4~ —»H:20 1.229
solution Oz + 2H* + 2&- —*H=20z 0.70
Hz0z + 2H* + 2e- —=2H:20 1.76
Alkaline aqueous | Oz + Hz0 + de-—»40H- 0.401
solution Oz + H20 + 2e-—» HOz -+ OH- —0.065
HOz- + H20 + 2e-——» 30H- 0.867
MNon-agueous O2+e —»02- a
aprotic solvents Oz-+e—» 022 b

The solvent in use would determine the thermodynamic potentials for the 1-electron
reduction reaction pathway to a superoxide (O2 "), and its further reduction to O2 %
(peroxide). Therefore, they are not listed in Table 2.3.

2.3.2 Anode Reaction: Hydrogen Oxidation Reaction

The global renewable energy demands and the efforts to replace fossil fuel makes it
important to develop cleaner and environmentally friendly sources of power for future
sustainable energy technology. H2 fuel is produced from H20. It is a clean gas of
high purity. Its specific energy is also high (141.86 MJ kg™) [99-101].

The AMFCs operate in alkaline conditions (unlike the common PEMFCs that operate
in acidic conditions), and are attracting great attention, due to such impressive
properties as: (i) improved cathodic reaction (ORR) kinetics [102]; reduced corrosion
of the Pt catalyst [103]; better management of H20 flooding and the possibility of

using nonprecious metals as electrocatalysts [104,105].
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Despite these advantages, the anodic reaction (HOR) is a challenge with AMFCs
because of the low dissolution of protons in alkaline conditions or high pH and
decreased HOR activity, requiring high overpotential [106,107]. From previous
research the kinetics of the HOR is relatively lower to an order of two magnitudes in
AMFCs than in PEMFCs [108], even with a high loading of the common Pt
electrocatalyst [109].

Pd-based electrocatalysts have recently been reported to show high performance
for AMFCs, compared to the Pt-based electrocatalyst. This informed the choice of

electrocatalysts used in this work.

As a strategy to reduce the cost of production of AMFCs, Pd nanocatalysts are
usually supported on carbon materials. The carbon supports used in this work are
carbon black (CB) and onion-like carbon (OLC). Addition of metal oxides (CeO2) to
the nanostructured Pd has been found to enhance electrocatalytic performances of

Pd-based electrocatalysts.

2.3.3 Anode Reaction: Alcohol Oxidation Reaction

In fuel cells that use alcohol (ethanol, methanol, 2-propanol etc.) instead of
hydrogen, alcohol is oxidized at the anode. And as in hydrogen oxidation, the alcohol
is oxidized at the anode, producing electrons (e”) which flow through the connecting
wires (external circuit) to the cathode. The protons (H*) get to the cathode through

the electrolyte membrane.

All the reactions require a catalyst to decrease the reaction barrier and platinum (Pt)
is presently the most commonly used catalyst. However, the high cost of using Pt-
based catalysts to make fuel cells that are commercially available has prompted
research on the use of alternative catalysts, including non-precious metals [95],

carbon materials and alloys.



23

2.3 Direct Alcohol Fuel Cell (DAFC)

The DAFC uses an acidic electrolyte and employs alcohols as fuel. It comprises of
two electrodes that are separated by a PEM. All these are collectively called the

membrane electrode assembly (MEA) [4].

DAFCs are PEMFCs which use alcohol as the fuel in place of hydrogen and are

used to power mobile and portable devices.

2.4 Alkaline Direct Alcohol Fuel Cells (ADAFCs)

ADAFCs are simply FCs that use alcohol as fuel in alkaline medium. The alkaline
direct ethanol fuel cell (ADEFCs) and alkaline direct methanol fuel cells (ADMFCs)
are examples of these ADAFCs.

2.4.1 Background of the Alkaline Direct Ethanol Fuel Cell (ADEFC)

The ADEFC is an ADAFC that uses ethanol as fuel. Amongst the fuels used in fuel
cell technologies, ethanol is becoming more attractive due to its low toxicity,
renewability, environmental friendliness, high theoretical energy density of 8 kwh-?
kg (gasoline has energy density of 12 kWh! kg) and ease of large-scale production

[1].

The ADEFC was first designed and fabricated about two decades ago. It was used
to power Schluckspecht vehicle with output voltage in the range of 20 to 45 V [32].
This was an idea created by a team of researchers at the University of Applied
Sciences, Offenburg. Afterwards, different prototypes of the ADEFCS were designed

and built for mobile phone charging and electrical appliances [33,34].
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2.4.2 Working Principle of Alkaline Direct Ethanol Fuel Cell

ADEFCs commonly use two Pt electrodes (cathode and anode). Instead of
employing the Nafion® MEA as used in the conventional PEMFCs, both electrodes
of an ADEFC are separated by an anion-exchange membrane (AEM) [35,36] as
illustrated in Scheme 2.6 [1].

The operation of the ADEFCs follows simple reaction mechanisms at the electrodes
and electrolyte media: at the anode, a certain volume of ethanol is oxidized (ethanol
oxidation reaction (EOR)) to generate protons (H*s) and electrons (e's), as well as

various by-products, mostly acetic acid, as represented in Equation 2.7 — 2.9.

The cleaving of C-C bonds requires so much energy thereby obstructing the
complete oxidation of ethanol to CO2 (Equation 2.7), while the RDS of the reaction
is the production of acetic acid (Equation 2.9), because of the abundance of OH-

ions in alkaline conditions.

The protons and electrons at the anode get to the cathode through the AEM and
external circuit, respectively. At the cathode, they react with O2, which is then
reduced (ORR) and water is produced. This reaction can occur either directly or
serially to produce as given in Equation 2.10 — 2.12. The movement of the electrons

from the anode to the cathode generate electricity.

The oxidation of ethanol is of major concern in the development of the ADEFC
because it is relatively sluggish thereby requiring high loading of noble metal

electrocatalysts contributing to the huge cost of fabricating the device.
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Scheme 2.6: Alkaline Direct Ethanol Fuel Cell Operation Scheme [1].

Anodic reactions

(Total oxidation pathway)
CH3CH20H —» CO2 + 12e” + 12H*

(Partial oxidation pathways)
CH3CH20H—> CHs3CHO + 2e” + 12H*
CH3CH20H—> CH3COOH + 4e” + 4H*

Cathodic reactions
(Direct pathway)
O2 + 4e + 4H=——>» 2H20 E°=1.230V
(Series pathways)
O2+2e +2H—>» H202 E°=0.695V

2.7

2.8
2.9

2.10
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H202 + 2e” + 2H=—» 2H20 E°=0.695V 2.12

2.5 Nanostructured Palladium-based Electrocatalysts

The commercially available FC devices are too expensive and that could be traced
to the use of bulk platinum (Pt) electrocatalysts to drive the reactions in acidic
conditions. The reaction at the cathode is of major concern in fuel cell devices, as it
is extremely sluggish and necessitated the use of high loadings of Pt electrocatalysts
[38] as opposed to the anodic reaction, which is about five times faster than the
reaction at the cathode, with very little loading of Pt [39]. Moreover, the Pt
electrocatalyst is rarely readily available due to scarcity. Nanotechnology is one
strategy that has been employed to minimize the cost of the Pt electrocatalyst and
MEA for the fabrication of FC devices [40—-42]. Nanotechnology has brought about
research ideas to reduce the loading of Pt electrocatalysts (ca. 20 %). The use of

various carbon supports has been reported [43—77].

Another strategy that has been employed in FC technologies is a replacement of the
acidic media of operation with alkaline media [37] as electrocatalysts have shown
great performance in alkaline media due to the impressive characteristics of alkaline
media. Therefore, it became the interest of this project to explore Pd-based materials
in alkaline conditions for the electrochemical conversion applications: ADEFC and
AMFC devices.

2.5.1 Methods for the Preparation and Deposition of Nanostructured

Materials

Different methods have been explored in the preparation and deposition of

nanostructured materials. The most common amongst these methods are
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electrochemical deposition (ECD), atomic layer deposition (ALD), sol-gel, spray
pyrolysis, and solvothermal/hydrothermal processes and microwave-assisted,

explained below:

25.1.1 Atomic Layer Deposition Method

ALD is a method where the chemical species are exposed in a layer-by-layer manner

leading to the growth of self-imposed film. There are four important steps required in

this process, which are represented in Scheme 2.7. These are:

e Exposure of metal precursors.

e The metal precursors, intermediates and by-products are eliminated and purged
from the chamber.

e The exposed metal precursor is then reduced with hetero atoms like O, N.

e The precursor materials and by-products molecules are subsequently eliminated
or purged from the chamber.

The first stage involves linkage of electron-rich hetero-atom species to the metal

precursors. This would surely reduce additional adsorption of the metal precursor

when the adsorption sites on the monolayer coverage are passivated or saturated.

There are some benefits associated with ALD for the preparation and deposition of

nanostructured materials: (i) the sequential and self-limiting surface reaction process

of the ALD results in very good step coverage and conformal deposition on high

aspect ratio structure [48]; (i) obtaining high-quality materials at low processing

temperature; (iii) excellent reproduction and production of multilayer nanostructured

materials in a continuous process; and (iv) possibility of interface modification is

allowed because it tends to produce sharp interfaces and superlattices.

However, it has the following limitations: (i) lack of speed which causes only a small

fraction of the crystal to be deposited in a single cycle. It is also not economical as

some multi-component species cannot be grown or deposited by the ALD (ii) the
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size of the reaction chamber restricts the chemical residues from the precursors to

the chamber.
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Scheme 2.7: Schematic illustration of ALD Method [49].

25.1.2 Electrochemical Deposition (ECD) Method

The ECD is a method of reducing metal precursors or ions from organic, aqueous,
and fused-salt solutions. This is expressed in Equation 2.13 and illustrated in
Scheme 2.8.

M™solution + Ne——»  Miattice 2.13

The ECD process could be achieved using two different methods [50]: (i) an
electrodeposition method, which involves using an external power supply to produce
electrons; and (ii) an electrodeless deposition method involving a reducing agent in
solution as electrons source. The ECD method is employed in this research, as it is

one of the simplest and most effective strategies for nanostructured fabrication. It



29

has a tendency to modify and control the morphology and composition of the

nanostructured materials.

Potentiostat/galvanostat

Reference electrode (RE)
< Counter electrode (CE)

Working electrode (WE)—

Scheme 2.8: Schematic illustration of the ECD system [51].

25.13 Spray Pyrolysis Method

Spray pyrolysis method involves the spraying of a precursor solution onto a heated
glass substrate and depositing a processed film onto it by a process called pyrosol
technique. In the spray pyrolysis method, the precursor solution is atomized like little
droplets of the solution, and then vaporized and sprayed on a substrate, leading to
the formation of a dried thermally decomposed precipitate [52], as illustrated in
Scheme 2.9.
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Scheme 2.9: A representation of the spray pyrolysis method [53].
The spray pyrolysis method is dependent on some variables: temperature,
temperature gradient, solute concentration, processing time, atomization process,
and carrier gases. These factors could influence the expected product. The spray
pyrolysis technique has the following characteristics: low cost, no ultra-high vacuum
(UHV) system required, the chemical transformation occurs within micron to nano-

sized liquid droplets.

2514 Sol-Gel Coating Method

This is a wet chemistry method employed in preparing nanostructured materials from
a chemical solution with a gel (an integrated network) of precursors for discrete
nanoparticles or polymer networks. Metal chlorides and alkoxides are examples of
the most used precursors and they can easily undergo many hydrolysis and/or
polycondensation reactions [54], as the case may be. A sol-gel is represented in
Scheme 2.10. The sol-gel is seen as a bridge for preparing nanostructured material
because the sol gravitates towards a gel-like diphasic system of liquid and solid, with
morphologies that range from discrete particles to a continuous network of polymers.
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Scheme 2.10: Schematic illustration of the sol-gel method [55].

2515 Hydrothermal/Solvothermal Synthesis Method

These methods are effective for the systematic and morphologically controlled
synthesis of nanostructured materials, performed in a tightly sealed Teflon container
and heated to a temperature that exceeds the boiling point of the (non-aqueous or
aqueous) solvent and abruptly increased the autogenous pressures [56]. This is
illustrated in Scheme 2.11. When the solvent used is aqueous, the process is called
hydrothermal, while for non-aqueous solvents it is called solvothermal. The solubility
and reactivity of the reagents in the hydrothermal/solvothermal process, are elevated
when the temperature and pressure are increased, resulting in expected products
[57]. The hydrothermal/solvothermal process is commonly employed to control the
morphology of well-defined nanostructured materials such as nanostructured Pd

supported on carbon.
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There are three very important experimental parameters in the
hydrothermal/solvothermal process. These are: solvents properties, capping agents
and reaction temperature.

= Solvents properties: The solvothermal process could be influenced by the
properties of the solvents such as dielectric constant, polarity and viscosity. The
way the solvent interacts with the precursor reagents, intermediates, and final
products can affect the reaction kinetics, equilibrium, as well as the expected
products. Polar solvents such as H20, ethylene glycol (EG), dimethylformamide
(DMF), are usually preferred due to their compatibility with most solutes or
reagents.

= Capping Agents: During the preparation of nanostructured materials, facet-
specific capping agents are usually applied to aid exposure of their desired facet,
thereby enhancing the properties of the products expected from the
hydrothermal/solvothermal process. Some common capping agents are acids,
solvents, surfactants, polymers.

» Reaction Temperature: The reaction temperature during the
solvothermal/hydrothermal process hugely affects the properties of the expected
products. The reaction temperature could vary depending on certain properties
of the solvent such as dielectric constant and viscosity. Aqueous solvent could
be more active at high temperatures, while organic solvents are usually active at
low temperatures. The solubility of solutes in solvents also tend to increase at
higher temperature.

Some advantages of the solvothermal/hydrothermal process are: (i) it increases the

solubility of the materials because heat and pressure are applied in the set-up to its

critical point; (ii) it greatly improves the chemical activities of the precursors; (iii) ease
of production of novel compounds that have characteristic metastable state and
specific phase; and (v) substances that have low melting point and high vapour
pressure are obtained. However, this method has a few drawbacks such as (i) the

need to use expensive autoclave reactor; (ii) the usage of high temperature and
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pressure during chemical reactions giving rise to safety issues; (iii) reactions usually
take long hours (12 hours or more); and (iv) impossible to notice reaction
intermediates [58,59]. Due to the drawbacks of the autoclave, the use of microwave
as a viable substitute during solvothermal/ hydrothermal processes is required as

microwave-assisted processes are uniform and rapid [60—-62].

700

Spring—#+4 |
Stainless [ILMM[ i 7
steel lid 2
Teflon liner
Precursor
solution
Stainless steel 7
autoclave

Scheme 2.11: An illustration of the hydrothermal/solvothermal processes [63].

The microwave-assisted synthesis method (Scheme 2.12) operates by aligning
dipoles of the precursor materials with an external field via excitation, which is
produced by microwave electromagnetic irradiation. The microwave-assisted
heating progresses from inward to outward uniformly unlike the conventional

autoclave heating process, which progresses from outward to inward.
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Scheme 2.12: Comparing the conventional heating process to the microwave-

assisted heating [65].

2.6 Electrochemical Techniques

Electrochemistry is one powerful tool that is useful in probing reactions related to
electron transfers. Electrochemistry is concerned with the flow of electrons in
response to chemical changes, which is the reduction or oxidation of a metal

complex [66].

An “electrolyte solution” is prepared by dissolving the supporting electrolyte (an acid

or a salt) in a solvent (which is usually water) to minimize the solution resistance.

The concentration of the dissolved salt determines how conductive the electrolyte
solution will be. A higher concentration of the supporting electrolyte means a higher

proton conductivity.

A good supporting electrolyte has high solubility in the solvent and is inert in the
conditions of the experiment. A good solvent is one which is liquid at the applied

experimental temperatures, and which completely dissolves the analyte as well as
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high concentrations of the supporting electrolyte. It also does not trigger unwanted

reactions. [66]

The analyte gets to the surface electrode by these three means of mass transport:

X/

% Convection, which is due to mechanical influence such as vibration or
stirring.

% Migration - If the movement of an ionic solute is caused by the action of an
electric field (negative electrodes attract positive ions).

« Diffusion, which occurs when there is a concentration gradient of the analyte

in the electrochemical cell, such that the analyte moves from higher

concentration areas to areas of lower concentration.

To minimize the occurrence of convection, stirring or vibrations are avoided.
Migration is reduced by using an electrolyte of high concentration (when compared

to the analyte concentration) [67].
2.6.1 Electrodes and Preparation for Use

A three-electrode (also called a half-cell) system is made up of a working electrode
(WE), a counter electrode (CE), and a reference electrode (RE). It is the typical setup
for common electrochemical experiments like cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry
(LSV). As current flows between the WE and CE, the RE measures the applied
potential (Eapp) With respect to a stable reference reaction.

2.6.1.1 The Working Electrode (WE)

The electrochemical reaction of interest occurs at the WE. Therefore, the electrode’s
surface must be cleaned properly, and the electrode’s surface area precisely
measured. The experiment of interest determines what working electrode is used.

Different electrode materials vary in their electrochemical responses. For instance,
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electron transfer kinetics differ from one electrode type to another; adsorption also
occurs strongly on certain electrode material. One good start towards checking for

these issues is by first changing the electrode material [68].

The WE must be cleaned (polished) before measurements and the method of
polishing the electrode depends on the type of electrode. The GCE or platinum
electrode can be cleaned by mechanical polishing and sonicating in ultrapure water
to remove particles [69]. To clean remove any left-over adsorbed species, several
CV scans should also be performed across a wide potential window in a simple

electrolyte [70].

The surface of glassy carbon electrodes gets very reactive once it is activated by
polishing and any impurity in the solvent will easily finds its way to the carbon surface
of the electrode and alter the voltammograms. The adsorption of these impurities on

the electrode can be avoided by treating the solvent with activated carbon [69].

2.6.1.2 Reference Electrode (RE)

The potential of the WE is measured with respect to a reference point using a RE. A
potentiostat measures the Eapp of the WE vs. the potential of the RE. Some reference
electrodes that are commonly used in aqueous electrolyte are the (Ag|AgCl)
electrode, standard hydrogen electrode (SHE) and the standard calomel electrode
(SCE).

2.6.1.3 Counter Electrode (CE)

At the CE a reaction occurs opposite to that happening at the WE. For instance,
when studying an oxidation at the WE, the reaction at the CE would be a reduction.
This happens to complete the electrical circuit. The surface area of the CE is greater
than the surface area of the WE so that the reaction occurring at the CE does not
interfere with /inhibit the reaction at the WE. A platinum wire is commonly used as a
CE. But there are others [71].
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2.6.2 Cyclic Voltammetry (CV)

This is a standard technique used for determining the redox potential windows for
an electroactive species in electrochemistry, and energy conversion and storage
devices [72]. It is a direct current (DC) electrochemical technique commonly used
for situ measurements of the electrocatalytic properties of various materials in the
solid state (as thin films deposited on an electrode) or in solution. CV is used to have
a picture the general behaviour of a catalyst material and uses a potentiostat and a
three-electrode setup (Scheme 2.13).

To perform CV, a potential is applied to a working electrode (WE) at a fixed scan
rate (dV/dt). This potential is then swept linearly back and forth through one or more
cycles (depending on the required information). The current response obtained is
then recorded and plotted against the applied potential [73-76]. The oxidized or
reduced molecules leave the surface of the WE and other molecules move to the
surface of the WE. As electrons keep flowing to or away from the electrode, current
is produced. The current produced is a measure of the electron-transfer happening
at the electrode-electrolyte interface.

Potentiostat/galvanostat

Reference electrode (RE)———

. <~ Counter electrode (CE)
Working electrode (WE)

Scheme 2.13: Schematic representation of a three-electrode electrochemical
setup [51].
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The CV technique is often used to get information on the presence of intermediates

in the redox processes, the reaction reversibility, the electron stoichiometry, diffusion

coefficient of the analyte and reduction potential to identify the analyte, and to

deduce the analyte’s concentration by Nernst's equation (Equation 2.14a). The

concentration of the unknown analyte is obtained from the calibration curve of

current against concentration. The thermodynamics of the reaction is explained by

equation 2.14a and 2.14b.

o _ RT,  [Anode] __ RT [Anode]
E" = zF  [Cathode] 2.303 ZF logg [Cathode]
Eip = -2atlre

2

AEp = |Epa| - |Epc|

2.14a

2.14b

2.15

where E is the overall potential (V), Exzis the half-wave potential, AEp is the peak-

to-peak separation, R is the universal gas constant (8.314 JK'* mol?), T is absolute

temperature (K), F is Faraday’s constant (96485 C mol?), z is the ionic charge across

a membrane, Epa is the peak anodic potential (V), Epc is the peak cathodic potential

(V), ipa, is the peak anodic current (A) and ipc is the peak cathodic current.

A typical cyclic voltammogram of bare GCE (glassy carbon electrode) in
Fe(CN)s*/Fe(CN)s* in KCI (standard redox electrolyte) is shown in Figure 2.1.
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Figure 2.1: Cyclic voltammogram of a single electron redox reaction.
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In a reversible reaction such as the one above, the potential is scanned positively
from (a) to (d), giving rise to anodic current (Ipa) and resulting in oxidation. The peak
current occurring at (c) is called the anodic peak potential (Epa) and is reached after

complete oxidation of all of the substrate at the surface of the electrode.

When the switching potential is reached at (d), the potential scans negatively from

(d) to (g), giving rise to cathodic peak current (Ipc) and causing a reduction.

At point (d), the current is very positive, but then it is swept lower values. At (e)
current starts flowing as the voltage reaches a point that allows reduction to occur.
At point (f), all the electroactive species at the surface of the electrode have been
reduced and a peak (cathodic peak) is formed at the potential at (f). The potential at

which the cathodic peak is formed is called the cathodic peak potential (Epc).

The electrode potential E is given by:

E=Ei+wvt 2.17a
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Where Ei is the initial potential (V), v is the sweep rate (V/s or mV/s) and t is the time

(s)

When the potential sweep switches direction, the equation becomes:

E=Es-wvt 2.17b

where Es is the switching potential.

For a reversible electrochemical reaction,

>
>

lpa = lpc

The peak potentials Epa and Epc are not influenced by the scan rate v.

E12 is positioned halfway between Epa and Epc.

Therefore, E12 = (EpatEpc)/2.

lp is proportional to v*2,

The separation between Epa and Epc is 59 mV/n for an n-electron couple (n =

number of electrons).

If a redox couple fails to fulfil one or more of the above criteria, it is almost

certainly not reversible [77].

2.6.3

Electrochemical Impedance Spectroscopy (EIS)

EIS is used to monitor the ionic resistance in a material and to determine both the

real impedance (resistance) from the imaginary impedance (capacitance) of a fuel

cell. Electrochemical impedance is the study of the overall opposition to current flow

in a circuit. Electrochemical impedance is like resistance, but it makes it possible to

describe complex circuits that exhibit nonlinear current—voltage relationships (for

example, circuits that exhibit inductance, capacitance, or mass diffusion). EIS

correlates the different theoretical circuit elements to the actual electrochemical
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processes taking place in an electrochemical system, thereby making it possible to

fit the frequency, current and voltage data to equivalent circuit models [78-80].

The EIS is carried out either at a fixed potential or at a fixed current, hence its
classifications into two: (i) potentiostatic electrochemical impedance spectroscopy
(PEIS), which is EIS performed at a fixed potential (OCV, E2 or biased potential);
(i) galvanostatic electrochemical impedance spectroscopy (GEIS) which is EIS
performed at fixed current. Both classes of the EIS are important techniques that
allow for the separation of (ionic and electronic) processes, occurring on different
timescales, thereby making it easy to probe the diffusion of ions at the electrode-

electrolyte interface [81].

The PEIS is employed in this research. EIS parameters such as bulk resistance (Rb),
solution resistance (Rs), interfacial resistance (Rint), charge transfer resistance (Rct),
capacitive (dielectric) or constant phase element (CPE) and inductive and diffusive
(Warburg, Zw) properties can be obtained from the EIS signal (the Nyquist plot) by
modeling it with the appropriate Voigt electrical equivalent circuit (EEC). The
information extracted from the circuit helps to explain the reactions that are occuring

at the electrode-electrolyte interface [82].

Major EIS parameters are: (i) solution resistance (Rs), which is the resistance of the
solution between the WE and RE. When the Rs value is low, it means that the ions
migrate with ease within the components of the electrochemical set-up and; (ii)
interfacial resistance (Rint), which is the Voigt resistive element due to ohmic loss
caused by the diffusion of ions of the supporting electrolyte between the electrodes
the specific conductance of the electrolytes, the distance between the electrodes,
and the WE area; (iii) charge transfer resistance (Rct) which is opposition to the
movement of electrons between the electrodes and supporting electrolyte. The
smaller the Rct value, the better the electrode; (iv) double-layer capacitance (Ca)

which is characteristic of the electrical double-layer at the electrode/electrolyte
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interfaces. It explains the tendency of the electrocatalyst to homogeneously and
regularly store charge. If a perfect semi-circle is formed from the spectra, Ca is used
to define the charge storage system, but if a deformed semi-circle is formed from the
spectra, interfacial capacitance (constant phase element, CPE) is used. A deformed
semi-circle is usually an evidence of inhomogeneity or irregularities at the electrode
surfaces. The deviation of the CPE (Zcre) from the Ca is defined according to
Equation 2.18 (the power-law relationship) [83-87]:

Zcre = [Q (jw)3?t 2.18

where Q is the non-ideal capacitance of the electrode-electrolyte interface, w is the
radial frequency, and a is the ideality factor with values ranging from -1 to +1. The
Zcpe is a pure inductor if a = -1. It is a pure resistor ifa = 0. Ifa = 1, then it is a pure
capacitor (Cal). If a = 0.5, the Zcre becomes the Warburg impedance (Zw) ascribed
to the diffusion of the supporting electrolyte ions. Warburg impedance (Zw) explains
the diffusion process in dielectric spectroscopy, which is oscillating linearly at 45° at
the low-frequency region of the semi-circle [84,86].

Nyquist plots are shown in Figure 2.2(a,b), with their Voigt EEC models and circuit
elements (Rs, Rct, Ca and Zw). The Bode plots (a plot of phase angle against the
logarithm of frequency and a plot of the logarithm of impedance against the logarithm
of frequency, Figure 2.2(c,d), give additional information on the phase angle, as well

as adsorption and diffusion properties of the analyte on the electrode surface.
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Figure 2.2: (a,b) Nyquist plots with their respective Voigt EEC models and circuit
elements (Rs, Ret, Cai, and Zcee), and (c,d) typical Bode plots.

2.6.4 Chronoamperometry

Chronoamperometry is a technique employed in the measurement of the current—
decay for the diffusion-controlled process occurring at an electrode with respect to
time. It is performed by applying a potential step to the WE and recording the current
with respect to time. Chronoamperometry tests the kinetics of the electrochemical
activity, as well as the stability of the electrocatalysts in an electrochemical system
[89,90].

For diffusion-controlled reactions, the current obtained at each point is captured by
the Cottrell equation [91,80]:

1/2
. nFAD," “C,

where n is the number of electrons transferred in the redox reaction, F is the Faraday
constant, A is electrode surface area (cm?), Do is the diffusion coefficient of the
electroactive species, Co is the bulk concentration of the electroactive species (mol

cm3), and t is time.

Chronoamperometry helps to determine any one of the variables in the Cottrell
equation (sample concentration, electrode surface area, or diffusion coefficient)
provided the other two variables are given and the contributions from adsorbed

material are negligible [92,93].
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Figure 2.3: A typical CA curve of Pd electrocatalyst at E12 or OCV for EOR.
2.6.5 Linear Sweep Voltammetry

In this type of voltammetry, the current at the WE is measured as the potential is

scanned linearly in time between the WE and RE [94].
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Figure 2.4: A typical linear sweep voltammogram for (a) EOR (b) HOR (c) ORR

The LSV is also known as a polarization curve and its set-up is as that of the CV. A

three-electrode (WE, RE, and CE) configuration is connected to a potentiostat.

From the polarization curves, the kinetic parameters of the electrocatalysts are
determined for the different reactions. The kinetic parameters are obtained using the
conventional Tafel formula (Equations 2.20 and 2.21), whose values are
summarized later.



46

n=a+blogj 2.20
__ 2.303RT
- (1—anF 2

where n is the overpotential, a is the Tafel constant, b is the Tafel slope, a is the
electron transfer coefficient, R is the universal gas constant, T is the absolute

temperature, nis the number of electrons transferred and F is the Faraday constant.
2.7.5 Rotating Disk Electrode (RDE) and Rotating Ring Disk Electrode (RRDE)

The WE used in potentiostatic electrochemical measurements is a modified-GCE
without any form of agitation or rotation, but in the case of a few measurements
involving potentiodynamic systems, the WE is a modified rotating disk electrode
(RDE) that rotates about a fixed axis during the experiment. The rotation agitates the
electrolyte and causes the analyte to flow to the electrode [67]. This reduces the
diffusion layer thickness of gaseous analytes. Potentiodynamic techniques are
usually employed to study the production or consumption of gaseous analytes (such
reactions like HOR, ORR, OER, HER). The rotating ring disk electrode (RRDE)
(Figure 2.5b) is often employed during the ORR to further investigate the
mechanism of the potentiodynamic reaction. It operates using the same principle as
the RDE (Figure 2.5a) but makes use of two working electrodes (the ring and the
disk). Both working electrodes are separated by an insulating barrier and are
individually connected to the potentiostat to control the system concurrently. The ring
which is fixed around the central disk electrode probes intermediate species such as
peroxide formation during the ORR. [88]
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Figure 2.5: Schematic representation of a typical (a) RDE and (b) RRDE

2.7.6 Models Used in Potentiodynamic Experiments.

Kinetic parameters of potentiodynamic reaction are obtained from models such as

the Koutecky-Levich and Butler-Volmer equations.

2.7.6.1 Koutecky-Levich (K-L) Equation

The K-L equation is a model used for correcting the mass transport properties of
potentiodynamic reactions that used the RDE at different rotation speeds (@). The
K-L model is a straight-line plot of the inverse of current densities (j*) against the
inverse of the square root of scan rates (@?), as shown in Figure 2.6a, following
Equation 2.22.

The intercept of the plot corresponds to the kinetic-controlled process, while the
slope corresponds to the diffusion-controlled process, as shown in Equation 2.23
and 2.24.

11,11, 1 2.22
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where j is the mass transfer current density and jk and jp are the kinetic and diffusion
current densities respectively, BLis the Levich constant and w is the rotation speed
(rad s?).

BL is related to the diffusivity of Hz gas (D), the number of electrons (n) transferred,

and kinematic viscosity of the electrolyte (u = 0.01 cm? s1) by the equation:
1

B, = —— = 0.62nFC,D/3v " /s 2.23

slope

And jk is related to the heterogeneous electron transfer (K°) coefficient by:
jk = NFK°C, 2.24
where Co (1.2 x10® mol cm™®) is the bulk concentration of O2 or H2 gas in 0.1 M KOH.

The ® is obtained in revolution per minute (rpm) and converted to radian per second

(rad s) using Equation 2.25:

rad s =2 rpm 2.25
21

2.7.6.2 Butler-Volmer (B-V) Equation

The B-V equation is a model employed to investigate the mass transport kinetics of
potentiodynamic reactions. It describes the relationship between electric current and
the voltage. Therefore, the B-V model is a non-linear plot of the logarithm of current
densities (Log j) vs. the overpotential () which gives curves for the anodic and

cathodic contributions as shown in Figure 2.6b, following Equation 2.26.

The point on the graph where the anodic and cathodic contributions intersect gives
the exchange current density.

If either of the anodic or cathodic reaction is in consideration, the B-V equation could
collapse to Tafel equation, following Equation 2.27 and 2.28, respectively which
could be compressed to Equation 2.20 above.
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-a.z.F )

j=—jelmrom 2.26

Simplifying this equation to the anodic and cathodic Tafel equations give:

. 2.303RT . 2.303RT
Anodic Tafel: n = Ueanzr 09Jos ~ a7 09 Ja 2.27
. 2.303RT . 2.303RT .
Cathodic Tafel: n = wozr (09Jos =+ log j. 2.28

where n is the overpotential (= working potential — standard potential (0.0 V for
RHE)), jc is the cathodic current density (mA cm), and ja is the anodic current
density (mA cm2); jos is the exchange current density (mA cm?), R is the universal
gas constant, T is absolute temperature (K), F is Faraday constant, ac is the cathodic
electron transfer coefficient and aa is the anodic electron transfer coefficient, while z

is the number of electrons involved in electrode reaction (z = 1).

The Ag|AgCI electrode is converted to the reversible hydrogen electrode (RHE) by
using Equation 2.29:

RHE = Eaglagcl + E%giagel + 0.0591pH 2.29

where Eagiager is the applied potential with respect to the AgIAgCl reference
electrode, E%agiagaiis the standard potential of (0.197 V) of the AglAgCl electrode and
pH is the potential of Hydrogen of the supporting electrolyte.
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CHAPTER 3

METHODOLOGY

3.1 Synthesis Procedures

The synthesis methods used in this research were adopted from Hamish and co.
workers [46].

3.1.1 Synthesis of Pd/Carbon (10wt%)

This method was used to synthesize Pd/CB and Pd/OLC. A mixture of the Carbon
(250 mg) and EG (ethylene glycol measuring 50 ml) was contained in a three-neck
round-bottomed flask (500 ml) and sonicated for 20 minutes. PdCl2 (41.65 mg) was
dispersed in a mixture of H20 (2.083 mL), EG (50 mL) and 0.25 mL HCI (37%). The
solution was then added in a dropwise fashion while stirring in a stream of Na.

After proper stirring, NaOH (5g) was dissolved in H20 (10 mL) and EG (35 mL) to
make an alkaline solution, which was added to the reactor, which was then heated
again under a N2 atmosphere for 3h at 125 °C, and then let to cool to room
temperature. The mixture was then filtered leaving behind the desired product, which
was then washed with distilled H20 until a neutral pH and then dried in a vacuum
oven at 40 °C. The yield of Pd/CB was 0.77 g and the of Pd/OLC was 0.43 g.
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Scheme 3.1: Procedures for synthesis of Pd/C.

3.1.2 Synthesis of Carbon-CeO:z support (50:50)

A mixture of the Carbon (2g) and a solution of Ce(NO3)3.6H20 (5.05g) in H20 (125
mL) was stirred for 60 minutes and sonicated for 30 minutes. The pH was then
adjusted to 12 with KOH, and it was stirred for 2 hours. The mixture was then filtered
leaving behind the desired product, which was then washed with distilled H20 until
a neutral pH and then dried in a vacuum oven at 65°C, and thereafter heated under
air in a tube furnace for 2 hours at 250°C. The product was cooled to room
temperature under a flow of Ar. The yield of CB-CeO2 was 2.969, while the yield of
OLC-CeO2 was 2.51g.

3.1.3 Synthesis of Pd/CeO2-CB (10wt%Pd)

CB-CeO2 (250mg) in water (31mL) was vigorously stirred for 30 minutes and
sonicated for 20 minutes. A solution of K2PdCls (86.25mg) in water (3.75mL) was
then slowly added (during approx. 1 hour) whilst stirring. This was followed by the
addition of an aqueous solution of 2.5M KOH (0.525mL), after which ethanol (50mL)
was added. The resulting mixture was heated for 60 minutes at 80°C, after which it
was drained, leaving behind the desired product (Pd-CeO2/CB), which was then



68

washed several times with distilled water until a neutral pH and dried under vacuum
at 65°C. The product (Pd-CeO2/CB) yield of was 0.49g.

3.1.4 Synthesis of Pd/CeO2-OLC (10wt%Pd)

A suspension of OLC-CeO2 (500mg) in water (62.5mL) was vigorously stirred for 30
minutes and sonicated for 20 minutes. A solution of K2PdCls (172.5mg) in water
(7.5mL) was then slowly added (during approx. 1 hour) whilst stirring. This was
followed by the addition of an aqueous solution of 2.5M KOH (1.05mL), after which
ethanol (50mL) was added.

/ X r —
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Scheme 3.2: Procedures for synthesis of Pd-CeO2/Carbon.

The resulting mixture was heated for 60 min at 80°C, after which it was drained,
leaving behind the desired product (Pd-CeO2/OLC), which was then washed with
distilled water until a neutral pH and dried under vacuum at 65°C. The product (Pd-
Ce02/0OLC) yield of was 0.93g.
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3.2 Material Characterization Methods

3.2.1 Powder X-ray diffraction (structure determination)

Powder X-ray diffraction (PXRD) analysis is particularly helpful in phase identification
of components in a prepared sample [1]. A phase is a crystalline solid consisting of
a regular, repeating 3-dimensional arrangement of its atoms or molecules [2]. X-ray
diffraction can be used to analyze all solid materials (inorganic and organic solids).
Since all crystalline materials, even when in a mixture, can interact with X-rays to
produce unique diffraction patterns, XRD provides information on the crystal
structure of the electrocatalyst.

In this study, powder X-ray diffraction spectroscopy (Bruker D2 Phaser X-ray
diffractometer using a Cu Ka source of wavelength, 1.5406 A) was used to
investigate the particle sizes of the electrocatalysts as well as their crystalline

structures and crystallographic phases.

The crystallite size of the X-ray diffractograms are calculated using Scherrer’s

formula, given in Equation 3.1.

KA

D = 3.1
B cos@

Where D is the mean crystallite size, K is the Sherrer constant (0.9), A the
wavelength of the x-ray source, B is the full-width half maximum (in radians) of the
peak in consideration after baseline subtraction in radians, and 6 is derived from the

peak position (26) (in radians).
3.2.2 Raman spectroscopy

Raman spectroscopy is a non-contacting, non-destructive technique employed to

obtain both qualitative and quantitative molecular information from a sample. It is
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used to characterize a material by its unique vibrational and crystallographic
information, which is derived from the material’s electronic states and phonon energy
dispersion. A Raman spectrum is obtained by exciting a sample with a laser. The
inelastic scattering of photons from the vibrations within the molecules is then
measured at low wave number resolution. It is performed at room temperature and
ambient pressure [18,19,20,26].

Raman spectroscopy is a very useful in the characterization of carbon nanomaterials
(their detailed structure and configurations). It is used to obtain the bonding type,
domain size, and internal stress in amorphous and nanocrystalline carbon material
[21]. The D peak, occurring around 1350 cm™ is associated with nanocrystalline
carbon, while the G peak occurring around 1580 cm is associated with amorphous
carbon (still sp? bonded). The peak positions and ratios of peak intensity are different

for different carbon materials [22].

Figure 3.1: Bruker Senterra laser Raman spectrometer.
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The most prominent Raman spectral features of graphitic materials are the G and G’
bands (located at around 1582 cm and 2700 cm* respectively), and the D and D’

bands (appearing at around 1350 cm™ and 1620 cm™ respectively) [26].

The D peak is due to the breathing modes of six-atom rings and its activation is
induced by a defect. The G peak is a doubly degenerate (iTO and LO) phonon mode
(corresponding to the E2g phonon) at the Brillouin zone center that is Raman active
for sp? carbon networks. The presence of the G band in the Raman spectra,
suggests that the sample contains sp? carbon networks [23,24,25,26]. The D and D'
bands are present in defective carbon materials and so cannot be seen for a highly
crystalline graphite. The ratio of the Io/lc peak is widely used as a measure of

structural defects present in graphitic materials [26].

Both the D and G peaks result from vibrations of sp?-bonded carbon atoms. While
the G peak results from in-plane vibrations, the D peak results from out-of-plane
vibrations. o/l ratio is related to the sp3/sp? carbon ratio. If the carbon material is
fully oxidized, they are all sp3. A higher D peak means that the sp? bonds are broken;
this means that there are more sp® bonds and more transition from sp? to sp®
material, and there will be maximum Io/lg ratio. If Io/lc ratio is higher than pristine

material, it means there are defects on carbon material.

The laser Raman spectrometer used in this research was a Bruker Senterra (Figure
3.1) fitted with a 50x objective lens for imaging. During the study, the laser excitation
wavelength was set to 532 nm and spectral data were evaluated using OPUS 7.1
software. Detailed studies were carried out on the Pd-based products synthesized

over the various supported catalysts (C and CeOy).

3.2.3 Energy dispersive X-ray spectroscopy (EDS)

EDS is employed for the identification of the elements in small samples and the
distribution of such elements. [3-8], by focusing a beam of x-rays on the sample to

excite the electronic structure of its atoms. This excitation produces X-rays which
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have wavelengths and energies that are characteristic of the elements (different
elements absorb a specific amount of energy to get excited). The data produced is
then shown in the form of a spectrum, histogram, peak patterns and map images.
[5-7].

3.2.4 Scanning electron microscopy (SEM)

SEM was used to collect images of the samples. These images reveal information
about the morphology and surface properties of each catalyst material [7, 9 ,10,11].
It is a technigue commonly used in the field of nanotechnology to visualize and

examine nanoparticles and nanocomposites more closely.

The procedure involves fixing a carbon tape to a SEM sample holder, and the sample
(powdered) is sprinkled onto the carbon surface. A thin layer of platinum, gold, or
carbon coating is then sputtered (=100 A) on the sample to ensure that the surface
Is conductive. This is a requirement for conductive samples. The sample is then

examined in a SEM chamber.

Here, a fine beam of electrons is focused into a small probe which is used to scan
over a sample. The interaction between the beam and the sample creates an
emission of electrons and photons. The signals (back-scattered electrons,
secondary electrons, transmitted electrons) emitted by the sample are observed on
the detectors. The final product of the interaction of beams is the sample’s image
[10-13].

A scanning electron microscope employs two image monitors. One monitor is used
to observe the specimen and the other one is connected to a photo camera and is

used to take images of the specimen [13].

3.2.5 Transmission electron microscopy (TEM) analysis

TEM is usually employed in the examination of the morphology of nanomaterials [7].

It helps to examine the microstructure of nanoparticles and nanocomposites. TEM
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employs a nanometer-size electron probe with which it uniquely identifies and
guantifies the structures of individual nanocrystals in a sample [14,16]. The image

generated from the sample - electron is viewed on an imaging device [7].

Transmission electron microscopy (TEM) and SEM are similar, but for the difference
that the beam passes through the sample during TEM [15]. While SEM studies the
extrinsic structural morphology of the prepared Pd-based catalysts, TEM is used to
generate high resolution images (up to 0.5 nm) of the samples from a high-powered
beam of electrons accelerated at 120kV in order to examine their intrinsic structural
properties. The source of the electrons here is the field emission or thermionic
sources after which a series of lenses facilitate their collection and focus into the

optical path.

The optical quality of the lenses determines the resolution of the electron
microscope. However, these lenses can be affected by factors such as stigmation

as well as spherical and chromatic aberration.

TEM analysis reveals certain properties of materials, such as crystallinity, diameter
measurements, grain arrangement, particle size phase transitions, and structural
morphology. It also reveals the finest details of internal structure and the data
extrapolations from a series of reaction products can be used to determine a step-

by-step mechanism of the reaction process.

HRTEM, which is an improvement to TEM makes it possible to obtain information on
the crystallographic structure of materials from images. With HRTEM, high phase

contrast images as small as a crystal cell can be acquired. [17].

In this research, a FEI Tecnai T12 transmission electron microscope to examine the
prepared Pd-based catalysts. About 1 mg of each sample was dispersed over 5mL
of ethanol in a glass vial and sonicated for 20 min for a homogeneous mixture. A
drop of this homogenous mixture was then deposited all over a copper grid

(Structure Probe, Inc. (SPI) carbon copper grid (200 mesh) and allowed to dry. The
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copper grid was then positioned on the exchange rod of the instrument’s sample

holder, which was then inserted into the TEM chamber for analysis.

Figure 3.2: FEI Tecnai T12 Transmission Electron Microscope.

3.2.6 Thermogravimetric analysis (TGA)

TGA is concerned with the monitoring the weight changes of a material while the
temperature is changed over time under a controlled temperature atmosphere [27].
This technique is used to analyze how thermally stable a nanocomposite is [28] and
as well as their fraction of volatile components by recording changes in weight while
heating the materials at a constant rate. It is performed with a ThermoGravimetric
Analyser (TGA) or thermobalance. This technique may be carried out in vacuum,
inert gas atmospheres, ambient air, oxidizing/reducing gases, carburizing or
corrosive gases, vapors of liquids or "self-generated atmosphere”, as well as

constant, controlled or high vacuum pressure.

TGA basically involves heating a sample and measuring its weight as it is heated or
cooled in a furnace. Usually, the sample is loaded in a specialized alumina crucible
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supported by an instruments’ precision balance that measures its mass loss/gain
against temperature or time. From the measurements, we can get information about
the extent of catalytic metal residue, decarboxylation, decomposition, oxidation,
pyrolysis, solvent water as well as weight percentage ash.

The thermal stability of each pd-based sample was studied with the help of a Perkin
Elmer Thermogravimetric analyzer (TGA)/Differential Thermogravimetric analysis
(DTGA) 6000.

Figure 3.3: Thermal analyzer used for the TGA.

3.2.7 Brunauer-Emmett-Teller (BET) surface area analysis

The specific surface area (SSA) is a parameter measured on solid materials as the
total surface area of a material per unit of mass. It is usually measured in m? kg or

m? g and tells the area covered by the material per given mass.

Brunauer-Emmett-Teller (BET) analysis is employed to get this information, which is

important for determining the reaction surfaces of a material. Although the SSA can
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be determined by different other measurement methods such as gas permeability
and calculation from the particle size distribution, these methods, unfortunately, are
unable to measure the deep texture of the particles’ surface and the fine structure of
the material’'s surface. These factors make the BET analysis more reliable.
Brunauer-Emmett-Teller surface area analysis makes use of nitrogen gas being
adsorbed on the surfaces of powdered solids, where the volumes adsorbed are

measured at a constant temperature (-195 °C) and the lowest relative pressure.

Figure 3.4: The micromeritics RS232 Brunauer -Emmett-Teller (BET) surface area

analyzer.

3.2.8 X-ray Photoelectron Spectroscopy (XPS) / Electron Spectroscopy for
Chemical Analysis (ECSA)

XPS is a surface-sensitive analytical technique that provides information on
guantitative atomic composition and chemistry. It identifies elements in a sample, as

well as their chemical states [29,31].

This technique works by irradiating the specimen’s surface with x-ray of constant
energy, hyv, in vacuum (normally better than 10-7 Pa) and determining the kinetic

energy spectrum of the photoelectrons (of low energy usually between 50 eV and
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2000 eV) emitted from the surface of the sample. The energy given off by these
electrons is typical of the atom being bombarded, thus allowing for the identification
of elements [29,30,31].

The parameters involved in the XPS experiment are related by the equation:

Ee=hv-Exk-W 3.2

where hv is the photon energy, Ek is the kinetic energy of the electron, and W is the
spectrometer work function. The quantities on the right are known or measurable,

and so it is easy to calculate the binding energy of the electron [30].

3.2.9 X-ray Absorption Spectroscopy (XAS)

Synchrotron based methods are used to study the physico-chemical and structural
properties of various materials. The synchrotron is a very efficient technique for
performing imaging and advanced spectroscopy on various materials as it attains a
high photon flux, small source size and low divergence, adapting to the

heterogeneity and great complexity of the materials under study.

The x-ray absorption spectroscopy (XAS) technique scans the incident x-ray photon
energy in a narrow region around an absorption edge and measures the variation in
the absorption coefficient (Figure 3.5). This variation in the absorption coefficient is
physically related to the excitation cross-section of the core electrons into the
vacuum continuum or unoccupied electronic states [32]. The absorption edge is
characteristic of the element and the synchrotron energy can be tuned to probe the

vicinity of the element in the 3D space.

(&) The pre-edge and edge regions are restricted to a few eV around the edge
(Figure 3.5, right).
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(b) The structure above the edge within (30-50eV) is called XANES (X-ray
Absorption Near Edge Structure) or NEXAFS (Near Edge X-ray Absorption Fine
Structure) [34, 35]. It can provide information on the local electronic and geometric
structure.

(c) The structure extending up to 1000 eV from the XANES region (as in Figure 3.5
right), is called EXAFS (Extended X-ray Absorption Fine Structure) and contains

information on the local geometric structure around a given atomic species. [34, 36—
41].
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Figure 3.5 Left: XAFS K-edge signal of crystalline copper (indicating the XANES
and EXAFS region) [32] and Right: Argon [33]

3.3 Electrochemical Measurements

Electrochemical measurements were used to examine the electrochemical
performances of the synthesized electrocatalysts. The experiments were performed
in the laboratory under room temperature and ambient pressure except stated
otherwise. Two different cells were fabricated for the electrochemical
measurements: (i) three-electrode configuration for half-cell tests; and (ii) two-

electrode configuration for full cell tests.



79

3.3.1: Three-Electrode Configuration

In the three-electrode configuration (Figure 3.8) for half-cell reactions, the WE (GCE
of 3.0 mm, 0.071 cm? or 5.0 mm, 0.196 cm?) modified with the electrocatalysts ink),
counter electrode (Pt wire) and reference electrode (AglAgCl, saturated 3.0 M KClI)

are used in aqueous electrolyte.

[ — i

Reference electrode (Ag| AgCl) ‘

Counter electrode (Platinum wire)

| Working electrode (GCE)

Figure 3.6: A three-electrode configuration for half-cell reactions

3.3.2: Two-electrode configuration for full cell test

The full cell tests involved a 3D-printed cell set-up fabricated with two-electrode
configuration: the WE (the cathode) and the CE (the anode), with the reference wire

connected to the counter wire. A Cu foil is used as a current collector.

(2.0 M KOH/2.0 M EtOH)

Cathode

—

Figure 3.7: A two-electrode 3D-printed cell
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3.4 DFT Simulation

The Density Functional Theory (DFT) was performed for the electrodes. All the DFT
calculations in this project were carried out on BIOVIA Materials Studio, using ab
initio DFT. The COMPASS was employed in the simulation. It is the state-of-the-art
forcefield and the first ab initio high quality forcefield to merge parameters for both
organic and inorganic materials that have been previously found in different
forcefields, and the first to enable accurate and simultaneous prediction of the
characteristics of different molecules under different conditions of temperature and
pressure [68,69].

Layers of 3x3 supercells of Pd and CeO2 were modeled and the top surfaces of the
modeled atoms were used as adsorption sites [42]. The energy window and energy
difference were set to 100 kcal mol* and 0.00 kcal mol* respectively. The adsorption
energy, which is a measure of the stability of the gas-solid adsorption complex was
calculated for each electrode. Smaller adsorption energy translates to better stability

of the adsorption complex [45].
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Materials Characterization

4.1.1 XRD spectroscopy of the electrocatalysts

The patterns obtained from the XRD measurements of the Pd catalysts confirmed
successful synthesis of the catalysts. Figure 4.1a shows the XRD patterns of the
CB/CeO2 and OLC/CeO2 powder and Figure 4.1b shows the XRD patterns of
Pd/CB, Pd/OLC, Pd-Ce0O2/CB and Pd-CeO2/OLC.

The hexagonal carbon structure was observed at 20 values of 24.3°, 25.6°, 25.9°
and 26.1° for Pd/CB, Pd-CeO2/CB, Pd/OLC and Pd-CeO2/OLC, respectively.

The peaks due to palladium are recorded at 26 = 40°, 47°, 68°, 82° and 86° which
are in good accordance with the FCC (face centred cubic) structure of the crystal
planes Pd(111), Pd(200), Pd(220), Pd(311) and Pd(222) respectively. The diffraction
patterns of ceria are observed at 26 = 28.7°, 32.7°, 47.3°, 56.2°, 69.1°, 77.7° and
88.4°. These results agree with XRD patterns of Pd/C and Pd-CeO2/C that have
been reported in literature [20, 22].

The diffraction peaks of the Pd-CeO2/CB and Pd-CeO2/OLC are broader than their
carbon-only supported counterparts. This may suggest that with the addition of ceria,

the particle sizes of the Pd are reduced.
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Figure 4.1: XRD patterns of the Pd/CB, Pd-CeO2/CB, Pd/OLC and Pd-CeO2/OLC

nanocatalysts.

The lattice parameters (lattice spacing (d / A), and crystallite sizes (D / nm)) of the
electrocatalysts at 206 of ca. 40° were calculated following Scherrer's equation
(Equation 3.1) and summarized in Table 4.1, where the crystallite size of the
electrocatalysts containing CeO:2 are observed to be reduced. Deformations (strain)
in materials are due to dislocations. The dislocation density (&) and micro-strain (€)
were obtained by using Equation 4.1 and 4.2 respectively.

§=— 4.1

&= 4 4.2
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Where B is the FWHM.

Larger dislocation density and micro-strain are observed for the catalysts containing
CeO2 nanoparticles than the ones without CeO2, suggesting that the catalysts

containing CeO2 nanoparticles possess more surface defects [25].

Table 4.1: Lattice parameters of the Pd -based electrocatalysts at 26 of ca. 40°.

Lattice Pd-based Electrocatalysts

parameters Pd/CB Pd-CeO2/CB Pd/OLC Pd-CeO2/OLC
26/° 39.953 39.707 39.650 40.317
d/A 2.254 2.268 2.271 2.235
D/nm 8.790 4.304 7.973 6.750
Micro strain 0.661 1.358 0.734 0.796

€

Dislocation 0.012 0.053 0.015 0.0190
density &

(nm?)

4.1.2 Raman spectroscopic analysis of the nanocatalysts

The Raman spectra (Figure 4.2) of the nanocatalysts showed two peaks between
1000 cm* (corresponding to the D band) and 2000 cm (corresponding to the G
band). The peak positions and intensity ratios (Io/lc) are given in Table 4.2. The
peaks are ascribed to the D band for disorder induced by C—C vibration band and
the G band for C=C graphite carbon vibration frequency of the carbon material with
sp? orbital structure. The D band is due to out-of-plane vibrations attributed to the
sp3-bonded carbon atoms, while the G band is due to in-plane displacement of sp?-

bonded carbon atoms [1-3].
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The Ip/lG intensity ratios were used to quantify the degree of crystallinity/disorder on
the materials. The Ip/lc values of Pd/CB, Pd-CeO2/CB, Pd/OLC and Pd-CeO2/OLC,
which can be used as references for the degree of graphitization, are recorded as
3.31, 3.31, 1.56 and 2.24, respectively. A reduction in the Ip/lc ratio confirms
increased graphitization. This suggests better graphitization in Pd/OLC [4].

D

——PdiCe0,-OLC

——Pd/OLC

= ——PdiCe0Q-CB

.- N

800 1000 1200 1400 1600 1800
Raman Shift cm™

Intensity (a.u.)

Figure 4.2: Raman spectra of the nanocatalysts.

Table 4.2: Summary of the Raman data for the nanocatalysts.

D band G band
Sample Raman Raman Raman Raman I/l
intensity shift A1| intensity shift A?| ratio
(Area under| (cm) (Area under| (cm)
the peak) the peak)
Pd/OLC 116100.44 1341.30 74357 .47 1580.58 1.56
Pd/CB 154942 24 1349.72 46800.28 1584.12 3.31
Pd/Ce0; -OLC | 34768 .63 1343.16 15547.53 1580.69 224
Pd/Ce0:-CB | 154942 24 134972 4680028 1584 12 3.31
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4.1.3 Chemical composition and particle morphology analyses

The EDS spectra of the as-prepared nanomaterials (Pd/CB, Pd/OLC, Pd-CeO2/CB
and Pd-CeO2/OLC) contained different elements with different ratios and were
identified. The results (Figure 4.3) confirm the presence of carbon by displaying a
peak due to carbon (C). The peaks due to cerium (Ce) and oxygen (O) are visible in
the results for the catalyst that contain CeO2 as support. The copper (Cu) peaks are

due to the sample holder (copper grid) employed in the study.

Figure 4.3(a). EDS spectrum of Pd/CB
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Figure 4.3(c). EDS spectrum of Pd-CeO2/CB
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Figure 4.3(d). EDS spectrum of Pd-CeO2/0OLC
The SEM images show that the particles are spherical. The materials supported on
OLC exhibit smaller particle sizes when compared to the materials supported on CB,
leading to larger surface to volume ratio and thus larger surface areas. This suggests
that the nano-sized structure of the OLC allows for better dispersibility of the
catalysts.
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Figure 4.4: SEM images of (A) Pd/CB (B) Pd-CeO2/CB (C) Pd/OLC and (D) Pd-
CeO2/0OLC.

From the TEM images (at 500 nm), the mean particle sizes of the Pd/CB, Pd-
Ce02/CB, Pd/OLC and Pd-CeO2/OLC were calculated to be 51.5 nm, 49.9 nm, 7.5
nm and 6.2 nm, respectively. The particle size distribution of each nanocatalyst is

represented in Figure 4.6.
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Figure 4.5: TEM images of (A) Pd/CB (B) Pd-CeO2/CB (C) Pd/OLC and (D) Pd-
CeO2/OLC.
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Figure 4.6: The particle size distribution of the nanocatalysts. (a) Pd/CB (b) Pd-
Ce02/CB (c) Pd/OLC (d) Pd-CeO2/OLC.

4.1.4 High Resolution Transmission Electron Microscopy (HRTEM)

The HRTEM images of the samples are shown in Figure 4.5 and the lattice fringes
(obtained from ImageJ®) corresponding to Pd are determined to be 0.231 nm, 0.231
nm, 0.336 nm and 0.334 nm for Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC,
which suggests that the lattice fringes expand with the addition of CeO2. These d-
spacing values are inconsistent with the d-spacing values from the XRD data.
However, it is well-known that the HRTEM is more reliable for determining lattice

spacing.
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Figure 4.7: HRTEM images of the samples.

4.1.5 Thermogravimetric analysis of the nanocatalysts

From the thermal stability analysis of the nanomaterials studied, it was noted that
the onset decomposition temperatures of Pd/CB, Pd-CeO2/CB, Pd/OLC and Pd-
Ce02/0OLC were at 516 °C, 380 °C, 457 °C and 252 °C, respectively (Figure 4.8a),
and the first order derivative peaks were centered at 585 °C, 528 °C, 536 °C and
447 °C respectively (Fig. 4.8b).
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Figure 4.8: (a) TGA of the nanocatalysts; and the (b) Derivative Thermogravimetry
(DTGA).

Pd/CB and Pd/OLC were observed to retain 10% of their weight, which accounts for
the 10wt% Pd loading while Pd-CeO2/CB and Pd-CeO2/OLC retain ca. 40% of their
weights which accounts for 10wt% Pd and Ce (C and O2 burn off in inert
environment).
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4.1.6 Evaluation of surface area and pore volume of the samples

The surface area and pore volume of the nanocatalysts were investigated by BET

analysis and are summarized in Table 4.3 for the different catalysts.

Pd-CeO2/OLC is observed to have the largest surface area, suggesting that it has a

large amount of surrounding materials in contact and thus increases the interactions.

From the results, Pd-CeO2/OLC also has the largest pore volume as compared to
the other catalysts. Porosity is important for selective permeability, which is a

property desired in the development of ion-exchange membrane.

Table 4.3: BET surface areas and porosity of the electrocatalysts

Electrocatalysts | Pore size Pore volume / | BET area
/ nm cm3 g I m2 gt
Pd/CB 138.65 0.055 30.57
Pd-Ce02/CB 59.71 0.089 a7.07
Pd/OLC 253 0.225 357.73
Pd-Ce0Q2/0LC 247 0.230 37353

4.1.7 X-Ray Absorption Spectroscopy (XAS)

Athena code was used to extract the EXAFS oscillations and Arthemis software was
used in the analysis [21]. The amplitude reduction factor (So?) and the photoelectron
energy origin correction (AEo) were found for the Pd foil and fixed for the samples as
0.8 and -6, respectively. The local environment of the Pd atoms were determined
using the phase shift and amplitude functions of two Pd-O contributions and one
Pd-Pd contribution.

The Pd-O contributions were calculated using a PdO with a tetragonal structure (CIF
Collection Code 257583) and PdO with a cubic structure (CIF Collection Code
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77650). The Pd-Pd contribution was calculated using a metallic Pd structure (CIF
Collection Code 257579).

As a first attempt the coordination numbers (N;), distances (Ri) and Debye-Waller
factor (0i?) of each path were adjusted freely and independently. However, the
results for the o2 were very similar. Considering the N; and oi? are strongly correlated
parameters we opted to use the same oi? for all the paths but continue adjusting it
freely. In addition, a second model was tested using a second Pd-Pd contribution
instead of the longer Pd-O contribution in the second shell. This attempt was made
to test the presence of small PdO particles in addition to the metallic particles. The
model did not represent the data.

Table 4.4: Fit results of the EXAFS data.

Pd-O contributions Metallic Pd
CN CN CN
R (A) R (A) R (R)
Sample (Pd-O) (Pd-O) (Pd-Pd)
2.04* 2.83* 2.78*
4* 6* 12*
1.7+ | 2.04+ 3.02 +
Pd/OLC 7+2 5+1 |2.76+0.005
0.6 0.03 0.03
1.7+ | 2.05+ 3.04 +
Pd-Ce0./CB 8+2 4+1 | 2.77+0.01
0.4 0.02 0.02
1.7+ | 2.04+ 3.04 +
Pd-Ce0,/OLC 8+2 6+1 | 2.76+0.01
0.5 0.02 0.001

CN, coordination number; R, bonding length; i 0.001 + 0.001.

The range used to transform the EXAFS oscillations (k? x(k)) was 3-12 and the
interval where the fit was performed was 1-3 A. Table 4.4 and Figure 4.9A present
the fit results. Figure 4.9B presents the Pd/OLC fit and the contributions.
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Figure 4.9. (A) Fourier transform of k?-weighted spectrum (not phase corrected) and
best fit for the samples Pd/OLC (sample 004), Pd-CeO2/CB (sample 005) and Pd-
Ce0O2/0OLC (sample 006). (B) Fourier transform, best fit and fit contributions for the
sample Pd/OLC. (C) Normalized XANES spectra at Pd K-edge for all the samples

and metallic reference.

All the samples are very similar with only a small difference in the Pd-Pd contribution.
All the samples present, coordination numbers for the Pd-Pd contribution are much
smaller than what is expected for metallic bulk Pd (12). The Pd particles dispersion
increases in the order: Pd-CeO2/OLC > Pd/OLC > Pd-CeO2/CB.

The Pd-O contributions are very similar and indicate the presence of highly
dispersed Pd species in addition to the small Pd particles. From the EXAFS analysis
it is not possible to distinguish scattering from O, C and N. Thus, the Pd-O
contributions could be in fact for example a Pd—C and Pd-O contributions. These
contributions could come from an interaction with the carbon support, oxidation from

the air or the reaction.

From the XANES results (Figure 4.9C) we can observe that the samples are very

similar to Pd°® but with damped oscillations, characteristic of nanomaterials.
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4.1.8 X-ray Photoelectron Spectroscopy (XPS)

The chemical state of Pd and the atomic percentage of Pd?* in the nanocomposites

influence the performance of the catalyst [27,28].

A wide survey of the nanocatalysts (Figure 4.10) reveal the following constituent
elements: Pd, Ce, O and C. To further investigate the chemical environments of the
constituent elements, the high-resolution spectrum of each element was

deconvoluted into two or more spectra.

The deconvoluted Cls spectra of the nanocatalysts (Figure 4.11), confirm the
chemical environments of the carbon support. Pd/CB has C-C (sp2), C-O, C=0, O-
C=0 and C-C (sp3) bonds at 284.1, 286.1, 287.1, 288.7 and 285 eV, respectively
and the Pd-Ce0O2/CB has C-C (sp2), C-O, and C-C (sp3) bonds at 284.1, 285.7 and
285 eV, respectively.

Pd/OLC has C-C (sp2), C-O, C=0, O-C=0 and C-C (sp3) bonds at 284.1, 285.79,
287.9, 288.80 and 285 eV, respectively whereas the Pd-CeO2/OLC has C-C (sp2),
C-0, C=0, O-C=0 and C-C (sp3) bonds at 284.19, 285.79, 288.04, 288.80 and 285
eV, respectively.

The deconvoluted O 1s spectra of the nanocatalysts are shown in Figure 4.12. O 1s
peaks can be seen at binding energies of 530.5, 532 and 533.2 for Pd/CB, attributed
to metal oxide bonds, organic C-O bonds and C=0 organic bonds, respectively. For
Pd-CeO2/CB, peaks can be seen at 529.8 eV, 531.9 eV, and 533.5 eV corresponding

to metal oxide bonds, C-O organic bonds, organic and C=0 bonds, respectively.

O 1s peaks can be seen at binding energies at 531.9 and 533.1 for Pd/OLC,
attributed to the C-O organic bonds and organic C=0 bonds, respectively. For Pd-
Ce02/0OLC, O 1s peaks can be seen at 529.6 eV, 531.59 eV, 533.19 eV and 534.8
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eV corresponding to metal oxide bonds, organic C=0 bonds, C-O organic bonds,

and organic O, respectively.

From the Pd 3d spectra (Figure 4.13), Pd/CB has peaks at 335.1 and 340.4 eV
correspond to Pd(0) 3ds2 and 3ds2. The peak at 335.9 eV corresponds to Pd(ll) 3ds/2
[29], while peaks at 337.7 and 342.8 eV are attributed to PdO2 3ds/2 and 3ds2 satellite

peaks, respectively.

For Pd-CeO2/CB, the peaks corresponding to Pd(0) 3ds;2 and 3ds/2 are seen at 335.1
and 340.4 eV. While the peak at 336 eV is attributed to Pd(ll) 3ds/2, the peaks at
337.5 and 342.7 are attributed to PdO2 3ds2 and 3ds2 satellite peaks, respectively.

For Pd/OLC, peaks corresponding to Pd(0) 3ds2 and 3dsz are observed at 335.0 and
340.0 eV, peaks at 336.6 and 341.8 eV correspond to Pd(ll) 3ds2 and 3dasp,
respectively, and those at 338 and 343.2 eV are attributed to PdO2 3ds2 and 3ds2,

satellite peaks respectively.

For Pd-CeO2/OLC, the peaks at 335.2 and 340.4 eV are assigned to Pd(0) 3ds2 and
3ds2, while those at 337.4 and 342.6 eV are attributed to PdO2 3dsz and 3ds2

satellite peaks, respectively.

From the spectra of Ce 3d in Pd-CeO2/CB and Pd-CeO2/OLC (Figure 4.14), the O1,
02, 03, 04, 05, 06 and O7 Ce (3d) signals are found at 882.4, 885.6, 898.8, 901.2,
903.4, 907.8 and 917.2 eV (for Pd-Ce0O2/CB), and 882.4, 886, 898.6, 901, 903.4,
907.6 and 917 eV (for Pd-CeO2/OLC).

The signals corresponding to Ce** 3ds2 and Ce** 3ds2 are observed at 07, O3 and
04, with binding energies of (917.2 eV) and (898.8 & 901.2 eV) respectively (for Pd-
Ce02/CB), and (917 eV) and (898.6 & 903.4 eV) respectively (for Pd-CeO2/OLC).
The oxygen vacancies (Ce**) may make for better dispersion of nanoparticles and

also favor the catalysis [30].
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The O5 and O1 energy levels of Ce3* 3ds2 and Ce3* 3ds2 are at 903.4 and 882.4 eV
for both Pd-CeO2/CB and Pd-CeO2/OLC. Two extra satellite peaks O6 and O2 are
shown at 907.8 eV (Pd-CeO2/CB) and 907.6 (Pd-CeO2/OLC) on the Ce?* 3ds/2, and
885.6 eV (Pd-Ce02/CB) and 886 eV (Pd-CeO2/OLC) on the Ce3* 3dsi2. These results

are found to agree with previously reported spectra [59-63].

The valence band spectra of the Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC
are represented in Figure 4.15. The d-band width of Pd/CB and Pd/OLC is 1.04 eV
and 3.26 eV respectively. The d-band width increases to 3.60 eV and 9.00 eV for
Pd-CeO2/CB and Pd-CeO2/OLC respectively. The broadening of the d-band
suggests more compressive strain on the Pd lattice, causing an increase in the

overlap of the electronic states between the metal atoms [31,32].

The constituent elements and their atomic content are summarized in Table 4.5 (a-

e).
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Pd-CeO2/OLC nanocatalysts.
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Table 4.5 a: XPS atomic percentage of each constituent element.

Atomic %
Samples Pd 3d Cedd Cis O1s
Pd/iCB 0.5 - 799 18.1
Pd-CeO2/CB 22 13 854 10.7
Pd/OLC 06 - 93.5 5.9
Pd-CeQ:/OLC 12 16 846 126




Table 4.5 b: Elemental identification of Pd/CB

Name Peak FWHM Atomic | Q
BE eV %
C1s (C-C) sp2 284 1 1 506 1
C1s (C-C) sp3 285 1 46 1
C1s (C-0) 286.1 19 12 4 1
C1s (C=0) 2871 19 58 1
C1s (0-C=0) 2887 19 4.3 1
Pd3d5 (Pd) 3351 13 0.2 1
Pd3d5 (PdOx) 3359 13 0.2 1
Pd3d5 (PdOz; Satellite peaks) | 337.7 18 0.2 1
Pd3d3 (Pd) 340.4 13 0.2 1
Pd3d3 (PdO;; Satellite peaks) | 3428 18 0.2 1
O1s (Metal Oxides) 5305 19 14 1
O1s (Organic C-0) 232 19 6 1
O1s (Organic C=0) 5332 19 119 1
Table 4.5 c: Elemental identification of Pd-CeO2/CB
Name Peak | FWHM | Atomic | Q
BE eV %
C1s (C-C) sp2 284 1 09 69.9 1
C1s (C-C) sp3 285 1 54 1
C1s (C-0) 2857 1.7 6.8 1
Pd3d5 (Pd) 3351 1 1.2 1
Pd3d5 (PdOx) 336 1.1 05 1
Pd3d5 (PdO;; Satellite peaks) | 3375 21 05 1
Pd3d3 (Pd) 340 4 1 1.2 1
Pd3d3 (PdO;; Satellite peaks) | 3427 21 05 1
O1s (Metal Oxides) 5298 16 43 1
0O1s (Organic C-0) 5319 16 5 1
0O1s (Organic C=0) 5335 16 2.2 1
Celd (Ce02) 883 6.5 1.9 1
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Table 4.5 d: Elemental identification of Pd/OLC

Name Peak BE| FWHM Atomic | Q
eV %
C1s (C-C) sp2 2841 0.8 736 1
C1s (C-C) sp3 2849 0.8 9.7 1
C1s (C-0) 285.1 14 8.7 1
C1s (C=0) 287.9 14 0.7 1
C1s (0O-C=0) 288.8 14 0.3 1
Pd3d5 (Pd) 335.0 1.3 0.3 1
Pd3d5 (PdOx) 336.6 1.3 0.1 1
Pd3d5 (PdO;; Satellite peaks) | 337.9 1.3 0.3 1
Pd3d3 (Pd) 340.2 1.3 0.3 1
Pd3d5 (PdOx) 341.97 1.3 0.1 1
Pd3d3 (PdO;; Satellite peaks) | 343.2 1.3 0.3 1
O1s (Organic C-0) 5319 19 3.9 1
0O1s (Organic C=0) 533.1 19 1.7 1
Table 4.5 e: Elemental identification of Pd-CeO2/OLC
Name Peak FWHM | Atomic % | Q
BE eV
C1s (C-C) sp2 284 2 0.8 58.3 1
C1s (C-C) sp3 285 0.8 12.0 1
C1s (C-0) 2858 15 8.9 1
C1s (C=0) 2879 15 0.3 1
C1s (0-C=0) 288.8 15 2.0 1
Pd3d5 (Pd) 335.2 14 0.6 1
Pd3d5 (PdOz; Satellite peaks) | 3374 19 0.6 1
Pd3d3 (Pd) 340 .4 14 14 1
Pd3d3 (PdOz; Satellite peaks) | 3426 19 0.6 1
O1s (Metal Oxides) 5296 15 438 1
O1s (Organic C-0) 5316 15 53 1
O1s (Organic C=0) 5331 15 3.2 1
O1s (Organic O) 5348 15 1.0 1
Ce3d (Ce02) 882.7 2.8 19 1
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4.1.9 Electrode Surface Coverage Analysis

The surface coverage analysis of the bare GCE and electrocatalyst-modified GCE
was performed in a solution of 0.1 M KCI containing 3 mM Fe(CN)s]*/[Fe(CN)s]*>

solution.
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Figure. 4.16: Cyclic voltammograms of the bare and modified GCE.
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In Figure 4.16a the CVs of the bare and modified GCE are compared. The bare
GCE clearly showed the Fe(CN)e]*/[Fe(CN)s]*- redox process at an equilibrium
potential (E12) of about 0.19 V. The value of the peak separation potential (AEp) (=
191.5 mV) exceeds the theoretical 59.8 mV for a fast one-electron transport. The
anodic to the cathodic peak ratios (lpa/lpc) for the electrodes are = 1, which is an

indication that the electrochemical process is reversible.

Unlike the unmodified GCE, there was no significant electrochemical response
observed after scanning the GCE modified with each of Pd/CB, Pd/OLC, Pd-
Ce02/CB and Pd-CeO2/OLC in the ferri/ferro solution. This indicates that the activity
of the modified GCE had been lost completely due to the existence of palladium
complex - mainly in the form of Pd"V complexes - on the GCE surface [5], making it
difficult to determine the electron transfer rate at the modified electrodes.

The electrodes were also studied at different scan rates (Figure 4.16 b-f). The redox

peaks increased with increasing scan rates.

4.2 Ethanol Oxidation Reaction (EOR)

The EOR was performed using a three-electrode (half-cell) system comprising of a
GCE (diameter = 3 mm) as the WE, platinum wire as the CE (to generate applied
potentials at the working electrode), and Ag|AgCl electrode (3 M KCI) as the RE (to
monitor the current generated at the working electrode).

The GCE was cleaned by proper polishing on a polishing pad using alumina (Al203)

slurry followed by ultrasonic stirring in ethanol and acetone.

The catalyst ink was prepared by dispersing the powder (1 mg) in ethanol (1 mL)
and adding 100uL of Nafion (5 wt%) to increase the adhesion of the catalyst material
on the glassy carbon electrode. The mixture was sonicated for 30 minutes to obtain

a homogeneous mixture. The catalyst ink (12 uL) was then deposited on the GCE in
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a dropwise fashion and allowed to dry, producing an electrocatalyst loading of
0.00144 mg cm™2.

The following catalyst-modified GCE electrodes were studied: (1) Pd/CB (2) Pd-
Ce02/CB (3) Pd-CeO2/OLC (4) Pd/OLC catalysts. The electrochemical behaviour of
each catalyst was investigated using CV, LSV, CA, and EIS.

4.2.1 Cyclic Voltammetry (CV)

CV was performed on each of the the Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-
CeO2/0OLC electrodes in pure Nz-saturated 0.5M KOH. The voltammograms are
shown in Figure 4.17. Hydrogen adsorption/desorption peaks and Palladium Oxide
(PdO) reduction peaks are observed between (-0.4 and -1.00 V) and (-0.26 and -
0.35 V) vs Ag|AgCl (3 M KCI), respectively for all the electrocatalysts [8,9,13].
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Figure 4.17: Cyclic voltammograms of Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-
Ce02/0OLC (a) Specific activity (b) Mass activity.

The current densities of the hydrogen adsorption/desorption peaks are much higher

for the electrocatalysts on CeO2 support than those supported on carbon alone.
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Pd-CeO2/OLC shows the highest PdO reduction peak around -0.30 V vs Ag/AgCI

electrode.

The PdO reduction peaks of the catalysts containing CeOz2 shift to a more positive
potential, which is an indication that less energy is needed to reduce PdO in the
presence of CeOz2, which is possibly due to the attraction of Pd to metal oxides like
CeO2, which provide more oxygen to the Pd and PdO active sites [9]. The
electrochemical active surface area (ECSA)rdo was estimated by integrating the
PdO reduction peaks to find the Coulombic charge of each catalyst and then

following the proposed method of Rand and Wood [19] (Equation 4.3).

Ecsa=2 4.3
S.1

where Q is the coulombic charge (0.1662, 0.4054, 0.4498, and 0.8718 mC for
Pd/CB, Pd-CeO2/CB, Pd/OLC, and Pd-CeO2/OLC, respectively), S is the coulombic
constant for monolayer of Pd (0.424mC cm™2), and | is the electrocatalyst loading (~

1.0 ug(Pd)). The ECSAPrdo values for the catalysts are recorded in Table 4.6.

The ECSAr4o of Pd/OLC, Pd-CeO2/CB, and the Pd/CB catalysts are 88.404, 76.678,
and 32.666 m?grdt, respectively. In comparison, Pd—CeQO2/OLC shows the highest
ECSArdo of 171.344 m? gra~t, which is 1.94, 2.23, and 5.25 times higher than that
of Pd/OLC, Pd-CeO2/CB, and Pd/CB respectively. The high ECSApdo of
Pd-CeO2/OLC shows that more catalytic active sites of Pd are exposed after
combining with the OLC/CeOz2 heterostructure. The difference in the values of the
BET and ECSA is because while BET probes the entire surface area available to N2
gas, including the meso- and macropores, the active surface area results from the

chemical reaction between the electrode and electrolyte and would be different.

The electrocatalysts were then explored for EOR using CV in 0.5 M ethanol/0.5 M
KOH at a sweep rate of 50 mV s (Figure 4.18), giving rise to two peaks (arising

from the forward and backward scans), typical of ethanol oxidation. The peak arising
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from the forward scan is attributed to the oxidation of the carbonaceous species
adsorbed onto the electrocatalyst surface, while the reverse oxidation peak from the
backward scan shows the re-oxidation of the carbonaceous species to CO2 or
CH3COOH [9].

The peak currents were normalized over the ECSA and loading of catalyst to obtain
the specific activity and mass activity, respectively. The forward peak current density
of mass activity (658.53 mA mg™) on Pd -CeO2/OLC is about 3.59 times that of
Pd/OLC (183.28 mA mg™), 5.44 times that of Pd-CeO2/CB (120.93 mA mg™) and
15.38 times that of Pd/CB (42.83 mA mg™).

The onset potential gives information regarding the ease of electrocatalysis. A more
negative value (i.e., an earlier onset potential) indicates easier electrocatalysis [6].
The onset potential of the EOR of each electrocatalyst is recorded in Table 4.6.
Addition of CeO2 to Pd-carbon catalysts is observed to significantly enhance the
onset potential (shifting it to a more negative value) and significantly increase the

EOR current densities.

The onset potential (Eonset [V]) and peak separation (AEp [V]) from the cyclic
voltammograms decrease as follows: Pd/CB (@0.626V, 0.095V) > Pd/OLC
(@0.652V,0.094V) > Pd-Ce02/CB (@0.656V,0.088V) > Pd-CeO2/OLC (@-0.692V,
0.067V). This suggests that the CeO2 in Pd-CeO2/CB and Pd-CeO2/OLC noticeably
improve the EOR performance.

From the voltammograms, it is clearly observed that the Pd/CeO2-OLC showed the
best ethanol oxidation activity (lower overpotential and higher current response) in

this research.

The forward peak current density (jf) gives information about the catalyst’'s maximum
current generation; and the jf/jb gives information about the tolerance ability of the
catalyst to carbonaceous species accumulated (a higher jf/jb value signifies better

tolerance of the catalyst to poisoning) [7].
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Table 4.6: EOR data obtained at the Pd/CB, Pd-CeO2/CB, Pd/OLC and Pd-

CeO2/OLC electrodes.
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Table 4.7: Electrocatalytic properties of the Pd-CeO2/OLC electrocatalyst towards

EOR in alkaline media compared to other works (n/a not available).

Electocatalyst Electrolyte | ECSA Eonset (V) | AE J Jf/Jb Ref

p f
(sz/mg) (V) (mA/CmZ)

Pd-CeO,/OLC 05MKOH |171.344 -0.692 0.067 | 12.975 0.33 | This
+05M work
EtOH

Pd/SnO2/MOFDC | 0.25 M 962.0 -0.650 |0.084 | 7.303 0.80 | [9]
EtOH/0.25
M KOH

Pd/Ni/CeO/C 1.00M n/a -0.40 n/a 3.3 0.80 | [64]
EtOH/1.00
M KOH

MWCNT/PdSnmix | 0.50 M 604 - 0.50 0.250 | 6.87 0.65 | [65]
EtOH/0.50
M KOH

Pd/Cu/graphene | 1.00 M 202.2 - 0.58 0.220 | 1.94 2.98 | [66]
EtOH/1.00
M KOH

Figure 4.19 shows CVs obtained at different scan rates. The forward ethanol
oxidation peak current density is observed to be directly proportional to the scan

rate.
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The plot of the current density against the square root of the scan rates (Figure 4.20)

gives linear plots, which is an indication of a diffusion-controlled interaction between

the electrocatalysts and ethanol.
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Figure 4.20: Plot of current density against the square root of the scan rates
for the EOR of Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC.

4.2.2 Linear Sweep Voltammetry (LSV)

LSV (Figure 4.21) was used to investigate the kinetics of the electrocatalysis,
as well as the EOR performance of the electrocatalysts at different
concentrations of EtOH in the 0.5 M KOH electrolyte. The current densities

increased for all the electrocatalysts as the concentration of ethanol increased.

However, an abrupt decrease in current density was noticed at 2.00 M ethanol
for Pd-CeO2/OLC and 2.5 M ethanol for Pd-CeO2/CB, suggesting that the Pd-
active sites of the Pd-CeO2-OLC are easily saturated with carbonaceous
species at higher ethanol concentrations, due to the inadequacy of OH™ags. This
suggests that while the diffusion of OH™ ions controls the oxidation of the
carbonaceous species, at lower ethanol concentrations the oxidation is
controlled by the diffusion of ethanol as there are enough OH™ ions, giving rise

to rapidly increasing current densities at lower concentrations [8, 9].
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Figure 4.21: LSV concentration studies of (a) Pd/CB (b) Pd-CeO2/CB (c)
Pd/OLC (d) Pd-CeO2/OLC.

The kinetics of Pd-CeO2/OLC in ethanol was investigated using the Tafel
equation for oxidation processes (Equations 4.4 and 4.5) and the Tafel (b) and

the transfer coefficient (a) values were determined.

n=a+blogj 4.4
2.303RT
© (1-a)nF 4.5

With the parameters retaining their meanings as defined in Chapter 2 (Section
2.7.4).
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Figure 4.22: Tafel Plot of the EOR at the Pd-CeO2/OLC electrode.

Every electrochemical process passes through a transition state, which is less
stable than both reactants and products. Transfer coefficient (a) is used to
define kinetics of electrochemical reaction. [10]. It tells how reactant-like or
product-like the transition state is with respect to its electrical behavior and has
values between 0 and 1. If it is close to either of the two values (0 or 1), we can

say that the transition state is either very reactant-like or very product-like.

2.303RT
a=— 4.6
bnF

From the Tafel plots (n vs. log J) (Figure 4.22), the Tafel slope is obtained as
251.30 + 1.91 mV dec™. The value of an = 0.24 for the Pd-CeO2/OLC
electrode, where n = 3 for EOR [11,8]. Thus a = 0.1, which indicates that the
EOR is irreversible [12].
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4.2.3 Chronoamperometry (CA)

Stability is an important aspect to be considered in the choice of electrocatalyst
materials for fuel cell application. CA (Figure 4.23) was performed on all the
electrocatalysts at a potential of -3.0 V for 1800 seconds.

The EOR current densities rapidly decrease at first. This is caused by the
buildup of some carbonaceous species poisoning during ethanol oxidation [13].
The specific activity (Figure 4.23a) and the mass activity (Figure 4.23b) were
plotted for each catalyst and the Pd-CeO2/OLC-modified GCE showed the least

reduction in current density.
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Figure 4.23: CA evolutions of the Pd electrocatalysts.

4.2.4 Electrochemical Impedance Spectroscopy (EIS)

The EIS (Figure 4.24) data of the four catalysts were best fitted with the
Randles-Sevcik equivalent circuit and the values are summarized in Table 4.7.

The charge transfer resistance (Rct) obtained in the EIS increases as follows:
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Pd-CeO2/OLC (905.5 Q) < Pd-Ce02/CB (3680 Q) < Pd/OLC (5687 Q) < Pd/CB
(28561 Q) with errors less than 1.
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500
e 0
= 0 ___1000 2000 3000 4000
O 10000 -
> u
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£
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Figure 4.24: Nyquist plots of the electrocatalysts.

Table 4.8: EIS values obtained at the electrodes.

Catalyst Rs (Ohm) Rct (Ohm) a CPE (F)
Pd/CB 22.36 £0.29 28561+2.19 0.81+05 13.33E-6 *
0.58E-9
Pd-CeO2/CB 27.62+0.29 3680%1.11 0.85+0.5 64.33E-6 +
58.38E-9
Pd/OLC 31.58 £0.27 5687 + 3.45 0.89+0.5 99.83E-6 +
84.84E-9

Pd-CeO2/0OLC 24.87 £0.28 9055+159 086+05 0.27E-3 =
0.74E-6
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Bode plots: (log Z vs log f) and their corresponding (phase angle
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From the plots of phase angle (6 / °) against log f (Hz) (Figure 4.25), the phase
angles of EtOH for Pd/CB, Pd-CeO2/CB, Pd/OLC and Pd-CeO2/OLC are ~ 75°,
~ 70°, ~ 75° and 65° respectively. These values are less than the 90° expected
for an ideal capacitor. This confirms the pseudocapacitive nature of the

materials and the presence of CPE.

The slopes of EtoH recorded for each catalyst are (ca. 0.79, 0.74, 0.79 and
0.72) indicative of pseudocapacitive and resistive behaviors at these frequency
regions [14, 15].

EIS data throws more light on the reversibility of the redox processes, by
calculating the exchange current density (jo) and rate constant of electron

transfer (Ket) using the conventional Equations 4.7 and 4.8 [35]:

. RT
Jo = Trr 4.7
ct
= Jo 4.8
et = nFa '

where A is the geometric surface area of the electrode and R, T, n, and F retain
their definitions as described previously. The higher the values of joand ket the

better the electrocatalysis.

4.2.5 Direct Ethanol Micro-Fuel Cell (u-DEFC) Measurement

The alkaline u-DEFC was explored using a micro-3D printed cell (Figure 4.26),
fabricated with two-electrode configuration. The cathode was made by
preparing slurries of 10.0 mg of FeCo/C (3.0 wt % metal), while the anode was
made by preparing slurries of 10.0 mg of the electrocatalysts. The anode and
cathode materials were each mixed with 200 pL of EtOH and 20 uL of PTFE
binder. The FeCo/C slurry was coated on doubled carbon papers (for the
cathode) and the slurry of each electrocatalyst was coated on a piece of nickel

foam (for the anode). The anode material and cathode material were then
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sandwiched in-between laminated sheets and arranged into anode and

cathode compartments, respectively.

(2.0 MKOH/22.0 MEtOH)

Cathode

Figure 4.26: A two-electrode set-up consisting of the micro 3D-printed cell for
ADEFC test.

All four electrocatalysts were tested for the u-DEFC using the micro-3D printed
cell (Figure 4.26) for proof-of-concept. From the power curves of the
electrocatalysts Figure 4.27a, Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-
CeO2/0OLC have peak power density (Pm) values of 3.59, 19.72, 22.74 and
27.15 mW cm respectively.

From the galvanostatic discharge test (Figure 4.27b) at 20 mA cm for 48 h,
the voltage drop for Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC are 0.774
to 0.098 V (12.7% energy retention), 0.904 to 0.156 V (17.3% energy
retention), 0.952 to 0.612 V (64.2% energy retention) and 0.927 to 0.624 V

(67.3% energy retention) respectively.

The materials containing CeO:2 have significantly better electrocatalytic
performance and also retain more energy. EIS (Figure 4.28a) was performed
at open circuit potentials (OCV) of 0.70, 1.0, 1.01 and 1.08 V on the Pd/CB,
Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC electrocatalysts, respectively. and
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the spectra were modeled with the Voigt EEC (Figure 4.28b) and the EIS

parameters are summarized in Table 4.8.

— PdiCB — Pd-Ce0/CB
oE — PdiQOLC — Pd-Ce0jOLC

I E R
(aj j! mAcm™® (b) Tih

Figure 4.21: (a) potential and power curves, (b) galvanostatic discharge test at

20 mA cm™.
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Figure 4.28: (a) Nyquist plot of the Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-
CeO2/0OLC using a 3D-printed cell; and (b) the Voigt EEC model.
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Table 4.9: EIS parameters of the Pd-based electrocatalysts for the u-DEFC

EIS Pd/CB Pd/OLC Pd -CeO2/CB | Pd-CeO2/OLC
parameters

Ro/ Q 439+1.39 |3.94+1.00 5.38 +1.06 4.34+£0.19
Rint / Q 10.72+4.07 | 4.15+0.87 4.62 +0.46 3.16 £0.79
CPE1/ 17.95+8.94 | 104.00 £1.00 | 10.25+2.72 11.11 £0.10
mF.s" @D

a1 0.75 0.5 1.00 0.80

Ret / Q 23.41+£2.25 |12.07+0.62 |11.59+1.54 4.14 +0.85
CPE2/ 26.78 +4.80 | 6.43 +4.22 20.16 +0.00 8.95+0.12
mF.s" @D

az 0.83 0.5 0.70 0.50

From the power-law equation explained in Equation 2.18, the CPE impedance

(Zcee) is related to the ideality factor, a, with values ranging from -1 to +1. If a

= 0, the Zcpe is a pure resistor. If a = -1, it means that it is a pure inductor. If a

=1, it is a pure capacitor, while a = 0.5 means that the CPE is equal to the

Warburg impedance (Zw) due to diffusion of the electrolyte ion [23,24]. The

values obtained (0.5 < a < 1.0) confirm the inhomogeneous charge storage

elements used in the Voigt EEC. Series resistance (Ro + Rint + Rct) values of
ca. 38.5, 20.16, 21.59 and 11.64 Q are recorded for the Pd/CB, Pd/OLC, Pd-
Ce02/CB and Pd-CeO2/OLC.
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4.2.6 DFT Simulation for EOR

The electronic states of Pd in the nanocomposites were investigated by
examining the band structures, and from Figure 4.29 (a-d), the Pd surfaces

are observed to be metallic with the energy bands crossing the Fermi level.
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Figure 4.29a: Electronic energy band structures of the Pd surfaces of Pd/CB
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Figure 4.29b: Electronic energy band structures of the Pd surfaces of
Pd/OLC
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Figure 4.29c: Electronic energy band structures of the Pd surfaces of Pd-
CeO2/CB.
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Figure 4.29d: Electronic energy band structures of the Pd surfaces of Pd-
CeO2/0OLC.
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Figure 4.30: The interactions between the ethanol molecule and the different
palladium catalysts.

The DFT results (Figure 4.30 and Table 4.9) reveal that the materials
containing CeO2 have weaker adsorption energy (in absolute values) of OH
than their counterparts without CeO2. The CH3CO adsorption energy of the Pd-
CeO2/CB electrode is -28.933 eV (when compared with Pd/CB calculated to be
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-25.494 eV) which means adsorption is improved by 13.5 % and that of Pd-
CeO2/0OLC is -16.811 eV (when compared with Pd/OLC calculated to be -
16.503 eV); translating to 18.7 % improvement.

Thermodynamically, the more favored catalyst for EOR (based on the values
of Gibbs or A.E (eV)) is Pd/CB > Pd-Ce0O2/CB > Pd-CeO2/OLC > Pd/OLC [26].
This prediction is opposite to electrocatalytic data where OLC is better than
carbon black, meaning that conductivity is contributing to the electrochemical

performance.

Table 4.10: Energies calculated for the Ethanol-Pd configurations.

L= o = 5 ©
2 g Ys |2 |2 |3 |2 £
o a 8% |uw L o |w® M
] E D) < (a] X
Pd/CB -2.063 0.582 | -277.311
OH" -5.087 | -13.116 -8.029
CHscD* -16.990 | -25.494 -8.137
Pd/OLC -3.517 0.433 | -109.200
OH* -2.418 | -10.448 -8.029
CHSCO" -7.998 | -16.503 -8.251
Pd-CeQ /CB -5.774 0.523 | -897.591
e
OH* -3.395 | -11.424 -8.029
CHscD* -20.429 | -28.933 -8.040
Pd-CeQ /OLC -4.373 0.176 | -170.586
I
OH* -2.106 | -10.135 -8.029
CH?'CO" -8.306 | -16.811 -8.241
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4.3 Hydrogen Oxidation Reaction

In this section, the electrocatalytic performances of Pd/CB, Pd/OLC, Pd-
Ce02/CB and Pd-CeO2/OLC electrocatalysts toward alkaline HOR and ORR
are discussed. It is known that such non-precious metal electrocatalysts like
FeCo/C, NCFe-950 work excellently for driving the ORR in AMFCs [33,34], but

the electrocatalysts used in this research were studied out of curiosity.

The AMFCs are considered in this study, therefore the HOR was studied in
alkaline environment. The comprehensive alkaline HOR mechanism is given in
Equation 4.9 — 4.11 [35]. The HOR depends on two important descriptors:
Equation 4.9 or 4.10 gives the H binding energy or H adsorption and the
promotional effect of oxygen-containing species (oxophilic or spill-over
properties) of the metal oxide catalysts (the ability to adsorb OHads and donate
it to the M-Hads to quickly remove the Hadgs from the active site of the Pd
electrocatalysts) are shown in Equation 4.11, which is often assumed to be
the RDS of the HOR [36,37].

Hz + 2M — MHads + MHads (Tafel, ba=29.6 mV dec?) 4.9
Hz + OH + M — MHags + H20 + e~ (Heyrovsky, ba=39.4 mV dec?) 4.10
MHads + OH- — H20 + M + e (Volmer, ba=118.2 mV dec) 4.11

Where M is an active site of the electrocatalysts to chemisorb hydrogen

intermediate (Hads).

The HOR measurements were carried out on a Metrohm Autolab workstation
(Figure 4.39) at room temperature. The workstation comprised of a three-
electrode system, including a glassy carbon-disk RDE electrode (diameter 5
mm) as the WE, an Ag|AgCl (ErHe) = Eaglagey + (0.197 + 0.0591 pH) V)
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electrode as the RE, and a platinum wire, which was used as the CE in 0.1 M
KOH.

To make the catalyst ink, the powder (1 mg) is dispersed in EtOH (1 mL) (Sigma
Aldrich, 99% absolute ethanol) and 20uL of Nafion (5 wt%, Sigma Aldrich). The
mixture was then sonicated for 30 minutes to obtain a homogeneous mixture

and left overnight.

The glassy carbon disk was cleaned prior to electrode modification. The
already prepared catalyst ink was sonicated again for 30 minutes and the ink

(30 pL) was deposited dropwise on the GCE and allowed to dry.

Cyclic voltammograms (Figure 4.31) were collected in N2-saturated alkaline
solution of 0.1 M KOH prior to the HOR experiments. This was used to

determine the ECSA of the electrocatalysts.

The ECSA was determined for all the electrocatalysts by integrating the PdO
reduction peak found between 0.5 V and 0.8 V (vs. RHE) to get their charges
and following the conventional method by Rand and Wood [38]. The ECSA of
the Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC electrocatalysts are
estimated to be 6.154, 35.309, 59.280 and 91.188 cm?mg?, respectively.

The greater ECSA values of Pd-CeO2/CB and Pd-CeO2/OLC are due to the
addition of CeOz2, which transfers additional O species to the electrocatalysts,
thus enhancing their PdO reduction peak and shifting their potentials to lower
values so that they require lower energy for electron transfer than the Pd/CB
and Pd/OLC [39].
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Figure 4.31: Cyclic voltammograms at the (b) Pd/CB (c) Pd/OLC (d) Pd-
Ce0O2/CB (e) Pd-CeO2/OLC electrodes.

4.3.1 HOR Polarization Curves

The behaviour of the catalysts toward HOR was investigated using alkaline
electrolyte solution of 0.1 M KOH saturated with Hz at room temperature. LSV

(Figure 4.32 a — e) was performed at rotation speeds from 400 to 2400 rpm.

As the speed of the RDE increases, the j value also increases for all the
electrocatalysts (Figure 4.32 a — d). This is modeled to the Koutecky-Levich
equation [41] using the RDE diffusion-limited current density (jim = 2.81 mA cm”

2disk).



140

1m}-—1“rpm 2 (o 400 rpm PdiOLC
D0 _zoorpm PdiCB 1 _zoorpm
0.7 541200 rpm qi.&-_unurpm
o J—1co0 rpm L 1500 rpm
E0.504—2000 rpm 10 _s000mpm
<0254~ 2400 rpm % 0.5)—2s00 m
< 2 0.
= 0004 = 004
4.25] 0.5
23— 00 02 04 06 08 10
{a} E vi RHE !V fb} EvsRHE !V
2 racsocE 3] POy oL CiCe D,
o 14 -2
(3]
] = |
£ 01 200 ':":m < 1 — 400 rpm —800 rpm
= — 1600 rpm = 04 — 1200 rpm — 1600 rpm
-14 — 2000 rpm "_1 2000 rpm —2400 rpm
2‘ — 2400 rpm
- L) L L b . -2 ¥ T v L . L hal L
00 02 04 0B 08 1.0 o0 02 04 06 08 1.0
© Ews RHE/V (d) E vs RHE/ W

pu— [T ] z.ou:
00 02 04 08 0B 1.0
{E]- Ews RHE /W

Figure 4.32: HOR Polarization curves at (a) Pd/CB (b) Pd/OLC (c) Pd-
Ce02/CB (d) Pd-CeO2/OLC (e) 1600 rpm.

The K-L equations are given in Equations 4.12 and 4.13, where the overall
current density (jim) is resolved into the kinetic (1/jx) process and the diffusion

(1/jp) process.

1 _t,1_1, 1 4.12

Jlim Jk  Jp jk = BLwl/?

All parameters retain their meanings as defined in Chapter 2 (Section 2.7.6.1).
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B, = —— = 0.62nFCoD?/3y~1/6 4.13

slope

where n=2 for the HOR, co = 1.2 x10% mol cm (for H2 gas in 0.1 M KOH) and

u=0.01cm?s?,

The K-L plot (Figure 4.33) of the electrocatalysts was obtained at the
overpotentials (vs. RHE) of 0.65, 0.7, 0.75, 0.8 and 0.85 V.

The jk values of (1.075, 1.290, 1.564, 1.799 and 1.975 mA cmdisk), (3.882,
6.268, 8.687, 10.797 and 12.369 mA cmdisk), (6.841, 7.734, 8.752, 9.296, and
9.038 mA cmgisk) and (25.063, 28.450, 31.888, 35.436 and 36.324 mA cm’
24isk) are derived for the Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC

respectively from their intercepts (1/j«) at the different n (overpotential) values.

From the jk values, the HOR heterogeneous rate constant (ko) at the different
overpotentials are determined and the mean values are obtained as (6.653 x
10%), (3.6278 x 10?), (3.5982 x 102) and (1.35739 x 10Y) cm/s for Pd/CB,
Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC, respectively. The diffusivity (D) of
H2 was determined from the slopes, giving mean values of (0.623 x 107?),
(0.659 x 10?), (0.696 x 102) and (0.740 x 10?) cm?/s for Pd/CB, Pd/OLC, Pd-
Ce02/CB and Pd-CeO2/OLC, respectively.

These results show that there is a quicker rate of chemisorption and desorption
of H2 from the active sites of Pd for the Pd-CeO2/CB and Pd-CeO2/OLC
electrocatalysts than for the Pd/CB and Pd/OLC electrocatalysts.
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Figure 4.34: (a-d) Butler-Volmer plots of electrocatalysts.

To understand the mass transfer kinetics of the HOR in alkaline media, the
Butler-Volmer plots (Figure 4.34 a-d) is used to determine the exchange
current density (jos) (Table 4.10), which is the rate of electron transfer under

reversible conditions [40].

From the mass activity (jom) values (Table 4.10) at 1600 rpm, the value for Pd-
Ce02/0OLC is found to be 426.86 mAmgpd, which is 23.8 times, 123.3 times
and 597.8 times that of Pd-CeO2/CB (17.90 mA mg-'pd), Pd/OLC (3.46 mA mg-
1p4) and Pd/CB (0.71 mAmgpd) respectively.

Tafel slopes (from Figure 4.35) were obtained at 1600 rpm for all the
electrocatalysts. The slope values (Table 4.11) suggest that depending on the
region, the RDS of the HOR is Tafel-Volmer or Heyrovsky-Volmer.
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Figure 4.35: The HOR Tafel plots of the electrocatalysts.
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Table 4.11: jos and jom values of Pd/CB, Pd-CeO./CB, Pd/OLC and Pd-

CeO2/OLC.
Kinetic Electrocatalysts
parameters

Pd/CB Pd/OLC Pd-Ce0:/CB | Pd-CeQ2/0LC

400 rpm
j9,5/ mA cm™ 015 012 0.37 1.55
jo.m f mA mg™” 0.92 4.20 22.05 141.25
800 rpm
j0.5./ mA cm? 012 0.05 0.44 1.74
jo.m f mA mg™® 0.74 1.87 2591 24550
1200 rpm
jo,5./ mA cm? 013 0.08 0.36 162
jo.m / mA mg® 0.78 279 2152 398.19
1600 rpm
j9.5./ mA cm™ 012 0.10 0.30 1.07
jo.m | mA mg* 0.71 3.46 17.90 426.56
2000 rpm
j9,5/ mA cm™ 0.10 0.09 0.31 0.91
jo.m f mA mg® 0.63 3.21 16.32 389.30
2400 rpm
j0.5./ mA cm? 012 013 027 1.202
jo.m / mA mg® 076 463 1577 467 94




146

Table 4.12: Tafel slope values of the electrocatalysts at different regions.

@higher @lower
Catalyst overpotential overpotential
Pd/CB 94.25+4 31.47 £3.7
Pd-CeO2/CB 91.3x4 28451
Pd/OLC 74.26 £5 33.05+2
Pd-CeO2/0OLC 105.38+4 30.38+£2

4.3.2 Stability tests (HOR)

To investigate the stability of the electrocatalysts toward alkaline HOR, CA
(Figure 4.36) was performed at 0.6 V vs. RHE for 2000 seconds and the
enhanced stability in the Pd-CeO2/OLC and Pd-CeO2/CB was confirmed (due
to CeO2) compared to the Pd/OLC and Pd/CB.

—— Pd/CB
—— Pd-CeO,/CB

—— Pd/OLC
—— Pd-CeO,/OLC

J/ mA cm'2

0 500 1000 1500 2000
Time/s

Figure 4.36: Chronoamperometry of the electrocatalysts @ 0.6 V vs. RHE
and 1600 rpm.

The stability of each electrocatalyst was further confirmed by running cyclic

voltammograms to 1000 cycles on each electrocatalyst, after which linear
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sweep voltammograms are recorded at 1600 rpm. It is observed that the activity
of the Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-CeO2/OLC reduced by 89%, 87%,

59% and 27% respectively (Figure 4.37).
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Figure 4.37: LSV after the 1st and 1000th cycles of CV (50 mVs™) at 1600
rpm (a) Pd/CB (b) Pd/OLC (c) Pd-CeO2/CB (d) Pd-CeO2/OLC.

4.3.3 DFT Simulation Results

From the DFT results, the presence of CeO: is seen to allow weak absorption
of the hydrogen atom on the Pd, which is as a result of the lower adsorption
energy of Pd-CeO2/CB (-1.042 eV) (when compared with Pd/CB calculated to
be -1.787) which means adsorption is improved by 41 % and that of Pd-
CeO2/0OLC calculated to be -0.272 (when compared with Pd/OLC calculated to
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be -0.838); translating to 67 % improvement. A weaker binding (adsorption)

energy enhances the oxidation of the hydrogen as shown in Figure 4.38.
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Table 4.13: The different energies calculated for the HOR at the electrodes.

e ode Adsorpate DD A D, . a
Pd/CB H* -1.787 -1.787 0 -2.063 0.582 -277.311
Pd/O H* -0.838 -0.838 0 -3.517 0.433 -109.200
Pd-CeO B H* -1.042 -1.042 0 -5.774 0.523 -897.591
Pd-CeO /O H* -0.272 -0.272 0 -4.373 0.176 -170.586

4.4 Oxygen Reduction Reaction (ORR)

The ORR experiments were performed on a Metrohm Autolab workstation

using the same conditions as in the HOR.

Figure 4.39: The Metrohm Autolab workstation.

The electrolytes were first saturated with Oz by bubbling oxygen gas in the
solution for about 30 minutes. CV was recorded at a scan rate of 50mV/s for

each electrocatalyst and LSV was recorded in the potential range from ~ 0.2
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V to 1.0 V vs. RHE, at rotation rates from 400 to 4000 rpm and a scan rate of

10 mV sL.

Alcohol crossover effect was observed on each electrocatalyst using CV by

contaminating the electrolyte in use with 4mL of 1M EtOH.

4.4.1 ORR Polarization Curves

The electrocatalytic performance of each sample toward ORR was probed
using CV and a peak is observed around 0.5-0.8 V vs. RHE (Figure 4.40a) for

all the materials. This peak is attributable to oxygen reduction, suggesting ORR

activity.
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Figure 4.40: (a) CV curves (b) Linear sweep voltammograms at 1600 rpm.

From the RDE polarization curves of the ORR for the Pd/CB, Pd-CeO2/CB,
Pd/OLC and Pd-CeO2/OLC electrodes at different rotation speeds (Figure
4.41), the diffusion rate of the oxygen molecules is observed to increase with

increasing RDE speeds. Therefore, the j (diffusion-limited current density) also

increases.
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Figure 4.41: Linear sweep voltammograms for the catalysts at rotation rates
between 400 and 2500 rpm.

Table 4.14: Summary of the ORR performance (@ 1600 rpm).

Sample Eonset (V vs. | E12(V vs. Diffusion-limited
RHE) RHE) current density @
+0.2 V (mA cm3)
Pd/CB 0912 0.747 -3.041
Pd/OLC 0.956 0.760 -3.740
Pd-Ce02/CB 0.958 0.752 -3.821
Pd-Ce02/0LC 0.962 0.766 -4.601

The polarization curves of the electrocatalysts in Figure 4.40b are compared

at the rotation of 1600 rpm and summarized in Table 4.13. From the table, Pd-
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CeO2/OLC is observed to have an earlier Eonset and greater j values than the

other samples, suggesting its better performance toward ORR.

The K-L plots at different potentials of the samples (Figure 4.42) show a very
linear graph with consistent slopes, indicating a first order reaction-kinetics.
This suggests that the ORR is controlled by mass transport of the oxygen

species as well as kinetics at the surface of the electrode [42, 51].

The Koutecky-Levich equations are useful in analyzing the kinetic parameters
(Equation 4.14 — 4.17) [43,44,50]:

1 1 1

Jum i-l_ i: Jk | Brwl/? 4.14
Where:

JL = BLw?? 415
Jk = nFKCo 416

where Jim, and J. are the measured, kinetic, and diffusion-limiting current
densities, respectively. Q (=21N) is the angular velocity (where N is the
linear rotation speed), k is the electron-transfer rate constant, while n, Co, D,
u, and F retain their meanings as previously described in Chapter 2 (Section
2.7.6.1).

The values of Co, D and vin 0.1 M KOH are 1.2 x 10 mol cm™3, 1.9 x 10

cm? st and 0.01 cm? s* respectively [45].

The slope was used to obtain n (Equation 4.17), while Jk was derived from

the Y-intercept.
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Figure 4.42: (a-d) The K-L plots for the samples at various overpotentials
(0.3, 0.35, 0.4, 0.45 and 0.5 V). (e) Tafel plots of all the samples 10 wt% Pd.

From the K-L plot, the n values for the nanocomposites were calculated to be
2.32, 2.83, 2.80 and 3.32 for Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-
CeO2/OLC respectively, which is a suggestion that the ORR kinetics of these

electrocatalysts proceed through the 2-electron pathway [52].
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From the Y-intercept, the kinetic current densities (Jk) are (28.539, 25.807,
30.276, 39.557, 37.037), (33.830, 37.023, 43.802, 54.555, 80.645), (28.580,
30.694, 35.174, 40.209, 41.305) and (25.674, 27.049, 33.979, 48.054,
67.797) for Pd/CB, Pd/OLC, Pd-Ce0O2/CB and Pd-CeO2/OLC.

The kinetic rate constants (k) were estimated as 1.20 x 101, 1.53 x 10, 1.09
x 10"t and 1.05 x 10t cm s for the Pd/CB, Pd/OLC, Pd-CeO2/CB and Pd-
CeO2/0OLC respectively.

For the Tafel plot, the kinetic current (Jk) was calculated from the mass-
transport correction of RDE by Equation 4.18 [46-49]:

_Ix]L
Jk =7 4.18
Eapp = Eeq— Db Iog Jk 4.19
RT
Eapp = Eeq - % IOg]K 4.20

With J being the measured current density, and Jk and J. retain their meanings,
and Eapp and Eeq are the applied potential and equilibrium potential,

respectively.

From the Tafel plot (Eapp Vs. log Jk), the slope values of Pd/CB, Pd/OLC, Pd-
Ce02/CB and Pd-CeO2/OLC were obtained as 300, 218.4, 343.8 and 191.2
mV dec?, respectively. It is clear that the slope of Pd-CeO2/OLC is the lowest,

which is a confirmation of its ORR outperformance.

4.4.2 Accelerated Durability Test

From the results, Pd-CeO2/OLC is seen to give off the best ORR performance,
prompting the investigation of its stability using voltammograms to 5000 and
15000 cycles, the activity of the Pd/CeO2-OLC is observed to decrease by
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11.6% and 43.1% after 5000 cycles and 15000 cycles respectively (Figure
4.43).
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Figure 4.43: Stability test of the Pd-CeO2/OLC catalysts towards ORR at the
rotation rate of 1600 rpm after 5000 and 15000 cycles.

4.4.3 Tolerance to ethanol crossover effect

Alcohol cross-over leads to high overvoltage, and this affects the ORR activities
negatively [53 - 55]. Ethanol cross-over effect was checked by depositing 4 mL
of 1 M ethanol into the Oz-saturated 0.1 M KOH and running CV at 50 mV/s
(Figure 4.44). There was only a slight change in the CVs obtained for Pd/CB,
clearly showing that the Pd/CB catalyst has the best tolerance to contamination
with ethanol compared to the other catalysts which unlike Pd/CB showed

increased oxidation activity of ethanol upon contamination with ethanol.
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Figure 4.44: Cyclic voltammetric evolutions of the samples in oxygen-

saturated KOH with and without ethanol.

4.4.4 DFT Simulation Results

The DFT simulations (Figure 4.45) show that the adsorption energies are in
the order Pd/CB < Pd-Ce02/CB < Pd/OLC < Pd-CeO2/OLC (Table 4.14). The

presence of CeO: allows the adsorbates of the ORR atom to be weakly

adsorbed on the Pd. The more negative the A.E. value, the weaker the energy

and the more thermodynamically favorable.
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Table 4.15: The different energies calculated for the ORR at the electrodes.

Electrode  Adsorbate Gibbs A.E D.E E, Eg K.E (Ha)

F.E (eV) (eV)
V) (ev)  (eVv)

-277.311

Pd/OLC o* -1.338 -1.338 0 -3.517 | 0.433 | -109.200

Pd-CeO,/CB o* -1.746 -1.746 0 -5.774 | 0523 | -897.591

Pd-CeO,/OLC o~ -0.611 -0.611 0 -4.373 | 0.176 | -170.586

The purpose of DFT is to unravel the interplay amongst the carbon/carbon-
ceria supports and conductivity and interaction with adsorbates in determining

the electrocatalytic performance of the catalysts.

Since the adsorption energy of Pt or Pd catalyst on curved carbon support is
higher than on a flat carbon support [56,57], it is not surprising that OLC binds

more strongly than CB.

However, from literature the weaker the binding, the better. This suggests that
the reason for the better behavior of the catalysts with stronger binding may be
related to the bandgap (conductivity). Although the binding is strong, the
conductivity is higher (smaller bandgap), which makes it easier for

electrocatalysis than for poisoning to occur.

H* adsorption is best when Gibb energy is close to zero. Thus, the binding
energy decreases as follows Pd-CeO2/OLC > Pd/OLC >Pd-Ce0O2/CB > Pd/CB.
This is in agreement with literature [58]. This also follows with conductivity. It

also means that OLC is better than CB support.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

This chapter concludes the dissertation and offers recommendations for future

work.

5.1 Conclusion

5.1.1 Physical Properties

The aim of the study was to synthesize nanostructured palladium-based
composites: Pd/CB, Pd-Ce0O2/CB, Pd/OLC and Pd-CeO2/OLC. This study
successfully synthesized the various required materials confirmed by XRD,
XPS, TGA and EDX. The prepared samples were examined for physical
properties and were observed to be exhibiting different structural morphologies,
while the materials supported on OLC exhibited the smallest particle sizes and
higher porosity.

5.1.2 Ethanol Oxidation and ADEFC Test

The electrochemical behaviours of the catalysts towards ethanol oxidation
were probed using a three-electrode setup and a two-electrode setup in
alkaline medium. Both experiments revealed Pd-CeO2/OLC as the best

performing electrocatalyst for the electrooxidation of ethanol.

The larger surface area, pore volume and small particle size of Pd-CeO2/OLC
gives it an edge over the rest in terms of the catalytic activity and stability for
the electrooxidation reactions of ethanol. This is evidenced by the negative shift
to an earlier or lower onset potential and the significantly higher current

densities for the reaction on Pd-CeO2/OLC. However, the existence of Pd-



170

complexes on the catalyst-modified electrodes didn’t allow for proper surface

coverage analysis.

5.1.3 Electrocatalysts for Hydrogen Oxidation and Oxygen Reduction

Reactions in Alkaline Environment

% Alkaline HOR and ORR tests were performed on the electrocatalysts
(Pd/CB, Pd-CeO2/CB, Pd/OLC and Pd/CeO2/OLC).

« The addition of the CeO: to the Pd electrocatalysts enhances their
performances toward the alkaline HOR.

% For the alkaline ORR, the presence of CeO: in the Pd-based
electrocatalysts enhanced the activity. However, the materials containing
OLC showed better behaviors.

5.2 Recommendations for Future Directions

For the next step of this research the following activities may be considered:

e The electrocatalysts with the best activity can be tested for fuel cell-based
breath ethanol sensor, and the best fabricated for real-life application.

e Rotating Ring Disk Electrode (RRDE) studies will be carried out to confirm
the ORR reaction pathway.

e Composites and electrocatalysts can be varied for further tests on the
physicochemical properties of the electrocatalysts for use in energy
conversion devices.

e The use of spray pyrolysis to deposit slurries of the catalysts on the
substrates (nickel foam and Toray carbon paper) for the micro ADEFC

testing.



