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Abstract
The majority of the global energy is sourced from conventional fossil fuels. The high demand
for energy is accelerating along with the depletion of these fossil fuels. Hence, the shift to
renewable energy sources and technology becomes indispensable. Hydrogen is considered a
promising alternative to fossil fuels. Polymer electrolyte membrane water electrolysers offer
an environmentally friendly technique for the production of hydrogen from renewable energy
sources. However, the high overpotential and acidic environment at the anode is one of the
challenges faced by polymer electrolyte membrane water electrolysers. This harsh environment
requires distinct electrocatalysts which currently consist of expensive precious metals such as
Ir, Ru and their oxides.
In this study the aim is to produce metal oxide catalysts that exhibit improved electrocatalytic
performance. This would facilitate a cost reduction due to lower required metal oxide loading.
A modified Adams fusion method was used to synthesise single metal oxides, IrO2, RuO2 and
NiO, as well as binary metal oxides, IrRuOx and RuNiOx. These metal oxides were
characterised using HRSEM, HRTEM, XRD and BET analysis, as well as electrochemical
characterisation. Three electrode half-cell studies were used to evaluate the electrochemical
performance of the metal oxides. All the in-house (IH) synthesised metal oxides exhibited
better electrocatalytic performance than the commercial IrO 2 and RuO2 under the test
conditions.
The RuO2 - IH displayed the best electrocatalytic activity with 1.42 V vs. RHE and a
remarkable stability of 45 hours at 0.01 A/cm2. This is among the best results reported for
RuO2. The XRD result showed that RuO2 – comm has a larger crystallite size of 22.4 nm
compared to the 4.2 nm of RuO2 – IH. BET analysis supports this result as the RuO2 – IH
showed a larger BET surface area than RuO2 - comm. From TEM images the particle size was
found to be 25.3 nm and 5.1 nm for RuO2 – comm and RuO2 – IH, respectively.
The binary metal oxides, IrRuOx and RuNiOx, were synthesised to produce an electrocatalyst
with comparable or improved electrocatalytic performance than the single metal oxides, IrO2
and RuO2. The best performing binary metal oxide, 90% Ru_10% Ni, was comparable to RuO2
– IH with an activity of 1.43 V vs. RHE at 0.01 A/cm2. The 90% Ru_10% Ni oxide showed
the best electrocatalytic stability out of all the synthesised metal oxides, with 48 hours stability
at 0.01 A/cm2. The XRD results showed that 90% Ru_10% Ni has a higher crystallinity with a
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crystallite size of 5.7 nm. The BET surface area of 90% Ru_10% Ni were found to be 128.9
m2/g compared to the 114.78 m2/g of RuO2 – IH. The TEM results showed a particle size of
6.4 nm for 90% Ru_10% Ni. Thus, considering the cost of nickel compared to ruthenium, a
much more affordable electrocatalyst with excellent electrocatalytic performance was
successfully synthesised.
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Chapter 1: Introduction
1.1 Hydrogen as an alternative fuel
We live in an extremely technological world that depends heavily on energy driven resources.
Our largest source of energy has been and continues to be fossil fuels, namely oil, natural gas
and coal. These fossil fuels provide energy all over the world for a range of uses for industrial,
commercial and residential consumers (1). Fossil fuels are extracted from the earth’s crust with
its end goal being combustion, regardless of its final purpose. Fossil fuels mainly consist of
carbon and hydrogen; other substances such as lead and alcohols are added during the refining
process. Combustion of fossil fuels leads to the production of tar, ash, volatile organic
compounds and various gases. Amongst these gases are the greenhouse gases, mainly CO2 that
are released into the atmosphere and cause a widespread of environmental damage. These are
all factors that contribute largely to air pollution (2). Air pollution has detrimental effects on
health, which in turn causes social and economic negative effects (3).
It has been reported that the use of fossil fuels have increased by 20-fold during the 20th century.
The increasing need for more energy is a result of population growth and constant residential
and industrial expansion (4). Conventional fossil fuels are non-renewable and will eventually
become extremely expensive as the resources become more unobtainable. Consequently, the
exigency of renewable energy sources increases to meet the high energy demand. In addition
to hazardous environmental impacts, fossil fuels are unevenly distributed across the globe
resulting in geopolitical issues and inequality (5). Over the years there has been an increase in
unequal access to safe and affordable energy sources (6). The high demand for energy is
pushing the research community towards developing more robust, environmentally friendly
and sustainable alternative energy sources.
Many organisations are devoted to curbing high greenhouse gas emissions. The search for lowcarbon and renewable energy technology is crucial to not only feed our energy driven economy
but also safeguard our environment (7). Hydrogen is considered to be one of the most
promising, clean and sustainable energy sources (8). It is described as a flexible energy carrier
and has the potential to serve as an alternative to fossil fuels. Hydrogen can be converted into
an energy carrier that has zero contribution to unwarranted climate change. It creates
considerable possibilities for transportation and long-term storage of renewable energy (9)(10).
Incorporating hydrogen as an energy source into our existing energy infrastructure will reduce
our dependence on conventional fossil fuels significantly.
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Hydrogen plays a crucial role in most chemical and biological processes. It is the building
block and fuel of our stars and galaxies. Hydrogen is known as the lightest element with an
atomic weight of 1.00784 u and exists as an odourless, colourless and invisible gas. Even
though hydrogen is the most abundant substance in the universe it is rarely found on earth in
its molecular form, i.e. H2. This could be because hydrogen is the smallest atom and easily
escapes the earth’s atmosphere. Moreover, hydrogen is chemically active and readily form
compounds with other elements. Significant compounds containing hydrogen are organic
compounds and water (10). Hydrogen has a higher energy density of 140 MJ/kg compared to
the 50 MJ/kg of conventional solid fuels (8). It is an extremely versatile energy carrier and can
be produced through a variety of processes (11).

1.2 Production of hydrogen
Since hydrogen is not found in its molecular form but always in combination with other
elements, there exist a few techniques of obtaining it. A predominate way of producing
hydrogen is through processing of fossil fuels. A widely used process responsible for
generating the majority of hydrogen is steam reforming, where natural gas is reacted with steam
by the following path shown by equation 1 (12):
CH4 + H2 O → CO + 3H2

[1]

A great deal of hydrogen is also generated through gasification. Fossil fuels and biomass are
converted into a combustible gas or synthesis gas for further utilization to produce clean
chemicals such as hydrogen. The feedstock of this process used to be strictly coal however,
biomass have been incorporated along with coal in an attempt to reduce the usage of fossil
fuels (13). Production of hydrogen through gasification proceeds as shown by equations 2-4
𝐶 + 𝑂2 → 𝐶𝑂2

[2]

𝐶𝑂2 + 𝐶 → 2𝐶𝑂

[3]

𝐶 + 𝐻2 𝑂 → 𝐶𝑂 + 𝐻2

[4]

Although these processes produce approximately 95 % of hydrogen in the world, they are not
considered as environmentally friendly. They produce hydrogen of low quality which requires
further purification steps (8)(12). A lot of effort is being put into finding a more green way of
producing hydrogen (14). The production of hydrogen from renewable sources occurs through
the process of water splitting (15).
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1.2.1 Electrolysis of water
Given that the earth consists mainly of water, it is widely agreed upon that water is the most
logical source of sustainable hydrogen. Electrolysis of water can be defined as the
decomposition of water into hydrogen and oxygen upon the application of an electrical current.
Depending on the operating conditions, water can be split into its gaseous or liquid form and
have pure oxygen as by-product as illustrated in equations 6 and 7 (16):
𝐻2 𝑂 (𝑙 ) → 𝐻2 (𝑔) +
𝐻2 𝑂 (𝑔) → 𝐻2 (𝑔) +

1
2

𝑂2 (𝑔)

1
2

[6]

𝑂2 (𝑔)

[7]

This reaction takes place in an electrolyser. Not only does this method generate high purity
hydrogen, it also produces zero harmful emissions when it is connected to a renewable power
source such as solar, wind, etc. Oxygen is the only by-product that is produced by this process.
In addition to water electrolysis being environmentally friendly, it also has a high hydrogen
production rate and a cell efficiency of 60-80 %. Hydrogen is used in various processes
including fuel cells (8).
The history of water electrolysis dates back to 1789 when Jan Rudolph Deiman and Adriaan
Paets van Troostwijk used an electrostatic generator to produce an electrostatic discharge
between two gold electrodes submerged in water (17). After Alessandro Volta invented the
voltaic pile in 1800, William Nicholson and Anthony Carlisle exploited this technology and
used it to split water into hydrogen and oxygen (18). Around 1888 Dmitry Lachinov, a Russian
engineer, had developed a method of industrial production of hydrogen and oxygen by means
of electrolysis. Over 400 industrial water electrolysers were in operation by 1902 with all of
them making use of alkaline solutions as their electrolytes, a technology still used to date. In
1966 a company called General Electric (GE) developed the first polymer electrolyte
membrane water electrolyser (PEMWE), especially designed for space crafts, submarines, etc.;
as well as for the needs of civil industry (19).
The main constituents of an electrolyser, regardless of the type, include a negative cathode and
positive anode, an electrolyte which is the ionic conductor and a DC power supply (18). Today,
water electrolysis is classified into three main types based mainly on the electrolyte used within
each one of them, as well as their operating conditions. The alkaline water electrolyser (AWE)
operates using an alkaline electrolyte and it is the most used and widely commercialised
electrolyser. The solid oxide electrolyser (SOE) uses a solid oxide as electrolyte and high
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operation temperatures. The polymer electrolyte membrane water electrolyser (PEMWE) uses
a solid polymer electrolyte and operates at lower temperatures. The PEMWE holds great
prospects for hydrogen production with its superior properties (8). In addition to these three
main electrolysers is the microbial electrolyser that makes use of renewable biomass and
wastewaters. However, this technology is quite novel and very much under development (20).
Figure 1.1 depicts a simplified overall process of hydrogen generation through water
electrolysis (21).

Figure 1.1: Schematic process of hydrogen production by water
electrolysis.

1.3 Overview of the main electrolysers
1.3.1 Alkaline water electrolyser
The earliest industrial electrolysers made use of an aqueous alkaline electrolyte such as KOH.
Today alkaline electrolysers are widely available and the most entrenched water electrolysis
technology (17). It has come a long way and considerable strides have been made in improving
the performance thereof. The alkaline water electrolyser comprise out of two electrodes, the
anode and cathode, submerged in a strong alkaline aqueous solution as an electrolyte (21). The
choice of electrolyte such as KOH enhances the conductivity since the charge carriers are the
hydroxide ions (OH-). Furthermore, the alkaline electrolyte avoids the high corrosion rates
faced by acid electrolysers (22).
Most industrial alkaline electrolysers make use of Ni-based electrodes with a polymer separator
between the anode and cathode chambers. This polymer, usually Zirfon Perl, is permeable to
hydroxide ions and water molecules (17). This type of electrolyser holds the title for maturity
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and relatively low cost compared to the rest. It has a useful lifespan of 10 to 20 years and large
units can produce hydrogen at a rate of 760 Nm3/h with a current density of 0.4 A/cm2 and an
electricity consumption around 3530 kW. The allowed operating temperatures of these devices
ranges from 5 to 100 °C (23).
There are many disadvantages to the AWE such as low hydrogen production rates, low current
density, restricted ability to operate at low loads and the inability to operate at high pressure.
The AWE requires large loads and low pressures to prevent crossover of hydrogen and oxygen
gas as this could lead to the formation of potentially flammable mixtures (17). This raises a
safety concern, especially at low loads, where the oxygen production rate is low and the
hydrogen concentration increases to dangerous levels (24). This results in high explosion risks.
Moreover, the AWE has a slow loading response and a long start up. This makes it difficult to
connect it to intermittent supply from renewable energy sources (25). Even though the AWE
provides high purity hydrogen, the water used for electrolysis must have a standard purity and
usually a resistance of 5 µS/cm. This is to ensure high durability of the module components
and maximise process efficiency by reducing corrosion and unwanted electrochemical
reactions (23). Figure 1.2 shows the basic operation of the AWE (26):

Figure 1.2: AWE operation principle.

The following equations 8 to 10 show the reactions that take place within the AWE (27):
Anode:

4O𝐻− (aq) → 𝑂2 (g) + 2𝐻2 O (l) + 4𝑒 −

[8]

Cathode:

2𝐻2 O (l) + 2𝑒 − → 𝐻2 (g) + 2O𝐻− (aq)

[9]

Overall:

𝐻2 O (l) → 𝐻2 (g) + ½𝑂2 (g)
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The relatively simple design of the AWE allows its higher commercial availability (14).
1.3.2 Solid oxide electrolyser
Solid oxide electrolysers consist of a solid electrolyte with porous electrodes that operate at
high temperatures. These are the fundamental differences between the SOE and the other
electrolysers (28). During 1902 electrolysis was used to produce hydrogen commercially and
it was during the same time that Nernst produced the high temperature electrolyte that SOE is
based on today (29). The issue with low temperature AWE and PEMWE is that their demand
for electrical energy is extremely high. However, the SOE reduces the required electricity by
increasing the operation temperature. Considering this, the SOE is more economically feasible
since the reduction in electricity leads to a decrease in overall system costs. The required energy
can be supplied by renewable sources, nuclear plants and waste heat from high temperature
industrial processes (29).
The operation temperature of the SOE ranges between 800-1000 °C. Instead of liquid water
entering the system, steam is fed to the electrolyser at the cathode. High pressure steam enters
the system and is reduced at the porous cathode to produce hydrogen and oxygen anions. The
anions are transferred through the dense electrolyte to the porous anode where it is oxidized to
produce oxygen (17). Conventional cathodes are Ni-based, however research suggests that the
oxidation thereof under high steam pressure and low hydrogen pressure decreases the electrical
conductivity and leads to degradation of the electrodes. The perovskite, lanthanum strontium
manganate (LSM) has shown promising results for utilization at the anode. Research has also
suggested that this perovskite can be employed as cathode and anode (30).
Currently the most popular electrolyte used in the SOE is yttria-stabilized zirconia (YSZ) (17).
An electrolyte of this sort must meet considerable requirements such as providing high ionic
conductivity with high mechanical strength to operate at high temperatures. The density thereof
should be gastight to prevent recombination of H2 and O2 but conductive enough to minimize
ohmic overpotential (28). By using a solid electrolyte at high temperatures there is a reduction
in electrode overpotentials, plus the system is almost corrosion free (31). However, operating
at such high temperatures and pressures brings a magnitude of problems such as lack of long
term cell stability, cell degradation, interlayer diffusion and costly interconnection and
fabrication material (8)(17). Figure 1.3 shows the basic operation of the SOE (28):
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Figure 1.3: SOE operation principle.

The reactions that takes place in the SOE are shown by equations 11 to 13 (17):
Cathode:

𝐻2 O (l) + 2𝑒 − → 𝐻2 (g) + 𝑂2−

[11]

Anode:

𝑂2− → ½𝑂2 (g) + 2𝑒 −

[12]

Overall:

𝐻2 O (l) → 𝐻2 (g) + ½𝑂2 (g)

[13]

1.3.3 Polymer electrolyte membrane water electrolyser
During the 1960’s a company called General Electrics developed the first solid polymer based
electrolyser concept. This concept was designed in attempt to overcome the drawbacks
presented by the alkaline electrolyser. Grubb was the first who suggested a solid sulfonated
polystyrene membrane as an electrolyte. Hence the name solid polymer electrolyte electrolyser,
more frequently referred to as the PEMWE (24). It was during the late 90’s that process
development for these type of electrolysers surfaced by companies such as ABB in Switzerland
(32).
The key components that differentiate the PEMWE from the other electrolysers are the high
operation pressures and low operation temperatures and most importantly, the use of a solid
polymer electrolyte. PEMWE typically use a polymer electrolyte membrane as electrolyte,
most commonly the acidic Nafion® designed by DuPoint (33)(34). A solid electrolyte leads to
a compact design with the elimination of caustic liquids (34). An electrolyte of this design
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comes with stronger structural properties which allow the PEMWE to operate at higher
pressures. Taking all these factors into account makes the use of PEMWE a much safer option.
The PEMWE is capable of operating at high current densities which increases the overall cell
efficiency (24). PEMWE has the advantage of fast response and higher output pressures at
lower minimum loads which makes it a great potential technology for pairing with renewable
energies (25). However, the PEMWE requires expensive noble metals for the electrodes such
as Pt/Pd as cathode for the hydrogen evolution reaction (HER) and IrO 2/RuO2 at the anode for
the oxygen evolution reaction (OER) (8). Figure 1.4 shows a schematic layout of the PEMWE
(17).

Figure 1.4: PEMWE layout.
The half-cell reaction of the PEMWE is given below by equations 14 to 16 (5):
Anode:

𝐻2 O(l) → ½𝑂2 (g) + 2𝐻 + (aq) + 2𝑒 −

[14]

Cathode:

2𝐻 + (aq) + 2𝑒 − → 𝐻2 (g)

[15]

Overall:

𝐻2 O (l) → 𝐻2 (g) + ½𝑂2 (g)

∆H = 288 KJ/mol

[16]

Table 1.1 is a summary of the previously mentioned electrolysers (35).
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Table 1.1: Summary of electrolysers.
Specification

AWE

SOE

PEMWE

Electrolyte

Alkaline

Solid oxide

Polymer

Ni

Ni, LSM

Pt, IrO2

type
Electrodes
Anode
reaction

4O𝐻− (aq)

𝑂2− → ½𝑂2 (g)
+ 2𝑒 −

→ 𝑂2 (g) + 2𝐻2 O (l)

𝐻2 O(l)
→ ½𝑂2 (g)
+ 2𝐻 + (aq) + 2𝑒 −

+ 4𝑒 −
Cathode

2𝐻2 O (l) + 2𝑒 −

𝐻2 O (l) + 2𝑒 −

2𝐻+ (aq) + 2𝑒 −

reaction

→ 𝐻2 (g)

→ 𝐻2 (g) + 𝑂2−

→ 𝐻2 (g)

+ 2O𝐻 − (aq)
Working

40 ºC – 90 ºC

700 ºC – 1000 ºC

50 ºC – 90 ºC

Commercially available

Under development

Small scale

temperature
Development

application

progress

1.4 Overview of PEMWE
Electrolysis is a technology that has been around for over 100 years (36). Even though solid
polymer membranes were not initially intended for electrolysis but for silver-zinc cells, the
utilization of these polymer electrolyte membranes paved the way for PEMWE. GE developed
their first PEMWE in 1967 with a maximum current density of 0.2 A/cm2 and cell voltage at
that point >2 V. The membrane used in this electrolyser was a PFSA ionomer (Nafion EW
1200) with a membrane thickness of 0.3 mm (18). PEMWE was predominately used as oxygen
generators in a variety of applications such as submarines and space crafts. This technology
became the basis of the life support domain because of its production of pure oxygen. The
produced hydrogen had minimal use, such as for laboratory apparatus and gas chromatography.
During the early 1980’s the government seized their funding of GE’s PEM research which
brought GE’s work to a standstill. In the 1970’s a Swiss company named ABB made significant
progress in PEM water electrolysis with the creation of the famous Membrell technology (18).
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Today PEMWE is the main focus of many researchers. It provides a promising alternative for
hydrogen production in a fossil fuel free manner. PEMWE offer greater advantages over
alkaline and solid oxide electrolysis such as higher process intensity and above all, higher
energy efficiency. The use of proton exchange membranes allows for a compact design with
significant reduction in gas crossover which permits operation at much higher pressure (37).
PEMWE produce higher quality hydrogen at a much higher production rate. The system
response and operation of the PEMWE is superior to alkaline and solid oxide electrolysers (37).
The reason for this is due to quicker transport of protons across the polymer membrane upon
response from the power input, unlike liquid electrolytes that is delayed by inertia (24). The
produced hydrogen from electrolysers can be utilised in several ways such as fuel stations for
fuel cell vehicles and to power household appliances. It can be used as feedstock for hydrogen
demanding industrial processes. The hydrogen can be used to produce electricity to meet the
high demand of the power grid (37).
The PEMWE offer a lot more advantages than drawbacks. The main negative aspect of
PEMWE boils down to the high cost of the components that make up the electrolyser (8). The
use of polymer membranes come with extreme acidic conditions (pH ̴ 2), thus distinct materials
are required to withstand this harsh environment. In addition to low operating pH conditions,
components should also be able to sustain the high applied over potential ( ̴ 2 V) particularly
at high current densities. As a result only a selective group of very expensive materials are
capable of performing under these conditions. The electrodes contribute largely to the overall
cost of the electrolyser because of the use of scarce noble metals as electrocatalysts. Corrosion
resistance is not only restricted to the catalysts as current collectors and separation plates also
require expensive material (24).
1.4.1 Operation principle of PEMWE
Water splitting is an energy demanding process owing to the fact that it is an unfavourable
nonspontaneous reaction (17) (38). Since it is an endothermic reaction it requires an external
energy source and in the case of water electrolysis, an electrical current is applied to drive the
reaction (37). The PEMWE can be connected to a renewable energy source such as solar
energy which makes it very environmentally friendly (38). The water splitting reaction can be
achieved at potentials greater than 1.23 V vs RHE (reversible hydrogen electrode) with a
thermoneutral potential at 1.48 V vs RHE which allows the cell to operate adiabatically (37).
The main components of a single cell of PEMWE consist of the membrane coated with
catalyst, bipolar plates and gas diffusion layers (35).
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A PEMWE half-cell is separated by the proton exchange membrane that keeps the gases
separated, transports the protons and provide support for the electrode catalysts layers. The
membrane is compressed between two porous gas diffusion layers. These layers serve as a
mass transport pathway for the product gases and water. Additionally, it transfers heat and
electrons between the catalyst layer and the bipolar plates (35). The purpose of the bipolar
plates is to conduct heat and electrons within the stack, as well as disperse reacting agents (39).
The operation of the PEMWE is the reverse of the PEM fuel cell. Water is fed into the system
at the anode where an applied current splits it into oxygen, protons and electrons. The protons
are transported through the membrane and the oxygen exits the cell and is collected. At the
cathode the protons recombine with the electrons to form hydrogen. The electrons proceed to
the external circuit which contributes to the driving force of the reaction (8)(17)(35)(40). Figure
1.5 shows a schematic of the basic operation of the PEMWE (40).

Figure 1.5: PEMWE operation.

The overall reaction that occurs in the PEMWE is described by equation 17:
1

𝐻2 𝑂 + 237.2 𝑘𝐽𝑚𝑜𝑙−1 (𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) + 48.6 𝑘𝐽𝑚𝑜𝑙 −1 (ℎ𝑒𝑎𝑡) → 𝐻2 + 2 𝑂2

[17]

The specifications of the PEMWE is summarised in Table 1.2 (24):
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Table 1.2: Specifications of the PEMWE.
Specification

PEMWE

Cell temperature (°C)

50 – 80

Cell pressure (bar)

< 30

Current density (A/cm2)

0.0006 – 0.002

Cell voltage (V)

1.8 – 2.2

Power density (W/cm2)

< 0.0044

1.4.2 Membrane electrode assembly
The core component of the PEMWE is the membrane electrode assembly (MEA) that consists
of the electrodes and membrane (17). The membrane is the foundation of the PEMWE. It is
known as the proton exchange membrane and mainly consists of perfluorosulfonic acid. The
membrane is produced by a perfluorinated vinyl ether sulfonyl fluoride co-monomer being copolymerized with tetrafluoroethylene (18). There are several membranes available such as
Nafion®, Fumapem®, Flemion®, and Aciplex®. The most commonly used membrane is
Nafion® manufactured by DuPoint (8). Figure 1.6 shows the general structure of the Nafion
membrane (41):

Figure 1.6: General structure of a Nafion® membrane.

Membranes are a very attractive technology due to properties such as high chemical and
electrochemical stability, selective and high ionic conductivity, good mechanical strength, very
low reactant gas permeability and their capability of providing electronic insulation. These
membranes are not only limited to the application in water electrolysis, it is also has many
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industrial uses such as gas separation, electrodialysis, gas sensors, salt splitting, chlor-alkali
cells and batteries (41). Proton conductivity of a membrane is extremely complex. The general
structure of Nafion® has distinct regions within the membrane. The membrane has water filled
channels with a hydrophobic region containing fluorocarbons and a hydrophilic ionic region
containing the sulfonate sites and protons (41)(42). These regions form ionic clusters where
the protons are transported between the fixed sulfonate sites (41). Figure 1.7 shows the process
of water and protons passing through a perfluorosulfonic acid (PFSA) membrane (18).

Figure 1.7: Suggested mechanism for proton conduction in
PFSA membranes.

A higher amount of proton transportation leads to higher power density. There are two ways to
increase proton conductivity of the membrane and that is by increasing the specific
conductivity or to reduce the membrane thickness (41). Nafion® membranes come in a variety
of membrane thickness ranging from 25 to 250 µm. The required membrane is determined by
the conditions governing the electrolyser. A thicker membrane would be necessary for high
pressure, low-load and frequent stop-start operation. However, a thicker membrane means an
increase in resistance which reduces the efficiency. There is an ongoing research to optimise
membranes to increase efficiency without sacrificing its stability and durability (17). The
acidic nature of the membrane requires distinct electrocatalysts such as noble metals (43). The
MEA is the core component that contributes roughly 24% to the overall costs of the PEMWE
(24).

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

23

1.5 Electrode reactions of the PEMWE
The half-cell reactions of a PEMWE consist of the OER that occurs at the anode and the HER
that occurs at the cathode (8). PEMWE are energy intensive devices and to improve the
electrode kinetics and efficiency, electrocatalysts are required at the electrodes.
Electrocatalysts are added to facilitate water oxidation reactions at the anode and water
reduction reactions at the cathode (38). Presently, noble metals such as Pt, Ir, Ru and their
oxides are incorporated as electrocatalysts for the HER and OER (44).
1.5.1 Hydrogen evolution reaction (HER)
The HER is one of the most important and well-studied electrochemical reactions. In the
electrolyser the HER occurs at the cathode where hydrogen atoms are chemisorbed on the
surface of the electrode. This adsorption takes place through the combination of protons from
solution with electrons from the cathode, then finally producing H2 gas. The HER generally
involve three possible reaction steps. The first step is the Volmer step where proton-coupled
electron transfer causes hydrogen adsorption on the electrode surface as shown by equation 18:
𝐻𝑎𝑞 + + 𝑒 − → 𝐻𝑎𝑑𝑠

[18]

After the Volmer step there exist two possible reaction steps, the adsorbed hydrogen atom can
either react with a proton-electron pair or recombine with another adsorbed hydrogen atom to
form a hydrogen molecule. The former is known as the Heyrovksy step which refers to the
electrochemical desorption step as shown by equation 19:
𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑞 + + 𝑒 − → 𝐻2

[19]

The latter is known as the Tafel step and is represented by equation 20 (44):
𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 → 𝐻2

[20]

The intrinsic value that is exchange current density of a metal is what determines its capability
of performing as a catalyst for HER. It is also worth mentioning that catalytic activity can also
be determined by a value under fixed conditions such as current density at a fixed potential
(35). Various metals for HER can by characterised by a Volcano plot where the log of the
exchange current density is related to the bond energy of H chemisorbed to the metal. The
volcano plot is presented in Figure1.8 (45) (46):
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Figure 1.8: Volcano plot of Trassati comparing log (𝒊𝟎 ) and H adsorbed on metal.

The metals on the left hand side of the volcano plot have lower bond strengths and the
adsorption of hydrogen would be the rate-determining step. For the metals on the right hand
side the bond strengths are higher and the rate determining step is desorption of hydrogen.
Hence, the metals in the centre with intermediate bond strength are the most active towards
HER (47). The metals who exhibit best activity are the noble metals with Pt being at the apex
of the curve (45). Currently Pt is the most ideal HER catalyst that produces large cathodic
current density at low overpotential (38). However, Pt remains expensive and carbon-supported
Pt electrocatalysts have been extensively studied in an attempt to reduce catalyst costs (8).
1.5.2 Oxygen evolution reaction (OER)
Water enters the PEMWE at the anode where the oxidation of water occurs and consequently
the production of oxygen. The anode, in particular, depends strongly on the activity of the
electrocatalyst to overcome the high activation energy required to split water. The system is
hindered by the irreversibility and slowness of the OER because it is thermodynamically and
kinetically unfavourable to remove four electrons to form the oxygen-oxygen bond (24) (48).
The additional energy required to accelerate the sluggish water splitting reaction is known as
the overpotential (17) (49). The anode is the main source of overpotential in the PEMWE (50).
Given the acidic and high potential environment of the system, distinct materials are required
to withstand the harsh conditions. As a result precious noble metals are incorporated as
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electrocatalysts for OER (35). Earliest PEMWE discoveries from GE shows corrosion
characteristic tests of certain metals in acidic environment and more importantly, the utilisation
of reduced noble metal oxides as catalysts (18). Carbides and nitrides may not be suitable for
OER due to their poor corrosion resistance, whereas some oxides may show more stability and
activity (44). The noble metals Ir and Ru along with their oxides have become the most
frequently studied OER catalysts due to their great electrochemical activity and stability (51).
The oxides, IrO2 and RuO2, have shown greater catalytic activity than the metal catalyst. The
metal-metal distance and the radius of the cation in these oxides are as such that overlapping
of the d-orbitals is possible and the d electrons in the d bands are responsible for the metallic
conduction (52).
RuO2 has much better catalytic activity however, IrO2 is the preferred catalyst due to its greater
stability. For these catalysts the catalytic stability increases in the following order: Ru < RuO 2
< Ir < IrO2 (35). The OER occurs at a standard potential of 1.23 VRHE, which explains why so
many materials are unstable for OER since the standard potential for most solid materials fall
below this value (47). Although Pt is nearly an ideal catalyst for HER, it presents unavailing
catalytic effects at the anode due to the formation of highly resistant oxide films on the Pt
surface (24). Despite plenty attempts, the understanding of OER kinetics remain a challenge to
researchers (53)(54). The catalyst layer has a porous structure consisting of catalyst particles
and perfluorosulfonated ionomer (35). The purpose of the ionomer is to extend the reaction
zone, provide proton conductivity in the catalyst and improve catalyst utilization (37). The
electrode reactions, HER and OER, can only occur at the triple phase boundaries which is
confined spatial sites where reactant, ionomer and electrically connected catalyst regions
connect (35).
The most recognized mechanism for the OER is the oxide path and the electrochemical path is
shown by equations 21 to 25 (44):
𝐻2 𝑂 → 𝑂𝐻𝑎𝑑𝑠 + 𝐻+ + 𝑒 −

[21]

𝑂𝐻𝑎𝑑𝑠 → 𝑂𝑎𝑑𝑠 + 𝐻 + + 𝑒 −

[22]

The oxide path is as follows:
𝑂𝑎𝑑𝑠 + 𝑂𝑎𝑑𝑠 → 𝑂2

[23]

The electrochemical oxide path
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𝑂𝑎𝑑𝑠 + 𝐻2 𝑂 → 𝑂𝑂𝐻𝑎𝑑𝑠 + 𝐻 + + 𝑒 −

[23]

𝑂𝑂𝐻𝑎𝑑𝑠 → 𝑂2 + 𝐻 + + 𝑒 −

[25]

The OER on a metal oxide such as IrO2 can be explained in three steps which form a closed
circle as shown by equations 26 to 28 (37):
𝐻𝐼𝑟𝑂2 → 𝐼𝑟𝑂2 + 𝐻+ + 𝑒 −

[26]

𝐼𝑟𝑂2 + 𝐻2 𝑂 → 𝐼𝑟𝑂2 (𝑂𝐻) + 𝐻 + + 𝑒 −

[27]

2𝐼𝑟𝑂2 (𝑂𝐻) → 2𝐻𝐼𝑟𝑂2 + 𝑂2

[28]

The first reaction, equation 26, is rapid and in pre-equilibrium. The second reaction, equation
27, is the rate-determining step (37). A binuclear mechanism is proposed for the OER in
equation 28 as two Ir sites are observed. Density functional theory (DFT) calculations
suggested that the Ir(IV)/Ir(V) couple can be regarded as divided into two. The oxidation of
Ir(IV)/Ir(IV) to Ir(VI)/Ir(V) is the first step of the binuclear mechanism. As the potential
increases, at the start of OER, the Ir(V) coverage increases until the binuclear OER mechanism
conditions are attained (55). Figure 1.9 is a depiction of the OER on IrO2 as shown by equation
26 to 28 (37).

Figure 1.9: The cycle of oxygen evolution according to equation 26 to 28.
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1.6 Problem statement
The majority of the world is powered by fossil fuels, whereas 20% of the global energy demand
is supplied by renewable energy sources. The harmful by-products, especially CO2, generated
by the consumption of fossil fuels are substantial enough to alter the Earth’s climate and global
ecosystem (56). The world’s population is expected to be more than nine billion by this midcentury, resulting in an inevitable increase in the demand for energy (38). The dependence on
electricity is accelerating along with the depletion of non-renewable energy sources. Studies
suggests that fossil fuels could be depleted in the next 50-60 years (56). Consequently, the
shift to renewable energy sources and technology becomes indispensable. (35).
Hydrogen is considered as the most promising alternative fuel to reduce the reliance on
conventional fossil fuels. Although abundant, hydrogen does not exist in its molecular form
naturally, which makes its production a very energy demanding process (24). Majority of the
global hydrogen is produced from fossil fuel processes such as steam reforming of methane.
The most attractive environmentally friendly approach for hydrogen production is water
electrolysis ,i.e. AWE, SOE and PEMWE (35). Water electrolysis accounts for only 4% of the
global production of hydrogen, mainly owing to economic constraints (8). Hydrogen produced
by water electrolysis has a purity of almost 100% and is produced without the emission of
harmful pollutants (24). Currently, this technology is unable to compete commercially due to
high energy requirements and high cost constraints (8).
AWE may be mature and commercialised, however PEMWE offer many more advantages such
as higher current density, low gas permeability, compact built and improved safety (57). Even
so, PEMWE requires expensive material for its components, which includes low reserve noble
metals (44). Thus, many researchers are invested to reduce the costs and increase the efficiency
of PEMWE. Moreover, the enhancement of the stability and activity of electrocatalysts is one
of the main challenges associated with PEMWE (8)(37). IrO2 is considered the benchmark
catalyst for the OER as it has high corrosion resistance in the acidic environment and it
withstands the high overpotential of the anode. However, it remains composed of Ir which is
an expensive and scarce noble metal (35). In this study the focus is to improve the catalytic
stability and activity of the anode electrocatalyst. This includes the synthesis of single metal
oxides as well as binary metal oxides where cheaper metals such as Ni are added to expensive
metals. This will reduce the amount of expensive active materials required and consequently
lower the production costs.
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Chapter 2: Literature review
2.1 Synthesis methods of noble metal oxides
It is well known that PEMWE is an expensive technology, especially with the use of noble
metals as catalysts (58). With Ir and Ru oxides emerging as being the most promising catalysts,
there are several different methods of producing these catalysts (24) (51). The Pechini-Adams
method is where polymeric precursors are thermally decomposed to synthesise the
electrocatalyst. This method offers catalysts with a high degree of dispersion.(24) (59). Ribeira
et al. (60) prepared RuO2 – Ta2O5 oxide films containing 10 to 90 at. % Ru using the Pechini
– Adams method. Their SEM results showed that single oxide, RuO2, consist of nanopores
while the binary oxide have a more compact structure. Their XRD results showed sharp peaks
attributed to RuO2 and Ta2O5 phases. According to their XPS results the binding energy of Ru
is unaffected by the addition of Ta in the thin films, whereas the binding energy of Ta is indeed
influenced by the addition of Ru. In conclusion, compared to the standard thermal
decomposition method, the electrodes prepared by Pechini - Adams method displayed superior
performance.
The sol-gel method is another appealing method for producing single and mixed oxides at low
calcination temperatures. Fine transition metal oxides are produced by carefully selecting the
suitable precursors and synthesis conditions (61) (62). However, the properties of the catalyst
are highly affected by the choice of precursor as well as the solvent removal step. There exist
a range of synthesis methods for metal oxides through metallic colloids, such as the polyol
method where metal precursors are reduced in ethylene glycol to form nanosized metal oxides
(63). Hu et al. (64) used the sol-gel method to successfully synthesise corrosion resistant
Nb0.05Ti0.95O2 as a support for IrO2 for OER. The IrO2 loading of 26 wt% yielded the best
catalytic activity and stability. Siracusano et al. (65) prepared a IrO2 nanosized rod for OER by
means of a sulphite-complex method. The electrochemical properties of this material were
investigated in a single cell PEM electrolyser containing a Pt/C cathode and Nafion®
membrane. The results showed a current density of 1.26 A/cm2 at a potential of 1.8 V.
Cruz et al. (66) prepared IrO2 catalysts by a colloidal method in aqueous solution followed by
thermal treatment. The obtained IrO2 had a surface area up to a 100 m2/g. IrO2 was sprayed
onto a Nafion® 115 membrane up to a loading of 3 mg/cm2. A Pt loading of 0.6 mg/cm2 were
used as cathode in a single cell PEM electrolyser. A stable nanosized catalyst with a mean
crystalline size of 7 nm was obtained. The electrochemical activity was studied and the results
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showed that a maximum current density of 1.3 A/cm2 at a potential of 1.8 V with a BET surface
area of 100 m2/g.
The sonochemical method is inexpensive, simple and by changing the sonication medium in
which the precursor is sonicated, it can produce various classes of materials. The sulfitecomplex method have been shown to generate good metal oxides the sulphite complex route
(24) (65). The magnetron sputtering method is another well-known method where thin oxide
films are produced as opposed to fine catalyst powder. Slavcheva et al.(67) synthesised thin
films of IrO2 deposited on a PEM by magnetron sputtering method. Electrochemical properties
were assessed by electrochemical procedures such as cyclic voltammetry and polarization
curves. Various sputtering thickness catalytic layers were determined and related to their
catalytic efficiency. Results showed that a layer thickness of 500 nm thick film containing 0.2
mg/cm2 catalyst had a maximum current density of 0.3 A/cm2 at a voltage of 1.55 V (vs RHE).
They concluded that this method is a practical way of depositing the catalyst material directly
onto the electrode matrix. This method produces stable metal oxides with high activity and low
loads of catalyst.
Finally, the Adams fusion method first presented by R Adams and RL Shriner, is a well-known
method for producing nanosized metal oxides with high activity and surface area (24)(68). In
this method metal precursors are fused with sodium nitrate in air at raised temperatures (68).
The Adams fusion method forms two gases, NO2 and O2, as by-products which are released
from the system. The only solid by-product is sodium chloride that can be easily separated by
dissolving it in water (69). The Adams fusion method is a very simple and convenient way of
producing metal oxides. The suggested chemical reaction of the Adams fusion method for IrO2
is presented in equations 29 and 30 (24):
𝐻2 𝐼𝑟𝐶𝑙6 + 6𝑁𝑎𝑁𝑂3 → 6𝑁𝑎𝐶𝑙 + 𝐼𝑟(𝑁𝑂3 )4 + 2𝐻𝑁𝑂3

[29]

𝐼𝑟(𝑁𝑂3 )4 → 𝐼𝑟𝑂2 + 4𝑁𝑂2 + 𝑂2

[30]

The suggested chemical reaction for the synthesis of RuO 2 via the Adams fusion method is
presented in equations 31 and 32 (69):
𝑅𝑢𝐶𝑙3 + 3𝑁𝑎𝑁𝑂3 → 3𝑁𝑎𝐶𝑙 + 𝑅𝑢(𝑁𝑂3 )3
1

𝑅𝑢(𝑁𝑂3 )3 → 𝑅𝑢𝑂2 + 3𝑁𝑂2 + 2 𝑂2
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Liu et al. (70) prepared IrO2 with the Adams fusion method and optimised the calcination
temperature, the content of NaNO3 and the solvent used for synthesis. The results suggested
the best performing catalyst to be calcined at a temperature of 550 ºC, a precursor to NaNO 3
ratio of 1:20 and the best solvent to be used is water. The IrO 2 synthesised under these
conditions yielded a high crystallinity with a specific surface area of 126.4 mg/cm2. This
catalyst reached a maximum current density of 90 mA/cm2 at a voltage of 1.5 V.

2.2 IrO2 as catalyst for OER
IrO2 as an electrocatalyst is most preferred due to its corrosion resistance and high activity.
Many studies are focused on reducing the costs of the anode catalyst without sacrificing
efficiency. Rozain et al. (71) studied the influence of IrO2 loadings at the anode on the overall
catalytic performance by running electrochemical tests such as cyclic voltammetry,
electrochemical impedance spectroscopy and by measuring polarization curves. They used the
decal method to construct MEAs to perform the tests and the results showed the existence of
an optimum loading value of 0.5 mg/cm2. It was found that above this value the cell voltage is
independent of the loading. Below this value, electrochemical degradation of the catalyst
occurs and conductive support is needed to enable maximum conductivity in the catalyst layer.
In part two of their study, Rozain et al. (72) showed the applicability of micro-sized Ti as
conductive support for IrO2 for the OER. They achieved an IrO2 loading of 1 mg/cm2 on a 50
wt % metallic Ti substrate. SEM and EIS measurements showed that the addition of the Ti
substrate promotes an electrical contact between the catalyst layer and current collectors. This
also reduced ohmic resistance within the catalytic layer. The electrochemical results showed
catalytic activity to reach 1.73 V at 1 A/cm2 at 80 ºC. Stability test of the MEA containing the
IrO2/Ti anode reached a maximum of 1000 hours of operation. The incorporation of the Ti
substrate reduced the degradation rate of the pure IrO2 from 180 µV/ h to 20 µV/ h for the 50
wt% IrO2/Ti at 1 A/cm2 for the same loading of 1 mg/cm2.
Nikiforov et al. (73) utilised the Adams fusion method to synthesise IrO2 on a SiC – Si
composite. Electrochemical tests showed that 80 wt. % and 90 wt. % samples had much better
catalytic activity than the unsupported IrO2. Characterisation by XRD and nitrogen adsorption
showed that the addition of the support influenced the surface properties of IrO 2 by affecting
the particle size. They used powder conductivity measurements that showed the influence of
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support on the IrO2 packing. The support allowed formation of pores and channels between
particles which increased the catalyst utilization.
Lim et al. (74) reported the use of a scalable modified molten salt fusion method for synthesis
of ultrathin IrO2 nanoneedles. They found that by changing the reactant compositions and
calcination temperatures, the best synthesis conditions for the best OER performance can be
achieved. During the synthesis the addition of cysteamine was varied as this determined the
shape of the IrO2 particles. As the amount of cysteamine was increased the nanoneedles became
longer and thinner. Unshaped IrO2 nanoparticles with size of 2.9 ± 0.4 nm were obtained when
no cysteamine was added. The long IrO2 nanoneedles had a diameter of approximately 2 nm
with 6-8 layers of IrO2 (110) planes and a length of approximately 30 nm. The mass activity of
the long IrO2 nanoneedles was 51.6 A/g and 15.5 A/g for the unshaped IrO2 at 1.55 VRHE. They
found that the long IrO2 nanoneedles were stable for more than 200 h under an extreme current
density of 2 A/cm2. The incorporation of long IrO2 nanoneedles as the anode electrocatalyst
showed greater activity, stability and efficiency in a PEM water electrolyser than the unshaped
IrO2.
Sapountzi et al. (75) evaluated the optimum ionomer loading applied on a IrO2 sputterdeposited electrode on Ti covered carbon paper. Through a means of metal sputtering along
with the addition of Ti and carbon paper into the sputtering chamber, the IrO2 anode was
produced. The addition of Ti serves as an adhesive medium for the catalytic layer and the
carbon paper and prevents it from oxidation at the high overpotentials of OER. Magnetron
sputtering was used for these deposits. They concluded that a catalyst loading of 0.55 mg/cm2
obtained a current density of 180 mA/cm2 at 60 ºC. They found that the amount of Nafion®
affects the rate of the oxygen evolution and the oxygen selectivity. The study suggested an
optimum amount of 1.5 mg/cm2 of Nafion®, since the use of larger amounts degrade the
performance of the catalyst by blocking the active sites. They also found that the C-IrO2 active
sites for carbon oxidation are protected by the Nafion® addition, leading to 100% selectivity
to oxygen.

2.3 RuO2 as catalyst for OER
RuO2 is known as the most active catalyst for the OER, however compared to IrO 2 its long
term stability is quite problematic. Many studies have been focused on employing inert
materials to improve its stability and reduce the load of the expensive RuO2 without
compromising its excellent catalytic stability (24). Kötz et al. (76) studied the anodic oxidation
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of Ru and RuO2 using x-ray photoelectron spectroscopy (XPS). By thermal decomposition,
RuO2 electrodes were synthesised and they discovered RuO3 on the electrode surface, which
is stable during anodic polarization. However, due to corrosion elemental Ru forms a defective
hydrated oxide film as OER takes place. It was found that this oxide film decomposes to
metallic Ru at a temperature of 310 ºC. They concluded with a proposed reaction path for OER
using Ru and RuO2 as electrodes. Their proposed OER reaction path is presented in figure 2.1:

Figure 2.1: Proposed OER reaction path using Ru and RuO 2 electrodes.
Galizzioli et al. (77) studied the catalytic behaviour of RuO2 electrode films prepared by
thermal decomposition. Using electrochemical techniques, they found that RuO2 has excellent
anodic stability compared to Ru which dissolves as RuO4. He proposed that this could be
related to the preparation method where different degree of hydration is involved. They found
that RuO2 exhibits much lower overpotential than a Pt electrode for both HER and OER.
Ma et al. (78) used the Adams fusion method to produce RuO2 and evaluated the influence of
heat treatment. The RuO2 was calcined at different temperatures ranging from 350 ºC to 550
ºC. The XRD and BET results showed that the surface area of the RuO2 decreased as the
calcining temperature increased. This is because the increasing calcining temperatures lead to
an increase in RuO2 crystallinity, as showed by XRD analysis. Due to the increase in
crystallinity, the electronic conductivity increased but the electrocatalytic activity decreased.
The optimum calcining temperature for best catalytic activity and stability was found to be 350
ºC.
Tian et al. (79) reported Co-doped nanorod-like RuO2 electrocatalyst for OER by a facile
annealing procedure of Ru-ZIF 67 amorphous composite. Co was chosen as the dopant because
Co in the RuO2 lattice has lower oxidation states that require less O2- ions to appropriately
balance the charge and yield more oxygen vacancies. The results showed low overpotential of
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169 mV and current density of 10 mA/cm2 for the OER. The chronopotentiometry tests showed
a stability test of more than 50 hours at a constant current of 10 mA/cm2. They proposed the
compound undergoes a lattice oxygen oxidation mechanism instead of an adsorbate evolution
reaction, based on their characterisation results and density functional theory calculations.
Nazir et al. (80) used a wet chemistry method to prepare RuO2 nanorods that could serve as
electrocatlyst for both OER and HER. The method contains the calcination of urea, glucose
and RuO2 precursor to obtain black carbon slurry, followed by an additional calcination step.
Morphological characterisation techniques such as XRD, FRSEM and TEM showed the
successful formation of RuO2 nanorods. The electrochemical tests reported that a potential of
1.508 VRHE is attained for a current density of 10 mA/cm2 using their RuO2 nanorods, compared
to the 1.61 V achieved by the commercial RuO2. The Tafel slope value for the OER of RuO2
nanorods were 78.31 mV/dec. The electrochemical results showed the RuO2 nanorods have
much better activity and stability than their commercial RuO2.

2.4 NiO as catalyst for OER
As a result of extensive research to eliminate cost constraints of the PEM electrocatalyst, Ni
has been considered to be a promising substitute. Prior to the well-established acidic
electrolyser, electrolysis was conducted in an alkaline water electrolyte which made use of Ni
electrodes and separators (81). Ni has a wide variety of applications ranging from super
capacitors, gas sensors to catalysts and electrodes in Li-ion batteries (82). Ni is an abundant
and inexpensive element with high strength, good electrical conductivity and high corrosion
resistance. Studies have shown that Ni has promising catalytic activity and stability toward
oxygen reduction reaction (ORR), OER and HER (83).
Brown et al.(84) synthesised various metal oxides including RuO2, Mn2O3, Co3O4 and NiO
using the Adams method. The metal salts were oxidised in a sodium nitrate melt to produce
highly crystalline materials with high surface area. Instead of making use of the conventional
glassy carbon (GC) electrode, their electrode was pressed disks containing the powdered
electrocatalysts. The powdered metal oxides were pressed onto Pt powder that serves as
support. This method eliminates interferences of solvents and conductive supports such as
Nafion®. The catalytic activity and stability tests were conducted in 1 M NaOH and
characterized by their overpotentials at ±10 mA/cm2. This current density is sufficient for solar
driven electrolysis cells. As a result, RuO2 and Co3O4 appeared to have the best catalytic
activity with overpotential values of 0.267 V and 0.330 V, respectively. NiO had an
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overpotential value of 0.377 V. Compared to the same metal oxides tested on GC electrode,
the Pt disks had superior performances. They reported a 100% electrochemical efficiency for
hydrogen in a silicone-solar water splitting cell where Co 3O4 /Pt disk and Mn2O3/Pt disk was
used to mediate OER and HER, respectively.
Fominykh et al. (85) prepared ultrasmall, dispersible and crystalline NiO nanoparticles. They
used a solvothermal reaction in tert-butanol which produced nanocrystals that can be tuned
from 2.5 to 5 nm. In their study they produced NiO nanoparticles of sizes 3.3 nm, 3.8 nm and
4.8 nm without the use of high temperatures. TEM shows that the 3.3 nm NiO consists of
defined particles without agglomeration. Its electron diffraction pattern corresponds to the
cubic rock salt structure of NiO inferred by the XRD pattern. The collective results obtained
from XPS, XRD, UV-Vis absorption and magnetic susceptibility measurements showed that
the nanoparticles mainly consists of NiO but contain highly reactive nickel (III) states on its
surface. For electrochemical tests they deposited a thin layer of 3.3 nm NiO on Au-coated
quartz crystal microbalance QCM electrodes and conducted tests in 0.5 M KOH. This resulted
in a demonstration of very high turnover frequency of 0.29/s at an overpotential of 0.300 V
outperforming IrO2 catalysts for electrochemical oxygen evolution. Although, these
nanoparticles resemble phase-pure stoichiometric nickel (II) oxide, the reduced particle size
caused a drastic change in surface properties.
Sadiek et al. (86) modified Au, GC and Pt electrodes by adding nano-NiOx to enhance the OER
rate. They produced the nano-NiOx through electrodeposition of metallic Ni followed by
electrochemical passivation. According to the SEM images the nanoparticles consist of
dendritic structures with a size of 80 nm. The XRD results indicated the presence of NiOOH
on the surface of the fabricated electrodes, which is the favourable phase for OER
enhancement. The maximum catalytic activity was obtained in 0.5 M KOH which shows the
importance of OH- in the catalytic effect of the nano-NiOx. The Tafel slopes for both the
modified and unmodified electrodes are parallel with a slope of approximately 120
meV/decade. This indicates that the OER occurs via a similar rate-determining step in both
instances. The apparent current density of the OER of Au modified electrode is by two orders
in magnitude higher than that of bare Au electrode. The apparent current density of modified
GC and Pt electrodes is by one order in magnitude higher than corresponding bare electrodes.
They concluded that the addition of nano-NiOx improves the OER and that the catalytic activity
depends on the nature of the oxide phase transformation and the amount of redox material.
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Qiu et al.(82) controlled the crystal growth orientation by tuning the pH environment in
reaction to produce uniform NiO hierarchical thin nanostructures. The hydrothermal method
was used to produce nanoflakes with flowerlike microstructured NiO. They used NH3·H2O to
create a pH around the point of zero charge (PZC) for production of NiO with pH ranging from
9 to 12. They found that this technique influences the crystal growth direction and the
morphology of nano-NiO structures. SEM supports this statement as it shows that pH 9 NiO
nanostructures displays hexagonal flake-like consistency instead of the 3D flowerlike
morphology exhibited by pH 10. The XRD results confirm the formation of cubic NiO and the
increase of pH leads to broadening of peaks indicating nano dimensionality. By using the
Scherrer’s formula the smallest lattice arrangement was found to be 5.9 nm for pH 10. TEM
images indicate that the NiO nanoparticles are approximately 100 nm porous structures. Their
electrochemical measurements were conducted in 1 M NaOH with a GC working electrode,
Ag/AgCl reference electrode and Pt counter electrode. The best catalytic activity was shown
by NiO of pH 10 with overpotential at 1.48 V vs RHE at 10 mA/cm2. This result is comparable
or even better catalytic activity than IrO2 and RuO2 in alkaline conditions with lower mass
loadings.
Xu et al. (87) used a simple pyrolysis method to produce Ir1-x NixO2-y (x = 0, 0.1, 0.2, 0.3, 0.4,
0.5) composite oxides. Their results obtained from XRD show the rutile phase characteristic to
IrO2 nanocrystalline. The composite containing Nix less than 0.3 show almost no diffraction
peaks. Compared to their Ir2-y sample the lattice parameters of the mixed oxide decreases
slightly with the addition of Ni. This is because the radius of Ni ions are smaller than the radius
of Ir ions which causes lattice contraction. Their SEM results showed the composites consisted
of various crystallites ranging in the size of 150 nm to several microns. The electrochemical
evaluation was conducted in a 0.5 M H2SO4 electrolyte with a GC electrode. The fabricated
Ir1-x NixO2-y (0< x < 0.4) displayed higher OER than their Ir2-y sample. The Ir0.7 Ni0.3 O2-y showed
the best OER intrinsic activity. They concluded that the addition of Ni to IrO2 altered the
binding energy without changing the reaction kinetic for the OER. The reduction in Ir and
better performance makes the Ni doped IrO2 a good application prospect.

2.5 Ir-Ru oxides as catalyst for OER
To reduce the loading of expensive noble metals, one common approach is to dope the catalyst
with additional inexpensive metals which could increase the catalytic activity and stability (88).
The excellent catalytic activity of RuO2 mixed with the excellent catalytic stability of IrO2
make for a great combination of anode catalyst. Many studies have been focused on perfecting
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this combination to create an efficient catalyst for OER. Kasain et al. (89) studied the
composition range of Ir-Ru for mixed oxides by connecting a scanning flow cell (SFC) to an
inductively coupled plasma mass spectrometer (ICP-MS). Their results from XPS showed that
the oxidation states of the Ir and Ru remains the same as their individual pure oxides
irrespective of the amount of Ir-Ru added. Electrochemical results showed the activity of
electrodes toward OER decreases as the anodic potential increases upon increased addition of
Ir content. Combined results show that both Ir and Ru keep their individual properties in the
metal oxide system. Hence, the increased addition of Ru would increase the activity but lower
the stability and the increased addition of Ir would increase the stability but lower the activity.
They concluded the utilization of Ir-RuO2 binary systems would depend on the real application
requirements.
Siracusano et al.(90) reported the performance of IrOx and Ir0.7Ru0.3Ox for the OER by using
the Adam’s fusion method for the synthesis of the metal oxides. The crystallite sizes calculated
from the XRD results were 5.3 nm and 5 nm for IrOx and Ir0.7Ru0.3Ox, respectively. The XPS
result showed a surface composition of Ir:Ru = 75:25 which indicates slight segregation of Ir
on the surface. After sputtering with Ar + ions at 5 kV for 30 minutes, the surface composition
was found to be Ir:Ru = 70:30, correlating to the nominal value. Electrochemical tests showed
that IrOx reached a maximum current density of 2.1 A/cm2 at 1.8 V and for Ir0.7Ru0.3Ox a
current density of 2.6 A/cm2 at 1.8 V was recorded. These results were obtained at a cell
temperature of 90 ºC. The Tafel slope calculations of both metal oxides showed the same
reaction mechanism. However, an increase in catalytic activity of the Ir0.7Ru0.3Ox is seen in the
impedance spectra and polarization tests. The activation energy is lowered with the binary
metal oxide. They concluded that Ir0.7Ru0.3Ox is an excellent anodic electrocatalyst, provided
the surface morphology, structure and surface characteristics are correctly modified.
Marshall et al. (91) reported the electrocatalytic performance of IrO2-RuO2 supported on Sbdoped SnO2 nanoparticles. The method used for the synthesis includes the addition of the metal
oxide precursors to dry Sb-doped SnO2 nanoparticles which was freeze dried, followed by a
thermal decomposition method. The compositions of the metal oxides were controlled by the
amount of precursors added. Their XRD results of Ir xRu1-xO2 showed rutile phases of SnO2
only, reasoning that the absence of IrxRu1-xO2 crystalline phases is due to its amorphous
structure. The electrochemical studies showed the catalytic activity and stability is maximised
when a composition ratio of 75% IrO2: 25% RuO2 is used. The Tafel plots show the kinetics
of the OER is reduced as the cluster size of the oxide on the support is too small. Overall, the
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supported mixed oxide present similar or better performance of certain materials, despite the
low amounts of noble metal used.
Bao et al. (92) studied the influence of calcination temperature of Ti/IrO 2-RuO2 on catalytic
performance thereof. The IrO2-RuO2 was prepared by thermal decomposition and sprayed onto
the Ti substrates. Their XRD results showed the increase in calcining temperature, increases
the rutile structure of the binary metal oxide. Metallic Ti peaks were observed and no peaks of
TiO2 were detected, suggesting that the substrate may not be oxidised to TiO2, or the amount
thereof is very low. According to their electrochemical studies, RuO 2 is more active than IrO2
and IrO2-RuO2. Moreover, the increased calcination temperature oxidises the Ti substrate,
decreasing the activity. The crystallite size of the compound increased from 52 nm to 539 nm.
They concluded that moderate temperature, 450 ºC to 500 ºC, is suitable for the preparation of
the Ti/IrO2-RuO2 anode.

2.6 Ru-Ni oxides as catalyst for OER
RuO2 is considered to be the most active electrocatalyst towards OER and Ni an affordable
abundant element with a comprehensive application. In an attempt to eliminate expensive metal
precursors, many Ni-based electrocatalysts in the form of alloys, foam, nitrides, etc. have been
studied to serve as single or bifunctional electrocatalysts toward OER and HER. By tailoring
the electronic structure or tuning the surface structure and interfaces of a substance can lead to
the production of unique materials. Ni has shown great synergistic catalytic effects resulting in
improved surface adsorption properties which leads to enhanced electrocatalysts (86)(83).
Wang et al. (93) prepared bifunctional RuNi/RuNi nanoheterostructured electrocatalysts. They
have managed to produce these active nanohetrostructures by a facile process of oxidation of
RuNi nanoparticles. By controlling the oxidation time they optimized the best performing
electrocatalyst named as RuNi-30 with oxidation time of 30 minutes. The TEM images of
RuNi-30 showed the heterostructure of the metal oxides with RuNi particles of 4.8±0.8 nm
uniformly dispersed on the carbon support surface. The lattice fringes of the material confirmed
the presence of Ru, RuO2 as well as Ni. Furthermore, the results obtained form ICP-OES,
HAAD-STEM altogether with TEM confirmed the composition of the nanoparticles as RuNi
alloy and its oxide. Under alkaline conditions the RuNi electrocatalyst was studied as a
bifunctional catalyst toward the HER and OER. The results show that RuNi is among the best
performing electrocatalyst for both HER and OER reaching a current density of 10 mA/cm2
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with overpotentials of 0.018 V and 0.142 V, respectively. For the overall water splitting they
reported a record-low cell-voltage of 1.42 V at 10 mA/cm2.
Cui et al. (94) precisely constructed the interface Ru centres and graphene via a controlled
oxidation of graphene to yield an enhanced electrocatalyst. They added Ni-precursor to form
RuNi alloys to increase the graphene shell growth surrounding the Ru nanoparticles. The
oxidation of graphene was performed at different temperatures ranging from 200 – 500 ℃.
They concluded that the most active electrocatalyst, RuNi2©G-250¸ is obtained at 250 ℃.
Lower temperatures are unable to destroy the outer shell of graphene thus inhibiting the
oxidation of the inner core to form RuO2. Whereas, higher temperatures seem to destroy the
outer graphene shells which leads to unsuccessful formation of the unique interface between
RuO2 and graphene. Morphology studies showed that the graphene encapsulating RuNi
nanoparticles consist of layers of graphene and RuNi in particles with an average diameter of
5-10 nm. The XRD results showed that a decrease in graphene lead to increased RuO2 intensity.
Furthermore the RuNi intensity increased as the oxidation temperature increases. The
incorporation of Ni yielded the best performing electrocatalyst with an overpotential of 0.227
V at 10 mA/cm2. Chronopotentiometry measurements showed that RuNi2©G-250 remained
stable for 24 hours in 0.5 M H2SO4. They concluded that the constructing interface method
could be applied to produce better performing catalysts for OER.
Ding et al. (95) produced unique Ru-Ni heterostructures consisting of 2 hexagonal rings
situated at the ends of a Ni rod resembling a sandwich-like structure. They used a facile wet
chemical method to prepare the RuNi sandwich nanoplates (Ru-Ni SNs). A reaction time of 1
h was sufficient to obtain the best growth in the Ru2Ni2 SNs with atomic ratio 53.5/46.5. TEM
images revealed the hexagonal structures of Ru with Ni pillars inserted in between. The
diameter measured from one plate to another across the pillar is 16 nm. The elemental mappings
and line scanning profiles confirmed the heterogeneous distribution of Ru2Ni2 SNs, where Ru
is mostly found in the rings and Ni in the centre. The HER and OER activities were studied in
alkaline solution. The electrocatalysts were loaded on carbon black before being coated on the
GC electrode. The reference electrode was a saturated calomel electrode and a graphite rod was
used as a counter electrode. For the overall alkaline water splitting an onset potential of 1.45 V
is achieved by Ru2Ni2 SNs with great long term durability.
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2.7 Conclusion
There exist ample methods for the production of various metal oxides. Many studies have
focused on mitigating the limitations faced by the electrocatalysts in PEMWE. Many studies
are based on IrO2 because of its low overpotential, good activity and excellent stability.
Incorporating a catalyst support with large surface area not only reduces the load of IrO 2, as it
also reduces catalyst agglomeration thus increasing the catalytic activity for OER. The addition
of one or more metals is not restricted to noble metals, as many studies search for cheaper
metals to incorporate as electrocatalysts. Various materials such as carbon, SnO2, TiO2, Ta2O5,
MnO2, etc. have been studied as support metals for IrO2. Among all, the most effective was Ti
substrates due to its improved homogeneity of size distribution which reduce agglomeration,
improving the catalytic activity (96).
Most studies focused on the use of Ni, base their studies on the HER. Ni is has an extensive
range of application and is an excellent catalyst for the HER. Albeit, some studies have found
that Ni could be applied as a bifunctional catalyst and have great potential as a catalyst for the
OER. However, few studies examine the probability of Ni as catalyst for OER in acidic
electrolytes. RuO2 has been studied extensively as it has been found to be the most active
catalyst for OER. It has been suggested that different preparation methods could influence the
performance of RuO2 (77). Abundant studies have been focused on incorporating supporting
materials to RuO2 in attempt to increase its stability, as seen by bimetallic Ir-Ru oxides. It is
important to remember that many studies use different synthesis methods and experimental
conditions, hence it is not a complete exploration of possible catalytic combinations for OER,
as a lot is still to be elucidated.

2.8 Aims and objectives
The aim of this study was to synthesise electrocatalysts with high electrocatalytic activity and
stability for the OER. The following metal oxides IrO2, RuO2, NiO, IrRuO2 and RuNiO2 were
synthesised using a modified Adams fusion method. These metal oxides were synthesised to
produce highly active and stable electrocatalysts that would lower the required amounts of
expensive precious metals, in attempt to lessen the overall cost constraints faced by PEMWE.
The objectives of this study include:
-

To adopt a modified Adams fusion method for the synthesis of the metal oxide
electrocatalysts.
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-

Synthesis of various metal oxides electrocatalysts which include IrO2, RuO2, NiO,
IrRuO2 and RuNiO2.

-

Optimisation of the metal composition of the binary metal oxide electrocatalysts,
IrRuO2 and RuNiO2.

-

Synthesis of electrocatalysts that exhibit better electrocatalytic performance than
commercial IrO2 and RuO2.

-

Evaluation of the electrocatalytic activity and stability of each electrocatalyst by means
of ex-situ electrochemical measurements, i.e. cyclic voltammetry, linear sweep
voltammetry and chronopotentiometry.

-

Physical characterisation of the metal oxide electrocatalysts using High resolution
scanning

electron

microscopy/Electron-dispersive

X-ray

spectroscopy

(HR-

SEM/EDS), High resolution transmission electron microscopy (HRTEM), X-ray
Diffraction (XRD) and Brunauer-Emmett-Teller (BET) analysis.
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Chapter 3: Experimental
3.1 Chemicals and apparatus
The chemicals used for the synthesis of the metal oxides and the preparation of working
electrodes are presented in Table 3.1 and 3.2, respectively.
Table 3.1: Chemicals used for the metal oxide preparation.
Chemical

Supplier

H2 IrCl6

Alfa-Aesar

RuCl3

Alfa-Aesar

NiCl2

Sigma-Aldrich

NaNO3

Alfa-Aesar

Isopropanol

Sigma-Aldrich

Ethanol

Sigma-Aldrich

IrO2 commercial

Alfa-Aesar

RuO2 commercial

Sigma-Aldrich

Table 3.2: Chemicals used for working electrode preparation.
Chemical

Supplier

Nafion® Solution 5 wt %

Sigma-Aldrich

Isopropanol

Sigma-Aldrich

All water used was obtained from a Milli-Q® ultrapure water system with a resistance of 18.3
MΩ.cm.
The apparatus used in the experiment include the following:
Magnetic stirrer and hotplate: DragonLab
Waterbath: Scientific Manufacturing cc.
Oven with electrical heating: Binder GmbH
Ultrasonic bath: Grant Instruments
Ultrasonic homogenizer: BioLogics Inc.
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Muffle furnace with electrical heating: Kiln contracts (Pty) Ltd.
PGSTAT302N Potentiostat/Galvanostat: Metrohm (Pty) Ltd.

3.2 Electrocatalyst synthesis
3.2.1 A modified Adams fusion method
The metal oxides were synthesised by a modified Adams fusion method. The Adams fusion
method first presented by R Adams and RL Shriner, is a well-known method for producing
nanosized metal oxides with high activity and surface area (24)(68). In this method metal
precursors are fused with sodium nitrate in air at raised temperatures (68). The Adams fusion
method is a very simple and convenient way of producing metal oxides. However, literature
fails to report a full detailed description of the method hence many studies have modified the
method to achieve their desired results. In this study a predetermined amount of 0.36 g of
catalyst precursor was dissolved in 10 ml of isopropanol and stirred for 30 minutes. To the
mixture 3.6 g of NaNO3 was added and stirred for an additional 30 minutes. The stirred mixture
was placed on a hotplate set at 80 ºC until the isopropanol has evaporated. The dried mixture
was placed into a preheated furnace (at 350 ºC) for 2 hours. After 2 hours the mixture was taken
out of the furnace immediately and left to cool. The obtained metal oxide was washed and
filtered with approximately 1.5 L ultrapure water to ensure that the excess NaNO3 is removed.
Finally, the metal oxide was left to dry in a preheated oven (at 100 ºC).
The temperature and time conditions selected for the synthesis of all metal oxides were adapted
from the best performing results of Felix et. al. (47). All metal oxides were synthesised
according to the modified Adams fusion method and fused at a temperature of 350 °C for 2
hours. Ir and Ru was used as the primary metal for the binary electrocatalysts. The
concentration of secondary metals were optimized in a range of 5-30 mol % to Ir and Ru,
respectively.
3.2.2 Preparation of working electrode (anode)
A GC working electrode was used for the electrochemical assessment of the electrocatalysts.
Before each use, the GC electrode was polished with alumina and sterilized in an ultrasonic
bath. To prepare the catalytic ink, 8 mg of electrocatalyst was mixed into suspension with 50
µL Nafion® solution (5 wt %) and 1950 µL ultrapure water. The mixture was dispersed in an
ultrasonic homogenizer. From this mixture, 30 µL was carefully placed on the GC electrode
using a pipette. This equates to 0.6 mg/cm2 or 0.12 mg electrocatalyst loading on the working
electrode. The solution was left to dry for approximately 24 hours before running any tests.

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

43

3.3 Physiochemical characterisation of the electrocatalysts
3.3.1 HRSEM/EDS
HRSEM was employed to study the surface morphology of the metal oxides. The images are
generated by scanning the surface of the sample with a beam of high energy electrons. The
electron ray scans the sample at different depths and collects data about the surface topography
and composition (97). Electron-dispersive X-ray spectroscopy (EDS) was used in conjunction
with SEM for the elemental analysis of the metal oxides. For this experiment the AURIGA
Field Emission High Resolution Scanning microscope was used for analysis. The software used
for imaging and EDS is SmartSEM and AZTEC, respectively.
The following are the specifications for HRSEM:
KV used for images: 5 KeV
KV used for EDS: 20 KeV
Gun Vacuum: 7.7x10-10 mbar
System Vacuum: 7.3x10 -7 mbar
Filament Current: 2.359 amps
Working Distance for images is displayed on each image.
Sample preparation: The powdered metal oxides were mounted onto aluminium stubs. To
ensure the sample adheres to the Al stubs, carbon tabs are placed onto the stubs.
3.3.2 HRTEM
HRTEM is a powerful tool for the characterisation of the microstructure of nanoparticles. Much
like HRSEM a high energy electron beam is used however for HRTEM the beam is transmitted
through the sample. The interaction of electrons through scattering and diffraction, yields an
image which provides information of the crystallographic structure of the specimen (97)(98).
For this study the HRTEM was used to study the particle size and electrocatalyst dispersion.
The FEI Tecnai G2 F20 S-Twin HRTEM operated at 200 kV was used for analysis.
Sample preparation: Small amount of the powdered metal oxides were mixed with absolute
ethanol and sonicated for a few minutes. A few drops of the solution was placed on a carboncoated copper grid and allowed to dry.
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3.3.3 XRD
XRD is one of the most significant non-destructive analytical techniques used for solids
characterisation. The functions and properties of nanoparticles mostly depend on their crystal
structure, thus XRD is used to elucidate the crystalline analysis, both qualitatively and
quantitatively. In essence, XRD is based on the constructive interference of monochromatic Xrays with a solid sample. In this study the diffraction pattern was used to determine crystal
structure and particle size of the electrocatalysts (97). To determine the average particle size of
the metal oxides, the Debye – Scherrer’s formula (eq. 33) was used:
𝐷 = 0.9𝜆⁄𝛽𝑐𝑜𝑠𝜃

[33]

where, D is the particle size, 0.9 is the shape factor, λ is the X-ray wavelength, β is the peak
width at half peak height (radians), and θ is the angle of reflection. The interplanar spacing was
calculated using Bragg’s law (eq. 34):
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

[34]

where, n is the order number, λ is the wavelength (1.541 Å for Cu-Kα radiation), d is the basal
spacing (Å) and  the diffraction angle () (99).
At iThemba labs measurements were made using a multipurpose X-ray diffractometer D8advance from Bruker with Cu-Kα radiation. EVA software from Bruker was used for data
evaluation.
With specifications as follows:
Tube voltage: 40 kV
Tube current: 40 mA
Variable slits: V20
2 Range available: 0.5 to 130
Increment 2: 0.034
Measurement time: 0.5 s/step
Temperature: 25 ℃
At Stellenbosch PXRD patterns were collected using a Bruker D2 Phaser diffractometer with
(Bragg−Brentano geometry) using Cu Kα radiation (λ = 1.5418 Å) at 30 kV and 10 mA.
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Intensity data were captured with a Lynxeye detector with 2θ scans performed in the range
5−90° with a 0.034° step size. Samples were spun at 30 rpm
3.3.4 BET surface area analysis
BET analysis is a method used to measure the surface area of the metal oxides. The surface
area of a solid is of great significance as it determines many of its chemical properties (100).
BET surface analysis is the most widely used means of surface area characterisation. In
essence, the BET theory is used to determine the surface area of a solid by measuring the
physical adsorption of a gas on its surface by calculating the quantity of adsorbate gas
comparable to the monomolecular layer formed (101). Equation 35 is the generalized BET
equation for gas adsorption:
𝜐=

𝜐𝑚 𝑐𝑝
(𝑝0 +𝑝)[1+(𝑐−1)(

[35]

𝑝
]
𝑝0 )

where, υ is the adsorbed volume of gas, υ m is the adsorbed monolayer volume, c is the BET
constant, p is the equilibrium gas pressure and p0 is the saturation pressure. Rearranging this
equation to a linear function will yield equation 36:
1
𝜐[(

𝑝
)−1]
𝑝0

=

𝑐−1

𝑝

( )+𝜐

𝜐𝑚 𝑐 𝑝0

1

[36]

𝑚𝑐

From this equation the y-intercept and slope can be used to solve for c and υ m. Equation 37
shows the calculation of specific surface area per unit mass (m2/g):
𝑆=

𝜐𝑚 𝑁𝐴

[37]

22.400×𝑚

Here, N is Avogadro’s constant, A is the cross-sectional surface area of a single adsorbed gas
molecule, m is the mass of solid material used in measurement and 22.400 indicates the STP
volume of one mole (102).
Sample preparation: This process starts with a crucial step which is the weighing of the sample
and specifically designed test tubes. The test tubes containing the samples were placed into
Micromeritics FlowprepTM 060 oven apertures to degas with a low nitrogen gas flux of
approximately 20 cm3/min for one day at 140 ℃. This step is crucial to remove any moisture
trapped inside the sample. After degassing, the test tubes are mounted to the Micromeritics 3
Flex surface area and porosity analyser for the surface area analysis. The analysis adsorptive is
N2 with the analysis bath temperature at -196.15 ℃ achieved by using liquid N2.
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3.4 Electrochemical characterisation of the electrocatalysts
3.4.1 Electrochemical cell setup
For this experiment a standard three-electrode cell was used for the electrochemical
measurements. The aforementioned electrocatalyst coated GC electrode was used as the
working electrode. A rotating disc electrode was used to create hydrodynamic conditions that
induces flux of analyte to the electrode surface. This also removes generated oxygen from the
electrode surface. The GC electrode has an area of 0.196 cm2. A 3 M Ag/AgCl electrode was
used for the reference electrode. This electrode has a potential shift of +0.210 V compared to
the reversible hydrogen electrode (RHE). All the potential data reported in this study is
calibrated to the RHE. A platinum plate (1 cm2) was used for the counter electrode. The
electrolyte used throughout the entire study was a solution of 0.5 M H 2SO4. The
electrochemical tests were performed at 25 ℃. Figure 3.1 show the experimental standard
three-electrode cell was used for the electrochemical measurements.

Pt plate
0.5 M H2SO4

Ag/AgCl
GC w. electrocatalyst

Figure 3.1: Experimental standard three-electrode cell used for all
electrochemical measurements.
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3.4.2 Electrochemical measurements
Electrochemistry is a powerful tool used to study the influence of electron transfers on chemical
reactions. Cyclic voltammetry (CV) is a robust electrochemical technique frequently used to
probe the reduction and oxidation of molecular species. It is extremely useful for studying
chemical reactions initiated by electron transfer. Fundamentally, a parameter such as potential
is imposed on a system and the resulting current is measured (103).
Prior to any tests, an activation is performed which is essentially a cyclic voltammetry of 50
scans at a scan rate of 0.02 V/s. This is to eliminate any impurities on the electrode surface and
inspect the stability of the cell. Following the activation CV is the actual CV measured at a
scan rate of 0.02 V/s for a number of 3 scans. Subsequently, linear sweep voltammetry (LSV)
is carried out to measure the catalytic activity of the metal oxides. This is done at a scan rate
of 0.002 V/s in a potential window of 1 V and 1.8 V vs RHE. To prevent the formation of static
oxygen bubbles on the electrode surface, the electrode was spun at a rotation speed of 1600
rpm.
Chronopotentiometry is a method used to study the stability of the analyte by applying a fixed
current and studying the potential response over a specific time period. The
chronopotentiometry was performed after the LSV at an applied current of 0.01 A/cm2 until
the maximum cut off voltage of 1.8 V vs RHE was reached. For the chronopotentiometry the
electrode was also spun at 1600 rpm to prevent oxygen bubble formation. LSV and
chronopotentiometry was used to probe the activity and stability of the various metal oxides.
All electrochemical tests were repeated at least 3 times for each metal oxide. An Autolab
potentiostat PGSTAT302N was used for the electrochemical evaluation.
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Chapter 4: Results and discussion
4.1 Single metal oxides as catalysts
4.1.1 Physical and electrochemical characterisation of IrO2
The X-ray diffractograms of In-house IrO2 (IrO2 - IH) and commercial IrO2 (IrO2 - comm) is
presented in Figure 4.1 Both diffractograms show the (101) facet characteristic to the reference
crystalline phase of IrO2 (JCP-No 00-043-1019). The lack of other peaks in the IrO2 – IH
indicates that the IrO2 – IH is amorphous in nature and typically consists of extremely small
particles (65). The IrO2 – comm show both broad and sharp peaks suggesting the existence of
two separate phases. The IrO2 – comm show distinct peaks of Ir fitting the data from crystalline
Ir (JCP-No 00-006-0598). The rutile phase of IrO2 – comm is attributed to metallic Ir which
could relate to the higher hydrogen sorption in the cyclic voltammogram of IrO2 – comm. This
could also account for the lower activity of IrO2 – comm since the metallic Ir is known to be
less active than IrO2 (35). The crystallite size of IrO2 – IH and IrO2 – comm were calculated
using the Scherrer formula (eq. 33). As a result, the crystallite size of IrO2 – comm is 32.4 nm
compared to the significantly smaller 3.4 nm of IrO2 – IH. The d-spacings were calculated using
Bragg’s law (eq. 34) and are 2.98 Å for IrO2 – IH and 1.82 Å for IrO2 – comm.

Figure 4.1: X-ray diffractograms of IrO2 – IH and IrO2 – comm.
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The results obtained from BET showed that IrO2 – IH has a profound surface area of 191.0791
m²/g compared to the small 25.1146 m²/g of IrO2 – comm. The high BET surface area of IrO2
– IH corresponds to the lower crystallinity observed in the XRD results. It is known for a larger
surface area to consist of smaller particles and exhibit better activity (24). The SEM images of
IrO2 – comm and IrO2 – IH are presented by Figure 4.2. Here it is shown that the particles of
IrO2 – comm are much more agglomerated than IrO2 – IH. This could lead to lower
electrocatalytic performance caused by the lack of active sites being exposed.

(a)

(b)

Figure 4.2: SEM images of (a) IrO2 – comm and (b) IrO2 – IH at scale of 1 µm.
Table 4.1 presents the EDS results of IrO2 – IH and IrO2 – comm. The EDS results showed
trace amounts of salt present in IrO2 – IH which could be due to insufficient washing during
the filtering stage. The presence of the salt could hinder the performance of IrO 2 – IH, thus its
complete removal may result in improved electrocatalytic performance. Si is also present in
the sample which could be from the crucible used during synthesis. The IrO2 – comm sample
was not completely pure as it contained Cu as well.
Table 4.1: EDS results of IrO2 – IH and IrO2 – comm.
IrO2 – IH

IrO2 – comm

Element

Wt%

Element

Wt%

O

13,23

O

14,01

Na

1,73

Cu

1,34

Si

0,37

Ir

84,65

Cl

0,66

-

-

Ir

84,01

-

-

Total:

100

Total:

100
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Figure 4.3 and 4.4 show the TEM and The Selected Area Electron Diffraction (SAED) images
of IrO2 – comm and IrO2 – IH, respectively. The TEM image of IrO2 – comm shows larger
uniform particles with a particle size greater than 5 nm. TEM image of IrO2 – IH shows very
small polycrystalline particles with size less than 5 nm. The particles are very small and
resemble elongated and spherical shapes. The smaller grains and porous nature of the IrO 2 –
IH leads to higher surface area which is confirmed by BET. The SAED images of both IrO2 –
comm and IrO2 – IH show concentric circles which confirms the polycrystallinity of both
samples.

(a)

(b)

Figure 4.3: TEM images of (a) IrO2 – comm and (b) IrO2 – IH at scale of 5
nm.

(a)

(b)

Figure 4.4: SAED images of (a) IrO2 – comm and (b) IrO2 – IH at scale of 2.1 nm.
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The cyclic voltammetry was performed at a scan rate of 0.02 V/s for a number of 3 scans in a
potential window of 0 to +1.4 V vs. RHE. Figure 4.5 shows the CV of the IrO2 – IH and IrO2 comm. Figure 4.5 display the expected redox couples of IrO2 for both IrO2 – IH and IrO2comm. The first oxidation peak of IrO2 – IH has a peak current density of 0.0043 A/cm2 at 0.8
V indicating the Ir(III) /Ir(IV) transition. The second oxidation peak which indicates
Ir(IV)/Ir(V) Ir transition has a slightly lower peak current density of 0.0042 A/cm2 at 1.2 V.
This corresponds to the results found in literature (104). The peak cathodic current densities
are -0.003 A/cm2 at 1.19 V and -0.0041 A/cm2 at 0.76 V for the Ir(V)/Ir(IV) and Ir(IV)/Ir(III)
transitions, respectively.
For IrO2 – comm there is a slight shift in the redox peaks compared to IrO 2 – IH. IrO2 – comm
displays a distinct peak at low potential of 0.3 V which could be ascribed to adsorption of
hydrogen in the hydrogen underpotential deposition region or the formation of intermediate
species such as Ir-OH (105). The first oxidation peak of IrO2 – comm has a peak current density
of 0.004 A/cm2at 0.75 V. There is a minimal indication of the second oxidation peak, with a
peak current density of 0.0038 A/cm2 at 1.14 V. The peak cathodic current densities are -0.003
A/cm2 at 1.12 V and -0.0041 A/cm2 at 0.70 V for the Ir(V)/Ir(IV) and Ir(IV)/Ir(III) transitions,
respectively. Overall, good symmetry can be seen around the 0 current line which indicates
capacitive behaviour (106).
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Figure 4.5: Cyclic voltammogram of IrO2 – IH and IrO2 – comm at 0.02
V/s.
The catalytic activity is demonstrated by the LSV and reported as current density (A/cm 2) vs.
potential (V). The potentials of all metal oxides are compared at a current density of 0.01
A/cm2. At this current density a solar to hydrogen (STH) efficiency of 12.3 % is achieved which
relates to high and adequate catalytic performances in efficient water splitting devices (82).
Figure 4.6 is the LSV graphs of the IrO2 - IH and the IrO2 - comm. From Figure 4.6 it is clear
that IrO2 – IH exhibits improved electrocatalytic activity compared to the IrO2-comm. The IrO2
– IH achieves a low onset OER potential of 1.47 V at 0.01 A/cm2 while the OER onset potential
of IrO2 – comm corresponds to 1.51 V. The higher activity of IrO2 – IH could be attributed to
an increased presence of electrophilic OI- species. This species is the precursor for the O-O
bond formation following the binuclear mechanism in eq. 26 to 28 (37). The IrO2 – IH
consisting of smaller particles with high surface area exhibit much better electrocatalytic
performance than IrO2 – comm.
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Figure 4.6: LSV graphs of IrO2 – IH and IrO2 – comm at 0.002 V/s.
Chronopotentiometry was executed to probe the stability of each electrocatalyst at 0.01 A/cm2.
Figure 4.7 presents the obtained electrocatalytic stability of IrO2 – IH and IrO2 – comm. It is
evident that the stability of IrO2 – IH is notably greater than IrO2 – comm. The IrO2 – IH
maintained a constant potential of ± 1.5 V for almost 20 hours before reaching instability and
reaching the maximum cut off potential of 1.8 V. The IrO2 – comm remained stable for
approximately 8 hours at a higher potential as the IrO 2 – IH. Both samples eventually reached
the maximum cut off potential due to dissolution. Studies suggests that the presence of the
intermediate Ir(III) is the precursor to dissolution. The formation of Ir(IV) passes through the
Ir(III) intermediate, which is shared in both dissolution and OER. Thus, the ratio of Ir(III) to
Ir(IV) is an important parameter to consider for OER and dissolution of IrO2. It has been
reported that Ir(III) and Ir(IV) species coexist in amorphous and nanosized Ir oxides. The
improved stability of IrO2 – IH could be attributed to the synthesis method as studies have
shown that calcination at high temperatures causes a reduction in the Ir(III) species on the
surface (37). The exact failure mechanism of the samples is beyond the scope of this study.
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Figure 4.7: Chronopotentiometry of IrO2 – IH and IrO2 – comm at 0.01
A/cm2.
4.1.2 Physical and electrochemical characterisation of RuO2
Figure 4.8 show the X-ray diffractogram of the in-house RuO2 (RuO2 – IH) and commercial
RuO2 (RuO2 – comm). The XRD results show similar patterns, for both RuO2 – IH and RuO2 –
comm, associated with reference crystalline RuO2 (JCP-No 00-40-1290). All the values
obtained match well with the standard data with no indication of metallic Ru present. Both
RuO2 – IH and RuO2 – comm show rutile phases with RuO2 – comm having a remarkable higher
crystallinity. Upon using the Scherrer formula (eq. 33) the crystallite size were found to be 4.2
nm and 22.4 nm for RuO2 – IH and RuO2 – comm, respectively. The lower crystallinity of RuO2
– IH indicates a lower crystallite size which accounts for the higher current density (47). Using
Bragg’s law (eq. 34) the d-spacings were found to be 1.91 Å for RuO2 – IH and 1.76 Å for
RuO2 – comm.
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Figure 4.8: X-ray diffractograms of RuO2 – IH and RuO2 –
comm.
The results obtained from BET analysis show that RuO2 – IH has a remarkably larger BET
surface area of 114.7849 m²/g compared to the 7.8565 m²/g of RuO2 – comm. This corresponds
to the obtained XRD results as RuO2 – comm is significantly more crystalline which relates to
smaller surface area. The higher electrocatalytic performance of RuO2 – IH could be due to the
smaller particle size and higher BET surface area. Table 4.2 is the EDS results for RuO2 – IH
and RuO2 – comm samples. The EDS results showed that RuO2 – IH contains no impurities,
whereas RuO2 – comm contain Na and Zn as well.
Table 4.2: EDS results of RuO2 – IH and RuO2 – comm.
RuO2-IH

RuO2-comm

Element

Wt%

Element

Wt%

O

19.19

O

21.08

Ru

80.81

Na

0.36

-

-

Zn

1.29

-

-

Ru

77.27

Total

100

Total

100
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The TEM and SAED images of RuO2 – comm and RuO2 – IH are presented in Figure 4.9 and
4.10, respectively. The larger spherical crystals of RuO2 – comm is very visible on the TEM
image. The particle size of RuO2 – comm calculated from the TEM images were found to be
25.3 nm. The spot pattern found on SAED and the XRD pattern suggests that RuO2 – comm
exhibit a single rutile crystalline phase. The crystallites of the RuO2 – IH resemble a cuboid
shape and are much smaller than RuO2 – comm. The particle size of RuO2 – IH calculated from
the TEM images were found to be 5.1 nm. The crystallite size and particle size obtained from
XRD and TEM, respectively, are in good agreement. The polycrystallinity of RuO2 – IH is
confirmed by the TEM images together with the SAED concentric circle pattern.

(a)

(b)

Figure 4.9: TEM images of (a) RuO2 – comm at a scale of 20 nm and of
(b) RuO2 – IH at a scale of 5 nm.

(a)

(b)

Figure 4.10: SAED images of (a) RuO2 – comm and of (b) RuO2 –
IH at a scale of 5.1 nm.
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According to literature RuO2 is considered as one of the superior electrocatalysts towards the
OER. Its catalytic activity is reported as the best however RuO2 lacks catalytic stability due to
corrosion in acidic solution. The CV of the RuO2 – IH and RuO2 – comm is presented in Figure
4.11. The expected redox peaks of RuO2 are present in the CV of RuO2 – IH. The shape of the
cyclic voltammograms already show the difference in the current density between RuO 2 – IH
and RuO2 – comm. The CV of RuO2 – comm had to be inserted as a magnified inset as it is not
clearly visible on the main cyclic voltammogram due to its low current density. RuO2 – IH
exhibits two redox couples at 0.6 V which is the Ru(III)/Ru(IV) transition and at 1.2 V which
could be ascribed to the further oxidation to Ru(V). The peak anodic current density for
Ru(III)/Ru(IV) and Ru(IV)/Ru(V) transition is 0.0026 A/cm2 and 0.003 A/cm2, respectively.
The peak cathodic current density of the Ru(V)/Ru(IV) transition is -0.0026 A/cm2 at 1.2 V.
The Ru(IV)/Ru(III) transition has a peak current density of -0.0016 A/cm2 at 0.56 V.
On the RuO2 – comm CV plot only one redox couple is apparent at 0.6 V with a current density
of 0.0002 A/cm2 which refers to the Ru(III)/Ru(IV) transition. The peak cathodic current
density of the Ru(IV)/Ru(III) transition is -0.0001 A/cm2 at 0.5 V. The redox reactions in
equation 38 and 39 indicate the two redox couples at 0.6 V and 1.2 V, respectively.
2𝑅𝑢𝑂2 + 2𝐻 + + 2𝑒 − ⇌ 𝑅𝑢3 𝑂2 + 𝐻2 𝑂
1

𝑅𝑢𝑂5 + 3𝐻 + + 𝑒 − ⇌ 𝑅𝑢(𝑂𝐻)2 2+ +
2

1
2

[38]
𝐻2 𝑂

[39]

Below 0.4 V vs. RHE is the hydrogen adsorption region where Ru-OH intermediates are
formed and a mixture of Ru(I)-Ru(III) is likely to be present. Both RuO2 – IH and RuO2 –
comm exhibit a negative tail approaching 0 V which reflects hydrogen sorption (54).
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Figure 4.11: Cyclic voltammogram of RuO2 – IH and RuO2 – comm at 0.02 V/s.
Figure 4.12 presents the LSV of the RuO2 – IH and RuO2 – comm. Figure 4.12 show the
expected superior electroactivity of RuO2 as reported in literature. From the LSV it is clear that
RuO2 – IH has significantly better electrocatalytic activity than RuO 2 – comm. An onset OER
potential of 1.42 V was achieved by RuO2 – IH and 1.49 V by RuO2 – comm at current density
0.01 A/cm2. Overall, RuO2 – IH exhibits superior current density within the specified potential
window. An accumulation of oxygen bubbles occurred on the RuO 2 – IH electrode surface at
potentials beyond 1.7 V, interfering with the LSV analysis.
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Oxygen bubbles formation

Figure 4.12: LSV graphs of RuO2 – IH and RuO2 – comm at 0.002 V/s.
Figure 4.13 presents the chronopotentiometry measurement results of the RuO2 – IH and RuO2
– comm. RuO2 – IH shows remarkable stability for approximately 45 hours at a low potential
of ±1.45 V. This result surpasses that of RuO2 – comm as well as IrO2 – IH. RuO2 – IH remained
stable for 9 times longer RuO2 – comm at a much lower potential of ±1.45 V. RuO2 – comm
reaches the maximum cut off potential after approximately 5 hours and RuO2 – IH after
approximately 48 hours. The result for RuO2 – IH is similar to what have been reported in
literature (79). Both samples eventually reach instability and this could be ascribed to
dissolution. As studies have shown that the formation of RuO 4 causes corrosion during OER.
The improved stability of RuO2 – IH could be assigned to the synthesis method used which
could have reduced the formation of corrosive RuO4 on the surface.

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

60

Figure 4.13: Chronopotentiometry of RuO2 – IH and RuO2 – comm at 0.01
A/cm2.
4.1.3 Physical and electrochemical characterisation of NiO
Ni is known for its wide range of application due to its high corrosion resistance, high electrical
conductivity, and high strength. Its high abundance and low cost makes it a highly sought after
substance, especially as an electrocatalyst. Ni-based materials have been extensively studied
for their electrochemical properties (83). As an attempt to develop a more affordable but
effective catalyst for the OER, Ni was synthesised using a modified Adams method. The Xray diffractogram of NiO is presented by Figure 4.14. All the values obtained corresponded to
the data of NiO (JCP-No 00-047-1049). The XRD pattern show that NiO matches the data of
bunsenite perfectly thus supporting the conclusions drawn for its low electrocatalytic
performance in Figure 4.19. The sharp peaks indicate high crystallinity with bigger particles.
Using the Scherrer formula (eq. 33) the average crystallite size was calculated to 33.3 nm.
Bragg’s law (eq. 34) was used to calculate the d-spacings of NiO and were found to be 1.69 Å.
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Figure 4.14: X-ray diffractogram of NiO.
The BET analysis showed that NiO has a very small surface area equal to 5.6720 m²/g. This in
conjunction with the big crystallite size obtained from XRD could also account for its low
electrocatalytic performance. The SEM image is presented by Figure 4.15. The SEM image of
NiO shows agglomeration of larger crystallites, which could indicate a lack of exposed active
sites inhibiting the electrocatalytic performance. Table 4.3 show the EDS results of NiO. The
EDS results showed the presence of Al and Cl contributing to 0.67 Wt% of the sample. This
could be from sample handling and incomplete removal of salt.
Table 4.3: EDS results of NiO.
NiO
Element

Wt%

O

14,27

Al

0,29

Cl

0,38

Ni

85,07

Total:

100
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The TEM and SAED image of NiO is shown in Figure 4.16 and 4.17, respectively. The TEM
image along with the SAED show that NiO consists of a single rutile crystalline phase. This is
consistent with the XRD results. The particle size calculated from TEM resulted to 43.1 nm.
NiO has a high crystallinity with larger particles compared to the rest of the metal oxides. Its
larger particles and small surface area could attribute to its low electrocatalytic performance.

Figure 4.15: SEM of NiO at a scale of 1 µm.

Figure 4.16: TEM image of NiO
at a scale of 20 nm.

Figure 4.17: SAED image of NiO
at a scale of 5 nm.

Figure 4.18 show the CV of the synthesised NiO. It is evident that the in-house NiO does not
exhibit good current density, especially compared to IrO2 – IH and RuO2 - IH. A single redox
couple can be observed at 0.6 V with peak anodic current density of 0.00007 A/cm2 associated
with the Ni(II)/Ni(III) transition. The cathodic peak current density is -0.00008 A/cm2 at 0.5 V
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which is the Ni(III)/Ni(II) transition. The negative tail seen below 0.2 V could be ascribed to
hydrogen adsorption.

Figure 4.18: Cyclic voltammogram of NiO at 0.02 V/s.
Figure 4.19 is the LSV of synthesised NiO. From the LSV it is clear that NiO has extremely
low electrocatalytic activity. It does not reach the required current density of 0.01 A/cm2 in the
specified potential window. This could be attributed to the less active NiO -. Ni and NiO is
known to spontaneously form thin films of Ni(OH)2 on its surface in alkaline solution. An
increase in the redox peaks is observed as the formation of Ni(OH)2 layer increases in thickness
during CV. This film reaches its maximum thickness when the Ni underneath is unable to
continue further oxidation. Thus, it can be concluded that Ni(OH) 2 accounts for the
electrocatalytic activity of Ni/NiO (107). Most metal oxides exhibit amphoterism in aqueous
solution. The following acid-base equilibrium (eq. 40) show the reaction of hydroxyl groups
on the surface of NiO:
+𝐻+

𝑁𝑖𝑂− ←
→

−𝐻+

+𝐻+

𝑁𝑖𝑂𝐻 ←
→

−𝐻+

𝑁𝑖𝑂𝐻2+

[40]

As the pH decreases the equilibrium shifts to the right and the less active NiO- remains which
could explain the low current density obtained in Figure 4.19 (82). The chronopotentiometry
evaluation of NiO was unsuccessful as it reached the cut off maximum potential almost
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immediately. From the CV and LSV it was apparent that the chronopotentiometry would result
in failure as the conditions for the chronopotentiometry evaluation was not met for NiO.

Figure 4.19: LSV graph of NiO at 0.002 V/s.

4.2 Binary metal oxides as catalysts
Numerous studies have been focused on reducing the cost constraints presented by the precious
metals used for water splitting. The formation of binary metal oxides allow for the decrease in
the loading of active precious metals by mixing in more affordable materials. This reduces the
consumption of expensive noble metals and the formation of new materials could result in
enhanced electrocatalysts. The electronic or crystal structure of metal oxides can be modified
by the incorporation of additional metals to enhance its electrocatalytic performance. In this
study Ir-Ru oxides and Ru-Ni oxides are synthesised with a modified Adams fusion method.
The synthesis and test procedures remained the same as for the single metal oxides.
4.2.1 Physical and electrochemical characterisation of Ir-RuOx
Binary metal oxides containing Ir and Ru have been studied extensively for many years. IrO2
and RuO2 are considered the benchmark electrocatalyst for the OER. RuO2 have been found to
be more active but less stable whereas IrO2 show more stability and less activity. The instability
of RuO2 is caused by its dissolution in acid media as oxygen evolution occurs. This corrosion
is related to the formation of inactive RuO4 in acid electrolytes. Studies have shown that the
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addition of Ir to Ru seem to have electrocatalytic stabilizing effects on RuO 2 (24). However,
considering that the RuO2 produced in this study rendered better electrocatalytic activity and
stability than IrO2 – IH, Ru was added to Ir instead. The composition of Ru was varied from 5
mol % to 30 mol %.
Figure 4.20 and 4.21 show the X-ray difffractogram of Ir-RuOx binaries. The single metal
oxides IrO2 and RuO2 have a similar rutile crystalline structure and ionic radii. Resultantly,
they share similar lattice parameters as seen on JCP-No 00-040-1290 for RuO2 and JCP-No
00-043-1019 for IrO2 (108). Their characteristic peaks appear at the same angle due to their
similar structure. The binaries exhibit a mixture of both as all the values obtained fit the
standard data of IrO2 and RuO2 as seen in Figure 4.20. The Ir-RuOx binaries resemble a rutile
structure that seem to increase with increases Ru content. They show a remarkable increase in
crystallinity compared to their respective single metal oxides as shown by Figure 4.21. It seems
that the (110) and (211) facet of RuO2 increases as the Ru amount increases. There is no
indication of the presence of metallic Ir or Ru in any of the binary metal oxides. The average
crystallite size was calculated using the Scherrer formula (eq. 33) and is summarised in Table
4.4. The crystallite sizes were found to increase with increase in crystallinity. Bragg’s law (eq.
34) was used to calculate the d-spacings of 80% Ir_20% Ru and was found to be 2.23 Å.

Figure 4.20: X-ray diffractogram of Ir-RuOx binaries.
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Figure 4.21: X-ray diffractogram of Ir-RuOx binaries and
single metal oxides IrO2 and RuO2.
BET analysis revealed that the BET surface area did not increase linearly with the crystallinity
of the binary metal oxides. However, the most stable 80% Ir_20% Ru binary exhibited the
largest BET surface area. All the BET surface area results are summarised in Table 4.4.
Table 4.4: Summarised particle size from XRD and BET surface area.
Binary metal oxide

XRD average particle size

BET surface area (m²/g)

(nm)
95% Ir_5% Ru

0.88

241.39 m²/g

90% Ir_10% Ru

1.08

217.46 m²/g

80% Ir_20% Ru

1.17

252.38 m²/g

70% Ir_30% Ru

1.33

236.06 m²/g

Figure 4.22 show the SEM images of Ir-RuOx binaries at a scale of 1 µm. The SEM images
show a rough surface morphology with spherical particles. The best performing 80% Ir_20%
Ru seem to show less agglomeration compared to the rest.
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(a)

(b)

(c)

(d)

Figure 4.22: SEM images of (a) 95% Ir_5% Ru, (b) 90% Ir_10% Ru, (c)
80% Ir_20% Ru and (d) 70% Ir_30% Ru at scale of 1 µm.
The TEM and SAED images of the Ir-RuOx binaries are shown in Figure 4.23 and 4.24,
respectively. The binaries consist of extremely small and fine spherocylindrical shaped
particles. The TEM images and concentric circles on the SAED images show that the particles
are porous rutile polycrystalline that are uniformly distributed. The particles on the TEM
images were too fine and aggregated which made it difficult to calculate the particle size.
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(a)

(c)

(b)

(d)

Figure 4.23: TEM images of (a) 95% Ir_5% Ru, (b) 90% Ir_10% Ru, (c)
80% Ir_20% Ru and (d) 70% Ir_30% Ru at scale of 5 nm.
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(a)

(b)

(c)

(d)

Figure 4.24: SAED images of (a) 95% Ir_5% Ru, (b) 90% Ir_10% Ru, (c) 80%
Ir_20% Ru and (d) 70% Ir_30% Ru at scale of 5.1 nm.
The CV of the Ir-Ru binary metal oxides are presented by Figure 4.25. The shape of the CVs
presented by Figure 4.25 seem to resemble that of RuO2 more than IrO2 with the lack of the
distinguished redox peaks. The 95% Ir_5% Ru binary display the distinct Ir-OH intermediate
below 0.4 V as the Ru content increases this peak decreases. The highest current density is
shown by the 95% Ir_5% Ru and the lowest by 70% Ir_30% Ru. As the amount of Ru increases,
the distinct negative tail of RuO2 becomes more visible.
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Figure 4.25: Cyclic voltammogram of Ir-RuOx binaries at
0.02 V/s.
Figure 4.26 shows the LSV of the Ir-NiOx binaries, IrO2 – IH and IrO2 - comm. The LSV results
show that the increased addition of Ru contributed to a slight increase in electrocatalytic
activity towards the OER. This result is expected as RuO2 is known to be more active than
IrO2. The onset OER potentials reached at current density 0.01 A/cm2 are 1.46 V for 70%
Ir_30% Ru, 1.47 V for 80% Ir_20% Ru, 1.49 V for 90% Ir_10% Ru and 1.5 V for 95% Ir_5%
Ru. A slight decrease in the potential of 0.01 V is seen with the best performing 80% Ir_20%
Ru (83% Ir_17%Ru confirmed through EDS) binary compared to the IrO2 – IH, however at
lower Ir content. Compared to the potential of RuO2 – IH, 80% Ir_20% Ru exhibit lower
activity as this could be due to the Ir content. Overall, the binaries exhibited great
electrocatalytic activity as seen in literature.
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Figure 4.26: LSV graphs of Ir-RuOx binaries at 0.002 V/s.
Figure 4.27 represent the electrocatalytic stability of the Ir-RuOx binaries. From the
chronopotentiometeric evaluation it is apparent that 80% Ir_20% Ru exhibit the best
electrocatalytic stability with a constant potential of ±1.5 V for almost 20 hours. There is no
linear trend with regards to the stability and the Ru content. It seems the addition of Ru show
no stabilizing effects on the IrO2 since 80% Ir_20% Ru exhibit the same performance as the
IrO2 – IH, although at lower Ir loading. In fact, the addition of Ru decreased the stability of
IrO2 as only the best performing 80% Ir_20% Ru is comparable to the IrO2 – IH while the rest
show lower stability.
The instability could be ascribed to dissolution of the metal oxides. For the 95% Ir_5% Ru the
presence of Ir(III) could be higher on the surface thus decreasing the stability. The 90% Ir_10%
Ru has the second best stability which could mean the increase in Ru modified the surface
structure in such a way that it decreased the formation of unstable Ir(III). The 70% Ir_30% Ru
show lower stability which could be due to the increase formation of unstable RuO4 species on
the surface. The improved stability of 80% Ir_20% Ru could be due to lower formation of these
unstable species (37) (54). However, further investigation is required to elucidate the
mechanism governing the electrochemical stability of the binary metal oxides. It seems that the
best electrocatalytic performing IrRuOx binary is 80% Ir_20% Ru. The electrocatalytic activity
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and stability resemble IrO2 – IH, however the amount required of the more expensive metal is
reduced.

Figure 4.27: Chronopotentiometry of Ir-RuOx binaries at 0.01
A/cm2.
4.2.2 Physical and electrochemical characterisation of Ru-NiOx
RuO2 is considered the benchmark of OER electrocatalysts and the results obtained from this
study confirms this statement. The study yielded good results for this single metal oxide
however, its high cost still remains a limiting factor. Therefore, the addition of the much
cheaper and abundant Ni to the precious metal, Ru. Although NiO showed low electrocatalytic
performance, Ni has been known to have high synergistic effect with neighboring heteroatoms. This leads to enhanced surface adsorption properties which ultimately improves the
electrocatalytic properties of resulting materials (83). The Ni acted as the secondary metal and
its composition was varied from 5 to 30 mol %.
The X-ray diffractograms of the Ru-Ni binary metal oxides are shown in Figures 4.28 and 4.29.
The values obtained matches the data of RuO2 (JCP-No 00-040-1290) and NiO (JCP-No 00047-1049). The binary metal oxides seem to resemble the rutile structure of RuO2. From Figure
4.29 it is clear that the addition of Ni to Ru increased its crystallinity significantly. In Figure
4.28 the peaks of NiO are only moderately noticeable when the Ni content is above 10%. The
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maximum crystallinity appears at 90% Ru_10% Ni, as the Ni increases thereafter the
crystallinity decreases. Here it seems that the increase in crystallinity corresponds to the
increase in current density. The intense growth is especially noticeable in the RuO 2 facets
(110), (101) and (211). It seems the binary metal oxide does not form a solid solution phase as
none of the two metal peaks merge. The average crystallite size of the binary metal oxides were
calculated using the Scherrer formula (eq. 33) and summarised in Table 4.5. The d-spacing of
90% Ru_10% Ni was calculated using Bragg’s law (eq. 34) and were found to be 1.71 Å.

Figure 4.28: X-ray diffractograms of Ru-NiOx binaries.
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Figure 4.29: X-ray diffractograms of Ru-NiOx, RuO2 – IH and
RuO2 – comm.
The BET analysis revealed that the increase in crystallinity result in a decrease in a BET surface
area. The BET surface area of each Ru-NiOx binary is summarised in Table 4.5. Figures 4.30
show the SEM images of Ru-NiOx binaries at a scale of 1 µm. The surface morphology seem
to change as the amount of Ni increases. The crystalline 90% Ru_10% Ni and 80% Ru_20%
Ni show a rough surface morphology compared to the smoother flake-like surface of 95%
Ru_5% Ni and 70% Ru_30% Ni. This could contribute to the higher current density of the 90
and 80 mol % Ru as surface roughness increases active sites (109). The change in surface
morphology corresponds to the change in crystallinity observed in the XRD results.
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(a)

(b)

(c)

(d)

Figure 4.30: SEM images of (a) 95% Ru_5% Ni, (b) 90% Ru_10% Ni, (c) 80%
Ru_20% Ni and (d) 70% Ru_30% Ni at scale of 1 µm.
The TEM and SAED images of the Ru-NiOx binaries are given in Figure 4.31 and 4.32,
respectively. The TEM images seem to correspond to the XRD results. The particles are bigger
for the Ru-NiOx binaries with higher crystalline phase. The binaries all exhibit very small
cuboid and smaller spherical shaped particles. The TEM images along with their SAED images
show that the particles is porous rutile polycrystalline in nature. The particle size are calculated
from the TEM image and is summarised in Table 4.5.
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(a)

(b)

(c)

(d)

Figure 4.31: TEM images of (a) 95% Ru_5% Ni, (b) 90% Ru_10% Ni, (c)
80% Ru_20% Ni and (d) 70% Ru_30% Ni at scale of 5 nm.
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(a)

(b)

(c)

(d)

Figure 4.32: SAED image of (a) 95% Ru_5% Ni, (b) 90% Ru_10% Ni, (c)
80% Ru_20% Ni and (d) 70% Ru_30% Ni at scale of 5 nm.
Table 4.5: Summarised particle size from XRD and TEM, as well as the BET surface
area.
Binary metal

XRD average

TEM particle size

BET Surface area

oxides

particle size (nm)

(nm)

(m²/g)

95% Ru_5% Ni

5,2

5 ± 0,6

133.7 m²/g

90% Ru_10% Ni

5,7

6,4 ± 0,4

128.9 m²/g

80% Ru_20% Ni

4,8

4,6 ± 0,7

132.3 m²/g

70% Ru_30% Ni

3,3

4,2 ± 0,6

149.9 m²/g
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From Table 4.5 the particle size coincide with the BET surface area. The increase in
crystallinity yielded larger particles with smaller BET surface area. Figure 4.33 represents the
CV of Ru-NiOx binary metal oxides. The shape of the CV seem to resemble that of RuO2 – IH.
As the Ni amount increases the two redox couples seem to decrease. Thus, the two redox
couples at 0.6 V and 1.2 V can be ascribed to the Ru(III) →Ru(IV) → Ru(V)/Ru(VI)
transitions. The distinct negative tail related to hydrogen sorption is present here as well and
seem to decrease as the Ru composition decreases. The two binary metal oxides, 90% Ru_10%
Ni and 80% Ru_20% Ni, seem to have the highest current density. As the Ni composition
increase to 30%, it seems to diminish the current density of the active Ru component.

Figure 4.33: Cyclic voltammogram of Ru-NiOx binaries at 0.02 V/s.

The LSV of the Ru-NiOx binary metal oxides is represented in Figure 4.34. From the LSV it is
clear that all four electrocatalysts exhibit good electrocatalytic activity. The inset is a magnified
image of the LSV plots close to current density 0.01 A/cm2. At 0,01 A/cm2 the corresponding
onset OER potentials achieved by the binary metal oxides are 1.434 V for 90% Ru_10% Ni,
1.436 V for 80% Ru_20% Ni, 1.442 V for 95% Ru_5% Ni and 1.443 V for 70% Ru_30% Ni.
The best performing 90% Ru_10% Ni (89.4% Ru_10.6% Ni confirmed through EDS) comes
close to the high electroactivity of 1.42 V obtained by RuO2-IH. Overall, all four catalysts show
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excellent electrocatalytic activity with 95% Ru_5% Ni reaching maximum current density at
1.8 V.
The addition of Ni to the Ru seem to have little enhancement on the electrocatalytic activity as
the single metal, RuO2 – IH, show superior activity. Thus, the active centre could be ascribed
to the Ru. The Ni could have facilitated the formation of hydroxides on the surface of the metal
oxide which promotes the OER (109). The addition of Ni could have led to surface
reconstruction that resulted in a more crystalline structure with improved catalytic activity.
This suggests that the particle size and electrocatalytic performance do not solely depend on
surface area. On the contrary, many other factors such as the availability and vicinity of active
sites also contribute (110).

Figure 4.34: LSV graphs of Ru-NiOx binaries at 0.002 V/s.
Figure 4.35 shows the chronopotentiometry results of the Ru-NiOx binary metal oxides. All
four binary metal oxides show excellent electrocatalytic stability in the potential window 1.45
V and 1.5 V vs. RHE. There is no linear trend with the stability and the addition of Ni. The
best electrocatalytic stability is shown by the 90% Ru_10% Ni with approximately 48 hours of
constant potential at the lowest potential out of the four. It is clear that the addition of Ni altered
the electrocatalytic stability of Ru. When only 5 mol % Ni is added to Ru, it lowers the stability
significantly indicating that the structural transformation that occurred is not favourable. It
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might be that at 5 mol% Ni, most of the Ni particles are located at the surface like a core-shell,
however only further analysis can confirm this. The stability of 90% Ru_10% Ni is comparable
to the 45 hours of the single metal RuO2 – IH. Beyond 10 mol% Ni the metal oxides decrease
in stability. The instability could be ascribed to the dissolution of the metal oxides. The
electrocatalyitic stability of 90% Ru_10% Ni showed the best result out of all the metal oxides
in this study. Literature suggests that the Ni acts as a sacrificial component which delays the
dissolution of RuO2 (111). The low performing 70% Ru_30% Ni yielded better electrocatalytic
results than the IrO2 – IH. Overall, these binary metal oxides show remarkable electrocatalytic
performance. However, further studies are necessary to shed light on the chemical and
structural properties of the Ru-NiOx binaries.

Figure 4.35: Chronopotentiometry of Ru-NiOx binaries at 0.01 A/cm2.

4.3 Summary of best performing catalysts
The electrocatalytic activity and stability of all the best performing metal oxides from this study
is presented in Figure 4.36 and 4.37, respectively. Here it is clear that the best electrocatalytic
activity is presented by the single metal oxide, RuO2 – IH. The best performing binary metal
oxide, 90% Ru_10% Ni, show a close second best then Ir-based metal oxides with lower
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electrocatalytic activity. The electrocatalytic stability of the RuO2 – IH and RuNiOx metal
oxides are much higher than the IrO2 – IH and IrRuOx metal oxides. The synthesised metal
oxides all exhibit exceptionally better electrocatalytic performance than the commercial IrO 2
and RuO2. Table 4.6 is a summary of the electrochemical activity and electrochemical stability
at 0.01 A/cm2 exhibited by the best performing metal oxides obtained from the LSV and
chronopotentiometry, respectively.

Figure 4.36: LSV graphs of best performing metal oxides
and commercial IrO2 and RuO2 at 0.002 V/s.
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Figure 4.37: Chronopotentiometry of best performing metal
oxides and commercial IrO2 and RuO2 at 0.01 A/cm2.
Table 4.6: Summary of electrochemical activity and stability of best performing metal
oxides.
Metal oxides

Electrochemical activity at

Electrochemical stability

0.01 A/cm2 (V)

at 0.01 A/cm2 (h)

IrO2 – IH

1.47 V

20

IrO2 – comm

1.51 V

8

RuO2 – IH

1.42 V

45

RuO2 – comm

1.49 V

5

80% Ir_20% Ru

1.47 V

20

90% Ru_10% Ni

1.43 V

48
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Conclusion
A modified Adams fusion method was used to produce Ir, Ru and Ni based metal oxides. Three
single metal oxides and two binary metal oxides were successfully synthesised and evaluated
using various characterisation techniques. The electrochemical measurements were performed
in a 3 electrode half-cell to determine the electrocatalytic activity and stability of the metal
oxides. The physical characterisation employed was XRD, HRSEM, HRTEM and BET
analysis. The In-house Ir and Ru based metal oxides all showed improved electrocatalytic
performance compared to the commercial IrO2 and RuO2.
Herein, the best electrocatalytic activity and stability was displayed by the RuO2 – IH with a
low onset OER potential of 1.42 V at 0.01 A/cm2 and a high stability of 45 hours. This result
was unexpected as literature suggests that RuO2 exhibits better activity but lower stability
compared to IrO2. This statement is true for the commercial IrO2 and RuO2 as the results show
that RuO2 – comm is more active but less stable than IrO2 – comm. However, it is crucial to
note that there are numerous methods available to produce metal oxides. Studies use different
starting materials and conditions that influence the physical structure and electrochemical
performance of produced electrocatalysts (24). The method and conditions used in this study
produced an excellent electrocatalytic performing RuO2. The IrO2 – IH and IrRuOx metal
oxides showed lower performance compared to the RuO2 – IH and RuNiOx metal oxides. The
best performing 80% Ir_20% Ru showed comparable electrocatalytic performance to the single
metal oxide, IrO2 – comm. The 80% Ir_20% Ru rendered the same results as the single metal,
IrO2 – IH, meaning that the overall cost could be reduced since Ir is almost 3 times more
expensive than Ru.
The best Ru-NiOx binary metal oxide, 90% Ru_10% Ni, showed moderately lower activity
than RuO2 – IH with an onset OER potential of 1.43 V at 0.01 A/cm2. It remained stable for 48
hours compared to the 45 hours of RuO2 – IH, albeit at a higher potential. This could mean that
the addition of the Ni delayed the dissolution of Ru by acting as a sacrificial oxide component
(111). The purpose of the Ni addition was to reduce the consumption of expensive noble metals
since Ir is more expensive than Ru. The 90% Ru_10% Ni exhibits excellent electrocatalytic
performance comparable to the best performing RuO2 – IH.
Ultimately, both binary metal oxides show that the decreased amounts of expensive precious
metals produced remarkable electrocatalysts. The electrocatalytic performance showed no
linear trend correlating to the addition of the secondary metals, thus further studies into the
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structural properties of the binary metals are required. The NiO showed very low
electrocatalytic performance and is not suitable for PEMWE. However, the binary metal oxide
with the best electrocatalytic performance is the 90% Ru_10% Ni, with the second lowest onset
OER potential and highest stability out of all metal oxides. This result is significant as it
indicates that the addition of more affordable metals leads to an improvement in electrocatalytic
performance. Therefore, the study was successful in reducing the expensive Ru to 90% and Ir
to 80% without compromising its electrocatalytic performance.

Recommendations
The recommendations for future work regarding this study are suggested below:
-

Further investigation into the RuO2 – IH and Ru-NiOx binary metal oxides is necessary
to explain the mechanisms that govern their electrocatalytic performance.

-

More characterisation techniques, such as XRF and XPS, are necessary to shed light on
the chemical and structural properties of all metal oxides especially those exhibiting
remarkable electrocatalytic performance.

-

Future work should include a method to determine the electrochemical active surface
area (ECSA) of the metal oxides.

-

Further investigation into the sudden and rapid potential increase towards the set
maximum cut off potential, occurring after the gradual degradation, which was
exhibited by all the metal oxides in the chronopotentiometry measurements.

-

To test the electrocatalytic performance of the electrocatalysts in a PEMWE single cell.
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