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Abstract

For many years fossil fuel has been the primary source of energy worldwide though, the
environment is negatively affected because of the high carbon dioxide (CO2) emissions
associated with the use of fossil fuels. Hydrogen (H») is known for its ecological
cleanliness and high energy efficiency. More consumers are considering H» as an energy
carrier for different stationery and transportation applications. The most sustainable way
to synthesize Hz is by using the water electrolysis method with renewable energy sources
like solar, wind, etc. Currently, the proton exchange membrane water electrolyzer
(PEMWE), coupled with renewable energy sources, is the most efficient water
electrolyzer technology to produce very pure Hz with no CO2 emissions. The oxygen
evolution reaction (OER), which is the greatest source of overpotential, takes place at the
anode of the PEMWE; therefore, the anode catalyst needs to be active and stable.

However, there is a high cost associated with the anode catalyst.

An extensive amount of research has gone into synthesizing a cost-effective, high
performance anode catalyst for the OER. The iridium oxide (IrO») catalyst has reasonable
activity with high stability; however, its high cost needs to be addressed. By increasing
the OER activity, the IrO» catalytic loading requirement can be reduced which will also
reduce the high cost of the IrO2 component. This study aims to improve the OER activity
of the IrO, catalyst by modifying the physical properties of the IrO» catalyst using two
different synthetic methods. The IrO, catalyst was synthesized using the modified Adams
fusion method (MAFM) and the molten salt method (MSM). The OER performance of
the IrO> catalysts synthesized with the MAFM and MSM were compared. The IrO>
catalysts were also benchmarked against the ‘state-of-the-art” commercial IrO» catalyst.
Physical and electrochemical techniques were used to evaluate the IrO, catalysts. The
physical characterization methods used were the X-ray diffraction analysis (XRD), High-
resolution transmission electron microscopy (HRTEM), and the Brunauer-emmet-teller
(BET). The electrochemical characterization methods used were Cyclic voltammetry
(CV), Linear sweep voltammetry (LSV), and Chronopotentiometry (CP) to study the IrO>
catalytic activity and stability.
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Chapter 1: Introduction

1.1 Hydrogen as an energy carrier
The growth in the global population and industrial development has caused an increase
in the global energy demand. Currently, most countries are relying on fossil fuels for
their energy needs [1, 2, 3]. The main disadvantages associated with fossil fuels include
greenhouse gas and SOx, COx, NOx, etc. emissions. A recent study by Holladay et al.
[6] predicts that pollution will have serious effects on public health if global emission
continues to increase. This led many researchers to focus their attention on renewable
energy sources like solar, wind, geothermal, and tidal energy. The main challenges
related to these technologies are obtaining renewable energy sources which are
sustainable, abundant, and the energy can be safely stored [1, 7]. Battery storage is one
option, but the disadvantages associated include the loss of charge with time and the
high cost of large storage, which makes it less ideal [8]. Hydrogen (H>) is a suitable
energy storage medium since it is potentially the cleanest available fuel with only water
(H20) as the by-product [1, 3, 4, 9]. A small amount of H> is used as fuel to operate
motor vehicles. Future H> applications will include the supply of power and heating to

the residential sectors [7, 10].

Several issues need to be overcome for H» to be practical as a fuel worldwide. One of
the issues is the use of high amounts of energy to produce the H> molecule since Hy is
usually bound to other elements in H>O or hydrocarbons [7, 11, 12]. Cost and energy-
efficient methods for the delivery, purification, and design of systems with increased H»
energy are required. Furthermore, the upscale of the technical processes needed to be
inexpensive, energy-efficient, durable, and have an improved lifetime since Hz will play

an important role in the future as a viable energy carrier [1, 13].

1.2 Hydrogen production
The study of H> production and its commercial usage dates to the 1800s [6, 13]. Today,
about 0.1 GT of H» is annually produced and is primarily consumed on-site, used for
metal treatment, and refining. There are different pathways, feedstock, and technologies
to synthesize H». The technology used to synthesize H> determines the efficiency, purity,

and cost-effectiveness [13]. The synthesized H> can be classified into two main



categories depending on the feedstock used i.e., conventional, and renewable energy

sources as shown in Figure 1.1 [7].

Fossil Fuels Renewable
Sources

Hydrocarbon Reforming ' Hydrocarbon Pyrolysis

Biomass Process Water Splitting

‘ Steam Reforming Partial Oxidation ‘

Autothermal Reforming

Electrolysis || Thermolysis || Photolysis

Biological Thermochemical

=

Bio-photolysis || Dark Fermentation || Photo Fermentation Pyrolysis Gasification

Combustion || Liquefaction

Figure 1.1: H> production methods.

The methods to synthesize H> from renewable energy sources include biomass and the
water-splitting method. The biomass methods are carbon dioxide (CO»)-neutral, clean,
and abundant, however, varying amounts of H» are synthesized, depending on the
seasonal feedstock and availability. When using water-splitting methods such as
photolytic, thermal, and electrolytic processes, only H> and oxygen (O2) gas are
produced from H>O [7]. Therefore, the little to no global pollution of the water-splitting

method has caught the attention of many researchers.

1.2.1 Photolytic hydrogen production
H> production using solar energy is an ideal method to produce sustainable energy.
Photolytic H> production can be applied in three different approaches i.e., the PV-

electrolysis system, suspension-based system, and the photo-electrochemical cell [14].

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



All three approaches use a photo-electrode semiconductor like the one used in
photovoltaics to absorb rays from the sun. The photo-electrode semiconductor provides
the required voltage to decompose H,O into H> and O gas [6, 7, 14]. Equations 1-3

show the reactions which take place during photolytic H> production.

Anode: 2p" + H20 - % O, +2H" (1)
Cathode: 2¢ + 2H' - H» (2)
Overall: H,O - H, + % o)) (3)

Different materials in photo-electrodes have been studied including thin-film TiO-,
WOs3, FeoO3 n-GaN, n-GaAs, and ZnS. CdS are used for the photo-anode and p-
SiC/PtCIGS/Pt, and p-InP/Pt for the photo-cathode [6, 7, 14, 15]. The semiconductor
substrate and photo-electrode materials determine the system’s performance. The photo-
electrode materials can create holes that cause surface oxidation. This results in either

the semiconductor surface layer being blocked, or the electrode being corroded [6].

The overall efficiency (<5%) of the photolytic H> production is lower when compared
to the thermal and electrolytic H> processes. Researchers need to develop innovative
materials, design new concepts, and develop novel synthetic methods which are safe for

solar Hz energy to be effective [16].

1.2.2 Thermal process of hydrogen production
About 96% of the global H» is synthesized with thermal processes, also known as
reforming, of fossil fuels. During the thermal processes, a gas stream consisting of Ha,
CO, and COz is produced. The three main thermal processes are auto-thermal reforming

(ATR), steam reforming (SR), and partial oxidation (POx) [17, 18].

SR is mainly used due to its high efficiency, lower operating temperatures, lower cost,
and higher H>/CO ratio when compared to ATR and POx. Only two steps take place
during the SR process. In the first step, steam is reacted with hydrocarbons to synthesize

syn-gas (Hz and CO). In the second step, the CO is reacted with steam to synthesize H»



and COaz. The reaction is performed in the presence of a copper catalyst to increase the

total H> production [17, 18].

POx is a non-catalytic process that converts hydrocarbons into H» by partially oxidizing
O gas. No external heat sources are required as POx synthesizes heat [18]. With the
addition of steam, POx is like ATR. Oil (18%), coal (30%), and natural gas (48%) can
also be used to synthesize H> from POx. However, these energy sources produce large

amounts of Co, making them non-sustainable [4, 19].

Pyrolysis is another thermal process that disintegrates hydrocarbon into carbon and H:
[17]. A large emission reduction is caused when using any organic material during the
process. No air and H>O are present, eliminating the need for a second reactor which

prevents the formation of CO [6].

1.2.3  Electrolytic hydrogen production
When using electricity to synthesize H> from H>O the process is called water
electrolysis. Water electrolysis was discovered in the 1800s and became popular during
the 1920s and 1930s [9]. Today, only 4% of the overall H> production uses water
electrolysis [14, 16, 20]. H2O will be the next coal since it is more sustainable when
compared to other renewable energy sources i.e., solar energy, wind energy, biomass,
etc. The advantages associated include the production of pure H>, simple small-
scale/real-time H» supply, utilization of renewable primary energy sources, no
dependence on hydrocarbon sources, and no carbon emissions. The efficiency of
commercial electrolyzers ranges between 56-73% [6, 21]. At atmospheric temperature
and pressures, about 8.9 L of H>O and 39 kWh of energy are used to synthesize 1 kg of
H». Water electrolysis is used in applications like food, electronics, marine, space crafts,
and rocket industries where large-scale pure H» is required [9, 22]. The main
disadvantage of water electrolyzers is the related high cost (>$20/GJ) [12]. Recently,
high pressure (pressures > 1000 psig) electrolyzers are being developed to eliminate the

associated high cost H> compressors [6, 21].

1.3 Theory of water electrolysis
H>O is a very stable compound, and an energy supply is essential to split H2O into H
and O gas. The total energy to split an HoO molecule is known as the H>O formation

enthalpy. The enthalpy changes, AH®° = 286 kJmol, at increased H» heating values



under standard temperature, 298.15 K, and pressure,]1 atm (STP). Subsequently,
changing both the free energy, AG® =237.2 kimol™!, and the entropy, AS® = 0.163 kimol
K1[23, 16, 20, 24]. A lower heating value, 242 kJmol™!, is required when steam is used
[25].

All chemical reactions use some of the energy for the entropy change. Both the free
energy change and the reaction enthalpy are related to the entropy change, as shown in

Equations 4 and 5 [16, 23].

AG = AH-TAS 4)

The entropy change is determined by calculating the difference between the enthalpy

change and the free energy change.

TAS® = AH® - AG® = 285.83-238 = 47 kJmol! (5)

During the water-splitting process, at STP, 47 kImol! of energy is spontaneously
absorbed from the environment and used for the entropy change. About AG® = 237.2
kJmol ! electrical energy is also required (Equation 6) [16, 26].

H>O + heat (TAS) + electrical energy (AG) = Hy + %Oz (6)

The amount of electricity required can be calculated when using Equation 7 [23].

o _AG®
E = (7)



The equilibrium cell potential (E°), also known as the minimum potential, is calculated
by subtracting the equilibrium potentials of the cathode from the anode (Equation 8).
The Faraday constant (F) is equal to 96485 Cmol! and the number of electrons
transferred per H> mole is n = 2. When substituting the values into Equation 7 the
obtained potential is equal to +1.23 V vs. reversible hydrogen electrode (RHE), as
shown in Equation 9 [14, 16, 20, 23, 27].

o

E°= Eanode - Ez'athode (8)

o _ 237.2KJmol-1
2 x 96485 Cmol—1

=+1.23 V vs. RHE (9)

A thermo-neutral potential (E;,) of +1.48 V vs. RHE is applied in an isolated system to

satisfy the thermodynamic conditions (Equation 10).

AH _ 285.8KkJmol-1

nF  2x96485 Cmol—-1

=+1.48 V vs. RHE (10)

The chemical reactions will be exothermic and endothermic above and below +1.48 V
vs. RHE, respectively. Most electrolyzers operate at potentials greater than +1.27 V vs.

RHE, resulting in cell heating [11, 20, 23, 27, 29].

1.4 Types of water electrolyzers
The main types of electrolyzers are (i) alkaline water electrolyzer (AWE), (ii) solid
oxide water electrolyzer (SOWE), and (iii) proton exchange membrane water

electrolyzer (PEMWE), depending on the electrolyte used.

1.4.1 Alkaline water electrolyzer

The AWE is the first electrolyzer to be studied in 1789 by Troostwijk and Diemann [30].
AWE is a well-developed technology that synthesizes H> on a commercial scale. It is

composed of two electrodes (anode and cathode) which are separated by a diaphragm,



an aqueous alkaline electrolyte, and a microporous separator, as shown in Figure 1.2

[20, 27, 31-36].

oxygen (Oo) hydrogen (H5)

anode cathode
-ll + diaphragm -

electrolyte
(alkaline solution)

electrolyte
(alkaline solution)

Figure 1.2: Scheme of the operating principle of an AWE.

During the AWE process, H20 is introduced at the cathode where it separates into Hz
and OH’, as shown in Equation 11. The H> remains in the alkaline solution, whereas the
OH’ ion travels across the diaphragm to the anode within the electrical field. The
electrical field is provided by an external power source. The OH™ ion recombines on the
anode surface to form O; gas (Equation 12). A gas-liquid separation unit outside the
system separates the H» from the H>O. Equation 13 summarizes the overall fundamental

AWE reaction [6, 20, 32].

Cathode: 2H,0 + 2¢" — H, + 20H" (11)

Anode: 40H - O, + 2H>0 (12)

Overall: H,0 » H, +-0,  AH =-286 kimol’ (13)
7
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The AWE is made up of steel materials [31]. The most common materials used for the
anode are copper and nickel, which are coated with a metal oxide. For the cathode,
nickel is generally used with a platinum coating [20, 28, 35]. About 10-40 wt% NaOH
or KOH electrolytes are used due to their high conductive composition [24]. The AWE
operates at increased temperatures (>120°C) and at a current density of < 400 mAcm™.
The increased temperatures allow the solidification of the electrolytes. This increases
the electrolyte conductivity and concentration while improving the electrode surface
reaction kinetics [27, 20, 37]. The obtained efficiency ranges between 40-80% [6, 9, 27,
20,29, 31, 35]. The AWE are the system’s lower cost and large-scale development [38].

The oxidized half-reaction at the anode is the most demanding aspect of the AWE and
its catalytic material still required significant development [27]. Another disadvantage
related to the AWE is the possibility of atmospheric CO; reacting with the KOH
electrolyte to synthesize carbonates. Some systems still use the liquid alkaline solution
as the electrolyte, resulting in low current densities, and high maintenance costs [15,

38].

1.4.2 Solid oxide water electrolyzer
The SOWE synthesizes Hz from H2O by replacing part of the required electrical energy
with thermal energy. During the SOWE reaction, steam is passed through the cathode
to form H, and O* ions (Equation 14). The O% ion goes through the electrolyte to the
anode where O; gas is synthesized while releasing electrons (Equation 15). The overall

chemical reaction of SOWE is summarized in Equation 16 [4, 27, 34, 39, 40]

Cathode: H,O +2¢” - Hy + O* (14)
Anode: 0> — % 02 +2¢ (15)
Overall: HO - H>+ % ()} AH = -286 kJmol™! (16)

The SOWE is composed of two electrodes (anode and cathode) and a solid electrolyte,
as shown in Figure 1.3 [27]. A typical solid oxide electrolyte is made up of a thin gas-

tight film of Yttrium-Stabilized Zirconia (YSZ) [6, 11, 27, 31, 33, 40, 41]. Both noble



and non-noble metals are used for the cathode. Noble metals include gold, platinum, and
the platinum group metal (PGM) while non-noble metals are the rest of the transition
group metals. For the anode, YSZ and perovskites like ferrites, LaFeOs, or lanthanum
manganites, LaMnQOs3, are used. In very oxidized environments, only noble metals and
electronically conductive mixed oxide materials are used as anodes. However, the
highest ionic conductivity is shown when Sc2O; is doped with ZrO». The reason for the
high ionic conductivity is due to the ionic radius of Zr** being closest to the ionic radius

of Sc** [40].

ceramic membrane
(solid electrolyte)
oxygen (O2) hydrogen (H>)

anode cathode

steam
(H20)

Figure 1.3: Scheme of the operating principle of a SOWE.

ey
o

During the SOWE process, low electrical energy is required at high operating
temperatures (600-900°C ) [27]. High efficiencies are obtained at these high operating
temperatures [6, 11, 27, 40]. However, when including thermal sources, the efficiency
drops significantly [6]. A solid electrolyte eliminates the liquid and flows distribution
concerns. Some renewable energy sources like geothermal energy can act as a heat

source in the SOWE [27].

The main disadvantages related to the SOWE are long-term electrode deactivation and
electrolyte aging [20, 27, 34, 39]. The SOWE has low cell voltage, high heat demand,
and sealing issues [6, 27, 31]. Surface fusion, adsorption/desorption, and reaction

kinetics are other concerns related to the SOWE [34]. The additional facilities required



to separate H> from steam and the noble metal electrodes add to the associated high cost
of the SOWE [6, 27]. For the large-scale commercialization of SOWE, researchers need

to focus on the abovementioned issues.

1.4.3 Proton exchange membrane water electrolyzer

The PEMWE, also known as the solid polymer electrolyte, was first developed in 1966
by General Electric Co. The development of PEMWE was part of a space program
during the introduction of a per-fluorinated cation exchange membrane [9, 20, 27, 34].
During the PEMWE process, deionized H>O is supplied at the anode where the H2O
molecules are split into electrons, protons, and O> gas, as shown in Figure 1.4 [6, 9, 27,
36, 42-44]. The electrons move through the external circuit while the protons move to
the cathode, through the proton exchange membrane. The electrons combine with the
protons at the cathode to synthesize H>. Furthermore, the O> gas is synthesized at the
anode [6, 27, 44].

proton exchange membrane
(solid polymer electrolyte)
oxygen (Oy) hydrogen (Hz)
ﬂ cathode

Figure 1.4: Scheme of the operating principle of a PEMWE.

The PEMWE reaction involves the splitting of 2 moles of H2O to synthesize 2 moles of
H; and 1 mole of O, as shown in Equations 17-19 [7, 16, 27, 44, 45].

Anode: 2H,O - O, +4H" + 4¢ (17)
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Cathode: 4H" + 4¢” - 2H> (18)

Overall: HO - H> + %Oz AH = -286 kJmol! (19)

The active sites where the ions, gas species, and electrons meet are called the Triple
Phase Boundary [42]. A diaphragm, also called a separator, needs to be implemented to
separate the combination of Oz and H; at the electrodes. The diaphragm also prevents
the short-circuiting of the electrodes [9, 42, 43]. When the anode and cathode are bonded
to the membrane, the assembled stack is called the membrane-electrode assembly
(MEA) [20, 42, 46, 47,]. The porous anodic and cathodic catalytic layers are in direct
contact with the membrane [28]. The solid electrolyte should not react with the
electrodes. While, the electrodes need to have good electrical conductivity, be resistant
to corrosion, and show the correct structural reliability [27, 36]. The MEA is compressed
between two porous current distributors which are usually synthesized with sintered
titanium particles [36, 42]. Two bipolar plates are used to send electric current to the
cells whilst separating them [44]. The contact points between the catalyst and current
collector are critical as they allow a good distribution of the current at the interfaces.

End plates are connected to a direct current external power supply [41, 42].

At low temperatures, PEMWE is the most efficient and attractive method to produce Ha
from H,O. PEMWE can operate at current densities >1500 mAcm™ and maintain
efficiencies between 55-80% due to the low ionic resistance [6, 9, 20, 27-29, 34, 36, 42-
44]. A high level of safety, ecological cleanliness, high gas purity, higher production
rate, smaller mass-to-volume ratio, and low power cost is associated with PEMWE [6,
9, 35]. Conventional PEMWE has a very short life but after introducing Nafion® by
DuPont, the life span of the PEMWE has increased significantly. Nafion®, a soft matter
material, is a popular membrane made up of per-fluorinated acid with a sulfonic acid
end group [27, 28, 42, 46]. The thickness of Nafion® is ~10-15 X thicker than the

membranes used in fuel cells [47].

Even though the PEMWE is commercially available, some associated drawbacks
require special attention. Only noble metal catalysts are suitable for the PEMWE due to
the acidic nature of Nafion® [6, 31, 35, 42, 46]. Recently, the focus of the PEMWE is
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the improvement of (i) low-cost, stable, and active oxygen evolution reaction (OER)
catalysts, (ii) low-cost membranes alternative to Nafion®, and (iii) high temperature

PEMWE [27, 42, 31, 29, 35, 48]. Table 1.1 summarizes the characteristics, advantages,

and challenges related to the main electrolyzers available [31].

Table 1.1: Characteristics of the main electrolyzers available.

Low Temperature Electrolysis
Alkaline {OH') electrolysis

High Temperature Electrolysis

Proton Exchange (H') electrolysis Oxygen ion(O”) electrolysis

Liguid Polymer Electrolyte Membrane Solid Oxide Efectrolysis (SOE)
Conventional Solid alkaline H' - PEM H*'-SOE 0% - SOE Co-electrolysis
. a . L
o5l g ‘| i e i3l o
: 2 o,
Operation g Il ! 0, Ho w .H.D w W o, [ 10 o ot “h
principles : . . o, 4 o, = 4 H, =
al H0 i e H,/CO
Charge carrier oH OH H" H o* o*
Temperetire 20-80°C 20-200%C 20-200°C 500-1000°C 500-1000°C 750-900°C
Electrolyte liguid solid {polymeric) solid {polymeric) solid (ceramic) solid {ceramic) solid (ceramic)
Anadic A0H — A0H = . . . 1 1
[l 2H,0+0;+de BNio A oy mea | 2B RSO ARIR | R2FiGE S S (e St /o Ok Ay | ICesl (atia s,
N
i ) Ir0s, RuOy, InRus,Os | Perovskiteswith | LasSrMnOs+ |  LaSriMnOs+
Anodes CoasF . 0 Ni-based Supports: Ti0s, ITO, protonic-electronic | Y-Stabilized Zr0; | Y-Stabilized ZrO,
B’“"s"‘u:;o'“' kg Tic conductivity (LSM-Y52) (LsM-¥s2)

Cathod 4 2

A ogic 2H;0 + de = 2H:0 +4de = . AH"+ fe = 2H; AH® +4e = 2H, H:O + 2e = X H‘OGZ?-'HHGE

Reaction (HER] A0H + 2H; A0H + 2H; H:+ 0% COp+2e°—C0+0
PtfC Mi-YSZ Ni-Y52

Cathodes Ni alloys Ni, Ni-Fe, NiFe;04 Ni-cermets

MoS; Subst. LaCrOy perovskites

Efficiency 59.-70% 65-82% up to 100% up to 100%
near-term
licabilit cial laborat I d
Applicability commarcia oratory scale cor e laboratory scale ¥ scale
low capital cost, comblnation of compact design, i . . - i Jucth
Advantages refatively stable, mature | alkaline and H-PEM | fast response/start-up, P ki:::;'lds Towi canittal G55t * pra i Gy
hnology electrolysis high-purity Hz 8Y * v Symgs
corrosive electrolyte, gas | low OH conductivity high cost polymeric
Disodvantages permeation, in polymeric membranes; Mha::cf:“;:"ﬁl::lmm‘i;:radlnﬂ'
slow dy membran es acidic: noble metals Y ot IR OpRr &
Improve Cdeposition
Reduce noble-metal ctural ch In the -
Challenges durability/reliability; Imgrove electrolyte o microstructural
e DB tion utilization delamination, blocking of TPBs, passivation chinge slbcroda

1.5 Catalyst for PEMWE
The catalyst plays an important role in H2O electrolyzer performance by increasing the
H> production and reducing the energy requirement [13]. Micrometre thick catalytic
layers may include supported or unsupported particles that are filled with ionomer
chains [42]. The catalytic layer structure must be highly porous and conductive to let
gases move away from the interface to allow a homogenous current flow [13, 20, 46].

Many researchers are studying the content reduction of PGM by either using metal

oxides at the anode or metal alloys at the cathode [20, 42, 47]. The PGM includes Ru,
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Rh, Pd, Os, Ir, and Pt [30]. For the PEMWE, IrO; and RuO; are currently the most
suitable catalysts for the OER, while Pt is the most suitable for the hydrogen evolution
reaction (HER). It is important to synthesize catalysts with good durability, high
activation, low cost, high stability, and high energy efficiency [13, 20, 31, 47]. The
catalyst must reduce the electrolyzer’s operational overpotential, the additional potential
needed to drive the chemical reaction at a specific rate, to achieve the market

requirement durability specification and reduce the ohmic resistance of the system [49].

1.6 Problem statement
The PEMWE has many advantages over the AWE and SOWE, including higher energy
efficiency, higher H> production rate, and a more compact system design [50]. However,
the high cost of PEMWE components, including the anode catalyst, hinders the
widespread commercialization of the technology. The anode catalyst was investigated
because the anode has the highest overpotential in the system. A catalyst with higher
OER activity and stability will result in other advantages [42], such as:

e Higher energy efficiency

e Longer lifetime

e Higher production capacity

e Lower noble metal quantities

e (Cost reduction

1.7 Aims and Objectives
The IrO; catalyst is the most popular catalyst for the OER because of its very high

stability. However, the OER activity of the IrO, needs to be improved to reduce the
required metal loading. The study aims to synthesize the IrO, catalyst with improved
OER performances. Improved results will reduce the use of high cost Ir precursors. This
will reduce the high cost associated with the PEMWE and encourage the

commercialization of the technology.
The objectives of the study were the following:

1. To use the modified Adams fusion method (MAFM) and the molten salt method
(MSM) to prepare IrO» catalysts.
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To optimize the IrO; catalyst preparation conditions to improve the catalyst OER

activity and stability.

To physically characterize the IrO; catalysts with the X-ray diffractometer
(XRD), High-resolution transmission electron microscopy (HRTEM), and the

Brunauer-emmet-teller (BET).

To evaluate the performance of the IrO; catalysts using the Cyclic voltammetry

(CV), Linear sweep voltammetry (LSV), and the Chronopotentiometry (CP).

To compare the synthesized IrO> catalysts with the commercial IrO» catalyst for

benchmarking.
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Chapter 2: Literature review

2.1 PEMWE features
The production of H» from H>O using the PEMWE has gained much attention. The
success of commercial PEMWE depends on its high performance, durability, and cost-
effectiveness [51]. To make further improvements, it is important to study both the

positive and negative features of PEMWE.

2.1.1 Positive features
The thin proton exchange membrane (PEM) can produce a proton conductivity of 0.1 +
0.02 Scm™ [20, 43]. The gas reduction in the electrodes is done by removing the
synthesized gas according to Fick’s law of diffusion. Low gas crossover rates synthesize
H> with higher purity. This allows the PEMWE to operate at the entire nominal power
density range while transporting the protons at a fast rate, without the delay of inertia.
The PEMWE has good structural properties, a compact system design, and high
operational pressures when using a solid electrolyte [28, 43]. Some commercial
PEMWE can operate at 350 bar pressure [30, 51]. At high operational pressures, less
energy is required for further H, storage and compression [28]. Furthermore, the
integrity of the catalytic layer is maintained while the expansion and dehydration of the
membrane are minimized [42]. Only the cathodic component of the PEMWE system is

under pressure, eliminating the dangers of operating pressurized O> gas [11]

2.1.2  Negative features
The high operational pressures of PEMWE increase both the system pressures and the
gas cross-permeation effect [28, 44]. To maintain an internal gas pressure above 100
bar, a thicker membrane is required [30]. When using membranes that are too thick, the
anodic electrode produces an ionic resistance and overpotential [28, 41, 47]. When using
a thinner membrane, the gas cross-permeation effect increases with higher operational
pressures. The addition of different fillers inside the membrane is required to lower the

membrane porosity [30, 42].

The PEMWE anodic catalyst needs to be synthesized with distinct materials to
withstand the acidic nature of the PEM. Only scarce and expensive noble metals i.e., Ir,
Ru, and Pt can resist the harsh acidic environment of the commercial Nafion® membrane

[24, 29, 30, 42, 46]. Noble metals can be found in only a few countries. The Ir-metal
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can be found in countries like Canada, Russia, and South Africa as pentlandite, sulfide
ore laurite, and pyroxenite, respectively [30]. The Ru-metal can be found in North and
South America, and South Africa in ural mountains, and pyroxenite deposits,
respectively. The Pt-metal can be found in Colombia, South Africa, Russia, and Canada
in ural mountains, and sperrylite [52]. It becomes vital to improve the catalytic
performance of these scarce materials because it will decrease the catalytic metal

loading whilst increasing the cost associated with PEMWE.

2.2 PEMWE electrode reactions
For the PEMWE reaction to occur the thermodynamic potential difference between the
anodic and cathodic electrodes is provided. In theory, the potential difference occurs at
+1.23 V vs. RHE, and in practice, the potential difference ranges between 1.3-2.0 V vs.
RHE. The ohmic voltage losses and the polarization at the electrodes hinder the reaction
from taking place at the theoretical value. When an ample potential difference is applied,
the cathodic (H2O reduction) and anodic (H>O oxidation) reactions occur
simultaneously on the electrodes, respectively. At the cathode, the electrons from the
external circuit and the protons in the PEM are used to synthesize the H> gas. The
process is known as the HER. At the anode, the OH™ ions are oxidized into O gas and

this process is known as the OER [42].

2.2.1 Hydrogen evolution reaction

The HER is the most studied electrochemical reaction. When compared to the OER, the
HER 1is a more kinetically feasible reaction with only two steps involved [46]. The first
reaction step is called the Volmer pathway and during the process the H" ions are bonded
to the electrode adsorption sites. The second reaction step can occur either via the Tafel
pathway or the Heyrovsky pathway [29, 46, 53]. If one of the steps turns into the rate
determining step (RDS), the slowest step in the process, their associated Tafel slopes
can be determined [46, 35]. Table 2.1 summarizes the different HER steps with their
related Tafel slopes [53, 54].
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Table 2.1: HER pathways with the respective Tafel slopes.

ba b,
Path Reaction step (rds.) !
at low 1 at high 1
Volmer |§ + H*' + e~ S S—Hygs 120 120
Heyrovsky | S—H,4s + H* +e~ 5 S + H, 40 120
Tafel 2S—Hg4s = 25 + H, 30 0

The bond strength (AH,) between the chemisorbed H (S-H) and metal surface
determines the suitable catalyst for the reaction [55]. Catalytic metals with intermediate
bond strength have the highest activity for the HER and hydrogen oxidation reaction.
Lower activities are shown for catalytic metals with bond strengths that are too weak or
too strong. When Pd or Pd based catalytic materials are used, the HER competes with
the hydrogen insertion reaction to generate additional reaction steps [20, 36, 46]. The Pt
catalyst allows a fast proton discharge, followed by the rate determining chemical
desorption [46]. The metal loading of Pt for the HER is about 0.5 mgem™ [42]. A higher
electron conductivity and corrosion resistance are obtained when using a carbon
supported Pt as an alternative [30, 46]. Greeley et al. [56] experimentally confirmed the
increased performance of BiPt surface alloy at pH 0. Figure 2.1 shows a Volcano shaped
plot relating the exchange current density to the catalytic metal hydrogen bond strength

[57, 58].
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Figure 2.1: Volcano plot of HER exchange current density vs. bond strength.

2.2.2  Oxygen evolution reaction
The OER consists of three main mechanisms including the electrochemical oxide path,
oxide path, and Krasil Shichikov path [46, 59]. Table 2.2 summarizes the different
reaction steps with associated Tafel slopes, where S represents the catalytic surface-

active sites, and S-Oags and S-OHags represent the adsorption intermediates [35, 60, 61].
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Table 2.2: OER pathways with respective Tafel slopes.

by, by
Path Reaction step (rds.)
atlown | at highn
S+ Hy0 5 S—O0Hggs + HY + e” 120 120
Electrochemical
S—0Hy 5 S—0 +H*+ e 40 120
Oxide path
25—0 - 28 + 0, 15 w0
S+ H0 5 5—0Hy + H + e” 120 120
Oxide path | 28— OH4s = S — 0+ S+ H,0 30 o
2§-0-25+0, 15 0
S+ H0 5 S—0Hggs + H* + € 120 120
Kiasil | S—OHags=S—0" + H* 60 60
Shichikov | g_ 0= 50 +e" 30 120
25-0-2540, 30 o]

In 1967, most OER catalysts were based on the dimensionally stable anode (DSA)
electrode, which was invented by Beer [62]. Either a monometallic or bimetallic oxide
(AOx and/or BOy) can be coated on a suitable base metal. The weaker oxygen-oxygen
(O-0) bonds from the metal oxide catalysts allow the OER to occur on the oxide surface
of the catalyst. The unique bonds between the oxygenated species and the metal surface
change the oxidation state of the metal [59, 63]. Non-noble metals including Mn, Ni,
Co, etc. cannot be used in the PEMWE because the metals corrode in the PEM acidic
environment [20, 35]. Furthermore, the non-noble metal cations reduce the membrane
conductivity by poisoning the membrane with sulfonic acid [35]. Supported materials
like boron carbide, titanium carbide, and tantalum borde can be used to enhance the
catalyst performance, however, higher cost is associated with supported catalysts [35].
PGM oxides like IrO2 and RuO, were found to be the most stable catalysts for the OER.
Even with the high cost associated, PGM oxides are the most common catalyst used for
the OER due to their higher activities [35]. Both IrO> and RuO: catalysts show
intermediate bond strength with good chemical stability and electronic conductivity [20,
29, 35, 64, 35]. The IrO> loading on the electrode is about 2 mgem™, confirmed by Ayers
et al. [47]. Mixing the PGM oxides with a cheaper material (e.g., SnO) allowed a

reduction in the capital cost of the catalyst. However, disadvantages including decreased
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OER conductivity, larger particle size, and low homogeneity were obtained for these
samples [30]. Figure 2.2 shows the Volcano shaped plot of different metal oxides,
relating the bond strength with their catalytic activity [65].
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Figure 2.2: The OER activity of different oxides as a function of enthalpy
transition.

2.3 Synthesis of IrO; catalyst
In the low overpotential-range, RuO; has a higher OER activity, but with lower stability
[35]. The IrO; catalyst is known to be a ‘state-of-the-art’ catalyst for the OER [30]. IrO2
is the most used, resistant, and stable catalyst in the PEMWE acidic environment when
compared to RuO; [20, 35]. IrO> can also be used in field emission, sensing, electrical
properties, and Li-air battery applications [66]. For these reasons, the IrO; catalyst was

studied to further improve its OER performance i.e., the activity and stability.

Nanostructured IrO»> is highlighted as the most favourable material to improve the OER
activity of the anode electrode [66]. Arico et al. [35] showed how the characteristics and
performance of the IrO; catalyst can be controlled by changing the reaction conditions.
The methods and materials used to synthesize the catalyst are essential in obtaining
increased PEMWE performances [30]. The IrO; stoichiometry, morphology,
crystallinity, and electronic conductivity depend on the preparation techniques [67]. The
IrO; catalyst can be synthesized using different techniques including the
electrochemical synthesis, hydrothermal technique, vapor phase transport process,

oleyl-amine-mediated synthesis, wetness technique, arc vaporization, precursor thermal
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decomposition, sol-gel method, reactive radio frequency magnetron sputtering, sulfite
complex route, etc. [28, 66, 67]. Many of the techniques are complex, expensive, not
environmentally friendly, and use unstable Ir precursors. Other disadvantages associated
with the abovementioned techniques include the complicated experimental set-ups and
tedious synthesis procedures. This hinders both the economic and technical factors for
the upscale of the IrO: catalyst. In the study, the MAFM and MSM were used to
synthesize the IrO; catalysts. These techniques are simple, stable, cost-effective, and
eco-friendly [66, 68]. A brief overview of the MAFM and MSM is presented in the sub-

sections below.

2.3.1 Modified Adams fusion method
In 1923, Roger Adams and Ralph Shriner introduced the Adams fusion method for the
preparation of PtO> [68, 69]. Today, the modified version of the Adams fusion method
is used to synthesize different metal oxides i.e., [rO>, RuO,, and NiOx [30]. Advantages
associated with the MAFM include its simplicity, scalability, and easily removable NaCl
salt by-product [70]. During the procedure, the H»IrCls precursor is mixed, as indicated
by the stoichiometry, with a suitable solvent (i.e., H>O, isopropanol, or mixture) [30,
71]. Under constant stirring, the finely ground NaNOs3 reagent is then added. The second
metal precursor/support is included before the addition of NaNOs; when producing
bimetallic and supported catalyst [30]. At 70°C, the solvent is slowly evaporated. The
dried mixture is further reacted at temperatures ranging between 400-500°C to
synthesize the metal oxide. The chemical reactions of the abovementioned procedures
are shown in Equation 20 [30, 68, 70]. The NaCl salt is formed only after the calcination
step and can be removed by washing the sample with 2 L deionized H>O. The sample is

then filtered and dried to produce the IrO; catalyst, as shown in Equation 21 [30, 70].

HzIrClg + 6NaNO3; — 6NaCl + Ir(NO3)s + 2HNO3 (20)

Ir(NO3)4 = IrO2 + 4NO3 + O2 (21)

Rasten et al. [72] studied the effect annealing temperatures had on the synthesized IrO»

catalyst. When heat treating the sample at 340°C, different catalytic and electronic
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properties were seen for IrO>. At non-annealing temperatures, the HRTEM analysis
showed low crystalline nanosized IrO; particles. The non-annealing IrO> also showed a
low electronic conductivity with high catalytic activity. When increasing the annealing
temperatures between 440-540°C, the IrO, becomes more crystalline with increased
particle sizes. The electronic conductivity also increased while both the catalytic activity
and active surface area decreased. When combining the polarisation and electrochemical
impedance spectroscopy (EIS) curves, the reaction mechanism followed the

electrochemical oxide path.

Zhang et al. [73] studied the effect the synthesized temperature, duration, and reagent
mixture composition had on the production of SnO; catalyst. The SnCl>.2H>0 precursor
was fused with NaNOs reagent to synthesize SnO» nanoparticles. The HRTEM analysis
showed a crystal size/particle size increase from 2.5 nm/2.9 nm to 8.4 nm/8.6 nm with
reaction temperatures ranging between 300-600 °C. At 400 °C, since it showed SnO:
with the highest performance, the synthesis duration was ranged between 0.5-5 hrs. The
crystal size/particle size increased from 2.3 nm/2.7 nm to 6.8 nm/7 nm, respectively.
The mole ratio for the mixture combination NaNO3/SnCl,.2H>0O was between 5-50, and
the crystal size/particle size decreased from 7.8 nm/8.0 nm to 4.2 nm/4.3 nm. The
experiments demonstrated that a 100% yield can be obtained when SnCl2.2H>0O is
reacted with an excess of NaNO; at 400 °C for longer than an hr. The mixture
combination NaNO3/SnCl>.2H>0 that synthesized the highest performing IrO; was not
specified.

Liu et al [74] studied the calcination temperatures, NaNOs3 reagent content, and different
solvent effects on the synthesized IrO: catalyst. At 500 °C, the highest specific surface
area for the IrO, was obtained. Whereas the highest OER activity was obtained at
calcining temperature 550°C. Three different weight ratios for H2IrCl4s:NaNO3 were
chosen, including 1:10, 1:20, and 1:30. The IrO- catalyst with the highest OER activity
and surface area was synthesized at a weight ration 1:20. The solvents studied were
H>O0, alcohol, and isopropanol. The IrO, synthesized with H,O showed the highest OER
activity. The best performing IrO; catalyst showed increased OER performance at about

90 mAcm™ with an electrochemical surface area of about 126.4 m?g™'.
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Cheng et al. [75] synthesized and compare the features of samples Iro.4Ru0.602 and
Iro.4RuosMoxOy. Both samples were doped for 1 min with Mo to generate their
amorphous features. Sample Iro4RuosMoxOy has a decreased particle size when
combining Ir and Ru with Mo, which increased both the OER performance and the

specific active surface area.

Polonsky et al. [76] studied the effect the presence of TaC support had on the production
of IrO2. About 50 wt.% or more IrO; was added to the synthesis of NaTaOs3 film to
overcome its associated negative effect. Below synthesis temperatures of 200°C, the TaC
support stabilized. A high number of nucleation centres were shown for the supported
IrO; catalyst. When using a higher concentration of support, the IrO; catalyst showed
larger crystallite sized particles. However, similar OER activity results were seen for
both pure IrO> and supported IrO; catalysts. The obtained results were confirmed by

testing the IrO; catalysts in a PEMWE under real water electrolysis conditions.

2.3.2 Molten salt method
The MSM is based on the use of an inorganic reagent as the medium for the reaction.
The reagent usually has physicochemical properties like higher mass transfer, greater
oxidizing potentials, lower densities, and higher thermal conductivity [ 77]. Other factors
including the dissolution rate of the reagent, duration and heating of the precursor,
chemical composition of the precursor, and the melting point of the reagent can
influence the structural properties of the obtained samples [77, 78]. During the
procedure, the Ir precursor decomposes on the NaCl/KCl salt bed. The NaCl/KCl salt
bed does not chemically react with the Ir precursor but acts as a support for the thermal
decomposition of the Ir precursor in air. The synthesis temperature is mostly kept at
650°C which is below the melting point of the NaCl/KCl salt mixture [66]. The resulting
sample is washed with 2 L deionized H>O, vacuum filtered and dried in an air oven to

produce the IrO> catalyst [66].

The advantages associated with the MSM include eco-friendliness, high stability,
scalability, easily removable NaCl/KClI salt by-product, and cost-effectiveness [66, 77].
Low vapor pressures and chemical inertness are also related to the MSM. No surfactant

or capping agent is involved during the reaction which allows the generation of products
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with clean surfaces [67]. The MSM facilities allow a wide range of ternary metal oxides

to be synthesized [77].

Ahmed et al. [66] synthesized ultrafine IrO> nanorods at a 650°C temperature. A higher
current density (~70 mAcm™ at 0.6 V vs. RHE) was seen for the synthesized IrO, when
compared to a commercial IrO,. The CV and chronoamperometry analysis show the
enhanced OER and HER activities of the IrO2 nanorods. After saturating the 0.5 M KOH
electrolyte with O, an increased OER current density of 71 mAcm™? was obtained.

Whereas the HER current density of the IrO2 nanorods was found to be at 25 mAcm™.

Lim et al. [79] synthesized and studied ultrathin IrO, nanoneedles with the addition of
cysteamine. Different amounts of cysteamine were added to control the aspect ratio of
the obtained nanoneedle and unshaped IrO; particles. Both the nanoneedle and unshaped
IrO, particles showed improved OER performances with enhanced electrical
conductivities. At 450°C, unshaped IrO; had an enhanced mass activity of 51.6 Ag’!
oxide, whereas the IrO, nanoneedles had a mass activity of 15.5 Agl. The IrO»
nanoneedles were stable for more than 200 hrs at a current density of 2000 mAcm™.
Other advantages associated with the IrO; nanoneedles include higher durability and

efficiency when compared to the unshaped IrO> particles.

Zhou et al. [77] studied the effect reagent medium, annealing temperatures, cooling
rates, duration, and precursor types had on the production of BaZrOs particles. Both the
reactivity and solubility of the synthesized particle changed with the change in the
reagent medium. At 820°C, the BaZrO; weight percentage increased from 69% to 93.6%
in the presence of NaCl. In the presence of a 50:50 mol% ratio of NaCl/KCl, a 100%
weight percentage for BaZrO; was obtained. In Cl-containing media, cubic shaped
particles were formed, and in OH -containing media, spherical shaped particles were
formed. High quality BaZrOs particles were favoured with slow cooling rates, high
annealing temperatures, and longer durations. At 720°C with a heating rate of 5 °C/min
well-dispersed crystalline particles were synthesized. Small-sized cubic shaped particles
were synthesized with shorter annealing duration i.e., 30 min. Annealing durations
ranging between 60-210 min resulted in a change in particle shapes, from cubic to

spherical particles or a mixture of both.
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2.3.3 Conclusion
The high cost of the PEMWE can be reduced by selecting vital materials and methods

for the synthesis of the IrO; catalysts [30]. The preparation technique can alter the IrO-
crystallinity, morphology, stoichiometry, and electronic conductivity [67]. The different
preparation techniques include the hydrothermal technique, electrochemical synthesis,
vapor phase transport process, etc. [28, 66, 67]. However, many of these techniques are
expensive, complex, and not eco-friendly. The IrO, catalyst in this study was
synthesized using the MAFM and MSM. These methods are simple, scalable, and eco-
friendly [66, 70, 77]. The MAFM and MSM can synthesize different products i.e., RuO»
and NiO., with particle sizes in the nanosized range. Zhang et al. [73] used the MAFM
to synthesize SnO>. Whereas Cheng et al. [75] used the MAFM to synthesize bimetallic
oxides i.e., Iro4Ru0602. High performance BaZrOs, for fuel cell applications, can be

synthesized using the MSM [77].

The difference in experimental procedures between the MAFM and MSM results in the
production of different IrO> nanoparticles. For the MAFM, the IrO, is usually produced
at temperatures ranging between 300-600°C since the NaNO; reagent has a melting point
of 308°C [68]. Liu et al. [74] synthesized aggregated IrO: particles below 500°C.
Whereas the MSM produces IrO> at increased temperatures ranging between 350-800°C
since the melting point of the NaCl/KCl salt bed is above 600°C. Lim et al. [79]
synthesized a variety of IrO> nanoparticles when using the MSM, depending on the
synthesis temperature. Optimizing the MAFM and MSM parameters, including the
synthesis temperatures, reagent medium, synthesis duration, and metal precursors,

allows the production of IrO, with improved OER performances for the PEMWE.

2.4 Physical characterization techniques
The IrO> catalysts synthesized with the MAFM and MSM were physically characterized
using the (1) XRD, (i1)) HRTEM, and (iii) BET technique. The techniques are discussed

in the sub-sections below.

2.4.1 Theory of x-ray diffraction
The XRD analysis is a popular technique for the classification, both quantitatively and
qualitatively, of crystalline materials. The fast, easy, and non-destructive material

preparation for accurate results makes the XRD technique favourable [80]. Different
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materials like metals, polymers, minerals, catalysts, semiconductors, ceramics, and
pharmaceuticals can be analyzed using the XRD technique [80]. Information about the
materials including their shape, distribution, composition, and purity is obtained [80,
81]. Crystals of the material with the same interatomic spacing and x-ray wavelength
are classified as the same component [82]. The crystals act as a 3D diffraction grating
when the material electrons interact with the x-ray, causing the electrons to oscillate in
the incident x-ray frequency [83]. Consequently, radiation of oscillation frequency is
emitted by the oscillating electrons [84]. The material electrons emit both constructive
and destructive interferences, also known as the Thomson scattering. The x-ray

diffraction patterns of the crystalline planes are shown in Figure 2.3 [11].

Figure 2.3: Bragg’s reflection from a hkl crystal plane.

A constructive peak interference can be calculated by using the Bragg’s reflection

(Equation 22) [80].

2dnkisin 8 = na (22)

h, k and 1 are the spacing between Miller indices with the lattice planes. n gives the order

of diffraction (e.g., 1, 2, 3, etc.), known as the wavelength of incident x-ray.

In an x-ray tube, the x-rays are synthesized by bombarding the tube with accelerating

electrons generated from a heated tungsten filament. When struck by high-speed
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electrons, the metal target’s core level ejects electrons. A hole is then formed at the core
level. Electrons in the upper-level travel to the core level to produce energy in the form
of an x-ray. The sample being studied is bombarded with x-rays from different angles.

A suitable detector is used to study the emitted rays, as shown in Figure 2.4 [11].

Xraysource | — 4 NN

c/Movement of detector

Detector

Figure 2.4: Basic XRD-instrumental set-up.

Different materials generate different x-ray diffraction patterns that are unique to the
sample [84]. The produced patterns are plotted on an angle vs. intensity graph, also
known as an XRD graph [80]. Figure 2.5 shows the XRD graph of IrO> synthesized with
the MSM at 650°C for 12 hrs [66]. The JCPDS library is used to identify the material
crystals by comparing the d-spacing and peak intensity. Broad XRD peaks are shown

for partially crystalline and amorphous substances [85].
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Figure 2.5: Powder XRD pattern of the IrO; catalyst synthesized using
the MSM at 650°C for 12 hrs.
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The average crystallite size can be calculated using the broadness of the peak with the

Debye-Scherrer formula, given in Equation 23 [84, 85].

KA
p B cosO

(23)

where the incident x-ray wavelength is the full width at half maximum, and K usually

has a value of 0.9 and is the shape factor if assumed the crystallite shape is spherical.

2.4.2 Theory of high-resolution transmission electron microscopy
The HRTEM provides information, on the nanoscale, about the orientation, separation
distance, lamella size, and density between particles [86, 87]. Direct information at the
atomic level of the material is provided. The HRTEM has similar basic principles to the
SEM (Scanning electron microscopy) technique and is widely used in combination with
the XRD [82, 86]. During the analysis, an electron beam transfer energy to the sample

atoms using either a field or thermionic emission, as shown in Figure 2.6 [88, 89, 90].
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Figure 2.6: Different electron bombardment effects on a sample.

Three types of transmitted electrons are used in the study, i.e., unscattered, elastically

scattered, and inelastically scattered electrons [90]. The electrons are emitted using
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either field or thermionic emission. A lens system is used to image the elastic scattered
and unscattered electron intensity as dark and light areas, which shows the structure of
the sample. Elements with higher atomic numbers scatter more electrons as compared
to elements with lower atomic numbers, creating different intensity regions. The sample
images are digitally recorded using charge-coupled device (CCD) cameras [86, 89]. An
image processing software is used to generate the HRTEM image, and the result is
interpreted qualitatively [86]. The HRTEM image of the IrO> catalyst synthesized with
the MSM at 650°C for 12 hrs is shown in Figure 2.7 [66].

Figure 2.7: Typical HRETM image of IrO; synthesized with the MSM at
650°C for 12 hrs.

2.4.3 Theory of Brunauer-emmet-teller
The BET technique is mainly used for solid surface area analysis of structure
heterogeneity, pore size, and adsorbate-adsorbent interactions, using N> physical
adsorption. Fundamentally, the BET technique is an empirical procedure that uses both
theoretical assumptions and empirical parameters, including the adsorbed gas cross-
section area. The materials studied with the BET technique are either crystalline metal,
crystalline organic materials, or active amorphous carbon. It is ideal to study the
abovementioned materials with large pore sizes as the BET technique studies the
adsorption of uniform gas molecules with no lateral interaction. The BET surface area
of porous material is determined from an adsorption isotherm linear fitting graph at 77

K3 for N», as shown in Figure 2.8 [91, 92].
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Figure 2.8: The linear fitting of gas adsorption amount in relation to

pressure.

From the adsorption isotherm linear fitting graph, the volume of the gas needed to cover

the monolayer surface area per unit mass is calculated using Equation 24 [91].

P/py 1 ko—1 P
n(1-P/Py) npmky nmko Py

(24)

where P is the bulk phase gas pressure, Pyis the gas saturation pressure (the atmospheric
pressure of the process that is above the N> boiling point), n is the volume of the gas
adsorption per unit mass of the sample, nm is the volume of the required gas to cover a
monolayer surface per unit mass and ko is proportional to the lowered surface adsorption

energy.

The BET surface area is calculated (Equation 25) by assuming the effective monolayer

capacity, corresponding to the conditions, is completely covered with the gas molecules.

SBET = Na’ (25)

where a? is the cross-sectional area of the N» in the monolayer and is equal to 0.162 nm?

at 77 K.
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2.5 Electrochemical characterization techniques
The electrochemical characterizations are carried out in a three-electrode cell. The
potential is determined between the reference electrode (RE) and the working electrode
(WE). The current density is determined between the counter electrode (CE) and the
WE [93, 94]. The IrO; catalysts synthesized with the MAFM and MSM were
electrochemically characterized using (i) CV, (ii) LSV, and the (ii1) CP techniques. The

techniques are discussed in the sub-sections below.

2.5.1 Theory of cyclic voltammetry
In 1938, Metheson and Nichols first introduced the CV technique. CV is a simple, fast,
and the most straightforward technique to obtain information about the properties of
different materials [94-96]. During the CV process, species P undergoes a reversible

one-electron reduction to synthesize species Q, as shown in Figure 2.9 [97].

Figure 2.9: The concentration (C) versus distance (x) from the electrode at

different points during a reversible CV wave,; Cyp (red) and Cp (blue).

The CV initially starts at 0 V vs. RHE and proceeds in the negative scanning direction.
A cathodic current starts to flow as the potential reaches a sufficiently negative value to

reduce species P to species Q. Consequently, the electroactive species from the material
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is transported, via diffusion, to the electrode surface. The electron transfer rate remains
constant between the analyte and the electrode [94, 97]. The Nernst equation can be

used to explain the change in the cathodic current (Equation 26) [95, 97, 98].

E=p + FL 1P

nF  CQ (26)

where Cp is the concentration of P, Cq is the concentration of Q, and E°’ is the reduction

process formal potential.

The Cp and Cq ratio changes when the applied potential changes. There is a fast increase
in the cathodic current as species P decreases. This can be seen as a peak in the obtained
cyclic voltammogram. For more current to flow, the oxidized species from the
electrolyte must be transferred to the electrode surface. When the concentration of the
unstirred solution and the electrolyte are very high, the diffusion rate instructs the
current. At the reversed scan direction, when the potential switches, the current flow
continues. At this point, the thickness of the diffusion layer has increased while the
concentration of the electrode species has decreased. The same principles are followed
for the anodic current flow as positive potentials are applied. The concentration

reduction of species P correspond to the increased concentration of species Q [94, 97].

The obtained cyclic voltammogram is also known as the current vs. potential graph [94].
A typical metallic catalyst profile has several characteristic anodic and cathodic peaks.
The IrO2 CV shows various characteristic features with well-distinct peaks in the double
layer region [95]. Figure 2.10 shows the IrO; characteristic peaks, including the redox
transition of Ir(II1)/Ir(IV) and Ir(IV)/Ir(VI) at ~0.75 and ~1 V vs. RHE, respectively [99-
101].
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Figure 2.10: Typical IrO; CVin a 0.5 M H>SOy solution.
2.7.2 Theory of linear sweep voltammetry

The LSV technique is used to study the electrochemical activity of the catalyst by
measuring the overpotential of the sample [102]. The Tafel slopes for the catalyst can
also be determined using the LSV technique. The Tafel slopes show the quality of the
catalyst. More active catalysts show a lower Tafel slope, under constant catalytic
conditions [103]. During the LSV experiment, as shown in Figure 2.11, the current
responds start at the activation potential (Ea). The value of Ea relates to the onset energy
where the electrochemical reaction occurs. The electroactive species continues to
deplete near the surface electrode as the potential shifts from Ea to the peak potential
(Ep). At the Ep, the reactive electrochemical species has fully transformed and the

current response decreases beyond this point [ 104, 105].
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Figure 2.11: Typical experimental LSV response.
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From the LSV graph, the overpotential can be calculated by subtracting the catalyst
operational potential from the reaction equilibrium potential at a specific current density
(Equation 27) [49, 97, 106, 107]. The value of the potentials can change but the
determination of the overpotentials stays the same [49]. The operational potentials of
different catalysts are determined at 10 mAcm. This current density relates to the solar-
to-hydrogen (STH) efficiency of 12.3%, which produces high catalytic performance in

sufficient water-splitting technologies [108].

n= |E° - Ecat/Zl (27)

where 7 is the overpotential, E° is the equilibrium potential, and Ecay2 are the

operational catalytic potential.

2.7.4  Theory of chronopotentiometry

The CP is an electroanalytical technique to study the stability of electroactive species in
an electrolyzer [109, 110]. CP analysis has the same accuracy as classical polarography
however, the only difference is the higher sensitivity and adaptability of CP to a sample
[111]. Another advantage is the ohmic effect correction when a constant potential offset
is applied to the electrochemical processes. During the CP experiment a constant current
density, 10 mAcm, is applied to both the WE and RE, allowing the WE surface kinetics
to be studied as a function of time [110-112]. As the chemical reaction proceeds, a
depletion of the active species can be seen at the WE which may be caused by the
samples’ degradation. The results obtained from the CP can be seen in the potential-

time graph, as shown in Figure 2.12 [109].
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Figure 2.12: Typical IrO> CP in a 0.5 M H>SOy solution at 10 mAcm™.
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Chapter 3: Experimental

3.1  Chemicals and apparatus
The chemicals used to synthesize the IrO; catalyst, and to prepare and test the WE are

shown in Table 3.1, 3.2, and 3.3 respectively.

Table 3.1: Chemicals used to synthesize IrO; catalysts.

Chemicals Supplier

HxIrCls Alfa-Aesar (United States)

NaNO; Alfa-Aesar (United States)
Isopropanol Alfa-Aesar (United States)

KCl Laborem Lab Supplies (South Africa)
NaCl Laborem Lab Supplies (South Africa)
IrO> commercial Alfa-Aesar (United States)

Table 3.2: Chemicals used to prepare the anode.

Chemicals Supplier
Nafion® Solution 5 wt % Alfa-Aesar (United States)
Isopropanol Alfa-Aesar (United States)
Ultrapure H2O * In-house

*Ultrapure H>O was obtained using Milli-Q® ultrapure H>O system and the H>O

resistance was 18.3 MQ.cm.
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Table 3.3: Apparatus used during electrochemical analysis

Magnetic stirrer and hotplate DragonLab

Waterbath Scientific Manufacturing cc.
Oven with electrical heating Binder GmbH

Ultrasonic homogenizer BioLogics Inc

Muffle furnace with electrical heating Kiln contracts (Pty) Ltd.
PGSTAT302N Potentiostat/Galvanostat ~ Metrohm (Pty) Ltd.

Working electrode Metrohm (Pty) Ltd.
Counter electrode Metrohm (Pty) Ltd.
Reference electrode Metrohm (Pty) Ltd.

3.2 IrO; catalyst synthesis
3.2.1 Modified Adams fusion method

An amount of 800 mg HIrCls precursor was dissolved in 15 mL isopropanol and
magnetically stirred for 30 min, at 300 rotations per minute (rpm). Finely ground
NaNOs, or KNO3, was added to the mixture and stirred for another 30 min. Then the
1sopropyl was evaporated from the mixture on a hotplate and further dried in an oven,
for 15 min at 85°C. The dried mixture was cooled and transferred to a porcelain crucible.
The synthesis duration was constant at 2 hrs while the temperatures were 350, 500, and
650 °C. The obtained metal oxide was filtered four times with 500 mL of Milli-Q
ultrapure H>O to remove the unreacted salts. A 0.1M AgNOs solution was used to ensure
no chloride was present in the filtrate of the last 500 mL ultrapure water filter. In the
final step, the IrO> was dried at 85°C for 2 hrs and cooled inside the oven overnight. A
commercial IrO; was used for comparison purposes and the synthesized IrO» are
presented in the format Method-Temperature-Time-Salt, e.g., MFAM-350-2-NaNOs. A
simplified schematic of the MAFM for the synthesized IrO> catalyst is shown in Figure
3.1.
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Figure 3.1: Simplified schematic of the MAFM for the synthesized IrO; catalyst.

3.2.2 Molten salt method

An amount of 400 mg HzIrCls precursor and 15000 mg NaCl were grounded together
for 15 min. Then the mixture was transferred to a crucible and reacted in a furnace. The
reaction times were varied between 4 and 8 hrs and the temperatures were 350, 500, and
650°C. The sample was left to cool overnight in the furnace and filtered six times with
500 mL Milli-Q ultrapure H>O to remove unreacted chloride salt. A 0.1M AgNO3
solution was used to ensure no chloride was present in the filtrate of the last 500 mL
ultrapure water rinse. In the last step, the metal oxide was dried at 85°C for 4 hrs and left
to cool overnight in the oven. A commercial IrO> was used for comparison purposes and
the synthesized IrO; are presented in the format Method-Temperature-Time-Salt, e.g.,
MSM-350-4-NaCl. The simplified schematic of the MSM for the synthesized IrO:

catalysts is shown in Figure 3.2.
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Figure 3.2: Simplified schematic of the MSM for synthesized IrO: catalyst.
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3.3 Preparation of the working electrode

All electrochemical measurements were performed using a 0.196 cm? area glassy carbon
electrode as the WE. The glassy carbon electrode was cleaned with 0.05 pm alumina
paste, polished and treated in an ultrasonic H>O bath to remove any surface particles
before use (Figure 3.3). Elgrishi et al. [113] show how the glassy carbon electrode was

polished and cleaned.

Wet polishing pad before adding polish

Figure 3.3: Polish and cleaning of the glassy carbon WE.

The IrO; catalyst ink was prepared, as shown in Figure 3.4, by dispersing 8 mg IrO, 50
uL Nafion solution (5 wt%), and 1950 uL Milli-Q ultrapure H2O using an ultrasonic
homogenizer for 15 min. About 30 uL, which equates to 0.61 mgem™, IrO, catalyst ink
loading, was deposited on the glassy carbon WE with a micropipette. The ink was then
air dried overnight at ambient air before studying the IrO; electrochemical

characteristics.
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Figure 3.4: IrO; catalyst ink preparation.

3.4  Physical characterization

3.4.1 X-ray diffraction
The x-ray diffractometer D8-advance with Cu-Ka radiation from Bruker was used to
investigate about 40 mg metal oxide. The data evaluation was done with EVA software

from Bruker.

Table 3.4: The specification of the D8-advance XRD measurements.

Tube current 40 mA
Tube voltage 40 kV
Variable slits V20
Increments A20 0.034°
Measurement time 0.5 s/step
26 Range available 0.5-130°
Temperature 25°C

The x-ray diffractometer D2-advance with Cu-K Ka radiation (I=1.5418 A) from Bruker
was used to also investigate about 40 mg metal oxide. The EVA software from Bruker

was used to evaluate the data.
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Table 3.5: The specification of the D2-advance XRD measurements.

Tube current 10 mA
Tube voltage 30 kV
Variable slits V20
Increments A260 0.02°
Measurement time 0.5 s/step
26 Range available 4-80°
Temperature 25°C

3.4.2 High-resolution transmission electron microscopy

The HRTEM analysis was performed using the FEI Tecnai G2 F20 S-Twin and operated
at 200 kV. The sample preparation involved sonicating 10 mg IrO, with absolute ethanol
for a few minutes. A few drops of the dispersion were then left to dry on a carbon-coated

copper grid for analysis.

3.4.3 Brunauer-emmet-teller

The weighing of the metal oxide and specific test tube design is an important step in the
preparation of the BET analysis. Test tubes containing about 100 g of IrO> were placed
in the Micromeritics Flowprep TM 060 oven apertures. The IrO» catalysts were then
degassed with a low nitrogen gas flux, 20 cm®min’!, at 130°C for 24 hrs to remove
physiosorbed H>O. Next, the test tubes were mounted to the Micromeritics 3 Flex to
study the surface area of the IrO». Liquid nitrogen, with a bath temperature of -196.15°C,

was used for the adsorptive analysis.

3.5  Electrochemical characterization

All the electrochemical characterization was performed at 25°C and 1 atm using an
Autolab potentiostat PGSTAT302N. The glassy carbon WE (described in 3.3), a 3M
Ag/AgCI RE, a 1 Pt sheet (1 cm? area) CE, which is 5 times large than the WE, and a
0.5 M H2SOu(aq) electrolyte were used. Potentials were converted from the 3M Ag/AgCl
electrode to the RHE by adding 0.21 V to all measured potentials [106]. The current was
reported to current density by converting the surface area of the WE to 1 cm? by diving

the current measured with the geometric surface area of the glassy carbon electrode. The

41



electrolyte was purged with N> for 15 min before performing electrochemical
measurements. Electrode activation was performed via CV cycling in the potential
window 0 to +1.4 V vs. RHE at a potential scan rate of 20 mVs™! for 50 cycles before
conducting any electrochemical characterizations. The electrochemical measurement

set-up used during the study is shown in Figure 3.5.

Figure 3.5: The electrochemical measurement set-up.

3.5.1 Cyclic voltammetry

Table 3.6. The specification of the CV measurements.

Start potential 0V vs. RHE
Upper vertex current density +5 mAcm™
Lower vertex current density -5 mAcm?
Highest current range 100 mA
Lowest current range 100 nA
Number of scans 2
Scan rate 0.2 Vs'!
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3.5.2 Linear sweep voltammetry

Table 3.7: The specification of the LSV measurements.

Start potential 0V vs. RHE
Stop potential 1.8 V vs. RHE
Scan rate 0.002 Vs!
Current range 100 mA
Rotation rate of WE 1600 rpm

3.5.4 Chronopotentiometry

Table 3.8: The specification of the CP measurements.

Current range 1 mA
Rotation rate of WE 1600 rpm
Cut off max voltage 1.8 V vs. RHE
Interval time S sec
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Chapter 4: Results and Discussion

4.1 Modified Adams fusion method

4.1.1 Effect of reagents on the IrO» catalyst

The optimization of the MAFM preparation conditions is essential to produce [rO> with
improved OER activity and stability. To study the effect the reagents NaNO3 and KNO3
had on the IrO; performance, the synthesis duration (2 hrs) and temperature (350°C)
remained constant. The XRD spectra of the commercial IrO; and the IrO2 synthesized
with the MAFM when using different reagents are shown in Figure 4.1. The peaks were
assigned using the JCP2 standard files for IrO, (JCP2 150870) and Ir (JCP2_06-0598).
Broad peaks can be seen for both MAFM-350-2-NaNO3; and MAFM-350-2-KNO3
which indicate their amorphous nature. Smaller particle sizes are usually in the
amorphous phase [114]. The (101) facet, which is an important stable facet for IrO,, was
present in both MAFM-350-2-NaNO3; and MAFM-350-2-KNOs. The MSM-350-2-
NaNO3 had a higher crystallinity due to the presence of the (211) facet at ~57°. A
similar observation of increased crystallinity with a change in reagent was made by
Zhou et al. [94]. The commercial IrO; showed an overlap of IrO, and Ir at the Bragg
angles of ~69°. At the Bragg angle ~41° and ~ 47°, metallic Ir was present for the
commercial IrO,. The presence of metallic Ir in the catalysts may negatively affect the

OER performance [73].

The average crystallite sizes were determined using the Scherrer formula as shown in
Equation 23, at (101) facet. The (101) facet is preferred since it is a closed-packed Ir
atom plane [68]. Table 4.1 summarizes the estimated crystallite sizes of the IrO»
catalysts. The crystallite sizes of MAFM-350-2-NaNOQOs are larger than the crystallite
sizes of MAFM-350-2-KNOs. The difference in IrO; crystallite sizes between the two
samples may be due to the precursor diffusion of NaNO3 and KNO3, decomposition of
NaNO;s and KNOs, the reaction of the precursor with NaNOs; and KNOs, and the
formation of the metal oxide between NaNO3z and KNOs since the melting point of
NaNO:s is at 308°C and for KNOs it is at 380°C [70]. Puthiyapura et al. [70] also suggest
that a smaller crystallite size may not necessarily lead to enhanced electrochemical
activity due to different associated factors, including diluting the metal oxide. However,

the commercial IrO2 does not show any crystallite size at the (101) facet.
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Figure 4.1: XRD analysis of the commercial IrO; and IrO; synthesized
using the MAFM with NaNO3 and KNOs.

Table 4.1: Average crystallite sizes calculated using the Scherrer equation of the commercial IrO;
and IrO; synthesized using the MAFM with NaNOj3 and KNO3.

Sample name IrO: Crystallite Size (nm) by
Scherrer formula
MAFM-350-2-NaNOs3 2.73
MAFM-350-2-KNO3 2.41
Commercial IrO; 0

HRTEM analysis was used to study the morphology of MAFM-350-2-NaNO3 and
MAFM-350-2-KNO3. Both MAFM-350-2-NaNO3; and MAFM-350-2-KNO3 showed

well-dispersed uniform spherical particles that are less than 5 nm (Figure 4.2A and

Figure 4.2C). The selected area electron diffraction (SAED) image in Figure 4.2B and
Figure 4.2D, confirmed the amorphous nature of MAFM-350-2-NaNO3z and MAFM-
350-2-KNOs with the displayed concentric circles. Figure 4.3 shows the HRTEM and

SAED images of the commercial IrO;. Concentric circles can also be seen for the

commercial IrO2, confirming the particles are not polycrystalline. In Table 4.2, MAFM-

350-2-NaNOs had the smallest particle sizes. It can be assumed that smaller particle
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sizes may have higher geometric surface areas and promotes the electrochemical

activities of the metal oxide [115, 116].

Figure 4.2: HRTEM and SAED analysis of (4) and (B) MAFM-350-2-NaNOs, and (C)
and (D) MAFM-350-2-KNO:3.
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Figure 4.3: HRTEM and SAED analysis of the commercial IrO.

Table 4.2: Average HRTEM particle sizes of commercial IrO: and IrO; synthesized using the MAFM
with NaNO3 and KNO:3.

Sample name Average particle size (nm)
MAFM-350-2-NaNOs 2.31
MAFM-350-2-KNO; 2.08
Commercial IrO; 8.69

The specific surface area of the commercial IrO> and the IrO> synthesized with the
MAFM when using NaNO3; and KNO; were measured with the BET analysis. The
specific surface area is given as the average diameter of the particles by determining the
particle-size-dependent area and the charge-deduced area [24]. The use of different
reagents not only affects the particle shape, but also the dispersion of the metal oxide
[77]. The N> adsorption-desorption results of the IrO, are summarized in Table 4.3.
MAFM-350-2-NaNOs has the highest BET surface area of 216.23 m?/g. The change in
reagent resulted in a change in the BET surface area. The commercial IrO> had the

smallest BET surface area which may be due to the larger particle sizes [75].
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Table 4.3: BET surface area of the commercial IrO; and IrO; synthesized using the MAFM with
NaNOs and KNO:3.

Sample name BET surface area (m?/g)
MAFM-350-2-NaNO3 216.23
MAFM-350-2-KNO; 167.52
Commercial IrO; 25.11

The cyclic voltammograms were obtained between a potential window of 0 and +1.4 V
vs. RHE with a potential scan rate of 20 mVs™'. The cyclic voltammograms seem to be
influenced by the reagents used since there is a change in the two redox couples,
Ir(II))/Ir(IV) and Ir(IV)/Ir(V) (Table 4.4). Figure 4.4 shows the Ir(III)/Ir(IV) and
Ir(IV)/Ir(V) anodic oxidation peaks for MAFM-350-2-NaNO3z, MAFM-350-2-KNO3
and commercial IrO,. Both the maximum current density of the commercial IrO> were
lower when compared to MAFM-350-2-NaNOs; and MAFM-350-2-KNOs. For both the
forward (anodic) and reverse (cathodic) scans, an additional peak was seen at +0.35 V
vs. RHE for MAFM-350-2-NaNOs. The additional peak can also be seen for the
commercial IrO. The cause of the peaks may be due to a coupled ion-electron transfer,
formal potential distribution, relations in the layer, or the change in mass transport
within the layer as the potential change [117]. Similar cyclic voltammograms as that of

the MAFM-350-2-NaNOs were obtained by Liu et al. [74].
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Figure 4.4: CV analysis in 0.5 M H,SOy.of the commercial IrO; and
IrO; synthesized using the MAFM with NaNO3 and KNO:.

Table 4.4: Anodic peak potentials of the Ir(lI)/Ir(IV) and Ir(IV)/Ir(V) redox couples of the
commercial IrO; and IrO; synthesized using the MAFM with NaNO3 and KNOs.

Sample name Ir(IID/Ir(IV) redox couple Ir(IV)/Ir(V) redox couple
(V vs. RHE) (V vs. RHE)
MAFM-350-2-NaNO3 +0.94 +1.30
MAFM-350-2-KNO; +0.74 +1.26
Commercial IrO» +0.74 +1.16

The polarization curves were obtained using the LSV technique which was performed
between +1.0 and +1.8 V vs. RHE at a potential scan rate of 2 mVs™. Table 4.5
summarizes the OER overpotential, electrode potential at different current densities, and
the Tafel slopes of the IrO,. The polarization curves of the commercial IrO, and IrO»
synthesized with the MAFM using NaNOs vs. KNOs, are shown in Figure 4.5. The
MAFM-350-2-NaNOs has the lowest overpotential, at 10 mAcm™, when compared to
the MAFM-350-2-KNOs. The onset potentials of the synthesized IrO, were found to be
at ~1.5 V vs. RHE due to the energy requirement during the H>O phase transition. At
lower current densities (<150 mAcm™), the MAFM-350-2-NaNO; had higher OER
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activities. The commercial IrO; had a higher OER activity at increased current densities
(>150 mAcm). The reason for including the current density at 150 mAcm™ because it
is the highest available current density that all three IrO, can maintain before the
formation of O, gas on the electrode which results in a cut-off potential. Falcao et al.
[44] shows how produced gas bubbles can block the active surface area of catalysts
during high current densities. The lower OER activities of MAFM-350-2-KNOs and
commercial IrO> can be attributed to the larger particle sizes as shown by the HRTEM
analysis and the smaller BET surface areas. The corresponding Tafel slopes of the [rO-
are estimated to be about 40 mV dec™! which is consistent with most anodically produced
IrO» electrodes [118]. When comparing the Tafel slopes, the commercial IrO> had the
smallest slope. IrO; with a smaller Tafel slope generates current more efficiently when

voltage is applied [75, 121].
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Figure 4.5: LSV analysis in 0.5M H>SOy of the commercial IrO; and IrO;
synthesized using the MAFM with NaNO3 and KNO3.
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Table 4.5: Overpotential, onset potential, and the Tafel slopes of the commercial IrO, and IrO; synthesized using the
MAFM with NaNO3 and KNO:3.

Sample name Overpotential at Electrode Electrode Tafel slopes
10 mAcm2 (V vs. potential at 50  potential at 150 10-50 mAcm
RHE) mAcm2 (V vs. mAcm? (V vs. (mV dec)
RHE) RHE)
MAFM-350-2-NaNO3 0.28 1.61 1.79 40.54
MAFM-350-2-KNO3 0.31 1.63 1.80 40.59
Commercial IrO» 0.29 1.62 1.77 40.32

CP analysis was performed at 10 mAcm™ until the potential reached a potential of 1.8
V vs. RHE. Performance degradation is normally attributed to dissolution of the IrO»
catalyst [12, 118]. Figure 4.6 shows the CP analysis of the IrO, synthesized with the
MAFM using NaNO3 and KNO; as well as the commercial IrO: catalyst. MAFM-350-
2-NaNOs had the highest OER stability (~82 hrs) before reaching the cut-off potential.
The OER stability of the commercial IrO, and synthesized IrO, catalysts are
summarized in Table 4.6. Lim et al. [79] also observed improved OER performance for
IrO2 when NaNOs; was used during the synthesis. The larger BET surface area may
explain the significantly improved OER stability of MAFM-350-2-NaNOs. The XRD
analysis also showed a better developed crystallinity structure for MAFM-350-2-NaNOs
when compared to MAFM-350-2-KNOs. When using KNOs3, synthesis temperatures
above its melting point should be considered which may have affected the crystallization

and crystallite sizes.
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Figure 4.6: CP analysis in 0.5 M H>SO4 of the commercial IrO; and IrO;
synthesized using the MAFM with NaNO3 and KNO3.

Table 4.6: OER stability of the commercial IrO; and IrO; synthesized using the MAFM with NaNO3
and KNO:s.

Sample name Stability (hrs)
MAFM-350-2-NaNOs 81.8
MAFM-350-2-KNO3 20.82
Commercial IrO2 10.4

4.1.2 Effect of temperature on the IrO, catalysts

To investigate the effect of synthesis temperatures, the synthesis duration and reagents
used remained constant. The previous section confirmed the improved IrO»
performances when using the NaNO; reagent. A 2 hrs synthesis duration was most
efficient to synthesize IrO, as confirmed by Felix et al. [119]. Figure 4.6 shows the
XRD spectra for the IrO> catalysts synthesized at temperatures 350, 500, and 650°C as
well as the commercial IrO; catalyst. The peaks were assigned using the JCP2 standard
files for IrO> (JCP2 150870) and Ir (JCP2_ 06—-0598). In Figure 4.7, the sharpening of

the peaks with increased synthesis temperatures show the phase transition from an
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amorphous to a highly crystalline IrO,. The increased crystallinity was seen by the
sharpening of the diffraction peaks, which are also known to produce larger crystallite
sizes. This observation is common for the MAFM since NaNOs is used as the oxidizing
agent [70]. However, the MAFM-350-2-NaNO3s was in the amorphous phase which is
characterized by broad diffraction peaks [114]. The (110) and (101) facets are important
stable facets for IrO2 and were seen in samples MAFM-500-2-NaNOs; and MAFM-650-
2-NaNOs3, while only facet (101) was present in MAFM-350-2-NaNOQs. Furthermore,
the (211) facet at Bragg angle ~54° was present in both MAFM-500-2-NaNO3 and
MAFM-650-2-NaNOs due to the increased crystallization at higher temperatures. A
similar observation of increased crystallinity with increased synthesis temperatures, i.e.
500 and 650°C, was seen by Arico et al. [35]. At the Bragg angle of ~40°, metallic Ir
was seen in MAFM-500-2-NaNO3;, MAFM-650-2-NaNQOs, and commercial IrO;. The
average IrO; crystallite sizes were determined, using the Scherrer formula at (101) facet,
and summarized in Table 4.7. The MAFM-350-2-NaNO3 had the smallest crystallite
sizes and as expected, MAFM-650-2-NaNO3 had the largest crystallite sizes.
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Figure 4.7: XRD analysis of the commercial IrO; and IrO; synthesized
using the MAFM at temperatures 350, 500, and 650°C.
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Table 4.7: Average crystallite sizes calculated using the Scherrer equation of the commercial IrO;
and the IrO; synthesized using the MAFM at temperatures 350, 500, and 650°C.

Sample Name IrO: Crystallite Size (nm) by
Scherrer Formula
MAFM-350-2-NaNO3 2.73
MAFM-500-2-NaNO3 7.78
MAFM-650-2-NaNO3 10.01
Commercial IrO» 0

The morphology of the synthesized IrO> catalysts were studied using HRTEM analysis.
As previously mentioned, MAFM-350-2-NaNO; had uniform spherical particles with
small crystalline regions. MAFM-500-2-NaNOs (Figure 4.8C) had cubic-shaped
particles whereas MAFM-650-2-NaNOs (Figure 4.8E) had a combination of cubic and
cylindrical-shaped particles. The width and length of the cylindrical shaped particles of
MAFM-650-2-NaNQs are 5 and 11 nm respectively. The sharp rings in Figure 4.7D and
Figure 4.8F confirmed the highly crystalline nature of the IrO,. Subramanian et al. [35]
showed similar SAED patterns for IrO, synthesized at increased temperatures. The
specific surface energy of growing crystal facets may explain the variation in particle
shapes of the synthesized IrO; [77]. Table 4.8 summarizes the average particle sizes of

the synthesized IrO; and commercial IrO».
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Figure 4.8: HRTEM and SAED analysis of (A) and (B) MAFM-350-2-NaNOs, (C) and
(D) MAFM-500-2-NaNOs, and (E) and (F) MAFM-650-2-NaNO:3.
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Table 4.8: Average HRTEM particle sizes of commercial IrO; and IrO; synthesized using the MAFM
at temperatures 350, 500, and 650°C.

Sample name Average particle size (nm)
MAFM-350-2-NaNOs 2.31
MAFM-500-2-NaNOs3 3.54
MAFM-650-2-NaNOs Width: 5.23

Length: 11.36

Commercial IrO» 8.69

The BET analysis measured the specific surface area of the IrO» synthesized at
temperatures 350, 500, and 650°C using the MAFM. Table 4.9 summarizes the N»
adsorption-desorption results of the IrO; catalysts. As the synthesis temperatures
decreased, the BET surface area of the synthesized IrO» increased. MAFM-350-2-
NaNO:s has the largest BET surface area of 216.23 m*/g. The larger BET surface area is
an indication of the smaller IrO; particles, confirming the HRTEM analysis results.
However, the commercial IrO2 had the smallest BET surface area when compared to the
synthesized IrO2 which could be due to the presence of metallic Ir as seen in the XRD

analysis.

Table 4.9: BET surface areas of the commercial IrO, and IrO; synthesized using the MAFM at
temperatures 350, 500, and 650°C.

Sample name BET surface area (m?/g)
MAFM-350-2-NaNO3 216.23
MAFM-500-2-NaNO3 104.84
MAFM-650-2-NaNO3 53.84

Commercial IrO2 25.11

The CV analysis was obtained at a potential scan rate of 20 mVs! in a potential window
of 0 and +1.4 V vs. RHE. The slight shift in the two redox couples, Ir(IlI)/Ir(IV) and
Ir(IV)/Ir(V), show that the cyclic voltammograms seem to be influenced by the synthesis
temperatures (Table 4.10). Figure 4.9 shows the Ir(III)/Ir(IV) and Ir(IV)/Ir(V) anodic
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oxidation peaks of MAFM-350-2-NaNO3, MAFM-500-2-NaNO3;, MAFM-650-2-
NaNOs, and the commercial IrO>. Between 0 and +0.65 V vs. RHE, no charges were
transferred for the MAFM-500-2-NaNO3z and MAFM-650-2-NaNOs due to the double
layer charging [68]. IrO> synthesized at 500 and 650°C does not show the additional
peak, as seen by MAFM-350-2-NaNO3 at +0.35 V vs. RHE, which rules out that it may
be due to the oxidation/reduction sodium layer impurity. Upon the cathodic potential
scan at 0 V vs. RHE, a strong negative “tail” was seen for MAFM-500-2-NaNO3 and
MAFM-650-2-NaNOs. This reflects their negative capacitive behaviour (Hags),
involving the double layer- and pseudo capacitances [68, 120]. The CV curves have

similar shapes to those found by Rasten et al. [72].
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Figure 4.9: CV analysis in 0.5 M H>SOq.o0f the commercial IrO; and IrO;
synthesized using the MAFM at temperatures 350, 500, and 650°C.
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Table 4.10: Anodic peak potentials of the Ir(II)/Ir(IV) and Ir(IV)/Ir(V) redox couples of the
commercial IrO; and IrO; synthesized using the MAFM at temperatures 350, 500, and 650°C.

Sample name Ir(IID)/Ir(IV) redox Ir(IV)/Ir(V) redox
couple (V vs. RHE) couple (V vs. RHE)
MAFM-350-2-NaNOs +0.94 +1.30
MAFM-500-2-NaNOs3 +0.82 +1.28
MAFM-650-2-NaNOs +0.78 +1.18
Commercial IrO2 +0.74 +1.16

Figure 4.10 shows the polarization curves produced by the LSV technique at a potential
scan rate of 2 mVs™! between +1.2 and +1.8 V vs. RHE. Table 4.11 summarizes the OER
overpotential, the electrode potential at different current densities, and the Tafel slopes
of the IrO,. The MAFM-350-2-NaNOs has the lowest overpotential at 10 mAcm™ when
compared to the IrO, synthesized at 500 and 650°C. At lower current densities (<25
mAcm?), the MAFM-350-2-NaNOs had higher OER activities. However, at increased
current densities (> 25 mAcm2) the MAFM-500-2-NaNOs had higher OER activities.
No results were produced at 150 mAcm™? for MAFM-650-2-NaNOs due to the IrO;
degradation caused by the Ir dissolution [118]. When comparing the Tafel slopes,
MAFM-500-2-NaNOs3 had the lowest Tafel slope value and produces current density
more efficiently when a voltage is applied [75, 121]. The lower OER activities of
MAFM-650-2-NaNOs3 and commercial IrO; can be attributed to the larger particle sizes
as shown by the HRTEM analysis. Felix et al. [68] also observed higher OER activities

for the IrO> synthesized at lower synthesis temperatures.
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Figure 4.10: LSV analysis in 0.5 M H>SOy of the commercial IrO; and IrO;
synthesized using the MAFM at temperatures 350, 500, and 650°C.

Table 4.11: Overpotential, electrode potentials, and the Tafel slopes of the commercial IrO, and IrO; synthesized using the
MAFM at temperatures 350, 500, and 650°C.

Sample name Overpotentia Onset Onset Tafel slopes
1at 10 mAcm potential at potential at 10-50 mAcm
(V vs. RHE) 50 mAcm? 150 mAcm™ (mV dec?)
(Vvs.RHE) ' (Vvs.RHE)
MAFM-350-2-NaNO3 0.28 1.61 1.79 40.54
MAFM-500-2-NaNOs 0.29 1.59 1.72 40.24
MAFM-650-2-NaNO3 0.36 1.73 - 40.42
Commercial IrO2 0.29 1.62 1.77 40.32

CP analysis was performed at 10 mAcm™ until the potential reached a potential of 1.8
V vs. RHE. Figure 4.11 shows the performance of the IrO» catalysts synthesized with
the MAFM at temperatures 350, 500, and 650°C. MAFM-350-2-NaNOj had the highest
OER stability of ~82 hrs while MAFM-650-2-NaNOs; had the lowest OER stability.
The OER stability of the IrO» catalysts was summarized in Table 4.12. Felix et al. [68]

also showed improved OER stability of IrO> synthesized at a lower temperature, i.e.,
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350°C. The highly crystalline nature of MAFM-650-2-NaNO3 may have caused a
decrease in the OER stability, resulting in the sample being out-performed by the

commercial IrO;.
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Figure 4.11: CP analysis in 0.5M H>SOy of the commercial IrO; and IrO;
synthesized using the MAFM at temperatures 350, 500, and 650°C.

Table 4.12: OER stability of the commercial IrO; and IrO; synthesized using the MAFM at
temperatures 350, 500, and 650°C.

Sample name Stability (hrs)
MAFM-350-2-NaNOs3 81.8
MAFM-500-2-NaNOs3 443
MAFM-650-2-NaNOs3 55

Commercial IrO; 10.4

4.2 Molten Salt method

4.2.1 Effect of reaction duration on the IrO; catalysts
To study the effect of synthesis duration (4 and 8 hrs), the synthesis temperature (650°C)

and reagent (NaCl) used remained constant for the MSM. A synthesis temperature of
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650°C was proven to be suitable for the MSM by Ahmed et al. [66]. No significant
difference was seen in the IrO; yield between the reagents NaCl/KCI and NaCl [77].
Therefore, only the NaCl reagent was used for the MSM experiments. The XRD spectra
of the commercial IrO; and IrO> synthesized with the MSM are shown in Figure 4.12.
The JCP2 standard files for IrO> (JCP2_ 150870) and Ir (JCP2_06—0598) were used to
assign the sample peaks. From the XRD spectra, both MSM-650-4-NaCl and MSM-
650-8-NaCl have sharp diffraction peaks which indicates their large crystallinity sizes.
The increased synthesis temperature and duration may have contributed to the increased
crystallinity [68, 114]. This allowed the formation of facet (211) at Bragg angle ~54°
for the synthesized IrO,. The important stable facets (110) and (101) were also seen in
both MSM-650-4-NaCl and MSM-650-8-NaCl. At Bragg angle of ~40° and ~69°, an
overlap of IrO; and Ir was shown for both MSM-650-4-NaCl and MSM-650-8-NaCl.
However, at Bragg angle ~47° only metallic Ir was present for MSM-650-4-NaCl and
the commercial IrO;. Table 4.13 summarizes the IrO; crystallite sizes, at the (101) facet,
which was calculated using the Scherrer formula (Equation 23). A direct correlation was
seen between the average crystallite size and synthesis duration, as demonstrated by
Zhou et al. [77]. However, the presence of metallic Ir in MSM-650-4-NaCl and the

commercial IrO> may have contributed to the decreased OER performance [17, 119].
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Figure 4.12: XRD patterns of the commercial IrO; and IrO; synthesized
using the MSM at durations 4 and 8 hrs.
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Table 4.13: Average crystallite sizes calculated using the Scherrer equation of the commercial IrO;

and the IrO; synthesized using the MSM at duration 4 and 8 hrs.

Sample name IrO: Crystallite Size (nm) by

Scherrer Formula

MSM-650-4-NaCl 12.43
MSM-650-8-NaCl 8.78
Commercial IrO; 0

The morphology of the IrO> synthesized with the MSM at durations 4 and 8 hrs were
studied using the HRTEM analysis. Both MSM-4-650-NaCl and MSM-8-650-NaCl
consisted of various particle shapes (spherical, cubic, and cylindrical) with various sizes
(Figure 4.13A and Figure 4.13C). Most of the MSM-4-650-NaCl particles were
cylindrical shaped while the bulk of the particles for MSM-8-650-NaCl was cubic
shaped. Zhou et al. [77] observed similar changes in morphology with the change in the
synthesis duration. The SAED images, Figure 4.13B and Figure 4.13D, confirmed the
larger crystalline regions of MSM-4-650-NaCl and MSM-8-650-NaCl, which were seen
by the XRD analysis. Table 4.14 summarizes the average particle sizes with MSM-650-
8-NaCl having slightly smaller particle sizes than MSM-650-4-NaCl.
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!.a

Figure 4.13: HRTEM and SAED analysis of (A) and (B) MSM-650-4-NaCl, and (C)
and (D) MSM-650-8-NaCl.

Table 4.14: Average HRTEM particle sizes of commercial IrO; and IrO; synthesized using the
MSM at durations 4 and 8hrs.

Sample name Average particle size (nm)
MSM-650-4-NaCl Width: 2.73
Length: 26.36
MSM-650-8-NaCl 8.18
Commercial IrO; 8.69

The BET analysis was used to study the specific surface area of the commercial IrO>
and IrO; synthesized using the MSM at synthesis durations 4 and 8 hrs. Table 4.15

summarizes the N> adsorption-desorption results of the IrO, samples. The BET surface
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area of the synthesized IrO: increased with increasing synthesis duration. The MSM-
650-8-NaCl has the highest BET surface area of 54.69 m?/g. This confirms the smaller
IrO» particle sizes seen in the HRTEM analysis. The presence of metallic Ir in MSM-
650-4-NaCl, as seen from the XRD analysis, may be responsible for the decreased active
surface area [ 124]. Furthermore, the commercial IrO> had the smallest BET surface area

when compared to the synthesized IrO».

Table 4.15: BET surface areas of the commercial IrO; and IrO; synthesized using the MSM at
durations 4 and 8 hrs.

Sample name BET surface area (mz/g)
MSM-650-4-NaCl 31.77
MSM-650-8-NaCl 54.69

Commercial IrO» 25.11

The CV analysis was performed between a potential of 0 and +1.4 V vs. RHE with a
potential scan rate of 20 mVs™. There is a slight shift in the two redox couples,
Ir(II1)/Ir(IV) and Ir(IV)/Ir(V), confirming that the synthesis conditions have influenced
the properties of the synthesized IrO>. The Ir(III)/Ir(IV) and Ir(IV)/Ir(V) anodic
oxidation peaks for MSM-650-4-NaCl, MSM-650-8-NaCl, and the commercial IrO; are
shown in Figure 4.14 and summarized in Table 4.16. Negative capacitive behaviour
(Hags) can be seen for both MSM-650-4-NaCl and MSM-650-8-NaCl. This negative
capacitive behaviour can also be seen by Felix et al. [68, 120]. Furthermore, both the
MSM-650-4-NaCl and MSM-650-8-NaCl were not fully reduced during the cathodic
scan and some IrO: species did not oxidize during the anodic scan. The small oxidizing
peak, at 0 V vs. RHE, for MSM-650-4-NaCl shows the presence of hydrogen adsorption

on the negative (cathodic) scan and hydrogen evolution on the positive (cathodic) scan.
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Figure 4.14: CV analysis in 0.5 M H>SOy of the commercial IrO; and
IrO; synthesized using the MSM at durations 4 and 8 hrs.

Table 4.16: Anodic peak potentials of the Ir(IIl)/Ir(IV) and Ir(IV)/Ir(V) redox couples of the
commercial IrO; and IrO; synthesized using the MSM at durations 4 and 8 hrs.

Sample name Ir(IID/Ir(IV) redox couple Ir(IV)/Ir(V) redox couple

(V vs. RHE) (V vs. RHE)
MSM-650-4-NaCl +0.78 +1.17
MSM-650-8-NaCl +0.79 +1.19
Commercial IrO; +0.74 +1.16

The LSV analysis produced polarization curves at a potential scan rate of 2 mVs!
between +1.2 and +1.8 V vs. RHE (Figure 4.14). OER overpotential, electrode potential
at different current densities, and the Tafel slopes of the commercial IrO> and
synthesized IrO are summarized in Table 4.15. At 10 mAcm2, MSM-650-4-NaCl has
the lowest overpotential, which corresponds to a higher OER activity. MSM-650-4-
NaCl also has higher electrode potentials at increased current densities (>40 mAcm™).
When comparing the Tafel slopes, MSM-650-4-NaCl had the smallest slope value. Tafel

slopes with smaller values usually produce current more efficiently with applied voltage
[78, 121].
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Figure 4.15: LSV analysis in 0.5M H>SOy of the commercial IrO; and
IrO; synthesized using the MSM at durations4-and 8 hrs.

Table 4.17: Overpotential, onset potentials, and the Tafel slopes of the commercial IrO; and IrO; synthesized using
the MSM at durations 4 and 8 hrs.

Sample name Overpotential  Onset potential Onset potential = Tafel slopes
at 10 mAcm at 50 mAcm?  at 150 mAcm? 10-50 mAcm
(V vs. RHE) (Vvs. RHE) (V vs. RHE) (mV dec)

MSM-650-4-NaCl 0.31 1.61 1.73 40.46
MSM-650-8-NaCl 0.32 1.62 1.74 40.48
Commercial IrO2 0.29 1.62 1.77 40.32

The CP analysis was performed at 10 mAcm™ until it reached a cut-off potential of 1.8
V vs. RHE (Figure 4.16). Table 4.18 summarizes the OER stability of the I[rO»
synthesized with the MSM at durations 4 and 8 hrs. MSM-4-650-NaCl had the highest
stability of ~41 hrs, whereas the measured stability of MSM-8-650-NaCl was only ~20
hrs. Therefore, the OER stability of the IrO; is strongly dependent on the synthesis
duration [124]. MSM-650-4-NaCl experienced a significant amount of O» bubble
adsorption onto the IrO, surface at the start of the experiment, which is known to

decrease the ohmic measurements [119].
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Figure 4.16: CP analysis in 0.5 M H>SOy of the commercial IrO; and
IrO; synthesized using the MSM at durations 4 and Shrs.

Table 4.18: OER stability of the commercial IrO; and IrO; synthesized using the MSM at durations
4 and 8 hrs.

Sample name Stability (hrs)
MSM-650-4-NaCl 40.9
MSM-650-8-NaCl 22.4

Commercial IrO2 10.4

4.2.2 Effect of synthesis temperature on the IrO; catalysts

To study the effect of the MSM synthesis temperatures, the synthesis duration and
reagent remained constant. In section 4.2.1, a synthesis duration of 4 hrs and the use of
NacCl reagent were proven to synthesize IrO> with improved performances. Figure 4.17
shows the XRD spectra of the IrO> synthesized using the MSM at temperatures 350,
500, and 650°C. The JCP2 standard files for IrO, (JCP2 150870) and Ir (JCP2 06—
0598) were used to assign the peaks. The sharpening of the diffraction peaks with
increased synthesis temperatures indicates the phase transition from amorphous to the
crystalline phase between the IrO,. Lower crystallite sizes are associated with IrO; in

the amorphous phase, which can be seen by the broad peaks of MSM-350-4-NaCl.
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Larger crystallite sizes are associated with IrO: in the crystalline phase, as seen in MSM-
500-4-NaCl and MSM-650-4-NaCl. The sharpening of the diffraction peaks with
increasing synthesis temperatures can also be seen by Liu et al. [74]. Important stable
facets (110) and (211) were only present in MSM-500-4-NaCl and MSM-650-4-NaCl,
while only (101) facet was seen in MSM-350-4-NaCl. At the Bragg’s angle of ~45°,
the metallic Ir was only present in MSM-650-4-NaCl. At facet (101), the Scherrer
formula, Equation 23, was used to determine the IrO» crystallite sizes and summarized
in Table 4.19. The MSM-350-4-NaCl had the smallest crystallite sizes, while MSM-
650-4-NaCl had the largest crystallite size.
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Figure 4.17: XRD analysis of the commercial IrO; and IrO; synthesized
using the MSM at temperatures 350, 500, and 650°C.
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Table 4.19: Average crystallite sizes calculated using the Scherrer equation of the commercial IrO;
and the IrO; synthesized using the MSM at temperatures 350, 500, and 650°C.

Sample name IrO: Crystallite Size (nm) by
Scherrer formula
MSM-350-4-NaCl 2.83
MSM-500-4-NaCl 7.05
MSM-650-4-NaCl 12.43
Commercial IrO» 0

HRTEM analysis was used to study the morphology of the IrO> catalysts. The MSM is
known to produce IrO> with different particle shapes and sizes [66, 77]. The MSM-350-
4-NaCl had undefined particles with sizes of about 4.12 nm (Figure 4.18A). Concentric
circles were displayed in the SAED image in Figure 4.18B for MSM-350-4-NaCl,
confirming the smaller crystalline region found in the XRD analysis. Figure 4.18C
showed a combination of cubic and cylindrical particles for MSM-500-4-NaCl. The
MSM-650-4-NaCl consisted of wvarious particle shapes (spherical, cubic, and
cylindrical), each with various particle sizes (Figure 4.18E). The width and length of the
cylindrical particles are 9 and 61 nm respectively. IrO; synthesized at increased
temperatures (500 and 650°C) showed increased crystallinity sizes which are confirmed
in Figure 4.18D and Figure 4.18F by the defined concentric circles. Ahmed et al [66]
also produced IrO> with decreased particle sizes at lower synthesis temperatures. Table
4.20 summarizes the particle sizes of the commercial IrO; and [rO synthesized with the

MSM.
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Figure 4.18: HRTEM and SAED analysis of (4) and (B) MSM-350-4-NaCl, (C)
and (D) MSM-500-4-NaCl, and (E) and (F) MSM-650-4-NaCl.
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Table 4.20: Average HRTEM particle sizes of commercial IrO; and IrO; synthesized using the MSM
at temperatures 350, 500, and 650°C.

Sample name Average particle size (nm)
MSM-350-4-NaCl 4.12
MSM-500-4-NaCl 4.74
MSM-650-4-NaCl Width: 2.73

Length: 26.36
Commercial IrO» 8.69

The N> adsorption-desorption analysis of the commercial IrO» and IrO; synthesized with
the MSM are summarized in Table 4.21. The BET surface area of the synthesized IrO,
increased with decrease synthesis temperatures. MSM-350-4-NaCl has the largest BET
surface area of about 63.89 m?/g. At increased temperatures i.e., 650°C, MSM-650-4-
NaCl has a smaller BET surface area which is an indication of the larger IrO> particles,

as revealed by the HRTEM analysis.

Table 4.21: BET surface areas of the commercial IrO; and IrO; synthesized using the MSM at
temperatures 350, 500, and 650°C.

Sample name BET surface area (m?/g)
MSM-350-4-NaCl 63.89
MSM-500-4-NaCl 55.62
MSM-650-4-NaCl 31.77

Commercial IrO; 25.11

The cyclic voltammograms were obtained at a potential scan rate of 20 mVs™! between
a potential of 0 and +1.4 V vs. RHE. Table 4.22 summarizes the redox couples,
Ir(IID)/Ir(IV) and Ir(IV)/Ir(V). Figure 4.19 shows the Ir(Il)/Ir(IV) and Ir(IV)/Ir(V)
anodic oxidation peak for the MSM-350-4-NaCl, MSM-500-4-NaCl, and MSM-650-4-
NaCl. The decreased voltammetric charge may be partly due to the particle growth
reduction and partly due to the oxide dehydration with increased oxide bridge bonding
[72]. An additional peak was seen at +0.59 V vs. RHE for MSM-350-4-NaCl, at both

the forward (anodic) and reverse (cathodic) scans. The additional peak can also be seen
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for the commercial IrO>. However, an extra peak cannot be seen for MSM-500-4-NaCl
and MSM-650-4-NaCl, which excludes the possibility of the peak being an
oxidation/reduction sodium layer impurity. The additional peaks are almost certainly
due to the presence of active Ir(IIl) sites on the IrO». A strong negative “tail”, upon the
cathodic potential scan at 0 V vs. RHE, was seen for MSM-500-4-NaCl and MSM-650-
4-NaCl. This reflects their negative capacitive behaviour (Hags) [68, 120]. Rasten et al.
[72] confirm the influence the negative capacitive behaviour, depending on the surface

area, had on the IrO; synthesized at increased temperatures.
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Figure 4.19: CV analysis in 0.5 M H,SO, of the commercial IrO; and IrO;
synthesized using the MSM temperatures 350, 500, and 650°C.
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Table 4.22: Anodic peak potentials of the Ir(II)/Ir(IV) and Ir(IV)/Ir(V) redox couples of the
commercial IrO; and IrO; synthesized using the MSM synthesized at 350, 500, and 650°C.

Sample name Ir(IID)/Ir(IV) redox Ir(IV)/Ir(V) redox
couple (V vs. RHE) couple (V vs. RHE)
MSM-350-4-NaCl +0.97 +1.20
MSM-500-4-NaCl +0.80 +1.23
MSM-650-4-NaCl +0.78 +1.17
Commercial IrO; +0.74 +1.16

Figure 4.20 shows the polarization curves obtained using the LSV technique, between
+1.0 and +1.8 V vs. RHE at a potential scan rate of 2 mVs™'. Table 4.23 summarizes the
OER overpotential, electrode potential at different current densities, and the Tafel slopes
of the IrO,. The MSM-350-4-NaCl had the lowest overpotential, at 10 mAcm™, when
compared to MSM-500-4-NaCl and MSM-650-4-NaCl. At lower current densities (50
mAcm2), the MSM-350-4-NaCl had a higher OER activity. The lower OER activities
of MSM-650-4-NaCl can be attributed to the larger particle sizes, along with the
presence of metallic Ir shown by the HRTEM analysis. However, at increased current
densities (150 mAcm™), the MSM-500-4-NaCl had higher OER activities. When
comparing the Tafel slopes, MAFM-500-4-NaCl had the smallest Tafel slope.
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Figure 4.20: LSV analysis in 0.5 M H>SOy of the commercial IrO; and IrO;
synthesized with the MSM at temperatures 350, 500, and 650°C.

Table 4.23: Overpotential, electrode potentials, and the Tafel slopes of the commercial IrO and IrO; synthesized with
the MSM at temperatures 350, 500, and 650°C.

Sample name Overpotential at 10 Onset Onset Tafel slopes
mAcm? (V vs. potential at potential at 10-50 mAcm
RHE) 50 mAcm? (V 150 mAcm (mV dec?)
vs. RHE) (V vs. RHE)

MSM-350-4-NaCl 0.27 1.58 1.71 40.54
MSM-500-4-NaCl 0.30 1.59 1.73 40.45
MSM-650-4-NaCl 0.31 1.61 1.73 40.46
Commercial IrO2 0.29 1.62 1.77 40.32

The CP analysis was performed at 10 mAcm™ until the potential reached a cut-off of
1.8 V vs. RHE. Figure 4.21 shows the OER stability of the IrO> synthesized using the
MSM at temperatures 350, 500, and 650°C. MSM-500-4-NaCl had the highest stability
of ~75 hrs. The performance of MSM-650-4-NaCl was initially affected by bubble
formation on the WE. The commercial IrO, was the least stable when compared to the
synthesized IrO> due to IrO, dissolution which are caused by degradation [118]. Table
4.24 summarizes the OER stability of the commercial IrO; and IrO, synthesized with
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the MSM. Lim et al. [79] reported similar behaviour with higher crystallinity exhibiting
a higher OER stability.
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Figure 4.21: CP analysis in 0.5 M H>SO, of the commercial IrO; and IrO;
synthesized using the MSM at temperatures 350, 500, and 650°C.

Table 4.24: OER stability of the commercial IrO; and IrO; synthesized using the MSM at temperatures
350, 500, and 650°C.

Sample name Stability (hrs)
MSM-350-4-NaCl 23.2
MSM-500-4-NaCl 75.2
MSM-650-4-NaCl 40.9
Commercial IrO2 10.4

4.3  Summary of the best performing IrO> catalyst

A commercial IrO; was used as a benchmark to compare the OER performances of the
IrO; synthesized with the MAFM and MSM, as shown in Table 4.25. For the MAFM,
sample MAFM-350-2-NaNO; showed the highest OER activity at current densities
<150 mAcm™. At higher current densities, MAFM-500-2-NaNO; showed improved
OER activities and has the smallest Tafel slope (40.24 mVdec™!). MAFM-350-2-NaNO;
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showed the highest OER stability, with the commercial IrO2 only out-performing the
stability of MAFM-650-2-NaNOs. For the MSM, sample MSM-350-4-NaCl also
showed higher OER activities at current densities <150 mAcm™2. MSM-500-4-NaCl
showed higher OER activities at increased current densities. All the IrO, synthesized
with the MSM showed improved OER stabilities when compared to the commercial
IrO2, with MSM-500-4-NaCl showing the highest stability. When comparing the IrO>
from both the MAFM and MSM, the lowered synthesis temperature, i.e., 350°C,

produced improved OER performances.

Figure 4.25: Summary of the OER performances of the commercial IrO: and IrO; synthesized with the MAFM and MSM.

Sample name Crystallite Morphology BET Ir(IDIr(IV)/ Overpotential Stability
size (nm) (nm) surface Ir(IV)Ir(V) (V vs. RHE) (hrs)
area (m?/g) redox couples
(V vs. RHE)

MAFM-350-2-NaNO3 2.73 a1 216.23 +0.94/+1.30 0.28 81.80

MAFM-350-2-KNO; 2.41 2.08 167.52 +0.74/+1.26 0.31 20.82

MAFM-500-2-NaNO3 7.78 3.54 104.84 +0.82/+1.28 0.29 44.30

MAFM-650-2-NaNO3 10.01 Width: 5.23 53.84 +0.78/+1.18 0.36 5.50
Length: 11.36

MSM-350-4-NaCl 2.83 4.12 63.89 +0.97/+1.20 0.27 23.2

MSM-500-4-NaCl 7.05 4.74 55.62 +0.80/+1.23 0.30 75.2

MSM-650-4-NaCl 12.43 With: 2.73 31.77 +0.78/+1.17 0.31 40.9
Length: 26.36

MSM-650-8-NaCl 8.78 8.18 54.69 +0.79/+1.19 0.32 224

Commercial IrO» 0 8.69 25.11 +0.74/+1.16 0.29 10.40
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Chapter 5: Conclusion and recommendations

5.1 Conclusion
In the PEMWE, IrO: is the most stable catalyst for the OER, however, its activity needs

further improvement [20, 35]. This study set out to synthesize an IrO> catalyst with both
improved activity and stability for the OER by tailoring both physical and electronic
properties by optimizing the synthesis method. Different methods can be used to
synthesize IrO;. In this study, the MAFM and MSM were chosen to synthesize the IrO»
catalyst due to their high stability, simplicity, eco-friendly, and cost-effectiveness. The
IrO; catalysts were compared to a benchmark commercial IrO,. Both the physical (XRD,
HRTEM, and BET) and electrochemical characterizations (CV, LSV, and CP) were
used to evaluate the validity of the synthesized IrO> as an OER catalyst in PEMWE.

The optimization of the synthesis conditions proved essential to synthesize IrO> with
improved OER performances. For the MAFM, MAFM-350-2-NaNOj3 exhibited the best
OER activity and stability, when compared to a commercial IrO,. The HRTEM analysis
revealed IrO» particles of up to 3 nm, which increased the BET active surface area. This
further proved that MAFM-350-2-NaNOs is a highly efficient anode catalyst for the
PEMWE. Furthermore, improved OER performances can also be seen by MAFM-350-
2-KNOs3;. MAFM-650-2-NaNO3 showed the lowest OER activity and stability. The
XRD analysis revealed the IrO, crystallinity increased with increase synthesis
temperature. The sample’s larger particle sizes decreased the BET active surface area
which may explain the lower OER performances. For the MSM, MSM-350-4-NaCl also
showed significant improvement in the OER activity when compared to the commercial
IrO,. MSM-500-4-NaCl exhibit the best OER stability. When optimizing the synthesis
duration, MSM-650-4-NaCl showed improved OER performances than both MSM-
650-8-NaCl and the commercial IrO;. By increasing the synthesis duration, both the
sample’s crystallinity and particle sizes increased, as shown by XRD and HRTEM

analyses, which decreased its active BET surface area.

Both the MAFM and MSM synthesized IrO; with improved OER performances when
compared to the commercial [rO,. This shows the IrO> catalyst can be enhanced
significantly by simply adjusting the synthesis conditions and method, thus improving
the IrO; catalyst’s physical properties. Such improved OER performances may result in

lower catalytic loading requirements, which lowers the cost related to the PEMWE.
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52 Recommendations

From the obtained outcome, recommendations concerning future investigations are

listed below:

e Further analysis, for the MSM, of either solvent KCI or a combination between
KCl and NaCl is required to explain the OER performance mechanism of MSM-
350-4-NacCl.

e The change scan rates in the CV analysis, on IrO> synthesized with the MSM,

requires further investigation.

e Further characterization techniques, including SEM, XPD, and SCSA, are
necessary to study the chemical and structural properties of the IrO» catalysts,

especially those produced at lower synthesis temperatures.

e The IrO; catalyst with the highest OER performance needs to be examined in a

PEMWE single cell.
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