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ABSTRACT

Hydrogen is a promising clean energy carrier for transportation and chemical industries,
helping reduce fossil fuel emissions and combat climate change. Proton exchange membrane
water electrolysis (PEMWE) efficiently produces high-purity hydrogen with minimal CO-
emissions when powered by renewable energy sources like solar and wind. However, the
oxygen evolution reaction (OER) at the PEMWE anode is kinetically challenging and requires
significant amounts of noble metal oxide electrocatalysts. Iridium oxide (IrO:) is the preferred
OER catalyst due to its high activity and corrosion resistance, but its high cost and scarcity
hinder widespread use. To overcome this, researchers are exploring ways to reduce iridium

content, such as using support materials to improve efficiency and extend the catalyst duration.

This study focused on exploring different pathways to increase the surface area of iridium
oxide-based and mixed oxide catalysts from metallic iridium supplied by local mines.
Modifications were applied using various oxidising agents in the Adams’ fusion method to
adjust the catalyst’s oxidation state, porosity, surface area, and morphology. Post-treatment
processes involving different cooling rates were applied to modify the phase and crystallinity
of metal oxides. Dispersing IrOx on high-surface-area support material and mixed oxide to

increase the surface area and OER performance.

The physicochemical properties of the in-house nanomaterials were confirmed using various
analytical techniques. The X-ray spectroscopy (XRD) and high-resolution-scanning
transmission electron microscopy (HR-STEM) analyses revealed that the synthesised catalysts
were amorphous/low crystalline nanomaterials with an average particle size range + 2 - 5 nm.
X-ray photoelectron spectroscopy (XPS) showed that the in-house are in the Ir**/ Ir** oxidation
state. According to the scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDX), the nanomaterials exhibit different iridium loading. The stability and activity of
the iridium oxide-based nanomaterials for oxygen evolution reaction (OER) were evaluated

using the rotating disk electrode (RDE) technique in an acidic electrolyte.

The highest OER performance was obtained from the catalyst produced by using sodium
peroxide oxidising agent compared to barium peroxide. Different cooling rates did not result
in a significant increase in catalyst surface area. A notable increase in surface area was achieved
due to the usage of barium peroxide from 11.0 m?g to 31.7 m%*/g, while for mixed-oxide
catalyst 18.4 m?/g was obtained. Furthermore, the electrochemical stability of the catalyst was

achieved for IrOx.Ba) and TalrOx catalysts, however at the expense of OER activity. The IrOx.



Na) catalyst outperformed both IrOx-Ba) and TalrOx mixed oxide with greater mass-specific
activity at 1.525 V. Even though the IrOx.na)-r) catalyst had the highest OER compared to all
catalysts it was the least stable. For TalrOx, XPS revealed that Ta is present as Ta>" (Ta,Os) at

the catalyst surface, this likely affected OER activity since it is a non-conductive material.
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Chapter 1: INTRODUCTION

Chapter One provides a brief explanation of the main idea behind the research, the problem
statement, and its various objectives. It also underlines the current state of electrocatalyst

commercialization and the challenges that the organization faces.

1.1 Problem statement

South Africa is known as the largest producer of industrialized iridium metal in the globe.
Unfortunately, due to limited resources, most of the raw metallic iridium is exported for
processing. This has prompted the development of new ways to improve the production process
of iridium dioxide catalyst locally by improving South African mineral beneficiation. The
produced catalyst should be able to compete with the standards of the commercial international
benchmarks produced by suppliers such as Heraeus, Umicore, and Tanaka (TKK). Impala
Platinum, a mining company, has provided Ir metal to Hydrogen South Africa (HySA), a
research group focused on hydrogen catalysis. The goal was to produce an IrO» catalyst in-
house as a substitute for purchasing it directly from suppliers. At HySA, the metal was oxidized
through an alkali fusion reaction. This reaction is a decomposition process that involves
exposing a noble metal to high temperatures. Previously, in-house Ir metal fusion
electrocatalysts have been produced successfully. Unfortunately, they were not high
performing in proton exchange membrane water electrolysis ( PEMWE)-based processes due
to their large particle size and low surface area. The goal of this study is to improve the current
catalyst surface area by, optimizing the post-treatment conditions, adding support material, and
using alloys or bimetallic. It is proposed that the resulting catalyst, be used by the HySA fuel

cell or electrolyser group for further research.

1.2 Background

The world is expected to increase its energy consumption significantly over the next couple of
years (Morello, 2021), which means there is a need to find new energy sources that are both

clean and efficient. This is a daunting challenge that the world should tackle to avoid



environmental disasters. Various sustainable energy sources such as solar, wind, and hydrogen
are needed to meet the increasing electricity demand (Ehteshami, 2014). Unfortunately,
renewable energy sources are unpredictable and can be difficult to produce large-scale.
Therefore, one of the most important factors that can be considered when it comes to addressing
the energy crisis is the connection of energy storage systems with other production facilities

(International Energy Agency, 2021).

One of the most promising technologies for producing green hydrogen is water electrolysis.
This process involves separating water into oxygen and hydrogen. It can help cut down on
greenhouse gas emissions. Unfortunately, the electrolyser's environmental impact is greatly
affected by the source of the power it requires to operate (Khan, 2024). For instance, if the
electricity used in water electrolysis comes from Eskom, the process's carbon footprint would
remain significant, which undermines the notion of green hydrogen. The process requires
electricity from renewable sources such as wind, solar, and hydropower to make water
electrolysis more sustainable. Integrating this energy can help reduce the greenhouse gas
emissions associated with the process. In South Africa, it is important to understand the source

of electricity used in water electrolysis. This will help us evaluate its sustainability.

The Green Hydrogen Summit was held in Cape Town, South Africa, in October 2023. It
discussed the country’s capabilities as a producer of green hydrogen and how it can help reduce
its reliance on fossil fuels. One of the key projects that the government is working on is the
establishment of a green hydrogen hub in Boegoebaai. The summit highlighted the importance
of green hydrogen in helping South Africa meet its emissions reduction goals. Various projects
that are focused on the production of green hydrogen from renewable sources such as wind and
solar were also discussed. The Boegoebaai Green Hydrogen Development Programme aims to
develop a green hydrogen hub on the West Coast, targeting an initial 1.2 GW electrolyzer
capacity by 2028, scaling up to 5 GW by 2035, and 10-20 GW by 2050 (GHCSSA, 2022).

One promising method of producing pure hydrogen is using proton exchange membrane water
electrolysis (Amano, 2020). Water electrolysis is a process that involves the decomposition
of water into hydrogen gas and oxygen using an electric current. It can be performed using a
proton exchange membrane PEM-based cell. Water is supplied to a certain part of the cell, and
it is separated from the other compartments by a membrane electrode assembly (MEA). The
water is decomposed at the anode, resulting in the formation of molecular oxygen and hydrogen

ions. This process is referred to as the Oxygen Evolution Reaction (OER). Protons migrate



through the membrane to the cathode. The electrons and protons are recombined at the cathode
to form molecular hydrogen, and this reaction is called the Hydrogen Evolution Reaction
(HER). The HER reaction has faster kinetics because it only involves the transfer of electrons
and protons to form hydrogen. The OER has slow kinetics because it is a four-electron-proton
coupled reaction, whereas the HER is a two-electron-transfer reaction (Wei, 2019). The
challenging anodic OER process is due to the need for high reaction rates and the limitations
of materials with sufficient stability and catalytic activity. An electrocatalyst is required to
improve efficiency and facilitate charge transfer reactions in OER applications. The PEMWE
technology platform employs electrocatalysts based on precious metal substrates to facilitate
both anodic and cathodic processes, as illustrated in Figure 1.1 and further elaborated in Section
2.3. Iridium oxide is regarded as the most active and corrosion-resistant OER catalyst from the

platinum group metals (PGMs), (Alia, 2016).

Although many countries are currently using PEMWE systems to fuel their hydrogen
production facilities, the main cost drivers of these systems are the production of hydrogen
instead of oxygen. This is why cost reduction strategies are often focused on lowering the
production cost of hydrogen. For instance, the current cost of hydrogen production ranges from
700 to 1400 USD/kW, with a target to reduce it to 200 USD/kW by 2050 (Shiva et al., 2022).
On the other hand, the cost of oxygen production is often overlooked. While the main cost
drivers of PEMWE development are hydrogen production and oxygen production, addressing
the challenges associated with the production of oxygen could lead to significant cost reduction
and system efficiency improvements. This could involve the development of new OER
catalysts, the use of support materials to improve surface area and durability, and the
application of alternative cooling and bubble removal methods to enhance oxygen evolution
efficiency. Therefore, it is important in water splitting catalysis to minimize the kinetic
overpotential and reduce catalyst loading to reduce cost without affecting system efficiency
(Hong 2016; Fabbri 2014; Wei 2019). The various approaches utilized to achieve high OER
while reducing the iridium content have been studied, this concept will be explained in more

detail in Chapter 2.
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Figure 1-1: the proton membrane water electrolysis technology with their anode and cathode

half-reaction (Hydron Energy., 2024).

1.3 Hypothesis and Assumptions

The surface area of a catalyst is directly correlated with the number of active sites for the
reaction. A higher surface area allows for more sites to be utilized for the reaction, which
increases the number of water molecules that can be oxidized and produces oxygen gas
(Bernard et al., 2021). Factors such as morphology, structure, surface reactivity, and active site
density can also affect a catalyst's OER performance (Poureshghi et al., 2023). According to
Sangtam et al., 2023, the larger surface area helps improve the mass transfer of reactants and
products. This also helps in the release of oxygen, which prevents bubbles from sticking to a
catalyst's surface. The amount of energy required to drive a certain reaction at a certain rate is
referred to as the overpotential. With higher surface areas, the ability to reduce this energy

requirement can be achieved using catalysts.
The following hypotheses are proposed:

1. Increasing the iridium oxide (IrOx) surface area will improve access to active sites
on the surface and the overall activity of the catalyst. The concept of the surface
area of a catalyst refers to its total physical dimension. On the other hand, the ECSA

refers to the part of the surface that's actively involved in an electrochemical
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reaction. Understanding these concepts is particularly important when it comes to

designing and implementing catalysts for various applications in water electrolysis.

2. Employing of various synthesis techniques, such as post-treatment cooling can lead
to smaller particles increasing the surface area of a catalyst. Amorphous or
crystalline Ir-based materials may increase or decrease their surface area
respectively enhancing their electrochemical activity and facilitating their

accessibility to active sites (Oh et al., 2016).

3. Various substrates, such as metal oxides and carbon materials, can be utilized to
provide support for IrOx catalysts. These materials can increase the surface area
where these reactions can be performed. In addition, they can help prevent the

agglomeration and dissolution of [rOx particles (Islam, 2023).

1.4 Research Questions

5.

How can the existing methodology of synthesising IrOx be modified to increase the

active surface area?

How will the surface area be influenced by adding it as either an alloy or supported

onto a stable oxide material?
Will increasing the surface area of the catalyst increase its durability?

Can the required platinum group metals (PGM) content be reduced by supporting or
alloying IrO> with Ta,Os?

How will post-treatment affect the surface area or particle size?

1.5 Aim and Objectives

Aim:

The aim of this project was to improve the surface area of the IrOx synthesized from Ir metal,

thereby improving its electrochemical activity.

The objectives that helped achieve the project goal include the following:

1.

Optimising the Adam fusion conditions for Ir to IrOx synthesis, considering different
oxidising agents, post-treatments, and calcination conditions. Optimization should

result in smaller particles and higher electrochemical activity.



2. Synthesis of IrOx electrocatalysts by alloying with Ta,Os and supporting IrO> onto

TaxOs. Determining the surface area, electrochemical performance, and durability.

3. Compare the physical and electrochemical properties of the produced Ir-based catalysts

to the international benchmark.

1.6 Significance of the research

South Africa has the potential to become a significant producer of industrially significant
minerals such as iridium dioxide by using the metallic iridium that is mined in the country.
Through the beneficiation procedures, South Africa can increase its mineral exports, which can
diversify the country’s economy. Adam fusion is a process used in this study to synthesis
iridium-based catalysts. It involves exposing noble metal to an oxidising material at high
temperatures. This method for all in-house synthesis was modified from Lee, J 2011. A
challenge with this method is that it produces iridium oxide with a low surface area and the
main objective of the research is to increase the surface area of in-house iridium oxide-based
nanomaterials. Different methods were evaluated to increase the surface area of iridium oxide
by varying different oxidising agents, post-treatment cooling methods, and mixed-metal
oxides. All the nanomaterials will be characterised using the analytical techniques mentioned
above in section 2.5. The last chapter will focus on the findings and recommendations of this

work.

1.7 Thesis outline

The study is comprised of six chapters.

Chapter 1: The chapter provides a brief explanation of the main idea behind the
research, the problem statement and its various objectives. It also
underlines the current state of electrocatalyst commercialisation and the

challenges that the organization faces.

Chapter 2: Provides an overview of water electrolysis, focusing on the use of
PEMWE and the Ir-based supported and unsupported OER

electrocatalysts. Ways of increasing the surface area of IrO> and the



Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

various analytical techniques used in the analysis of Ir-based

nanomaterials.

This chapter includes an introduction to the synthesis and
characterization of iridium-based nanomaterials. It provides detailed
synthesis methods involving various oxidizing agents, post-treatment
cooling techniques, mixed-metal, and supported nanomaterials. The
electrochemical protocols, ink formulations, and data collection methods

are also described in detail.

This chapter presents the data interpretation and discussion of the
synthesis of unsupported iridium oxide nanomaterials using two different
oxidizing agents, three cooling post-treatment methods, mixed-metal
composition, and support material. The properties of the IrOx
nanoparticles were evaluated through spectroscopic characterization
techniques. The discussion of the data and spectral analysis is compared
to relevant literature for validation and insight. It will emphasize how
different oxidizing agents, cooling post-treatments, mixed-metal
systems, and material supports influence the elemental composition,

structure, surface area, and oxidation states of the synthesized materials.

The chapter discusses all the electrochemical studies for the OER
performance of the IrOx electrocatalysts. In addition to the information
collected from the iridium-based nanomaterial’s physiochemical
properties, to gain a deeper understanding of how these properties affect

the electrocatalysts' electrochemical performance.

Conclusions and recommendations for enhancing the surface area of in-

house iridium oxide for use as an oxygen evolution reaction catalyst.
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Chapter 2: LITERATURE REVIEW

This chapter reviews relevant literature related to iridium oxide as an oxygen evolution
reaction catalyst and the need to increase its surface area. It also provides a more in-depth
description of its applications in different industries such as proton exchange membrane water
electrolysis and the challenges that confront the technology's development. Furthermore,
various analytical techniques used in the analysis of iridium oxide are reviewed and the

significance of the research is highlighted.

2.1 Introduction

Iridium is one of the platinum group metals known for its rarity as well as remarkable chemical,
and physical properties. Combined with oxygen, IrOx forms various structures, stoichiometries
and oxidation states. The structure and oxidation state of iridium oxide can influence its colour
as it exhibits varying shades of blue, black, and brown (Scarpelli et al., 2022). The most
common kind is iridium (IV) dioxide (IrO2), which is in the Ir*" oxidation state (Park et al.,
2023). It has a widespread application in electrochemical processes with a substantial potential
for future development due to its unique and attractive properties. It exhibits useful
characteristics, such as high conductivity, catalytic activity, and stability (Quinson et al., 2022).
Iridium oxide thermal stability allows it to endure harsh operating conditions, such as high
temperatures, highly acidic or alkaline conditions and corrosive environments. This material
can be particularly beneficial in certain types of energy conversion equipment, such as steam
generators and gas turbines (Tatrari et al., 2024). Iridium oxide is commonly used as a catalyst
in various processes, such as the oxidation of oxygen. Its exceptional catalytic activity makes
it an indispensable component in water-splitting devices, which convert water into hydrogen

and oxygen using this chemical. More applications are presented in Table 2.1 below.
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Table 2-1: Applications of iridium oxide in various fields.

Sector Application References
Electrochemical Enhance the performance and durability of | Clapp et al., 2023
Applications the electrodes
Water Electrolysis Anode electrode in PEMWE Abbott et al.,
2016
Electrochemical Detection of gases, particularly oxygen Dong et al., 2021
Sensors
Biomedical Medical devices, such as neural stimulation Sun et al., 2023
Applications electrodes
Environmental pH electrodes in water quality monitoring and | Zhou et al., 2020
Monitoring physiological analysis
Fuel Cells High electrical conductivity - oxygen-water Hoffman et al.,
conversion process 2023
Metal-Air Batteries Catalyst to improve the OER's kinetics to Cheng et al.,
improve battery performance 2021
Photoelectrochemical Solar energy into chemical fuels Klyuev et al.,
Cells 2019

2.2 The challenge of rare iridium for OER

Iridium is a rare element of which the refining, and extraction processes are expensive and
complex (Filho et al., 2023). According to a report by the European Commission's Ad-hoc
working group on defining critical materials, iridium is one of the most critical raw materials
in the Pt-metal group (Sawy et al., 2017). Due to the scarcity of mining sites and the location
of the mines, it is very risky to secure a steady supply of iridium. Most of the time, it occurs in
the form of sulphide or alloyed with copper, nickel, or osmium (Wei et al., 2024). There are

only a few iridium-rich sites in Canada, Russia, and South Africa. Due to the development of
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high-temperature crucibles that can be used to produce single-crystal semiconductors, the

demand for this material has increased (Filho et al., 2023).

As the demand for IrO> continues to rise, optimising its utilisation becomes more important to
ensure technological and sustainable growth. The scarcity and price of iridium highlight the
importance of utilising IrO: efficiently. The optimisation of the iridium loading required to
drive the efficient operation of PEM-electrolysis catalysts is a critical component of the
development of industrial-scale OER technologies. Currently, the anodic loadings of Ir-coated
products are around 2 mgi,.cm™. This is a significant concern for the various projects that are
focused on PEM-based electrolysis. The projected shortage and high cost of iridium have
prompted the need for a reduction in the Ir-loads (Han et al., 2023).

2.3 Water electrolysis and the oxygen evolution reaction

Various methods to produce hydrogen are water electrolysis, coal gasification, and steam
methane reforming. The latter is used, and according to data released by the IEA in 2021, it has
resulted in the release of high greenhouse gases compared to water electrolysis which highly
requires an energy-consuming process. Water electrolysis is the most advanced technology that
can produce green hydrogen at the scale needed to achieve climate neutrality (IEA, 2022).
Currently, there are three diverse types of water electrolysis systems being used: solid oxide
water electrolysis (SOWE), PEMWE, and alkaline electrolysis (AWE) presented in Figure 2.1
with their half-reactions. The latter is made using inexpensive and readily available materials.
They can function efficiently even though they have certain impurities, like sulphur and carbon
dioxide. In addition, it can produce substantial amounts of hydrogen, which is ideal for
commercial industry. However, it is more prone to corrosion than a Proton Exchange
Membrane (PEM) model. This makes it more costly to maintain and its temperature range can
limit its responsiveness to high temperatures. (Gambou et al., 2022). Solid oxide electrolysis
is a type of high-temperature process that can be utilized in certain applications, such as in
chemical plants. These electrolysers have better efficiency than PEMWE or alkaline
electrolysers, and they can potentially convert carbon dioxide and water into various useful
products. However, their high operating temperature can pose challenges in terms of their
durability and materials. According to numerous studies, PEM water electrolysis is the most
viable method due to its exceptional efficiency, quick response times, and low operating
temperatures. Proton exchange membrane electrolysers are frequently utilised in diverse

applications to produce hydrogen (Nady et al., 2022). Some of their disadvantages include the
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PEM's limitations. For instance, thin membranes cannot tolerate high pressures, and increasing

their thickness can result in lower conductivity (Bonanno et al., 2024).

Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis

H,0
e =
— o*
- H
Anode (Ni, Co, Fe) Cathode [NifC) Anode (Ir) Cathode (Pt) Anode (L5M) Cathode (Ni/YS2)
Diaphragm Polymeric membrane Ceramic oxide
Anode
@YV 4H,0 + 4 — 4OH + 2H, 4H*+ de” — 2H, H,O +2e" — H, + O*

Figure 2-1: The three main water electrolysis technologies are alkaline water electrolysis,
proton exchange membrane, and solid oxide electrolysis with their anode and cathode half-

reaction (Sapountzi et al., 2017).

This study focuses on the application of oxygen evolution reaction in the PEMWE. It is a water
electrolysis device that converts water into oxygen and hydrogen using an electrochemical
process. One of the advantages of PEMWE is its ability to produce high-purity hydrogen gas,
as the proton exchange membrane prevents any mixing of gases (Shiva et al., 2019). As seen
in Figure 2.1 above, it uses a PEM which selectively blocks electrons while allowing protons
to pass through. When water is exposed to an electric current through the PEMWE system, it
decomposes at the anode, resulting in the formation of molecular oxygen and hydrogen ions.
The protons then travel through the membrane to the cathode, which reduces them to hydrogen
gas. The overall reaction for the two half reactions shown in Figure 2.1 under the PEM

electrolyser column is shown below.

2H>0 — 2H>+ 02 E°=1.23V (2.1)
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The goal of the research efforts is to develop affordable Ir-based OER catalysts that can be
used for PEM-electrolysis. The reduction of the anode's precious metal loadings is the most
important goal to make this technology economically feasible. The OER plays a vital role in
various water electrolysis technologies that are focused on producing hydrogen energy. This
process is regarded as an efficient and environmentally friendly way to produce hydrogen.
Researchers are working to improve the efficiency of these processes by developing new
catalysts and materials. However, the adsorption scaling energy between the different reaction
intermediates has a significant negative impact on the reaction kinetics of OER catalysts and
can lead to significant overpotential and sluggishness. The critical factors to consider in the
design of high-efficiency and novel catalysts are the relationship between the catalytic

activities, and the electronic and structural properties of the compound.

2.4 Oxygen evolution reaction electrocatalysts

The choice of the right catalyst for oxygen evolution reaction applications is influenced by
numerous factors, such as its cost, activity, stability, and availability (Quinson et al., 2022). An
electrocatalyst for the OER should be highly conductive, operate at high power densities, and
have a wide range of electrolyte compositions. It should be made from earth-friendly materials,

and it should undergo low-cost preparation and manufacturing (Filho et al., 2023).

The surface area of an OER electrocatalyst is very important to improve its stability,
performance, charge transfer and electronic structure optimization. By increasing surface area
using nanostructured or porous materials, it is possible to enhance the overall electrochemical
performance of the catalysts. In addition to optimizing the surface area, it's also important to
consider the stability of the OER electrocatalyst to ensure its long-term durability. This
component’s development contributes to the advancement of more robust and efficient
electrocatalysts, which are vital for water electrolysis and the promotion of green hydrogen.
Table 2.2 below shows the relationship between the surface area and the different factors that

affect the OER’s performance.
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Table 2-2: Four critical factors influencing OER electrocatalysts and surface area.

sites.

OER reactions.

Impact on OER
Factors Surface Area Relation
Performance References
High Catalytic Boost reaction rate Greater surface area
g Y Zhao et al., 2021;
Activity by increasing active exposes more sites for

Khan et al., 2023

Good Stability

Prevents degradation
over time in harsh

conditions.

Distributes reaction load,
reducing the risk of
localised catalyst

breakdown.

Clapp et al.,
2023

Enhanced Charge | Facilitates efficient Increases contact points
g P Yao et al., 2024
Transfer electron and ion between catalyst particles
movement. and electrode surface.
Influences Alters surface atom
Wang et al, 2021;
Electronic adsorption/desorption roperties to improve
P P prop p van der Merwe et
Structure of reaction interaction with oxygen
YEE 1 a1, 2023
intermediates. species.

One of the most crucial factors that can be considered when it comes to the design and
performance is its corrosion resistance (Clapp et., al 2023). This ensures that the operation of
the electrode will continue for a long time without requiring replacement or maintenance. The
overpotential for the OER is shown in equation 2.1 and it refers to how much additional voltage
is required to catalyse a reaction compared to the thermodynamic equilibrium potential (Wang
et al., 2020). Various factors, such as the energy requirements of the activation process and the
concentration gradients, can cause the overpotential of an electrochemical cell. The OER is
initiated by breaking the bonds in water molecules. On the other hand, concentration gradients

can limit the mass transport of water (Heiranian et al., 2023). The overpotential of devices that
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utilise the OER can significantly affect their efficiency and performance. Some of these include

water electrolysers and fuel cells.

Due to their electronic properties and crystal structures, various types of Perovskite oxides
(Wong et al., 2021), such as strontium ruthenate (SrRuOs3) and lanthanum cobaltite (LaCo0O3),
have been identified as potential catalysts for the OER (Chen et al., 2020 ). Currently,
researchers are focused on developing effective strategies to optimize the performance of these
materials. Although perovskite oxides exhibited promising results in laboratory tests, their
commercialization remains in its early stages. Various challenges need to be resolved such as
scalability, stability, and cost (Khatoon et al., 2023). The most studied OER catalysts include
those involving transition metals such as manganese oxide (Radinger et al., 2021), and cobalt
oxide (Burke et al., 2015). These catalysts are effective for alkaline conditions they are known

for their abundant and relatively low cost but not good catalysts for OER in acidic conditions.

Various metal heterostructures and alloys, such as those containing NiFe (Lim et al., 2020),
doped metal oxides (Hoffman et al., 2023; Rajan et al., 2020), hybrid structures (Mathew et al.,
2021), and metal oxide composites, have the potential to be effective OER catalysts due to their
synergistic effects. Currently, researchers are focused on developing novel architectures that
can enhance stability and activity (Mahfoudh et al., 2023). The commercialisation of OER
catalysts made from metal alloys is still in its early stages (Bojovic et al., 2022). Combining
noble metals can enhance promising performance in the laboratory but their commercial
potential is constrained by factors such as high cost, insufficient raw materials, scaling issues,

and limitations on production (Karthikeyan et al., 2018).

2.5 Iridium oxide as an oxygen evolution reaction catalyst

This study will focus on one of the most widely used oxygen evolution reaction catalysts
iridium oxide. Extensive studies have been conducted on this type of catalyst to gain a deeper
understanding of its various characteristics (Felix et al., 2012; Malinovic et al., 2023 & Banti
et al.,, 2023). Among the many noteworthy characteristics of iridium oxide is its catalytic
activity, especially towards the OER. Iridium oxide can reduce the required overpotential

significantly, enabling the OER at lower applied voltages (Naito et al., 2021).

Figure 2.2 compares the overpotential () with the standard heat of formation, and the

overpotential is defined as the potential required to achieve a given current density. In the
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volcano plot below, RuOy is the most active catalyst followed by IrOx but it's unstable and
quickly dissolves in acidic solutions. Studies have shown that the dissolution rate of Ru-based
catalysts is significantly higher than that of other OER materials (Danilovic et al., 2014; Qu et
al., 2021). This suggests that the onset of the catalysts’ corrosion potential is related to the Ru's
metal composition (Wei et al., 2019). Similar degradation issues can be encountered with Ir-
based catalysts (Alia et al, 2016). During the long-term catalytic process, the rutile oxide of
IrOx will transition to other phases that are soluble in acid media (Badam et al., 2018).
Although IrOx is a good catalyst for the operation of the OER, it is expensive and prone to
agglomeration, which can significantly reduce its efficiency. Researchers are working on

finding ways to address these challenges using catalysts that are both low in precious metals

and non-toxic.
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Figure 2-2: Demonstrations of the volcano plot of the OER catalysts (Badam et al., 2018).

Ruthenium oxide (RuOx) and iridium oxide are commonly used as benchmarks for OER
electrocatalysts (Suen et al., 2017; Kim et, al., 2017; Baik et al., 2020; Ma 2023, & Daiane et
al., 2021). Through theoretical studies, a method has been developed to predict the activity of
an OER reaction using universal descriptors for different electrocatalytic substances. The
studies were conducted using the density functional theory (DFT) method, which is focused on
determining the overall reaction overpotential. Studies on the free energies of noble metal
surfaces revealed that the affinity of the OER-catalysed reactions toward the same surface is
linked to the reaction's binding energies (Garcia-Mota et al., 2012; Rossmeisl et al., 2005).
These are independent of the specific mechanism, and the scale of these reactions binding
energies is proportional to each other. According to the study, the free energy diagrams of the
OER can be used to analyse the various steps in the reaction process. The authors proposed a

descriptor that describes the difference between the adsorption energy of the bound O* and
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HO*. This allows for the creation of volcano-shaped curves and the OER overpotential can be
plotted against the standard to visualise the activity of a catalyst (Higareda et al., 2023; Fabbri
etal., 2018).

Iridium oxide catalysts are frequently utilised in diverse industrial processes as mentioned in
Table 2.1. Various companies supply IrO»-based catalysts, which are commonly used in various
industrial processes, such as water electrolysis and corrosion protection. Its commercial
availability makes it a viable choice for researchers and industrial engineers who are looking
for dependable OER catalysts. South Africa is regarded as the largest producer of iridium metal
in the world. This study aims to develop a durable and high-performing high-surface area
iridium oxide from metallic iridium supplied by a local mine. Producing IrOx using iridium
metal in South Africa will offer numerous advantages, such as technological progress,
environmental sustainability, and economic growth. The nation can also claim to be a leader in
the global market for such technologies and materials by leveraging its natural resources and

manufacturing processes.

2.6 Synthesis of Iridium oxide

The specific synthesis technique used to make iridium oxide can have an impact on its
properties. The synthesis methodology controls the crystal structure, particle size, and
morphology of the material, as well as the catalyst's performance. Choosing a synthesis method
that fits the requirements of the given application is especially important. The synthesis
conditions, including the temperature, pressure, and concentration of precursor gases, should
be carefully adjusted to enhance the surface area of the IrOx catalyst. The synthesis of iridium
oxide can be produced through various methods such as the chemical method (Bhattacharyya
et al., 2021), sol-gel processes (Sztaberek et al., 2019), poly method (Malinovic et al., 2023;
Oh et al., 2016), and microwave-assisted hydrothermal deposition (Gawande et al., 2014;
Salvatore et al., 2021; Massué¢ et.al., 2017). A general synthesis overview process involves Ir-
based precursors such as iridium chloride (IrCl3), Chazapis et al., 2023 & Zaman et al., 2018),
hydrogen hexachloroiridate (IV) hydrate (H2IrCls x H20) (Scarpelli et al., 2022; Patel et al.,
2015), iridium (III)-acetylacetonate Ir(acac); or ammonium hexachloroiridate ([NH4]2IrCls, Jia
et al., 2021; Ye et al., 2011). The most common method is the thermal decomposition (Banti
etal., 2023; Musi¢ et al., 2019) of an iridium salt precursor. A typical example of the synthesise

procedure involves a solution containing an iridium precursor that is usually dissolved in water
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or alcohol. To control its morphology and particle size, a stabilising agent, such as
polyvinylpyrrolidone (PVP) or surfactants, is added. The dry reagents or precursor solution is
heated to a certain temperature, which then causes the compound to decompose. Thereafter,
the nanoparticles are washed several times to remove impurities, then dried and the resulting

suitable IrOx product is then used in various applications.

The Adams fusion technique is mostly used to prepare catalysts for various types of metals,
such as iridium and ruthenium oxides. It is regarded as a simple yet effective method for
producing high-quality metal oxides with excellent catalytic characteristics. In addition, it can
be used to prepare mixed metal oxides to ensure a high degree of uniformity (Felix et al., 2019,

Lui et al., 2018 & Verner et al., 2023).

2.7 Increasing the surface area of a catalyst

A catalyst’s catalytic activity can be enhanced by increasing its surface area. A higher surface
area allows for more active sites, resulting in better reaction efficiency (Zhao et al., 2021). Here
are various general approaches that can be used to enhance the surface area of catalysts. Abbott
conducted a study using the Adam fusion method to increase the surface area of a catalyst. In
this study, they reviewed the correlation between particle size and morphology. The results
indicated that the synthesised iridium oxide had the highest particle size 1.7 = 0.4 nm and a
specific surface area of 150 m? g ' showed the highest OER activity. The researchers noted that
the OER activity increased with the decrease in particle size. In addition, it was observed that,
although the capacitance of the surface charge is linearly correlated with the Brunauer Emmett

and Teller (BET) surface area, it does not match that of the OER activity.

One of the ways of increasing the surface area is by reducing the particle size. The size can be
reduced by using ball milling. Costa de Oliveira et al., 2020, conducted a study on the effects
of ball milling on the surface area and activity of Fe-N-C catalysts. They found that increasing
the milling time by three hours significantly increased the surface area of the catalysts, but this
effect could be reversed by the longer duration of the process. As seen in Figure 2.3, mechanical
grinding breaks down bigger particles into smaller ones, which increases the surface area

(Ajayi, E. 2019).
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Figure 2-3: High energy planetary grinding action of planetary mills (Ajayi, 2019).

Another approach to increasing surface area is the use of mesoporous or microporous materials,
which form catalysts with a well-defined network of interconnected pores, enhancing
accessibility to active sites. These materials can be created by a process called templating,
which involves discarding a template after the synthesis. In 2020, Baik, Pak, Lee, and S.W.
stated that the presence of macropores in catalysts can improve the reaction's performance.
Compared to catalysts without these features, those with many macropores exhibited better
OER stability and activity. The presence of macropores allows for faster mass transport during

a reaction, which can help regenerate active sites and facilitate bubble detachment.

In this study, the Adam fusion method was optimised and modified to enhance the catalyst’s
surface area and performance. These modifications involved using different oxidising agents,
post-treatment processes using cooling rates, and supporting the catalyst on various substrates.
The use of different oxidising agents can affect the oxidation state, porosity, surface area and
morphology of the catalyst. The phase and crystallinity of metal oxides can be affected by
controlled cooling rates. For instance, rapid quenching can lead to the formation of metastable
or amorphous phases. On the other hand, slow cooling allows for the establishment of more
stable and crystalline forms. Supporting a catalyst on a substrate can enhance its surface area
and improve its catalytic activity. Commonly supported materials include carbon, graphene,
and titanium dioxide. Its stability and electronic properties can also be affected by the choice

of support.

2.8 Physical characterisation of oxygen evolution reaction electrocatalysts

Understanding the various properties of iridium oxide is especially important to develop
effective and efficient catalyst. Different analytical techniques shown in Figure 2.4, were used
to confirm the physical, and chemical properties of synthesised and commercial IrOx-based

materials. In confirmation of structural characterisation, different techniques were used such
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as an X-ray diffraction (XRD) which study can be performed to determine the phase
composition and crystal structure of IrOx that has been synthesised. The information provided
by transmission electron microscopy (TEM) is focused on the particle size, crystallinity, and
morphology of the catalysts produced. Scanning Electron Microscopy (SEM) was used to study
the morphology, and the elemental composition of a synthesised substance was assessed using
Energy-dispersive X-ray spectroscopy (EDX). The information collected by the X-ray
Photoelectron Spectroscopy (XPS) was used to study the oxidation state of the catalysts.

2.9 Electrochemical characterisation of oxygen evolution reaction

electrocatalysts

The cyclic voltammetry (CV) was used to analyse the IrOyx’s electrochemical behaviour,
including its role in the oxygen evolution reaction. A linear sweep voltammetry (LSV)
technique was used to measure the potential sweep of an electrode while it was working. The
resulting current can be either a positive or negative-going potential and the information
collected by the procedure identifies the catalyst's electrochemical behaviour. The technique of
chronoamperometry (CA) involves keeping a constant potential on an electrode while also
measuring its current. This allowed one to study the various reactions taking place at the surface
of the electrode (Abbott et al., 2018; Alia et al., 2016; Higareda et al., 2023; Naito et al.,
2021).
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Figure 2-4: Characterisation techniques for the oxygen evolution reaction materials.
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2.10 Optimization of influential parameters for OER electrocatalysts

Several key parameters must be optimized to make electrocatalysts for oxygen evolution
reaction more effective and are listed in Table 2.3 below. This is significant to improve the

stability and catalytic efficiency of these materials.

Table 2-3: Summary of the optimization of influential parameters for OER electrocatalysts

Parameter Optimization Effect on OER
Optimize the amount of Balances active site availability
Catalyst Loading catalyst loaded on the and avoids excessive catalyst
electrode. mass, improving efficiency and
performance.

Adjust electrode rotation Enhances reactant/product

Rotating Speed speed to improve mass transport, reduces bubble

transport and bubble removal. interference, and increases

effective current density.

Optimize ionic conductivity Affects OER efficiency; higher
Electrolyte and pH of the electrolyte. concentrations improve
Concentration conductivity, while maintaining

optimal pH prevents side reactions.

Catalyst Optimize the material, Enhances active site exposure,

Composition and structure, and surface area of improving catalytic activity and

Morphology the catalyst. stability.
Adjust electrode spacing and Ensures efficient electrode
Cell Design and surface area for optimal interaction and reduces energy loss
Geometry electric field distribution and during the OER process.

mass transport.
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2.11 Determining the activity catalyst towards the oxygen evolution

reaction

The activity of an oxygen evolution reaction catalyst is the measure of the amount of O, which
can be produced, with the lowest required overpotential. The amount of O> produced is
measured as a maximum resulting current, for a given potential. The most common method for
reporting catalytic activity is to calculate the mass or specific activity. Rajan et al., 2020,
conducted a protocol standard procedure where the mass activity is the standardisation of the
current for the mass of the catalyst on the electrode, whereas the specific activity is the

standardisation of the current for the surface area of IrO».

The activity of a catalyst is then typically compared by calculating the current density at 1.525-
1.55V vs Reversible Hydrogen Electrode (RHE). The overpotential for oxygen evolution is the
extra voltage beyond the theoretical 1.23V needed to overcome kinetic barriers, such as
breaking O-H bonds and facilitating electron transfer. Voltages of 1.525-1.55V are used to
evaluate electrocatalyst performance, as this range provides reliable current density
measurements. Below this range, the reaction may be too slow for accurate assessment.
Operating within this voltage range also minimizes slow or irregular oxygen bubble formation,

ensuring stable and accurate measurements without interference.

While activity is a measure of the current generated when an overpotential is applied, durability
is related to the amount of time the catalyst is used before dissolution occurs (Wei 2019). The
OER currents are converted to Ir mass-specific activity by normalisation to the mass of iridium
present on the Rotational Disc Electrode (RHE) for technically relevant comparison. This is
determined using the Ir weight percentage (wt%) obtained from the dispersive X-ray
spectroscopy (EDS) analysis. To determine the relative loss of mass activity, the catalyst is
exposed to activation steps using chronoamperometry from 1.5 - 1.560V vs. RHE in 20 mV
steps, for a period of 1 minute per step before and after the durability test. These before and
after activation steps are used to plot Tafel slopes which can estimate the durability of the
catalyst (Rajan et al., 2020). The Tafel slopes are important in electrochemistry, especially in
the study of catalytic reactions. They play a vital role in understanding how these reactions
work. They are derived from the Tafel equation, which relates the overpotential (1) to the

logarithm of the current density (j), a is a constant, and b is the Tafel slope.

n =a+ blog (j) (2.3)
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It is important to optimise the electrochemical surface area (ECSA) of Iridium oxide to achieve
better results in electrochemical processes. The ECSA refers to the catalyst surface area
available for the OER. Unlike with oxygen reduction reaction catalysts like Pt, it is more
complicated to determine the ECSA of IrO2-based catalysts as they are not active for proton
adsorption/desorption nor CO; poisoning (Jackson et.al., 2017; Nagai et.al., 2019). According
to Vincent et al., 2016, Labi et al., 2019, McCrory et al.,2013, and Zhao et al., 2015, the OER
catalyst ECSA estimation is calculated by considering the double-layer electrochemical
capacitances of different materials and it is then normalised with the Ir loading the catalyst.
However, different ECSA methods were conducted by Duran et al., 2021 and Felix et al.,2019.
According to Biesheuvel and Dykstra in 2018, the non-Faradaic potential refers to the region
responsible for storing charge on a catalyst’s surface. In this work, the ECSA of the
electrocatalysts were estimated using the double-layer capacitance of the catalysts. The linear
slope of the current vs scan rate, which is equivalent to twice the double-layer capacity (Cdl),
was then used as the ECSA’s representation. A typical representation of the OER activity in
literature is provided below in Figures 2.5 and 2.6. In literature, Alia et al., 2016, investigated
the activity and durability of various Ir/IrO> catalysts before and after 13.5 hours of 1.6V hold
and discovered that the mass activity at 1.55 V vs. RHE for IrO» before the potential hold was
140 A.g' Ir but dropped by 54% to 90 A.g! Ir after the potential hold. This study will use the

same procedure as shown in Figure 2.5, to estimate the performance of each catalyst.

1.58 v :
w OMCD IrO,/ATO (9 wt.% Ir)
z 1.571 IrO,-TiO, Commercial Benchmark (74 wt.% Ir)T
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Figure 2-5: An example of the OER activity represented in literature by Rajan et al.,
2020.
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Figure 2-6: An example of the OER activity represented in literature by Oh et al., 2018.
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Chapter 3: SYNTHESIS AND CHARACTERISATION

The chapter describes the synthesis processes that were used to synthesise IrOx-based
materials for use in OER. This section also describes the various post-treatments introduced
and the supporting and alloying of the catalyst. It also covers the various physical and

electrochemical methods used to study the nanomaterials.

3.1 Reagents/material and glassware cleaning

Ir metal powder with a purity of 99% was received from Impala Platinum mining company.
Sodium peroxide (Na20Oz), isopropanol (IPA, 99.5%), Nafion, hydrogen peroxide (H20-,
36.5%) sulphuric acid, hydrogen hexachloroiridate (IV) hydrate (H2IrCls-xH20, 99.0%) and
perchloric acid (HCl1O4, 70.0%) were purchased at Sigma Aldrich and used without further
purification. Nafion® ionomer solution (5 wt.% in water and aliphatic alcohols) Fuel Cell
Earth. Ultra-pure deionised water was obtained from a Millipore Synergy Milli-Q® dispenser
18 Q.cm was used throughout the experiments. All experiment glassware was soaked in a
Nochromix® solution 1 for 24 hrs, the glassware was rinsed with deionised water a few times.
The glassware was rinsed with deionised water a few times. Then, soaked in solution 2 and
rinsed with ultrapure 18 MQ Millipore deionised water before boiling it overnight. In
preparation for solution 1 - in a 5L glass beaker 15 mL of [H2SO4] was added into 3 L of
deionised water and a mass of 3 g of potassium permanganate (KMnOs). Solution 2 - was

prepared by adding 5 mL [H2SOs4], 1 ml [H20z], and 1L deionised water into a 2L beaker.

3.2 Synthesis of unsupported IrOx using the Adam Fusion method varying
the oxidants

3.2.1 Procedure using sodium peroxide vs barium peroxide as an oxidation agent

Figure 3.1 shows a schematic illustration of the synthesis process of the IrOx catalyst. The
optimal synthesis conditions were as follows; a ratio of 1:2 Ir-Na>O» was bead-milled at 400
rpm for two hours with 10-minute resting intervals every 30 minutes. A planetary bead mill
has a single Teflon grinding jar that is mounted on a planetary disc. A sample was placed inside
a jar and filled with zirconium beads. A shaker was used to remove the excess reagents from
the bead-mill beads and the mixture was then calcined in a preheated oven at 700 °C for eight

hours using an aluminium oxide crucible in air. The sample was rinsed with 0.1 M HCI acidic
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solution and followed by deionised water using a centrifuge at 5000 rpm and Rcf — 6.50 for
five minutes each. The sample was dried overnight in an oven at 60 °C, and the catalyst was

crushed and mixed using mortar and pestle before being characterised.
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Figure 3-1: Schematic illustration of the synthesis process of Iridium oxide electrocatalysts.

During this evaluation, IrOx was synthesised by a modified method described in section 3.2.1
in which barium peroxide was used as an oxidising agent. The catalyst was calcined in a two-
step process under the same conditions for 6 hours at 700 °C in air. After the second calcination
step, it was centrifuged using 0.0 1 M nitric acid (HNO3) followed by hot deionised water. The

solid retained was placed in an oven at 60 °C overnight.

3.2.2 Effects of post treatment methods on the Unsupported In-house catalysts
Three catalysts were synthesised using the method described in section 3.2.1 and were cooled
differently after thermal treatment. These methods include the use of liquid nitrogen, carbon

dioxide (dry ice), and slowing cooling. The IrOx.na)s) catalyst was slowed cooled in the
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furnace after a period of 8 hours. The IrOx-(na)-r) Was removed from the furnace at high
temperatures and liquid nitrogen was then poured into the crucible as post-cooling. The same
was done for the IrOx-va)-) sample, however, carbon dioxide (CO2) was used as cooling post-

treatment.

3.3 Synthesis of mixed-metal nanoparticles supported with tantalum

pentoxide using Adam Fusion

3.3.1 Synthesis of mixed metal using metallic iridium and tantalum pentachloride

The goal of this experiment was to synthesise a mixed-metal catalyst using a mixture of
metallic Ir and tantalum pentachloride (TaCls). The synthesise, centrifugation and drying steps

were applied according to section 3.2.1.

3.3.2 Synthesis of iridium oxide supported on tantalum pentoxide

A mass of Ta,Os powder and dihydrogen hexachloroiridate (IV) hydrate (H>Clglr * H2O) were
stirred together in 5 mL isopropanol (IPA) for one hour. A mass of 2.3 g of sodium nitrate
(NaNOs3) was added to the mixture and stirred overnight. The IPA was evaporated under
stirring and heating at 80 °C until a solid was collected. The obtained solid was calcined in the
muffle oven for 1h at 350 °C using a ramp rate of 4 °C/min. After cooling down, the grey to
black solid was dispersed in water and washed five times with deionised water with a centrifuge

and the catalyst was dried overnight in the oven at 60 °C.

3.4 Physical characterisation

3.4.1 X-ray Diffraction (XRD)

The XRD was used to determine the electrocatalyst's crystal structure and crystalline size. The
Bruker D8 Advance diffractometer was used for the XRD measurements. It has a
monochromatic Co ko radiate on (A = 1.79026 A) and operates at 40 kV and in the 1D mode

with the Lyn-Eye-XE detector. In sample preparation, traces of impurities were extracted from
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a zero-background film using ethanol solvent and a small amount of electrocatalyst was
positioned on top of a zero-background. The X-ray beam hit the surface at a 2-theta angle
ranging from 20 to 120 °C to produce the respective diffractograms. It was recorded using a
step-scan method with a step size of 0.05 degrees, and a scan rate of 0.5 degrees per minute.
The crystallographic lines were then compared with known patterns using the JCPDS

database’s search tool.

The particle size was computed using the Debye—Scherrer equation shown below (Monshi et

al., 2012) which considers the intensity of the diffraction line.
Scherrer equation: D = kA/BCos6

The nano crystallite size (D) is calculated by considering the wavelength A (nm) of the radiation
from measuring the corrected full width at half maximum (FWHM) of peaks (B) in the radian
located at any diffracting angle of the peak (0) in the pattern. Scherrer constant (k) can be 0.62
- 2.08 and in this study, the value used was 0.89 for calculations. All measurements were done

at the University of Cape Town.

3.4.2 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy (SEM-
EDX)

Energy-dispersive X-ray spectroscopy (EDX) was used to identify the elementary composition
for all synthesised electrocatalysts. This technique was performed by connecting an EDX
system with a Scanning Electron Microscopy (SEM). In this study, SEM, FEI Nova Nano SEM
230 was used to detect and generate X-rays powered by 20 kV beam energies and equipped
with the Oxford X-22 MAX detector. EDX was used to quantify the elemental constituents (Ir,
O, Na, and Ta) in the synthesised electrocatalysts. INCA Point and ID software were also used
to obtain the element quantification and spectra. Ms Miranda Waldron at the University of

Cape Town’s Electron Microscope Unit (UCT-EMI) conducted all measurements.

3.4.3 X-ray Photoelectron Spectroscopy (XPS)

The XPS is a surface-based technique used to analyse the material composition based on the
observed characteristic electron binding energies. The data collected using the XPS technique

were analysed to study the oxidation state of iridium present in the synthesised and commercial
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electrocatalysts. These measurements were performed on a Kratos Analytical Axis Ultra DLD
system with a monochromatic Al Ka source (1486.71 eV). Samples were measured in XPS in
a Thermo K-Alpha instrument using a monochromate Al Kalpha source and charge
compensation. The overall energy resolution for core levels acquisition is better than 0.7

eV. The XPSPeak4.1 software was used to fit the Ir 4f, and Ta 4f, components.

A curve-fitting procedure was performed for the photoelectron peaks with a Lorentzian-
Gaussian ratio of 20, with TS and TL asymmetry factors of 0.2 and 100 curve-fitted unless
stated otherwise. The Shirley background was used to compensate for the inelastic scattering
of electrons, which can occur when an electron gets caught in a collision with another electron
as it exits a sample. The Ir 4f peaks were fitted with satellite peaks for the oxidation states Ir

(IIT) and Ir (IV).

3.4.4 Transmission Electron Microscopy (TEM)

The TEM characterisation technique allows the study of the various aspects of the catalyst’s
structure and distribution by directly observing and measuring the individual nanoparticles. It
also provides data on the particle size, morphology of the nanoparticles, and distribution of the
support material. (Akbari 2011). The samples were prepared by dispersing approximately 2
mg of catalyst in isopropanol (IPA) and were ultra-sonicated (Kimix Analytical Reagent (AR))
for 20 mins. A drop of the sample was placed on a copper grid, which was then dried. The
measurements were conducted on the synthesis of various catalysts by Dr. Nasheeta Hanief of
the UCT-EMI using the F20 CRYO FEGTEM microscope. The instrument has a high-
performance image of 200kV with CRYO capability using FEI imaging software. The visible
lattice fringes on the images were used to extract the d-spacings of electrocatalyst nanoparticles
and were then analysed using Image J, a Java-based software and the size distribution was
studied statistically in histograms. To get the crystallite size accurately, + 150 particles were

analysed in each image.

3.4.5 Brunauer, Emmett and Teller (BET) surface area analyser

The concept of the BET theory is a method utilized to determine the average specific surface

area (m*/g) of porous materials or solids by means of nitrogen adsorption. Prior to the
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measurement being performed, all samples were decontaminated to remove contaminants,
including water. This process was conducted in a vacuum at extremely high temperatures. For

the BET procedure, a minimum of = 500 mg of sample was required.

3.5 Electrochemistry analysis
3.5.1Three-electrode electrochemical cell

All electrochemical experiments were performed ex-situ using the Gamry Instruments’
potentiostat at room temperature (+ 25 °C). The experimental rotational disc electrode (RDE)
electrochemistry cell consisted of three components: an electrolyte, a glass cell, and electrodes,
as shown in Figure 3.2. The GCE used as a working electrode was cleaned using the method
described in section 3.5.3. The reference electrode used for this study was a mercury/mercurous
sulphate oxide (Hg/HgSO4) and was calibrated to the reversible hydrogen electrode (RHE)
before each measurement. A platinum mesh counter electrode was used, and it was cleaned
with a flame torch to remove traces of impurities. This component is used to complete a circuit
and not limit the current. A gas inlet was used to ensure that the equilibrium of oxygen (O.) is
attained at a certain standard potential. The use of electrochemistry is a sensitive technique that
requires deep cleaning mentioned in section 3.1 to remove any traces of metallic or organic

impurities from glassware.

Working electrode

—

Counterelectrode

Gasinlet 3

.;'ﬂ_..;,

Reference electrode

Figure 3-2: A three-electrode electrochemical cell setup consisting of three electrodes:

working electrode, a counter electrode, reference electrode and gas inlet (Wei et al, 2019).
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3.5.2 Preparation of electrolyte and calibration of reference potential

In a volumetric flask 0.1 M perchloric acid (HC1O4) was prepared by adding approximately
2.156 mL of HCIOs filled up with deionised water to the desired volume. A glass container
was filled with approx. 150 mL of 0.1 M HC1O4electrolyte inside a fume cupboard, which was
then bubbled with hydrogen for around 10 minutes. The two-probe multi-meter’s metal tips
were connected to the reference electrode Hg/H2SO4 and the platinum mesh counter electrode

for reference potential reading in mV.

3.5.3 Ink formulation and cleaning of Glassy Carbon Electrode (GCE)

A standard catalyst ink was prepared by adding 7.6 mg of electrocatalyst material in a mixture
of 7.6 ml H>O and 2.4 m1 isopropanol, with a 40 pL. Nafion® solution (5 wt% Nafion 117,
Sigma-Aldrich). The ink was ultra-sonicated for approximately 30 mins and stirred for 10 mins
before depositing 10 uL aliquot onto 0.196 ¢cm? a micro-polished carbon disc electrode to

achieve a catalyst loading of 100 pges cm™2 dried at 60 °C for 10 mins in the oven.

Step 1 - the GCE surface area was initially rubbed against Meta-Di Supreme polycrystalline
diamond 6pm which was sprayed onto lens paper. It was then subjected to an alumina powder
of 1.0 um and finally to 0.05 um rinsing with deionised water in between. Step 2 — this was
done to remove any powder residues remaining on the GCE surface area wall. An electrode
was submerged in DI water, then into isopropanol and finally in DI water sonicated in intervals

of 10 mins in each solvent.

3.5.4 Oxygen evolution reaction conditioning and activity protocol

At the beginning of the electrochemistry measurements, all the electrodes were subjected to
cyclic voltammetry (CV) to clean and activate the catalyst layer. This was conducted at a
potential window of 0 - 1.2 V vs RHE at a scan rate of 100 mV.s™! for fifty cleaning cycles.
The OER activity was evaluated using a CV scan rate of 10 mV. s and corrected for internal
resistance in the potential range 1.0 - 1.6V vs RHE. Electrochemical impedance spectroscopy
(EIS) was performed at 1.0 V vs. RHE at a frequency range of 100 kilohertz (kHz) to one

hundred millihertz (mHz.). This was done to determine the effective ohmic resistance used for
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iR-correction. To eliminate the bubble formation, the electrode was rotated at 1600 rpm and
the electrochemistry cell was also tilted to allow the removal of the bubbles. The CV’s
backward and forward sweeps were averaged to eliminate the currents that are generated by
the capacitive elements found on the electrode's surface. Once the linear sweeps were averaged,
the solution resistance was corrected using EIS analysis. All OER activity measurements were
done in triplicate, and the mass activities were specified as OER activity standardised based on
the mass of metallic Ir covered on the working electrode. All catalysts’ activity was compared

at 1.525 V vs. RHE.

3.5.5 Catalyst Durability Protocol

The durability tests were conducted by holding at 1.6 V vs. RHE for a duration of two hours.
The catalyst was exposed to activation steps using chronoamperometry from 1.5 - 1.560V vs.
RHE in 20 mV steps, for a period of 1 minute per step before and after the durability test to
determine the relative loss of mass activity. These before and after chronoamperometry were

used to plot Tafel slopes which can estimate the durability of the catalyst.

3.5.6 Electrochemical Surface Area (ECSA)

The ECSAs were determined using the same CV conditions mentioned in section 3.5.4. The
ECSA was determined by considering the double-layer capacitance on the catalytic surface. A
non-Faradaic capacitive current is associated with the double-layer charging process (McCrory
2013). The double-layer capacitance was determined in a potential window of 0.2 — 0.3 V at
various scan rates ranging from 10, 25, 50, 100, and 500 millivolts per second. In this work,
the ECSA of the electrocatalysts were estimated using the double-layer capacitance of the
catalysts. The linear slope of the current vs scan rate, which is equivalent to twice the double-

layer capacity (Cdl), was then used as the ECSA’s representation.
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Chapter 4: SYNTHESIS AND CHARACTERISATION OF
IRIDIUM OXIDE NANOMATERIALS

This chapter presents the data interpretation and discussion of the synthesis of unsupported
iridium oxide nanomaterials using two different oxidizing agents, three cooling post-treatment
methods, mixed-metal composition, and support material. The properties of the IrOx
nanoparticles were evaluated through spectroscopic characterization techniques. The
discussion of the data and spectral analysis is compared to relevant literature for validation

and insight.

4.1 Observations during synthesis of iridium-based materials

A total of seven different iridium-based nanomaterials were synthesized and compared to
commercial iridium oxide in this chapter. Table 4.1 provides a brief description and sample
identification used throughout the study. Physicochemical characterisation techniques were
employed to evaluate the properties of both the commercial and synthesized iridium oxide

nanomaterials. The resulting data was analysed and compared with relevant literature findings.

Table 4-1: Sample identification and compound description of the synthesised and commercial

iridium-based nanomaterials.

Sample ID Description

IrOx-(Na) Metallic Ir + Na,O»

IrOx-(Ba) Metallic Ir + Ba;O

TKK Commercial benchmark

IrOx-(Na)-(s) *(slow cooled)
IrOx-(Na)-(R) *(rapid cooled)
IrOx-Na)-Q) *(quenched)

TalrOx Metallic + tantalum pentachloride + Na,O>
IrO,-TiO2 Commercial benchmark

Symbol (*) represents metallic iridium and NaxO».

48



4.1.1 Synthesis of iridium oxide using various oxidising agents

During the synthesis of IrOx-(na), special attention was given to the transfer process following
the bead-milling step described in Chapter 3, Section 3.2.1. After bead milling, the mixture
was immediately transferred into an alumina crucible to prevent exposure to air. This rapid
transfer was essential to preserve the integrity of sodium peroxide (Na>O»), the oxidising agent

used in the reaction.

Sodium peroxide, initially yellow undergoes a visible change when exposed to air, turning
white due to its reaction with atmospheric moisture. This process leads to the formation of

sodium hydroxide (NaOH) and hydrogen peroxide (H20:), as shown in Equation (4.1):
NaxO2 + Ho O — 2NaOH + H>0» (Equation 4.1)

The formation of hydrogen peroxide is concerning because it decomposes at room temperature,

producing water and oxygen gas, as indicated in Equation (4.2):
2H>0; — 2H20 + O2 (Equation 4.2)

This decomposition reduces the oxidation capacity of the sodium peroxide. In the context of
synthesising IrOx-(na), the effectiveness of NaO> as an oxidising agent directly impacts the
oxidation state and crystalline structure of the resulting iridium oxide. Therefore, any reduction
in its oxidising capacity can negatively affect the overall reaction efficiency and product

quality.

To mitigate this issue, in this work the experimental protocol emphasised minimising the
exposure time of sodium peroxide to air. Similar challenges related to the instability of sodium
peroxide have been reported in the literature, particularly in studies where maintaining high
oxidation potential is critical for achieving desired reproducible and high-quality material

properties (Alberta, 2016).

After the calcination step, the crucible was removed from the intense heat during the calcination
process to prevent the formation of particle growth. The nanomaterial synthesised using sodium
peroxide had a molten compared to the barium peroxide material. The dark blue liquid colour
that was observed during the centrifugation process for iridium oxide could be the result of the

presence of ions in the solution. Iridium compounds usually have a black or dark blue colour
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due to their electronic structure (Hintermair 2013). The final nanomaterials products were

black and hydrophilic.

4.1.2 Synthesis of iridium oxide using various cooling post-thermal treatment

Various cooling post-treatments aimed to increase the surface area of [rOx nanomaterials. Three
different post-treatments of cooling were implemented: cryogenic agents’ liquid nitrogen (N2),
dried ice (CO2), and slow cooling in the furnace. The cooling post-treatments did not produce
any notable differences for the iridium oxide products, which were hydrophilic and fine
powdered black materials. The rapid and quenching cooling using liquid nitrogen and dry ice,
respectively was implemented to promote the growth of finer structures or smaller
particles(Jagga et al., 2020). The cooling rate of dry ice is slower than that of liquid nitrogen,

which can result in different crystalline structures and particle sizes (Powers et al., 2024).

4.1.3 Synthesis of supported and mixed metal iridium oxide

After the synthesis of the two Ir-based materials, which were black TalrOx and grey IrOx-
Taz0s, the yields of these were 80 percent respectively. The TalrOx material had a supernatant
that was dark blue, this was observed in the various nanomaterials that were prepared using a

sodium peroxide oxidising agent discussed in section 4.1.1.

4.2 XRD analysis of IrOx nanomaterials

4.2.1 XRD analysis of IrOx nanomaterials using different oxidising reagents and post-

treatment

The XRD technique was utilised to confirm the structural characterisation of IrOx
nanomaterials. Figure 4.1 shows a comparison of the X-ray diffraction patterns recorded from
the IrOx commercial benchmark and six in-house synthesised IrOx nanomaterials with
corresponding reference diffraction pattern lines. According to quantitative XRD analysis, all
nanomaterials exhibit a broad hump/peak around + 35° 26, indicating an amorphous or low
degree of crystallinity materials. A broad hump or peak near 30 - 35° 26 in amorphous iridium
oxide usually represents the material’s mean interatomic distance which may resemble the
atomic order of the crystalline IrOx’s 101 plane (Czioska et al., 2021). Unlike in crystalline

materials, the patterns of XRD in amorphous iridium oxide do not have sharp peaks that are
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associated with certain types of crystallographic planes. Instead, they are characterised by
diffuse humps, which represent short-range atomic arrangements (Ali et al., 2022). The XRD
particle and crystallite sizes of the IrOx materials were not calculated due to the Scherrer
equation is based on the well-defined Bragg Diffraction from crystalline materials. A broad

hump in amorphous substances indicates that there are no such planes.

Similar results were observed in previous studies such as (Pfeifer et al., 2015; Tan et al., 2019
and Willinger et al., 2017). However, the Pfeifer diffraction pattern still showed metallic Ir
attribution diffraction peak at 41°, 58° and 69° 20. In comparison of Figure 4.1 (a) and (b) all
the prepared and commercial IrOx materials exhibited no distinctive peaks for Ir (PDF 00-046-
1044 JCPDS database’s search tool) and IrO> (PDF 00-015-0870) XRD pattern. This could be
because of the small particle size of the IrOx nanoparticles below the detection limit of 3 nm.
It has been reported that these materials exhibit enhanced OER catalytic capabilities due to
their elevated surface area and number of active sites. While the synthesis did not achieve the
formation of highly crystalline rutile IrO., the resulting amorphous IrOx structure is still
valuable, particularly for electrochemical applications such as the oxygen evolution reaction

(Park et al., 2022).

In comparison Figure 4.1 (b) to (a), the is a slight decrease in the intensity of the (101)
orientation of IrO> seen in the XRD patterns of the nanomaterials prepared using cooling post-
treatment. The IrOx-a) and IrOx-na)-Q) nanomaterials exhibited an additional peak at + 23° 20
which corresponds to NaxIrO3; suggesting that it is likely that traces of sodium iridate remained
in the samples (Lee et al., 2011; Krizan et al., 2014). From the XRD analysis, it is difficult to
understand what is going on for each nanomaterial since there is no substantial difference

between them.

An interesting trend has been observed from different publications (Xu et al., 2017), for an
example most iridium oxide nanomaterials synthesised using Ir-based salts such as iridium
chloride (IrCl3), Chazapis et al., 2023 & Zaman et al., 2018), and hydrogen hexachloroiridate
(IV) hydrate (H2IrCls x H2O) (Scarpelli et al., 2022; Patel et al., 2015), have an amorphous
structure at low temperature below 350 °C and crystalline structure at high temperatures above
400 °C. However, this is not the case in this study, the trend is inversely proportional at higher
temperatures 700 °C the iridium-based nanomaterials exhibit amorphous structure. Iridium
oxide nanomaterials at higher temperatures favour crystalline structures made from salts, this

would not be the same coming from a metal precursor despite using the Adam fusion method.
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Figure 4-1: X-ray diffractograms (a) of the synthesised IrOx nanomaterials using sodium
IrOx.(Nw), vs barium peroxide IrOx.ga) oxidising agent and (b) represent IrOx nanomaterials
made using various cooling methods compared to commercial IrOx TKK. Purple lines

represent Ir metal and black lines iridium oxide XRD patterns.

4.2.2 XRD analysis of IrOx nanomaterials of the mixed-metal and supported material

In Figure 4.2, an X-ray diffraction analysis of the IrOx-Ta>Os showed that it has a low-intensity
crystalline structure. Two IrO> weakly defined narrow peaks correspond to crystallographic
planes. The left-shift pattern in the XRD peaks at (110) and (101) at 25° and 34 ° 26 can be
interpreted as evidence of an increase in the lattice spacing (Felix et al., 2022). Bragg’s law
states that when the d-spacing increases, the angle of diffraction decreases (Monshi et al.,
2012). In comparison to TalrOx nanomaterials exhibit the same structural characteristics (broad
overlapping peaks at 35° 20 indicate that there is no single oxide phase) discussed in section
4.2.1. Using the Scherrer formula for calculating the particle size of Ta-Ir was difficult due to
the broad overlapping peaks. The low crystallinity of IrO» was attributed caused by the addition
of TaxOs, which is consistent with what is reported in the literature (Felix et al., 2012 Rasten

etal., 2001).

The commercial nanomaterial exhibits a crystalline structure of IrO, with sharp peaks

corresponding to crystallographic planes (110), (101), (200), (211) found at 34°, 42°, 48°, and
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64° (Pfeifer et al., 2015). Yuan and colleagues (2017) noted that IrO> and TiO; are two kinds
of rutile crystals that are part of a tetragonal configuration. They share similar lattice constants
and symmetry, which makes them ideal for creating composite oxides with varying ratios. The
XRD particle and crystallite sizes of the commercial IrO;-TiO; materials were not calculated
due to the in-house synthesised nanomaterials having no well-defined peaks which makes it

irrelevant for comparison across the materials.
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Figure 4-2: X-ray diffractograms of the synthesised IrOx onto Ta:0s (purple), TalrOx
(orange) and commercial IrO>-TiO: (red). Maroon lines represent metallic iridium and

tantalum, black lines iridium oxide and metallic titanium XRD reflexes.

4.3 EDX analysis of IrOx nanomaterials

4.3.1 EDX analysis of IrOx nanomaterials using different oxidising reagents and post-

treatment

The elemental composition of the iridium oxides synthesised was assessed using EDX to
determine the iridium loading or any impurities observed in each nanomaterial. Table 4.2
shows the first indication that a discrepancy is apparent between the samples and the
corresponding EDX spectra are presented in Appendix A. The elemental compositions are

reported in weight percentage for standard deviations, based on averaging of three readings.
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According to the EDX spectra shown in Appendix 1, all nanomaterials show a carbon signal at
0.277 keV, this is due to using carbon tape as a sample holder. This could be due to the
interactions between the carbon tape and the electron beam, or air exposure and a thin layer of
carbon can also form on a sample’s surface during handling or preparation. For these reasons,

the carbon EDX weight percentage was not quantified in Table 4.2.

The analysis of the composition revealed that iridium and oxygen are the primary elements,
and a small quantity of sodium was detected + 4 wt% in some materials which can be a
contributing factor in the XRD peak 23° explained in section 4.2.1. The commercial sample
has high iridium content compared to the prepared materials. The IrOx.8a) sample shows a
higher iridium weight percentage compared to the IrOx.na) sample. Sodium peroxide is a
stronger oxidising agent and is more effective when it comes to releasing reactive oxygen

species due to its ability to decompose quickly compared to barium peroxide.

Table 4-2: EDX elemental composition (wt.%) with standard deviation for the in-house

synthesised iridium oxide catalysts and commercial TKK.

EDX elemental composition
Oxidising agent/

Sample ID . Na/Ba

cooling method Ir (Wt.%) | O (Wt.%) Cl (Wt.%)
(wt.%)

IrOx-(Na) Sodium peroxide 61.4+24 | 347+2.8 | 2.00+0.7 | 2.30+0.1

Ba=0.98
[rOx-(Ba) Barium peroxide 744+6.5 | 21.0+£6.5 04 3.62+0.7

+ 0.

TKK Benchmark 747+64 | 252+64 - 0.07+0.2

Cooled in the furnace

IrOx-(Na)-s) for 2 hrs then poured | 65.0+4.0 | 322 +4.0| 2.80+0.1 -

Noqy
IrOx-(Na)-(R) Liquid N 693+23 | 26.1+£23 | 460+04 -
IrOx-Na)-Q) Dry Ice - (CO») 709+8.0 | 29.1+8.5 - 0.98 +0.6

For further optimising the synthesis process sodium peroxide was preferred as an oxidant agent

due to its high efficiency and ability to facilitate oxidation. In contrast to the EDX results using
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the different cooling post-treatment methods, the air-cooled has more oxygen content.
According to the results obtained shown in Table 4.2, all materials have different iridium
content increasing order IrOx.Na)-(s), followed by IrOx.na)-r), and the highest IrOx-Na)-(Q).
According to literature (Siracusano et al., 2017; Labi et al., 2021, Zhao et al., 2022 and Gao et
al., 2019), the prolonged cooling of a material can help facilitate the oxidation of IrOx, which
can then be turned into its fully stable state. The material has enough time to incorporate
oxygen, which helps minimise the oxygen vacancies. On the other hand, the rapid cooling of a
material can prevent oxygen from diffusion into the surrounding materials, which can preserve
the oxygen vacancies or partially reduced states. In addition, oxygen vacancies can serve as

active sites for OER.

4.3.2 EDX analysis of IrOx nanomaterials of the mixed-metal and supported material

Table 4.3 shows the elemental composition expressed in weight percentage (wt.%), indicating
the relative proportion of each element in the IrOx-based nanomaterials. The corresponding
EDX spectra are presented in Appendix A. According to obtained EDX results, [rO2-TiO> has
the highest Ir loading weight percentage in decreasing order followed by TalrOx and the lowest
[rOx-Ta;0s. The EDX analysis of the TalrOx sample revealed iridium and oxygen as the
primary elements. The presence of sodium was also detected, which is due to the sodium
iridates observed and discussed in Chapter 4.2 Section 4.2.1 (Krizan et al., 2014). The TalrOx
material has a high Ir and less Ta weight percentage content. According to literature by Smolik
et al., 2000, high temperatures such as 700 °C can cause tantalum pentoxide and other similar
species to partially volatilise, decreasing the Ta content. In comparison, the IrOx-Ta>Os sample

has higher Ta and Ir content.

The low weight percentage of titanium in the EDX analysis of the IrO>-TiO2 sample can be
attributed to the peaks overlaps in the of iridium and titanium making it difficult to distinguish
between them (Van der Merwe et al., 2023 and Harvey et al., 2024). The ability to analyse peak
overlaps in energy dispersion spectroscopy has typically been a challenge. The Transmission
electron microscopy mapping will be used to quantify the elemental composition of the IrO»-

TiO2 sample.
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Table 4-3: EDX elemental composition (wt.%) with standard deviation for the in-house

synthesised tantalum-iridium oxide catalyst and commercial iridium dioxide on titanium

pentoxide.
EDX elemental composition
Sample ID Ir (wt.%) O (wt.%) Ta (wt.%) | Na (wt.%) | Ti(wt.%)
TalrOx 61.8+0.9 279+ 0.8 850+1.0 | 1.80+0.12 -
IrOx-Ta20s5 293 +1.8 21.8+0.2 43.9+0.7 | 2.00+0.12 -
IrO»-Ti0O: 75.3+0.5 23.9+0.1 - - 0.8+0.5

4.4 Morphological, particle size distribution and surface area analysis

4.4.1 Morphology and average TEM nanoparticle sizes of the IrOx nanomaterials using

different oxidising reagents and post-treatment

The TEM analysis and average particle size distribution for all the nanomaterials are shown in
Figure 4.3 and were measured at 20 nm magnification. Ferret diameter was used to analyse the
particle size and determine the corresponding distribution histograms, using on average + 150

nanoparticles.

The TEM analysis was used to confirm the morphology and particle size for each nanomaterial.
The TEM images of IrOx produced by varying two oxidising agents and commercial
nanomaterials are represented in Figure 4.3 (a, b & c) and corresponding histograms (a’, b’, &
c¢’). The IrOx.na) and commercial nanomaterials show visible particles with an average of +
2.74 nm and + 1.98 nm, respectively. The commercial sample is likely to be more active due
to the smaller particles size compared to IrOx.(Na). The IrOx-a), morphology is more flake-like
with an average dimension of each flake is about + 50 -150 nm, while visible particles are
highly agglomerated and difficult to differentiate between singular particles. Similar
nanoflakes were found in a study conducted by Huang et al., 2019. They concluded that the
compact and uniform MoS; nanoflakes could increase the surface area of active sites and
enhance the efficiency of the OER process. However, porosity plays a significant role in the

electrocatalyst’s OER activity due to several factors such as surface area, mass transport,
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structural stability and promoting electrolyte penetration. It can be challenging to predict the

exact OER activity of [rOx based on the nanoparticle or nanoflake structure and composition.

The TEM results using different cooling post-treatment are presented in Figure 4.3 presents
(d, e, & f) with corresponding histograms (d,” e,” & f°) illustrating the particle size distribution.
All the nanomaterials have similar distorted spherical shapes with an average particle size 1—-
2.5 nm. These samples have smaller particle sizes compared to the air-cooled sample shown in

Figure 4.3 (a).
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Figure 4-3: TEM micrograms and particle size distribution respectively for the synthesised
IrOx nanomaterials using sodium peroxide IrOx.(vy (a), vs barium peroxide IrOx.sa) (b),
commercial benchmark TKK (c), IrOxwy-s) (d), IrOxioy-r) (e), and IrOx-o- (f)

represents the IrOx nanomaterials using various cooling methods.
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4.4.2 Morphology and average TEM nanoparticle sizes of the IrOx nanomaterials IrOx

nanomaterials of the mixed-metal and supported material

The morphology of the synthesised TalrOx, [rOx-Ta,0s and IrO,-TiO> nanomaterial are shown
in Figures 4.4 (a, b & c), respectively and the corresponding histogram Figure (2’ & b’). As
seen in Figure 4.4 (a & b), the iridium nanoparticles appear in black and the Ta,Os phase
exhibits a lighter grey. The IrOx-Ta>Os microgram shows uniformly dispersed Ir nanoparticles
agglomerated in some regions on the Ta;Os support with an estimated average visible particle
of 4.59 nm. A similar particle size was obtained in the study conducted by Felix et al., 2019
using the Adam Fusion method. The TalrOx nanomaterial is very agglomerated with no visible
particle size, so it was not feasible to plot the distribution sizes of particles. The measured
average dimension of agglomerated clumps is about 20.5 £+ 0.84 nm. The EDS mapping of the
IrO;-TiO; sample was performed to determine Ti’s presence. The EDX spectra was not
provided and this made it challenging to differentiate between the peaks of Ir and Ti in SEM-
EDS. The Ir (red) and Ti (blue) elements overlap to form purple regions and there are no

visible particles.
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Figure 4-4: TEM micrograms and particle size distribution respectively of the nanomaterials

(a)-(a’), IrOx-Ta:0s5(a)-(a’), TalrOx (b)-(b’), and TEM mapping HAADF for IrO:-TiO: (c).
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4.4.3 BET surface area analysis and average TEM nanoparticle sizes of the different

oxidising reagents, post treatments and mixed-metal and supported material

The specific surface areas of the nanomaterials were measured by using the BET surface area
analysis. Surface area and particle size have an inverse relationship, high surface area is
obtained from samples with small particle sizes. Table 4.4 shows the BET surface area, pore
volume and pore size results for each material and the corresponding isotherm graph and pore
distribution graphs are shown in Appendix B. A higher BET surface area typically indicates
better dispersion of active components, as seen in Table 4.4, the commercial materials IrOx-
Ta>Os have the highest surface area followed by IrOx TKK. In comparison with the in-house
materials, the IrOx.8a) and TalrOx nanomaterials have higher surface area. The IrOx-(a)-r) and
IrOx-(na)-s) exhibit the lowest surface areas. Higher pore volume indicates higher capacity for
gas adsorption, according to literature it benefits catalytic or adsorption applications. Referring
to Table 4.4, IrOx-Na)-r) sShows a remarkably higher pore volume compared to others and IrOx-

(Na)-(Q) has the smallest pore volume.

In comparison to the pore size, [rOx-(Na)-r) has the largest average pore size, likely indicating
macroporosity or wide mesopores. Macroporosity generally results in lower surface areas but
higher pore volumes (Baik et al., 2023). The [rOx-Ta>0s has the smallest pore size, consistent
with more uniform mesoporosity. Mesopores provide a good balance between accessibility for
larger molecules and surface reactivity (Baik et al., 2020). The synthesised materials were
successfully made in comparison to the commercial materials. However, there is no clear
correlation between particle size and the surface area in the nanomaterials. The TKK sample
presents a more common correlation, where the higher surface area corresponds with smaller
particle sizes (Rodriguez et al., 2012 & Rheinldnder et.al., 2021). The average particle sizes
of the cooling post-treatment method nanomaterials are estimated to be within the range of 1.7
to 2.4 nanometres. The supported materials IrOx-Ta>Os and IrO2-TiO2 have higher surface areas
in contrast with the unsupported TalrOx. Compared to supported catalysts, the surface area of
mixed metal oxide materials is lower. This is because the active material is dispersed in the

bulk rather than on the surface (Mabate et al., 2023 & Masliuk et al., 2024).
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Table 4-4: BET surface area analysis and average TEM nanoparticle sizes of IrOx

nanomaterials.

N BET Surface Pore Volume Pore Size | Particle size

Area (m?/g) (cm?/g) (nm) (nm)

IrOx-(Na) 13.5 0.01 4.19 2.74

IrOx-(8a) 31.7 0.01 4.72 0.00

TKK 80.0 0.02 5.33 1.98

IrOx-(Na)-(s) 10.2 0.01 5.04 2.07

IrOx-(Na)-R) 9.60 0.12 5.89 1.76

IrOx-(Nay-(Q) 11.9 0.00 5.17 2.39
TalO. agglomerates

18.4 0.01 5.28 20.5

IrOx-TaxOs 89.8 0.02 3.25 4.59

4.5 X-ray photoelectron spectroscopy (XPS)

To gain a deeper understanding of each nanomaterial surface chemistry and how the various
synthesis techniques affected their nature, all nanomaterials were subjected to X-ray
Photoelectron Spectroscopy (XPS) measurements. According to the XPS survey spectra data
provided in Appendix C, the iridium Ir 4f peaks confirm the presence of Ir-based oxides in the
nanomaterials and the oxidation states likely include a mixture of Ir** and Ir**, which can
influence the catalytic properties. The O 1s peak shows contributions from lattice oxygen
(metal-oxide bonds) and possibly adsorbed oxygen or hydroxyl species, similar results were
obtained in the literature (Hoffman et al., 2023; Labi et al., 2021 & Tan et al., 2019). Variations
in O 1s binding energy suggest differences in the chemical environment of oxygen in the

materials.

Tantalum (Ta 4f and 4d) peaks indicate the presence of Ta>Os, confirming successful
deposition or incorporation. The Ta>" is the dominant oxidation state, consistent with tantalum
pentoxide (Baik et al., 2023). Na peaks (Na 1Is) confirm the presence of residual sodium,
potentially from precursors or synthesis processes. The intensity suggests sodium
contamination varies across samples. Chlorine CI 2p peaks indicate residual chlorides, likely

from precursors such as TaCls or from washing 0.1 M HCI. This may suggest incomplete
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calcination or washing. Higher ratios of Ir**/Ir** may suggest better catalytic performance in
oxidation reactions. Residual Cl or Na may impact stability or performance, requiring

additional processing to reduce contamination.

4.5.1 Analysis of the XPS narrow scans and Ir 4f components

Figure 4.5 reveals the spectra of Ir 4f, which show the characteristics of an iridium species
found on the surface of synthesised materials. According to the analysis of the XPS narrow
scans ( Figure 4.5 a) the signal intensity of the sample that was prepared with barium peroxide
is higher than the signal intensity of the sample that was made with sodium peroxide oxidizing
agents. According to Saveleva et al., 2018 and Pfeifer et al., 2015, the intensity of the
photoemission of an Ir 41/7/2 or 41/5/2 electron rises at 61.8 and 64.8 eV binding energy in
IrOz, respectively. The main peaks of IrOx.(na) are in the Ir 4f spectrums intensity range between
61.2 and 64.3 eV. The shift to low binding energies suggests that samples may undergo varying
oxidation states, with Ir (IV) being more prevalent in this instance. In contrast, the IrOx-a)
sample exhibits higher binding energy peaks at 62.0 eV and 65.1.0 eV, which is prevalent in
the Ir (III) oxidation state. A pure rutile structure is usually characterised by an Ir 4f/7/2 peak
at 61.8 eV. However, the peak at 62.5 eV could indicate that the surface has a hydrated structure
for example IrO2*H>O (Siracusano et al., 2017).
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Figure 4-5: X-ray photoelectron spectroscopy raw data narrow scans showing the Ir 4f
region (a), the curve-fitted spectra for IrOx.vao (b), curve-fitted spectra IrOx(ss (c) and

component contributions for both samples (d).

The Ir 4f peak shift observed in both samples could be due to the contributions of different
oxidation states found in these samples. Although it is not feasible to draw a quantitative
conclusion from raw data. The curve-fitting spectrum was used to provide additional
information about a sample’s chemical nature. Figure 4.5 b & ¢ shows the curve fitting
procedure for the IrOx nanomaterials which is described in Chapter 3 section 3.5.3. The Ir 4f
spectrum curve fitting was conducted according to the approach used by Rajan et al.,2020. It
is in line with the works of Pfeifer 2016; Yu et al 2018; and Hoffman 2023. The Ir (IV), Ir(III),
and metallic Ir were identified as having 61 eV, 62 eV, and 60 eV, respectively. The satellite
peaks for Ir (IV) were observed at 62 eV and 67 eV, while those for Ir (III) were at 63 eV.
According to (Figure 4.3 d), there was full Ir to IrOx conversion during the synthesis step for
the IrOx-Ba) sample since the metallic iridium detection was less than 0.1%. In contrast, to IrOx-

(Na) sample with an approximate + 97.5% conversion due to the 2.5% metallic iridium detected.
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The quantification of the Ir 4f spectrum of the prepared sample showed that the IrOx.(ga)
dominating Ir species was Ir (III) with a 70.3% contribution, whereas the remaining
contribution comes from Ir (IV). The IrOx.(na) sample predominated in an Ir (IV) oxidation state
with 65.4% with a secondary contribution for Ir (III) of 32.1% and the remaining small
contribution of 2.5% Ir (0). The quantification of the Ir 4f spectrum of the nanomaterials

prepared using different cooling post-treatment methods is presented in Figure 4.6.
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Figure 4-6: X-ray photoelectron spectroscopy for the component contributions of the air-

cooled sample IrOx-(Na) and cooling methods samples IrOx-(no-s, R, 0.

The corresponding raw data narrow scans and curve-fitted spectra are shown in Figure 4.7.
The IrOx-Na)-s) and IrOx-na)-r) samples are predominant in an Ir (III) oxidation state with a
contribution of + 80% and Ir (IV) of + 20%, and no metallic iridium percentage was detected.
The IrOx-Nna)-@) sample was not fully converted from Ir to IrOx, due to metallic iridium
contribution of 7.9 %. The Ir (III) and Ir (IV) oxidation states contributed 48.3% and 43.8%
respectively, suggesting near equal distribution of Ir (IIl) and Ir (IV) oxidation states. All
samples with the Ir (II1) oxidation state are likely to be more active compared to that of Ir (IV).
According to Vélez, 2016 and Cherevko 2016, Ir*" is regarded as the most stable type of

iridium and Ir** is more active and likely to undergo dissolution in iridium oxide materials.
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Figure 4-7: Curve fitted XPS spectra for IrOx-vy-¢) (@), IrOx-(va)-r)s (b), and IrOx.ngy-) (C).
Raw data XPS narrow scans for IrOx.ng (olive green), IrOx.(voy-i) (blue), IrOxNo)-r), (dark
green), IrOx.y-o) (black) (d).

4.5.2 Analysis of the XPS narrow scans and Ir/Ta 4f components

According to Figure 4.8 (a), the signal intensity of IrOx-Ta>xOs was higher than the signal
intensity of TalrOx. The doublet due to spin-orbit splitting Ir 4F/7/2 or 4F/5/2 for IrOx-Ta20s
are around 62.3 and 65.3 eV and TalrOx at 62.1 eV and 65.0 eV. The intensity of the
photoemission of an Ir 41/7/2 or 41/5/2 electron rises at 61.8 and 64.8 eV binding energy in
IrO; respectively (Saveleva et al., 2018 and Pfeifer et al., 2015). The shift in the Ir 4f peaks in
XPS to higher binding energies is often linked to the oxidation state of Ir (III) and lower binding
energy associated with the Ir (V) oxidation state (Tan et al., 2019 & Regmi et al., 2020).
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Figure 4-8: X-ray photoelectron spectroscopy raw data narrow scans showing the Ir 4f

region (a), component contributions for both samples (b), Ta 4f (c) and curve-fitted spectra
(d).

Peak deconvolution was performed using an established doublet fit, as shown in Figure 4.8 (a
& c), and described in detail in the experimental section in Chapter 3 section 3.5.3. The
quantification of the Ir 4f spectrum of the nanomaterials is presented in Figure 4.8 (b). The
curve-fitting technique was used to determine the oxidation state of the two nanomaterials
surface, the corresponding curve-fitted spectra are shown in Figure 4.8 (d). The IrOx-Ta20s
and TalrOx samples show a preference for the Ir (III) oxidation state. The former has a
significant contribution of over 80%, while the latter accounts for over 70%. The supported
sample is therefore more likely to be active compared to the mixed metal oxide. On the other
hand, TalrOx is likely to be more stable due to a higher percentage of Ir (IV) oxidation state.
Both samples were fully converted into iridium oxide as no metallic iridium was quantified.

Figure 4.8 c shows the two narrow XPS spectra of Ta 4f with two peaks located at 28.0 and
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26.0 eV correlating to Ta 4f5/2 and Ta 4f7/2 respectively with energy separation of 1.9 eV.
This occurs due to the spin-orbit coupling Ta’s oxidation states are attributed to Ta 4f 5/2 and
Ta 4f7/2 similar results were obtained in a study conducted by (McLellan et al., 2023, and
Atanassova et al., 1998). The peaks of Ta 4f are assigned to Ta ions within the 5" oxidation

state such as Ta,Os (Rong et al., 2023 & Baik et al., 2023).
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Chapter S: IRIDIUM-BASED ELECTROCATALYSTS -
ELECTROCHEMICAL PROPERTIES

In this chapter, the development of an understanding of the behaviour of the electrochemical
performance of the prepared iridium oxide nanomaterials using two different oxidising agents,
the three cooling post-treatments, mixed-metal and supported materials. The effective

electrocatalyst is compared with those IrOx or Ta-IrOx electrocatalysts in recent publications.

5.1 Cyclic voltammetry (CV): surface oxide analysis

5.1.1 IrOx nanomaterials using different oxidising reagents and post-treatment

The electrochemical properties of the IrOx nanomaterials were investigated using a three-
electrode electrochemical cell and the analysis methods. The cyclic voltammetry for each
sample was done in triplicates and the voltammograms are presented in Figure 5.1. The
information contained within the CV of IrOy is used to analyse the oxidation and reduction
processes that occur at the electrode’s surface, which is typically regarded as an
electrochemical function of the applied potential. In this study, the cyclic voltammetry analysis
was performed to determine the surface oxidation states and the properties of the electrode

surface for each IrOx nanomaterials.

0.2 0.2
a) —TKK b) —IrOx-(Na)<S)
0.15 { ——Irox-(Ba) 045 | —Irox-(Na)-(R)
IrOx-(Na) a / —1IrOx-(Na)-(Q)
01 - ] —1kk
< 0.1
= 0.5 b
= Eoos
:
R I g
© = 02 0.4 50
. o
0.05 1 ’ -0.05 |
0.1 - - 04 -
IR-free Potential / V gy iR-free Potential / V
-0.15 015 RHE

Figure 5-1: Cyclic voltammograms measured in potential window of 0 — 1.2 mV

voltammograms in (a) are IrOxno (light green), IrOx.a (light blue), commercial
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benchmark IrOx TKK (red), and voltammograms shown in (b), IrOx.na-cs) (blue), IrOxny-
® (green), and IrOx.Nu-) (black), at 20 mV.s' in 0.1 M HCIO4 under Argon saturation.

Figure 5.1 (a) shows the surface oxidation states of the IrOx nanomaterials, and all samples’
illustrations to have active surface due to the visible redox peaks. The peak current density,
measured during the anodic scan at 0.8 V to 0.95 V range, increased linearly with increasing Ir
content for each nanomaterial (Casella et al., 2015). As previously learned from the EDS data
all the nanomaterials exhibit varied Ir loading with the highest being the TKK and the lowest

being IrOx-(Na) similar results were observed in a study conducted by Alia in 2016.

The broad and flat peaks in the CV suggest that IrOx has a complex behaviour involving several
oxidation states. The XPS results revealed that each sample exhibits a combination of both Ir**
and Ir** oxidation states. This indicates that these materials can be reversibly switched between
Ir** and Ir*'states during an electrochemical cycle (Velasco-Vélez et al., 2021). The surface’s
heterogeneity can lead to various redox potentials, which can cause the CV peaks to broaden.
The flatness of CV peak surfaces suggests that there is a significant amount of capacitance
behaviour. This could be caused by the reversible desorption or adsorption of ions from the

surface.

The TKK sample CV has three well-defined peaks in the potential range of 0.6 V to 1.2 V (
vs. reference electrode). The two peaks labelled (a & a’) are symmetrical to each other whilst
peak ¢’ is asymmetrical. A similar trend is observed for sample IrOx-na) CV, however, the two
peaks (a & a’) are asymmetrical. The IrOx.Ba) CV, shows flat four peaks in the oxidation-
reduction potential range 0.3 V and 1.1 V. All three samples exhibited the two redox peaks (a
& a’)in 0.4 V to 1.2 V potential range, this primary anodic and cathodic pair is assigned to the
Ir'" oxide & Ir'Y oxide transition (Geiger et al., 2019, Steegstra et al., 2013 & Velasco-Vélez
et al., 2021). Similar results were obtained by a study conducted by Tan 2019, and colleagues
revealed the surface chemistry of TKK IrOx is likely that of a quasi-amorphous hydrous iridium
(III/TV) oxide/hydroxide phase. The IrOx-(Ba) material exhibits two least understood redox peaks
labelled (b &b”) at the lower potentials (0.5 V and 0.4 V) respectively. According to Birss, the

111

phenomenon originates from the oxidation of Ir™" sites near the oxide-metal interface and the

in-situ mass transformations have also revealed an extensive water exchange. The cathodic
peak (c¢’) is assigned to be one of the Ir'Y & Ir¥VV!

(Geiger et al., 2019 & Velasco-Vélez et al., 2021).

redox couples, which overlaps the OER
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CVs for the nanomaterials cooling post-treatment methods are shown in Figure 5.1 (b). All the
samples have clear surface-based redox reactions shown by anodic and cathodic peaks at
different potentials. These are due to the amorphous nature attributed to the transition between
Ir'™ 5 Ir'™) which is characteristic of a hydrous a-IrO(OH)x & Velasco-Vélez et al., 2021 &
Geiger et al., 2019). The CV shapes seen in Figures 5.1a and 5.1b exhibits similar shapes. The
CV shape of the IrOx-na)-s) sample corresponds to that of TKK, but the two (a & a’) redox
couples shift toward the lower potentials. The IrOx-Na)-(r), IrOx-na) and TKK samples exhibit
the same two cathodic peaks, however peak (a) is located at different potentials. The same CV
shape is observed for IrOx-a) and IrOx-na)-). Different studies conducted by Zhao 2019 and
Weber in 2019 revealed that certain hydroxyl groups can function as active sites for important
OER reactants and intermediates. The presence in the environment of OH-species can influence
the desorption and adsorption of reactants, which helps in the overall process of oxidation.

5.1.2 IrOx nanomaterials IrOx nanomaterials of the mixed-metal and supported
material

Figure 5.2 shows three cyclic voltammograms, the TalrOx catalyst shows an active surface due
to the visible redox peaks labelled (a & a’). These are due to the amorphous nature attributed
to the transition between Ir'"™ 5 and Ir™) which is characteristic of a hydrous a-IrO(OH)x
(Velasco-Vélez et al., 2021 and Geiger et al., 2019). Similar results were observed in section
5.1.1 for the unsupported electrocatalysts, however, the TalrOx catalyst does not exhibit the
peak labelled (c) in Figure 5.2. Even though the catalysts exhibit an Ir** oxidation state and
with the highest Ir the Ta content could hinder the electrochemical activity and conductivity of

the material.

The IrO2-TiO: catalyst has the lowest current when compared to the other two catalysts. This
could be due to the crystallinity material revealed by XRD analysis. According to Stavrou et
al., 2017 and Zhang et al., 2017, the smaller double-charging surface of titanium dioxide
compared to Ta;Os can be attributed to its higher dielectric constant, various band structures,
and interface properties. The interaction between the electrolyte and the surface also plays a

vital role in determining its thickness.
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Figure 5-2: Cyclic voltammograms measured in the potential window of 0 — 1.2 mV (A) of
the sample (orange) TalrOx, (purple) IrOx-Ta:0s, and (red) commercial benchmark IrO;-
TiOz at 20 mV.s' in 0.1 M HCIO4 under Argon saturation.

5.2 Electrochemical active surface area of IrOx nanomaterials

5.2.1 ECSA of IrOx nanomaterials using different oxidising reagents and post-treatment

The ECSA refers to the catalyst surface area available for the OER. Unlike oxygen reduction
reaction catalysts like Pt, it is more complicated to determine the ECSA of IrO»-based catalysts
as they are not active for proton adsorption/desorption nor CO: poisoning (Jackson et al., 2017
&Nagai et al., 2019). According to Vincent 2016, Labi 2019, McCrory 2013, and Zhao 2015,
the OER catalyst ECSA estimation is calculated by considering the double-layer
electrochemical capacitances of different materials and it is then normalised with the Ir loading
of the catalyst. However, different ECSA methods were conducted by Duran et al., 2021 and
Felix et al.,2019. According to Biesheuvel and Dykstra in 2018, the non-Faradaic potential
refers to the region responsible for storing charge on a catalyst’s surface. In this work, the
ECSA of the electrocatalysts were estimated using the double-layer capacitance of the
catalysts. The linear slope of the current vs scan rate, which is equivalent to twice the double-
layer capacity (Cdl), was then used as the ECSA’s representation. The same approach was used
by the studies conducted by Merki et al., 2012; Song et al., 2014 & Lukowski et al., 2013.
Figure 5.3 (a-d) shows the various CVs taken in the non-Faradaic region from 0.2 - 0.3 V at

various scan rates for each of the electrocatalysts.
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The electrochemical surface area of IrOx-Ba) and IrOx-(na)-(Q) sSamples was not established since
a redox reaction occurred in the 0.25 V vs RHE region. The gradient values were used to
represent the ECSA estimation values as seen in Figure 5.3 (e), the IrOx-(na)-r) sample has the
highest gradient followed by TKK, IrOx-(va), and the lowest IrOx-(na)-s). A high ECSA leads to
improved performance in catalytic and while the presence of Ir** and Ir** influence the
material’s reactivity and stability. An increase in the number of surface atoms can interact with
the electrolyte. This allows for a higher concentration of Ir**, which is more reactive than Ir*"
and can lead to better catalytic performance for reactions such as the OER. In contrast, the low
ECSA and the Ir*" oxidation states in IrOx materials can indicate a more passively surface with
reduced reactivity. This is unsuitable for high-activity applications and could be advantageous
for those that require high resistance to corrosion and stability (Islam et al., 2024 & Galyamin

et al., 2023).
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Figure 5-3: Non-Faradaic region for the cyclic voltammograms measured in potential

window of 0.2 — 0.3 V of catalyst IrOx.Na (a), and commercial benchmark IrOx TKK (b),

IrOx-vo-s) (), IrOxvg-r) (d), and gradients values representing each nanomaterial

electrochemical surface area estimation (e).

The ECSA cyclic voltammogram for the IrOx-a)-r) sample and TKK have a box shape

classified more as non-faradaic, while the IrOx-(na)-s) sample and IrOx-(na) have a tilted shape.
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According to the literature (Rajan et al., 2024; Agrawal et al., 2021 & Elgrishi et al., 2018) a
cyclic voltammogram with a box-shaped or constant current over a range of potentials indicates
that the process being studied has limited diffusion. This is because the reaction rate is restricted
by the transport of products and species from the electrode surface to the other parts of the
system. In ECSA determination, this suggests that the reaction’s intrinsic kinetics are different
from those of the transport of species. The shape of the cyclic voltammogram is usually caused
by the presence of a porous or rough electrode surface. This characteristic leads to a large
ECSA due to the limited reaction rate (Brownson et al., 2014 & Monteiro 2020). In the case
of a tilted cyclic voltammogram, ECSA analysis can be interpreted as a sign that the reaction
rate changes due to external influences (Agrawal et al., 2021). This could mean that there are

multiple active regions with different surface characteristics.

5.2.2 ECSA of IrOx nanomaterials of the mixed-metal and supported material

The ECSA for low-conductivity metal oxides and mixed metal oxides can be hard to determine
due to various factors: Conductivity reduction in metal oxides can hinder the transfer of charge.
This makes it difficult to determine the active surface area of an electrochemical process (Zhao
et al., 2015). The double-layer capacitance of certain materials can be affected by differences
in their electronic properties. This can make it difficult to differentiate between faradaic and
capacitive currents as the particles would need to be the same size as well. The use of different
electrochemical methods can lead to different ECSA values. For instance, methods such as
impedance spectroscopy and cyclic voltammetry can provide different results due to the
materials’ surface characteristics and conductivity. The ECSA measurement process needs

robust and reliable tools to be able to accommodate different morphologies and structures.

The ECSA for supported iridium oxide catalysts can be estimated using similar principles to
those used for unsupported catalysts. However, the contribution of the support material to the
overall behaviour of the catalyst should be considered carefully. Figure 5.4 (a, b & ¢) shows
the various CVs taken in the non-Faradaic region from 0.2 - 0.3 V at various scan rates for each
of the samples. The gradient measurements were used to represent the ECSA estimation as
seen in Figure 5.4 (d), the [rOx-Ta;0s sample has the highest gradient followed by TalrOx and
the lowest commercial IrO>-TiO2. All samples have an ECSA cyclic voltammogram of a box
shape classified more as non-faradaic. According to literature studies conducted by (Monteiro

et al., 2020) a cyclic voltammogram with a box-shaped or constant current over a range of
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potentials indicates that the process being studied has limited diffusion. This is because the

reaction rate is restricted by the transport of products and species from the electrode surface to

the other parts of the system.
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Figure 5-4: non-faradaic region for the cyclic voltammograms measured in the potential

window of 0.2 — 0.3 V of the sample (a) IrOx-Ta20s, (b) TalrOx,(c) commercial

benchmark IrO:-TiO2 and (d) gradients values representing the ECSA estimation.

5.3 The electrochemical performance evaluation of the electrocatalysts

5.3.1 OER activity of IrOx nanomaterials using different oxidising reagents and post-

treatment

The cyclic voltammetry method was used to analyse the OER activities for each catalyst at 1 -

1.6 V vs. RHE at a scan rate of 10 mV.s™!. The results are shown in Figure 5.5, and the method

is described in Chapter 3 section 3.5.4. The current measured at 1.525 volts was normalised for
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the different Ir masses in the catalysts and the ink deposited on the glassy carbon electrode.

The bar graph clearly shows the OER mass-specific activity evaluated at 1.525 V vs. RHE.

Figure 5.5 (a) shows that the OER polarization curves for the IrOx.(na) catalyst exhibit similar

catalytic activity to that of the TKK. The IrOx.8a) exhibited poor activity despite having a higher

BET surface area, and Ir loading, compared to the sodium sample. Through literature studies

the OER activity can be influenced by the oxidation state of iridium, Ir’* and Ir** (Kasian et

al., 2018; Kasian et al., 2019; Cherevko et al., 2016 & Gu et al., 2020). The Ir-based catalysts

associated with Ir*" oxidation states are less active compared to Ir*" oxidation states which are

more active ( Ma et al., 2023).
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all samples showing mass-specific activity (A/g Ir) at a scan rate of 10 mV.s' in 0.1 M HCIO;

under Argon saturation.

The activity in decreasing order, of the [rOx-(na) based catalysts (R) exhibit the highest followed
by the commercial TKK, (S) and the least (Q) shown in Figure 5.5 (b). The catalysts exhibit
different catalytic activities, linked to their unique structure or surface properties. The mass
activities of certain catalysts correlate with their ECSA. Higher ECSA were associated with
higher mass activities. The rapidly cooled IrOx.na)-r) catalyst yielded to more active catalyst
compared to other catalysts. Modifying the electronic structure or adding active sites, nitrogen
can be introduced to the IrOx-based catalyst, which can enhance its catalytic performance. This
can help activate the reactant molecules and facilitate the adsorption process (Velasco-Vélez
et al., 2021). The IrOx-na)-(r) catalyst is more active compared to IrOx-a)-(Q). In a study by Li
and colleagues 2022, the use of [rOx/N-TiO> as the anode catalyst results in lower single-cell
voltages, highlighting its enhanced performance and efficiency in the electrochemical system
compared to the commercial IrO2 counterpart. In another study conducted in 2023, Deng and
colleagues discovered that a nitrogen-doped carbon material can enhance the adsorption and
conversion rates of carbon dioxide in a process known as CO» hydrogenation. It can also

improve selectivity and lower the starting temperature of the reaction.

Table 5.1 shows comparison of Figure 5.5 to relevant literature. The IrOx-na)-(r) catalyst stands
out with the lowest overpotential (~0.30 V) and highest mass activity 284 A/g Ir, suggesting a
favourable surface structure, increased active site exposure, or enhanced conductivity. Its
performance is comparable to Ir/IrOx on Ti (Wang et al., 2020) and Ir-NiOx hybrids (Chen et
al., 2019), indicating its potential for real-world applications. The IrOx-(na)-(Q) catalyst has the
highest overpotential (>0.45 V) and lowest activity 8.60 A/g Ir, suggesting poor conductivity,
low active site availability, or an unfavourable oxidation state. In comparison to literature Ir-
RuOx alloys reported by Ma et al., 2022, show the best performance (~0.26-0.30 V
overpotential, ~300—400 A/g Ir), likely due to Ru’s ability to enhance OER kinetics while
reducing Ir content. Ir/IrOx on Ti (Wang et al., 2020) and Ir-NiOx hybrids (Chen et al., 2019)
also achieve high activity with lower overpotentials, emphasizing the role of support

interactions and alloying effects in improving Ir utilization.
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Table 5-1: Comparative table of OER performance for various Ir-based catalysts, including

relevant literature.

. Mass-Specific
Overpotential Activity @
Catalyst @ 10 mA/cm? 1.525 V); A/ Reference
(V vs. RHE) : g
Ir)
IrO2 ~0.35-0.40 ~100 Lee et al., 2021
Ir/IrOx on Ti ~0.28 — 0.32 ~250 —-300 Wang et al., 2020
Ir-NiOx Hybrid ~0.29 - 0.33 ~200 — 250 Chen et al., 2019
Ir-RuOx Alloy ~0.26 — 0.30 ~300 — 400 Ma et al., 2022

5.3.2 OER activity of IrOx nanomaterials of the mixed-metal and supported material

Cyclic voltammetry was used to analyse the OER activities for each catalystat 1 - 1.6 V vs.
RHE at a scan rate of 10 mV.s™! and the results are shown in Figure 5.6 (a). The bar graph
provides the OER mass-specific activity evaluated at 1.525 V vs. RHE. As seen in Figure 5.6
(b), the mass activities of each catalyst are similar. However, the TalrOx catalyst is more active
than the others, according to the literature, TalrOx and other mixed metal oxides can exhibit
enhanced catalytic capabilities due to their improved active site attributes and electronic
environment. The addition of Ta to IrOx lowered the OER activity as compared to IrOx-(Na)
catalyst. Although Ta;Os does not directly interact with the catalytic process, it can have a
significant impact on the iridium oxide but can influence the stability, and dispersion properties

(Mahfoudh et al., 2023 & Wang et al., 2021).

The IrOx-TiO> catalyst exhibited a lower activity due to the lower conductivity of the TiO2
support. These values closely resembled the values obtained from the literature describing the
commercial catalyst (Rajan 2020; Hartig-Weiss 2020, & Hoffman et al., 2023). The
unsupported catalysts from previous section 5.31, showed greater OER activity compared to

the mixed-metals and supported catalysts.
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Figure 5-6: Linear sweep voltammograms measured in the potential window of 1 — 1.6 mV
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benchmark Ir0;-TiO: showing mass-specific activity (A/g Ir) at a scan rate of 10 mV.s" in
0.1 M HCIO4 under Argon saturation.

5.4 Electrochemical stability studies

5.4.1 Electrochemical stability studies of IrOx nanomaterials using different oxidising

reagents and post-treatment

Chronoamperometry (CA) analysis was performed to obtain information about the catalytic
performance, and stability, and results are shown in Figure 5.7. Table 5.2 shows the before and
after two hours relative OER percentage activity loss after stability tests. The corresponding
Tafel slope values were measured using chronoamperometry steps between 1.525 and 1.560
mV. s'. Figure 5.7 shows the Tafel slope values for each catalyst before and after the durability
test. A steeper slope is associated with slower kinetics a higher activation energy required for
the reaction to occur, and a shallow slope has faster kinetics, indicating that it is faster. In IrO>
literature, higher Tafel slopes of 60 mV dec ! are frequently reported (Reier et al., 2012;
Guerrini et al., 2017; Guerrini et al., 2017 & Ferro et al., 2014). However, these catalysts tend
to show a higher concentration of crystallinity. On the other hand, lower Tafel slopes are

characterised by a hydrous surface that is usually associated with amorphization (Abbott et al.,
2016).
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Figure 5-7: Before and after two hours stability Tafel plots were measured using
chronoamperometry steps between 1.525 — 1.560 mV. s' of catalysts (a) commercial
benchmark IrO; TKK (red), IrOx.(va (light green); IrO«._csa) (light blue), and in (b) IrOxny-
«s) (blue), IrOx-(no)-r) (green), and IrOx.vao)-o) (black). The solid lines (before) and dotted lines
stability evaluation (after).

The IrOx-(Na) and IrOx-Ba) samples have higher Tafel slope values, with values ranging from 60
to 65 mV dec ! which indicates that the OER is slower compared to that of TKK which ranges
41 to 43 mV dec ™. In contrast to the samples using different cooling post-treatment methods,
the catalyst IrOx-na)-r) has the lowest Tafel slope before the applied voltage, this indicates that
the electrochemical reaction taking place is faster, followed by TKK, IrOx-a)-(s), and the
catalyst IrOx-(na)-Q) has the slowest kinetics. After the two hours hold at 1.6 V, the IrOx-(Na)-®),
and IrOx.(na)-(Q) catalysts exhibited a significant increase in the Tafel slope values indicating a
decrease in reaction kinetics. While catalysts IrOx-na)-s), and TKK had a slight decrease
indicating improved reaction kinetics after the stability test. If the slope remains the same there
is a physical degradation in which the surface chemistry remains the same, but it is evident that
there is less conversion. Sample IrOx-(Na)-() has a significant change after the 2-hour hold, this
the surface undergoes a higher chemical degradation which changes the surface chemistry and

therefore the kinetics.
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Table 5-2: Comparison of percentage stability loss and Tafel plots of before and after two

hours hold at 1.6 volts of the in-house and commercial TKK iridium oxide catalysts.

Stability Tafel Plot
13, CHTRE Before After % relative Before After
losses after
@1,525V | @1,525V 2hrs hold @mV/dec @mV/dec

TKK 83.8 55.4 33.9 42.5 41.8
IrOx-(Na) 74.4 47.1 27.3 64.2 60.4
IrOx-(Ba) 20.0 18.4 1.60 61.4 60.7
IrOx-(Na)-(s) 50.7 61.7 -11.1 45.1 43.9
IrOx-(Na)-R) 215.1 144.5 70.6 46 50.7
IrOx-Na)-Q) 6.30 5.01 1.29 51.7 61.3

All the catalysts have different catalytic performance at 1.525 V voltage. After a two-hour hold,
significant performance losses were observed in samples TKK, IrOx-Na), [rOx-(Na)-r), and IrOx-
Na)-Q)- The IrOx-Ba) catalyst is the most stable activity, while performance improved in sample
IrOx-(na)-s) refer to Table 5.1. A study conducted by Tan and his colleagues in 2019 revealed
that the catalyst TKK IrOx degraded significantly after three hours of continuous CA analysis.
Sample IrOx-na)-r), has a high significant percentage relative loss after the two-hour hold.
Dissolution of iridium is one of the primary ways in which iridium oxide OER catalysts
deactivate. The phenomenon can be attributed to the oxidation state of iridium in the catalyst.
According to the work published by Cherevko 2016 & Vélez, 2016), research has shown that
Ir(IV) is the most stable phase of iridium. On the other hand, Ir(III) is known to dissolve in
iridium oxide materials. The percentages of relative losses exhibited by various nanomaterials

can be explained by their respective contributions to Ir(IIl) and Ir(IV).

5.4.2 Electrochemical stability studies of IrOx nanomaterials of the mixed-metal and

supported material
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Table 5.3 shows the before and after percentage OER activity loss following a stability test.
The corresponding Tafel slope values were measured using chronoamperometry steps between
1.525 and 1.560 mV. s'. The Tafel slope for the initial and after stability tests are shown in

Figure 5.8.
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Figure 5-8: Before and after two hours Tafel plots were measured using chronoamperometry
steps between 1.525 — 1.560 mV. s of catalysts (orange)-(TalrOy), (purple)-(IrOx-Ta>05),
and (red)- (IrOx -TiO).

After the stability test, the performance of the IrOx-Ta>Os sample had decreased significantly.
With a percentage loss of 4.8%, which indicates a degradation, this could be attributed to the
Ir (IIT) oxidation state revealed by XPS. A similar loss weight percentage was observed for
commercial IrO;-TiO; catalysts and Hoffman et al., 2023, and colleagues obtained the
equivalent losses after two hours of hold. The TalrOx sample percentage loss is incredibly low
at 1.34%, suggesting almost low degradation over time. In section 5.4.1, it was discussed that
the IrOx-(na) catalysts were unstable about + 30% degradation was observed in all catalysts. By
adding Ta on IrOx, the degradation rate of the catalyst was only 1.34%, which is lower than the
samples made from monometallic materials. The synergistic effects of Ta and IrOx can enhance
the stability and catalytic activity of a material (Xie et al., 2024). The TalrOx exhibit a higher
Tafel slope value ranging from 51 to 66 mV dec! which indicates that they OER is
considerably slower compared to the supported catalysts IrOx-Ta>Os, and commercial IrO»-

TiO> which range 45 to 52 mV dec!. Hoffman et al., 2023 obtained a similar Tafel slope value
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54.0 mV dec!. This is comparable to the values found in literature for similar supported

catalysts (Rajan 2020, and Spori 2019).

Table 5-3: Comparison of percentage stability loss and Tafel plots of before and after two

hours hold at 1.6 volts of the in-house catalysts and commercial IrOx-TiO; catalyst.

Stability Tafel Plot
Electrocatalysts P :
Before After % relative Before After
losses after @mvid
mV/dec
@1,525V | @1,525V 2hrs hold @ mV/dec
IrOx-Taz0s 8.71 3.88 4.83 459 49.0
TalrOx 9.06 7.72 1.34 514 66.1
IrO,-TiO3 8.90 4.86 4.04 49.2 52.2
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Chapter 6: CONCLUSIONS AND RECOMMENDATIONS

This chapter provides a summary of the main findings and recommendations from the study.

6.1 Conclusions

The synthesis of unsupported, supported, and mixed metal iridium oxide/tantalum-based
nanomaterials was successful using the Adam fusion method. These were confirmed using
various techniques, including spectroscopy, morphological analysis, and electrochemistry. The
XRD and TEM analyses revealed that most of the synthesised catalysts were amorphous/low
crystalline nanomaterial with an average particle size of + 5 nm. The highest OER performance
was obtained from the catalyst produced by using sodium peroxide oxidizing agent compared
to barium peroxide. The [rOx-na) catalyst outperformed both IrOx.8a) and TalrOx mixed oxide
with greater mass-specific activity at 1.525 V. The post-treatment method did not show any
significant difference in the surface area and the particle size from the original method [IrOx-
(Nay] nanomaterial. Even though the IrOx-va)-r) catalyst had the highest OER compared to all
catalysts it was the least stable. A notable increase in surface area was achieved due to the
usage of barium peroxide from 11.0 m?/g to 31.7 m?/g, while for mixed-oxide catalyst 18.4
m?/g was obtained. Furthermore, the electrochemical stability of the catalyst was achieved for
IrOx-(Ba) and TalrOx catalysts, however at the expense of OER activity. For TalrOx, XPS
revealed that Ta is present as Ta’" (Ta,Os) at the catalyst surface. This likely affected OER

activity since it is a non-conductive material.

6.2 Recommendations

Some of the recommendations for future research are based on the results and literature analysis
of'this study. The activity of the best catalysts needs to be evaluated in a PEM water electrolysis
cell. The presence of sodium traces, which are likely residual from the sodium peroxide
oxidizing agent, can interfere with performance or long-term stability. Implementing a
purification mechanism is essential. Further work time and temperature optimisation for the
TalrOx mixed oxide catalyst are required to identify the influence on the surface area, particle

size, OER performance, and stability. Dispersing IrOx on high-surface-area support materials
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such as (e.g., Tungsten carbide, niobium pentoxide, carbon, and Tin(IV) oxide) to increase the

surface area and OER performance.
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APPENDIX A: PHYSICAL CHARACTERISATION

Section 4.1: Energy Dispersive X-ray Spectroscopy (EDX) spectra of IrOx nanomaterials.

Spectrum 1

Figure A.1: Energy Dispersive X-ray Spectroscopy (EDX) spectra of IrOx-(Na).

Spectrum 2

Figure A.2: Energy Dispersive X-ray Spectroscopy (EDX) spectra of I[rOx-(a).

Spectrum 3

Figure A.3: Energy Dispersive X-ray Spectroscopy (EDX) spectra of IrOx-(Na-(s)-
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Spectrum 1

Figure A.4: Energy Dispersive X-ray Spectroscopy (EDX) spectra of IrOx-Na)-(r)-

Spectrum 2

Figure A.5: Energy Dispersive X-ray Spectroscopy (EDX) spectra of IrOx-(Na)-(Q)-

Section 4.2: Energy Dispersive X-ray Spectroscopy (EDX) spectra of Ir-based

nanomaterials.

Spectrum 2

Figure A.6: Energy Dispersive X-ray Spectroscopy (EDX) spectra of TalrOx.
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Spectrum 6

Figure A.7: Energy Dispersive X-ray Spectroscopy (EDX) spectra of IrOx-TaxOs.

APPENDIX B: CORRESPONDING ISOTHERM GRAPH AND PORE
DISTRIBUTION GRAPHS

Quantity Adsorbed (cm*/g STP)
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Figure B.1: Isotherm linear plot of IrOx-Na).
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Figure B.2: Isotherm linear plot of I[rOx-(Ba).
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Figure B.3: Isotherm linear plot of IrOx-(Na)-(s)-
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Figure B.4: Isotherm linear plot of IrOx.(Na)-(r)-
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Figure B.5: Isotherm linear plot of IrOx.Na)-(Q).
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Figure B.4: Isotherm linear plot of TKK.
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APPENDIX C: X-RAY PHOTOELECTRON SPECTROSCOPY SURVEY
SPECTRA
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Figure C.1: X-ray photoelectron spectroscopy survey spectra
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