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OXYGEN EVOLUTION ELECTROCATALYSTS FOR PROTON EXCHANGE
MEMBRANE WATER ELECTROLYSIS

Peter William Richardson

Proton exchange membrane (PEM) water electrolysers are forecast to become an important
intermediary energy storage technology between renewable power sources and energy
distribution/usage. This is because they offer a production route to high purity H, that is both
non-polluting and efficient. Energy stored as H, can be converted back to electricity for use in
the national grid, pumped into existing natural gas networks or used as a fuel for hydrogen-
powered vehicles. The majority of the energy losses in a PEM water electrolyser are associated
with the high overpotential that is required for the electrochemical evolution of O, that occurs
at the anode. The highly oxidising conditions of this reaction coupled to the low pH of the PEM
environment restrict electrocatalyst selection to expensive noble metal oxides. Thus to
enhance the commercial viability of PEM electrolysers, the goal of electrocatalyst development
for the O, evolution reaction is to (i) increase the catalytic performance, (ii) increase the

catalyst stability and (iii) reduce the cost of the catalyst components.

In this work a range of iridium-based electrocatalysts with reduced Ir contents have been
prepared. Two methods are employed to reduce the Ir content: (i) mixing the Ir with
ruthenium to form a binary metal oxide and (ii) dispersing the active Ir phase on an indium tin
oxide (ITO) support. Investigation of the electrocatalysts via a combination of different physical
and electrochemical characterisation techniques, including a novel in-situ X-ray absorbance
experiment, indicates that both approaches produce electrocatalysts with comparable or
improved O, evolution activity compared to the state-of-the-art iridium oxide (IrO,) material.
However selection of the most appropriate catalyst for PEM electrolysis may ultimately be a

compromise between activity, stability and cost.
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Chapter 1: Introduction
1. Introduction

PEM water electrolysers are forecast to become an important intermediary energy storage
technology between renewable power sources and energy distribution/usage. This is because
they offer a production route to high purity H, that is both non-polluting and efficient. Energy
stored as H, can be converted back to electricity for use in the national grid, pumped into
existing natural gas networks or used as a fuel for hydrogen-powered vehicles. The majority of
the energy losses in a PEM water electrolyser are associated with the high overpotential that is
required for the electrochemical evolution of O, that occurs at the anode. The highly oxidising
conditions of this reaction coupled to the low pH of PEM environment restrict electrocatalyst
selection to expensive noble metal oxides. Thus to enhance the commercial viability of PEM
electrolysers, it is imperative to reduce the amount of precious metal used without reducing
the activity or stability of the catalyst. This introductory chapter will present the arguments for
the use of H, as an energy storage medium, followed by an introduction to PEM water
electrolysers and the O, evolution reaction, and finally a brief outline of the thesis. Literature
reviews relevant to the results presented later in this thesis can be found at the start of each of

the results chapters (Chapters 3 and 4).

1.1 The energy challenge

Humans need sources of energy in order to survive. As a species we are dependent on energy
and fuels for two of our most basic needs, heating and cooking, as well as a wide array of
important industrial processes such as electricity generation, metallurgy, food production and

transportation.

The choice of primary energy source is varied. For the majority of human history, wood was
burnt for domestic use whilst windmills and watermills were used to power industrial
processes. The development of the steam engine in the late 18" Century enabled large scale
coal mining, which led to the Industrial Revolution and a move towards fossil fuels; first coal,
then petroleum (oil) and later natural gas. The invention of the internal combustion engine
(ICE) in the late 19" Century and its application in the transportation sector further increased
the demand for petroleum products. In the 20™ Century non-fossil fuel based energy sources
such as nuclear fission, hydroelectricity, biomass, solar power and wind turbines were also

developed. All of these primary energy sources are often converted into other, secondary
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forms of energy that are more convenient for the end user, such as electricity or petrol

(gasoline).

Industrialisation has led to improved living standards and economic prosperity, which in turn
has led to an increased global population requiring more energy. Fossil fuels are the favoured
choice for over 80 % of the world’s energy needs because they are relatively abundant,
economical to extract and use, and convenient to store and transport’. However, several
issues arise from their use; (i) security of energy supplies; (ii) climate change; and (iii)

atmospheric pollution.

1.1.1 Security of energy supplies

Fossil fuels are formed over many millions of years through geological processes. Their
reserves are therefore limited and once consumed, cannot be replaced on any realistic time-
scale. Although new sources and extraction techniques are pursued?, alternative energy

sources will have to be in place when all reserves are eventually depleted.

Of more immediate concern is the continued reliance on fossil fuels as the global energy
demand continues to increase®. The UK Government predicts that by 2020, 93 % of its primary
energy needs will be met through fossil fuels and that they will continue to be predominant for
many decades thereafter®. As fossil fuel reserves are not evenly distributed across the world,
regions with few or no resources are dependent on imports from those that do. As populations
grow and developing countries expand their economies and become more energy intensive,
these imbalances will increase competition for fossil fuels. Increased competition combined
with other factors such as abuses of market power and national/international conflict,

threatens to escalate energy prices and the security of supplies.

1.1.2 Climate change

Over the past two centuries, the average global temperature has risen by about 0.8 °C, and it is
projected to increase by another 1 — 2 °C over the next 100 years>°. Global warming may result
in changes to the Earth’s climate, with potentially drastic physical, ecological and social
consequences. The rise in global temperatures has been partially attributed to a concurrent
increase in the concentration of various greenhouse gases in the atmosphere, in particular
carbon dioxide (CO,) which has increased by 40 % compared to pre-Industrial Revolution

levels’. CO,is a waste product of fossil fuel combustion and although it is also produced by
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several natural processes, the increase in atmospheric CO, is a direct consequence of

cumulative CO, emissions since the Industrial Revolution.

1.1.3 Atmospheric pollution

Many other pollutants aside from CO, are emitted by the combustion of fossil fuels. These
include nitrous oxides (NO,), sulphur oxides (SO,) and various complex hydrocarbons. SO, are
the major source of acid rains which have adverse effects on forests, freshwaters and soils.
NO, reacts with volatile organic compounds in the presence of sunlight to form photochemical
smog that surrounds cities with dense traffic on hot and dry days. Developed countries have
taken measures to improve their air quality through strict legislation and the development of
technologies such as catalytic converters in vehicle exhausts. However the effects of
atmospheric pollution are still a major issue in many developing countries where legislation is

less robust.

1.1.4 Meeting the challenge

Various governments and international bodies have recognised the need to address the
consequences of using fossil fuels. In 1997 more than 100 countries ratified the Kyoto
Protocol, indicating their commitment to reducing greenhouse gas emissions’. In 2008 the
European Union outlined its climate and energy policy, which included the more ambitious
20-20-20 targets®®. This proposes that by 2020, the EU will reduce greenhouse gas emissions
by 20 % of 1990 levels, decrease energy consumption by 20 % by increasing energy efficiency

and increase use of renewable energy sources to 20 % of total energy production.

In order to meet such targets, many governments have invested in new renewable energy
sources such as solar and wind power, to generate electricity. However the energy produced
by these sources is intermittent and so cannot compensate for fluctuating consumer energy
demands. As electricity cannot be stored, a non-polluting energy storage medium is required.
Furthermore non-polluting alternatives are also required to replace the petroleum-based fuels
used in the transportation sector. Hydrogen (H,) has the potential to fulfil both of these criteria
and it has been suggested as an alternative energy vector in a sustainable future energy

infrastructure known as the Hydrogen Economy'**,
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1.2 Hydrogen

Hydrogen is the lightest chemical element (atomic weight 1.0079) and has the simplest atomic
structure with one proton and one electron. Although it is the most prevalent element in the
universe, its abundance on Earth in the elemental form H, is small, because of its low density
(density 0.0899 g L™). Instead, it predominantly exists as a component of many different

naturally occurring substances such as in hydrocarbons and water.

1.2.1 Hydrogen as an energy carrier

Hydrogen has significant potential as an energy carrier for a number of reasons. Firstly, it can
be produced from a wide range of natural resources using a variety of process technologies
and primary energy sources, including fossil fuels, nuclear and renewable options**. This
diversity reduces the energy security concerns that accompany the use of hydrocarbons. Once
formed, H, can be combusted as a fuel to produce heat or used in a fuel cell to produce
electricity, with water as the only emission. H, is therefore an ideal choice in any future
sustainable energy infrastructure as it liberates no pollutants to the atmosphere. Furthermore,
if derived from non-fossil primary energy sources or from fossil fuels coupled with CO,

sequestration, its utilisation would eliminate greenhouse gas emissions.

The development of the fuel cell is of key importance to the deployment of a H, infrastructure.
Fuel cells are electrochemical devices that convert chemical energy into electrical energy.
Unlike batteries, fuel cells continue to work so long as the fuel is externally provided. Fuel cells
are particularly attractive to the automotive industry as they are more efficient than ICE’s, in
addition to being non-polluting®. Larger fuel cell units have also been developed for stationary

. . 1
power applications™.

1.2.2 Hydrogen production

Around 45-50 x 10° kg of hydrogen is produced each year for a wide variety of applications™.
The electrolysis of water was the first industrialised production method, however the

reformation of hydrocarbons is the most widely used industrial process today as it is a more
economical method. Other methods to produce H, can be found in the literature but will not

be discussed in this thesis***®.
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1.2.2.1 Reformation of hydrocarbons

Three primary chemical processes have been developed for the reformation of hydrocarbons;
(i) steam reforming; (ii) partial oxidation (POX); and (iii) autothermal reforming (ATR). Methane
is the most suitable hydrocarbon feedstock as it is widely available, cheap and has the highest
hydrogen-to-carbon ratio amongst all the hydrocarbons. However reformation from oil and

coal is also possible’.

Steam reforming is achieved by reacting methane with steam over a nickel-based catalyst at

high temperature (700 — 900 °C) and pressure (3 — 25 bar) (equation 1).
CHag) + H20g) = COfg) + 3 Ha) Equation 1

To remove the CO, the syngas (mixture of CO and H, gases) is further processed by reaction
with steam in the water-gas shift reaction (equation 2). The overall reaction for steam

reformation of methane is given by equation 3.
CO(g) + HZO(g) - COz(g) + Hz(g) Equation 2
CH;+2H,0-> CO,+4H, Equation 3

POX is an alternative procedure in which the hydrogen is produced via the partial combustion

of methane with oxygen (equation 4).
2CH;+0,>2CO+4H, Equation 4

The POX reaction is exothermic and so does not require an external heat source, in contrast to
steam reforming which requires large amounts of expensive superheated steam. This allows
POX systems to have more compact reactor designs'®. However compared to steam reforming,
the yield of H, from POX is lower as only two H, molecules are produced per CH, molecule.
ATR is a combination of both steam reforming (equation 1) and POX (equation 3). The syngas
produced by both POX and ATR also requires further processing via the water-gas shift

reaction (equation 2).

The final step in all three production methods is the separation of the hydrogen from the
carbon dioxide and other impurity gases. This step is important as high purity hydrogen is vital

for fuel cell applications™®*

. The hydrogen is isolated and purified by pressure swing
adsorption in which the CO, and other gases are adsorbed onto a suitable material such as
activated carbon, in a packed-bed unit at high pressures. The captured CO, is then vented into

the atmosphere.
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Although it is the most economical H, production method at present, the reformation of
hydrocarbons cannot contribute to the establishment of a sustainable energy infrastructure as
it does not relieve the dependency on fossil fuels nor reduce the emission of large amounts of
CO, to the atmosphere. To reduce the emission of greenhouse gases to zero, the CO, could be
sequestered underground in geological formations™. However, the feasibility and proof of

permanent CO, storage has yet to be determined.

1.2.2.2  Water electrolysis

Water electrolysis is the splitting of water into gaseous H, and O, by the application of
electricity. First observed in 1789%, it was developed into an industrialised process in the late
19" and early 20" centuries®. Although it has largely been replaced by hydrocarbon
reformation, water electrolysis is still used to produce H, at locations where large amounts of
surplus electricity are available®, or to produce O, for life support systems in nuclear
submarines and the space industry®>. Water electrolysis is preferable to hydrocarbon
reforming for sustainable H, production because it does not rely on the use of fossil fuels,
releases no CO, to the atmosphere and delivers high purity H,, without the need for expensive

post-production purification.

Three types of water electrolyser technology have been developed that are differentiated by
the type of electrolyte medium; alkaline electrolysers®*, PEM electrolysers and solid oxide
electrolysers®. Alkaline electrolysers are the most mature technology and comprise two
electrodes immersed in a liquid alkaline electrolyte, typically 25-30 % KOH, with a diaphragm
placed between the electrodes to separate the two product gases. In contrast PEM
electrolysers have a solid polymer electrolyte with the water fed to the anode and cathode.
Solid oxide water electrolysers use a solid ceramic electrolyte and operate at high
temperatures (700-1000 °C) using superheated steam. A full description of each electrolyser
type is not within the scope of this thesis. However as this work focuses on PEM water
electrolysers, a detailed description of this technology will be provided in the following

sections.

PEM electrolysers offer several advantages to the more established alkaline electrolyser
technology. The thin, conductive polymer electrolyte facilitates high current densities and
voltage efficiencies?®?, flexible production rates and rapid system response times®, low H,/O,

30,31

gas crossover®’, and inherent greater safety than alkaline electrolytes®®*!. The strong structural

properties of the membrane also allow for the option of operating at high pressures®>*. This
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would negate the need for post-production H, compression, which is energy intensive and

expensive.

1.3 PEM water electrolysis

1.3.1 General principles

A PEM water electrolysis cell consists of an anode and cathode separated by a proton
exchange membrane electrolyte. During operation, water is fed to the anode where it is split
into O, gas, protons and electrons (equation 5) by the application of a voltage. The protons
migrate through the membrane to the cathode where they are combined with electrons to
form H, gas (equation 6). The overall cell reaction is given by equation 7. A schematic of a PEM

water electrolysis cell is shown in figure 1.

Anode: H,0(y> % O+ 2H +2 € E°=1.23 Vvs. RHE Equation 5
Cathode: 2 H" + 2 @ = Hyq E°=0.00V vs. RHE Equation 6
Overall: H,0) = Hyg + % Oy E°=1.23 Vvs. RHE Equation 7

}—‘

0,

€«

H
H,
—_—

H,O

 —

Metallic current collector (anode) J L Metallic current collector (cathode)
Anode catalyst Cathode catalyst

Membrane electrolyte

Figure 1 Schematic of a PEM water electrolyser
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1.3.2 Thermodynamics and kinetics

The total energy requirement to split water into H, and O, is determined by the enthalpy

change of the reaction, which may be expressed by equation 8
AH = AG +TAS Equation 8

where AH is the enthalpy change (AH = 298.15 kJ mol™), AG is the change in the Gibbs free
energy (AG =237.2 kI mol™), T is the temperature and AS is the entropy change (16.3 J mol™).
The AG term corresponds to the electrical energy requirement, while the TAS term represents
the thermal energy associated with the reaction. The electrolysis process is an endothermic

(AH > 0) and non-spontaneous (AG > 0) electrochemical reaction.

The equilibrium cell voltage, E,;;, represents the lowest required voltage for water

electrolysis to occur. It is related to the Gibbs free energy by equation 9

e AG

cell = 7 Equation 9

where n is the number of electrons transferred in the reaction (n = 2) and F is the Faraday
constant (96485 C mol™). At standard temperature and pressure (298.15 K and 1 atm), EZ,;, for

water electrolysis is 1.23 V.

The equilibrium cell voltage represents the minimum electrical energy required for water
electrolysis. However, most commercial electrolysers operate under adiabatic conditions. The
cell voltage must therefore also provide the energy corresponding to the entropy change of
the reaction. Under these circumstances, the entire enthalpy of the reaction is supplied
electrically and the cell voltage is termed the thermonuetral cell voltage, V;,,. The

thermonuetral voltage is related to AH by the expression (equation 10)

_AMH

Vin = F Equation 10

The thermoneutral voltage for water electrolysis is 1.48 V. This voltage represents the
potential at which the reaction is neither endothermic nor exothermic. At voltages < 1.48 V the
system will absorb heat from its surroundings, whereas at voltages > 1.48 V heat will be

emitted by the system.

For water electrolysis to operate at a practical rate for H, production, a cell voltage in excess of

E¢,;; and V., is required in order to overcome the various resistances associated with the cell
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reaction. Actual cell voltages, V,.;;, comprise a combination of both thermodynamic and

kinetic contributions as expressed by equation 11
Veen = Egell +Na +nc+ IR Equation 11

where 1, and 7. are the overpotentials associated with the anodic and cathodic reactions,
respectively, and IR represents energy dissipation due to ohmic resistances within the
electrolysis cell. The ohmic resistance is largely related to the conductivity of the membrane
electrolyte, but may also include contributions from the electrodes and electrical connections.
The overpotentials represent the electrical energy required to overcome the activation energy
barriers for the electrode reactions and drive electron transfer at an acceptable rate. All three
terms are inefficiencies which must be minimised in order to increase the efficiency of H,
production. The magnitude at which the current density, j, varies with the overpotential is
determined by the Tafel equation, which for an anodic reaction and cathodic reaction are

given by equation 12 and equation 13, respectively

asnF

logj =logjo + 551 Equation 12
logj =logj, + ;g—::;’l Equation 13

where j, is the exchange current density and a4 and a, are the transfer coefficient associated

with anodic and cathodic reactions, respectively. The linear relationship between the
overpotential and the logarithm of current density is characterised by the Tafel slope aR—nTF and

the exchange current density j,. Both terms are dependent on the electrode material and are

key kinetic parameters that determine specific electrocatalytic activity.

1.3.3 Cell structure and components

The central component of a PEM water electrolyser cell consists of a proton exchange
membrane inserted between an anode and a cathode. Electrocatalysts are used at both
electrodes to lower the activation energies of the associated electrode reactions, and increase
the efficiency of the electrolysis process. An electrocatalyst increases the rate of an
electrochemical reaction by changing the nature of the transition state/s or intermediate
product/s. PEM water electrolyser electrocatalysts usually comprise a composite of
electrocatalytic particles and electrolyte polymer, and are applied to either side of the
membrane to form a catalyst coated membrane (CCM) (also termed a membrane electrode

assembly (MEA)).
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To complete the PEM electrolyser cell, porous metallic meshes or sinters are pressed up
against the CCM to provide electrical contact and mechanical support, and to facilitate the
delivery and removal of reactants and products. In order to produce H, at a desired output
with a reasonable voltage, individual cells are linked together to form an electrolyser stack, as

shown in figure 2.

Figure 2 Photograph of a PEM water electrolyser stack

A range of commercial PEM electrolysers are available from a small number of manufacturers

34-37

worldwide®’. However wide scale adoption of PEM systems is restricted by the high cost of

the materials used for the membrane electrolyte and the electrocatalysts.

1.3.3.1 Proton exchange membranes

Perfluorosulfonic acid polymers are the state-of-the-art materials used as membranes in PEM

12,38

water electrolysers ~°. The commercial Nafion membrane from DuPont is widely used as it

h3¥% It consists of a

has good chemical stability, proton conductivity and mechanical strengt
polytetrafluoroethylene (PTFE) backbone with sulfonic acid side chains, as shown in figure 3.
The C-F bonds of the PTFE backbone provide chemical stability, while the presence of fluorine
atoms bonded to the same carbon as the SO;H groups make the sulfonic acid a superacid,

increasing its proton conductivity“.

10
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\ CF3

Figure 3 Chemical structure of Nafion®

One drawback to Nafion membranes is that they are limited to operating temperatures below
the boiling point of water, as the proton conduction is dependent on the presence of water
acting as a bridge between neighbouring sulfonic acid groups. Reinforcing the membrane with
inorganic oxides such as TiO, and SiO,, allows it to be used at elevated operating temperatures
and pressures***. The hygroscopic characteristic of these oxides enhance the water retention

properties of the composite membrane, preventing dehydration at high temperatures.

Nafion is also an expensive option, because of the high costs associated with its production
and its disposal due to the fluorine content®®. A number of low-cost hydrocarbon polymers
have been investigated as alternative membrane materials including sulfonated polyether
ether ketone (SPEEK)*, polyether sulfone (PES)* and sulfonated polyphenyl quinoxaline
(SPPQ)™. Despite the reported high ionic conductivities and mechanical strength of some of
these materials, Nafion remains the standard choice for PEM electrolyser systems due to its

superior durability.
1.3.3.2 Cathode electrocatalysts

Platinum electrocatalysts are typically used at the cathode, as Pt is the most catalytically active
material for H, evolution®. It is also stable in the highly acidic conditions. Pt nanoparticles

4749 although Pt black is also

supported on carbon black (Pt/C) are the current state-of-the-art
widely used®”****, The development of Pt/C electrocatalysts has allowed lower precious metal
loadings to be achieved. However Pt/C still represents a significant investment cost, especially
if some catalyst is lost via the degradation or corrosion of the carbon support®. To reduce
costs, the use of less expensive noble metals has been studied. Palladium catalysts dispersed

on carbon black (Pd/C)** and on carbon nano-tubes (Pd/CNT)** have shown favourable H,

evolution activity, with only a slight increase in overpotential compared to Pt/C.

To reduce the cost of the cathode further, the development of non-noble catalysts is also of

32,55

interest. A range of different materials including cobalt and nickel glyoximes®>>, molybdenum

11
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sulphide nanoparticles®® and tungsten carbide® have shown promise as potential cathode
catalysts. However the difficulties of incorporating some of these materials into functional
electrode structures, in addition to concerns over their long term stability, means that Pt will

continue to be the standard material for some time to come.
1.3.3.3 Anode electrocatalysts

The electrochemical evolution of O, is a complex reaction that proceeds via several steps. The
intermediates formed in each step are of high energy, with high activation energy barriers>®.
Significantly larger overpotentials are therefore required to drive O, evolution compared to H,
evolution, to the extent that the overall cell voltage of a PEM water electrolyser cell is largely
determined by the O, evolution reaction. Furthermore, the high anodic potentials and acidic

conditions limit the choice of electrocatalyst materials to noble metals and their oxides.
1.3.3.3.1 The O, evolution reaction

Several reaction mechanisms have been proposed for the O, evolution reaction in acidic

media™” ¢

. The rate determining step, and therefore the reaction mechanism, may be
elucidated from the value of the Tafel slope found from steady state polarisation
measurements. The Tafel slope expresses the rate at which the potential increases with
current density. A lower value of Tafel slope therefore represents a more catalytically active
material because it allows lower energy consumption for the same production rate. In acidic

media, the most active materials for O, evolution exhibit Tafel slopes in the range

30 - 40 mV dec™, for which the following reaction mechanism has been proposed

H,0 > OHpgs + H + € Equation 14
OHags + OHags = Oggs + H0 Equation 15a
OHags = Oags + H + € Equation 15b
Oads + Oags 2 O, Equation 16

where OH,4and O,y represent a hydroxide molecule and an oxygen atom, respectively,
adsorbed on the electrode surface. The steps 15a and 15b represent two alternate paths; the
chemical oxide path (equation 15a) and the electrochemical oxide path (equation 15b). The
strength of the interaction between the electrode surface and the adsorbed intermediate
determines whether one or the other of the steps is dominant®. If step 15a is rate determining

the observed Tafel slope is 30 mV dec”, whereas it is 40 mV dec™ if step 15b is rate

12
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determining. In contrast if the first step (equation 14) is rate determining, the Tafel slope is
120 mV dec™ and the material will be a poor catalyst for O, evolution. The predicted Tafel
slope for the final step (equation 16) is 15 mV dec™, however a value this low has never been

reported.

The O, evolution reaction does not occur on a bare metallic surface, but on a metal oxide that

is grown electrochemically during the anodic process*®®%%

. This is because the strength of
metal-oxygen bonds is much greater than the energy of dissociation of the O-O molecule.
Anodic oxides such as these are sometimes referred to as hydrous oxides, as the metal ions are
partially surrounded by hydroxide molecules in a structure that resembles that of metal ions in
solution®. Anhydrous metal oxides, wherein the metal oxide is formed non-electrochemically,
are also catalytically active. Anhydrous oxides may be prepared by thermally treating a

hydrous oxide, via the formation of a thin surface oxide film or by the preparation of metal

oxide nanoparticles.

Trasatti proposed that the basis of O, evolution electrocatalysis may be understood as a
consequence of the anodic oxidation of the metal oxide (MO,) to an unstable higher oxidation

state®, as described by equations 17 and 18
MO, + H,0 > MO,,; + 2 H" + 2¢ Equation 17
MO,,1 - MO, + % O, Equation 18

with the relaxation of the higher oxidation state back to the lower oxide (equation 18)
resulting in the liberation of O,. Plots of O, evolution overpotential at constant current density
for a range of metal oxides, against the enthalpy of transition of the oxide from a lower to

6586 3s shown in

higher oxidation state (AH,) was found to produce a volcano-type curve
figure 4. Materials with intermediate values of AH,, such as RuO, (AH, = -79.5 kJ mol™) and
IrO, (AH, =-83.4 k) mol™), sit at the apex of this curve. Oxides with high values of AH, such as
Fe,0; (AH, = -238.5 kl mol™) are too easily oxidised and adsorb oxygen intermediates too
strongly. Oxides with a low AH; such as PbO, (AH, = -48.1 kJ mol™) are difficult to oxidise and

adsorb intermediates too weakly.

13
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Figure 4 O, evolution overpotential (n) on various metal oxides as a function of the enthalpy

of lower to higher oxide transition, in acidic (blue squares) and alkali (red circles) **

The capacity of metal oxide electrocatalysts to undergo several redox transitions has also been
correlated to their electrochemical activity67. Metal oxides such as RuO, and IrO, that possess a
lower oxide/higher oxide redox couple at a potential close to the O, evolution equilibrium
potential, are observed to evolve O, at relatively low overpotentials. Materials with stable
electronic configurations such as PbO,, or oxides that undergo transitions at very high

potentials such as PtO,, evolve O, at higher overpotentials.
1.3.3.3.2 O, evolution electrocatalysts

IrO, is regarded as the state-of-the-art electrocatalyst for the O, evolution reaction in PEM
water electrolysers. Although RuO, is more active than IrO,, it is unsuitable for commercial
electrolysers as it oxidises to the volatile RuO, at potentials above 1.8 V and corrodes®®®. Early
O, evolution electrocatalyst studies focused on metal oxide electrodes developed for the
chloro-alkali industry, as active materials for chlorine evolution were found to also be active
for O, evolution®®. Known commercially as Dimensionally Stable Anodes (DSA®), these
electrodes consist of an inert Ti support coated with a thin film of IrO, or RuO, and are typically

70-72

prepared through the thermal decomposition of metal chloride precursor salts™ . However

14
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DSA® electrodes are unsuitable for PEM water electrolysers as they cannot be fully integrated
with the polymer electrolyte, resulting in a poor contact between the catalyst layer and the

membrane’*”*

. Passivation of the Ti supports, via the formation of titanium oxide (TiO,), is also
a major issue that leads to the detachment and deactivation of the catalyst layer’®””. The
deposition of electrocatalyst nanoparticles directly onto the membrane is the preferred
electrode/electrocatalyst structure, as it ensures a good contact at the catalyst/membrane

interface and minimises ohmic losses. Metal oxide powders may be prepared by a number of

78-80 83,84 [ 85,86

routes such as the Adams fusion’®®°, modified polyol®®, hydrolysis®****, sol-ge and

sulphite-complex methods®”.

The high cost and low natural abundance of IrO, is a significant obstacle to the commercial
implementation of PEM electrolyser technology. Many investigators have attempted to
decrease the investment cost of the anode electrocatalyst by diluting the Ir content with other
metal oxides. Mixing two or more metal oxides may also result in changes to the
electrochemical properties of the catalyst, via synergic effects between the active and inactive
components of the mixture. For synergic effects to occur, the different components must be
intimately mixed at an atomic scale so as to form common electronic band structures®.
However, mixing two or more oxides may result in the surface segregation of one of the
components®. The preparation method of the catalyst has been suggested as an important

factor in producing intimately mixed oxides®.

Mixtures of IrO, and RuO, have been widely studied as Ru is less expensive than Ir**®,

Additions of Ru to Ir have been shown to improve that activity of the composite material with
respect to pure IrO,, and the stability compared to RuO,. It was suggested that the RuO, sites
are stabilised by the formation of a common d-band between IrO, and RuQ,, which suppresses
the oxidation of RuO, to Ru0494. IrO, has also been mixed with other transition metals that are

inactive towards the O, evolution reaction but are less expensive than RuO, and show good

82,95,96 97,98

stability under O, evolution, such as tin oxide (Sn0O,) and tantalum oxide (Ta,0s)
Various ternary oxide combinations have also been reported including SnOz—IrOZ-TaZOS%,

IrXRuyTaZOZ100 and (Snl,ZXRuXIrx)OZSO.

An alternative method to reduce the precious metal content of O, evolution electrocatalysts is
to deposit the Ir/IrO, onto a supporting material. Catalyst supports provide a surface for the
dispersal of electrocatalyst particles, facilitating high active surface areas and reduced catalyst
loadings. The ideal candidate support material for an O, evolution electrocatalyst must be; (i)

electronically conductive; (ii) electrochemically stable at high anodic potentials; (iii) chemically

15
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stable in highly oxidising and acidic conditions. Carbon, the support material of choice for H,
evolution reaction electrocatalysts, is unsuitable for O, evolution as it corrodes at the high

101
d

anodic potentials employed . Instead, a number of metal carbides and metal oxides have

102 titanium carbide

been suggested as potential supports including tantalum carbide (TaC)
(TiC)*®, Sn0,™*, antimony tin oxide (Sn0,/Sb,0;5 or ATO)' ™% Ti0,'” and titanium sub-oxides
(TinO2n.1) "%, Research in the closely related field of O, reduction reaction electrocatalysts for

110

) and indium

PEM fuel cells has implied that tungsten carbide (WC)™, tungsten oxide (WO

tin oxide (In,03/Sn0, or ITO)™*! may also be suitable.

Despite the potential lower cost of mixed oxides or supported electrocatalysts, IrO, remains

the preferred anode catalyst for commercial PEM water electrolysers.

1.4 Aims and objectives

This chapter has provided an introduction to the science of PEM water electrolysis, the O,
evolution reaction and O, evolution electrocatalysts. It has highlighted that the current
commercial viability of PEM electrolysers is significantly inhibited by the energy losses that
occur with anodic O, evolution, in addition to the high cost of the IrO, electrocatalysts used for
this reaction. To lower the cost of PEM electrolyser manufacture and operation, O, evolution
electrocatalysts must therefore reduce the precious metal content without compromising, and

ideally increasing, the catalytic activity and stability.

This work focusses on the investigation and characterisation of Ir-based nanoparticle
electrocatalysts, with the overall aim to aid the development of O, evolution electrocatalysts
with reduced Ir contents compared to the current state-of-the-art, IrO,. It is intended that this
will be achieved by focussing on two areas of study that have shown promise in the literature
as alternative catalyst materials. These are (i) the binary metal oxide Ir,Ru,0O, and (ii) supported

IrO,/X or Ir/X (where X represents the support material) compounds.

Chapter 3 will focus on the Ir,Ru,0, electrocatalyst with the aim to investigate the interaction
between the two metal constituents under operational conditions (i.e. O, evolution), in order
to understand how the composition affects the activity and the stability of the catalyst. This
will be achieved through the preparation and characterisation, both physiochemical and
electrochemical, of catalysts with the nominal compositions: IrO,, Irg 75RUg 2505, Irg.50RUg 5005,

Iro.25RUQ.750, and RuO,. The interaction between the Ir and Ru under O, evolution conditions

16
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will be probed via the use of in-situ X-ray absorbance spectroscopy. These experiments will

allow for the characterisation of both metal’s oxidation state under potential control.

Chapter 4 will investigate the feasibility of supported Ir electrocatalysts for PEM water
electrolysers. Utilising ITO as the support material, the effect of Ir loading on the support will
be examined by preparing catalysts with the nominal Ir loadings 40, 20, 10 and 5 wt. %. The

effect of heat treatment on the performance of the electrocatalysts will also be explored.

The theoretical and experimental details of the various synthetic and analytical techniques
used throughout this thesis, will be introduced in Chapter 2. The final chapter (Chapter 5) will
present the conclusions reached over the course of the thesis and set out recommendations

for future work.
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2. Experimental methods and techniques

The theoretical and practical aspects of the experimental work carried out in this project are
detailed in this chapter. This includes descriptions of the physicochemical and electrochemical
characterisation techniques. The procedure of preparation of the electrocatalysts will be

described in Chapters 3 and 4.

2.1 Reagents and materials

The reagents and materials used in this study, along with the suppliers, are listed below in

table 1.
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Table 1 List of the reagents and materials used along with suppliers

Reagent (purity/grade) Supplier
Dihydrogen hexachloroiridate hydrate (38 — 42 % Ir) (H,IrClg.xH,0) Alfa Aesar
Dispex® N40 dispersing agent BASF
Ethanol Fisher
Formaldehyde (37 % in H,0, contains 10-15 % methanol as stabiliser) Fisher
Indium tin oxide (nanopowder, < 50 nm particle size) (ITO) Sigma Aldrich
Isopropanol (IPA) Fisher
Nafion 115 membrane (thickness 0.005 inch) Sigma Aldrich
Nafion perfluorinated resin solution (5 wt. % in mixture of lower aliphatic | Sigma Aldrich
alcohols and water, contains 45 % water)
Nafion® perfluorinated resin solution (5 wt. % in lower aliphatic alcohols | Sigma Aldrich
and water, contains 15-20 % water)
Nitrogen (oxygen free) BOC
Ruthenium (1) chloride hydrate (38 % Ru min) (RuClz.xH,0) Alfa Aesar
Sodium hydrogen carbonate Fisher
Sodium nitrate (NaNO3) Sigma Aldrich
Sulfuric acid (> 95 %) Fisher

Purified water (18.2 MQ cm)

Purelte system

Purified water for PEM cell testing (18.2 MQ cm)

Merck Millipore

system
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2.2 Electrochemical techniques

Electrochemical methods are imperative to determine the performance of electrocatalysts.
Techniques such as cyclic voltammetry may be used to probe the processes that occur at the

catalyst surface, whilst the catalytic activity is measured by steady state polarization.

2.2.1 Cyclic voltammetry

Cyclic voltammetry is a potential sweep technique used to characterise the redox processes
that occur at the electrode surface. It may also be used to give an indication of the
electrochemical active area and capacitance of an electrode. A cyclic voltammetry experiment
proceeds by sweeping the potential (E) of the working electrode from an initial limit (E;) to a
second limit (E,) at a constant sweep rate. Upon reaching the second limit the potential sweep
is reversed and swept back to the initial value. A typical waveform for this process is presented
in figure 1. The current is recorded as a function of the potential and plotted as a

voltammogram.

Forward sweep Reverse sweep

Potential / V

Time /s

Figure 1 Typical applied potential waveform of a cyclic voltammetry experiment

Noble metal oxides such as IrO, and RuO, have characteristic cyclic voltammograms in acid, as
shown by the voltammogram of an IrO, electrode in figure 2. The current response of the
voltammetry is a combination of the capacitance of the electric double layer, in addition to

Faradaic current due to election transfer.
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Figure 2 Cyclic voltammetry of an IrO, nanoparticulate catalyst (catalyst
loading = 0.5 mg cm™) deposited on a glassy carbon electrode (surface area = 0.1963 cm?) at

a scan rate of 50 mV s™ in 0.5 M H,SO,.

The wide peaks that occur in the potential region between about 0.6 and 1.4 V vs. RHE of
figure 2 are attributed to solid state redox transitions that involve the exchange of protons
between the electrolyte and metal oxide surface sites*”. These transitions are described as a
pseudocapacitive process, as the adsorbed species essentially store charge on the electrode
surface. However in contrast to the double layer capacitance, the pseuodocapacitance is a
Faradaic process as electrons cross the double layer interface. A general scheme for these

solid state redox transitions is given by equation 17
MOX(OH)y + 6HJr(electronte) + Ge-(oxide) S MOX»G(OH)V+6 Equation 1

where M represents an Ir or Ru atom. The large width of these peaks reflects the energetic
heterogeneity of the surface oxide sites. The large cathodic peak that starts at about -0.20 V
and continues to 0.0 V is the adsorption of hydrogen that occurs prior to the onset of H,

evolution at potentials negative to 0.0 V vs. RHE.

The electrochemically active surface area of RuO, and IrO, electrodes can be charactersied by
measuring the voltammetric charge (Q*) in the potential region 0.4 to 1.4 V vs. RHE?. This is
based on the assumption that Q* is a measure of the number of sites exchanging protons with
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the solution®, as represented by equation 1, and that these sites are also the same sites that
are involved in the catalytic evolution of O,. However the conversion of Q* to surface area is
not possible as the exact nature of the surface reactions is unknown. The magnitude of Q* has
been shown to decrease as the potential scan rate increases’. The dependence of Q* on the
scan rate is explained by the slow diffusion of protons through various regions of the oxide
electrode structure®. At low scan rates, there is sufficient time for the protons to penetrate
the surface and diffuse through pores, cracks and grain boundaries of the oxide to reach
“inner”, less accessible sites. This results in an increase in the measured charge. At higher scan
rates, less Q* is measured as there is less time for the protons to diffuse and only the “outer”,

more accessible sites are active.

2 50 as to extrapolate

Ardizzone et al. developed a method to linearize Q* as a function of v
values of Q* to v = 0 and v = o and determine the inner, outer and total charge’. At high scan

rates, Q* is proportional to the inverse square root of the scan rate (equation 2)
. _ s 1 .
Q" =Qp + A(W) Equation 2

where Q*, is the outer surface charge, A is a constant and v is the scan rate. At low scan rates
the inverse of the voltammetric charge is proportional to the square root of the scan rate

(equation 3)

1 1 .
o=t B\v Equation 3

where Q*; is the total surface charge and B is a constant. The total charge can be determined
by plotting Q* vs. v~1/2 and extrapolating to v = oo, while the outer charge is determined by
plotting 1/Q* vs. v~1/2 and extrapolating to v = 0. The inner charge can then be calculated by

subtracting the outer charge from the total charge.

2.2.2 Steady state polarization

The activity of an electrocatalyst may be assessed by examining how the steady state current
density for the catalysed reaction under study, varies with the potential. To ensure that the
reaction is operating under steady state conditions, polarization curves are obtained by either
(i) stepping the potential manually from point-to-point and measuring the current density (j,
mA cm) after a defined period (e.g. 60 s), or (ii) voltammetry using a very slow potential

sweep rate (i.e. 1 — 10 mV s™). In this work the former method has been used to measure

27



Chapter 2: Experimental methods and techniques

polarisation curves of PEM electrolyser cells, whilst the latter method has been used to

characterise catalyst samples deposited on glassy carbon electrodes in 0.5 M H,SO,.

The catalytic performance can be evaluated by plotting j vs. E and comparing samples at a
given potential or current density. Determination of the reaction mechanism is also possible by
analysing plots of log(j) vs. E, which will have a linear range where the data follows the Tafel
equation (Chapter 1, equations 12 and 13). Comparison of the experimental Tafel slope with
those calculated for theoretical reaction mechanisms is used to differentiate between

plausible mechanisms.

2.2.3 Electrochemistry experimental details
2.2.3.1 Thin film rotating disk electrode half-cell

Initial electrochemical characterisation was carried out with catalyst samples prepared as thin
film layers on glassy carbon rotating disk electrodes (RDE). Prior to applying catalyst, the RDE
was polished to a mirror finish on Buehler microcloths using alumina slurries of 1.0 um and

then 0.05 um particle size.

The thin film catalyst layers were made by depositing catalyst inks (10.0 pL) onto the RDE
(area 0.1963 cm?) tip and drying under a heat lamp for 5 min. Catalyst inks were prepared by
mixing catalyst powder (10 mg), water (500 pL), ethanol (500 pL) and Nafion solution (34.3 L)
for 30 min in an ultrasonic bath, followed by 1 min with a Fisher Powergen 125 Homogenizer.
The Nafion content was set to 15 wt. % with respect to the mass of catalyst when dry. The
volume of ink deposited on the RDE was set so as to give a catalyst loading of 0.50 mg cm?, as

described by equation 4

Catalyst loading (mg cm™2) x Electrode area (cm?)

Volume ink (uL) = Equation 4

Catalyst concentration of ink (mg pL=1)

The thin-film RDE was attached to a Pine AFMSRX rotator and mounted into an
electrochemical beaker cell (volume 100 ml) filled with N, purged 0.5 M H,SO,, as depicted in
figure 3. High surface area Pt gauze was used as the counter electrode and a mercury
mercurous sulfate (MMS) electrode (calibrated prior to measurements to the reversible
hydrogen electrode (RHE)) as the reference electrode. Electrochemical measurements were
carried out at room temperature using an Autolab PGSTAT101 potentiostat or an Autolab

PGSTAT 30 potentiostat using the NOVA and GPES software packages.
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Figure 3 Electrochemical beaker cell used for RDE half-cell studies
2.2.3.2 PEM water electrolyser cell

The electrocatalysts developed in this project were tested as anodes in a single-cell PEM water

electrolyser designed and built by ITM Power.

2.2.3.2.1 CCM preparation

Catalyst coated membranes (CCM's) were prepared by spraying catalyst inks directly onto
Nafion® 115 membranes. Prior to spraying, the Nafion® 115 membranes were cleaned in 5 vol.
% H,0, at 90 °C for 3 h, before being rinsed with water and placed in 1 M NaOH at 60 °C for

12 hin order to convert the membranes into their sodium-form by ion exchange. This
conversion was performed to improve the glass transition temperature and lower the
expansion coefficient of the Nafion® material, making it easier to handle for ink spraying at

high temperatures.

Catalyst inks comprising catalyst powder, water, Dispex® dispersing agent and 5 wt. % Nafion®
perfluorinated resin solution were mixed on a magnetic stirrer plate for 24 h. The inks were
sprayed using an /wata airbrush, with the Nafion® membranes placed on a vacuum plate at 80
°C. The catalyst loading was checked by weighing the CCM periodically between sprayings.
After spraying, the CCM’s were placed between two Kapton® sheets and hot pressed at 190 °C
and 100 kg m for 1 min. The CCM's were then immersed in 1 M H,SO, at 60 °C for 4 h so as to
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convert the Nafion® back to the protonated form. Finally, the CCM’s were rinsed and stored in
water until required. The active area of each electrode was 8 cm?®. A commercial Pt black

(Ceimig Ltd) electrocatalyst was used as the cathode catalyst.
2.2.3.2.2 PEM electrolyser cell

The CCM's were assembled within a single cell PEM water electrolyser as shown in figures 4
and 5. In the electrolyser assembly the CMM sat between two porous titanium sinters (pore
size 10 um), which acted as a distributer for the current and the water. The sinter used on the
anodic side of the cell was Pt-coated so as to prevent passivation of the Ti during O, evolution.
Ti meshes were placed on top of the Ti sinters, and the entire assembly was compressed by
two Ti pistons. The pistons sat in polymethyl methacrylate (PMMA) cell halves that come
together to form the body of the cell. The compression of the cell was achieved by tightening
bolts used to hold the two PMMA cell halves together. To ensure uniform compression, the
bolts were tightened with a torque wrench set to 1 N m. Figure 4 and table 2 show the various
cell parts used in the assembly of the PEM electrolyser cell. Figure 5 shows a fully assembled

cell with water and gas connections.

Ti mesh

Ti sinter

CCM

PMMA cell half

Figure 4 Part assembled PEM cell showing arrangement of cell components (top PMMA cell

half removed)
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Table 2 PEM electrolyser cell parts

Description Part

PMMA cell half

Ti piston

Ti mesh

Ti sinter / Pt-coated Ti sinter
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Water OUT
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Water IN Water IN
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Figure 5 Fully assembled PEM electrolyser cell with labelled water and gas connections

A constant supply of purified Millipore water (Resistivity = 18.2 MQ cm) was pumped to the
anode and cathode sides of the cell at 60 °C and at a flow rate of 40 mL min™. The water was
heated by a heat exchanger. In order to facilitate the removal of O, and H, gas bubbles, the cell
was pressurised to 20 bar by blowing compressed air into the back of both sides of the cell.
After ensuring the system was leak proof, the cell was left at open circuit potential for 30 min
to allow it to heat up to the required temperature (60 °C). Setting the anode as the positive
terminal and the cathode as the negative terminal, an ISO-TECH IPS-603 DC power supply unit
was used to slowly step the current density up to 1 A cm™. Cells were left at 1 A cm™ for 30 min
before any further testing, with the voltage across the cell monitored with a digital voltmeter.
Steady state polarisation curves and AC impedance experiments were performed with a Bio-
Logic VMP3 potentiostat coupled to a High Current Booster using the EC-Lab software package,
with the anode set as the working electrode and the cathode set as the counter/reference
electrode. Stability tests were performed with the ISO-TECH IPS-603 DC power supply unit set
tol1Acm?

2.3  BET surface area analysis

Gas adsorption measurements are used to determine the surface area of powdered materials.
One such method is the Brunauer-Emmet-Teller (BET) isotherm, a model which describes the

monolayer formation of an adsorbate species via multilayer physisorption®. The technique
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enables the volume of a gas required to form a monolayer to be determined, from which the

surface area can be calculated. The BET equation is given by equation 5

P _-_L1 + (Cit)) (E) Equation 5
V(Po—P)  VpuC VmC \Pgy

where P is the equilibrium pressure, P, is the vapour pressure of the adsorbate gas at standard

. . . . P .
conditions, Vis the volume of gas adsorbed at a particular relative pressure (P—), V,, is the
0
volume of gas required to cover a monolayer of the surface and Cis a temperature dependent

constant related to the enthalpies of adsorption of the monolayer and the multilayers. A plot

P P . . . .
of Vs. (—) should therefore be a straight line with an intercept of ——anda slope
V(Py—P) P, VinC

(c-1)
VinC

of , from which C and V,, can be determined. In practice however, the BET isotherm is only

linear for values of (Pi) between 0.05 and 0.3 and so BET plots are constructed between these
0

limits. The surface area of the sample may then be calculated from equation 6
Surface area (m?) =V, (m?) x % (molecules m'3) x A (m?) Equation 6
A

Where % is the Avogadro number per unit volume of gas and A is the area of the adsorbate
A

molecule. To compare surface areas of different samples, the surface area is reported relative

to the mass of sample used in the measurement, as given by equation 7

Surface area (mz)

Specific surface area (m? g1) = Equation 7

Mass of sample (g)

2.3.1 Experimental details

A Micromeritics Gemini 2375 Surface Area Analyser instrument was used to collect the
isotherm data at 77 K, using N, as the adsorbate gas (molecular area 16.2 A?). Prior to
measurements, weighed samples were dried in glass sample holders for several hours at
180 °C under flowing N,. Samples were loaded into the BET instrument which automatically

collects the isotherm data, performs the required calculations and presents the results.

2.4 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a thermal analysis technique that explores the properties
of a material as a function of temperature. In a TGA experiment, the change in mass of a

sample is measured as it is heated with a programmed temperature profile such as a linear

33



Chapter 2: Experimental methods and techniques

increase or decrease. The technique is useful for examining various chemical and physical
processes such as the thermal stability of a material, the mass decreases that occur with the
dehydration of a sample, or the mass increases that occur on the uptake of oxygen during an

oxidation reaction.

2.4.1 Experimental details

Thermogravimetric analysis was carried out with a Mettler Toledo TGA instrument that was
placed in a glove-box under an O, atmosphere (O, flow rate 50 mL min™). Samples were
heated in ceramic crucibles from 25 to 700 °C with the rate of temperature increase set to

10 °C min™.

2.5 X-ray diffraction

X-ray diffraction (XRD) is a versatile, non-destructive technique for the identification and
guantitative determination of various crystalline phases present in powdered and solid
materials. The X-ray diffraction patterns that arise from XRD measurements can provide
information on the crystal phases present and the size of any crystallites. Diffraction occurs
when the dimensions of the diffracting object are of a similar size to the wavelength of the
radiation. X-ray wavelengths are of the order of a few angstroms, a similar magnitude to

interatomic distances, and so are scattered by the atoms in a periodic crystal lattice.

Crystal lattices are arranged so that they form a series of parallel planes separated from one
another by a distance, d, which varies according to the nature of the material. The planes
occur in a number of different orientations, each with its own d-spacing. When a
monochromatic X-ray beam with wavelength A is incident on a lattice plane in a crystal at an
angle 8, diffraction occurs when the distance travelled by the rays from successive planes
differs by an integer number, n, of wavelengths. This condition for diffraction is expressed by

Bragg’s Law (equation 8), which is represented schematically in figure 6.

niA = 2dsin® Equation 8
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Figure 6 Schematic representation of Braggs Law

By variation of the angle 6, the Bragg’s Law conditions can be satisfied by different d-spacings
in polycrystalline materials. A plot of the angular positions versus the intensities of the
resultant diffraction peaks produces a pattern, or diffractogram, that is characteristic of the
sample. If the sample contains a mixture of different phases, the diffractogram will be formed
from the addition of the individual patterns. Identification may be achieved by comparing the
diffractogram of the unknown sample with a reference pattern from a database. XRD of
powdered materials is carried out by the analysis of diffraction circles, as the crystallite

orientation around the glancing angle is random.

The widths of the diffraction peaks provide an indication of the average crystallite size. Narrow
peaks are observed for large crystals with long range order while broad peaks are observed for
crystallite sizes below 100 nm. Very small crystals and amorphous materials show very broad

peaks or none at all, as the X-rays are scattered in many directions. The size of the crystal may

be estimated from the width of a peak by the use of the Scherrer equation (equation 9)

_ 092
- B,g cos B

Equation 9

where L is the average crystallite size, 4 is the X-ray wavelength, B,g is the full width half

maximum of the diffraction peak and 8 is the Bragg angle.
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2.5.1 Experimental details

XRD for was carried out using an Agilent SuperNova diffractometer with a Cu Ka radiation
source. XRD patterns were collected over a scan range of 10 ° to 120 ° 26 with a 300 s
exposure time and the detector set 52 mm from the sample. XRD was also carried out using a
Bruker D2 Phaser diffractometer with a Cu Ko X-ray source (A = 1.5418 A). XRD patterns were

recorded over a scan range of 10 ° to 120 ° 26, with a 0.02° step size and a 0.50 s step time.

The average size of the crystallites was determined with the Scherrer equation using the
Rigaku PDXL software package. The instrumental contribution to the broadening of the
diffraction peaks was measured by recording the XRD pattern of lanthanum hexaboride (LaBg).
This contribution was subtracted from the measured XRD patterns prior to determining the

crystallite size using equation 10
B=B—-b Equation 10

where f is the peak broadeneing due to lattice strain and crystallite size alone, B is the
measured peak width of the test sample and b is the peak width of a sample with no strain and

large crystallite size (i.e. LaBg).

2.6 Electron microscopy and energy dispersive X-ray

analysis

In electron microscopy, a beam of electrons is used to illuminate a specimen and produce a
magnified image’. The effective wavelength of an electron (0.001 — 0.01 nm) is many orders of
magnitude shorter than the wavelength of visible light (400 — 700 nm). As the resolution of a
microscope is limited by diffraction, a property that increases with wavelength, electron
microscopes have much higher magnifications and resolving power than optical light
microscopes. Energy dispersive X-ray (EDX) analysis is a technique coupled to electron
microscopy that may be used to determine the identity and respective proportions of the

elements present in a sample.

2.6.1 Transmission electron microscopy (TEM)

Information regarding the shape and size distribution of nanoparticle catalysts can be obtained

from TEM. In a TEM instrument a beam of electrons is transmitted through a very thin sample
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(< 0.1 um) under high vacuum. The image is formed by the interaction of the electrons with

the sample and focused onto a fluorescent screen or a digital camera.

2.6.2 EDX analysis

Whenever a material is bombarded with high energy electrons, X-rays of wavelengths
characteristic to the elements in the specimen will be emitted. The X-rays relate to the ejection
of core-shell electrons from the sample atom, with the subsequent release of energy in the
form of X-ray radiation caused by electrons from higher shells relaxing to fill the core-shell
vacancy. EDX analysis provides a spectrum of the energy versus the relative counts of the
X-rays detected, which can be used to determine the proportion of each element present. EDX
analysis may be carried out with TEM samples and with scanning electron microscope (SEM)

samples.

2.6.3 Experimental details

TEM images reported in this work were obtained with a JOEL JEM 2100 instrument and a FEl
Technail2 system. Specimen samples were prepared by dusting catalyst powders onto carbon
coated Cu grids. Area scan EDX was used to determine the relative proportions of the elements
present in bulk catalyst samples using a Thermo-Scientific UltraDry EDX system equipped to a
Philips XL30 SEM. Specimen samples were prepared for SEM by attaching catalyst powders to
adhesive carbon pads on stainless steel sample studs. Linear scan EDX analysis was also

performed with TEM samples using the FEI Technail2 TEM system.

2.7 X-ray absorption spectroscopy (XAS)

XAS is a spectroscopic technique that may be used to study the local atomic geometry and
chemical state of a selected element within a material. It is a very powerful tool as it is not
restricted to crystalline materials, and can be applied to a wide range of highly disordered
samples including amorphous phases, liquids and gases. Furthermore, XAS experiments do not
require any strict environmental conditions that are needed for other analytical methods (e.g.
the use of high vacuum in TEM). The term XAS covers both X-ray Absorption Near Edge
Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS). XANES provides
information on the electronic structure of the sample, while EXAFS provides near-neighbour

structural information about the sample.
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2.7.1 Theory of XAS

When X-rays pass through a sample, the incident intensity (/,) of the X-rays will be decreased
by an amount that is determined by the adsorption characteristics of the material. The
intensity of the X-rays transmitted (/;) depends on both the thickness (x) and the absorption
coefficient (1) of the sample material. This relationship is described by the Beer-Lambert law

(equation 11)
I, = [pe ™ Equation 11

The absorption coefficient is a function of the photon energy and is proportional to the
probability for the absorption of a photon according to Fermi’s golden rule®®. This states that
the likelihood of the photon being absorbed depends on the similarity between the initial state
of the absorbing atom and the proposed final state™. The more similar the two states, the

more likely absorption will occur.

In an XAS experiment the change in the absorbance (or fluorescence) of a sample is measured
as the X-ray energy is scanned through a pre-defined range. In general, the absorbance
smoothly decreases with increasing energy as the X-rays become more penetrative, however
at specific energies, sharp rises in the absorbance are observed, termed absorption edges.
Such edges occur when the X-ray energy, hv, is absorbed by a core electron of binding energy,
E,, and emitted as a photoelectron with kinetic energy, E;, equal to equation 12. This process is

called the photoelectric effect.
E, = hv — E, Equation 12

The ejected photoelectron is excited into an empty higher valence state or into the continuum,
leaving behind an empty core electron orbital known as a core hole. The absorption edges are
termed K, Ly,L,, Ls, etc. based on the principal quantum number of the orbital from which the
photoelectron was ejected. The K absorption edge corresponds to an excitation from the 1s
orbital, while the L absorption edges, L;,L,, L3, correspond to excitation form the 2s, 2p,,, and
23, orbitals, respectively, as illustrated in figure 7. At energies above an absorption edge, the

absorption decreases until the next binding energy is reached.
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Figure 7 Schematic of the photoelectric effect depicting the excitation of a 1s electron by X-
ray energy (hv) to the continuum, giving rise to a K adsorption edge

The outgoing photoelectron may be thought of as a spherical wave with a wave vector, k that

is related to the energy of the incident photon by equation 13

8m2m, .
k= ( ”hzm ) (hv — Ep) Equation 13

where m, is the mass of an electron. The outgoing photoelectron wave scatters off all
surrounding neighbouring atoms. The scattering may be a single scattering event in which the
photoelectron scatters off a nearby atom and then returns directly to the absorbing atom.
Alternatively, the photoelectron may scatter off one nearby atom and then another nearby

atom before returning to the absorbing atom. This is known as multiple scattering.

A typical XAS spectrum is shown in figure 8. The XAS spectrum may be divided into two
regions, the XANES and the EXAFS regions, as shown in figure 9. The XANES region includes the
pre-edge, where the energy of the incident X-rays is not sufficient to excite a core electron of
the studied element, and extends to about 50 — 100 eV above the absorption edge. The EXAFS

region extends from the absorption edge up to around 1000 eV above the edge.
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Figure 8 XAS spectrum of a Ru foil at the Ru K-edge highlighting the XANES region and the
EXAFS regions

2.7.2 EXAFS

EXAFS analysis interprets the oscillations in the XAS spectra at incident X-ray energies above
the absorption edge. The photoelectrons in this region have high kinetic energy and single
scattering by nearest neighbour atoms dominates. The oscillations contain structural
information about the local geometry around the absorbing atom such as the near-neighbour
distances, coordination number and the level of disorder in the system. The oscillations are
caused by interference between the outgoing photoelectron wave and the backscattered
waves from neighbouring atoms, as illustrated by figure 9. At energies where scattering results
in positive interference the absorption increases, and at energies where there is negative
interference the absorption decreases. The oscillatory behaviour of the absorption can be

defined in terms of the wave vector of the photoelectron, k, as given by equation 14

_ Bror(K)—po (k) .
x(k) R Equation 14

where i;,: (k) is the total absorption, uy (k) is the background absorption and y (k) is the
extracted EXAFS signal.
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Information about the local geometry around the absorbing atom is determined by curve
fitting the experimental data to a theoretical standard, utilising the EXAFS equation™. In this
work, quantitative EXAFS analysis has not been carried out and thus further explanation is not

within the scope of this thesis.

Constructive interference Destructive interference

Absorbing atom

Scattering atom

Outgoing Backscattered
photoelectron e photoelectron
wave wave

Figure 9 Schematic of constructive and destructive interference of an outgoing

photoelectron. The circles represent the maxima of the photoelectron waves

2.7.3 XANES

The absorption features observed in the XANES region are mainly due to electronic transitions
from core level electrons to higher unfilled or partially filled orbitals. Interpretation of this
region is complicated by the absence of a simple physical description of the process. In
contrast to EXAFS, modelling the region is very difficult as the region is dominated by multiple
scattering effects'”. The majority of XANES analysis is therefore semi-quantitative. Despite this
limitation the XANES region still provides significant chemical information, in particular the

oxidation state of the absorbing atom and the coordination environment.

The position of the absorption edge is determined by the coulombic interaction between the
nucleus of the absorbing atom and the electron involved in the photoelectronic transition. This
interaction is in turn screened by all the other electrons around the absorbing atom. With
increasing oxidation state of the absorbing atom, the absorption edge energy is therefore

increased by a few electronvolts™**

. This is because the core electron requires more energy to
excite as the nucleus is less shielded and carries a higher effective charge. The oxidation state
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of an unknown sample can be determined by comparison with model systems that have
known oxidation states. Such an approach has been adopted previously for both Ir and Ru
oxides™ ", however these studies were not recorded under O, evolution conditions. The first
XANES study of IrO, under O, evolution conditions was carried out recently using an

electrodeposited IrO, film®.

In some XANES spectra such as the Ir L; spectra shown in figure 10, the absorption edge
features a sharp intense peak at the top of the edge that is called a “white line”. White lines
arise from selection rule allowed electric dipole transitions to unoccupied final states. For
example at the Ir L; edge, a white line is observed due to the excitation of electrons from the
2p3; level to unoccupied nd states™. The intensity of the white line may also be enhanced by
multiple scattering effects and/or from transitions into a large number of partially filled

orbitals®.

0.28 .
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0.26 -

0.24 -

X-ray absorption / w(E)

0.22 - —

0.20 . 1 . 1 . 1 . 1 . 1
11150 11200 11250 11300 11350 11400

Incident X-ray energy / eV

Figure 10 XAS spectrum of an IrO, pellet at the Ir L;-edge highlighting the white line at about
11218 eV
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274 Experimental aspects of XAS
2.7.4.1 Synchrotron

XAS measurements are usually made at synchrotron radiation facilities. The facility used in this
study was the Diamond Light Source, Harwell Science and Innovation Campus, UK. Synchrotron
radiation is emitted by charged particles that are travelling close to the speed of light and
contained within a storage ring defined by bending magnets. At Diamond Light Source,
bunches of electrons from an electron gun are accelerated by a linear accelerator, and fed into
a booster ring which further accelerates them to their final energy (3 GeV at Diamond Light
Source). Electrons are then injected from the booster ring into the storage ring, which keeps
them travelling in a closed loop using a series of diploe bending magnets. The bending of the
electrons causes them to lose energy, which is emitted as synchrotron (X-ray) radiation at
tangents to the electron beam path. The storage ring is kept under ultra-high vacuum to
ensure a long lifetime of the circulating beam. The emitted X-rays are highly intense,
collimated and cover a wide range of energies®, and are conveyed through to beamlines which

tune the radiation to the desired energy and profile via a series of X-ray optics.

2.7.4.2 Beamline B18

B18 has an energy range of 2 — 35 keV, with the X-rays supplied by a bending magnet source.
XAS measurements at the Ru edge were carried out using a Si(311) crystal monochromator,
with a Pt coated mirror used to reject higher harmonics. XAS measurements at the Ir edge
were collected using a Si(111) crystal monochromator, with a chromium coated mirror used to
reject higher harmonics. A nine element germanium detector was used for fluorescence
detection. The beamline scientist was Diego Gianolio (Diamond Light Source) and the
experiments were conducted by Peter Richardson (University of Southampton), Andrea E.
Russell (University of Southampton), Steve Thompson (University of Southampton), Svein
Sunde (Norwegian University of Science and Technology) and Anita Reksten (Norwegian

University of Science and Technology).
2.7.4.3 XAS transmission measurements

Transmission mode XAS uses three X-ray detectors that are positioned sequentially in the
beamline, as shown by figure 11. A transmission XAS experiment measures the difference in
X-ray absorption between two detectors as the energy is changed. The X-ray absorption edge
(ux) of a sample is determined by measuring the X-rays transmitted before (lo) and after (1) the

sample and rearranging equation 15
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ux =1In C—‘t’) Equation 15

Sample Reference foil

X-ray beam
ﬁ |U IT |fEf

Figure 11 Schematic of the X-ray detector set-up for transmission XAS experiments showing

the incident (l), transmission (I;) and reference (l,s) ionisation chambers

The X-ray detectors are ionisation chambers that consist of a pair of electrodes held at a
constant potential, with an inert gas (or a mixture of gases) between them. When the X-ray
beam passes through a chamber, some of the X-rays are absorbed by the gas forming
electron/positive ion pairs. The electrons migrate to the anode and the positive ions migrate to
the cathode, with the resulting current being directionally proportional to the number of X-ray
photons entering the chamber. The gas in each chamber is set so that it only absorbs a specific
amount of the X-ray beam, typically 5 — 15 % for |, and 70 — 80 % for l.and |, SO that enough

of the beam passes through the sample, reference foil and all detectors.

Transmission experiments are typically used for concentrated samples. For dilute samples, the
X-ray absorption is low resulting in a poor signal-to-noise ratio. In such cases fluorescence
measurements should be used (described in section 7.2.4). If the sample is too concentrated,
all of the X-rays will be absorbed and no beam will pass through to the detectors. For multi-
elemental samples, the absorption characteristics of the other elements must therefore be
considered. An ideal adsorption edge (ux) of the probed element is between 0.3 and 1.0, with
the total sample absorption being less than 2.5. The appropriate mass of sample required for a

transmission experiment may be calculated from equation 16

(ux)(sample area)

(p)

mass = Equation 16

where (,, is the mass absorption coefficient of the element under study. Values of mass
absorption coefficient for the transmission experiments done in this work have been taken

from the McMasters tables®.

The homogeneity of the sample is also important for transmission experiments, as any small

holes in the sample causes X-ray leakage that results in increased noise in the data. All
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transmission samples for this work were prepared as pellets mixed with boron nitride or
cellulose, as these materials have low X-ray absorption coefficients at the Ir L; and Ru K edge.

The pellets were compacted using a purpose built press.
2.7.4.4 XAS fluorescence measurements

For dilute samples, XAS fluorescence measurements are used. X-ray fluorescence occurs when
an electron from a higher energy orbital relaxes to fill the core hole left by the ejected
photoelectron. This may result in either an Auger electron or a fluorescence X-ray with energy
equal to the difference between the two orbitals, being emitted. The emitted X-ray can be
detected by a fluorescence detector positioned at 90 ° to the incident beam, with the sample

positioned at 45 °, as shown by figure 12.

Sample Reference foil

X-ray beam
—_—> lo I Iref

F Fluorescence detector

Figure 12 Schematic of the X-ray detector set up for fluorescence XAS measurements. l, |,
and |, are the incident, transmission and fluorescence detectors, respectively, and F is the

fluorescence detector

Solid state fluorescence detectors are the most common type and in this work, a nine element
germanium detector was used. Each fluorescence photon emitted from the sample is absorbed
by one of the Ge elements, which generates a pulse of charge the magnitude of which is
proportional to the energy of the X-ray photon. The pulses are counted, providing an energy

spectrum that is sent through to a computer.

All fluorescence XAS samples in this study were prepared as electrocatalyst layers on

teflonated carbon paper discs (see section 7.2.5.1 for details).
2.74.5 In-situ electrochemical XAS measurements

An in-situ electrochemical cell was developed specifically for the XANES and EXAFS
measurements collected in this work. The cell was designed by Peter Richardson, Andrea E.
Russell and Konstant Venter (University of Southampton) and built by Konstant Venter. The
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design of the cell was based on a design of a half cell for testing MEA’s by Mayousse et al?®. For
in situ XAS characterisation the cell was required to; (i) be transparent to X-rays; (ii) display
good electrochemistry; (iii) be leak tight; (iv) have a short X-ray path length; and (v) efficiently

remove gas O, and H, gas bubbles from the surface of the electrode.

A picture of the cell is shown in figure 13. The working electrode was held in place by a 0.5 mm
Au contact wire. The counter electrode consisted of a Pt wire and the reference electrode was
a MMS electrode that was connected to the cell by a PTFE capillary tube. A Masterflex C/L
77120-62 peristaltic pump was used to introduce electrolyte solution into the cell and fill the
reference electrode tube. Gas bubbles were swept away from the surface of the electrode by
constantly pumping electrolyte solution throughout the entire XAS measurements. The

electrodes were connected to an Autolab PGSTAT30 using the GPES software programme.

Electrolyte IN

Reference electrode

Electrolyte/gas OUT

Cell window

Working electrode
connection

Drip tray

Figure 13 In-situ electrochemistry XAS cell

Figure 14 shows the quality of the cyclic voltammetry obtained using the in-situ cell. Cyclic
voltammetry at a sweep rate of 50 mV s was used to check a good working electrode
connection, prior to the start of each in-situ XAS experiment. In order to investigate the effect
of potential on the oxidation state and structure of the electrocatalysts, the potential of the
working electrode was held at a constant value whilst the XAS measurements were performed.

The potentials used in this study were 1.00, 1.40, 1.70 and 1.80 V vs. RHE.
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Figure 14 Cyclic voltammetry of a RuO, painted carbon paper electrode (surface
area 1.247 cm?) obtained in the in-situ electrochemistry XAS cell, in 0.5 M H,SO, at a scan

rate of 50 mVs™

2.7.4.5.1 Electrode preparation

Catalyst electrode samples for in-situ XAS experiments were prepared by brush coating
catalyst inks onto teflonated carbon paper. The required amount of catalyst (20 mg) and
activated carbon (Vulcan XC-72R) (4 mg) was dispersed in a mix of water (1 ml) and IPA (0.2
ml). The activated carbon was added to improve the ink consistency and to facilitate brush
coating. A required amount of 5 wt % Nafion perfluorinated resin solution was added (228 pL),
to prepare a dry catalyst layer with 50 wt. % Nafion solids with respect to the mass of catalyst.
The ink mixture was dispersed for 30 min in a Fisher Ultrasonic Bath followed by 3 min with a
Fisher PowerGen 125 homogeniser. Thin layers of ink were painted onto teflonated carbon
paper disks with an area of 5.31 cm?. The disks were dried on a hot plate and rotated 90 °
between coats to ensure an even distribution of ink on the electrode. The process was
repeated until a total catalyst loading of about 0.2 mg cm™ was obtained. The electrodes were
hot-pressed at 1 bar and 180 °C for 3 min. Electrodes of appropriate size (1.247 cm?) were cut
out of the larger sheet and hydrated prior to electrochemical testing by boiling in purified

water.
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2.7.4.6 Data processing

The raw XAS data files data were processed using the ATHENA software programme, which is

part of the IFEFFIT software suite®.

The raw data files were imported into ATHENA where they were normalised and calibrated. To
improve the signal-to-noise ratio, several XAS scans for each measurement were merged using
the same processing parameters. XAS spectra were normalised to set the absorption edge to 1,
as shown in figure 15. This allows data from different experiments at the same edge to be
compared. Normalisation was achieved by (i) fitting a linear pre-edge extrapolated to
maximum energy; (ii) fitting a quadratic post-edge function to the data that passed through

the middle of all oscillations in the data; and then (iii) subtracting both from the raw data.
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Figure 15 Normalisation of Pt foil EXAFS data: a) Raw u(E) data (black line) showing pre-edge

(green line) and post-edge (blue line) functions; b) normalised u(E) data

The energy scale was calibrated to a reference foil measured at each absorption edge. The first
peak of the first derivative of the reference foil was set to the tabulated absorption energy?,
and the same shift in energy was then applied to the sample data. The absorption edge energy
(Ep) of the sample data was then selected. Although E; is in principle related to the binding
energy of the core electron, it is difficult in practice to determine this energy exactly as the
absorption edge does not start abruptly. Common points at which E;may be chosen include
the first peak in a plot of the first derivative of the spectrum, at the top of the white line or

halfway up the absorption edge.
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To isolate the EXAFS oscillations, background subtraction was required to remove the
contribution to the total absorption from the absorption by a single atom. The background was
subtracted by fitting a spline to the data that passed through all the nodes of the EXAFS
oscillations, without following the oscillations themselves. The spline function was subtracted
automatically using the AUTOBK algorithm present in ATHENA®. The software was then used
to convert the data from energy to wavenumber. The resulting x(k) plot can be weighted to

amplify the signal at higher values of k. The x(k) plot was then Fourier transformed to plot the

data in R space, as shown in figure 16.
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Figure 16 a) k> weight x(k) data and b) corresponding Fourier transform
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3. Mixed iridium-ruthenium oxide

electrocatalysts for O, evolution

3.1 Introduction

IrO, and RuO, are the two most active materials for the O, evolution reaction in acidic media®.
The precise mechanism of O, evolution on these metal oxides is not fully understood. However
it is believed that the key catalytic step involves the electrochemical generation of an unstable
and reactive higher oxidation state of the metal centres at the electrode/electrolyte interface,
Ru(VI)/Ru(VIII) in the case of RuO, and Ir(IV)/Ir(VI) for Ir0,>*. The evolution of O, occurs with

the regeneration of the lower oxidation state.

Although RuO, is more active than IrO,, its inherent instability at operational electrolysis
potentials renders it unsuitable for commercial electrolysers®. IrO, is a more practical choice of
catalyst because it is stable and almost as active as RuO,. A composite catalyst containing both
active materials is an attractive proposition because of the potential optimum of activity and
stability. The replacement of the more expensive Ir with the cheaper Ru would be of additional

economic benefit.

Mixtures of IrO, and RuO, have been investigated previously in the literature®. Several of
these studies have shown that the stability of RuO, during O, evolution is significantly
enhanced by the addition of Ir, while the activity of the composites is improved compared to
pure IrO,. However, although the importance of intimate atomic mixing for exploiting any
synergic effects has been established’, the precise interaction between Ir and Ru during O,

evolution has yet to be determined.

Thin films of IrO,-Ru0, mixtures were prepared via reactive sputtering by Kotz et al’. It was
demonstrated that the addition of even small amounts of IrO, (> 20 mol %) reduced the
corrosion rate of the catalyst during O, evolution a 1 A cm™ to about 4 % of the rate measured
for RuO,. The redox peaks in the cyclic voltammetry and the O, evolution potentials at

0.1 mA cm™ shifted with the catalyst composition in a way that did not correspond to a linear
combination of the properties of the pure oxides, implying an interaction between the Ir and
the Ru. XPS analysis suggested that a common valence band existed, with electrons on IrO,
sites shared with RuO, sites. It was hypothesised that the common band prevents the Ru from

being oxidised to the soluble RuO,, which suppresses the corrosion rate but also reduces the
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activity of the Ru sites. A similar peak shift in the cyclic voltammetry was also observed by

Kodintsev et al. for thin films of IrO,-RuO, oxides prepared by thermal decomposition®*.

Thin film catalyst layers, however, are not ideal for PEM water electrolysers as they cannot be
satisfactorily integrated with the PEM electrolyte. Instead, metal oxide powders are more
convenient to use. Mixed IrO,-Ru0, metal oxide powders have been prepared by a number of

different routes including the Adams fusion, hydrolysis and Pechini-Adams methods.

The Adams fusion method proceeds via the pyrolysis of a metal chloride precursor in molten
sodium nitrate'?. Cheng et al. prepared nanoparticle IrRu,0, powders by this method across
the entire composition range’. The synthesised IrRu,0, were shown to be more active than
IrO, and more stable than RuO,. An Iry 4Rug 60, anode catalyst in a single cell PEM electrolyser
at 500 mA cm™ was stable for over 100 h. However cyclic voltammetry of these samples in

0.5 M H,S0, was too ambiguous to show a trend in redox peak positions with composition.
Song et al. used repetitive cyclic voltammetry at potentials below the onset of O, evolution to
investigate the stability of IrgsoRuUg.500,™. It was found that although the voltammetric
capacitance of the mixed electrocatalyst decreased with increasing number of potential cycles,

the decrease was significantly less than pure RuO, or metallic Ru.

In the Pechini-Adams method polymeric precursors containing metallic cations in the
polymeric chain are thermally decomposed, and then calcined in oxygen to obtain the oxide
species. Mamaca et al. reported that Ir,Ru,0, prepared in this way showed good activity and
stability in a PEM cell®. However XRD analysis revealed that the synthesised powders consisted

of separate oxide phases, with metallic Ir and Ru also present.

The hydrolysis method involves the formation of a metal hydroxide or hydrated oxide
precipitate by the reaction of the precursor metal salt with aqueous sodium hydroxide
solution. The precipitate is oxidised by subsequent heat treatment. Marshall et al. prepared
both Ir,Ru,0, and Ir,Ru,Ta,0, oxides with this method™**. The cell voltage of single cell PEM
electrolysers was found to increase with the increase in tantalum content in the anode
catalyst, as Ta oxides have low O, evolution activities. The best PEM cell performance was

achieved with an Irg¢Ru 40, anode catalyst with a cell voltage of 1.58 Vat 1 A cm™.

The importance of intimate atomic mixing in exploiting synergic effects for powder Ir,Ru,0,
catalysts, was investigated by Owe et al.”. High resolution XRD was used to show that single
phase oxides were formed for samples with Ir contents < 50 mol%. As both IrO, and RuO, have

the same rutile crystal structure, similar ionic radii®® (Ir*" 0.625 A, Ru* 0.615 A), a similar
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electronegativity and the same valency, the formation of substitutional Ir,Ru,0, solid solutions
is favourable, according to Hume-Rothery theory™. However, although the formation of solid

17-19

solutions for mixtures of IrO, and RuO, has been demonstrated several times ", the surface

>11.20 1y their work, Owe et al. found that

segregation of one of the components is also possible
the electrochemical activities for the O, evolution reaction of the single phase Ir,Ru,0, were
very similar to physically mixed samples of the pure oxides in the same molar ratios. It was
proposed that any synergic interaction between the Ir and Ru was therefore weaker than what

had been suggested for the sputtered thin films in the earlier work of Kotz et al.

The structure and electronic state of Ir,Ru,0, materials may also be investigated by XAS
measurements. XANES provides information of the average valency of the metal species as the
position of the absorption edge shifts to higher energies with increasing oxidation state. EXAFS
provides structural information of the environment around the absorbing atom such as the

number and type of surrounding atoms, and the distances between them.

The structure of dry Ir,Ru,0, catalysts may be elucidated with ex situ XAS measurements.
Bestaoui et al. investigated dry IrO, powders prepared by a hydrolysis method®". It was shown
that the Ir existed in an octahedral environment with six neighbouring O atoms, consistent
with rutile geometry. The structural disorder was also found to decrease with calcination
temperature, as the material became more crystalline. McKeown et al. demonstrated that the
local structure of anhydrous RuQ, is similar, with the long range order consisting of a three
dimensional network of octahedral chains®. In contrast, hydrous RuO,.xH,0 was shown to be
more disordered with no evidence of a three dimensional network. An EXAFS study of mixed
Ir0,-RuO, films was carried out by Arikawa et al®. It was found that the radial distribution
function showed a continuous change with the oxide composition, which was suggested to be
evidence of solid solution formation. Possible solid solution formation for Ir,Ru,O, powders
prepared by the hydrolysis method was also found in EXAFS analysis by Marshall*’.

In situ XAS analysis allows the effect of potential on the electronic state and structure of metal
oxide catalysts to be followed. Pauporté found a reduction in the Ir-O bond length from 2.01 to
1.96 A for sputtered IrO, films, with an increase in the potential from 0 to 1 V vs. a saturated
calomel reference electrode (approx. 0.24 to 1.24 V vs. RHE)*. This corresponded with a
change in the Ir oxidation state from 3.03 to 3.85 as measured from the position of the Ir L;
white line position, based on the assumption that the Ir was in the Ill valence state at a
potential just prior to the onset of H, evolution at -0.2 V vs. SCE. A similar change in bond

length from 2.02 A at 0.40 V to 1.94 A at 1.20 V vs. RHE, was observed for electrodeposited
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RuO, films**. Hippauff et al. used the white line energy position of Ir oxalate and Ir oxide as
references for Ir +3 and Ir +4 to estimate, based on a linear regression, the oxidation state of
an anodically formed Ir oxide film (AIROF) at various potentials between -0.24 and 1.21 V vs.
Ag/AgCl (approx. 0 and 1.4 V vs. RHE) in 1 M H,S0,%. It was shown that the Ir reached an

oxidation state of 4.8 immediately preceding the onset of O, evolution at about 1.4 V vs. RHE.

In this chapter, Ir,Ru,0, electrocatalyst powders for the O, evolution reaction have been
synthesised across the composition range by the Adams fusion method. Physical
characterisation of the oxides has been performed by EDX, XRD, TEM and BET surface area
analysis. Electrochemical measurements have been carried out with the oxides as thin film
electrodes in 0.5 M H,SO, and as the anode catalysts in single cell PEM electrolysers. Ex and in
situ XANES analyses have been employed to characterise the oxidation states of the Ir and Ru
metal components of the catalysts under potential control, with an aim to establishing the
compositional dependency of the activity and stability of the electrocatalysts during O,

evolution.
3.2 Experimental details

3.2.1 Preparation of Ir Ru O, electrocatalysts

IrO,, Irg.75RUg.250,, Irg.50RU0 5005, Irg25RUg 750, and RuO, catalyst powders were prepared by the
Adams fusion method. H,IrClg-xH,0 and RuCls;.xH,0 precursors were added to isopropanol and
stirred for 2 h. The total metal concentration of the solution was 0.08 M. A large excess of
NaNO; (~150X molar excess) was added and the mixture stirred and then dried overnight at

60 °C. The dry mixture was ground with a pestle and mortar and placed in a preheated box
furnace at 500 °C for 1.5 h, before the heating element was turned off and the mixture allowed
to cool slowly to room temperature. The fused salt-oxide mixture was rinsed into a beaker of
water and warmed overnight at 40 °C so as to dissolve any residual salts. The metal oxide
powders were separated and washed several times by centrifuge at 5000 rpm, replacing the
colourless supernatant with water each time. The recovered powders were dried in an oven at

110 °C and ground until fine with a pestle and mortar.
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3.2.2 EDX analysis
A Phillips XL30 SEM equipped with a Thermo-Scientific UltraDry EDX system was used to
examine the composition of the catalyst samples. Area scan EDX analysis was performed at an
accelerating voltage of 20 kV and working distance of 10 mm.
3.2.3 XRD
XRD was carried out on a Bruker D2 Phaser diffractometer with a step size of 0.02°, a step time
of 0.50 s and a Cu Ka X-ray source (A = 1.5418 A).
3.2.4 TEM
TEM imaging was performed using a JOEL JEM 2100 microscope with specimen samples
prepared by dusting powders onto holey carbon coated Cu grids.
3.2.5 BET
BET measurements were carried out with a Micromeritics Gemini 2375 Surface Area Analyser
at 77 K with N, used as the adsorbate gas.
3.2.6 Electrochemical characterisation

Electrochemical characterisation was carried out in N, purged 0.5 M H,SO, at room
temperature using an Autolab PGSTAT30 potentiostat. Thin film catalyst layers on glassy
carbon electrodes prepared from catalyst inks were used as the working electrode in the RDE
cell. Pt gauze was used as the counter electrode and an MMS electrode (0.69 V vs. RHE) as the

reference electrode.
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3.2.6.1 Cyclic voltammetry

Cyclic voltammograms were recorded between 0.00 and 1.40 V vs. RHE at a sweep rate
of 20 mV s* with the electrode stationary. Voltammetric charge experiments were recorded
between 0.40 and 1.40 V vs. RHE at sweep rates of 2, 5, 10, 20, 30, 40, 50, 60, 80, 100, 150,

200, 300 and 500 mV s, and were performed by Emma Barley (University of Southampton).

3.2.6.2 Steady state polarisation

Steady state polarisation was carried out between 1.00 and 1.70 V vs. RHE at a sweep rate of 1
mV s™. The working electrode was rotated at 900 rpm throughout the measurements in order

to remove trapped O, bubbles from the surface of the electrode.

3.2.6.3 PEM electrolyser tests

Single cell PEM electrolyser tests were performed using the PEM electrolyser cell described in
Chapter 2, section 2.4.2.2. Tests were carried out using Nafion 115 CCM’s with the Ir,Ru,0,
samples as the anode catalyst and Pt black as the cathode catalyst. The active area of each
electrode was 8 cm®. Tests were carried out with type 1 water supplied to the anode and
cathode at 60 °C and a flow rate of 40 mL min™. The cell was pressurised to 20 bar by blowing
compressed air into the back sides of both the anode and cathode. Prior to testing, the cells
were held at 1 A cm™ for 30 min using an ISO-TECH IPS-603 DC power supply unit with the cell

voltage monitored with a digital voltmeter.
3.2.6.3.1 Steady state polarisation curves

Steady state polarisation curves were obtained with a Bio-Logic VMP3 potentiostat coupled to

a High Current Booster, with the current stepped every 60 s from 8.00 to 0.05 A.

3.2.6.3.2 Stability test

The stability of the electrolyser cells was examined using an ISO-TECH IPS-603 DC power supply
unit with the cell voltage monitored and recorded every 5 min with a digital voltmeter. The
cells were held at constant current of 8.00 A (current density 1.00 A cm™) for the duration of

the test period.

3.2.7 XANES

XANES measurements were carried out on B18, Diamond Light Source, Harwell Science and
Innovation Campus, UK. Spectra were collected at both the Ru K edge (22117 eV) and Ir L;
56



Chapter 3: Mixed iridium-ruthenium oxide electrocatalysts for O, evolution

edge (11215 eV) absorption edges. Higher harmonics were rejected by using a Si(311) crystal
monochromator equipped with a Pt coated mirror (Ru K edge) and a Si(111) crystal

monochromator with a chromium coated mirror (Ir L; edge).

Catalyst electrodes (surface area 1.247 cm?) were prepared as detailed in Chapter 2, section
7.2.5.1. Ex situ measurements were carried out on dry catalyst electrodes. In situ
measurements were carried out on the catalyst electrodes in 0.5 M H,SO, using the in situ
electrochemical XAS cell as described in Chapter 2, section 7.2.5. Prior to in situ
measurements, the catalyst electrodes were hydrated by boiling in water. Once the loaded cell
was filled and connected to the potentiostat, three cyclic voltammograms were recorded
between 0.00 and 1.40 V vs. RHE at a sweep rate of 50 mV s™, to ensure that the electrode was
fully wetted and connected to the potentiostat. In situ experiments were then carried out with

the following procedure:

e Potential swept from open cell voltage to 1.00 V vs. RHE at a sweep rate of 1 mV s
e  XANES spectra collected

e Potential swept from 1.00 to 1.40 V vs. RHE at a sweep rate of 1 mV s™

e  XANES spectra collected

e Potential swept from 1.40 to 1.70 V vs. RHE at a sweep rate of 1 mV s™

e XANES spectra collected

e Potential swept from 1.70 to 1.80 V vs. RHE at a sweep rate of 1 mV s™

e XANES spectra collected

e Potential swept from 1.80 to 1.00 V vs. RHE at a sweep rate of 1 mV s™

e XANES spectra collected

The measurements were carried out whilst constantly pumping electrolyte solution across the
surface of the electrode using a peristaltic pump. The XANES spectra were collected in
fluorescence mode with 5-10 scans collected for each potential in order to improve the signal
to noise ratio and to check that the sample was not changing throughout the measurement.
Due to the positioning of the electrochemical cell, it was not possible to measure reference
foils simultaneously with the sample data. Instead, to ensure the monochromator remained

stable throughout the measurements, the reference foils were measured periodically.
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3.3 Results and discussion

3.3.1 EDX analysis

Elemental analysis of the prepared catalysts was carried out by EDX analysis. The nominal and
experimental compositions of the mixed Ir,Ru,0, samples are shown in table 1. The
experimental compositions are an average of three EDX measurements made on different
parts of the sample with the error determined from the standard deviation. The assays of the
Ir,Ru,0, samples show a good agreement with the nominal values, indicating that the synthesis

method was successful in preparing catalysts with the desired Ir/Ru ratio.

Table 1 EDX elemental analysis of the mixed Ir,Ru,O, catalyst samples

Sample Nominal composition / mol % Experimental composition / mol %

Ir Ru Ir Ru
Irg.75RUg 250, 75 25 731 271
Iro.sRUg 50, 50 50 49+1 51+1
Irg.25RUg 750, 25 75 24+ 1 761

3.3.2 XRD

XRD was used to identify the phases present in the samples and to determine the average
crystallite size of the particles. XRD patterns of the Ir,Ru,0, samples are presented in figure 1.
The peak positions of the IrO, (ICSD 84577)* and RuO, (ICSD 172178)*” body-centred
tetragonal phases are represented by the vertical solid blue and dashed red lines, respectively.
All of the peaks in the XRD patterns of the pure oxide samples IrO, and RuO, match the
tetragonal IrO, and/or RuO, reference patterns as indexed. No peaks are observed for the

metallic phases of Ir or Ru.
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Figure 1 XRD patterns of Ir,Ru,0, samples. Peak positions of IrO, reference (ICSD 84577)%

are indicated by the blue line. Peak positions of RuO, (ICSD 172178)” are indicated by the

dashed red line.

The mixed oxide catalysts have XRD patterns in between of IrO, and RuO,. The peaks at 20
values of about 28 °, 40 ° and 70 ° are similar for all of the catalysts. However the peaks at 35 °
and 54° and 83 ° shift with the change in composition from RuO, to IrO,. Figure 2 highlights the
shift of the 101 reflection peaks at 35 ° 28 of the Ir,Ru,0, catalysts with increasing Ir content.
These observations are consistent with IrO, and RuO, both having reflection peaks at 28 °, 40 °
and 70 °, and slightly different values for other peaks. Mixtures of IrO, and RuO, have been

>%18 peak shifts such as

shown to form a single oxide phase over a wide compositional range
those observed are suggestive of the lattice expansion which occurs on forming a solid

solution.
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Figure 2 Expanded XRD patterns of Ir,Ru,0, samples highlighting the 101 reflection peak.
The arrow indicates the shift in the peak position with increasing Ir content. Peak positions
of IrO, reference (ICSD 84577)% are indicated by the blue line. Peak positions of RuO, (ICSD
172178)” are indicated by the dashed red line.

The average crystallite size of the Ir,Ru,0, catalysts was estimated from the three principal
reflection peaks at about 28, 35 and 54° using the Scherrer equation. Table 2 shows that the
while the average size of the catalysts is broadly similar across the composition range, the size
of the RuO, crystallites is slightly larger than the Ir-containing samples. An increase in the
average crystallite size has been observed previously for Ir,Ru,0, catalysts prepared by the
Adams fusion method®. The increase was attributed to the lower crystallisation temperature of
RuO,in comparison to Ir0,. However the Irg 75sRUy 250, sample is a clear anomaly to this trend

as it is approximately twice the size of the rest of the composition range.
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Table 2 Crystallite size of Ir,Ru,0, catalysts determined from XRD using the Scherrer

equation
Sample Size / nm
IrO, 6-8
Irp75RUg 250, 12-14
IrosRUg 5O, 7-8
Iro25RU0.7502 5-7
RuO, 9-11
3.3.3 TEM

The morphology and particle size of the Ir,Ru,0, electrocatalysts was examined by TEM.
Micrographs of the Ir,Ru,0, samples are shown in figure 3. The scale bar in all images

corresponds to 20 nm.
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Figure 3 TEM of (a) IrO,, (b) Iry75RUg250,, (€) IrgsRUg s0,, (d) Irg2sRUg 750, and (e) RuO,. The

scale bar in each image represents 20 nm.

The TEM micrographs show that the Ir,Ru,0, samples consist of nano-sized crystallites of
irregular, polygonal shapes. The size of the IrO, particles are observed to be about 5 - 10 nm,

while the RuO, has a greater range of sizes of about 5—20 nm. The RuO, crystallites also have
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more defined crystal faces. These observations are likely to be a consequence of RuO,
crystallising at a lower temperature than IrO, which leads to the formation of stoichiometric
crystal surfaces with fewer defects, in addition to sintering of the RuO, particles at 500 °C**?%.
The particle size of the Irg75Rug 250, appears similar to the pure IrO,, while the TEM of the

Irg.s0RUQ 500, and Irg »sRug 750, composites show a greater range of sizes in the range 5 - 20 nm.

The particle sizes observed by TEM are a little larger than the crystallite sizes determined by
XRD. There are two explanations for this discrepancy. Firstly, the crystallite size determined by
XRD is an average measurement and the range of particle sizes may vary around this value.
Secondly, the TEM imaging is complicated by the tendency of the Ir,Ru,0, nanoparticles to
agglomerate. This means that the images may not give a reliable representation of the

majority of the oxide samples as the smaller particulates are hidden by the larger particles.

3.3.4 BET surface area

The specific surface area of the Ir,Ru,0, catalysts was assessed by BET measurements. The
surface areas of the oxides listed in table 3 are similar in magnitude to IrO,/RuQ, catalysts

reported in other studies®™!

. The measurements show that IrO, has a much larger surface
area than RuO,. This may be related to the smaller size of the IrO, particles compared to RuO,
as suggested by the TEM and XRD analysis. It is also possible that the IrO, is more porous than
the RuO,, as RuO, crystallises at a lower temperature than IrO,. The surface areas of the mixed

catalysts are intermediate of those of the pure oxides.

Table 3 BET surface area of the Ir,Ru,0, catalyst samples

Sample BET specific surface area / m* g™

IrO, 168
Ir.75RU0.250; 94
Iro.50RU0.500> 110
Iro.25RU0 750, 109

RuO, 69
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3.3.5 Electrochemical characterisation
3.3.5.1 Cyclic voltammetry

Initial electrochemical investigations of the Ir,Ru,O, catalysts were performed on thin-film
electrodes in 0.5 M H,SO,. The voltammetry is presented normalised to the geometric surface
area of the glassy carbon disk (0.1963 cm?). Figure 4 shows the cyclic voltammetry of the pure

oxides, IrO, and RuO..
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Figure 4 Cyclic voltammetry of IrO, (A) and RuO;, (B) (catalyst loading 0.5 mg cm?) on a
glassy carbon RDE (area 0.1963 cm?) in 0.5 M H,SO, at 20 mV s™
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The voltammetry in figure 4 is very similar to that previously reported IrO, and RuO, catalysts

prepared by the Adams fusion method®*? and by other synthesis routes****

. The wide peaks
observed in the potential window between 0.40 and 1.40 V of the voltammograms are
associated with changes in the surface oxidation state of the Ir and Ru. The large width of
these peaks reflects the polycrystalline structure of the samples. For the IrO, catalyst

(figure 4A) two very wide peaks are observed at about 0.90 V and 1.25 V, which are assigned to
the Ir(I1)/1r(IV) and Ir(1V)/Ir(V1) transitions, respectively®. Three peaks are observed in the cyclic
voltammetry of the RuO, catalyst (figure 4B), at about 0.61 V, 0.80 and 1.25 V. These may be
attributed to the Ru(l1)/Ru(ll), Ru(1l1)/Ru(IV) and Ru(IV)/Ru(VI) transitions, respectively®***.
However other studies have observed only two peaks for RuO, at about 0.65 and 1.25 V, which
have been assigned to the Ru(lll)/Ru(1V) and Ru(IV)/Ru(VI) transitions, respectively®™. It is
possible that the large width of the peaks presented in these other studies may have led to the
superimposition of the two distinct redox processes that are observed in this work. The
cathodic peak observed between about 0.00 and 0.20 V in the voltammetry of both IrO, and
RuO, is thought to be due to the incorporation of atomic hydrogen within the metal oxide
crystal structure, prior to the onset at H, evolution that occurs at potentials negative to

0.00 V*.

The voltammograms of the mixed Ir,Ru,0, catalysts are shown in figure 5. The curves in this
figure exhibit features of both IrO, and RuO,. The voltammograms of Irg75Rug 250, and
Irg.50RUg 500, are more similar to the IrO, curve in figure 4 than the RuO,, although the
Irg.s50RUQ500, curve also shows very slight evidence of the Ru(ll)/Ru(lll) peak at 0.65 V. The
voltammogram of the Ir 5Rug 750, is more indicative of the RuO, catalyst although the peaks

are less distinct than that obtained for the pure oxide.

In the literature, the position of the I1I/IV redox transition peak in the voltammetry of Ir,Ru,0,

catalysts has been observed to shift with the composition”**

. This potential shift has been
interpreted as evidence of an interaction between the Ir and Ru components, either in the bulk
of the material or at the surface. The voltammograms of the mixed Ir,Ru,O, oxides in figure 5
show a small shift in the position of the llI/IV peak, from 0.85 V for Irg »sRug 750, to 0.90 V for
Irg.7sRUg 250,. However the change is very slight and is not conclusive due to the broadness of
the peaks. Compared with the voltammetry of sputtered Ir,Ru,0, films prepared by Kotz et al.,
the shift in this work is not as perceptible and the peak potentials do not show a linear
dependence on the composition’. Previous voltammetry of IrRu,0, oxides prepared by the

Adams fusion method by Cheng et al. showed no discernible peak shifts with composition®.

However these samples were prepared by heating in a nitrate melt at 490 °C for 30 min, a
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shorter time than the oxide catalysts prepared in this work, which may explain why less

pronounced peaks were observed.
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Figure 5 Cyclic voltammetry of (A) Iry 75RUg 250, (B) Irg sRug 50, and (C) Irg,sRuUg 750, (catalyst
loading 0.5 mg cm™) on a glassy carbon RDE (area 0.1963 cm?) in 0.5 M H,SO, at 20 mV s™

Figure 6 shows the voltammograms of the Ir,Ru,0, oxides compared to voltammograms of
physical mixtures of the pure IrO, and RuO, powders in the same molar ratios and prepared as
thin film electrodes. Voltammograms of the pure IrO, and RuO, samples are also include in the

figure for reference. The physical mixtures differ from the Ir,Ru,0, samples in the order of

66



Chapter 3: Mixed iridium-ruthenium oxide electrocatalysts for O, evolution

magnitude of the mixing. In the Ir,Ru,0, composites the mixing of the Ir and Ru in is on the
atomic scale, whereas the physical mixtures consist of micro or nano size particulates of the
pure oxides. Comparison between the two types of oxide mixtures can give an indication as to
whether the observed voltammetric response of the Ir,Ru,0, catalysts is due to the formation

of common structures or the superimposition of isolated phases®.
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Figure 6 Cyclic voltammograms of (A) IrO, (black line) and RuO; (red line); (B) Iry.7sRUg 2505,
(black line) and a physical mixture of 75 mol% Ir:25 mol% Ru (red line); (C) Iry50Rug 500, (black
line) and a physical mixture of 50 mol% Ir:50 mol% Ru (red line); and (D) Iry,sRug 750, (black
line) and a physical mixture of 25 mol% Ir:75 mol% Ru (red line). Voltammetry performed in

0.5 M H,SO, at 20 mV s™. The total catalyst loading was 0.50 mg cm™.

The voltammetry of both the mixture with 75 mol% Ir: 25 mol% Ru and the mixture with

50 mol% Ir: 50 mol% Ru, strongly resemble the voltammetry of the pure IrO,. However there is
also clear evidence of the Ru /11l peak at 0.61 V vs. RHE. In contrast, the voltammetry of the
sample with 25 mol% Ir: 75 mol% Ru is more characteristic of the pure RuO,. Comparison of
the voltammetry of the physical mixtures and the Ir,Ru,0, composites shows that any
differences between the shapes of the curves are small. The voltammograms of the samples

with 75 and 50 mol% Ir are very similar, although the Ru I/11l peak at 0.61 V is more apparent
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in the voltammograms of the physically mixed samples. The voltammograms of the samples
with 25 mol% Ir are also similar although the peaks in the physical mixture have greater
definition. Similar analysis performed by Owe et al. for Ir,Ru,O, catalysts prepared by a
hydrolysis method also found little difference in the voltammetry of composite catalysts and
physically mixed powders of the pure oxides. It is also observed that the physical mixtures of
the molecular ratios all have a greater capacitance than the corresponding Ir,Ru,0, oxides. This
is probably due to the pure IrO, having a greater specific surface area than the as prepared
mixed oxides, as determined by the BET analysis. This causes the electrode surface area of the
physically mixed oxides to be greater than the Ir,Ru,0, oxides, thus increasing the double layer

capacitance.

Using the approach outlined in Chapter 2 section 2.1, the voltammetric charge (Q*) of the
oxide catalysts in the potential range 0.40 and 1.40 V vs. RHE was determined at various scan
rates, in order to provide a measure of the total number of active sites (total charge) and most
accessible active sites (outer charge). The number of least assessable sites (inner charge) is
calculated by subtracting the outer charge from the inner charge. Figure 7 shows typical
voltammograms obtained between 0.40 and 1.40 V vs. RHE at different sweep rates for the

IrO, sample. The increase in current with potential scan rate (v) is indicated by the arrow.
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Figure 7 Cyclic voltammetry of IrO, (catalyst loading 0.5 mg cm™) on a glassy carbon RDE
(area 0.1963 cmz) in 0.5 M H,SO, at variable sweep rates, v. The arrow indicates the effect of

the increase sweep rate on the voltametric response

The Q* was measured from the sum of the anodic and cathodic charges. Figure 8 shows plots
of Q* as a function of the square root of the potential sweep rate of the Ir,Ru,0, catalysts,
while figure 9 shows plots of the inverse of Q* as a function of the square root of the sweep
rate. Although both plots are satisfactorily linear, there is deviation in linearity at both high
and low potential sweep rates. Figure 10 presents the voltammetry of the IrO, catalyst
normalised by the sweep rate. The normalised voltammetry shows that at low sweep rates
deviation from linearity occurs because the anodic O, evolution peak and the cathodic wave
begin at lower overpotentials and so the Q* includes some contribution from both of these.
Deviation at high scan rates may be due to a combination of distortion of the curves due to
uncompensated ohmic resistance and distortion due to some irreversibility of the surface
redox transitions®’. Nonetheless, comparison between the voltammetric charge at a sweep

rate of 200 mV s and the outer charge as presented in table 4 shows good agreement.
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Figure 8 Extrapolation of outer charge from a plot of voltametric charge (Q*) as a function of
the inverse square root of the sweep rate for IrO, (black), Iry 75Ruq 250, (red), IrgsoRUg 5004

(green), Irg 25RuUg 750, (blue) and RuO, (pink).
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Figure 9 Extrapolation of total charge from a plot of voltametric charge (Q*) as a function of
the inverse square root of the sweep rate for IrO, (black), Iry ;5Ru 250, (red), IrgsoRUg 5004

(green), Irg 25RUg 750, (blue) and RuO, (pink)
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Figure 10 Cyclic voltammetry of IrO, (catalyst loading 0.5 mg cm™) on a glassy carbon RDE
(area 0.1963 cm?) in 0.5 M H,SO, at variable sweep rates. The voltammetric curves have been
normalised by the sweep rate. The voltammetry recorded at 2 mV s™ and 500 mV s * are

highlighted.

Table 4 Outer charge and voltammetric charge measured at 200 mV s™ as a function of Ir mol

% of Ir,Ru,0, catalysts

Irmol % Outer charge / mC Voltametric charge at 200 mV s™ / mC

100 24.1+0.2 22.2
75 15.6 +0.7 15.2
50 26.0+0.3 24.9
25 21.1+0.3 20.5
0 16.8+0.9 16.4
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The total, outer and inner charges of the Ir,Ru,0, catalysts as a function of the Ir mol % are
presented in figure 11. The plot shows that in general, the Q* ) and Q* s increase from
RuO, with the Ir content, with a maximum observed for the Iry50Rug 500, sample. Similar trends
have been observed in the literature with Ir,Ru,O, catalysts prepared by a variety of

2035 The increase in active surface area with Ir content may be a reflection of the

methods
decrease in particle size as suggested by the TEM and XRD analysis. The trend also correlates
with the BET surface area analysis which showed RuO, to have the lowest specific surface area.
The Irg75RUg 250, sample is the obvious anomaly to this trend. This may be a reflection of the
larger average crystallite size of this sample as determined by XRD measurements and a

decreased specific surface area as suggested by the BET analysis. The inner charge is relatively

constant across the composition range.
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Figure 11 Total charge (black), outer charge (red) and inner charge (blue) as a function of Ir

mol % for Ir,Ru,0, catalysts
3.3.5.2 Steady state polarisation

The catalytic activity of the Ir,Ru,0, catalysts was assessed by performing steady polarisation.
Figure 12 shows the polarisation curves for the O, evolution on the oxide samples in

0.5 M H,S0O, at a sweep rate of 1 mV st with the electrode rotating at 900 rpm. RuQ; is the
most active sample with a lower corresponding onset potential of O, evolution than the other

samples. The onset potential of the catalysts decreases with increasing Ir content, as IrO, is less
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electrocatalytically active than RuO, for the O,evolution reaction. The inferior performance of
the Irg75sRug 250, oxide compared to the IrO, is possibly due to the larger particle size of the
Irg.75RUQ250,, which would result in fewer active sites. This conclusion is also supported by the
diminished charge measurements of the Irg 7sRUg 50, oxide compared to the IrO, from the

cyclic voltammetry analysis.
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Figure 12 O, evolution steady state polarisation of Ir,Ru,0, catalysts (catalyst loading 0.5 mg

cm?)in 0.5 M H,SO, at a sweep rate of 1 mV s with the electrode rotating at 900 rpm

To investigate the mechanism of O, evolution occurring at the Ir,Ru,0, catalysts, Tafel analysis
was performed on the experimental polarisation curves. All curves showed deviation from
linear Tafel behaviour at high current densities due to uncompensated ohmic resistance
associated with the electrolyte and electrode. To correct for this distortion the
uncompensated resistance was determined using a method outlined several times in the

41 . . .
>3%41 Briefly, uncompensated ohmic resistances were

literature for anodic metal oxides
estimated graphically from the experimental data by extending the linear portion of the Tafel
curve from the low to high current regions, as shown in figure 13. The deviation of the

experimental curve from the straight line, AE, was plotted as a function of the corresponding
current. Linear plots passing through the origin confirmed that the curvature of the plots was

due to ohmic resistance only. An example plot is shown in figure 14. The deviation from linear
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behaviour at high potentials in figure 14 is due to gas evolution, which causes the current to be
unstable in this region. An example of the correction procedure is given in figure 15 which

shows the data before and after the ohmic resistance correction.

T T T T T T T T T
L7r Raw data 1
— Linear fit

> 16} i
m
T
[
g 15| -
L

14 | .

1.3

-6

Log(J / mA cm?)

Figure 13 Tafel plot of a Iry sRu, 5O, catalyst (loading 0.5 mg cm?) highlighting the extension
of the linear region to the high current density region (red line) and the derivation of the

experimental curve from the straight line (AE)
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Figure 14 Plot of AE vs. | used to estimate the uncompensated resistance of a thin film

Iro.sRUosO; (catalyst loading 0.5 mg cm™) catalyst
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Figure 15 O, evolution steady state polarisation of the IrysRug 50, (loading 0.50 mg cm?)in

0.5 M H,SO, at a sweep rate of 1 mV s™ before (black line) and after (red line) iR correction
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The measured Tafel slopes of the Ir,Ru,0, catalysts after iR correction are shown in table 5.
RuO, exhibits the lowest Tafel slope of 36 + 3 mV dec™ which corresponds with the high
activity of RuO, for O, evolution. The magnitude of the slope increases from 41 to 45 mV dec™
with the increasing Ir content of the mixed Ir,Ru,O, catalysts. The slope decreases again to 41
mV dec™ for the IrO, sample. This is in contrast to the change from 40 mV dec™ for pure RuO,
to 60 mV dec™ for pure IrO,, for samples prepared as thin films by thermal decomposition®,
the sol-gel method” and reactive sputtering'. However for IrRu,0, nanoparticles prepared by
the Adams fusion® and hydrolysis methods® similar low values for IrO, to the one reported in
this work, have also been reported. This suggests that the preparation of pure IrO, in

nanoparticle form produces catalysts that are more active than thin films.

There are several proposed mechanisms for O, evolution in acidic media, two of which, the
chemical oxide path and the electrochemical oxide path, were detailed in Chapter 1 section
3.3.3.1"%. For electrodes with Tafel slopes close to 40 mV dec™, such as the Ir-containing
samples, the slope suggests that the second step of the electrochemical oxide path is rate
determining. However in the case of the RuQ, catalyst it is less clear whether it is the second
step of the electrochemical oxide path or the chemical oxide path that is the limiting reaction.
As the samples are polycrystalline, it is likely that there are several types of active site at each
of which different mechanisms may occur. The measured Tafel slope therefore represents an

average of these various active points.

Table 5 Tafel slope for Ir,Ru,0, catalyst samples. The error is determined from three

independent repeat measurements at a 95 % confidence limit

Sample Tafel slope / mV dec™

RuO, 363
Iro.25RU0.750; 41+1
Ir0.50RU0.5002 452
Iro.75RU0.250; 45+1

IrO, 41+2
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3.3.6 PEM electrolyser cell tests

The performance of the Ir,Ru,0, oxides was assessed in single cell PEM water electrolysers at
60 °C and 20 bar. Figure 16 shows steady state polarisation curves of the cells with Ir,Ru,0, as
the anodic catalysts and a Pt black cathode catalyst. The curves have been iR corrected using
the cell resistances determined by electrical impedance spectroscopy carried out at 50, 100
and 200 mA cm™. The best performance was achieved with the pure RuO, oxide, with lower
cell potentials measured at every applied current density. The potential of this cell at 1 A cm™
was 1.54 V. The performance of the electrolyser cells decreases with increasing Ir content of
the IryRu,0, catalyst. This reflects the higher activity of Ru than Ir towards the O, evolution

reaction. The potential of the cell with IrO, as the anode at 1 A cm?was 1.63 V.
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Figure 16 Polarisation curves of single cell PEM electrolyzers at 60 °C and 20 bar with IrO,
(black squares), Irg;5sRUg250, (red circles), IrgsoRUg 500, (green triangles), IrgsRug 750, (blue
triangles) and RuO, (pink diamonds) as the anode catalysts and Pt black as the cathode
catalyst. The catalyst loading at the anode and cathode was 3 mg cm™. The curves have been
iR corrected using the cell resistances determined by electrical impedance spectroscopy at

50, 100 and 200 mA cm™.
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The stability of the single cell PEM electrolysers was assessed by monitoring the change in cell
voltage at a constant current density of 1 A cm™ for a period of 700 h. The cell potential vs.
time curves of the cells with the Ir,Ru,0, oxides as the anodic catalysts are presented in figure
17. The decrease in the cell potential over the first 50 — 100 h observed for all cells is due to
the various cell components such as the membrane and catalyst layers, becoming more
hydrated and conductive. The cell with the Irg;5sRuq 50, catalyst developed a catastrophic leak
after about 350 h, and had to be removed from the test. The voltage spikes of the cells with
Irg25RUg 750, and with Irg soRuUg 500, at 350 h and 400 h respectively, were due to short periods
when the cells had to be turned off due to unscheduled maintenance of the water supply

system.

Figure 17 shows that the cell voltage with RuQ, is stable at about 1.70 V until 250 h after which
it starts to rise, with a fairly rapid increase observed over the final 100 h. This result indicates
the instability of RuO, for the O, evolution reaction in PEM electrolysers. Had the test
continued for a longer time, it is predicted that the cell voltage would have continued to
increase rapidly. In contrast, the cell voltage with IrO, remains stable at 1.81 V over the entire
700 h test period. The curves of the composite Ir,Ru,0, oxides show that the addition of IrO,
improves the stability of the catalyst. The cell voltage with Irg,5Ruq 750, displays a very gradual
voltage rise from 1.78 after 100 h to 1.80 at 700. In comparison the cells with Iry soRug 500, and

Irg.75RUg 250, both show similar stability to the IrO,
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Figure 17 Cell potential vs. time curves of single cell PEM electrolyzers at 60 °C and 20 bar
with IrOZ (black Iine), Iro_75RuO_2502 (red Iine), Iro_soRuO_sooz (green Iine), Iro_z5Ru°_7502 (blue Iine)
and RuO, (pink line) as the anode catalysts and Pt black as the cathode catalyst. The catalyst

loading at the anode and cathode was 3 mg cm™.

3.3.7 XANES analysis

The average oxidation state of the Ir and the Ru in the Ir,Ru,O, catalysts as a function of the
applied potential was investigated by in situ XANES measurements. Prior to collecting XANES
spectra, cyclic voltammograms of the catalysts in the in-situ electrochemical cell were
collected at 50 mV s™. The voltammograms in figure 18 show that all of the oxides display
similar profiles to the voltammetry obtained with the thin film RDE experiments. The
voltammograms also show a small amount of distortion due to uncompensated ohmic

resistance. This is most likely due to the non-ideal geometry of the in situ cell.
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Figure 18 Cyclic voltammetry of the IrO, (black), Iry7sRuUg 750, (red), Irg 50Rug 500, (green) and
RuO, (blue) catalyst button electrodes in the in-situ XAS cell in 0.5 M H,SO, at 50 mV st

3.3.7.1 Ru K-edge

Ru K edge XANES spectra of the RuO,, Irg5qRUg 500, and Iry 75RUq 250, catalysts are presented in
figures 19 through 21. XANES of the RuO, sample for a second time at 1.0 V vs. RHE was not
possible due to severe degradation of the electrode after the potential hold at 1.8 V. This
observation does however highlight the instability of RuO, catalysts at O, evolution potentials.
The position of the Ru K edge was determined at 50 % of the edge step. Figure 22 shows the
energy shift of the Ru K edge position of the Ir,Ru,0, catalysts from Ru®E (22117 eV), as a

function of the applied potential.
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Figure 19 Ru K XANES of RuO, recorded ex situ (black line) and in situ at a potential of 1.0
(red line), 1.4 (green line), 1.7 (purple line) and 1.8 V (cyan line) vs. RHE. Insert shows the

edge position as determined at 50 % of the edge step
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Figure 20 Ru K XANES of Iry 50Ruq 50,1 recorded ex situ (black line) and in situ at a potential
of 1.0 (red line), 1.4 (green line), 1.7 (purple line), 1.8 (cyan line) and 1.0 V (repeat) (pink line)

vs. RHE. Insert shows the edge position as determined at 50 % of the edge step
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Figure 21 Ru K XANES of Iry 75Rug 550, recorded ex situ (black line) and in situ at a potential of
1.0 (red line), 1.4 (green line), 1.7 (purple line), 1.8 (cyan line) and 1.0 V (repeat) (pink line) vs.

RHE. Insert shows the edge position as determined at 50 % of the edge step
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Figure 22 Ru K-edge energy shifts of RuO, (black), Iry 5o0Rug 500, (red) and Irg 5oRug 500, (blue)

as a function of the applied potential
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The Ru K edge XANES of the catalysts in figures 19 through 21 show that the profile of the
spectra do not change significantly from the ex situ to the in situ measurements. This suggests
that the local environment of the Ru in the oxide structures is similar, irrespective of the
electrolyte or electrode potential. However the spectra in addition to the plot of Ru K edge
energy shift as a function of potential in figure 22 show that the position of the edge shifts to
higher energies when the electrode is immersed in acid and held at potential. This indicates
that the oxidation state of the Ru increases. This is as expected due to the known Ru I/l and
II/IV transitions that occur at potentials around 0.60 — 0.90 V vs. RHE, as indicated by the cyclic
voltammetry. It is also apparent that the edge energy shift of the RuO, catalyst continues to
increases with the applied potential in O, evolution reaction region, whereas the shift of the
composite catalysts is much less. This suggests that the oxidation state of the Ru is higher
during O, evolution than the mixed Ir,Ru,0, oxides. It is suggested that this indicates a
stabilising effect of the Ir on the Ru as the Ir prevents the Ru from being oxidised to volatile
higher states. Furthermore, the energy shift of the Iry ;5Rug 50, catalyst is slightly less than the
Iro.s0RUQ 5005, Which suggests that the stabilising effect increases with Ir content. These
observations support the theory of the formation of a common valence band structure as

suggested by Kotz et al., which prevents the oxidation of Ru into the VIII state’.

To determine the actual Ru oxidation state as a function of potential, the XANES spectra of a
number of Ru reference compounds with known oxidation states, were measured as dry
powders. The reference samples were provided by Prof. Richard Walton (University of
Warwick)™. These spectra are presented in figure 23. To calculate the Ru oxidation state of the
IrRu,0, catalysts, the Ru K edge position of the reference samples was plotted as a function of
oxidation state and a calibration curve fitted to the data. Table 6 and figure 24 show the Ru K
edge positions of the reference samples as a function of formal oxidation state. The error in
the energy position was determined by the resolution of the XAS step size, which was 0.25 eV.
Table 7 presents the oxidation states of the Ir,Ru,0, catalysts determined from the calibration

curve, as a function of applied potential.
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Figure 23 Ru K-edge XANES of Ru foil (black line), Ru(acac); (red line), RuO, (green line),
Las g7RU,0;, (blue line), SrRu,04 (magenta line) and KRuO, (violet line) reference materials.
The insert shows an expanded region of the XANES spectra, highlighting the 50 % of edge

step from which the edge energy was defined.

Table 6 Ru K edge energies of Ru oxidation state reference samples

Sample Formal oxidation state Ru K edge energy / eV
Ru foil 0 22117.0+0.1
Ru(acac); 3 22122.1+0.1
RuO, 4 22123.4+0.1
Laz g7Ru,04, 4.7 22125.1+0.1
SrRu0,.2H,0 5 22126.1+0.1
KruO, 6 22126.6+0.1
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Figure 24 Calibration of Ru K-edge XANES data vs. oxidation state. Error bars are included on

the plot but are not visible

Table 7 Calibrated oxidation states of Ir,Ru,0, samples as a function of applied potential

Sample Oxidation state

Ex situ 10V 14V 1.7v 1.8V 1.0V (repeat)

RuO, 3.8£04 41+04 4204 43104 44+04 -

IrgsoRUp500, 3.8+0.4 4.2+04 42+04 4204 4204 42+04

Iro;sRUg250, 3.7+0.4 41+04 41+04 42+04 41+04 41+04

Figure 23 shows that the shape of the Ru reference samples spectra is not consistent. The
spectra of the SrRu0,.2H,0 and KruO, show a pre-peak at a similar energy to the initial rise in
the XANES of the Ru foil. This may suggest the presence of metallic Ru in these samples.
Despite this, figure 24 shows a satisfactorily linear relationship between the edge step energy
of the Ru absorbing atom and the oxidation state, as has been previously established for Ru

45-47

and other metals™™’. Table 7 shows that the ex situ oxidation state of the Ru in the Ir,Ru,0,
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catalysts is around 3.7-3.8, which suggests that the oxides are slightly substoichiometric as dry
powders. On immersion in acid and at an applied potential of 1.0 V vs. RHE, the Ru oxidation
state increases to 4.1-4.2. This is consistent with the Ru Ill/IV transition that occurs at about
0.8-0.9 V. At O, evolution potentials above 1.4 V, the Ru in the Ir,Ru,0, composites remain in
the same oxidation state as at 1.0 V, whereas the RuO, increases to an oxidation state of 4.4.
This is not as high as might be expected based on the model of O, evolution on RuO,
electrodes developed by various authors that involve the generation and subsequent
relaxation of Ru VIII species”*. However as the measured XANES response is an average from
all Ru centres in the catalyst materials, it is possible that a lower oxidation state is observed
because of a larger number of Ru atoms in the centre of the particles being at a lower
oxidation state than Ru at active sites at the surface of the catalysts. It must also be noted that
the error in the calibrated oxidation state is large. This is due to the large error in the linear fit
of the calibration curve. Absolute confidence in the Ru oxidation state is therefore somewhat
limited. To reduce the error it would be beneficial to collect a wider range of Ru reference
samples and/or to also independently verify the oxidation state of the reference samples by

another technique, such as X-ray photoelectron spectroscopy.

3.3.7.2 Ir L, edge

Ir Ls edge XANES spectra of the IrO,, Irgs0RUg500, and Irg 7sRug 250, catalysts are presented in
figures 25 through 27. The position of the Ir L; edge was defined as the peak maximum of the
white line intensity, which was also found to correspond to the second minimum of a plot of
the second derivative. Figure 28 shows the energy shift of the Ir L; K edge position of the

Ir,Ru,0, catalysts from Ir° E (11215 eV), as a function of the applied potential.
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Figure 25 Ir L; edge XANES of IrO, recorded ex situ (black line) and in situ at a potential of 1.0
(red line), 1.4 (green line), 1.7 (blue line), 1.8 (cyan line) and 1.0 V (repeat) (pink line) vs. RHE.
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Figure 26 Ir L; edge XANES of Iry ;5Rug 250, recorded ex situ (black line) and in situ at a
potential of 1.0 (red line), 1.4 (green line), 1.7 (blue line), 1.8 (cyan line) and 1.0 V (repeat)
(pink line) vs. RHE.
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Figure 27 Ir L; edge XANES of Iry50Rug 500, recorded ex situ (black line) and in situ at a
potential of 1.0 (red line), 1.4 (green line), 1.7 (blue line), 1.8 (cyan line) and 1.0 V (repeat)
(pink line) vs. RHE.
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Figure 28 Ir L3 edge energy shift of IrO, (black line), Iry 75Rug 550, (red line) and Irg 50Rug 500,

(blue line) as a function of the applied potential
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The Ir L; edge XANES of the catalysts in figures 25 through 27 show that the shape of the

curves do not change significantly from the ex situ to the in situ measurements. This suggests
that the coordination of the Ir to the surrounding O atoms does not change significantly with
the addition of electrolyte or with the change in potential. However the spectra, in addition to
the plot of Ir L; edge energy shift as a function of potential in figure 28, show that there are
slight changes in the position of the white line intensity. The IrO, sample shows a marked
decrease in the energy shift from the ex situ measurement to the in situ measurement at 1.0 V.
This suggests that the Ir in the IrO, at 1.0 V is reduced compared to the dry powder. In contrast,
the two mixed Ir,Ru,0, samples show no significant shift in the white line position from the ex
situ to the in situ measurement. All samples show a shift to higher energies with increasing

potential as the oxidation state increases during O, evolution.

To determine the actual Ir oxidation state as a function of potential, the XANES spectra of a
number of Ir reference compounds with known oxidation states were measured as dry
powders. The reference samples were provided by Prof. Richard Walton (University of
Warwick). These spectra are presented in figure 29. To calculate the Ir oxidation state of the
IrRu,0, catalysts, the Ir L; edge position of the reference samples were plotted as a function of
oxidation state and a calibration curve fitted to the data. Table 8 and figure 30 show the Ir K
edge positions of the reference samples as a function of formal oxidation state. The error in
the energy position was determined by the resolution of the XAS step size of 0.25 eV. Table 9
presents the Ir oxidation states of the Ir,Ru,0, catalysts determined from the calibration curve,

as a function of applied potential.
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Figure 29 Ir L; edge XANES of IrCl; (black line), IrO, (red line) and BaNagslr, 503 (blue line)

reference materials.

Table 8 Edge energies of Ir L; edge reference samples

Sample Oxidation state Ir L; edge energy / eV

IrCl3 3 11218.4+0.1
IrO, 4 11220.1+0.1
BaNagslros03 5 11220.8£0.1
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Figure 30 Calibration of Ir L; edge XANES data vs. oxidation state

Table 9 Calibrated Ir oxidation states of Ir,Ru,0, samples as a function of applied potential

Sample Oxidation state

Ex situ 10V 1.4V 1.7V 1.8V 1.0V (repeat)

Iro, 44+09 41+08 42+09 43+09 43+09 4.1+0.9

Irg7sRUp 250, 4.4+09 43+09 44+09 45+09 4409 4.4+0.9

Irgso0RUp500, 4.4+09 44+09 45+09 44+09 45*09 43+0.9

Figure 29 shows the shift in the white line energy with the increase in the Ir oxidation from
Ir(111) (IrCls) to Ir(V) (BaNagslrgs0s). Table 8 and figure 30 show that this shift does not show
ideal linearity. It is this unsatisfactory linearity that is the cause of the large errors associated

with the calibrated Ir oxidation states of the Ir,Ru,0, in table 9.

The Ir in all of the dry Ir,Ru,O, oxides is in an oxidation state greater than 4. This suggests that

there may be some inherent hydration of the Ir species in the Ir,Ru,0, catalysts. The data in

91



Chapter 3: Mixed iridium-ruthenium oxide electrocatalysts for O, evolution

table 9 also shows that the oxidation state of the IrO, decreases from 4.4 for the ex situ
measurement to 4.1 for the in situ measurement. This suggests that the Ir is reduced when
immersed in the electrolyte and held at 1.0 V. All samples show a small increase in valency as
the potential is increased into the O,evolution region however the oxidation states of the
composite catalysts are slightly higher than the pure oxide. This may imply that there is the
interaction with the Ru component that increases the oxidation state of the Ir centres, thereby

enhancing the activity of the catalysts, as observed by the electrochemical studies.

The calibration analysis supports the theory that O, evolution proceeds on IrO, materials with
the Ir in oxidation states > 4***. However the oxidation states are lower than the high
valencies that are believed to be key to the O, evolution mechanism, such as Ir(VI). It is
suggested that this is because at O, evolution potentials, the population of oxidised Ir sites is
likely to be low. This is due to two reasons. Firstly, the lifetime of any higher oxidation states is
likely to be short as it is their inherent instability that leads to the evolution of the O,.

Secondly, as previously demonstrated by Fierro et al.*®

, only a small fraction (1 - 2%) of the Ir is
involved in the O, evolution reaction, which correspond to the available surface sites. A similar
conclusion was reached in a recent study by Minguzzi et al., who developed a fixed energy X-
ray absorption voltammetry (FEXRAV) technique to investigate highly hydrated
electrodeposited IrO, films (EIROF) and IrO, nanoparticles prepared by a hydrolysis route®.
The absorption intensity was measured at a fixed incident X-ray energy, while the electrode
potential was swept between 0.2 and 1.4 V vs. RHE at a constant rate. The incident X-rays were
set to an energy that corresponded to the white line intensity of a Ir(IV) reference sample.
Both samples showed an increase in the absorption intensity as the potential approached 1.0V
vs. RHE, corresponding to the Ir(Ill)/Ir(IV) transition in the cyclic voltammetry. The X-ray
absorbance intensity of the EIROF sample decreased at potentials > 1.0 V, implying a further
oxidation that was suggested to be Ir(IV)/Ir(V). In contrast the IrO, nanoparticles showed no

evidence of a further transition in the Ir in oxidation state, as the absorption intensity

remained constant up to 1.4 V.
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3.4 Conclusions

In this chapter, a series of Ir,Ru,0, oxides across the composition range have been prepared
via the Adams fusion method. XRD indicated that the oxide powders consisted of a single rutile
phase with some suggestion of solid solution formation. However definitive evidence of solid
solution behaviour is complicated by the overlapping of the very similar diffraction patterns of
IrO, and RuO,. TEM and XRD analysis showed that the powders consisted of nanoparticles of

around 5 - 20 nm in size.

The addition of Ru to Ir,Ru,0, catalysts modifies the electrochemical response. Cyclic
voltammetry in 0.5 M H,SO, showed an increase in the Ru character of the voltammograms
with increasing Ru content, although direct evidence of any synergic interactions in the
electrochemistry was not as conclusive as the trends observed by Kotz et al’. The increase in
Ru also caused an increase in the O, evolution activity of the Ir,Ru,0, catalysts. The same trend
in activity was also observed in the PEM cell. Moreover, the stability of the oxide catalyst in the

PEM electrolyser was observed to increase with the addition of Ir to RuO,.

In situ XANES analysis of the Ir,Ru,0, electrocatalysts was performed as a function of electrode
potential. The energy shift in the edge position from the Ru® and Ir° E, was used to determine
the change in oxidation state with applied potential of the metal oxides. The analysis
presented evidence of a direct interaction between the Ir and Ru components at O, evolution
potentials. Comparison of the Ru K edge shift for RuO,, IrysoRUg 250, and Irg 75RUg 50, catalysts
revealed that the Ir has a stabilising effect on the RuO, component, preventing the Ru from
being oxidised to higher, unstable oxidation states. In contrast, in situ XANES at the Ir L; edge
showed that the Ir oxidation state remains largely unchanged at O, evolution operating
potentials. Although the increase in oxidation state from the IrO, to the mixed metal oxides
suggests that the Ru may increase the activity of the Ir component. Determination of the
actual oxidation state of the metal centres was attempted via calibration of the Ir and Ru edge
position with a range of reference compounds. Although the error on the estimated values is
large, the analysis suggested that O, evolution on Ir and Ru oxides occurs with the metals in

oxidation states greater than 4, in agreement to what has been proposed previously”*%.
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4. Ir/ITO electrocatalysts for the O, evolution

reaction

4.1 Introduction

Supporting the active phase on another less expensive material is one approach that can be
used to enhance the usage of the precious-metal catalysts. Support materials provide a surface
for the dispersal of electrocatalyst particles, facilitating high active surface areas and reduced
catalyst loadings. The use of a support in the synthesis of the catalyst may also favour the
formation of smaller catalyst particles, as the support provides nucleation sites during the
deposition stage of the catalyst precursor. It is also possible for the electrocatalytic
characteristics of the active phase to be modified via synergic effects between the catalyst and

the support”.

An ideal support material for an electrocatalyst must have high electronic conductivity and a
high surface area. Carbon is one such material and the development of carbon-supported
platinum electrocatalysts for the O, reduction reaction has allowed significant reductions in Pt
loadings for PEM fuel cell cathodes®. However carbon is unsuitable as a support for O,
evolution catalysts, as it corrodes rapidly via equation 1 at the high anodic potentials

employed?®
C+H,0-> CO, +4H" + 4e E°=0.207 V vs. RHE Equation 1

A number of metal oxide materials have been proposed as supports for the O, evolution
reaction, such asTiO,** and SnO,°. However, while TiO, and SnO, have a good resistance to
corrosion, they are also poor electrical conductors’. Consequently, high catalyst loadings

(> 60 wt. % Ir) are required to provide the electron conductive pathways*®. Lower loadings
have however been reported on conductive metal oxide supports, such as substoichiometric
metal oxides and doped metal oxides. For example, titanium sub-oxides with the general
formula Ti,0O,,.1 have been shown to be promising catalyst support materials, with Siracsuno et
al. demonstrating the performance of 30 wt. % IrO./ Ti,O.,.1 in a single cell PEM electrolysers.
However Chen et al. found that the long term stability of Ti,0,,.; supports may be
unfavourable as they are oxidised to TiO, during extensive polarisation’. Niobium-doped
titanium oxides (Nb-TiO,) were instead shown to be as effective support materials as Ti 0.1

but significantly more resistant to oxidation. Hu et al. prepared a series of IrO,/Nbg ¢5Tio.950;
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catalysts with catalyst loadings from 17 to 33 wt. %'°. It was found that an 1rO, loading of
26 wt. % gave the optimal performance in terms of mass activity at 1.60 V vs. RHE

(471 mA mg"), which was 2.4 times greater than unsupported IrO, (198 mA mg™).

Antimony-doped tin oxide (ATO) has received significant interest over the last 5 years as a
potential support for O, evolution catalysts'**’, due to its resistance to corrosion and good
electronic conductivity (10* — 10%S cm™)’. Marshall et al. prepared 5, 10 and 20 wt. %
Ir,Ru,0,/ATO catalysts®. The O, evolution performance of the 20 wt. % IrO,/ATO catalyst in
0.5 mol dm™ H,50, measured in terms of the voltage observed at 1 mA cm™ (1.48 V vs. RHE),
was slightly superior to unsupported IrO, reported in his earlier work (1.50 V)*®. Thomassen et
al. prepared 20 wt. % Ir/ATO and tested its performance as the anode catalyst in a single cell
PEM water electrolyser™. A cell voltage of 1.65 V was reported at 1 A cm™ using 4 mg cm’

20 wt. % Ir/ATO which corresponds to an Ir loading of 0.8 mg,, cm™. This compares very
favourably to typical anode catalyst loadings (about 2 mg, cm™)*. The supported catalyst also

showed good stability for 100 h during degradation testing.

Another attractive candidate support material for O, evolution catalysts is indium tin oxide
(ITO), as it is also resistant to corrosion and has a high electronic conductivity (> 10> S cm™)***',
It is formed by substitutional doping of indium oxide (In,05) by Sn, with the Sn* replacing the
In** atoms in the cubic bixbyite In,0; lattice. The replacement of the In** by Sn** produces free
electrons, which gives rise to the conductivity of the material. Chhina et al. studied a
commercial ITO nanopowder (90 % In,05, 10 % Sn0,) as a non-carbon alternative support for
PEM fuel cell cathode electrocatalysts and found that 40 wt. % Pt/ITO was electrochemically
stable in 1 M H,S0, at potentials up to 1.8 V vs. RHE.? In very recent work, Puthiyapura et al.
published the first use of ITO as a support for O, evolution electrocatalysts®>. Samples with

IrO, loadings from 20 to 90 wt. % were prepared using a modified Adams fusion method®* and
tested in a single cell PEM electrolyser at 80 °C. However, only the 90 wt. % IrO,/ITO gave a
comparable performance to unsupported IrO, with the performance decreasing significantly
with IrO; loading. The optimal performance of the 90 wt. % sample was attributed to the

better dispersion and lower particle size of the IrO, on the ITO observed at the highest loadings.

It was hypothesised that the poor performance of the IrO,/ITO with low loadings was due to

agglomeration of the IrO, during the catalyst synthesis caused by poor precursor premixing.

In order to achieve more significant reductions in the Ir loading without compromising the
catalyst performance, an alternative preparation method may be required. One route

commonly used in the preparation of Pt/C fuel cell catalysts is the precipitation impregnation
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method, whereby the active phase is precipitated onto the support in an aqueous solvent, by
the addition of a reducing agent”. Goodenough et al. demonstrated that this method
produces Pt/C catalysts with small crystallites strongly adsorbed to the support®®. Goodenough
also showed that the highest catalyst activities were obtained from Pt/C prepared by the
reduction of the metal precursors with strong reducing agents such as formaldehyde and
hydrazine rather than sodium formate. Thus in this work a formaldehyde reduction method
has been used to synthesise Ir/ITO catalysts. The Ir/ITO samples have then been characterised,
both physically and electrochemically, to assess their suitability as O, evolution electrocatalysts
in PEM water electrolysers. The effect of Ir loading on the performance of the catalysts has
been examined by preparing catalysts with 5, 10, 20 and 40 wt. % Ir loadings. The effect of the
heat treatment of 40 wt. % Ir/ITO in both oxidising and non-oxidising conditions has also been

investigated.
4.2 Experimental details

4.2.1 Preparation of supported electrocatalysts by formaldehyde

reduction

40, 20, 10 and 5 wt. % Ir was deposited onto ITO using a formaldehyde reduction method. The
ITO support was suspended in 200 ml water in which NaHCO; had been dissolved in order to
maintain the pH at 7. The suspension was heated under reflux at 98 °C, with stirring, for 6 h so
as to ensure the complete wetting of the support. A solution of H,IrClg.xH,0 dissolved in 60 ml
water was stirred for 1 h and then added dropwise to the reaction mixture via a dropping
funnel. The resulting mixture was refluxed for a further 2 h after which time a five times molar
excess of formaldehyde, diluted in water, was added dropwise via the dropping funnel. The
mixture was then refluxed for a further 15 h at 98 °C. The resulting dark blue precipitate was
separated and washed five times by centrifugation at 8000 rpm, with the colourless
supernatant discarded and replaced with boiling water for each repeat. The recovered

precipitate was finally rinsed into a beaker and air-dried in an oven at 110 °C.

To investigate the effect of heat treatment on Ir/ITO catalysts, portions of the 40 wt. % Ir/ITO
sample were heated in air for 30 min in a preheated Fisher ThermoScientific box furnace at
200, 300, 400, 500 and 600 °C. Samples treated under non-oxidising conditions were heated in
a Lenton tube furnace at 300, 500 or 700 °C under flowing N,. Prior to heating, the tube

furnace was purged with N, for 30 min, before the sample was heated to the desired
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temperature at a heat ramp of 5 °C min™ and then held at temperature for 30 min. The sample
was then allowed to cool to room temperature under flowing N..

4.2.2 EDX analysis

A Phillips XL30 SEM equipped with a Thermo-Scientific UltraDry EDX system was used to
examine the composition of the catalyst samples. Area scan EDX analysis was performed at an

accelerating voltage of 20 kV and working distance of 10 mm.

4.2.3 XRD

XRD for was carried out using an Agilent SuperNova diffractometer with a Cu Ka radiation
source. XRD patterns were collected over a scan range of 10 ° to 120 ° 26 with a 300 s
exposure time and the detector set 52 mm from the sample.

4.2.4 TEM

TEM imaging was performed using a JOEL JEM 2100 microscope with specimen samples
prepared by dusting powders onto holey carbon coated Cu grids. Linear scan EDX analysis was

also performed on selected samples with a FEI Technail2 TEM system.

4.2.5 BET

BET measurements were carried out with a Micromeritics Gemini 2375 Surface Area Analyser

at 77 K with N, used as the adsorbate gas.

4.2.6 TGA

Thermogravimetric analysis was carried out with a Mettler Toledo TGA instrument that was
placed in a glove-box under an O, atmosphere (O, flow rate 50 mL min™). Samples were

heated in ceramic crucibles from 25 to 700 °C with a temperature increase rate of 10 °C min™.

4.2.7 Electrochemical characterisation

Electrochemical characterisation was carried out in N, purged 0.5 M H,SO, at room
temperature using an Autolab PGSTAT30 potentiostat. Thin film catalyst layers on glassy

carbon electrodes prepared from catalyst inks were used as the working electrode in the RDE
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cell. Pt gauze was used as the counter electrode and an MMS electrode (0.69 V vs. RHE) as the

reference electrode.

4.2.7.1 Cyclic voltammetry

Cyclic voltammograms were recorded between 0.00 and 1.40 V vs. RHE at a sweep rate

of 50 mV s with the electrode stationary.
4.2.7.2 Steady state polarisation

Steady state polarisation was carried out between 1.00 and 1.70 V vs. RHE at a sweep rate of 1
mV s™. The working electrode was rotated at 900 rpm throughout the measurements in order

to remove trapped O, bubbles from the surface of the electrode.
4.2.7.3 Stability tests

The stability of the samples was examined by repetitive potential cycling between 0.00 and
1.45 V vs. RHE at 50 mV s™ for 1000 cycles. To measure the change in catalytic activity with
potential cycling, steady state polarisation curves were recorded from 1.00 to 1.70 V vs. RHE at
a sweep rate of 1 mV s™ before and after potential cycling of the experiment. During the entire
measurement, the electrode was rotated at 900 rpm while N, gas was bubbled continuously

through the electrolyte solution in order to remove O, from the electrode surface.

4.2.8 PEM electrolyser tests

Single cell PEM electrolyser tests were performed using the PEM electrolyser cell described in
Chapter 2, section 2.4.2.2. Tests were carried out using Nafion 115 CCM’s with the supported Ir
electrocatalyst samples as the anode catalyst and Pt black as the cathode catalyst. The active
area of each electrode was 8 cm”. Tests were carried out with type 1 water supplied to the
anode and cathode at 60 °C and a flow rate of 40 mL min™. The cell was pressurised to 20 bar
by blowing compressed air into the back sides of both the anode and cathode. Prior to testing,
the cells were held at 1 A cm™ for 30 min using an ISO-TECH IPS-603 DC power supply unit with

the cell voltage monitored with a digital voltmeter.
4.2.8.1 Polarisation curves

Steady state polarisation curves were obtained with a Bio-Logic VMP3 potentiostat coupled to

a High Current Booster, with the current stepped every 60 s from 8.00 to 0.05 A.
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4.2.8.2 Stability test

The stability of the electrolyser cells was examined using an ISO-TECH IPS-603 DC power supply
unit with the cell voltage monitored and recorded every 5 min with a digital voltmeter. The
cells were held at constant current of 8.00 A (current density 1.00 A cm™) for the duration of

the test period.

4.2.9 XANES and EXAFS

XANES and EXAFS measurements were carried out on B18, Diamond Light Source, Harwell
Science and Innovation Campus, UK. Spectra were collected at both the Ru K edge (22117 eV)
and Ir L3 edge (11215 eV) absorption edges. Higher harmonics were rejected by using a Si(311)
crystal monochromator equipped with a Pt coated mirror (Ru K edge) and a Si(111) crystal

monochromator with a chromium coated mirror (Ir L3 edge).

Catalyst electrodes (surface area 1.247 cm?) were prepared as detailed in Chapter 2, section
7.2.5.1. Ex situ XANES and EXAFS measurements were carried out on dry catalyst electrodes. In
situ XANES measurements were carried out on the catalyst electrodes in 0.5 M H,SO, using the
in situ electrochemical XAS cell as described in Chapter 2, section 7.2.5. Prior to in situ
measurements, the catalyst electrodes were hydrated by boiling in water. Once the loaded cell
was filled and connected to the potentiostat, three cyclic voltammograms were recorded
between 0.00 and 1.40 V vs. RHE at a sweep rate of 50 mV s to ensure that the electrode was
fully wetted and connected to the potentiostat. In situ experiments were then carried out with

the following procedure:

e Potential swept from open cell voltage to 1.00 V vs. RHE at a sweep rate of 1 mV s
o XANES spectra collected

e Potential swept from 1.00 to 1.40 V vs. RHE at a sweep rate of 1 mV st

o XANES spectra collected

e Potential swept from 1.40 to 1.70 V vs. RHE at a sweep rate of 1 mV s

o XANES spectra collected

e Potential swept from 1.70 to 1.80 V vs. RHE at a sweep rate of 1 mV s™

o XANES spectra collected

e Potential swept from 1.80 to 1.00 V vs. RHE at a sweep rate of 1 mV s

e XANES spectra collected
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The measurements were carried out whilst constantly pumping electrolyte solution across the
surface of the electrode using a peristaltic pump. The XANES spectra were collected in
fluorescence mode with 5-10 scans collected for each potential in order to improve the signal
to noise ratio and to check that the sample was not changing throughout the measurement.
Due to the positioning of the electrochemical cell, it was not possible to measure reference
foils simultaneously with the sample data. Instead, to ensure the monochromator remained

stable throughout the measurements, the reference foils were measured periodically.

4.3 Results and discussion

4.3.1 Analysis of Ir/ITO catalysts with variable Ir loading
4.3.1.1 EDX analysis

Table 1 presents EDX elemental analysis of the Ir/ITO catalysts. The experimental compositions
are an average of three EDX measurements made on different parts of the sample with the
error determined from the standard deviation. The data shows that the measured Ir content is
very close to the nominal content, indicating that the synthesis process is successful in
producing samples with the desired Ir loading. Accurate determination of the amount of Sn
and In present in the samples was not possible as the La transition energies of these elements
are too similar and the peaks overlap in the EDX spectra (In = 3.286 eV, Sn = 3.443 eV). For all

prepared samples, only peaks corresponding to Ir, In, Sn and O were observed.

Table 1 EDX elemental analysis of supported samples

Sample Wt. % Ir

40% Ir/ITO 39%2

20%Ir/ITO 22+1

10%Ir/ITO 10%1

5% Ir/ITO 6+2
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4.3.1.2 XRD

XRD diffractograms of the 5, 10, 20 and 40 % Ir/ITO catalysts are presented in figure 1.
Patterns of the ITO support and unsupported Ir are also included. The major peak positions of
the face-centred cubic Ir (ICSD 640729%) and cubic ITO (ICSD 50849%) crystal phases are
indicated by the blue and red lines, respectively. For the supported Ir/ITO samples, only the
reflections corresponding to the ITO support are identified with no discernible peaks
corresponding to Ir observed. There is also no evidence of rutile IrO, peaks in the reflection
patterns of any of the prepared samples. The XRD analysis therefore suggests that the Ir in the

as prepared catalysts is amorphous.

ITO

5% I/ITO
LA A
10 % IF/ITO ‘A

Intensity

20%ITO A A
4|(:%Ir/ITOA N \ A
r rrrmnr.r ot

Figure 1 XRD patterns of 5, 10, 20 and 40 wt. % Ir/ITO samples compared to unsupported Ir
and ITO. Peak positions of Ir reference (ICSD 640729)* are indicated by the blue lines. Major
peak positions of ITO (ICSD 50849)* are indicated by the red line.

Figure 2 shows an expanded plot of the XRD patterns of the 40 % Ir/ITO and unsupported Ir
sample so as to highlight the differences between the two spectra. Only a very broad Ir (111)
peak at 40.7° is observed in the pattern of the unsupported Ir, indicating that this material has

a highly amorphous structure. In contrast the 40 % Ir/ITO pattern has no peaks corresponding
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to crystalline Ir. The small peak at 39.8° in the 40 % Ir/ITO spectra corresponds to the (024)

reflection peak of ITO and not the Ir (111) peak, which occurs at 40.7°.

40 % Ir/ITO

Intensity

20/°

Figure 2 XRD patterns of 40 % Ir/ITO and unsupported Ir. Peak positions of Ir reference (ICSD
640729)” are indicated by the blue lines. Major peak positions of ITO (ICSD 50849)* are

indicated by the dashed red line.

43.1.3 TEM

Figure 3 presents TEM analysis of the supported Ir/ITO samples in addition to the unsupported
Ir and the ITO support. The images of the supported Ir/ITO catalysts show that they comprise
distinct Ir nanoparticles dispersed over the surface of the ITO support (figures 3a-d). In
contrast the unsupported Ir sample (figure 3e) is an aggregate of irregular particulates. The ITO
support (figure 3f) is shown to consist of nanocrystals with particle sizes ranging between 20 —
50 nm. The average Ir particle size is observed to decrease with Ir loading. The size of the 40 %
Ir/ITO catalyst is estimated to be in the range 10-20 nm, while the average size of both the 20
and 10 % Ir/ITO samples are about 5-10 nm. The size of the 5 % Ir/ITO is more difficult to

discern but is estimated to be < 5 nm.

105



Chapter 4: Ir/ITO electrocatalysts for the O, evolution reaction

Figure 3 TEM micrographs of (a) 40, (b) 20, (c) 10 and (d) 5 wt. % Ir/ITO catalyst compared to
Ir (e) and ITO (f).
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EDX analysis was used to probe the relative amounts of Ir and In present in the 40 % Ir /ITO
sample. Figure 4 presents linear profile EDX and the associated TEM micrograph. It can be seen
from the line profile that the Ir and In are present in the same regions, which suggests that
they exist in the same particles as each other as opposed there being separate regions of the
two elements. Furthermore, the higher Ir signal between about 160 to 320 nm on the linear
profile implies that the Ir particles decorate the surface of the ITO support and have not

alloyed with it.

Counts

L L L L L L L
0 100 200 300 400 500 600 700
Position / nm

Figure 4 TEM micrograph (left) and corresponding linear EDX scan (right) showing
proportion of Ir (black line) and In (red line) of 40 wt % Ir/ITO sample. The scale bar on the

TEM micrograph corresponds to 100 nm

4.3.1.4 BET surface area

BET measurements were made to give an indication of the surface area of the Ir catalyst that
was dispersed on the ITO support. The specific surface areas of the catalysts are shown in
table 2. The surface area of the unsupported Ir sample (48 m?g™) is greater than the ITO
support (26 m>g™). A similar BET surface area for ITO nanoparticles was made in the recent
work by Puthiyapura et al”®. The surface area of the supported Ir/ITO catalysts is greater than
the ITO support and increases with the Ir loading from 37 m°g™ for the 5 % Ir/ITO, to 57 m° g*
for the 40% Ir/ITO sample.
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Table 2 BET surface area of supported samples

Sample BET surface area / m’ g™

Ir 48

40 % Ir/ITO 57
20% Ir/ITO 46
10 % Ir/ITO 41
5% Ir/ITO 37
ITO 26

4.3.1.5 Electrochemical characterisation
4.3.1.5.1 Cyclic voltammetry

Figure 5 presents the initial cyclic voltammetry curves of the catalyst samples in 0.5 M H,SO, at
a sweep rate of 50 mV s™ in the potential window 0-1.4 V vs. RHE. The voltammetry is
normalised to the geometric surface area of the glassy carbon electrode (figure 5a) and to the

mass of Ir deposited on the electrode (figure 5b).
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Figure 5 Initial cyclic voltammetry in 0.5 M H,SO, at 50 mV s of unsupported Ir (red line), 40
% Ir/ITO (dashed blue line), 20 % Ir/ITO (dot-dashed black line), 10 % Ir/ITO (dot-dot-dashed
pink line), 5 % Ir/ITO (dot green line), ITO (gold line) and IrO, (black line). The voltammetry is
presented normalised to the geometric surface area (a) and to the mass of Ir on the glassy

carbon electrode (b).
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The cyclic voltammetry of the Ir and the Ir/ITO catalysts in figure 5 is very different to the
voltammetry of the IrO,. The voltammetry of the Ir and Ir/ITO is characteristic of the
voltammetry reported for anodic iridium oxide films (AIROF)**3'. An AIROF is an Ir oxide film
that has been grown electrochemically on metallic Ir, by either potential cycling or potential
pulsing in the range 0.00 to 1.45 V vs. RHE. It has been suggested that the structure of AIROF’s
consists of an extremely thin anhydrous inner oxide layer, and an extensively hydrated outer
oxide layer that contains both bound and trapped water molecules®. The observation of AIROF
voltammetry without the pre-requirement of potential cycling, suggests that the as prepared
Ir/ITO catalysts possess a very hydrous innate structure or that such a structure is formed on
the immersion of the catalyst in the H,SO, electrolyte. This hypothesis is in agreement with the

XRD which showed no crystalline Ir peaks.

The sets of peaks in the potential region from 0.4 to 1.4 V are related to solid state redox
transitions of the Ir centres that are accompanied by ion exchange with the electrolyte,

following the general reaction scheme (equation 1)**3

Ir(OH), S IrO(OH), + XxH" + xe’ Equation 1

The anodic peak at about 1.0 V and cathodic peak at 0.9 V are attributed to the Ir(lI1)/(1V)
transition®®, while the set of peaks at about 1.35 V are believed to be due to the Ir(IV/(V or VI)
redox couple/s that occur prior to the onset of O, evolution at potentials above 1.40 V***'. The
slight peak potential separation of the Ir(lll)/(IV) peaks is thought to be due to the complex
reaction kinetics of the proton exchange reaction, that may be limited either by mass transport
of the protons through the hydrous oxide film, or by the electron transfer®. The anodic peak at
about 0.7 V is often observed in the voltammetry of hydrous iridium oxide films and is

3637 and/or to the oxidation of Ir

attributed to the presence of anions within the Ir structure
sites located near the Ir metal/inner oxide interface. This peak was not observed in
subsequent scans of any of the samples suggesting that in either case, the process is
irreversible. The cathodic peak observed at 0.0 V is attributed to the onset of hydrogen
evolution. In contrast to the voltammetry of the Ir/ITO catalysts, the voltammetry of the ITO

support is featureless indicating that the electrochemical response of the supported catalysts

is entirely dominated by the Ir.

The charge under the region from about 0.4 to 1.4 V vs. RHE of a cyclic voltammogram of a
hydrous Ir oxide film gives an indication of the amount of hydrous oxide present®. It is
therefore assumed that the voltammetric charge is related to the electroactive surface area of

the catalysts. Comparison of the voltammetry in figure 5a shows that the surface area of the Ir
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and Ir/ITO samples is greater than that of the IrO,, despite the BET analysis indicating that the
specific surface area of the Ir0, (168 m*g™) is significantly higher than the supported Ir/ITO
catalysts (40 % Ir/ITO = 57 m? g). This is likely to be a consequence of the highly hydrated
nature of the amorphous Ir oxide particles which contribute a large proportion for the
electrochemical surface area but not to the specific surface area. The voltammetric charge of
the Ir/ITO catalysts decreases with Ir loading, which may be correlated to the decrease in the

amount of Ir dispersed on the ITO, as shown by the BET measurements and TEM analysis.

4.3.1.5.2 Steady state polarisation

The electrocatalytic activity of the Ir/ITO samples was assessed in 0.5 M H,SO, by steady state
polarisation at a sweep rate of 1 mV s, as shown in figure 6. The supported catalysts are
compared to the unsupported Ir, the ITO support and the unsupported IrO, catalyst prepared
in-house by the Adams fusion method. The unsupported IrO,is included to represent the

performance of a current state-of-the-art O, evolution electrocatalyst.
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Figure 6 Steady state polarisation of Ir (blue line), 40 % Ir/ITO (red line), 20 % Ir/ITO (dark
green line), 10 % Ir/ITO (pink line) and 5 % Ir/ITO (light green line) compared to IrO, (dashed
black) and ITO (dotted black line) in 0.5 M H,SO, at 1 mV s™ with the electrode rotated at 900

rpm. The catalyst loading was 0.50 mg cm™.
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The steady state polarisation in figure 6 shows that the activity of the supported Ir/ITO
catalysts increases with the Ir loading, correlating with the increase of the active component
and the increase in the electrochemical surface area as suggested by the cyclic voltammtery. It
is also apparent that the activity of the 40 % Ir/ITO and 20 % Ir/ITO are comparable to the
unsupported IrO,, while the activity decreases significanlty as the loading is reduced from 10 to
5 wt. %. The ITO support is inactive towards the O, evolution reaction. The potential at a
current density of 1 mA cm™ has been used in previous supported O, evolution catalyst

1915 The potentials in table 3 show that the

literature to evaluate the catalyst performance
potential decreases from 1.48 to 1.53 V with the decrease in Ir content from 40 to 5 wt. %.
Very similar values were obtained with 1IrO,/Nbg ¢sTio.050, samples with Ir loadings from 33 —

17 wt. %™ and with 20 % Ir/ATO™.

Table 3 Potential at the current density of 1 mA cm™ obtained from steady state
polarisation. The error is determined from three independent measurements at a 95 %

confidence limit

Sample  Potentialat1 mAcm?/V

1.45 +0.01

40 % Ir/ITO 1.48+0.01

20 % Ir/ITO 1.48 +0.01

10 % Ir/ITO 1.49 +0.01

5% Ir/ITO 1.53+0.01
ITO n/a

Ir0, 1.49 +0.01

The best performing catalyst as observed from the steady state polarisation in figure 7, is the
unsupported Ir sample which has a voltage of 1.45 V at a current density of 1 mA cm™. The
high activity of the Ir compared to the IrO,is likely due to the highly hydrated nature of the Ir,

as indicated by the XRD and cyclic voltammetry experiments. Several studies comparing the O,
111



Chapter 4: Ir/ITO electrocatalysts for the O, evolution reaction

evolution reaction onthermally prepared IrO, and on AIROFs have shown that the same Tafel
slope is observed for both materials, suggesting that the same O, mechanism must occur on

both oxide forms>%4°

. This implies that the increased activity for the O, evolution reaction is
related to the increased surface area of the water permeable AIROF than as for crystalline
Ir0,>>**. It is further hypothesised that the impressive perfomance of the supported Ir catalysts

compared to the IrO, is also due to the hydrous nature of the Ir particles on the ITO.

The steady state polarisation presented in figure 6 was normalised by the mass of Ir on the
glassy carbon electrode to produce figure 7. The mass normalised current density gives an
indication of the cost-effectiveness of the supported catalysts. Comparison of the mass activity

of the catalysts made at 1.60 V vs. RHE is presented in figure 8.
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Figure 7 Steady state polarisation of Ir (blue line), 40 % Ir/ITO (red line), 20 % Ir/ITO (dark
green line), 10 % Ir/ITO (pink line) and 5 % Ir/ITO (light green line) compared to IrO, (dashed
black) and the ITO (dotted black line) in 0.5 M H,SO, at 1 mV s™ with the electrode rotated at
900 rpm. The catalyst loading was 0.50 mg cm™. The voltammetry is normalised to the mass

of Ir on the glassy carbon electrode.
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Figure 8 Mass activity at 1.60 V of supported Ir/ITO catalysts with variable Ir loadings
compared to unsupported Ir and IrO,. The error is determined from three independent

repeat measurements at a 95 % confidence limit.

The mass normalised steady state polarisation in figure 7 shows that the mass activity of the
40, 20 and 10 % Ir/ITO catalysts is superior to the unsupported Ir and the IrO,. Furthermore,
with the exception of the 5 wt. % sample, the mass activity increases as the Ir loading is
decreased. This suggests that the support facilitates the dispersal of the active phase and
enhances the catalytic efficiency of the Ir. Comparison of the mass activities at 1.60 V in
figure 8 shows that the optimal loading of 20 wt. % Ir (588 + 25 mA mg,, ") is about 3.6 times

that of the unsupported Ir (165 + 9 mA mg,.*) and 9.6 times than that of IrO, (61 + 3 mA mg, ).
4.3.1.5.3 Stability test

The stability of the catalysts in 0.5 M H,SO, was evaluated by repetitive potential cycling
between 0.00 and 1.45 V vs. RHE at a sweep rate of 50 mV s™. Changes in electrocatalytic
activity were assessed by recording steady state polarisation curves before and after the
potential cycling procedure. Figure 9 presents the cyclic voltammetry and steady state
polarisation of the stability test. Changes in the electrochemical surface area with potential
cycling were estimated by measuring the voltammetric charge density of the cyclic
voltammogrames. Plots of the change in charge density and % loss of charge density with

potential cycling are shown in figure 10.
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Figure 9 Repetitive cyclic voltammetry at 50 mV s™ (left) and steady state polarisation at 1
mV s recorded before and after the 1000 potential cycles. Samples are Ir (a and b), 40 %
Ir/ITO (c and d), 20 % Ir/ITO (e and f), 10 % Ir/ITO (g and h), 5 % Ir/ITO (1 and j), ITO (k and 1)

and IrO, (m and n).
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Figure 10 Change in the charge density (left) and the % loss of charge density (right) with
potential cycling between 0.00 and 1.45 V vs. RHE in 0.5 M H,SO,. Charge densities
determined from the voltammetric charge of the cyclic voltammetry are shown for Ir (black
line), 40 % Ir/ITO (red line), 20 % Ir/ITO (blue line), 10 % Ir/ITO (pink line), 5 % Ir/ITO (green

line), ITO support (dark blue line) and IrO, (purple line).

The cyclic voltammograms in figure 10 show that the profiles of the curves change with
repetitive potential cycling between 0.00 — 1.45 V. The curves of the Ir, 40 % Ir/ITO, 20 % Ir/ITO
all show the same general change in shape with potential cycling. The peaks of the Ir(lIl)/(Ir(IV)
couple decrease with potential cycling and the peaks of the Ir(IV)/Ir(V or V1) couple increase.
This suggests that the surface of the catalysts becomes enriched with Ir centres of higher
valence state due to oxidation of the Ir species during the potential cycles. Measurement of
the % charge density decrease with cycling suggests that the unsupported Ir and the

40 % Ir/ITO catalysts lose 10 % of the electrochemical surface area, whilst the 20 % Ir/ITO
sample decreases by 25 %. However the steady state polarisation of these catalysts show that
the change in in the surface area has a limited effect on the O, evolution activity, as the
polarisation curves are only shifted to slightly higher potentials after the potential cycling, as

indicated by the potential increases measured at 1 mA cm™ shown in table 4.

In the case of the 10 % Ir/ITO sample, the potential cycling causes the peaks in the
voltammetry to decrease, with a 60 % decrease in the charge density observed. This implies a
large reduction in the electrochemical active area of the catalyst. The activity of the catalysts is

also somewhat diminished, with a potential increase at 1 mA cm? of 30 mV.

In contrast, the 5 % Ir/ITO shows poor stability with potential cycling. Figure 10i shows that the
shape of the cyclic voltammetry becomes featureless within the first 25 potential cycles and
does not change significantly thereafter. The effect of the potential cycling on the steady state
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polarisation is also considerable, with a potential increase of 120 mV observed at 1 mA cm™. It
is suggested that the poor stability of the 5 % Ir/ITO catalysts is related to the small size of the
Ir deposits as indicated by TEM imaging. Smaller particles are less thermodynamically stable

than larger particles to processes such as dissolution®.

In comparison to the other samples, the voltammetry of the IrO, catalyst remains largely
unchanged with potential cycling. The % change density decrease associated with this sample
suggests that the electrochemical surface area of the IrO, decreases by 7 % after 500 cycles but
then increases again after 1000 cycles. This is attributed to surface roughening of the catalyst
surface. The activity of this catalyst remains unaffected with the cycling with a potential

increase of 10 mV at 1 mA cm™.

Table 4 Potential increase at 1 mA cm™ of the steady state polarisation measured before

and after potential cycling

Sample Potential increase at 1 mAcm?/ mV

Ir 10

40 % Ir/ITO 10
20 % Ir/ITO 20
10 % Ir/ITO 30
5% Ir/ITO 120
Iro, 10

43.1.6 PEM water electrolyser cell tests

The performance of the 40 and 20 wt. % Ir/ITO catalysts compared to the IrO, was assessed in
single cell PEM water electrolysers at 60 °C and 20 bar. Figure 11 shows polarisation curves of
the cells with the supported catalysts as the anodic catalysts and a Pt black cathode catalyst.
The curves are not iR drop corrected. The performances of the supported samples are superior
to that of the unsupported IrO, catalyst. Cell voltages at 1000 mA cm™ were 1.83, 1.84 and
1.85 V for the 40 % Ir/ITO, 20 % Ir/ITO and IrO, catalysts, respectively. The results indicate that

the prepared Ir/ITO catalysts offer a better performance in a PEM electrolyser cell than IrO,,
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with the precious metal loading at the anode reduced by a factor of 1.35 (40 % Ir/ITO)
and 1.95 (20 % Ir/ITO) mg cm™.
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Figure 11 Polarisation curves of single cell PEM electrolyzers at 60 °C and 20 bar with 40 %
Ir/ITO (black), 20 % Ir/ITO (red) and IrO, (blue) as the anode catalysts. The cathode catalyst

was Pt black. The catalyst loading at the anode and cathode was 3 mg cm™.

The stability of the single cell PEM electrolysers was assessed by monitoring the change in cell
voltage at a constant current density of 1 A cm™ for a period of 600 h. The cell potential vs.
time curves of the cells with the supported Ir/ITO samples as the anodic catalysts are
presented in figure 12. The decrease in the cell potential over the first 50 — 100 h observed for
all cells is due to the various cell components such as the membrane and catalyst layers,

becoming more hydrated and conductive.

Figure 12 shows that the cell voltage with 40 % Ir/ITO stabilises at about 1.76 V after 100 h,
and remains stable with a small rise to 1.77 V observed after 600h. The cell with 20 % Ir/ITO
however, is not stable as the voltage increases from 1.78 V at 100 h to 1.88 V at 600h. In
comparison the cell with IrO, as the anodic catalyst remains at a constant voltage of 1.82 V.
The rate of voltage increase for the 40 % Ir/ITO cell (32 uV h™) compares favourably to the best
stability data reported in the literature for PEM electrolysers'™***¢ highlighting the significant
durability of the 40 % Ir/ITO catalyst.
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Figure 12 Stability test of single cell PEM electrolyzers at 60 °C and 20 bar with 40 % Ir/ITO
(black), 20 % Ir/ITO (red) and IrO, (red) as the anode catalysts. The cathode catalyst was Pt

black as the cathode catalyst. The catalyst loading at the anode and cathode was 3 mg cm™.
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4.3.2 Heat treatment of 40 % Ir/ITO
4.3.2.1 XRD

XRD patterns of the 40 % Ir/ITO catalyst heated in air at 200, 300, 400, 500 and 600 °C are
presented in figure 13. The major peak positions of the tetragonal IrO, (ICSD 84577%) and
cubic ITO (ICSD 50849%) crystal phases are indicated by the blue and red lines, respectively. No
peaks corresponding to any other phases were observed. For the Ir/ITO samples heated at
temperatures from 200 to 400 °C, only the reflections corresponding to the ITO support are
identified with no discernible peaks corresponding to IrO, observed. However the samples
heated at 500 and 600 ° C show reflection peaks matching an IrO, phase. The XRD analysis
implies that 40 % Ir/ITO catalysts heated at temperatures below 400 ° C remain amorphous,

whereas for catalysts heated at temperatures at and above 500 ° C, the Ir is oxidised to IrO..

T T T T T T T T T

’\ A 600 °C

A A 500 °C

o A A A AP E

N A JL,‘_ZOO.OC_
L 1pomre g

20/°

Figure 13 XRD patterns of 40 wt. % Ir/ITO heated in air for 30 min at various temperatures,
compared with the major reflection peaks of ITO (red line) (ICSD 50849)* and IrO, (blue line)
(dashed orange line) (ICSD 84577)" references

XRD patterns of the 40 % Ir/ITO catalyst heated in N, at 300, 500 and 700 °C are presented in
figure 14. The major peak positions of the face centred cubic Ir (tetragonal IrO, (ICSD 84577%)
and cubic ITO (ICSD 50849%) crystal phases are indicated by the blue and red lines,

respectively. No peaks corresponding to any other phase were observed. The sample heated at
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300 ° C only has reflection peaks for ITO suggesting that the Ir is amorphous. However for the
samples heated at 500 and 700 ° C, peaks corresponding to both cubic Ir and tetragonal
IrO,are observed. The observation of Ir peaks suggests that the amorphous Ir crystallises at
temperatures above 300 °C, while the observation of IrO, peaks suggests that the tube furnace
was not sufficiently purged with N, before heating or that O, leaked into the furnace during
heating. Alternatively the oxidation may have arisen from latent oxygen species trapped within

the Ir particles.

700 °C A
500 °C ’\ A
300°C A

LTI I IO g

20 30 40 50 60 70
20/°

Intensity

Figure 14 XRD patterns of 40 wt. % Ir/ITO heated at 300, 500 and 700 °C for 30 min under
flowing N,, compared with the major reflection peaks of Ir (red line) (ICSD 640729)”, ITO
(green line)? (ICSD 50849) and IrO, (blue line) (ICSD 84577)"

43.2.2 TGA

The thermal stability of the 40 % Ir/ITO catalyst in an O, atmosphere was investigated by TGA
analysis. The TGA profile of the 40 % Ir/ITO sample is compared to the ITO support in figure 15.
The TGA profile of the 40 % Ir/ITO catalyst shows a mass decrease of about 3 % that starts at
50 °C and continues to 400 °C. This is most likely due to the loss of water from the hydrated Ir
particles, as the TGA profile of the ITO shows only a very moderate mass decrease within the
same temperature range. A mass increase of about 6.5 % is then observed for the 40 % Ir/ITO
catalyst, starting at 500 °C and continuing to 700 °C. This is attributed to the oxidation of the Ir

particles because the XRD patterns of the 40 % Ir/ITO samples heated in air at temperatures at
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and above 500 °C, showed peaks corresponding to crystalline IrO,. In contrast the ITO shows a

small mass increase at about 650 °C, which is ascribed to the oxidation of the support material.

Previous TGA analysis of ITO has shown it to be thermally stable up to 1000 °C**%.
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Figure 15 TGA profile of 40 % Ir/ITO and ITO heated from 20 to 700 °C under an O,

atmosphere at a temperature increase rate of 10 °C min™.

43.23 TEM

TEM micrographs of the 40 % Ir/ITO samples heated at 300, 400 and 500 °C under N, in
addition to the 40 % Ir/ITO heated at 500 °C in air, are shown in figure 16. The scale bar in all
images corresponds to 50 nm. The TEM images of the samples heated under N, at 300 and
500 °C show that although there remains a good dispersion of Ir on the ITO, some Ir
agglomeration has occurred with some larger particles of about 25-30 nm diameter observed.
The image of the sample heated at 700 °C shows that a greater degree of agglomeration

occurs at higher temperatures.

In comparison, the TEM image of the sample heated in air at 500 °C shows that the dispersion
of Ir on the ITO support is reduced compared to the sample heated at the same temperature in
N,. The shape of the Ir particles is also marginally different, with a more cubic-like structure
observed in contrast to the more spherical Ir particles observed for the sample heated at
500 °Cin N,.
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Figure 16 TEM micrographs of 40 % Ir/ITO heated under N, at (a) 300, (b) 500 and (c) 700 °C,

and (d) under air at 500 °C. The scale bar corresponds to 50 nm.

4.3.2.4  EXAFS

Ex situ EXAFS spectra of the IrO,, 40 % Ir/ITO, 40 % Ir/ITO (500 °C, air) and 40 % Ir/ITO

(500 °C, N,) catalysts were recorded at the Ir L; edge. The Fourier transforms of the EXAFS
spectra for these samples are compared in figure 17. The Fourier transform of the unheated
40 % Ir/1TO has only one well-defined peak in the range 1 to 2 A, which primarily corresponds
to scattering from the first shell of octaherally-coordinated O atoms. The absence of further
shells indicates that the Ir is highly amorphous which correlates with the XRD analysis of this
sample. In contrast, the Fourier transform of the IrO, catalyst shows a series of peaks out to
distance of 7 A, corresponding to photoelectron backscatter from outer Ir shells and reflecting
the highly ordered, crystalline structure of the rutile oxide. The Fourier transforms of both

heat treated samples show a very similar profile to the IrO, catalyst, indicating that both heat
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treatment procedures produce highly ordered catalyst structures. The peak intensities of the

sample heated in air are higher than the sample heated in N, which suggests that the former

sample has the greater degree of crystallinity.

—1r0, ]

=40 % Ir/ITO (unheated)
- 40 % Ir/ITO (500 °C, air)
- 40 % Ir/ITO (500 °C, N,)

1R/ A?

10

Figure 17 k*-weighted Fourier transforms of the EXAFS spectra at the L; edge for IrO, (black

line), 40 % Ir/ITO (unheated) (red line), 40 % Ir/ITO (500 °C, O,) (dashed green line) and 40 %
Ir/ITO (500 °C, N,) (dashed purple line)
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Electrochemical characterisation

Cyclic voltammetry

Figure 18 presents cyclic voltammetry of the catalyst samples heated in air, in 0.5 M H,SO, at a

sweep rate of 50 mV s™. Figure 19 presents the voltammetry of the samples heated in N,. The

voltammetry is normalised to the geometric surface area of the glassy carbon electrode.

/ mA cm™
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— 200 °C
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Figure 18 Cyclic voltmammetry of the 40 % Ir/ITO catalyst unheated (dashed red line) and

heated in air at 200 (black line), 300 (blue line), 400 (pink line), 500 (green line) and 600

(dahsed purple line) in 0.5 M H,SO, at a scan rate of 50 mV s™
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Figure 19 Cyclic voltmammetry of the 40 % Ir/ITO catalyst unheated (dashed red line) and
heated in N, at 300 (black line), 500 (blue line), and 700 (green line) in 0.5 M H,SO, at a scan

rate of 50 mVs™

The voltammetry in figure 18 shows that a large change in the shape of the voltammograms
occurs as the 40 % Ir/ITO is heated in air. The voltammetric current decreases with the
increasing temperature, with the voltammetry of the samples heated at 500 and 600 °C
becoming very featureless. This change is attributed to the loss of electrochemical surface area
caused by vaporisation of the water of the hydrated oxide, in addition to the crystallisation of
the oxide to the rutile structure. The heat treatment of AIROFs has previously been shown to
modify the voltammetric response to something resembling the characteristic voltammetry of
rutile IrO,"®. The voltammetry of the 40 % Ir/ITO heated in N, (figure 19) shows a similar trend
however the decrease in the voltammetric current is not as considerable as the samples

heated in air.

4.3.2.5.2 Steady state polarisation

The activity of the 40 % Ir/ITO samples heated in air and in N, was assessed by steady state
polarisation in 0.5 M H,SO,. The voltammetry of the samples heated in air compared to the
unheated 40 % Ir/ITO and the IrO, catalysts is presented in figure 20. The activity of the

catalysts decreases with the increase in heating temperature, with a large decrease observed
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between the samples heated at 400 and 500 °C. The general decrease in activity with
temperature is probably due to Ir particle agglomeration. However as the large decrease
corresponds to the samples that displayed IrO, peaks in the XRD patterns, it implies that the

loss of activity is caused by the oxidation of the Ir particles to IrO,.
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Figure 20 Steady state polarisation of 40 % Ir/ITO samples unheated (red line) and heated in
air at 200 (solid blue line), 300 (dash-dot blue line), 400 (short dash blue line), 500 (dash blue
line) and 600 °C (blue dot line) for 30 min. The samples are compared to IrO, (black line).

Recorded in 0.5 M H,SO, at 1 mV s™

Steady state polarisation curves of the 40 % Ir/ITO catalysts heated in a N, atmosphere are
shown in figure 21. It is observed that heating under N, decreases the OER activity with respect
to the unheated sample, however there is little difference between the samples heated at 300
and 500 °C. It is also noted that the sample heated at 500 °C in N, displays considerably greater
activity than the sample heated at the same temperature in air. This may be due to the sample
heated in N, retaining more of the metallic Ir structure than the sample heated in air, which
was completely oxidised to IrO,. As the heating temperature is increased to 700 °C, there is a
large decrease in activity which may be a result of the Ir particle agglomeration in addition to

the oxidation of some of the Ir, as indicated by the XRD analysis.
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Figure 21 Steady state polarisation of 40 wt. % Ir/ITO unheated (red line) and heated at 300
(dashed blue line), 500 (dot blue line line) and 700 °C (dot-dash blue line) under flowing N,
for 30 min in 1 M H,SO, at a sweep rate of 1 mV s™. Samples are compared to IrO, (black

line).
4.3.2.6 In situ XANES

The average oxidation state of the Ir in the unheated 40 wt. % Ir/ITO catalyst and the sample
heated in N, at 500 °C as a function of the applied potential was investigated by in situ XANES
measurements collected at the Ir L; edge. Prior to collecting XANES spectra, cyclic
voltammograms of the catalysts in the in-situ electrochemical cell were collected at 50 mV s™.
The voltammograms in figure 22 show that the curves display a similar profile to the

voltammetry observed with the thin film RDE experiments.
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Figure 22 Cyclic voltammetry of the 40 % Ir/ITO catalyst unheated (a) and heated at 500 °C

in N, (b) button electrodes in the in-situ XAS cell in 0.5 M H,SO, at 50 mV s™

Ir L; edge XANES spectra of the 40 wt. % Ir/ITO unheated and heated at 500 °Cina N,

atmosphere, as a function of the applied potential are presented in figure 23 and 24

respectively. The position of the Ir L; edge was determined by the peak maximum of the white

line intensity. Figure 25 shows the energy shift of the Ir L; edge position from the tabulated

value of Ir° E (11215 eV), as a function of the applied potential. The energy shift of the

supported catalysts is compared to the unsupported IrO, sample data presented in Chapter 3.

The actual Ir oxidation state of the catalyst as a function of potential was determined using the

calibration curve of the Ir reference samples, as detailed in Chapter 3. Table 5 compares the Ir

oxidation state of the supported catalysts to the IrO, sample.

129



Chapter 4: Ir/ITO electrocatalysts for the O, evolution reaction

T T T T T T

—— 1.0 V vs. RHE (repeat)

—— 1.8 Vvs. RHE

— 1.7 V vs. RHE
c | —14Vvs.RHE
L | —1.0Vvs.RHE
o Ex situ
o
)
Qo
©
-
Q
2
©
£
o
zZ

L 1 L 1 L 1 L
11200 11210 11220 11230 11240

Energy / eV

Figure 23 Ir L; edge XANES of 40 % Ir/ITO recorded ex situ (black line) and in situ at a
potential of 1.0 (red line), 1.4 (blue line), 1.7 (pink line), 1.8 (green line) and 1.0 V (repeat)
(purple line) vs. RHE.
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Figure 24 Ir L; edge XANES of 40 % Ir/ITO 500 N, recorded ex situ (black line) and in situ at a
potential of 1.0 (red line), 1.4 (blue line), 1.7 (pink line), 1.8 (green line) and 1.0 V (repeat)

(purple line) vs. RHE.
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Figure 25 Ir L; edge energy shift of 40 % Ir/ITO (black line), 40 % Ir/ITO (500 °C, N,) (red line)

and IrO, (blue line) as a function of the applied potential

Table 5 Calibrated Ir oxidation states of supported Ir samples as a function of applied

potential
Sample Oxidation state
Ex situ 1.0V 1.4V 1.7V 1.8V 1.0V (repeat)
40 % Ir/ITO 41+09 43+09 47+09 49+09 49109 42+0.9

40 % Ir/ITO (500N,) 4.2+09 43+09 44+09 4609 45+0.9 44+0.9

IrO, 44+09 41+09 42+09 43+09 43*09 4.1+0.9

The Ir L; K edge XANES of the unheated 40 % Ir/ITO catalyst and the sample heated at 500 °C in
N, in figures 23 and 24 respectively, in addition to the plot of Ir L; edge energy shift as a
function of potential in figure 25, show that the position of the Ir L; white line intensity shifts

to higher energies as the potential is increased. This indicates that the Ir oxidation state in both
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catalyst samples increases during O, evolution. The calibrated data in table 5 suggests that the
average Ir oxidation state of the unheated sample increases from4.3+09Vat1.0V,t04.9+
0.9 at 1.8 V, while the sample heated at 500 °C in N, increases from an average Ir oxidation
stateof 4.3+ 0.9Vat1.0V,to4.5+0.9at 1.8V. Both of these trends supports the model that
on Ir-based electrocatalysts, O, evolution occurs concurrently with the oxidation of the Ir to

valencies > 4%,

The increase in the Ir oxidation state of the 40 % Ir/ITO catalyst is much greater than that
observed for the heat treated sample, and also than the IrO, catalyst which increases from
4.1+0.9Vto4.3+0.9over the same potential range. This indicates that the average oxidation
state of the Ir in the amorphous 40 % Ir/ITO catalyst at O, evolution potentials is higher than in
the two other crystalline catalysts. This is most likely due to the much greater electrochemical
surface area of the highly hydrated 40 % Ir/ITO, as indicated by the cyclic voltammetry.
Consequently, a larger number of Ir sites are subjected to oxidation than on the crystalline Ir or
IrO, nanoparticles, on which only a smaller number of surface sites take part in the O,
evolution reaction®®. This hypothesis agrees with the conclusions of Minguzzi et al. in their

FEXAFS study that compared nanoparticle IrO, to hydrous electrodeposited Ir oxide films>>.

44 Conclusions

In this chapter, supported Ir/ITO electrocatalysts have been investigated as a means of
decreasing the Ir content of the catalyst for the O, evolution reaction in PEM water
electrolysers. A series of catalysts were prepared with Ir loadings from 40 — 5 wt. %, using a
formaldehyde reduction method. TEM and EDX analysis showed that the prepared catalysts
consisted of nanoparticulate Ir dispersed on the ITO support, while XRD and EXAFS suggested

that these deposits were amorphous in nature with little long range structure.

Electrochemical characterisation of the Ir/ITO catalysts in 0.5 M H,SO, indicated that the Ir/ITO
system shows very good performance for O, evolution that is comparable to the activity of
IrO,. The catalytic activity was found to decrease with the Ir loading which was ascribed to the
reduction in amount of active phase on the support. The mass activity as determined at 1.60 V
suggests an optimal loading in terms of the cost effectiveness of the catalyst, of 20 wt. % Ir.
Single cell PEM cell testing highlighted the very promising performance of the 40 and 20 wt. %
Ir/ITO catalysts compared to state-of-the-art IrO,, with the 40 % Ir/ITO sample showing

excellent stability over a 600 h test period. This result indicates that the 40 % Ir/ITO catalyst
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has significant potential as a lower-cost alternative to IrO, for commercial PEM electrolyser

systems.

The high activity of the catalysts was attributed to the highly amorphous and hydrated
structure of the Ir that facilitates a very high electrochemical surface area. This hypothesis is
supported by the investigation into the effect of the heat treatment of 40 wt. % Ir/ITO, in both
oxidising and non-oxidising conditions. The heat treatment modifies the performance of the 40
% Ir/ITO as an O, evolution catalyst, decreasing the activity with respect to the unheated
sample. The decrease is attributed to the loss of the hydrated oxide structure in addition to the
formation of the crystalline IrO, at temperatures = 500 °C, as indicated by XRD and EXAFS

measurements.
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5. Conclusions

The aim of this thesis has been to prepare and investigate Ir-based nanoparticle
electrocatalysts with reduced Ir contents, so as to aid the development of lower-cost O,
evolution catalysts for the anode of PEM water electrolysers. The introduction highlighted two
methods to reduce the Ir content of the electrocatalyst that were subsequently investigated in
Chapters 3 and 4, (i) mixing the Ir with Ru to form a binary metal oxide and (ii) dispersing the

active Ir phase on an ITO support.

The Adams fusion method was used to prepare binary Ir,Ru,0, metal oxides across the
composition range, from IrO, to RuO,. TEM observations and XRD analysis showed that these
oxides comprised nanoparticles of about 5 — 20 nm in diameter. Evidence for the formation of
solid solution binary oxides was also presented. More conclusive proof of solid solution
formation could be achieved in future work through the use of Rietveld refinement of the XRD
patterns, so as to determine the lattice parameters of the oxides and explore how they change
with composition. The enhancement in the electrocatalytic activity of the Ir,Ru,0, towards the
O, evolution reaction with the addition of Ru was clearly demonstrated by electrochemical
testing in both 0.5 M H,S0O, and in a single cell PEM electrolyser. Meanwhile the stability of

the oxide catalysts was shown to increase with the addition of Ir.

The interaction between the Ir and Ru in the Ir,Ru,O, electrocatalysts during O, evolution was
investigated by in situ XANES measurements. This experiment involved the design and
construction of an in-situ cell that enabled XANES measurements to be made whilst holding
the catalyst electrode at potentials in the operating range of a PEM water electrolyser

(i.e. 2 1.70 V). The analysis presented evidence of a direct interaction between the Ir and Ru
components at O, evolution potentials. It was shown that the Ir has a stabilising effect on the
RuO, component, preventing the Ru from being oxidised to higher, unstable oxidation states.
In contrast, the Ir oxidation state remains largely unchanged at O, evolution operating
potentials. Although the increase in oxidation state from the IrO, to the mixed metal oxides
suggests that the Ru may increase the activity of the Ir component. Determination of the
oxidation state of the Ir and the Ru suggested that O, evolution on Ir and Ru oxides occurs with
the metals in oxidation states greater than 4, consistent with previous published results with

IrRu,0, eIectrocataIystsH.

Supported Ir/ITO electrocatalysts with variable Ir loadings were prepared by a formaldehyde
reduction method. TEM and EDX analysis showed that the prepared catalysts consist of
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nanoparticulate Ir dispersed on the ITO support, while XRD and EXAFS suggested that these
deposits were amorphous in nature with little long range structure. Electrochemical
characterisation indicated that the Ir/ITO system shows a very good performance as anode
catalysts in PEM electrolysers. The 40 % Ir/ITO sample shows particular promise as an
alternative catalyst to IrO, as it exhibited a lower cell voltage at 1 A cm™ in the PEM cell over a
600 h test period. This result indicates that the 40 % Ir/ITO catalyst has significant potential as
a lower-cost alternative to IrO, for commercial PEM electrolyser systems. The high activity of
the Ir/ITO catalysts was attributed to the highly amorphous and hydrated structure of the Ir
that facilitates a very high electrochemical surface area, a hypothesis that was supported by
investigating the effect of the heat treatment of 40 wt. % Ir/ITO, in both oxidising and non-

oxidising conditions.

In order to decrease the cost of PEM water electrolysers, the goals of O, electrocatalyst
development are to: (i) enhance the electrocatalytic activity so as to increase the H, yield per
applied voltage and thus the energy efficiency of the catalyst, (ii) increase the stability of the
catalyst, and (iii) lower the cost of the catalyst by reducing the amount of Ir and/or increase
the utilisation of the Ir. The decision as to which catalyst to choose is likely to be a careful
consideration of all three requirements. In figure 1 the electrocatalytic activity of the Ir,Ru,0,,
40 % Ir/ITO and the 20 % Ir/ITO samples are plotted against their electrochemical stability. The
activities presented are determined from the cell potentials observed from the PEM
electrolyser polarisation curves at 1 A cm™, while the stability is determined by the rate of cell
voltage increase over 600 h. The optimal catalyst would be in the bottom left corner of the
plot however it is readily apparent that none of the catalysts fulfil both criteria. Adding small
amounts of Ru to IrO, (i.e. > 50 mol %) certainly has merit, as the small increase in activity
compared to IrO, is not tempered with a significant decrease in stability. It is noted however
that the current study is limited to a test period of 600 h and further long term testing would
be required to see whether this activity benefit would continue beyond 600 h. The 40 % Ir/ITO
catalyst offers a similar improvement in activity although the stability is more negatively

affected than the Ir,Ru,0, samples.
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Figure 1 Classification of Ir,Ru,0, and Ir/ITO electrocatalysts by activity in terms of cell
potential at 1 A cm™ and stability in terms of the rate of cell voltage increase (mV h™) over

600 h

Figure 2 presents the mass activities of the catalysts at 1.60 V vs. RHE in 0.5 M H,SO, plotted
against their electrochemical stabilities. The mass activity was determined by normalising the
recorded current density of the linear sweep voltammetry by the Ir loading, with the exception
of the RuO, sample which was normalised by the Ru loading. The plot shows that the 40 %
Ir/ITO catalyst utilises its Ir content far more efficiently than the Iry 75RUg250,and Irg soRug 5003,
as the mass activity of the supported sample is approximately twice that of the Irg50RUg 500,
sample and six times greater than the Irg;5Ruq50, sample. Enhancement to the stability of the
40 % Ir/ITO catalyst, possibly through the use of an optimised heat treatment, would lead to

greater synergy between catalyst utilisation and catalyst stability.
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Figure 2 Classification of Ir,Ru,0, and Ir/ITO electrocatalysts by activity in terms of mass
activity at 1.60 V vs. RHE in 0.5 M H,SO, and stability in terms of the rate of cell voltage
increase (mV h™) over 600 h. The mass activity is determined by normalisation of the
observed current densities by the Ir loading, with the exception of the RuO, sample which is

normalised by the Ru loading.

Comparing the cost of different catalysts is slightly more difficult than comparisons of catalyst
activity and stability, as it is influenced by such variable factors as the price of the composite
materials and the costs of production. Nonetheless, figure 3 presents a plot of the monthly
average price of Ir and Ru on the global stock markets since 2010, as reported by Johnson
Matthey”. The plot highlights the far higher cost of Ir compared to Ru, in addition to the large
fluctuations in the Ir price over the last five years. In comparison, the cost per gram of the ITO
used in this work was USS 30 g™. Based on these prices the use of ITO appears to have no
economic benefit, however the stock market price does not reflect the true cost of purchasing
catalysts such as IrO, or Ir black, or the catalyst precursor chemicals. Furthermore, the cost of
Ir is currently retarded by the fact that it has few industrial applications’. Were the production
of PEM electrolysers to go into mass production, the cost of Ir would likely increase

significantly due to the uptake in demand.
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Figure 3 Monthly average price of Ir and Ru since 2010 fas reported by Johnson Matthey

A fairer, up-to-date comparison of the cost of the different catalysts is made in table 1 which
lists the cost per gram and the cost per gram of Ir/Ru, of the catalyst precursors used in this
work (H,IrClg.xH,0, RuCl;.xH,0 and ITO), in addition to commercial catalysts IrO, and Ir black
from three different suppliers (Alfa Aesar®, Sigma-Aldrich’ and Strem Chemicals®). The prices in
the table show that the cost per gram of commercial IrO, (USS 140-196) or Ir black (USS 150-
270) catalysts is far greater than the cost of the ITO (USS 30). The cost per gram of the
precursor chemical H,IrCl,.xH,0 (USS 67) is slightly more comparable to ITO. However
normalising the price of the various materials to the cost per gram of Ir reveals that the cost of
purchasing the precursor (USS 168) for use in a PEM electrolyser is just as expensive as IrO,
(USS 166-232) and Ir black (USS$ 150-270). The cost analysis therefore suggests that the use of
a support such as ITO, can lead to significant savings in the cost of the O, evolution

electrocatalyst.
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Table 1 Cost per gram and per gram of Ir or Ru of the catalyst starting materials compared to

IrO, and Ir black from three different suppliers: Sigma-Aldrich, Alfa Aesar and Strem

Chemicals
Material Supplier Cost per gram  Cost per gram of
/ussg? Ir or Ru
/US$ Girorna”
ITO Sigma-Aldrich 30 n/a
Ir0, (99.9 %) Sigma-Aldrich 174 206
Ir0, (99.99 %) Alfa Aesar 196 232
Ir0, (99 %) Strem Chemicals 140 166
Ir black (99.9 %) Strem Chemicals 150 150
Ir black (99.95 %) Alfa Aesar 157 157
Ir black (299 %) Sigma-Aldrich 270 270
RuCl;.xH,0 (38 % Ru) Alfa Aesar 21 56
H,IrCl¢. xH,0 (40 % Ir) Alfa Aesar 67 168

In conclusion, this work has shown that it is possible to reduce the Ir content of O, evolution
electrocatalysts via the mixing of IrO, with RuO, or by the effective use of a suitable support
material such as ITO. Although selection of the most appropriate catalyst may ultimately be a
compromise between activity, stability and cost, the work provides possible directions for
electrocatalyst research that may be applicable to commercial PEM electrolyser
manufacturers. Future work should perhaps explore supported Ir,Ru,O, catalysts so as to
reduce the cost of the catalysts yet further. The interaction between the supported
electrocatalysts and the PEM electrolyte could also be investigated through such techniques as

electronic impedance spectroscopy.
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