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Abstract

Proton exchange membrane (PEM) electrolysis is a promising technology that
can produce high purity, desirable products such as hydrogen and hydrogen
peroxide via electrolysis. However, the large-scale commercialisation of PEM
electrolysers is hindered due to the expensive and non-selective catalysts
necessary for 2-electron (2e-WOR) and 4-electron (4e-WOR) water oxidation
reactions. This work aims to develop supported electrocatalysts to address the

need for cost-effective and high performing electrocatalysts for the WORs.

The use of high surface area catalyst supports can enhance the intrinsic activity
of Ir at low loadings (< 75 wt%). Sn and Ti oxides have been widely used as
catalyst-supports due to their abundance and stability in corrosive WOR
environments. However, Sn and Ti oxides suffer from low conductivity, hindering
electrocatalytic activity. In this work, M-doped-SnO2 (where M = Sb, Ta, Mo and
Nb) and AuPd coated TiO2 were synthesised and characterised to investigate the
influence of their physical properties on the 4e-WOR. Additionally, Ir deposition
syntheses (polyol and acid modified polyol) were investigated and found that the
surface charge on the support has significant influence on the Ir loading.
Furthermore, the presence of dopants in the supports rendered them unstable
while the addition of AuPd to TiO2 supports enhances the electrochemical activity
and stability. These trends were consistent across the three-electrode rotating
disk electrode and in a 5 cm? membrane electrode assembly testing for activity

and durability.

The second part of this work focused on the development of electrocatalysts with
a selectivity towards hydrogen peroxide (H202). Thin films and nanopowders of
metal stannates (Ca-SnOs, Ba-SnOs and Au-CaSnOs) were synthesised to
generate H202 through the electrochemical pathway. The activity and selectivity
for H202 are encouraging despite being relatively low due to lack of conductivity
and rapid catalyst degradation. This work will continue in the future to optimise
the electrocatalytic activities and selectivities and dissolved catalyst quantification

techniques.
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1 Introduction

1.1 Motivation
The rise of greenhouse gases such as carbon dioxide (COz2) in the atmosphere

due to our consumption of fossil fuels, has led to detrimental effects on climate
and health." Alongside the health and climate effects, it is estimated that the Earth
only has enough fossil fuels to last ~ 50 years.? As of 2019, the UK and several
European countries have committed to achieving net-zero carbon emissions by
2050.3 Renewable energies (e.g. photovoltaics, wind turbines) offer a critical
route to net-zero carbon emissions due to their natural abundance and use of
sustainable resources. However, storing the energy generated from renewable
technologies has remained difficult due to their intermittent and fluctuating nature
which does not match current energy demands.* Therefore, energy storage is
required for renewable energies to be dependable. A promising pathway to this

solution has been the development of hydrogen production via electrolysis.

Hydrogen is a non-toxic gas that can be stored in pressurised tanks as a gas or
liquid.> Hydrogen has recently attracted significant attention owing to its ability to
act as an energy carrier.6 As an energy carrier, hydrogen has the potential to

support the electrical grid by supplying stored energy at times of high demand.”

In 2021, 95% of global hydrogen production was produced from hydrocarbon
reforming which emitted approximately 900 Mt of C02.8-'0 There are several
alternative pathways to produce hydrogen such as biological and thermochemical
processes using biomass materials'!, but the most common pathway is
electrolysis powered by a renewable energy sources.'>'® Electrolysers use
electricity to produce hydrogen from water. When the hydrogen generation is
coupled with a renewable energy source, hydrogen acts as a sustainable energy
carrier. This hydrogen can then be stored and used to generate power or heat
when needed.'* However, electrolysis is an expensive process attributed to the

expensive materials required to split water.

To reach the commitment of achieving net-zero carbon by 2050, we must also
decarbonise chemical industries. The production of hydrogen peroxide (H202),
an environmentally friendly, oxidising agent, is widely utilised in the chemical

industry for wastewater treatment, chemical synthesis and as a disinfectant.’ As
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of 2020, 5.5 million metric tonnes of H202 was produced worldwide through a
large scale anthraquinone process.'® The anthraquinone process involves the
hydrogenation of 2-alkylanthraquinone to alkylanthrahydroquinone (AHQ) using
a Pd catalyst, the AHQ is oxidised back to its original reagent and forms H202 in
the process."” The anthraquinone process has significant drawbacks due to the
highly concentrated H202 which is explosive in nature, large amounts of organic
solvents required in the synthesis and the high energy required to produce up to
70 wt% H202."518 Therefore, the decarbonisation of H202 production requires a

cost-effective technology that can also reduce the safety concerns.

The electrochemical production of H202 is an economic and environmentally
friendly route to generate highly concentrated H202."® Currently, research has
focused on two electron oxygen reduction reaction (ORR, (equation. 1.1) to
produce H202,2%-22 however the use of gas diffusion electrodes and expensive
precious metal electrodes alongside the low efficiency of H202 production makes
ORR produced H202 unfavourable.'® Two electron water oxidation (2e-WOR,
(equation. 1.2) has recently shown promise as the reactant used is water and
thus not dependant on the solubility of Oz in the water as seen in ORR and thus
likely to be more efficient for H202 production.'® However, catalysts for the 2e-

WOR exhibit low selectivity and activity for H202 hindering its’ development.

ORR: Oz + 2H* + 2e” 2 H202 (equation. 1.1)

2e-WOR: 2H20 2 H202 + 2H* + 2e- (equation. 1.2)

1.2 Water Electrolysis

Electrolysis is an endothermic process which requires electrical energy to occur.®.
A typical electrolysis setup involves an anode and a cathode immersed in an
electrolyte. Once an electrical current is applied, the water is split into oxygen at
the anode and hydrogen at the cathode (Table 71.7).'2® When the electricity
source comes from a renewable energy technology, the hydrogen produced can
be labelled “green hydrogen”. Alongside the advantage of producing green
hydrogen, electrolysis is beneficial owing to the generation of highly pure

hydrogen.?*
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Table 1.1: The 4-electron water oxidation reactions in acidic and alkaline
environments.

Acidic Environment Alkaline Environment
Anode 2H20 > O2 + 4H" + 4e 40H" = O2 + 2H20 + 4e
Cathode 4H* + 4" > 2H2 4H20 + 4e- > 2H2 + 40H"
S\;/)\{ﬁiie;g 2H20 > 2H; + O2

1.3 Types of Electrolysers

Today, a range of technologies (Table 1.2) exist for electrochemical hydrogen
generation at low (< 200 °C) and high temperatures ( > 500 °C) including solid
oxide electrolysers (SOEC), alkaline electrolysers, proton exchange membrane
(PEM) and anionic exchange membrane electrolysers. The majority of currently
deployed large-scale electrolysers are the alkaline electrolysers.?®
Advancements in PEM research has boosted the capabilities of PEM
electrolysers to become available at 50 — 200 kW scale, with a limited number
available at MW scale.?52” Anionic exchange membrane electrolysers and SOEC
are still in the early stages of development but are projected to play prominent
roles in the decarbonisation of industrial processes.® Alternative electrolysers
such as microbial?®2%, seawater3°3', CO2 reduction?? are also being investigated
to produce hydrogen and other valuable products such as fuels and chemicals.

Table 1.2: Characteristics of low temperature electrolysers adapted from Chi. J
et al.?*

Environment Alkaline Electrolysis Acid Electrolysis
_ Anion
Alkaline Proton Exchange
Name Exchange
Water Membrane
Membrane
40H- >
. . 40H - 2H20 + | 2H20 - 2H2 + O2
Anodic Reaction 2H20+ O2 +
4 O2 + 4e” +4e
.
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Electrolyte Liquid Solid Polymer | Solid Polymer
Charge Carrier OH- OH- H*
Temperature (°C) | 20 - 80 20-200 20-200
Perovskites,
Ir and Ru based
Anodes Ni, Co and | Ni-Based
_ and their oxides
Fe oxides
Efficiency (%) 59-70 - 65-82
Commercialisation | Commercial | Lab scale Commercial
Low capital o Compact design,
Combination of | . _
cost, stable, . high purity H2, high
Advantages alkaline and
mature efficiency at low
acid electrolysis
technology current densities
Expensive
Corrosive Low
o technology, acidic
. electrolyte, | conductivity and .
Disadvantages . environment
slow stability of _ _
_ requires expensive
dynamics membranes
anodes

1.4 Proton Exchange Membrane Electrolysers
PEM water electrolysers (PEM-WESs) have received significant attention recently

as they can operate at higher current densities (up to 2 A/cm?) and produce highly
pure gases due to low gas crossover.2®> PEM-WEs can also operate at low loads
with low hydrogen permeability through the thin membrane (approx. 20 -300 ym
thick). Further advantages include, compact design, high efficiency at low current

densities, small footprint and the ability to produce oxygen as a by-product.332°

At the heart of an electrolyser cell is the membrane electrode assembly (MEA).
For PEM-WEs, an MEA consists of an acidic, polymer membrane made from
perfluorosulfonic acid commercially known as Nafion®.34 As Nafion is acidic in
nature, PEM-WEs have an acidic environment. The membrane separates the
anode from the cathode and is typically coated with a catalyst on either side of

the membrane (catalyst coated membrane, CCM). The CCM is placed between
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a porous transport layer (PTL) on the anode and gas diffusion layer (GDL) on the

cathode to allow for water and gases to flow through the cell, respectively.

A typical PEM-WEs (Figure 1.1) splits water into hydrogen and oxygen at the
cathode and anode, respectively. A reaction occurring at the anode is the OER
and the hydrogen evolution reaction (HER) occurs at the cathode. Water is
pumped through the anode and potential is applied, splitting the water into
protons, oxygen and electrons (Table 1.1)3% The protons formed at the anode are
transported through the proton conductive membrane to the cathode. The
electrons are recombined with the protons at the cathode leading to a reduction
reaction forming hydrogen (Table 1.1).2° When water splitting occurs at optimum

temperature and pressure, a minimum energy of 1.23 V is required.3®

MEMBRANE

Figure 1.1: Schematic of a 4e-water oxidation reaction PEM-WE where the
porous transport layer and gas diffusion layer are ascribed as PTL and GDL,
respectively.

During 2e-water oxidation reaction (WOR) under an acidic environment, an
electrolyser works in a similar way to 4e-WOR, however instead of O2 being
produced at the anode H202 is produced when a minimum energy of 1.76 V is
reached (equation. 1.2).3” The proton produced from the oxidised H20 flows

through the membrane and is reduced to form hydrogen.

1.5 Electrochemical Water Oxidation Mechanisms
There are several pathways available for electrochemical water oxidation (Figure

1.2). The most favourable process is the 4-electron water oxidation reaction (4e-

WOR) also known as the oxygen evolution reaction (OER). However, water
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oxidation can also occur via 2-electron (2e-WOR) and one electron pathway
producing H202 and OH radicals (OH"), respectively.®® Electrochemical water
oxidation can occur under acidic or alkaline conditions.3*4° However, the
combination of highly oxidising and acidic environment rapidly degrades the
catalysts required to lower overpotentials. Therefore, more research is required
to develop cost-effective, active and stable electrocatalysts for PEM-WEs under
acidic conditions. In this thesis, we will be discussing the 4e-WOR and 2e-WOR

and their reaction mechanisms under acidic conditions.
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Figure 1.2: Schematic of the three reaction pathways for water oxidation adapted
from ref. 41,

1.5.1 4-electron Water Oxidation

The 4e-WOR as shown in Table 1.1 is the most favourable water oxidation
reaction due to its lower thermodynamic potential of 1.23 Vr1e compared to the
thermodynamic potential of 2e-WOR (1.76 VRrHEe).*’

The acidic OER mechanism is known to occur through two possible mechanisms
known as adsorbate evolution mechanism (AEM) and lattice oxygen evolution
mechanism (LOEM). For the AEM, the water molecules are adsorbed onto the
surface of the catalyst leading to dissociation of a proton to form *OH (equation.
1.3). The *OH undergoes deprotonation to form *O (equation. 1.4), the second
H20 molecule undergoes nucleophilic attack on *O (equation. 1.5) and generates
*OOH which undergoes deprotonation to form desorbed O2 and an exposed

active site on the catalyst (denoted with *) (equation. 1.6).42
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H2O+* > H"+*0OH + e (equation. 1.3)

*OH > *0O+H" + e (equation. 1.4)
H20 + *O > *OOH + H* + e (equation. 1.5)
*OOH > *+O2+ H + ¢ (equation. 1.6)

However, some catalysts do not follow the AEM. Indeed, the LOEM is an
alternate mechanism proposed in which lattice oxygen present on the catalysts
surface participate in the OER.*34* The LOEM begins with the adsorption of H20
(equation. 1.7) and deprotonation similar to the AEM (equation. 1.8). However,
after deprotonation the lattice oxygen (OL) from H20 binds with *O (equation. 1.9)
and Oz2 is released and thus forming oxygen vacancies (Vo) in the catalyst. The
vacancies on the catalyst surface are filled with water molecules to form *OH
(equation. 1.10). A deprotonation occurs from the active site leaving the active

site exposed (equation. 1.11).

H2O+* > H"+*OH + e (equation. 1.7)
*OH-> *O+H'" + e (equation. 1.8)
*O+0L> 02+ Vo (equation. 1.9)
Vo + H20 2 *OH + H* + e (equation. 1.10)
H>*+H"+e (equation. 1.11)

The LOEM induces increased activity due to the minimum overpotential being
lower than AEM by ~ 0.1 V. However, it's been hypothesised that LOEM
weakens the bonding in the catalyst and thus increases catalyst dissolution.*®
The oxygen evolution reaction mechanisms highlight that the activity of the
catalyst is dependent on the binding energy of the oxygen intermediates and
active site. Surfaces that bind too strongly to oxygen are limited by the formation

of *OOH however, for surfaces that bind weakly to oxygen, the activity is limited
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by the *OH.** To obtain the best activity, the catalyst and *O must have an
appropriate binding strength that binds the adsorbate neither too strongly or too

weakly.

For IrO2 based catalysts, both OER mechanisms can occur.4’-4° The morphology
and structure of IrO2 determines which reaction mechanism occurs during
OER.595" The introduction of defects can enhance the likelihood of LOEM which
leads to improved OER activity but lower stability compared to AEM.5253 To
confirm the reaction mechanism ongoing, computational methods such as

density-functional theory or isotope labelling must be conducted.46:48.54

1.5.2 2-electron Water Oxidation
The 2e-WOR is an attractive route to produce H202, as it can be coupled with

hydrogen evolution reaction to produce H202 and Hz simultaneously with water
as the main source.3® However, 2e-WOR competes with the thermodynamically
favourable 4e-WOR and one electron oxidation for OH". The overall 2e-WOR has
a thermodynamic potential of 1.76 VrHE (equation. 1.2) 7 The H20 is adsorbed
onto the catalyst surface and undergoes an oxidation step to generate adsorbed
"OH on the catalyst surface (equation. 1.12). If the binding free energy of "OH
(AG+on) is < 2.38 eV the adsorbed *OH is further oxidised to H202 (equation.
1.13).5% A strong OH binding energy leads to *OH oxidising to *O and *OOH which
forms the 4e-WOR, however too weak binding energy leads to high activation

energies reducing the reaction rate.%®

*+H0 > OH +H" + e (equation. 1.12)

OH + H20 > H202+ H  + e+ * (equation. 1.13)

In both 2e-WOR and 4e-WOR, the activity determining step is the AG+on whereas
the AGo- determines the selectivity.*'5° These factors can determine the catalysts

with specific selectivity and activity for the desired WOR.

1.6 Electrocatalysts for Water Oxidation

1.6.1 4e- WOR
For the acidic OER, the number of materials that can withstand the corrosive and

highly oxidising potentials required for the OER in a PEM-WE is very limited.%’

Currently, noble metals (IrO2) are the only commercially viable catalysts that
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achieve both high activity and stability during OER. A high overpotential is
required to overcome the high energy barriers compared to those required for the
HER.%® Therefore, high mass loadings of iridium (> 2 mg/cm?) are necessary.®
The high mass loadings, scarcity and high-cost of Ir limits the deployment of
PEM-WEs to 2 GW/yr which results in ~ 200-fold reduction in H2 production
compared to current global demands (~ 400 GW/yr).%° The increased demand for
PEM-WEs strains the current Ir supply therefore, there is a need to design
improved and economic PEM-WE anode electrocatalysts. The anode
electrocatalyst must be able to withstand the aggressive environments whilst also

having low overpotential and mass loading at highly oxidising potentials.*5”

1.6.2 2e-WOR
The 2e-WOR is a challenging reaction owing to the high current densities

required hindering the scaling up of H202 production'” and the competing 4e-
WOR previously discussed in Section 1.51 where the thermodynamic potential
for 4e-WOR is lower than 2e-WOR. Additionally, the electrochemical degradation
of H202 occurs at 0.67 VrhE, leading to H202 being directly oxidised to H* and
02.5" Thus, lowering the yield of H202 and lowering the efficiency towards 2e-
WOR. Ideal 2e-WOR electrocatalysts will bind H202 weakly to reduce any further
oxidation,' obtain low overpotentials at high current densities and be able to

withstand high current densities (> 100 mA/cm?) for long periods of time.®’

Over the last few years, significant research has focused on scaling up PEM-
WEs."® However, PEM-WEs require cost-effective and selective electrocatalysts
for WOR.®

1.7 Electrocatalyst Properties
There are three main characteristics that are typically investigated during the

development of electrocatalysts — activity, stability and selectivity. It is vital for all

three characteristics to be met to increase the efficiency of an electrolyser.

1.7.1 Activity
One of the essential characteristics of a catalyst is that it should have high activity.

The activity is determined by the catalysts’ ability to increase the rate of reaction
and thus lower the overpotential. To achieve high activity, the Sabatier Principle
can be used as a guiding principle (Figure 1.3) — a heterogeneous catalyst must
adsorb reactants, reaction intermediates and products with the appropriate

binding energy to enable chemical bonds to break and thus the reaction to
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proceed.®? Weak adsorption between reactant and the catalyst leads to an easily
desorbed reactant. However, if the adsorption is too strong, this can prevent
product desorption thus blocking the active sites. A highly active catalyst can

adsorb the reactant with enough strength to allow the reaction to reach

completion and bind the product not too strongly to be desorbed.®?

Sabatier Optimum

Activity

Limited by
desarption
of products

Limited by
incomplete
reaction

Weak Strong

Adsorbate Strength

Figure 1.3: Graphical representation of the Sabatier Principle.54

Activity in OER electrocatalysis is typically assessed using five parameters:53.6°

1.

Geometric current density (Jg, mA/cmgeo?) — the current density normalised
to the geometric area of the working electrode (WE) irrespective of the
catalyst loading.

Mass activity (A/gir) — the current produced normalised to the mass of Ir
present on the working electrode.

Overpotential (n) — the difference between the thermodynamic potential of
the half-cell reaction, i.e. 1.23 VrHe and the potential at which the current
density turns on. The overpotentials are typically reported at specific
current densities (e.g. 0.1 mA/cm?, 1 mA/cm?, 10 mA/cm?).6°

Specific activity (Js, mA/cm?) — the current density at a given overpotential
normalised for electrochemically active surface area (ECSA) of the
catalyst.

Turnover frequency (TOF) — often considered as a proxy for intrinsic

activity is the number of moles of Oz generated per second per active site.

The activity parameters used in this thesis are geometric current density and

mass activity as it allows for comparison of the synthesised electrocatalysts from
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this work against literature in the field. An additional parameter often discussed
in the field and within this work to assess catalyst performance is the Tafel slope,
a kinetic parameter that relates rate of the reaction to the overpotential. Although
Tafel slope measurements alone cannot be used to assess the efficacy of an
electrocatalyst, it is an important indicator if used in conjunction with the other

parameters.66

1.7.2 Stability
Another critical characteristic of a catalyst is stability. Stability reflects the ability

of the catalyst to withstand harsh operating environments, such as acidic media,
temperatures and highly oxidising potentials over time. Durability is a major
challenge particularly in PEM electrolysis where very few materials have sufficient
stability under the relevant pH and applied potentials to be considered
commercially relevant.®® Poor stability leads to rapid catalyst degradation, which

in turn, decreases the lifespan of the electrolyser.3

Activity-stability factor (ASF) is the ratio of rate of oxygen generated at a specific
overpotential to the rate of metal dissolution, providing an indicator for activity-
stability relationship of a catalyst.®” Another measure of stability that is used
without the need to quantify the catalyst surface area or catalyst loading is the
stability number (S-number), defined as the ratio of moles of evolved oxygen to
moles of dissolved metal.®> S-number allows for insight regarding the relationship
between activity and catalyst dissolution. The higher the S-number the more
stable the electrocatalyst.*6 Stability is typically assessed by chronoamperometry
(constant applied potential - CA) or chronopotentiometry (constant applied
current - CP). The rate of catalyst dissolution can be measured either ex-situ by
taking aliquots of electrolyte at regular time intervals or in-situ flow-cell coupled
to an analyser. The electrolyte solution is typically analysed using inductively
coupled plasma mass spectroscopy (ICP-MS) or optical emission spectroscopy
(ICP-OES).

1.7.3 Selectivity

Selectivity describes the ability of a catalyst to produce a specific product from a
reaction with multiple thermodynamically feasible products.®® The difference in
activation energy for the desired and undesired product determines the reactions
selectivity.®® Specifically, the activation energy for the desired product must be

lower than the undesired products in order for the desired product to be formed.”
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Selectivity is affected by structural and electronic properties.”! Other factors
which affect selectivity are the reaction conditions (e.g. pH of electrolyte, applied
potential or current to electrode, temperature, pressure).®® Such reaction
conditions can alter the binding energies of the reaction intermediates and the
surface of the catalyst. By tuning each of these factors from the molecular level

to the reaction conditions we can influence the reaction selectivity.

1.8 Reducing Iridium Content in 4-electron Water
Oxidation Catalysts

Currently, commercial proton exchange membrane water electrolysers (PEM-
WESs) require IrOx-based materials for the oxygen evolution reaction (OER).
Several strategies have been explored as methods for reducing iridium loading
in PEM-WEs. These strategies include the formation of mixed metal oxides and
non-platinum group metals (PGM), altering electrocatalysts morphology to create
core-shells and supporting the iridium on stable metal oxides to form supported
catalysts. These strategies can improve mass activity of low Ir loadings due to
the physical and electronic properties. This chapter provides an overview of the
primary literature strategies that have been explored for reducing Ir content for
the acidic OER. Although, ruthenium-based (Ru) catalysts have superior activity
to iridium, Ru has significantly inferior stability compared to IrOx.%* Therefore, this

section will mainly focus on Ir-based catalysts.

1.8.1 Mixed Metal Oxides
Perovskites have a formula of ABOs where A has large radii, typically

alkaline/rare earth metals with 12 co-ordination to oxygen ions whilst B has 6 co-
ordinations to oxygen ions.”? 73 Pyrochlores have a formula of A2B207 where A is
either a rare earth, alkaline earth or p-block metal and B are transition metals
(Figure 1.4Figure 1.4).7475In both structures, the B site can contain Ir or Ru which
have in many cases shown promising activities and stability for the OER. These
structures enable “tuneable” stoichiometry of A and B sites to induce high activity

due to change in electronic structure.”
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Figure 1.4: Schematic of a) Perovskite and b) Pyrochlore crystal structures.”®

1.8.1.1 Perovskite
The A and B sites in perovskites can be tuned to form different compositions to

obtain active and stable OER electrocatalysts. Specifically, Ir-based perovskites
have been synthesised with varied A-sites (eg. Sr,46:77-82 Ba,46.83.84 SrCo®, Ca8®
) for the OER. The synthesis of perovskite catalysts typically requires high
temperature (> 800 °C) for long periods of time.”®8” The high temperatures
applied to form perovskite nanopowders is a potentially expensive process and
typically has a negative impact on the catalyst surface area, leading to the
synthesis of large particles (>50 nm).8%8 Therefore, there is a need to produce
cost-effective perovskites with high surface areas. Alternative solution-based
syntheses (e.g., sol gel) have been performed with increased surface areas but

still require similarly high temperatures (700 °C) for long periods of time (> 6
h).77.79.80

Perovskites are highly prone to A-site leaching which coincides with improved
OER activity.82 However, A-site leaching enhances Ir leaching and leads to
degradation of the perovskite structure.*® Solution-based syntheses have shown
reduced leaching of A-sites compared to solid state syntheses.8%-8 Additional
efforts to enhance stability of perovskites has focused on synthesising double
perovskites however long term stability measurements have not been
investigated.84 Therefore, there is a need to investigate the long term stability ( >

30 h) of perovskite materials.

1.8.1.2 Pyrochlores
Ir-based pyrochlore oxides have also been reported as active and stable OER

electrocatalysts. The pyrochlore structure allows for the A and B sites to be tuned
to obtain different compositions (e.g. A = Bi,8%-92 Gd,%-9 Pr,%* Nd,93-% Y 8.9
etc.,). For OER catalysis, Ir and Ru can be deployed at the B-site. However, Ru-

based catalysts are active but not stable for OER. Similar to perovskite
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syntheses, pyrochlores can be synthesised via solid state syntheses® which
results in low surface area materials.®%%” Other synthesis routes to synthesise
pyrochlores have included hydrothermal,®'®2 Adams fusion® and sol-gel®*

however, these still result in relatively low surface area materials < 30 m?/g.

The increase in OER activity for pyrochlores occurs under operando conditions
as a result of leached A-sites.82899 However, leached A-sites can induce rapid
degradation of B-sites (Ir) enhancing the degradation of the pyrochlore
structure.®9° Therefore, the stability of pyrochlores requires further investigation

to obtain active and stable pyrochlores for the OER in acidic environment.

1.8.2 Alloys
Alloying or synthesising bimetallic Ir materials offers a promising route to enhance

the OER activity due to the synergistic effect that can occur between bi or multi-
metallic metals.'%.19" The modification of the electronic structure through alloying,
has shown to be a promising method for tuning the intrinsic activity of an OER
catalyst. Alloys or bimetallic Ir materials are typically synthesised via wet
chemistry (eg.,sol-gel),’°"-107  thermal decomposition,’%1%°  microwave-

assisted,""%""" and vapour deposition''? to form Ir-M materials where M =
Sn,103,112 Ta’103,109 Ni,105,106,112—114 RU,1O7’115 CU,1O4’116 and Cr_112

Bimetallic oxides have been widely studied due to their increased intrinsic OER
activity compared to pure Ir oxides.''?-'4 Studies have shown that the addition
of non-noble metal can improve the OER activity."'> However the stability of the
material is reduced with increasing non-noble metal content correlating with the
increased leaching of the non-noble metal.''? Additionally, varied morphologies
of bimetallic materials (eg.,nanocages,'®'"® nanotubes'' nanorods,!17118119
nanowires'?® and microspheres'®4) have been investigated and exhibited high
stability and activity during the acidic OER. The enhanced OER performance has
been attributed to synergistic effects between Ir and the non-noble metal and the
increase in active sites available for the OER. However, long-term stability

measurements of these nanostructures have not been thoroughly investigated.

High-entropy alloys (HEAs) containing 5 or more elements have also been
explored for the OER.'".121.122 HEAs typically exhibit enhanced physical
properties which increases their stability and corrosion resistance making them

ideal from a stability point of view as an electrocatalyst for OER. The OER activity
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shows overpotentials of 32 - 300 mV at 10 mA/cm? for HEAs, showing high
activity compared to Ir (352 mV at 10 mA/cm?). Short term chronopotentiometry
measurements (< 15 h) were conducted and showed that HEAs are stable for up
to 14 h at 10 mA/cm? with minimal changes in activity.'?2123 When combined with
the elemental dissolution analysis, the low concentration of dissolved metals (<
10 pg) further corroborates the high stability of the HEA.""" The stability of HEAs
was attributed to the formation of an Ir-rich surface due to the dissolution of the
metals during the OER (Figure 1.5).

IrFeCoNiCu-HEA Dissolution of metals
Structure ®_ Irrich shel

Electrochemical
activation

Carbon Paper

@ir eFe ®Co @®Ni @ Cu

Figure 1.5: Schematic of the IrFeCoNiCu-HEA nanoparticle and the dissolution

of the 3d metals leading to an Ir-rich surface adapted from ref. 1!,

The ability to increase the number of elements used to form a HEA is an optimistic
pathway to enhance the structural stability and the activity of alloyed
materials.’?3124 However, minimal research currently exists on HEAs for the
acidic OER to fully understand the structure-activity relationship. It is also
important to note that the electrochemical testing of alloys has been shown to
occur whilst being supported onto carbon based material in order to improve the

conductivity of the alloy.105:110.125

1.8.3 Precious Metal Free OER Catalysts
To reduce the capital cost of an electrolyser, researchers have also investigated

the complete removal of platinum group metals (PGM) from OER catalysts.
However, the majority of this research has focused on alkaline conditions.26-128
There is a substantial gap in catalyst performance (activity and stability) between
PGM-free catalysts for acidic and alkaline environment. A few notable exceptions
where promising acidic OER activity has been reported are briefly reviewed
below.
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Nickel and manganese antimontates'?®-'3" and tantalum-based intermetallic
alloys'3? have shown promising results with overpotentials of 570 mV — 770 mV.
However, the lack of Ir leads to enhanced leaching of the non-noble metal under
acidic environment. Although these catalysts are promising, both the activity and
stability are not currently sufficient for long-term PEM-WEs applications and

therefore require further investigation.

1.8.4 Core-Shell
Core-shell nanomaterials vary by size, morphology and composition. They

consist of a core with an outer shell. When deployed for the OER, the core is
typically a non-PGM metal, while the shell is an active PGM containing material.
Thus, the PGM loading is reduced compared to many other nanomaterial
structures. Beyond reducing the PGM loading, varying the elemental
compositions of the core or the shell can also have important consequences for
the conductivity of the catalyst.’33134 Notable Ir-based core-shells have included

Ni’135—138 Fe’135 CO,135 CU,138’139 Pd139,140 and Tit141.142 as metal cores.

Core-shells are utilised as they provide increased coverage of Ir onto the metallic
core attribute to the high electrochemical surface area which improves
electrocatalytic activity.5”:142-144 The interaction between Ir and the metal core can
induce synergistic effects which leads to improved electronic effects that can
improve the OER activity.'3%138 |igand and strain effects are also a contributing
factor to increased electrochemical activity.'*® DFT analysis has been conducted
to evaluate the effect of compressive strain and determined that the strain on the
Ir shell lowers adsorption strength of oxygen intermediates facilitating the
generation of oxygen.'3® Additionally, there is also an interest in identifying the
optimum Ir shell layer for improved OER activity and stability. A study identified
that increasing the Ir shell layer would weaken the core.'3® However, the
presence of a single layer protects the core from oxidation. It was also determined
that increasing the atomic layer led to an increase in the OER activity with 3 Ir
atomic layers being the optimum number of layer to achieve high OER activity.4°
The increased number of Ir layers improved the durability of the catalyst due to
the increased presence of stable Ir** thus protecting the core from being oxidised
during the OER.

Short-term (< 20 h)®® and long term (~ 100 h)7° stability measurements of core-
shells have highlighted their potential as stable electrocatalysts for OER.
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However, studies have shown that the core can be prone to oxidation correlated
with the incomplete Ir coverage leading to deactivated material.’3® In addition,
catalyst delamination can also induce core dissolution which results in an

unstable electrocatalyst.3”

1.8.5 Supported Catalysts
Supported catalysts are structures that disperse the catalytically active material

(e.g., iridium oxide) onto a high surface area support material such that the total
catalyst loading is decreased compared to bulk catalysts (Figure 1.6).146
Alongside stability under the operating OER conditions, catalyst supports should
be conductive, have a high surface area, and be made from economically viable
and abundant element(s). It is vital for these characteristics to be present in a
support to enable the catalyst to achieve high activity and stability whilst
simultaneously reducing the PGM catalyst load. The increased surface area will
increase Ir utilisation thus reducing Ir loading whilst simultaneously improving
mass activity. Additionally, catalyst-support interactions could be used to tune the
catalytic performance for the OER, enhancing the activity and/or stability of the
catalyst.'7-148 The development of supported Ir catalysts represents a relatively
unexplored route for the development of high-performance catalysts with the

potential for low Ir loadings. '

Catalyst
(IrOX)

4H* + 0, + de-

Figure 1.6: Schematic of IrOx dispersed on support material. The OER reaction
is shown to occur on the IrOx surface.

1.8.5.1Selection of Support Material

As discussed above, the primary considerations for a potential catalysts support
are, high surface area, high conductivity and low cost. Pourbaix diagrams have
proven a useful tool for selecting transition metal oxides that would be stable at
pH 0 and above 2 Vrue. Han et al.,®° discovered that Mo, Sb, W, Nb and Ta are

cost-effective transition metal oxides which are stable at the aforementioned
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conditions. This section will provide an overview of the most commonly deployed

metal oxide supports deployed for acidic OER (C, TiO2, SnO2 and Ta20s).

One common limitation of metal oxide-based catalyst supports is their low
conductivity. While several strategies have been explored towards improving the
conductivity of metal oxide supports, doping is the most commonly deployed
strategy. Similar to selecting a metal oxide support, it is important to choose
dopants that are stable during PEM-WEs operation to reduce the dissolution of
the support and thus catalyst degradation. Therefore, dopants must be able to
withstand the corrosive and oxidising environment of a PEM-WE. This section will

focus on possible dopants for the acidic OER and their activity and stability.

1.8.5.1.1 Carbon-based Supports

Carbon supports with different morphologies such as carbon nanotubes'®'-1%3
and nanoparticles'* have been studied as support materials for the OER under
alkaline conditions. Carbon materials have a high surface area, excellent
electrical conductivity, and robust mechanical strength. %515 Similar to transition
metal oxide supports, carbon supports can facilitate the dispersion of active metal
catalysts or their oxides, thereby increasing the number of active sites available

for the OER and enhancing the overall catalytic performance.’5":1%8

Despite these benefits, maintaining stability in acidic media remains a key
challenge for carbon-based supported catalysts due to the highly oxidising and
corrosive environment, which can lead to rapid degradation of the carbon support
producing unwanted products (CO and COz2) and hence the breakdown of the
supported catalyst.’51%0 Recent advances have thus focused on doping carbon
based materials with nitrogen to enhance the long-term stability of the

1.8.5.1.2 Titanium Dioxide

Amongst metal oxides, titanium dioxide (TiOz2) is a very attractive catalyst-support
owing to its high chemical and electrochemical resistance to corrosion and the
existence of highly optimised syntheses to form high surface area nanostructures

as well as various commercial sources of TiO2 nanoparticles. 63

Mazur et al.,'®* synthesised an IrO2 catalyst supported on 3 different commercial

TiO2 powders, each with a different surface area (10, 50 and 90 m?/g). It was

39



shown that the support surface area influenced the crystallite size of IrOz2,
electrical conductivity, and the electrochemical activity of the prepared supported
catalyst. Furthermore, it was speculated that supports with a lower surface area
led to the formation of an interconnected IrO2 conductive film on the surface of
the support leading to a higher catalyst performance. In a recent study, the
correlation between electronic conductivity and Ir wt% in IrO2-TiO2 showed that
the optimum Ir content is > 40 molv%, to provide an electrically conductive path

between TiO2 and IrO; .165

Despite these positive attributes of TiOz, the low conductivity is a hinderance to
achieving high OER performance as a catalyst-support requiring Ir loadings of >
50 wt%. Various strategies to increase the conductivity of TiO2 have been
investigated, including the synthesis of substochiometric oxides.66-168
Nanostructuring strategies such as core-shells®”142-144 and high surface area
TiO2"%* have also been utilised to maximise Ir utilisation. Conductive layer coated
supports (CCSs), where a conductive Pt interlayer is introduced between the TiO2
core and Ir catalyst, have recently shown 141% higher OER mass activity
compared to commercial 75 wt% IrO2-TiOz2 in a rotating disk electrode (RDE).'®°
The nanostructured conductive interlayer allows for a lower total platinum-group
metal (PGM) loading and simultaneously enhanced conductivity and is thus a

promising approach for lowering Ir catalyst loading in PEM-WEs.

Molybdenum has oxidation states that vary from +2 to +6."7° During OER
molybdenum will likely be oxidised to +4 or +6 due to pH of electrolyte and
potential applied.'! We can determine that molybdenum would become a stable
MoQs3 at high potentials and acidic pH.'”? Theoretically, molybdenum would be a
stable dopant for OER between 1-1.8 VrHe. However, the use of molybdenum
as a dopant for water oxidation has not been widely researched. Nanoparticles
of Mo doped TiO2 were synthesised for lithium batteries.'”® It was determined that
Mo reduces the agglomeration of TiO2 and forms uniform particles with high
surface area. Additionally, the conductivity is significantly improved due to the Mo
dopant. Therefore, Mo may be an interesting material to use as a dopant due to

its’ ability to enhance physical and electrical properties of a metal oxide.
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1.8.5.1.3 Tin Oxide

Beyond TiOz, tin oxides have also received significant attention as promising
catalyst supports for the acidic OER owing to the claimed stability under the
operating conditions of a PEM anode.'” However, tin content must be tightly
controlled as this has been found to affect the resistivity and influence the
catalytic activity.'”® Similarly to TiOz, the conductivity of SnOz2 is typically low thus
reducing catalytic activity.'”* However, irrespective of the conductivity, using
SnO:2 as a support has led to promising OER activity at low Ir mass activities.”®
This could be attributed to tin content of < 50 wt% increasing the surface area of

the support leading to enhanced catalytic activity.'””

There have been multiple studies investigating Sb-doped SnO2 (ATO) due to its
enhanced conductivity, chemical and thermal stability.'48178-181 Although ATO is
beneficial as a support, there are stability issues due to the leaching of antimony
from the support lattice leading to support degradation and subsequently catalyst
dissolution.'® Da Silva et al.,'"”* highlighted similar catalytic activity for
unsupported and doped SnO:2 supported Ir catalysts. Additionally, it is observed
that IrOx has greater instability than IrO2 in the supported catalyst. Proving that
annealing supported catalysts can enhance stability. However, Ir-doped SnOz2

catalysts can be more unstable than Ir-SnOs-.

There have been many studies focused on alternative (Nb and Ta) doped SnOz>
as a route to enhance catalyst-support stability. Stowe et al.,'8 synthesised a
range of doped tin oxides as support materials for Ir. One of those dopants was
Ta due to its stable nature as an oxide. It was discovered that Ta-doped SnO:2
had pronounced lattice parameter changes attributed to the substitution of Ta**
into the tin dioxide crystal lattice. Furthermore, they established that varied
compositions of Ta led to differences in mass loss upon heating in air/nitrogen.
Additionally, Ta doped SnO2 has shown promising conductivity of 102 S/cm.84
Tantalum doped supports have been shown to be more stable and active as the
Ta content increases compared to ATO supports, showing promise as a stable

support material. 155185

Niobium (Nb) based materials are promising as support materials due to the cost
effective synthesis of the thermodynamic stable form (Nb20s).'8 Niobium has

been shown to be corrosion resistant in low concentration acidic solutions (high
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pH) at lower temperatures (< 95 °C)."®” A study utilised Nb as a dopant within
SnO:2 and observed a range of conductivity (0.02 — 1.1 x 10 # S/cm) as a function
of Nb content.' The variation in conductivity was attributed to the homogeneity
of Nb distribution within the SnOz2 lattice. Further research has identified that the
increase in Nb content decreases the crystallite size of Ir allowing for increased
dispersion of Ir particles.'® Additionally, when doped with SnO2, Nb showed that

it was stable for ~ 60 hours during a 20 mA/cm? hold.84

1.85.1.4 Tantalum Oxide

The most important benefits of a tantalum oxide support is its predicted stability
under highly oxidising electrochemical condition over a wide potential range.'®
In one study, the stability and conductivity of Ir/Ta20s5 was investigated, and it was
observed that the conductivity of Ta20s was improved upon the addition of Ir."®
Additionally, stability testing showed Ir/Ta20s to be highly stable with minimal
dissolution of Ir and Ta (evaluated by ICP-MS). Specifically, no Ta species were
observed in the electrolyte after stability testing, whereas 6.3 ppb of Ir was

detected. Thus, showing the stable nature of Ta20s.

In another study, Iro.1Tao.902.45 nanoparticles of 1 — 6 nm were deposited onto
gold electrode and evaluated for their OER activity and stability.'%? High mass
activities of 1.2 kAo2/gir at an overpotential of 320 mV overpotential were obtained
for Iro.1Taoe0245 of < 2 nm. It was observed that an increase in the particle
diameter > 2 nm led to lower OER activity which was hypothesised to correlate
with the reduced conductivity due to larger particle size or segregation of TaOx.
The stability of Iro.1Tao.902.45 showed an initial decrease in activity during the first
few minutes, then showed stability for the remaining 24 h. The initial decrease in
activity was attributed to the formation of gold oxide acting as an insulator. It was
shown that the morphology of the catalyst did not change during the stability
testing. Thus, highlighting that Ta oxides are potentially stable as supports for
OER.

Ternary mixed oxides such as IrO2-SnO2-Ta205 have also been synthesised as
supports for the OER.'% The addition of a Ta20s5 support to SnO2 was shown to
reduce crystallite size which provided an increase in surface area and

conductivity. The enhanced properties of the IrO2-SnO2-Ta205 catalyst promoted
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an enriched Ir surface leading to high activity at lower loadings of Ir (15 mol%).

However, stability testing was not conducted for this material.

1.8.6 Summary of strategies deployed to reduce the Ir content in

electrocatalysts for the 4e-water oxidation reaction
In summary, there are multiple strategies that have been investigated towards

reducing the Ir content at PEM anodes. Figure 1.7 shows a plot of current density
vs. overpotential and mass activity vs. potential of the state-of-the-art catalysts
discussed within this chapter. The current density plot highlights perovskites,
pyrochlores and core-shells as the best performing catalysts with low
overpotentials of < 350 mV, conversely the mass activity plot shows that the best
performing catalysts are core-shells and supported catalysts with high mass
activities (> 825 A/grr) at less than 350 mV. We highlight the importance of
choosing the right combination of materials to ensure that the physical and
electronic properties of the supported catalyst are appropriate for the OER. While
several of the strategies discussed in this section exhibit relatively good OER
performance (excluding PGM free catalysts), there are still properties that need
to be improved for these materials to be translatable into a commercial PEM-WE.
For example, catalyst stability, cost, and activity. Many of these materials
therefore require fine tuning to obtain an anode that exhibits the desired

properties to obtain a high performing and stable OER catalyst.

In this thesis, we focus on two different strategies towards developing supported
catalysts for the acidic OER. In Chapters 3 - 5, we evaluate the activity and
stability of hollow TiO2 and doped SnO: as catalyst-supports in a three-electrode
configuration and a 5 cm? PEM-WE for the acidic OER.
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Figure 1.7: Summary plots to show the performance of numerous literature state-
of-the-art OER electrocatalysts referenced in section 1.8. A) current density
plotted against overpotential and b) Ir-normalised mass activity plotted against
potential.

1.9 Investigating the Selectivity of 2-Electron Water
Oxidation Reaction

1.9.1 Electrochemical Production of H20>
Hydrogen peroxide is a strong oxidising agent that is widely used in multiple

industries such as textiles, paper and chemical.'®® Currently, H202 is produced
via an energy-intensive anthraquinone oxidation (AO) process. The production of
H20:2 via the AO process has major safety concerns due to the large amounts of
organic solvents used under high pressure producing highly concentrated (> 40
%) H202.1% The transportation and storage of large volumes of highly
concentrated H202 also poses a safety risk, thus motivating the development of

a delocalised H202 production technology.

H202 can be produced via the 2-electron oxygen reduction reaction (ORR,
(equation. 1.14)'% and the 2-electron water oxidation (2e-WOR, (equation. 1.15)
61 Interest in the 2e-WOR has increased due to the promise of utilising water as
a reactant which is not dependant on the solubility of O2 in water potentially
increasing the efficiency.’® It is also an anodic reaction which can therefore be
coupled with the cathodic ORR in a device that produced H20:2 at both the anode
and cathode of a working device. However, the majority of 2e-WOR
electrocatalysts suffer from low selectivity and activity due to the competing 4-
electron water oxidation reaction known as the oxygen evolution reaction (OER,
(equation. 1.16). Indeed, the 2e-WOR is thermodynamically less favourable (1.76
VrHe) than the OER (1.23 VRrHE).

O2 + 2H* + 2e" > H202 (equation. 1.14)
2H20 > H202 + 2H* + 2e° (equation. 1.15)
2H20 - O2 + 4H* + 4e° (equation. 1.16)

Therefore, when attempting to turn over the water oxidation reaction to H202 there
is a high risk of also turning over 4e-WOR leading to less than 100 % Faradaic
efficiency (FE) for the 2e-WOR. Owing to the highly oxidising potential (1.76 VrHE)

required to turn over the 2e-WOR, there are relatively few materials capable of
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turning over this reaction. However, some metal oxides have been investigated

and shown promise for this reaction.

1.9.2 Materials with Selectivity for H202
Thin films of MnOx was one of the earliest metal oxides shown to

electrochemically oxidise water to H202 was reported by Izgorodin et al'®¢. The
MnOx exhibited low overpotential of 150 mV to achieve 1 mA/cm?2. Subsequently,
density functional theory (DFT) has been used to identify alternative materials
with a potential to produce H202.38.197 Specifically TiO2, WOz and SnO:2 have been
shown as candidates for H202, However, the FE of these catalysts was shown to
be <50 % for all of these materials except BiVO4 with 70 %.'®® Therefore, the
majority of studies have investigated approaches to enhance the FE of BiVOa.
For example, doping BiVO4 with gadolinium, which increased the FE to ~ 99.5 %
due to a shift in the OH adsorption energy to a thermodynamically favourable
value.' In another study BiVOs4 was made into a composite with WOz and
showed a FE of 30 %.2% It is of note that the majority of these works have

investigated BiVO4 as a photocatalyst rather than electrocatalyst.

Recent studies have increased the known list of active materials for WOR to H20:2
to include ZnO and CaSnOs. ZnO has shown promise for photochemical
production of H202. The analysis of ZnO as a WOR catalyst has shown a FE of
70 % at 3 Vrue and an onset potential of 1.95 VrHE.??" CaSnO3 has also shown
promise as a WOR catalyst with an onset potential of 1.90 Vrxe and a peak FE
of 76 % at 3.20 VrHe.2%?

As well as the activity of the catalyst, the stability of the material must also be
investigated especially due to the highly oxidising potentials used to form H20:.
Boron-doped diamond has been investigated and been able to achieve stability
for 10 h at 200 mA/cm? and producing ~ 71 % FE.®" Similarly, the stability of
CaSnOs has shown promise with minimal change in activity over 12 h at 2.2 Vrre.
In summary, there remains a need to design alternative catalysts for 2e-WOR

catalysts.

1.9.3 Influence of Electrolyte on H2O- Production
In addition to investigating alternative catalysts for 2e-WOR, other factors such

as the electrolyte are known to also influence the electrocatalysts activity and
selectivity. A study conducted by Fuku et al.,?%® investigated the effect of

electrolytes by utilising BiVO4 coated on fluorine doped tin oxide (FTO) as a
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photoanode in KHCO3 to form H202. The influence of Li2SO4, NaClO4, K2COs,
KHCOs, HsBO3+KOH and phosphate buffer on the production of H202 highlighted
that KHCO3 produced the highest concentration of H202 overall, leading to
highest selectivity of 35 %. Gill et al.,?%* suggested that HCO3" enhances H202
production, rather than stabilise (or prevent the consumption) of H20:.
Specifically, HCO3/HCO4 acts as a redox catalyst for H202 production in KHCOs
electrolyte. Indeed, it is suggested that H202 is not directly produced from the
catalyst but instead as a product of oxidising the electrolyte supporting the
hypothesis laid out by Fuku et al.,?°® The pH of the electrolyte must also be taken
into consideration as studies have suggested that H20: is unstable in high pH (>
12) for long periods of time ( > 1 h).2% In summary, it has been shown that pH
near neutral with high COs content (2M) is the optimum electrolyte for H20:2

production.4’

1.9.4 Quantification Techniques for H202
Due to the competing 2e- and 4e- WOR, it is important to be able to distinguish

whether the recorded electrochemical current is due to the formation of H202 or
O2. Therefore, it is vital that the H202 can be quantified during the electrochemical
experiment. As such, there are a range of methods which have been identified
as reliable quantification techniques for H202, these are split into in-situ and ex-

situ measurements.

1.9.4.1 In-Situ Quantification
In-situ quantification of H202 can be conducted by through rotating ring disk

electrode (RRDE) experiments. Specifically, the disk electrode undergoes
potential sweeping or a potential hold where H20 is oxidised to H202 and Oz (e.g.,
CV, LSV, CA or CP). Conversely, the ring is held at a potential whereby H20: is
oxidised to O2. The current produced at both the ring and the disk electrode are
used to calculate the FE for H202 (equation. 1.17)?% To improve the accuracy of
these results, the collection efficiency of the ring must be calibrated prior to testing
in the chosen electrolyte.?% In-situ methods avoid error due to H202 degradation
during the course of the WOR. Although this method is typically used for 2e-
oxygen reduction reaction (ORR) it can be applied to the 2e-WOR so long as the
disk is made from a material that is stable under the relevant applied potentials.

FE of H202 = 100 % X irinngHzoz (equation. 1.17)

ldisk
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where, i is the current at the respective electrode and N is the collection efficiency.

1.9.4.2 Ex-Situ Measurements
The ex-situ measurements also known as accumulation methods, determine the

concentration of H202 by collecting and analysing aliquots of electrolyte after 2e-
WOR. Three methods have been commonly deployed in the literature: titration,

colorimetry strips and UV-vis spectrophotometry, which are commonly used.

Quantifying H202 via titration involves dropwise addition of titrant to H202
containing solution. The titrant is subsequently oxidised or reduced by H20:2
inducing a colour change in the titrant, indicating that the H202 can no longer
react with the titrant (endpoint). The concentration of H202 can then be calculated
using the endpoint value of the reaction, concentration of titrant and known
stoichiometric ratio between the titrant and H202. KMnQ4,27:2%8 Ce(S04)22%° and
iodine?'® have all been shown as effective titrants for H202 quantification. The
titration method is typically used for high concentrations of H202 and does not
require extensive equipment. One limitation of titration methods is that typically,
low concentrations of analyte can induce signficant errors and uncertainty when
determining the endpoint. However, Izgorodin et al.,'®® was able to combine

titration and UV-vis spectrometry to determine pymoles of H20..

UV-vis spectrometry can be used to quantify the concentration of H202. Although
H202 does not absorb light, when combined with other reagents that absorb light
in the UV range the concentration can be determined.?'"212 Similar to titration,
UV spectrometry relies on a colour change and requires the formation of a
calibration curve of a known H202 to determine the concentration of H202
generated. Utilising the Beer-Lambert law (equation. 1.18) where the absorbance
of a sample at a specified wavelength is proportional to concentration, the
concentration of H202 can be determined via calibration curves.2'® The accuracy
of this method is dependent on the calibration curve produced and the stability of
the colour change can be a source of error. However, if the calibration curve and
the colour is stable, UV-vis exhibit low detection limits (0.3-4 ppm) making this

method a desired method to quantify low concentrations of H202.214

A= €lc (equation. 1.18)
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where, A is absorbance, € is molar absorptivity, ¢ is concentration.

The use of H20: strips is a colorimetry detection technique. The colour change
occurs by a similar principal to titration method whereby redox reactions occur
and leads to colour change over time.% The strip is immersed into solution and
the H202 reacts with the indicator present on the strip. Different concentrations of
H202 will appear as different colours and can be compared against the given
colorimetry card (like pH paper) or electronic strip reader to detect the
concentration. Colorimetry strips can have a low detection limit of 0.5 ppm,
however the error can reach +/- 20 % and are also influenced by interference

species such as organic solvents.*1214

As discussed, each ex-situ method has a different limit of detection for H2O2 and
thus the maximum concentration of H202 must be calculated prior to choosing an

ex-situ quantification method (Table 1.3).

Table 1.3: Comparison of detection limits for ex-situ quantification methods

adapted from ref. 41,

Method Lower Detection Limit (ppm)
Titration 1,000 - 10,000

UV-vis 0.3-4

Colorimetry Strips | 0.5 - 1,000

In addition to the detection limit, the H202 quantification method is influenced by
the choice of electrolyte and pH. Gill et al.,?'* investigated the effects of pH and
electrolyte on the quantification technique and determined that the error for
colorimetry techniques is reduced when the electrolyte is between pH 2 — 12.
Conversely, pH has negligible impact on error for UV-vis and titration methods
across pH 0 — 14. However, large errors were found using the colorimetry method
in the majority of electrolytes. UV-vis showed minimal error (< 5 %) in all

electrolytes.

1.9.5 Summary
The development of materials and electrochemical conditions that promote the

selective 2e-WOR to H202 under highly oxidising potentials is a complex problem
that requires extensive attention. Figure 7.8 highlights the activity and selectivity

of catalysts with selectivity for H2O2. The current density plot shows that BiVO4
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and ZnO catalysts produce high current which correlates with the high faradaic
efficiencies (> 60%). However, BiVO4 performed as a photocatalysts and has yet
to be investigated as a electrocatalyst. Therefore, it is important to investigate the
selectivity of other materials to obtain the best performing electrocatalyst.
Furthermore, careful development of methodologies for the quantification of H202
requires thorough investigation to obtain accurate measurements of H20:2
selectivity. The subsequent ex-situ quantification of the generated H202 is also a
bottleneck at low concentrations of H202 and must be strictly controlled to ensure

accurate detection of the H202 produced.

In this thesis, Chapter 6 focuses on the development metal stannates and
composite Au-CaSnOs as thin films and nanoparticles and the ex-situ

quantification of the electrochemically produced H20:.
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Figure 1.8: Summary of a) current density and b) faradaic efficiency performance
of numerous literature state-of-the-art 2e-WOR electrocatalysts referenced in
section 1.9.

1.10 Research Aims and Objectives
The broad focus of this thesis is to develop cost-effective electrocatalysts that

can withstand the acidic and oxidising environments during the 2e and 4e WORs.
The overall aims of the research is to synthesise cost-effective, active and stable
supported catalysts that can obtain similar performance to the current state of the
art catalyst (IrOx) with low Ir loading (< 75 wt%) for the 4e WORs. Additionally,
this work will aim to develop selective and active catalysts for the electrochemical
production of hydrogen peroxide via the 2e WOR.

The electrochemical performance of the synthesised electrocatalysts will be
evaluated via half-cell and MEA testing for long term activity and stability. The
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electrochemically produced hydrogen peroxide will be quantified using ex-situ
techniques. Physical characterisations of the synthesised electrocatalysts will be
conducted to investigate how the physical properties such as morphology and

structure of the synthesised electrocatalysts influences the electrochemical

activity, stability and selectivity.
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2 Experimental Techniques

A critical part of this research involves the analysis of crystallite size, particle size,
crystal phases, microstructure, morphology, elemental composition, elemental
distribution, and oxidation states prior to (and sometimes post) electrochemical
analysis. The techniques described in this chapter have been utilised to assess
these materials and physical properties as well as the electrochemical

performance of the prepared electrocatalysts.

2.1 Microscopy Techniques

2.1.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is widely used in material characterisation

as it provides highly magnified images of the surface and composition of materials
when combined with energy dispersive x-rays (EDX).?'> The electron beam is
focused and scanned across the surface of the sample. An electron beam
reaches the sample leading to electron-sample interactions which produces a
range of different signals. These signals include backscattered electrons (BSE),
secondary electrons (SE) and characteristic x-rays. BSEs are due to inelastic
interaction between the primary electrons and the sample. The primary electrons
are then scattered inelastically at large angles and re-emerge from the surface,
they provide information on the material composition. SE are emitted from an
outer shell or valence electrons at energies below 50 eV and provide high
resolution topographical images as only electrons within 10 nm depth are
detected. These signals are collected and used to generate high resolution

images of materials.?15216

In this work, the morphology of the synthesised materials were determined with
a Zeiss Supra 40VP SEM fitted with an EDAX 40VP energy dispersive x-ray
analyser.

2.1.2 (Scanning) Transmission Electron Microscopy
(Scanning) transmission electron microscopy ((S)TEM) provides high resolution

images of the internal structural of a material, diffraction patterns and elemental
distribution maps. TEM consists of a wide beam that covers a large sample area
whereas STEM uses a focused beam that scans the sample surface.?'” Both

(S)TEM utilise an electron beam to produce primary and secondary electrons that
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are detected. The high kinetic energy (80 — 300 kV) of the electron beam in
(S)TEM enables electrons to penetrate through materials of <200 nm. However,
lower energy < 100 keV is used for light elements such as carbon to reduce
damage. The thin samples and high kinetic energy allows for high lateral spatial
resolution, limiting the spread of the probe and thus producing high resolution

images.218.219

There are a range of imaging modes in (S)TEM such as, high resolution TEM
(HRTEM) and high angle annular dark field (HAADF). HR-TEM occurs due to the
use of a large aperture which allows for many diffracted beams to pass through.
At high magnification, lattice fringes are visible in crystalline materials due to
Bragg diffracting planes. HAADF imaging is formed by incoherently scattered
electrons passing through the sample at high angles. The contrast of HAADF
images depends on the atomic number of a sample due to the inelastically

scattered electrons at high angles.?16.217

In this work, two different TEM instruments were utilised. Samples were prepared
by dry powder and liquid deposition onto holey carbon coated copper support
grids and analysed using the FEI Talos 200x (conducted by Matthew Smith,
University of Manchester) and the Titan HR-TEM imaging of the catalysts was
performed using an FEI Talos F200X and scanning TEM was acquired using a
probe abberation corrected FEI Titan G2 80-200 ChemiSTEM, with both
microscopes operated at 200 kV. STEM elemental mapping was performed by
EDX spectroscopy using a Super-X quad silicon drift detector (conducted by Dr.

Matthew Lindley) at University of Manchester.

2.1.3 Energy Dispersive X-ray
SEM, TEM and STEM can be combined with energy dispersive X-ray (EDX) to

show elemental composition and distribution of elements in a material.
Specifically, a high energy primary electron ejects an electron from an inner
shell.?'® A second electron subsequently moves from higher to lower energy state
to fill the vacancy and emits an X-ray with specific energy. The X-ray is
subsequently detected, producing a signal that is plotted as a spectrum which

can be used to identify specific elements.?20
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2.2 X-Ray Techniques

2.2.1 X-Ray Diffraction
X-ray diffraction (XRD) is a method used to probe the crystallinity and phase of a

material. It can also provide information such as crystalline size.??

e T
| g 1y

Figure 2.1: Schematic of Braggs Law, where d is the lattice plane spacing, 0 is
half of the diffraction angle, A is the X-ray wavelength. The black circles
correspond to an atom on parallel planes and the red lines show the direction of
the x-ray at a specific wavelength.

When monochromatic in-phase X-rays are incident on a crystalline sample
(Figure 2.1), they can be diffracted (undergo constructive interference) when
conditions satisfy Bragg’s Law (equation. 2.1). Specifically, this is dependent on
the wavelength of the X-ray (A), diffraction angle (6) and the lattice spacing (d) in
a crystalline sample. The sample can subsequently be identified by converting
the diffraction peaks to d-spacings, and using a reference library to match the d-
spacing to the sample pattern.??? Crystallite size can be estimated by applying

the Scherrer equation (equation. 2.2) to diffraction peaks.??!

nAh = 2d sin (equation. 2.1)
p=-24 (equation. 2.2)
B cosB

Where D is crystallite size, K is the Scherrer constant (0.9 for a spherical
crystallite), A is the x-ray wavelength, B is line broadening of diffracted peak at
half the maximum intensity known as full width half max and 6 is the diffraction

angle.

This work utilised a PANalytical X'pert Powder X-ray diffractometer with a Cu Ka

source (A=1.54 A) to identify the crystal structure of the synthesised
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nanopowders. The thin films crystal structure was analysed using Bruker D8
Advance with a Cu Ka radiation (A= 1.54 A). All diffraction peaks were recorded
in the range 26 = 20° — 60° and conducted by Dr. Gary Miller. The XRD peaks
were identified using Inorganic Crystal Structure Database (ICSD) and Scherrer

analysis was performed on highest intensity 26 peaks to identify crystallite sizes.

2.2.2 X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that is

used to determine elemental composition, chemical state and electronic state of
elements in a material. This is achieved with typically MgKa radiation. The
incident X-rays reacts with core electrons resulting in ionised states which emits
photoelectrons once the minimum energy required to emit a photoelectron is
reached.??® These photoelectrons are detected and intensity plotted vs. binding
energy (eV), the peaks are attributed to core-level electrons which preserved their
original energy. Additionally, a high energy secondary electron fills the vacancy
and emits enough energy to eject a tertiary electron from higher shell.?'® The
tertiary electron is known as an Auger electron. The binding energies are
calculated by measuring the kinetic energy of detected photoelectrons (equation.
2.3).2%

Eg =hv — Egin (equation. 2.3)
Where Es is core level binding energy, hv is energy of incident photons and Ekin

is kinetic energy of detected photoelectrons.

In this work, XPS data was collected using a Kratos Axis Supra system with a
monochromated Al ka1 radiation (hv = 1486.6 eV). The survey spectra were
collected with a pass energy of 160 eV and region scans with a pass energy of
40 eV. All spectra were shifted such that the C 1s was at 284.8 eV. The binding
energies were confirmed using NIST database.??® All XPS data was conducted
by Dr. Gary Miller.

2.2.3 X-Ray Fluorescence
X-ray Fluorescence (XRF) is a fast and accurate method to determine elemental

composition of materials. X-rays are applied to a sample from an x-ray source
leading to an irradiated sample. Energy is released in the form of incident photons
with sufficient energy to remove a core electron from an element.??® During
relaxation, the core hole at energy level Eois refilled by an electron from a higher

energy shell with energy Ei. This process releases energy (equation. 2.4) in the
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form of a fluorescent photon (Figure 2.2).22” The energy released from the photon
is measured by a detector and analysed to provide the quantity of each element

present in the sample.

Energy of photon = E; — E, (equation. 2.4)

() Fluorescence

OO

Figure 2.2: Formation of fluorescent x-rays, where the filled in circles correspond

X-Rays

to nucleus (blue), electron (black) and electron vacancy (white).

The elemental composition of the synthesised materials was analysed using a
Rigaku NEX-CG energy-dispersive X-ray fluorescence spectrometer. The
samples were presented as loose powders. Due to the low yield of powder
containing iridium, each powder was mixed with a backing material (Cerox,
Fluxana) and analysed under vacuum (< 0.5Pa). The semi-quantitative results
were calculated using the Rigaku Profile Fitting- Spectra Quant X (RPF-SQX).

2.3 Physical Techniques

2.3.1 Conductivity Measurements
Electrical properties of a material is an important consideration for electrocatalyst

design. Electrical conductivity determines how electrons flow through a material.
Resistivity is a value that describes how strong a material opposes flow of
electrons.??8 It is directly proportional to resistance (equation. 2.5) and therefore
we can determine the resistance of the material by using Ohm’s law
(equation. 2.6), and subsequently calculate the conductivity using (equation.
2.7).229

o = l (equation. 2.5)
p

Where o is the electrical conductivity and p is the resistivity.
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\Y (equation. 2.6)

I (equation. 2.7)

Where o is the electrical conductivity, / is the sample thickness and A is geometric

area.

The main two methods of measuring the resistivity of powders and thin films are
two-point probe and four-point probe methodologies (Figure 2.3). The two-point
probe method is a fast and easy method to determine resistivity in compressed
powders. Typically, powders are placed between two electrodes and
compressed. As the electrical resistance of a material depends on the particle
contact, the powders must be measured under pressure to ensure the presence
of sufficient electrical contact.??® The electrodes are isolated from each other
using polymer based films. Voltage is applied to the electrodes and produces a

current which is used to determine resistance using (equation. 2.6).2%"

A four-point probe measurements reduces the effects of contact resistance
between the electrode and material which increases resistance.?3? It is typically
used for thin materials and assumes that the shape is rectangular.??® The
measurement consists of 4 electrical probes placed equidistance of each
other.?3® A current is applied through first and last probe and a voltage is
measured between probe 2 and 3 producing the resistance calculated using

(equation. 2.8).228.234

Vwh (equation. 2.8)
I
Where, p is resistivity, V is voltage measured, w is width of material, h is height

p=

of material, | is the current and ¢’ is the distance between probe 2 and 3.
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Applied Pressure

Figure 2.3: Schematic of a) 2-point and b) 4-point conductivity measurement,

where V and | are voltage and current, respectively.

The conductivity of synthesised powders in this work was measured in a
homemade 2-point probe setup similar to those previously reported in the
literature.90-229.230 Powder samples were compressed under constant pressure
of 500 psi between two copper electrodes and isolated from each other using
PTFE (Polyfon, thickness of 5 mm). The conductivity cell was connected to
Metrohm, PGSTAT 204 potentiostat and an |-V curve was produced on Nova 2.1
software. The resistance and conductivity was determined using

(equation. 2.6 and(equation. 2.7).

2.3.2 Brunauer-Emmett Teller Surface Area Analysis
Brunauer-Emmett-Teller (BET) is a model that can be used to determine the

surface area of materials from adsorption isotherm data. Adsorption occurs when
a gas (adsorbate) attaches to a solid surface (adsorbent). The gas (e.g. nitrogen)
adsorption is measured at constant temperature as a function of pressure until
saturation pressure is reached to collect adsorption isotherm data.?3%236 Prior to
nitrogen adsorption isotherm measurements, samples are degassed to remove
any adsorbed contaminants from the surface. This typically involves heating the

sample under vacuum.?3> Adsorption can be physical or chemical.

The BET equation is valid in the range of relative pressures between 0.05 — 0.2.
The number of molecules required to form a monolayer (monolayer capacity) is
determined from the BET linear graph (equation. 2.9), from which the surface

area (m?/g) of the material can be calculated (equation. 2.10).

p 1 C—-1/p (equation. 2.9)
V&)= )] Vol Vil )

Po
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P Voo Ny (equation. 2.10)
=

Where, po/p is the relative pressure, V,, is the monolayer capacity, V is volume of
gas adsorbed and C is BET constant, ¢ is the area occupied by a single adsorbate
molecule on the surface (16.2 A2 for N2), Na is the Avagadro’s number, Vo is the
molar volume of the gas at standard temperature and pressure (22.414 cm?) and

m is the mass of the sample.

In this work, nitrogen adsorption isotherm measurements at —196 °C were
conducted by Dr Lubomira Tosheva using a Micromeritics ASAP2020 instrument.
The samples were degassed at 150 °C for 12 h prior to measurements. Surface

areas were calculated using the BET equation.

2.4 Analytical Techniques

2.4.1 Inductively coupled plasma-mass spectrometry
Inductively coupled plasma — mass spectrometry (ICP-MS) is a multielement

analysis technique widely used in the electrochemistry field to detect dissolved
elements in electrolyte.??” ICP-MS uses high temperature plasma to form
positively charged ions. Liquid samples are introduced into the spray chamber
via a nebuliser, which generates an aerosol. The aerosol travels through the
sample injector of the plasma torch and undergoes desolvation, vaporisation,
atomisation and ionisation as it travels through the different heating zones of the
plasma.238 The ion travels through a sampler and skimmer cone to reduce the
heat of the ion before being transported to the ion optics which stops unwanted
particulates from entering the mass analyser. The ions are separated by mass-

to-charge ratio by the mass analysers and measured at the ion detector.?3°

In this work, the elemental dissolution was determined by analysing the
concentration of dissolved elements in electrolytes using an Agilent 7900 ICP-

MS system.

2.4.2 UV-VIS
UV-visible (UV-Vis) spectroscopy is a technique used to measure the light

absorbed by a sample as a function of incident wavelength.2'> A monochromator
is used to disperse the incident light into separate wavelength, which is then
passed through the sample. When the light passes through the sample it can be
absorbed, transmitted or reflected. The ratio of incident light (lo) and transmitted
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light (1) is known as transmittance (T), typically given as a percentage (equation.
2.11). From transmittance, the absorbance can be defined (equation. 2.12). The
absorbance can then be expressed using Beer-Lambert Law to obtain the

concentration of a sample (equation. 2.13)

%Wl = Ii x 100 (equation. 2.11)
A = —logT (equation. 2.12)
A = ecl (equation. 2.13)

In this work, UV-Vis was performed to quantify the production of H202 during

electrochemical measurements using a UV-2600, Shimadzu.

2.5 Electrochemical Techniques
To probe the electrochemical performance of a material, a potentiostat is used to

accurately measure potential, charge and current. For powdered samples, the
evaluation of electrochemical reaction can be carried out by using a rotating disk
electrode (RDE).>*° A typical set-up of the RDE utilises a 3-electrode
configuration (Figure 2.4) consisting of working electrode (WE), counter electrode

(CE) and reference electrode (RE).

Figure 2.4: Schematic of 3-electrode electrochemical cell set-up.

Catalyst inks are composed of catalysts dispersed in solvents to probe the
electrocatalytic activity of materials, for powder samples the ink is deposited onto
an RDE. For thin films, the catalyst is deposited onto a conductive substrate that
is not rotated. Nafion is added to the catalyst ink to act as a binder, improve
catalyst dispersion and uniformity during rotation.?*' The ionomer to catalyst ratio
is optimised to improve electrocatalysis performance.?*?> The catalyst of interest
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is investigated at the WE by drop-casting the catalyst ink onto an inert and
chemically stable and conductive material such as gold or glassy carbon.?43
Platinum or graphite is typically used as the CE, in this work a graphite rod is
used as CE. The RE by definition has a fixed reversible potential that remains
unchanged during the electrochemical experimental, which enables for accurate
determination of the potential at the WE.>** The measured potentials vs.
reference during electrochemical testing are converted to the reversible hydrogen

electrode (RHE) according to Nernst equation (equation. 2.14).

ERHE = EWE + EREF + 0.059 pH (equation. 214)

Where Er+E is potential vs. RHE, Ewe is the measured potential of the WE against

specified reference and Erer is the standard potential of the reference electrode.

Electrochemical reactions occur in an electrolyte which provides a path for ions
to flow between the electrodes (WE and CE) to balance the charge.?*® The
concentration of the electrolyte influences the resistivity of the cell (ability for the
current to flow between electrodes) in a 3-electrode configuration. Therefore, the
concentration of the electrolyte must be carefully selected to provide sufficient
ionic conductivity to the cell.?*¢ The RDE allows for a constant flux of bulk
electrolyte to be present at the electrode. In this work, 0.05M H2S0O4, 0.1M HCIO4
and 2M KHCOs are used as electrolytes. Sulfonate groups are similar to the
Nafion membrane in PEM-WEs however, they are known to poison the surface
of some Ir-based catalysts during half-cell reactions due to the strong adsorption
of SO+ ions to catalyst surface.?4”-248 Hence, the use of HCIO4 due to its’ weak
adsorption on the catalyst surface. However, HCIO4 is a stronger acid than H2SO4
and as such chapters 4 and 5 utilised H2SO4 due to weak catalyst stability. The
use of different electrolyte can lead to altered performance due to changes in the
adsorption energy leading to lower adsorption energies as seen for HCIO4 and
thus higher OER activity.?*® A variety of electrochemical characterisation
techniques can be performed using this electrochemical set-up which are

discussed further in this section.

2.5.1 Voltammetry
Voltammetry is the evaluation of the current passed through an electrode as a

function of the potential difference applied to the WE. This can be studied through
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techniques such as linear sweep (LSV) and cyclic voltammetry (CV).23¢ Both LSV
and CV are considered potential sweep techniques as the current is measured
while the potential applied is changed over time.?*¢ For OER, potentials are
typically swept from starting potential of 1.2 Vrue (Ei) to final potential of 1.8 VrHe
(Ef) at a defined scan rate. In LSV, the potential is swept from Ei to Er. For CV,
the potential is reversed back to Ei once it reaches Ef (Ei to Ef to Ei). Multiple
cycles (CVs) and LSVs can be conducted to observe the change in current as a

function of potential.

When conducting CVs in an unstirred solution without a catalyst on the electrode,
diffusion-controlled electron transfer is observed and a “duck-shaped”
voltammogram is formed (Figure 2.5).24¢ When undertaking a sweep in the
positive direction (1.2 VruEe to 2 VrHE), the electrolyte is oxidised at the electrode
surface, producing an oxidation peak. However, a reverse sweep (2 Vrue to 1.2
VrHE) leads to a reduction of the electrolyte and hence a reductive peak is
displayed.?*> Conversely, a CV conducted in a stirred electrolyte such as using
RDE, results in a decrease of the reduction peak due to increased mass

transport.

Oxidation

Current

Reduction

Potential (V vs. RHE)

Figure 2.5: Cyclic voltammogram in an unstirred environment (diffusion-
controlled) with an arrow indicating the potential sweep direction adapted from
ref. 2%,
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To compare the electrochemical performance between catalysts in this work, the
currents (1) were normalised to either the geometric surface area or catalyst (or
precious metal) mass loading. The geometric activity normalises the current
produced during voltammetry by the surface area of the working electrode to
obtain current density (la, mA/cm?) as shown in (equation. 2.15). When the
catalytic current is normalised to the mass of catalyst (or Ir), we obtain mass
activities (Im, A/grr). By normalising to the geometric surface area of the working
electrode (0.196 cm? for a 5 mm diameter RDE) and the mass of Ir (determined
by XRF or SEM), the Ir-mass activity can be calculated as shown in (equation.
2.16).

I; = 1 + surface area of WE (equation. 2.15)
L I; X surface area of WE (equation. 2.16)
mo mass of Ir

2.5.2 Chronoamperometry and Chronopotentiometry
Chronoamperometry (CA) and chronopotentiometry (CP) are electrochemical

techniques that can be used to evaluate the stability of a material over time in
electrocatalysis.?' Prior to running CA and CP, a CV/LSV is typically generated
to select the current/potential to analyse the stability of the electrocatalyst. During
CA, a constant potential is applied to the WE and a current is measured as a
function of time.252 On the other hand, during CP a constant current is maintained
at the WE and the potential is measured as a function of time.?®' Using these
techniques we can evaluate the stability of the material by observing the rate at

which the current (or potential) maintains the set potential (or current) over time.

2.5.3 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) investigates the material

properties that influences mass-transfer, charge-transfer and diffusion processes
in an electrochemical system.2%0:253 E|S uses alternating current (AC) to generate
an electrochemical reaction on the working electrode. A small amplitude
sinusoidal AC voltage is applied to the working electrode and the impedance is
measured as a function of frequency.?°° An impedance spectrum is generated
when sweeping frequencies from mHz to MHz producing two types of plots
(Figure 2.6). Nyquist plot is represented by plotting imaginary complex, Z” over

the real complex Z at different frequencies. At high frequencies the intercept at
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the x-axis provides the electrolyte resistance and at low frequencies the x-axis
intercept provides the charge-transfer, electrolyte and resistance from other
aspects of the electrochemical system.?%* In order to deconvolute the contribution
from each component of the system, one has to fit the data to an equivalent
circuit. This can be an extremely complex exercise in a multi-phase, multi-
interface system such as a water electrolyser generating oxygen and hydrogen

gases.

Similar information is also found using Bode plot, which is represented by
absolute impedance vs. log frequency or phase shift ¢ versus the logarithmic
frequency, it is typically used to investigate the capacitance in a system.252 Both
Nyquist and Bode plot provides the same information however Bode plot depicts

the frequency unlike the Nyquist plot.2%

"“ 1 t
Z
A 1ZI| g
’
f f ‘ Log Frequency
High Frequency Low Frequency
Ohmic Resistance Charge-Transfer Resistance

Figure 2.6: Representation of EIS spectrums a) Nyquist b) Bode plot

Using Nyquist plot, we can correct the voltage loss caused by ohmic resistance
to obtain voltage associated with electrochemical activities of the working

electrode (equation. 2.17).2%

I _ (equation. 2.17)
Eir = Erup — (1000) xIR

Where Eiris the iR corrected potential, ErE is the measured potential vs. RHE,
| is the current in mA and iR is the ohmic resistance in ohm determined from

Nyqiust plot.

In this work, half-cell electrochemical measurements were conducted with a

rotating disk electrode (RDE, Pine Research) and VSP-3e potentiostat from
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BioLogic Science Instruments. All measured potentials in this work are converted
to RHE potential. The catalyst coated membrane was implemented into a single
cell electrolyser. The testing was conducted with the VSP-3e potentiostat and a
20 A booster (VMP3B-20, BioLogic Science Instruments).

2.5.4 Tafel Analysis
During electrochemical reactions, current is measured as a function of applied

potential. Many electrochemical reactions involve multiple mechanistic steps and
inevitably, one of these steps is rate limiting. To evaluate the relationship between
the activity and the reaction mechanism, the current of a redox reaction at a
specific overpotential is analysed.?*® The current produced is determined in a
non-Faradaic region where there are no mass transfer limitations and is known
as Tafel analysis. Tafel analysis provides insight into the electrode kinetics and
reaction mechanism. By determining the exchange current density, transfer
coefficient, Tafel constant and Tafel slope we can relate activity to kinetics of the
reaction. The Tafel slope is the main information that is used when doing Tafel
analysis.?®® Tafel slope aids to determine the rate determining step of a
mechanism and the kinetics of the reaction.?%” From the Butler-Volmer equation

(equation. 2.18), we can derive the Tafel equation (equation. 2.19).

o nF nF (equation. 2.18)
J=Jo {exp( a(RT)rl exp (1 a(RT)rl}

—Eln' —Elo ) (equation. 2.19)
n_aF Jo oF gl

Where j is the current, jo is the exchange current density, a is the transfer

coefficient, n is the number of electrons transferred, n is the overpotential, F, R

and T are Faraday’s constant, gas constant and temperature, respectively.

The Tafel equation can be simplified to (equation. 2.20) at high overpotentials (>
100 mV), where a relates to the first term in (equation. 2.19) and b relates to the
second term in (equation. 2.19) also known as the Tafel slope. Therefore, by
plotting the overpotential v. log j, we can determine the Tafel slope from the

gradient of the line.2%8

n=a+blogj (equation. 2.20)
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2.5.5 Activity-Stability Metrics
Recent work has focused on investigating the relationship between activity and

stability of Ir-based catalysts for the OER. 4667 The two metrics used to correlate
this relationship is the activity-stability factor (ASF) and the stability number (S-
number). ASF is defined as the ratio between rate of oxygen production at a
specified overpotential and the rate of metal dissolution of the material during
OER (equation. 2.21). The materials that are best for OER will produce high
amount of oxygen with minimal dissolution of the metal to produce a high ASF

value.%®

ASF = =3 (equation. 2.21)
S

Where, j is current density and S is the rate of dissolution.

Conversely S-number relates the ratio of moles of oxygen evolved against moles
of metal dissolved in the electrolyte solution. It is independent of active sites,
surface area and catalyst loading and thus can be used as a metric to compare
the stability of a range of catalysts. The higher the S-number the more stable the
material.*® The S-number can also be used to determine the lifetime of a catalyst

(equation. 2.22).

_SXzXFXm (equation. 2.22)
 jxM

Where, S is the stability number, z is the number of electrons per evolved Oz, F
is Faraday’s constant, m is mass of metal, j is the applied current density and M

is the molar mass of the metal.

2.5.6 Accelerated Stress Tests
In proton exchange membrane water electrolysers (PEM-WEs), the catalyst is

deployed within the membrane electrode assembly (MEA) which consists of the
catalyst layer, gas diffusion layer and porous transport layer. Each of these
components must withstand long-term operation to be viable as an energy
storage technology.

Accelerated stress tests (ASTs) are conducted to understand the lifetime of single

cell electrolyser. The principle of ASTs is to apply stressors and observe the

performance loss over time to determine the durability of the cell or a desired

component. There are multiple AST methods (i.e. triangle wave, square wave,

sawtooth and hold) that are used to determine the stability of a catalyst.259.260
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ASTs involve either potential/current cycling, hold or a combination of
cycling/holding. These tests focus on understanding the degradation of catalysts

and components under dynamic operating conditions.26

2.5.7 Polarisation Curves
PEM-WEs are electrochemically characterised by measuring a polarisation

curve. Polarisation curve consists of a plot of cell voltage against current density
(Figure 2.7). A polarisation curve has three regions, activation, ohmic and
concentration.?%2 The activation region is attributed to the rate of reaction at the
electrode surface. The second region represents the ohmic losses and is
influenced by the resistance of the cell. The concentration region is influenced by
the transfer of reactants to the electrode surface and is therefore limited by mass-
transport. Each of these regions is affected by the cells’ operating conditions (eg,.
membrane thickness, temperature etc.). A high performing electrolyser will

exhibit low voltage at high current densities.?%3

2.2
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Figure 2.7: Graphical representation of a polarisation curve for PEM-WE
highlighting three regions: 1) activation, 2) ohmic and 3) concentration region.
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3 Hollow AuPd modified TiO2 supports to achieve
low Ir loading in water electrolyser anodes

The following chapter is a submitted manuscript written in collaboration with
Matthew Lindley, Umesh S. Jonnalagadda, Annie Mae Goncalves Bullock,
Qianwenhao Fan, Wen Liu, Sarah J. Haigh, James Kwan, Yagya N. Regmi and

Laurie A. King.

3.1 Introduction
There have been many efforts focused on reducing Ir loading without

compromising electrochemical activity and stability as shown in chapter 1.8. In
this study, we investigate a new catalyst-support morphology, deploying a hollow
TiO2 support coated with alloyed AuPd nanoparticles (AuPd-TiO2). We evaluate
the effects of AuPd nanoparticles loading (1 wt% and 5 wt%), Ir loading (25 wt%
and 50 wt%) and annealing environment (reducing and oxidised) to decipher how
these factors correlate with catalyst conductivity and OER activity. The
electrochemical performance is assessed in both RDE half-cell setup and in a
membrane electrode assembly (MEA) enabling comparisons between these two

distinct electrochemical testing configurations.

3.2 Experimental Section

3.2.1 Synthesis of hollow TiO2 and AuPd-TiO2
The synthesis of hollow TiO2 and AuPd-TiO2 nanostructures has been previously

reported elsewhere.?®* In brief, the TiO2 nanostructured supports were
synthesised by a sol-gel templating method, whereby polystyrene beads were
coated with TiOH gel and calcined at 500 °C. The TiO2 supports were
subsequently decorated with AuPd alloy nanoparticles (Au/Pd w/w = 5:1). To
integrate AuPd alloy nanoparticles, Au nanoparticles were initially synthesised by
reducing HAuCI4-3H202%° followed by alloying with Pd via a modified seed-
mediated process.?®® The AuPd nanoparticles were then added dropwise to a
dispersion of the previously synthesised TiO2 while stirring at room temperature.
After 2 hours, the powder was recovered by centrifugation and dried at 70 °C
overnight. Two different nanoparticle loadings were prepared, which we label
“WH1” and “WH5”. The AuPd loading was determined for each sample via ICP-
OES with WH1 the lower loading of 1.17wt% Au and 0.26 wt% Pd and WH5
having the higher loading of 5.54 wt% Au and 1.08 wt% Pd.
67



3.2.2 Synthesis of Ir-WH1 and Ir-WH5
The deposition of iridium (Ir) onto the nanostructured TiO2 and AuPd-TiO2

supports (WH1 and WH5) was performed by a process adapted from a previously
published incipient wetness impregnation synthesis.’#? In brief, 134 mg of
dihydrogen hexachloroiridate (IV) hydrate (H2IrCls.6H20, 40% Ir, Acros Organics)
was mixed with 20 pL deionised H20 (18.2 MQ, Milli-Q) and 40 pL acetic acid
(99.7%, Fisher Scientific). Separately, each support (hollow TiO2, WH1 and
WH5) was dispersed in 20 mL of ethanol to obtain a homogenous solution. The
mass of the support was varied to enable control of Ir loading (25 wt% and 50
wt%). The prepared Ir and support dispersion were subsequently combined, bath

sonicated for 10 mins, then stirred at 80 — 100 °C until dry.

Each dried supported catalyst powder was collected and finely ground using a
pestle and mortar. Each powder was placed into a tube furnace, ramped to 500
°C at 10 °C/min and held for 2 hours at temperature under a reducing atmosphere
(5 % Hz2 and 95% N2) at 50 sccm. The furnace was then allowed to cool to room
temperature and a controlled passivation was conducted by flowing O2 (50 sccm)
for 20 secs. The resulting powders were then finely ground again. Each of the 50
wt% Ir supported catalysts were split into two batches and one half was
subsequently annealed further in a box furnace (500 °C at 10 °C/min under
atmospheric conditions for 30 minutes), cooled to room temperature and ground
again using a pestle and mortar. The other half of these samples, which had only

been annealed under a reducing atmosphere were tested as prepared.

3.2.3 Physical Characterisation
The crystal structure of the catalyst-supports was examined by XRD using

PANalytical X’pert powder X-ray diffractometer with a Cu Ka source (A=1.5406
A). Diffraction peaks were recorded in the range 26 = 20° — 60° with a step size
of 0.013°, a measurement time of 89 seconds per step and a sample rotation rate
of 60 rpom. The reference patterns were identified using the Inorganic Crystal
Structure Database (ICSD) and Scherrer analysis was performed on the 26 peaks
at 25.0° and 40.8° for Ir and Ti, respectively. XPS was performed using a Kratos
Axis Supra system with a monochromated Al Ka1 radiation (hv = 1486.6 eV). The
survey spectra are collected with a pass energy of 160 eV and region scans with
a pass energy of 40 eV. All spectra were energy shifted to align to the C 1s peak

at 284.8 eV. The morphologies of the supports were determined on a Zeiss Supra
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40VP scanning electron microscopy (SEM) with EDAX 40VP energy dispersive
X-ray (EDX) analyser. High resolution transmission electron microscopy
(HRTEM) imaging of the catalysts was performed using an FEI Talos F200X and
scanning TEM (STEM) was acquired using a probe 69 aberration corrected FEI
Titan G2 80-200 ChemiSTEM, with both microscopes operated at 200 kV.
Particle sizes were determined using high-angle annular dark field (HAADF)
STEM imaging, collected using 110 pA beam current, 21 mrad convergence
angle, and a 48 mrad HAADF inner collection angle. STEM elemental mapping
was performed by EDX spectroscopy using a Super-X quad silicon drift detector
with a total collection angle of 0.7 sr. TEM samples were prepared by dry powder
deposition onto holey carbon support fiims on 400 mesh Cu grids (Agar
Scientific). The statistical analysis of Au and Ti particle sizes were determined
using GraphPad Prism version 9.5.1 for Windows (GraphPad Software, San
Diego, California USA). The statistical normally distributed data were compared
with an unpaired t-test and non-normally distributed data were compared with
Mann-Whitney U tests. The categorical frequency data were compared using the
chi-squared test with post hoc Fisher’'s exact testing and results were deemed
significant if p < 0.05. The elemental dissolution of the catalyst-supports was
determined by analysing aliquots of electrolyte taken post electrochemical testing
using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900).
The metal loading of the supports was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, Agilent 5800), where 10 mg of AuPd-
TiO2was digested in 10 mL of aqua regia, filtered and diluted to 50 mL.

3.2.4 Conductivity Measurements
The conductivities of the catalyst powders were measured in a 2-electrode

conductivity cell developed in house, analogous to those previously reported in
the literature.’90-229.230 |n prief, two copper electrodes were wrapped in a hole
punched PTFE (Polyfon, thickness of 5 mm) to isolate the two electrodes. The
PTFE hole acted as a sample holder for powder samples. The powder samples
were then compressed between the electrodes under constant pressure at 500
psi. The conductivity cell was connected to a potentiostat (Metrohm, PGSTAT
204) to generate |-V curves using linear sweep voltammetry (LSV) from -0.4 to
0.4 V, to determine the electrical resistance. The electrical conductivity was

calculated using (equation. 3.1),22° where o is the electrical conductivity, / is the
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thickness of the PTFE (and the powder), A is the geometric area of the copper

electrode and R is the electrical resistance.

| (equation. 3.1)

3.2.5 Half-Cell Electrochemical Characterisation
Half-cell electrochemical measurements were conducted on a RDE (Pine

Research) and VSP-3e potentiostat from BiolLogic Science Instruments in a
three-electrode configuration. A 0.1 M HCIO4 electrolyte (pH 1.1), a gold disk
working electrode (0.196 cm?), graphite rod counter electrode and Hg/HgSO4
reference electrode (OrigaSens, Alvatek) were used throughout. The synthesised
supported catalysts were compared against commercial iridium (IV) oxide (IrOz2,
Premion 99.99%, Alfa Aesar). All potentials were adjusted to the reversible

hydrogen electrode (RHE) as detailed in Section 2.5.

Catalysts were deposited onto the gold disk working electrode using a previously
reported modified method.'6%267 The catalyst inks were prepared by dispersing 2
mg of catalyst powder in 120 pL deionised water (18.2 MQ, Milli-Q), 360 uL 1-
propanol (NPA, 99%, Fisher Scientific) and 20 uL Nafion™ (5 wt%, Alfa Aesar).
Inks were bath sonicated (FB15048, Fisherbrand) for 30 min prior to
electrochemical testing followed by immediately drop casting onto the RDE Au
disk at 200 rpm. The disk was subsequently rotated at 700 rpm for at least 30
minutes until dry. The theoretical Ir loading of each catalyst was 25.5 pgir/cm?.
Each synthesised catalyst ink was deposited and tested 3 times. Between each
deposition, the electrode was polished with 0.05 um alumina slurry, rinsed and

sonicated for 30 seconds in deionised water.

Prior to electrochemical OER testing, potentiostatic electrochemical impedance
spectroscopy (PEIS) measurements with 85 % correction were conducted at 1.1
VrHE (100 mHz to 200 kHz) and used to iR correct the reported potentials. The
catalyst deposited working electrode was conditioned using cyclic voltammetry
(CV) between 0.025 — 1.0 VruEe for 50 cycles at 200 mV/s. The OER activity was
subsequently assessed at 2500 rpm using CV by sweeping the potential between
1.0 — 1.8 Vrue at 10 mV/s for 10 cycles. We used the performance of 10" CV

cycle for analysis unless otherwise stated. To examine the stability in an RDE
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configuration, a CV was measured from 1.0 — 1.8 Vrue for 30 cycles at 10 mV/s
and 2500 rpm.

3.2.6 Membrane Electrode Assembly
Catalyst inks were prepared following a method described elsewhere.?58 Briefly,

commercial 50 wt% Pt/C, deionised water, NPA and Nafion™ were mixed and
bath sonicated for 30 minutes. The supported catalyst ink for the anode was
mixed with deionised water, NPA and Nafion™ and horn sonicated (505,
Fisherbrand) for 30 minutes. The vial was covered with parafilm and housed in

an ice bath throughout sonication.

The catalyst coated membranes (CCMs) were prepared by drop casting the
catalyst inks onto PTFE films on a vacuum hot plate at 53 °C and left to dry. Decal
transfer was achieved by sandwiching the Nafion membrane (N212, Chemours)
between the catalyst deposited PTFE films using a hot press under 1 metric ton
pressure at 130 °C for 3 minutes.?®® The catalyst loading is determined via
gravimetric measurements of the PTFE before and after the decal transfer. The
anode catalyst loading ranged between 1.58 — 1.62 mgcat/cm? and cathode

catalyst loading was 0.7 — 0.84 mgcat/cm?.

The CCMs were integrated into a single cell electrolyser with Pt-plated single
serpentine 5 cm? titanium flow field on the anode, single serpentine 5 cm?
graphite flow field on the cathode, water feed at 120 mL/min on the anode and
N2 (100% RH) at 50 sccm at the cathode. Platinised sintered titanium porous
transport layers (PTLs) from Mott corporation USA were used on the anode and
carbon cloth gas diffusion layers (GDLs) with mesoporous layer (MPL) from
FuelCellStore on the cathode. The cell was equilibrated at 60 °C for an hour prior
to collecting polarisation curves using a BioLogic potentiostat (VSP-3e) with a 20
A booster (VMP3B-20). PEM-EL polarisation curves were generated via
chronoamperometry (CA) steps collected for 3 minutes at increments of 0.05 V
from 1.2 — 2.0 V. For each voltage step, the average current density of the last
30 s was used for the polarisation curve. For the saw-tooth voltage cycling
accelerated stress tests (ASTs), 10k CVs were collected at 50 mV/s between
1.20 and 2.00 V. Polarisation curves were collected after each 1k cycles to
assess performance degradation due to AST CVs. The concentration of

dissolved Ir from the supported catalysts post-AST were evaluated by conducting
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inductively coupled plasma mass spectrometry (ICP-MS) on a 5 mL aliquot of the

anode water outlet at the end of the ASTs.

3.3 Results and Discussions

3.3.1 Electrochemical Half-Cell Performance
In this study, nanostructured hollow TiO2 catalyst supports were utilised as

catalyst supports. The prepared nanostructures consisted of Ir deposited by wet
impregnation using chloroiridic acid as the Ir precursor. The AuPd-TiO2 supports
(WH1 and WH5) and TiOz2 supports (without AuPd) were subsequently added to
the Ir solution to form the supported catalysts. The catalyst powders were
subjected to either: (1) a thermal reduction (5% H2/95% N2) (TiO2-Hz2, WH1-H2
and WH5-H2) or (2) a thermal reduction (5% H2/95% N2) followed by annealing in
air (TiO2-Air, WH1-Air and WH5-AIr). For each catalyst prepared, two different Ir
loadings (25 wt% and 50 wt%) were prepared. The samples are labelled as
follows, “Ir wt%-catalyst support-annealing environment” as summarised in Table

3.1 alongside key synthetic details.
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Table 3.1: Summary of supported catalysts prepared including sample names

and brief synthetic details.

Ir Annealing Annealing
Sample Name Support _
wt% Environment Programme
: open
50-TiO,- H, 50 nanoshell TiO, 5% H,/ 95% N2
1.1% Au/ 5% H,/95% N2
SO-WH1-H, | 50 | 3% Pd-Tio, ?
500 °C, 2
5.5% Au/ 5% H,/95% N2 ’
SO-WHS-H, | 50 | 4 29 Pd-TiO i hours, 10
2 °C/min
1.1% Au/ 5% H,/95% N2
25WHI-H, |25 1 .39 Pd-TiO, i
5.5% Au/ 5% H,/95% N2
2oWHS-H, |25 1 4 29 Pa-TiO, i
5% H,/ 95% N2
50-TiO,- Air 50 Tio,
Air 500 °C, 2
hours, 10
°C /min
1.1% Au/ 5% H,/95% N2
50-WH1- Air 50 0.3% Pd- TiO
2 Air
500 °C, 0.5
hours, 10
| 5.5% Au/ 5% H,/95% N °C /min
50-WH5- Air 50 1.2% Pd- TiO
' 2 Air

The activity of the prepared catalyst-supports were initially assessed using a

three-electrode RDE in acidic electrolyte (0.1 M HCIOa). Firstly, the supported

catalysts were conditioned by cycling between 0.025 — 1.0 Vrue at 200 mV/s for

50 cycles and subsequently by performing 10 CVs between 1.0 — 1.8 VrHe at 10

mV/s (Figure 3.1). For the thermally reduced supported catalysts with 25 and 50

wt% Ir, we observed an increase in activity during the first 10 CVs, irrespective of
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the AuPd loading (Figure 3.1a). It is interesting to highlight that the thermally
oxidised supported catalyst 50-WHS-air showed minimal changes in activity
during the first 10 CVs (Figure 3.1b). Conversely, thermally oxidised supported
catalysts 50-WH1-air and 50-TiO2-air showed a deactivation of catalyst activity
after 10 CV cycles. Similar dynamic behaviour of activation as a function of CV
cycling has been observed in previously reported Ir-based OER catalysts, and
has been attributed to the electrochemical growth of a hydrous Ir which can form

during potential cycling.270.174

When catalysts are compared on a geometric current density basis, it is clear that
the supported catalysts containing AuPd nanoparticles (WH1 and WH5) exhibited
vastly superior OER performance over bare TiO2 (Figure 3.1c). In addition to the
presence of AuPd, thermal annealing conditions and iridium loading also had
significant impacts on OER activities. Specifically, the average geometric current
density at 1.65 Vrue for 50 wt% Ir loaded supported catalysts annealed in Hz is
21.22 mA/cm?. When the same material is subsequently annealed in air, the
current density is reduced to 0.47 mA/cm? (Figure 3.1c). This is in agreement with
previous literature whereby the annealing environment (air) led to decreased
activities.’™ Two distinct Ir loadings were synthesised and annealed under a
reducing environment: 25 wt% and 50 wt% for both WH1 and WH5 supports. The
average geometric area normalised current densities at 1.65 Vrue for 25 wt% Ir

are 1.35 mA/cm? and 21.22 mA/cm? for 50 wt% Ir, respectively (Figure 3.1c).
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Figure 3.1: Comparison of cycle 1 and cycle 10 for supported catalysts a)
thermally reduced, b) thermally oxidised, c) geometric area normalised OER
activities of supported Ir catalysts and d) OER activities normalised to the mass
of Ir. All experiments were conducted at least in triplicates to generate error bars.
The electrolyte was 0.1 M HCIO4 electrolyte. Activities are reported for the 10t
CV cycle with a theoretical Ir loading of 25.5 ugir/cm? and compared against
unsupported commercial rutile IrO2 sample.

To assess Ir utilisation, mass activities (A/gir) were calculated (Figure 3.1d) using
the theoretical Ir loading. Overall, catalysts with 50 wt% Ir have much higher mass
activities than 25 wt%. For example, 50-WH5-H2 has a mass activity of 936 A/gir
compared to 25-WH5-H2 with 49 A/gir at 1.65 VrHE. TO evaluate the role of AuPd
loading as a conductive additive to the support structure, two different AuPd
loadings 1.1 Au: 0.3 Pd and 5.5 Au:1.2 Pd (WH1 and WHS, respectively) with 50
wt% Ir were compared at 1.65 Vrye. We observed that 50-WH5-H2 achieved a
higher mass activity (936 A/grr) than 50-WH1-H2 (728 A/gir). By comparing these
mass activities to 50-TiO2-Hz2 (72 A/gir at 1.65 VrrE) we highlight that the AuPd
significantly enhanced the electrochemical performance of our catalysts. When
the prepared supported catalysts are benchmarked against unsupported

commercial IrO2, we observed higher mass activities for 50-WH1-Hz2 and 50-
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WH5-H2 compared to commercial IrO2 (Figure 3.1d). Furthermore, our highest
performing OER catalysts demonstrated comparable mass activities to previously
reported Ir-based catalysts prepared on TiO2-based supports when assessed in
an RDE (Figure 3.2a,b). The raw data values for Figure 3.2 are shown in the

appendix (Figure A.1).
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Figure 3.2: Comparison of various literature Ir catalysts supported on or
integrated into titanium containing metal oxide supports where a) geometric
activity142,148,166,169,271—279 and b) mass aCtiVity142,148,166,169,271,272,274—280 forthe OER
in acidic electrolyte. The circular symbols indicate Ir-TiO2 catalysts only, whereas
the square symbols represent Ir-Modified TiO2 (e.g. the addition of either metal
or non-metal elements to the TiO2 support). The different colours detail the Ir wt%.

To assess the kinetics of the synthesised catalyst-support, Tafel analysis was
performed (Figure 3.3). For each of the catalysts prepared, two distinct Tafel
regions were observed corresponding to two distinct regions of the CV: low (<
300 mV) and high overpotentials (> 300 mV). This has previously been attributed
to the presence of different active sites, or changes to the catalyst surface
(reorganisation) at different applied potentials.2%6:69 The Tafel slopes can also
differ due to the OER mechanism that is being undertaken. The LOEM
mechanism can lead to higher Tafel slopes due to the reorganisation of the lattice
and multi-electron transfer processes with Tafel slopes exceeding 100
mV/decade.?8! Conversely, the AEM results in lower Tafel slopes (< 120
mV/decade) depending on the surface reaction and rate determining steps (eg.
OH to OOH formation). Based on this information, it is probable that the
synthesised supported catalysts are undergoing AEM mechanism due to the low

Tafel slopes at high overpotentials.
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Figure 3.3: Tafel plots for the supported Ir catalysts with the calculated Tafel
slopes.

3.3.2 Conductivity Measurements

To probe the role of conductivity on electrochemical OER activity, conductivity
measurements of the synthesised supports and supported catalysts were
conducted using an in-house developed cell (Figure 3.4). It is important to note
that owing to the nature of the conductivity setup, these values are not absolute,
but rather a method to enable in-house comparisons. All hollow TiO2 supports
were found to have low conductivities irrespective of the AuPd loading or thermal
annealing conditions (108 — 10° S/cm). Interestingly, when Ir is deposited onto
the catalyst-supports in combination with AuPd, a higher conductivity is observed
for both Ir loadings (25 wt% and 50 wt%) and under both thermal treatments
(reducing or oxidised) when compared to sibling samples prepared identically,
but without AuPd. We also observe significantly higher conductivity (102 — 10)
for thermally reduced samples compared to the thermally oxidised supported
catalysts (10— 10-° S/cm). Finally, when all other synthetic parameters remain
constant, the catalysts with Ir deposited on WH5 have higher conductivities (102
— 107 S/cm) compared to those supported on WH1 (103 — 108 S/cm).

When analysing the OER performance (Figure 3.1c,d), it is noticeable that the
two most conductive supported catalyst are indeed the two most active catalysts,

suggesting that conductivity is a critical parameter for designing active OER
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catalysts. However, while the 50-WH1-air and 50-WH5-air samples have
significantly higher conductivities compared to 25-WH1-H2 and 25-WH5-Hz, their
OER performance is rather similar. Thus, while reasonably high catalyst
conductivity is essential for OER activity, such ex-situ powder conductivity
measurements are not the sole predictor for OER activity trends in these

supported catalysts.
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Figure 3.4: Conductivity of the various supports and catalyst-support motifs.
Conductivities were measured with an in-house developed conductivity cell and
are reported as averages of triplicate measurements.

3.3.3 Catalyst-Support Materials Characterisation

The presence of spherical TiO2 motifs, and AuPd alloy nanoparticles non-
uniformly distributed across TiOz for the as synthesised AuPd-TiO2 supports
(WH1 and WH5) was analysed via HAADF-STEM coupled with EDX (Figure 3.5).
Analysis of lattice fringes visible in high resolution transmission electron
microscopy (HRTEM) images of the AuPd nanoparticles on the WH1 support
(Figure 3.5e), indicates a d-spacing of 0.24 nm, which can be attributed to the

{111} lattice spacings of face centred cubic (FCC) AuPd alloy.??
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Figure 3.5: Morphology of WH1 (top row) and WH5 (bottom row) as synthesised
(no annealing). a) HAADF STEM image, b-d) STEM-EDX elemental maps and e)
High resolution TEM image and f) summed EDS spectra for the region shown for
WH1. g) HAADF STEM image, h-j) STEM-EDX elemental maps and k) summed
STEM EDX spectra for the region shown for WH5. Yellow box in (e) highlights
the lattice fringe analysis region.

The average AuPd particle diameter in WH1 and WH5 is ~8 nm prior to Ir
deposition (Figure 3.5). The Kolmogorov Smirnov tests of normality?8® indicated
that the size of AuPd particles in WH1 (as prepared) were not normally distributed
whereas particles in WH5 showed normal distribution (Figure 3.6a). Additional
statistical analysis (chi-squared test) was used to identify the frequency of the
particle sizes. By grouping the AuPd particles by size (<5, 25-<9, 29-<13, 13+),
we observed a significant discrepancy (when p < 0.05) in the particle sizes
distributions between WH1 and WH5 (p = 0.01). Therefore, post hoc Fisher’s
exact tests were conducted and identified that WH1 contained a significantly
higher proportion of 25-<9 nm particles compared to WH5 which had a higher
proportion of <5 nm particles (p = 0.025). The TiO2 hollow sphere particle sizes
were measured from SEM (~270 nm in diameter) and show comparable average
diameters of 270 nm in WH1 and 275 nm in WH5 (Figure 3.6b). Chi-squared
analysis on TiOz particle size proportion showed no significant difference (p =
0.53).
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Figure 3.6: Particle diameter distribution obtained from (a) 67 and 72
measurements of AuPd nanoparticle size and (b) 28 and 23 measurements of
the porous TiO2 supports in WH1 and WHS5, respectively. A Mann Whitney U test
was used to compare the mean particle diameter between WH1 and WH5 in a)
AuPd and b) TiOz2 supports. There was no significant difference between WH1
and WHS5 particle size means for AuPd (p = 0.27) or for TiO2 (p = 0.59).

The morphology of the thermally reduced 25 and 50 wt% Ir loaded catalysts and
the Au, Pd, Ir and Ti distributions were determined via HAADF-STEM imaging
and STEM-EDS mapping (Figure 3.7). A non-uniform distribution of Ir and AuPd
particles across the TiO2 supports is observed post annealing. Generally, the
AuPd nanoparticles appear to be co-located with Ir, while there are also some Ir
agglomerates isolated from the AuPd. Additionally, we observe that some of the
Ir appears to be coated on the inside of the TiO2 open nanoshell, which may also

affect the conductivity or activity of the supported catalyst.
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Figure 3.7: Morphology of supported catalysts via a) HAADF-STEM image for 50-
WH5-H2 b-e) STEM-EDS elemental maps for Ir, Au, Pd and Ti, respectively and
f) summed STEM EDX spectra for the region shown and g) HAADF-STEM image
of 25-WH5-Hz, h-k) STEM-EDS elemental maps for Ir, Au, Pd and Ti, respectively
and I) summed STEM EDX spectra for the region shown.

The crystallinity of the supports and supported catalysts was assessed by XRD
(Figure 3.8). For all samples, we observed 26 peaks for crystalline anatase TiO2
at 25°, 48, 54° and 55°. In all AuPd containing samples, peaks are observed at
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38° and 44° corresponding to a FCC AuPd alloy. The thermally reduced samples
contain a peak at 40° corresponding to FCC metallic Ir, whereas samples that
were first reduced and subsequently thermally oxidised exhibited a mixture of
FCC metallic Ir and low intensity rutile IrO2 (28° and 34.7°) (Figure 3.8c).
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Figure 3.8: XRD of the a) supported catalysts annealed in H2/N2 atmosphere, b)
supports prior to Ir deposition and c) supported catalysts annealed in air
atmosphere with reference patterns corresponding to anatase TiO2 (yellow),
AuPd (green) and metallic Ir (blue) and IrO2 (purple) as shown by the symbols.
The relevant ICSD collection codes and planes are also provided.

The crystallite size of the TiO2 support was assessed by the Scherrer equation
and was shown to correspond approximately to the width of walls of the TiO2
nanospheres (~14 — 16 nm). This remained constant irrespective of the
composition or the synthesis environments (Table 3.2). Conversely, the crystallite
size for Ir was found to vary across the samples. In both annealing environments
(H2 and air), broader metallic Ir peaks for 50-WH5 samples indicated the
presence of smaller Ir crystallites (< 5 nm). Narrower Ir XRD peaks were observed
for 50-WH1 and 50-TiOz2 indicating larger Ir metal crystallites of 10 — 14 nm. We
speculate that at the lower 25 wt% Ir, provides sufficient anchor (or seeding) sites
in both WH1 and WHS5 to support these smaller Ir crystalline growth. Conversely,
at the higher 50 wt% Ir loading, only WH5 has sufficient sites to maintain the
smaller crystallite size.
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Table 3.2: Crystallite sizes (calculated by Scherrer analysis) of Ir metal and TiO2
for the supported catalysts.

Crystallite Size (nm)
Samples

Ir TiO,
25-WH1-H, 4 16
25-WH5-H, 5 15
50-TiO,-H, 10 14
50-TiO,-Air 12 16
50-WH1-H, 13 16
50-WH1-Air 14 16
50-WHS5-H, 5 14
50-WH5-Air 5 14

XPS analysis was performed on the as-synthesised supported catalysts and a
commercial rutile IrOz2 catalyst to probe the Ir oxidation state (Figure 3.9a). For all
of the synthesised samples, the observed Ir 4f doublets are shifted to lower
binding energies compared to a typical rutile Ir02.24 Consistent with the XRD
findings, the Ir in the thermally reduced samples is more metallic in nature (lower
binding energies) compared to thermally oxidised samples. Furthermore, the
thermally oxidised (air) samples show the clear presence of at least two doublets
corresponding to a more oxidised (e.g., 4+) as well as reduced (metallic) Ir.
Interestingly, no significant shift is observed in the Ir 4f region as a function of
AuPd loading. The Au 4f region was also analysed. Typically, metallic Au 4f7;2
has a binding energy of 84.0 eV.?8% A slight shift towards lower binding energies
was observed for AuPd loaded supports (83.4 eV and 83.2 eV for WH1 and WH5,
respectively) (Figure 3.9b). Upon addition of 25 wt% Ir (25-WH5-H2 and 25-WH1-
air), the Au 4f region remains largely unchanged. However, with a higher Ir
loading (50-WH5-H2 and 50-WH5-Air) a shift to lower Au binding energy < 83.0
eV is observed, with 50-WHS5 being slightly more oxidised compared to 50-WH1.
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Across all samples, the Ti 2p region remains unchanged, irrespective of AuPd, Ir

loading and annealing environment (Figure 3.9c).286
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Figure 3.9: XPS spectra of a) Ir 4f includes comparison to IrO2, b) Au 4f and c) Ti
2p for the synthesised supported catalysts. Dashed lines are added as a guide

for the reader.

3.3.4 Membrane Electrode Assembly Performance

To understand the relevance of our catalyst design and RDE OER performance
for PEM-ELs, we integrated our highest performing catalysts (50-WH1-H2 and
50-WH5-H2) into MEAs. The samples were benchmarked against an unsupported
commercial IrOz (Figure 3.10). Nafion 212 membrane and a commercial 50 wt%
platinum on carbon (Pt/C) cathode catalysts were used throughout. The anode
catalyst loadings were 1.62 mgcat/cm? for 50-WH1-H2 and 1.58 mgcat/cm? for 50-
WHS5-H2. The unsupported IrO2 had a loading of 3 mgiro2/cm?. Figure 3.10a shows
the beginning of life (BoL) and end of life (EoL) polarization curves prior to AST
potential cycling for the supported and unsupported catalysts. To reach 1 A/cm?,
1.79 V is required at the BoL for 50-WH5-H2 whereas 50-WH1-Hz requires 1.91
V. The commercial IrO2 only required 1.63 V to reach 1 A/cm?. The Ir utilisation
was further evaluated by calculating Ir-mass activity (Figure 3.10b). We observe
that both supported catalysts achieved superior mass activity compared to
unsupported commercial IrO2 at 2 V (1.09 A/mgiro2). Specifically, 50-WH5-H2
achieved higher mass activities (2.42 A/mgirat 2 V) compared to 50-WH1-H2
(1.60 A/mgir at 2 V), indicating the critical role of the higher AuPd loading for OER
activity. More critically, these mass activity trends in MEA agree with RDE mass
activity measurements (Figure 3.1 and

Table 3.3) where both supported catalysts exhibited higher mass activity than

commercial IrOx2.
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Figure 3.10: Beginning of life and end of life Polarisation curve of proton
exchange membrane water electrolyser deploying 50-WH1-H2 and 50-WH5-H2
anode catalysts alongside a commercial rutile IrO2 where a) geometric activity, b)
Mass activity of the same catalysts and c) Performance of supported catalysts at
2V after each thousandth cycle. Cell parameters: N212 membrane, 60 °C and N2
gas flow. OER catalyst loadings: 3 mgiro2/cm? for IrO2, 0.81 mgi/cm? for 50-WH1-
H2 and 0.79 mgi/cm? for 50-WH5-Ho.

To assess catalyst stability in the single-cell MEA, we performed saw-tooth
voltage cycling at 50 mV/s from 1.2 — 2 V for 10,000 cycles (Figure 3.10c). The
current density at 2.0 cell potential (V) was compared for both 50-WH1-H2 and
50-WH5-H2. 50-WH5-H2 showed a BoL current density of 1.91 A/lcm? and 1.82
A/cm? after 10,000 cycles (EoL). Conversely, 50-WH1-H2 at 2.0 V showed a BoL
of 1.30 A/cm2 and EoL of 1.46 A/cm? at 2.0 V. Interestingly, the performance for
50-WH1-improved at potentials >1.8 V after 10k cycles. This could be due to
either increase in Ir surface area or improved mass transport within the catalyst
layer during AST potential cycling. Conversely, 50-WHS5-H2 shows increased

potential across current densities post AST. However, a voltage decay of 3
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uVicycle at 1 A/lcm? indicates minimal performance loss during the AST,
suggesting that this catalyst is highly stable even in a MEA configuration
subjected to harsh operational conditions. Direct comparison of MEA decay rates
from literature are complicated by the differences in cell setup and AST profiles.
The desired degradation rate for potential GW scale application of electrolysers
is < 6 yV/h and our results indicate that these TiO2 supported Ir catalysts have
the potential to meet the desired degradation rates.?8”

The higher AuPd content in the support clearly has a positive influence on the
performance and durability of the Ir catalysts when assessed in both MEA and

RDE configurations. When benchmarked against previously reported supported
Ir catalysts tested in an MEA (

Table 3.3), we observed that our catalysts required lower potentials to reach 1
A/cm? compared to majority of the other catalysts, some with even higher anode
catalyst loadings (> 2 mgi/cm?). However, we note that variations in cell
temperature, membrane and testing conditions have a significant impact on the
performance and thus a direct comparison (as we have done for RDE testing) is

not possible.

The voltage applied during the ASTs is within range of the formation of H202 (1.76
VrHE). Additionally, AuPd catalysts have been found to be selective for H202
production.?88-2% |t is probable that H20:2 is also being formed in addition to Ox.
However, the quantity formed is likely to be relatively low as the 4e-WOR is the
more favourable reaction compared to 2e-WOR, as discussed in section 1.5.2.
To quantify the production of H202 within this system, the water outlet would be
collected and tested using ex-situ quantification methods such as titration,
colorimetry and UV-vis spectrophotometry could be conducted (see section
1.94.2).
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Table 3.3: 50-WH1-H2 and 50-WHS5-H2 accelerated stress test conditions
presented alongside various literature Ir-TiO2 based electrocatalysts. CP is
chronopotentiometry and CA is chronoamperometry. References for each
catalyst are shown in the material column, * indicates catalysts from this work.

Potential at 1

Anode Alcm? .
T . Catalvst Stability
emperature atalys
Materials F()OC) Membrane L d'y End Test
oadin "
gz Beginning | of Conditions
(Mgr/em?) | of Life (V) | Life
(V)
50-WH1-Hz - 60 212 0.81 1.91 1.88 | Saw-tooth
50-WH5-Hz - 60 212 0.79 1.79 1.82 | Saw-tooth
Ir/TiO2-MoOx 272 80 115 0.50 1.74 1.85 Hold
IrOx/F-TiO2 166 80 115 1.00 1.66 1.68 Hold
Ir-Pt-TiO2-PC-ann
80 117 0.25 1.87 - -
169
IrO2@TiO2 42 80 212 1.20 1.67 1.85 Hold
401/TN-20 189 80 117 2.50 2.03 - -
40Ir/V doped Ti
»o1 80 117 2.50 2.03 2.13 | Saw-tooth
IrO2/TNO-H750
- 80 117 2.50 1.83 1.83 Hold
401rO2/Tio.7Tao.302
80 117 1.50 1.95 - -
293
TiO2-R200M 164 120 117 0.90 1.67 - -
TiO2-P25 164 120 117 0.90 1.75 - -
F68-Ir0.6Sno.40 2% 80 115 0.88 1.62 - Hold

87




To evaluate Ir dissolution in the MEAs, a sample of the test water was collected
at the end of the AST and analysed using ICP-MS. We observed that Ir
dissolution was highest for better performing 50-WH5-H2 (3.6 pg/L) compared to
50-WH1-H2 (1.8 pg/L) after 10k cycles. The increased Ir dissolution for 50-WH5-
H2 may, at least to some extent, account for the decrease in activity during the
AST 10k cycles (Figure 3.10c). We hypothesise that the larger Ir crystallite size
(10 — 13 nm) in 50-WH1-Hz could leach at slower rate than smaller particles in
50-WH5-H2 which has a smaller crystallite size. It is also plausible that the larger
Ir particles in 50-WH1-H2 could be undergoing nanostructuring leading to
increased surface area under the prevailing electrochemical conditions, and thus
may explain the observed improved performance post-AST. We note that Ir is
potentially redeposited on various components within the MEA rather than
irreversible leaching.?® It has been shown previously that most of the leached Ir
is likely trapped within the membrane, transport layers and catalyst layers rather
than exiting with the outlet water, meaning that the majority of the trapped Ir will

not be detected in our ICP analysis.?%

To assess any changes in the oxidation state during the AST, we conducted EoL
XPS analysis of the tested MEAs (post AST) which were compared to the as
synthesised catalyst powders (Figure 3.11). As discussed previously, the Ir
surface of the as synthesised 50-WH1-H2 and 50-WH5-H2 was predominantly
metallic in nature (Figure 3.9a). However, a slightly lower binding energy was
observed for 50-WH1-H2 (~60.2 eV) compared to 50-WH5-H2 (~60.8 eV). Post
AST, 50-WH1-H2 was shown to have shifted slightly to higher binding energy
(~0.2 eV) indicating the presence of IrO2 on the surface of the catalyst which can
increase catalyst stability. Conversely, 50-WH5-Hz Ir 4f peaks were shifted to

lower binding energy (~0.7 eV) suggesting a more reduced catalyst surface.

The O 1s was deconvoluted to gain insight into the reaction mechanism. The 3
peaks for oxygen - lattice oxygen (~ 529 eV), chemisorbed OH- ( ~ 530 eV) and
surface adsorbed H20 (~ 533 eV) were identified during the analysis. We
observed a similar trend for both, 50-WH1-H2 and 50-WH5-H2 with a slight
decrease in lattice oxygen and OH- after AST compared to prior AST
measurements. This could indicate that the OER mechanism is undergoing a
combination of AEM and LOEM. As during the AEM mechanism, the O” is bond
with H20 or OH- compared to the LOEM where O couples with lattice oxygen. 42~
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44 Taking into account the Tafel slopes (Figure 3.3), it is more likely that the AEM

mechanism is the dominant mechanism. However, more in-situ analysis such as

raman, XPS and theoretical modelling such as density functional theory should

be conducted to accurately confirm this hypothesis. Interestingly, the Au 4f7.2

(Figure 3.11c) region showed lower binding energies (more metallic) for 50-WH1-

H2 compared to 50-WHS-H: in the as prepared powders as well as post AST. For

both samples, the peaks shift to a higher binding energy post AST indicating that

the Au is oxidised. In both supported catalysts, the Ti 2p region remains

unchanged post AST when compared to the as synthesised catalyst powder

(Figure 3.11d).
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Figure 3.11: XPS spectra for a) Ir 4f, b) O 1s c) Au 4f and c) Ti 2p regions of the
50-WH1-H2 and 50-WH5-Hz2 in the form of nanopowder and post 10k AST catalyst
coated membranes (EoL). The O 1s deconvolution shows lattice oxygen (dark
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blue), adsorbed OH- (light blue) and adsorbed water (purple). Grey dashed lines
are provided to guide the eye.

3.4 Conclusion
We demonstrate for the first time a unique, hollow TiOz2 particles decorated with

AuPd nanoparticles as a high-performance catalyst-support for iridium-based
OER electrocatalysts. We show that the AuPd and Ir loadings and thermal
annealing environment are critical to OER performance. Specifically, catalysts
prepared with a higher AuPd and Ir loading (WHS, 50 wt% Ir) outperform those
prepared with lower loadings (WH1, 25 wt% Ir). Furthermore, the highest
performing catalyst-support (50 wt% Ir on TiO2 coated with 5.5 wt% Au and 1.2
wt% Pd) (50-WH5-H2) exhibited 3-times higher mass activity at 1.65 Vrue (936
A/gir) compared to commercial IrO2 (271 A/gr) in half-cell RDE testing. The
highest performing catalysts were integrated into a membrane electrode
assembly and subjected to 10k accelerated stress test consisting of saw-tooth
potential sweep cycles. The same trends in OER activity were found to translate
from the half-cell measurements to full devices (50-WH5-Hz2 > 50-WH1-Hz2).
Furthermore, 50-WHS5-H2 showed the highest mass activity in an electrolyser
achieving 2.42 A/mgir at cell potential of 2 V compared to 1.09 A/mgiro2 for
commercial IrO2. Through various materials characterisations of the surface
oxidation state, crystallinity, morphology and conductivity, we demonstrate that
there is no single parameter that correlates with OER performance. Rather, a
complex interplay exists between conductivity, Ir oxidation state, crystallite and
particle sizes which influence the acidic OER activity and durability of these

hollow supported catalysts.
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4 The role of iridium deposition methods on M-
SnO;, supported catalysts

4.1 Introduction
As discussed in section 1.8.5, supported Ir-based catalysts have shown promise

as a strategy to reduce Ir loading for OER catalysis.!35169,184,271,276,297,298
However, as well as the choice of support as discussed in chapter 3. The Ir
deposition synthesis route is an important parameter to consider as it can control
the chemical composition, oxidation state and crystallinity of Ir on the support.
Currently, there are a range of Ir deposition techniques utilised to prepare
supported Ir catalysts for the OER. For example, organometallic chemical
deposition (OMCD),ZQQ coIIoidaI,148’174'300'301 Adams fusion164,175,271,291,293,298,302—
305 and wetness impregnation.'%9.18% For each of these deposition techniques, the
crystallinity and particle size is influenced by the temperature and duration of
synthesis.3%* However, not all of their physical or electronic properties will be

similar.

This chapter aims to focus on a systematic comparison between two iridium
deposition techniques (polyol and acid modified polyol) on Sb doped SnO:2
supports to probe how the synthetic methodology influences the OER activity and
stability. The conductivity, structure, composition and oxidation states of the
prepared catalysts are investigated to determine how physical and electronic

properties influence OER activity and stability.

4.2 Experimental

4.2.1 Synthesis of Doped SnO2 Supports
Doped (Sb, Ta, Nb and Mo) SnO:2 supports were synthesised using a previously

reported method.'’ In brief, 1.28g of 1-tetradecylamine (TDA, 98%, Fisher
Scientific) was mixed with 65 mL deionised water and 160 mL of ethanol for 3 h
at room temperature. A separate mixture of 4.79 g of tin (IV) chloride (99%,
anhydrous, Fisher Scientific) and 0.0016 moles of dopant precursor (antimony
acetate 99.99% Sigma Aldrich, TaCls 99.8 %, NbCls 99%, MoCls 99.6 %, Alfa
Aesar) was dissolved in 20 mL of ethanol and added to the TDA solution. The
mixture was stirred for 1 h at room temperature. An ammonium hydroxide (5 wt%,

Fisher Scientific) solution was made using 0.102 ml in 200 mL deionised water.
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The TDA solution was added dropwise to the ammonium hydroxide solution and
refluxed at 80 °C for 72 h without stirring and cooled to room temperature. The
yellow precipitate was collected via centrifugation and washed 5 times with
deionised water. The precipitate was placed into an autoclave with 10 mL of water
and hydrothermally treated at 120 °C for 24 h. The product was washed 5 times
via centrifugation with 40 mL of 1:1 ethanol to water mixture and subsequently
freeze dried for 24 h then calcinated at 400 °C for 3 h. For the synthesis of SnOz,
the same protocol was followed but without a dopant precursor. Commercial ATO

(< 50 nm, Sigma Aldrich) was also used as a support.

4.2.2 Synthesis of Supported Catalysts
Iridium was deposited onto the prepared (and commercial ATO) catalyst supports

through two different literature methods with an Ir loading target of 20 wt%.
Specifically, we ascribe the two methods as polyol'” and acid-modified polyol
(AMP)155 syntheses. In brief, the AMP syntheses were conducted as follows,
107.2 mg of hydrogen hexachloroiridate (IV) hexahydrate (40 % Ir, Acros
Organics) was mixed with 5.76 mL of deionised water. 80 mL of ethylene glycol
and 40 mL deionised water was subsequently added to the iridium solution and
stirred. The solution pH was adjusted to pH 12 by dropwise addition of 25 mL of
0.5 M NaOH diluted in 25 mL of water and 25 mL of ethylene glycol solution.
Subsequently, the solution was refluxed at 160 °C for 3 h and cooled to room
temperature under constant stirring and under argon. To achieve 20 wt% Ir on
the support, 160 mg of each support was dispersed in 40 mL deionised water and
40 mL ethylene glycol, this support solution was added to iridium solution. The
pH was adjusted to pH 1 by adding 35 mL of 1M H2SO4 diluted in 35 mL deionised
water and 35 mL ethylene glycol. The solution was stirred for 20 h at room
temperature and separated via centrifugation then washed three times with

deionised water and dried at 100 °C in air.

For the polyol synthesis, 74 mg of iridium acetate hydrate (< 50 % Ir, ChemPur)
and 80 mg of sodium hydroxide (98 %, Fisher Scientific) were dissolved in 20 mL
of ethylene glycol and stirred vigorously for 30 mins. To produce 20 wt % Ir on
the support, 152 mg of support was added to the iridium solution. The solution
was sonicated for 20 mins, subsequently stirred for 15 mins under argon and
refluxed at 160 °C for 30 mins. The solution was rapidly cooled to room

temperature and stirred for 24 h. The supported catalyst was separated from the
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solution via centrifugation and washed 3 times with deionised water. The

collected material was freeze dried for 24 h and annealed at 250 °C in air for 2 h.

4.3 Material Characterisation
Full experimental and instrumentation details are shown in Chapter 2. In brief, to

evaluate the surface area, crystal structure, oxidation state, composition,
morphology and particle sizes by conducting BET, XRD, XPS, XRF, TEM and
STEM-EDX. Aliquots of electrolyte (5 mL) was collected during stability testing to
quantify the concentration of dissolved elements in supported catalysts using

Inductively coupled plasma mass spectrometry (ICP-MS).

4.4 Conductivity Measurement
Based on previously reported literature,’0229.230 an in-house developed 2-

electrode conductivity cell comprised of two copper electrodes isolated from each
other with 5 mm thick, PTFE (Polyfon) was connected to a Metrohm PGSTAT
204 potentiostat. Each catalyst powder was compressed under constant pressure
of 500 psi during testing. The electrical resistance was determined by generating
an |-V curve with a potential range of 0 to 0.2 V using cyclic voltammetry (CV).

Using (equation. 4.1),%2° the electrical conductivity was calculated.

_ L (equation. 4.1)
AR
where o is the electrical conductivity, / is the thickness of the PTFE, A is the

geometric area of the copper electrode and R is the electrical resistance.

4.5 Electrochemical Characterisation
Electrochemical measurements were performed in a three-electrode

electrochemical cell configuration with a rotating disk electrode (RDE, Pine
Research) and VSP-3e potentiostat from BioLogic Science Instruments. A gold
working electrode (0.196 cm?), graphite rod as the counter electrode, Hg/HgSO4
reference electrode and 0.05 M H2SOs electrolyte was used throughout. To
deposit the synthesised catalyst-supports onto the gold working electrode, inks
were prepared by dispersing 3.5 mg of catalyst powder in 1 mL 2-propanol (IPA,
99%, Fisher Scientific), 3.98 mL deionised water (18.2 MQ, Milli-Q) and 20 pL
Nafion™ (5 wt%, Alfa Aesar). Prior to electrochemical testing, inks were bath
sonicated for 30 mins. The electrodes were subsequently prepared by
dropcasting onto the Au RDE and rotating the disk at 700 rpm for 30 minutes until
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dry. All electrodes were prepared with a total catalyst loading of 20 ugcat/cm?.

Each catalyst ink was deposited in triplicate.

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements
were conducted at 1.1 Vrue (100 mHz to 200 kHz) to correct for ohmic losses.
The surface of the catalyst was conditioned using cyclic voltammetry (CV)
between 0.025 - 1 Vrue for 50 cycles at a scan rate of 200 mV s”'. The OER
activity was assessed using CV by sweeping the potential between 1 — 1.8 VrHE
with a scan rate of 10 mV s for 10 cycles under rotation at 2500 rpm. The 4%

cycle of each measurement was used to determine the mass activity.

As described in Section 2.5 the potentials measured (vs. Hg/HgSOu4 reference)
during electrochemical testing were converted to the reversible hydrogen
electrode (RHE). The stability was measured using chronoamperometry (CA)
held at 1.6 Vrue for 18 hours. The CA was interrupted every hour to conduct one
CV and PEIS measurement. PEIS was conducted at 1.1 Vrue (100 mHz to 200
kHz). The dissolution of Ir, Sn, Sb, Mo, Ta and Nb was monitored throughout the
stability measurements through collecting 5 mL aliquots of electrolyte at 0 min, 1
h, 2 h, 4 h and 18 h for ICP-MS analysis. The S-number was calculated using
(equation. 4.2 - equation. 4.4).

QO (equation. 4.2)
4 % 96,485 C/mol

moles of oxygen =

M fIr dissolved (g, from ICP
oles of I dissolved — ass of Ir dissolve ég rom ICP) (equation. 4.3)
Mr of Ir (=)
mol
moles of oxygen (equation. 4.4)

S — number = moles of Ir dissolved

Where, Q is the cumulative charge at 18 h chronoamperometry and 4 is the

number of electrons to drive the OER.

4.6 Results and Discussion

4.6.1 Characterisation of supports and supported catalysts.
Electrocatalyst supports were synthesised following a literature adapted

mesoporous synthesis method'#"-181 to prepare M-SnO2 (where M = Sb, Ta, Nb
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and Mo additives) as well as an unmodified SnO2. The synthesised supports in
this chapter will be referred as MTO (where TO = SnOz), the synthesised ATO
will be referred to as ATOweso to distinguish between synthesised and commercial
ATO (ATOcom). XRD of the prepared supports (Figure 4.1) evidence a tetragonal
rutile-SnO2 whereby all the observed peaks at 26 = 26.6°, 34.1°, 38.0°, 51.9° and
54.8° can be indexed to (110), (101), (200), (211) and (220) planes respectively.
All peaks are accounted for in the diffractograms and hence no crystalline

impurities are found to be present in the prepared supports.
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Figure 4.1: XRD peaks of the synthesised and ATOcom supports.

Scherrer analysis of peaks at 20 < 40° showed a similar crystallite size of 4 — 5
nm for all synthesised support compositions (Table 4.1). Conversely, ATOcom
was shown to have a crystallite size of 13 nm. XRF confirmed the presence of
the additives (M = Sb, Ta, Nb and Mo) with weight fractions varying between 5 —
17 wt % (Table 4.1). The surface area of each support was analysed using BET
analysis (Table 4.1). The supports containing additives resulted in high surface
areas (94 — 143 m?/g) in comparison to pure SnO2 (74 m?/g). ATOcom had a low
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BET surface area of 56 m?/g, as expected due to the large SnO:2 crystallite size

(13 nm) compared to the synthesised supports.
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Table 4.1: XRF determined weight fraction of additives in supports, BET surface
area, Scherrer determined crystallite size of supports and XRF determined weight
fractions of Ir in supported catalysts for polyol and acid modified polyol syntheses.

Ir weight fractions
Additive SnO:2 Wt%
Sample weight BET Crystallite Size ( )
P fractions 2 of Supports :
(Wi%) (m?/g) (nm) Acid
Polyol Modified
Polyol
SnO, - 74 5 2 4
ATO., . 16 56 13 25 10
ATOMeso 9 94 5 24 9
TaTO 17 124 3 2 13
NbTO 5 111 4 3 3
MoTO 8 143 3 1 4

For all catalysts, an Ir loading of 20 wt% on the supports was targeted
synthetically. Interestingly, a wide range of Ir wt% was observed for the supported
catalysts despite following identical synthetic parameters (Table 4.1).
Specifically, the polyol Ir deposition resulted in a large range of 1 — 25 wt% Ir,

whereas the AMP synthesis led to a lower but narrower Ir wt% (4 — 13 wt%).

The conventional polyol synthetic methodology is a one-step process that
requires an alkaline environment to reduce the Ir precursor to metallic Ir and form
glycolate anion which acts as a stabiliser for the Ir colloids.3%® Research has
shown that an additional pH adjustment step after the reduction of Ir and addition
of the support can increase the surface charge of the catalyst-support as a
function of decreasing pH.'42307 By increasing the surface charge on the support,
an Ir colloid is electrostatically attracted to the support surface and subsequently
acts as seeds for further growth of Ir, increasing the dispersion of Ir on the surface
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of the support.3® A study focusing on the effect of support surface charge,
highlighted that decreasing the pH during Ir deposition techniques results in an
increase in Ir loading due to an increase in surface charge on the support.3°' We
hypothesise that the increase in Ir content for Ir-SnO2-AMP, Ir-TaTO-AMP and Ir-
MoTO-AMP compared to its polyol counterpart could be due to an increase in

surface charge during AMP process.

In addition to the differences in polyol and AMP syntheses we highlight that
different precursors were used to prepare the various different catalyst supports.
Specifically, ATOwmeso Was synthesised with acetate precursor and the remaining
supports (SnO2, TaTO, NbTO and MoTO) were synthesised with a chloride
precursor. Although the synthesised materials were washed extensively prior to
Ir deposition, we hypothesise that residual chloride ions (CI) present on the
support hinders uniform dispersion of Ir due to CI- blocking surface sites of the
support which are no longer available for Ir. Therefore, the use of acetate
precursor compared to the use of chloride precursor is also a contributing factor

to the reduced Ir wt% in polyol deposition technique.

We observe that the choice of support precursor combined with Ir deposition
technique influences Ir wt% leading to differences in interactions between Ir and
the support during the deposition process. We must note that the reductions in Ir
wt% for AMP and polyol samples is also due to very small Ir particle size, that
were too small to centrifuge and hence remained in the supernatant during the
washing process. Due to the non-uniform Ir wt% in each supported catalyst, the
following discussion will compare ATOwmeso and ATOcom based supported
catalysts in both Ir deposition techniques. The similar Ir wt% of the supports ~ 25
wt% for polyol and ~ 10 wt% in AMP for both ATOwmeso and ATOcom will enable
the comparison of the Ir deposition technique without taking the non-uniform Ir
wt% into consideration. The supported catalysts are ascribed with P or AMP
(polyol and acid modified polyol, respectively) to depict the Ir deposition technique
used to synthesise the supported catalyst.

XRD (Figure 4.2a), was used to assess the crystallinity of the supported catalysts.
No additional crystalline phases (e.g., Ir or IrO2) were observed when compared
to the as synthesised rutile M-SnO2 supports (Figure 4.1). This suggests that the
particle size of the Ir deposition is either very small, or that the deposited Ir is

amorphous. The crystallite size of tetragonal rutile SnO2 in supported catalysts
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post-Ir deposition was evaluated by Scherrer analysis (Table 4.2). We observed

no change in crystallite size as a function of Ir deposition.
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Figure 4.2: a) XRD peaks of all synthesised supported catalysts via polyol and
AMP techniques with reference patterns below together with the relevant ICSD
collection codes and b) XPS of Ir 4f spectra for supported catalysts.

Table 4.2: Average crystallite size of ATOcom and ATOweso-based supported
catalysts determined by Scherrer analysis.

Average SnO, Crystallite

Size of supported
Samples catalysts (nm)

Polyol Acid Polyol

Ir-ATO,,,. 13 13

Ir-ATOMeso 4 5

To probe the oxidation state of Ir in the supported catalysts, we conducted XPS
and analysed the Ir 4f7;2 region (Figure 4.2b). Typically, metallic Ir peaks are
observed at ~ 60.9 eV3%8 and rutile IrO2 at ~ 61.8 eV3%°, For polyol supported
catalysts we observed Ir 4f72 peaks at 61.2 eV for Ir-ATOcom while Ir-ATOweso
was shifted to higher binding energy (61.6 eV). The AMP supported catalysts

99



exhibited a Ir 47,2 peak at 61.6 eV for Ir-ATOcom and a binding energy increase
to 61.8 eV for Ir-ATOwmeso. For both Ir deposition techniques, the Ir-ATOweso Ir 472
peak is observed at slightly higher (~ 0.2-0.4 eV) binding energies compared to
their Ir-ATOcom counterparts. However, given the small differences observed, we
conclude that the as prepared catalysts are predominantly in the Ir** oxidation
state (IrO2) irrespective of the Ir deposition technique. Interestingly, the Ir-
ATOcom-P Sn 3ds2 and Sb 3ds2 peaks are shifted to lower binding energies (~
486.6 eV and 539.9 eV, respectively) compared to the other synthesised
supported catalysts (487.3 eV and ~ 540.5 eV, respectively) (Figure 4.3a).
However, the oxidation states all correspond to SnO2 (486.0 — 488.0 eV)?25308

and Sb20s (~ 540.0 — 541.0 eV for Sb 3da2).31°

Ir-ATO-AMP A Ir-ATO-AMP B
Sn 3d Sb 3d
Ir-ATO¢,,,,-AMP Ir-ATO,,,-AMP
Ir-ATO-P Ir-ATO-P
Ir-ATO,,,-P Ir-ATO¢, P
500 4§6 4é2 4éa 484 548 544 540 536 532 528
Binding Energy (eV) Binding Energy (eV)

Figure 4.3: XPS spectra of a) Sn 3d and b) Sb 3d for all the supported catalysts.

4.6.2 Electrochemical OER activity and conductivity of ATO-

based supported catalysts.
The electrochemical OER performance of the supported catalysts was assessed

in acidic electrolyte (0.05 M H2S04) using a three-electrode configuration with a
RDE as a working electrode. When comparing the geometric current density of
the supported catalyst at 1.7 Vrre (Figure 4.4a) we observe current densities of
0.98 — 5.28 mA/cm? with a trend of Ir-ATOcom-P > Ir~-ATOmeso-AMP > Ir-ATOcom-
AMP > Ir-ATOweso-P.
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Figure 4.4: Electrochemical performance of the supported catalysts a) geometric
surface area, b) Ir-mass normalised activity, c) BET surface area normalised
activity and d) conductivities of the as-synthesised supports (Pre-Ir deposition)
and supported catalysts. The electrochemical analysis was conducted in triplicate
to produce error bars and the 5" CV cycle was used to obtain these results. All
tests were conducted in 0.05 M H2SO4 with a total supported catalyst loading of
20 pgcat/cm?.

To assess Ir utilisation, the current density at 1.7 Vrie was normalised to mass
of Ir, to obtain mass activities (Figure 4.4b). For all supported iridium catalysts,
we observe an increase in mass activity compared to unsupported IrO2
irrespective of Ir deposition technique. When comparing the effects of Ir
deposition technique on the mass activity, we observe that polyol deposited, Ir-
ATOcom has the highest mass activity of 1062 A/gir compared to 419 A/gir for Ir-
ATOwmeso-Polyol. The converse effect is seen for AMP supported catalysts with Ir-
ATOwmeso-AMP obtaining the higher mass activity of 1794 A/gi. Although we
cannot compare the two Ir depositions with the same support directly (due to the
disparity in Ir wt%), it is interesting to note that Ir-ATOwmeso-AMP with just 9 wt% Ir

has higher mass activity overall compared to Ir-ATOcom-Polyol with Ir wt% of 25.
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The increase in mass activity for Ir-ATOwmeso-AMP is potentially due to the

influence of high surface area for ATOwmeso compared to ATOcom (Table 4.1)

To investigate the role of surface area on the OER activity, the catalyst activity at
1.7 VruEe of the four supported catalysts were normalised to BET surface areas
(Figure 4.4c). For polyol synthesised supported catalysts, ATOcom obtained the
highest activity of 12 A/mser?. The converse was obtained for AMP supported
catalysts with ATOwmeso exhibiting 15 A/mget?. The same trend as mass activities
(Figure 4.4b) is observed and thus, implies that both Ir deposition techniques are
influenced by the surface area of the support. Specifically, the increase in OER
activity as the surface area increases is seen for AMP supported catalysts where
the high electrochemical activities of Ir-ATOweso correlates with the high surface
area of ATOwmeso (94 m?/g) compared to the low activity seen for Ir-ATOcom with a
low surface area of 56 m?/g. The positive correlation between support surface
area and OER activity for supported catalysts has been reported to be due to
increased Ir utilisation on the support.’*® Therefore, we can deduce that the
increased surface area in ATOwmeso has improved Ir utilisation resulting in high
mass activity for Ir-ATO-AMP. Interestingly, the opposite effect is seen for polyol
supported catalysts, where an increase in the surface area of the support led to
decreased activity of the supported catalyst. Subsequently, highlighting the

disparities between the Ir deposition techniques.

The conductivities of the ATO supports and supported catalysts were analysed
using a homemade conductivity cell and measured in triplicate (Figure 4.4d). The
resulting conductivities are a guide to internally benchmark our materials and are
not appropriate for comparison with literature conductivity values owing the
experimental setup. The conductivity of the supports was 10-3 S/cm for ATOwmeso
and 10-° S/cm for ATOcom. Upon addition of Ir, the conductivity of ATOcom exhibits
an increase of 3 and 4 orders of magnitudes for AMP (10-? S/cm) and polyol (10
' S/cm) supported catalysts, respectively. However, we observe only a marginal
increase in conductivity for Ir-ATOwmeso in both Ir deposition techniques (1072
S/cm). This suggests that the Ir loadings onto the higher surface area ATOweso
(94 m?/g) does not provide a very electrically conductive network compared to
ATOcom (56 m?/g). Such differences in conductivity have previously been
attributed to the increased dispersion of isolated Ir particles on the surface of high

surface area supports while low surface area supports have a higher density of Ir
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particles that agglomerate and form a conductive path.'* Therefore, the higher
geometric, mass and BET normalised activities (Figure 4.4a, b and c) for Ir-
ATOcom-P with low surface area support (56 m?/g) compared to Ir-ATOwmeso-P (94
m?/g) with low OER activities can be correlated to the conductive nature of Ir-
ATOcom-P. Conversely, for AMP supported catalysts, high OER activities occur
for Ir-ATOwmeso, suggesting that the differences in conductivity and particle
interconnectivity does not provide the full explanation for the OER performance

trends.

To assess the kinetics of each supported catalyst, Tafel analysis (Figure 4.5) was
performed at overpotentials of more than 200 mV. Our results showed that AMP
supported catalysts exhibit faster kinetics (90 - 120 mV/dec) compared to polyol
supported catalysts (60 — 300 mV/dec). Interestingly, the highest performing
polyol supported catalyst Ir-ATOcom exhibited the lowest slope of 60 mV/dec. The
mechanism that is most likely to be occurring for the SnO2 based supported
catalysts synthesised by AMP and Ir-ATOcom-P is the AEM mechanism due to
the low Tafel slopes (< 120 mV/dec). Conversely, the polyol supported catalysts
could be undergoing LOEM mechanism as this mechanism has been reported to

obtain higher Tafel slopes.?8

Tafel Slope (mv/dec):
Ir-ATOcom-P: 60

Ir-AT Opeso-P: 80
Ir-ATO¢com-AMP: 120
Ir-ATOpeso-AMP: 90

0 1 I T

-3 -2 -1 0
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o
N

Figure 4.5: Tafel slopes of polyol and acid modified polyol supported catalysts at
n=>200 mV.

103



4.6.3 Morphology of the ATO supported catalysts.
The morphology and elemental distribution of Ir as a function of Ir deposition

techniques were probed by high-resolution TEM (HR-TEM) imaging and EDX
mapping. Both Ir deposition techniques show agglomerated particles for Ir-
ATOwMeso-AMP/P and Ir-ATOcom-P (Figure 4.6a,g and m) High-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) imaging
coupled with EDX was utilised to determine the distribution of Ir on the ATO
supports. Ir-ATOweso-AP and Ir-ATOcom-P shows small clusters of Ir (< ~ 5 nm)
on ATO surface (Figure 4.6¢ and o). Conversely, Ir-ATOweso-P showed large area
of non-uniform distribution of Ir (Figure 4.6i). EDS maps for Sb and Sn showed
large agglomerates in both polyol and AMP (Figure 4.6d, €, j, k, p and q). It is
interesting to note that the highest performing supported catalyst, Ir-ATOweso-
AMP (1794 A/gir) exhibited similar conductivity of 102 S/cm to its polyol
counterpart (419 A/grr) with different observed Ir dispersion. The agglomerates in
Ir-ATOwmeso-AMP appear to be isolated Ir agglomerates (Figure 4.6¢) compared to
Ir-ATOwmeso-P with large, connected Ir cluster (Figure 4.6i). Suggesting that

isolated Ir clusters aid in boosting OER activity.
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Figure 4.6: HR-TEM imaging a) HR-TEM of Ir-ATO-AMP b) HAADF-STEM
image, c-e) STEM-EDS maps for Ir, Sb and Sn, respectively and f) EDS spectra.
HR-TEM imaging of Ir-ATO-P (g), h) HAADF-STEM, i-k) STEM-EDS maps for Ir,
Sb and Sn, respectively and I) EDS spectra. HR-TEM imaging of Ir-ATOcom-P
(m), n) HAADF-STEM, o-q) STEM-EDS maps for Ir, Sb and Sn and r) EDS
spectra. Red box indicates the EDS maps area of analysis.
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4.6.4 Evaluating the stability of ATO-based supported catalysts.
The electrochemical stability of the synthesised supported catalysts were

screened by conducting a potential hold at 1.6 Vrre for 18 hours. CVs were
conducted at hourly intervals throughout the CA and the current density from CA
at each hour is shown in Figure 4.7a. Aliquots of electrolyte were taken at 1, 2, 4
and 18 h for ICP analysis to quantify the dissolution of Ir, Sn and Sb. We observed
a slight increase in activity for Ir-ATOwmeso-P in the first hour of testing, with a
subsequent degradation in performance. Similarly, a gradual and small increase
in activity is observed for Ir-ATOcom-P after ~ 7 h. The increase in activity may be
due to surface restructuring or due to the removal of accumulated microbubbles
from the surface of the working electrode exposing more Ir active sites which is
commonly observed for Ir OER electrocatalysts.3'"312 Typically, conditioning of a
catalyst occurs by voltage cycling in non-faradaic regions (< 1.23 V) for > 50 times
to obtain a steady-state catalyst surface.?*” The initial rapid loss of activity for the
remaining supported catalysts is possibly due to the lack of conditioning of the
catalyst prior to stability measurements. Additionally, the formation of hydrous
IrOx occurring from the electrochemical oxidation of amorphous IrOx is typically
unstable leading to increased dissolution in the first hour.?’0 After the first hour,
the remaining supported catalysts show a gradual decline in current density over
the course of 18 h, indicating the degradation of the supported catalysts as a

function of OER potential.
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Figure 4.7: a) Hourly current density measurements at 1.6 Vrue of the supported
catalysts over the course of 18 h (obtained from CA data) and b) current density
(j) of supported catalysts at 1.6 Vrue before (T = 1) and after 18 hours stability
test (T = 18). Line in (b) indicates y = x.

106



To further quantify the stability of the prepared supported catalysts over the
course of stability measurements, the current density at 1.6 Vrue at the end of
the 18 h measurement was plotted against the current density at 1.6 Vrie at 1 h
of the experiment (Figure 4.7b). The dashed line in Figure 4.7b indicates y = x,
as a guide to show the expected performance of a stable catalyst. Interestingly,
for both polyol and AMP methodologies, Ir-ATOweso is the most stable supported
catalyst with a relatively low current density loss of 0.4 mA/cm? (polyol) and 0.2
mA/cm? (AMP) over the course of 18 h. For ATOcom supported catalysts, the AMP
synthesis showed a loss of ~ 0.6 mA/cm? however, the polyol synthesised
supported catalyst showed an increase in current density from 1.8 mA/cm? to 2.2
mA/cm? post-18 h CA. This increase in performance highlights the dynamic
nature of Ir-ATOcom-P.

The dissolution of the supported catalysts as a function of applied potential to the
working electrode was evaluated by performing a CA at 1.6 Vrue. Aliquots of the
electrolyte at 1, 2, 4 and 18 h were taken and analysed by ICP-MS to determine
the dissolved fraction (Figure 4.8a). Both Ir deposition methods exhibit similar
trends during the course of electrochemical dissolution. The lowest dissolved
fraction for all supported catalysts irrespective of Ir deposition technique is
attributed to Sn (0.0006 — 0.06 %) compared to Ir dissolution of 0.01 — 3.84 %
and 0.01 — 1.05 % for Sb over the course of 18 h. Additionally, most of the
dissolved Ir and Sb occurs in the first hour. Ir has been reported to exhibit high
transient dissolution, due to surface restructuring leading to high dissolution rates
at the start of stability measurements.3’® The increased Sb dissolution in
comparison to Sn has previously been attributed to Sb being less stable than Sn
in acidic environment.'74182 Although, Ir is the outermost surface the lack of Ir
coverage across the whole support evidenced by TEM (Figure 4.6). The support
remains exposed to the acidic environment and subsequently increases Sb
dissolution. We also observe an initial increase and subsequent decrease in Sn
dissolution for Ir-ATOcom in both Ir deposition methods over the course of 18 h.
We hypothesise that some of the Sn dissolved and redeposited onto the catalyst

surface during the hourly CV cycles.3'4
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Figure 4.8: Elemental dissolution analysis of supported catalysts with a) dissolved
fraction (percentage of element leached determined by ICP-MS) / element wt%
measured by XRF) and b) S-number for Ir, Sn and Sb in the supported catalysts.

We observe a correlation between dissolution and electrochemical degradation
for Ir-ATOcom-AMP. Specifically, a steep decline in current density is observed
(Figure 4.7a) and when compared against the dissolution (Figure 4.8a), Ir-
ATOcom-AMP has the highest dissolution of Ir and Sb (3.8 % and 1.0 %,
respectively). Conversely, for polyol synthesised catalysts, the increase in current
density observed for Ir-ATOcom (Figure 4.7a) does not correlate with the

dissolution observed. The dissolution of Ir and Sb is highest for Ir-ATOcom (0.05
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% and 0.02%, respectively) than Ir-ATOwmeso wWith 0.01 % Ir and Sb dissolution

after 18 h. Further confirming the dynamic nature of Ir-ATOcom-P.

To correlate the activity and stability relationships in electrocatalysts, there are
two main metrics known as the activity-stability factor (ASF)®” and the stability
number (S-number)*® that can be calculated. ASF is defined as the ratio between
rate of oxygen production and the rate of metal dissolution, conversely S-number
relates the ratio of moles of oxygen evolved against moles of Ir dissolved. This
work utilised the S-number metric to evaluate the correlation between activity and
stability for Ir, Sn and Sb where the higher the S-number the more stable the
catalyst (Figure 4.8b). We observe that Ir (10%) and Sb (103) in Ir-ATOcom-AMP
has lower stability number compared to its ATOwmeso counterpart with 10° for Ir and
103 for Sb. When combined with the observed dissolution and OER activity, we
can deduce that Ir-ATOwmeso-AMP is the most stable AMP supported catalyst.
However, for polyol supported catalysts (Figure 4.8b), we observe that Ir, Sn and
Sb is more stable in Ir-ATOcom than Ir-ATOwmeso, contradicting the observed

dissolution.

When comparing S-numbers for IrO2 catalysts from literature, we observed that
our synthesised Ir-ATO supported catalysts are similar orders of magnitude (10*
- 10°) to unsupported IrO2 (104).142.1%5 However, we must note that these values
for IrO2 were based on a galvanostatic hold and this work conducted a
potentiostatic hold. The S-numbers from this work highlight that the presence of
a support leads to increased stability compared to unsupported IrO2 and low Ir
content. Interestingly, in both Ir deposition techniques Sn shows the highest
stability in ATOcom with 10 for polyol and 10° for AMP. Although, we cannot
directly compare the Ir deposition techniques due to the dissimilar Ir wt%. It is
interesting to note that the Ir S-number for Ir-ATOwmeso-AMP is 2 orders of
magnitude higher (108) than Ir-ATOweso-P (10%) despite its low Ir content (9 %),
further highlighting the importance of Ir deposition methods and the influence of
high surface area supports.

4.7 Conclusion
In this work, the synthesis of doped (Nb, Ta, Mo and Sb) SnO2 supports was

shown to have high surface area (> 74 m?/g) compared to commercially
purchased antimony tin oxide (56 m?/g). Two Ir deposition techniques (polyol and

acid modified polyol) were evaluated for their effect on OER performance. The
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polyol deposition method led to low Ir content < 2% for undoped SnOz2, Ta, Nb
and Mo-SnO2 supports. The acidic pH adjustment in acid modified polyol
increased the Ir loading to > 2 wt%. The effect of Ir deposition was investigated
by comparing the performance of as-synthesised antimony doped tin oxide
(ATOwmeso) against commercial antimony doped tin oxide (ATOcom) for each Ir
deposition technique. The polyol synthesis showed high mass activity for Ir-
ATOcom-P (1062 A/gir) due to high conductivity while acid modified polyol showed
high mass activity for Ir-ATOwmeso-AMP (1794 A/gir) due to the high surface area
support. The difference in OER performance as a function of Ir deposition
highlights that Ir wt% is not the only factor that enhances OER activity. Further
confirming the conclusion made in chapter 3, that the combination of high surface
area and conductivity and other physical properties factors contribute to the

observed high mass activities.
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5 The effect of dopants on SnO»-based catalyst
supports

5.1 Introduction
As mentioned in section 1.8.5.1.3, antimony tin oxide is a widely used catalyst

support. However, antimony is susceptible to leaching over time, thereby
reducing the lifetime of the support and leading to Ir dissolution.?%%3> Many
dopants for Ti and Sn oxides have been explored beyond Sb. Specifically,
W,300.316 Tgq 155,293 NP, 188,189,275 Ti317 gnd Mo oxides have been identified as
potentially stable dopants under acidic conditions.833'® The dopant content can
lead to improved conductivities upon the addition of Ir which enhances the
intrinsic activity of Ir."® Short term ( < 50 hours) stability measurements have
shown that doped supports can increase the stability of the supported catalyst,
however the dopant is susceptible to leaching over time. 8> Therefore, the choice
and composition of doped supports must be investigated to produce conductive
and stable supports that can lead to high performing supported catalysts for the
OER.

This chapter will act as an extension of chapter 4 by focusing on the activity and
stability of alternative dopants for the acidic OER reaction. Due to the low Ir wt%
obtained from the polyol and acid modified polyol (AMP) synthesis in the previous
chapter. An accurate comparison between all the synthesised dopants and the Ir
deposition technique could not be made. However, Nb-SnO2, Mo-SnO2 and
undoped SnO2 AMP synthesised supported catalysts obtained similar Ir wt%
therefore those 3 supports will be investigated. Similar to previous results
chapter, the conductivity, structure, composition and oxidation states of the
prepared catalysts are investigated to determine how physical and electronic

properties influences the OER activity and stability.

5.2 Synthesis of SnO2 supports and supported catalysts
The undoped SnO2 and doped (Nb and Mo) SnO:2 supports, and the subsequent

AMP supported catalysts were synthesised using methods described in chapter
4.

5.3 Material Characterisation
The characterisation techniques including conductivity measurements and

electrochemical measurements utilised in this chapter are described in chapter
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4. In brief, XRF, BET, XRD and XPS were conducted to confirm the composition,
surface area and oxidation state of the supports and supported catalysts.
Conductivity measurements were undertaken to determine the electrical
properties of the supported catalysts. The electrochemical activity measurements
ware performed in 0.05 M H2SO4 with a target Ir loading of 20 wt% onto the
support. The stability measurements were also conducted in 0.05 M H2SO4 with
a potential hold (CA) at 1.6 Vrue and aliquots of electrolyte were obtained to
perform ICP-MS to determine the elemental dissolution of the supported

catalysts.

5.4 Results and Discussion

5.4.1 Characterisation of supports and supported catalysts.
The synthesised supports Nb and Mo-SnO2 (NbTO and MoTO, respectively) and

undoped SnOz2, show evidence of rutile SnO2 from XRD. XRD of the prepared
supports (Figure 5.1a) evidence a tetragonal rutile-SnO2 whereby the observed
peaks and planes at 26 = 26.6° (110), 34.1° (101), 38.0° (200), 51.9° (211), and
54.8° (220).
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Figure 5.1: XRD peaks of a) as-synthesised supports and b) supported catalysts.

For all synthesised support compositions, the Scherrer analysis of peaks at 26 <

40° was conducted and showed crystallite sizes of 3 — 5 nm for all support

compositions (Table 5.1). To quantify the composition of the supports, XRF
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measurements were conducted confirming the presence of the additives (Nb and
Mo) with weight fractions of 5 wt % and 8 wt% for NbTO and MoTO, respectively
(Table 5.1). The surface area of each support was determined using BET analysis
(Table 5.1). The supports containing an additive exhibit higher surface areas (111
and 143 m?/g) in comparison to undoped SnO2 (74 m?/g). Although the crystallite
size for SnO2 (5 nm) is similar to NbTO and MoTO (4 and 3 nm, respectively), the
addition of the additives increased the surface area. The addition of additives to
the SnOz2 lattice can result in peak broadening due to lattice distortion which
results in low crystallite sizes during Scherrer analysis. Similar results have been
reported between ATO and FTO supports and attributed to differences in
hydrolysis and condensation rates during synthesis of the support resulting in
disordered mesopores that can increase d-spacing.'8’

Table 5.1:XRF determined weight fraction of additives in supports, BET surface

area, crystallite size of supports and XRF determined weight fractions of Ir in
supported catalysts for acid modified polyol syntheses.

. SnO2
Additive crystallite | Ir weight SnOz
weight BET . . crystallite size
Sample . 5 size of fractions
fractions | (m</qg) SUDDOTS (W%) of supported
(Wt%) bp i catalysts (nm)
(nm)
SnO, - 74 5 4 S
NbTO 5 111 4 3 5
MoTO 8 143 3 4 3

The Ir catalysts were deposited on the supports to prepare supported catalysts
using an acid modified polyol method adapted from literature.®® The crystallinity
of the supported catalysts were analysed by XRD and it was observed that there
were no additional peaks for Ir species (IrOz2, Ir etc) post deposition (Figure 5.1b).
This indicates that Ir is either not present, Ir crystallites are extremely small or the
deposited Ir is amorphous. To confirm the presence of Ir, we analysed the
supported catalysts using XRF. We obtained Ir with wt% of 3-4 nm (Table 5.1).

Therefore, Ir must be present as amorphous or small crystallites.

The oxidation states of Ir and Sn were analysed with XPS on the supported

catalysts. Typically, Sn 3ds:2 binding energies for Sn** occur between 486 — 488
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eV?25_In this work the Sn 3ds:2 peaks (Figure 5.2a) show binding energies of 487,
486.7 and 486.8 eV for Ir-SnOz2, Ir-NbTO and Ir-MoTO respectively. Thus,
confirming the presence of Sn** oxidation state for Sn. Obtaining accurate Ir
oxidation states is difficult due to Ir species (+3 and +4) that occur at similar
binding energies.?84399.31% For |r 4f7;2, we typically see IrO2 binding energies at
61.1 — 62.9 eV.??5 Our supported catalysts obtained binding energies of 61.4,
61.3 and 61.2 eV for Ir-SnOz2, Ir-NbTO and Ir-MoTO respectively confirming the

presence of an IrO2 and Ir oxidation state of 4+.
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Figure 5.2: XPS spectra of supported catalysts a) Sn 3d and b) Ir 4f.

5.4.2 Electrochemical OER activity and conductivity of

supported catalysts
The OER activity of the supported Ir catalysts was measured by potential cycling

between 1 — 1.8 VruEe in 0.05M H2SOa4. The positive sweep (oxidative) was plotted
to determine the OER performance of the supported catalysts (Figure 5.3a). The
supported catalysts obtained geometric surface areas normalised activities of
0.93 — 1.59 mA/cm? at 1.7 Vrre. The additive containing supported catalysts (Ir-
NbTO and Ir-MoTO) obtained higher geometric area normalised activities than Ir-
SnO2. However, the unsupported IrO2 exhibited the highest geometric area

normalised activity overall with 10.17 mA/cm? at 1.7 VRHE.
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Figure 5.3: Electrochemical analysis of supported catalysts a) geometric surface
area, b) Ir-mass activity, c) surface area normalised activity and d) conductivity.
All electrochemical analyses were conducted in 0.05 M H2SOu4 in triplicate to
produce error bars and the 5™ cycle was used to obtain these results with a total
supported catalyst loading of 20 pgcat/cm?.

Electrocatalysts are known to have rough surfaces with high surface area.
Normalising the current solely by the geometric surface area overestimates the
performance of an electrocatalyst as it assumes that the surface is smooth.3?° To
accurately measure the current response of an electrocatalyst, the current must
be normalised by the mass of catalyst loaded onto the working electrode. In
addition, the Ir utilisation for Ir-based supported catalysts can be measured. The
mass activities in this work were analysed by normalising the current at 1.7 VrHe
to the mass of Ir (0.10 — 0.16 pg) in each supported catalyst (Figure 5.3b). We
observed that all the supported catalysts obtained higher mass activities than
unsupported IrO2 (508 A/gr). When comparing the supported catalysts as a
function of the additives, we observe that Ir-NbTO obtains the highest mass
activity of 2871 A/gir at low Ir loading of 3 wt% compared to Ir-SnO2 (1135 A/grr)
with similar Ir content of 4 wt%. This increased mass activity directly correlates to
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higher BET surface area, however it is difficult to evaluate the effects of additive

on Ir mass activity.

Interestingly, Ir-MoTO with a higher surface area (143 m?/g) than Ir-NbTO (111
m?/g) achieves mass activities in a similar range to Ir-SnO2 (74 m?/g). Therefore,
we normalised the current at 1.7 Vrue with the BET surface area to determine the
effects of surface area on the resulting mass activities (Figure 5.3c). The highest
performing supported catalyst is shown to be Ir-NbTO with 26 A/m?, following the
same trend as mass activities. Although, the highest surface area support was Ir-
MoTO (143 m?/g) it did not produce higher BET surface area normalised activity
than Ir-NbTO or Ir-SnOz2. This shows that there is a potential interaction between
the NbTO support and Ir leading to improved OER performance, irrespective of

support surface area.

The relationship between activity and reaction mechanism can be investigated by
analysing the current produced as a function of potential applied to the working
electrode. As a result, information on the rate determining steps of the reaction
can be found by conducting Tafel analysis. In this work, Tafel analysis was
conducted at overpotentials of more than 200 mV to assess the kinetics of each
supported catalyst (Figure 5.4). The supported catalysts containing an additive
(Nb and Mo) resulted in slopes of <100 mV/dec indicating faster kinetics
compared to Ir-SnO2 with a Tafel slope of 100 mV/dec. Interestingly, Ir-MoTO
with similar mass activity to Ir-SnO2 showed the lowest slope of 70 mV/dec.
Similar to previous chapters, the low Tafel slopes potentially indicate the

occurrence of the adsorbate evolution mechanism.
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Figure 5.4: Tafel slopes of supported catalysts at n = > 200 mV.

The conductivities of the supports and supported catalysts were measured in
triplicate in a homemade conductivity cell (Figure 5.3d). The SnO2 support
achieved 10-® S/cm compared to both NbTO and MoTO reaching 106 S/cm. Upon
Ir deposition, the supported catalysts had a marginal increase in conductivity, but
the trend was still maintained with 10-° S/cm for Ir-SnO2 and 10-® S/cm for Ir-NbTO
and Ir-MoTO. Ir deposition was expected to lead to an increase in conductivities
because Ir (and IrO2) are more conductive than other transition metal oxides.
However, these supported catalysts only contain 3-4 Ir wt% and thus, there is not
enough Ir to provide a conductive pathway that can lead to an increase in
conductivity. A previous report has shown that 40 mol % of Ir (~ 50 wt%) on TiO2

is required to provide a significant enhancement on conductivities. >

However, the low Ir loading (and low conductivities) has not hindered the mass
activities of the supported catalysts (Figure 5.3b). Therefore, we can deduce that
supported catalyst have maximised Ir utilisation leading to increased mass
activities despite the low conductivities. This highlights that conductivity is not the
only factor that influences OER performance but the potential interaction between

additive and Ir may enhance OER performance.

5.4.3 Stability of supported catalysts
The stability of the supported catalysts was evaluated by conducting CA at 1.6

VrHe for 18 hours. An aliquot of the electrolyte was taken at 1, 2, 4 and 18 h and
analysed using ICP-MS to determine the elemental dissolution of each supported
catalyst. The current density during the CA measurements was plotted at hourly
intervals (Figure 5.5). We observed a rapid decrease in current density in the first
hour of the CA measurement. This can potentially be attributed to the catalyst
surface restructuring.?*” Additionally, amorphous IrOx which may be present
within this sample is known to undergo dissolution faster than crystalline Ir,
however this is still a debated topic in the field.?’%32" Activity losses during CA
have also been attributed to microscopic bubble formation hindering the increase
of current density due to blocked activity site, thus may not necessarily indicate
an unstable supported catalyst.3!" We also observe a steep decline in current
density for Ir-NbTO over the course of 18 h in comparison to Ir-MoTO and Ir-SnO2

which both show stabilisation after ~ 12 hours with a slight increase in current
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density at 18 hours. This highlights the dynamic nature of all supported catalysts
with Ir-NbTO appearing to be the most unstable.
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Figure 5.5: Current density of each supported catalyst at hourly intervals of the
stability measurements.

Due to the initial rapid decrease in current density and the uncertainty in the
degradation mechanism in the first hour, we opted to plot the first hour against
the last hour to observe change in stability over the course of 18 hours (Figure
5.6a). For the supported catalyst to be seen as “stable”, the activities should lie
along the diagonal (y = x). We observe that Ir-MoTO exhibits a loss of 0.13
mA/cm? over the course of 18 h compared to 0.20 and 0.75 mA/cm? for Ir-SnO2
and Ir-NbTO, respectively. Overall, we deduce a trend of MoTO > SnO2 > NbTO,

thus we observe that MoTO is less active but more stable supported catalyst.
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Figure 5.6: Stability analysis of supported catalysts a) current density (j) at 1 hour
and 18 hours of chronoamperometry with a line of y = x to guide the eye, b)
dissolved fraction of Ir, Sn, Nb and Mo (percentage of element leached
determined by ICP-MS / element wt% measured by XRF) and c) stability numbers
of Irand Sn.

When observing the dissolution of the supported catalysts (Figure 5.6b), we
determined that most of the dissolution occurred in the first hour as seen in Figure
5.5 potentially due to electrochemical degradation of the supported catalysts.
Additionally, the highest dissolved element is Ir in all supported catalysts with a
dissolved fraction of 0.6 — 55.0 % after 18 h CA compared to 0.0006 — 0.05 % for
Sn and 0.2 — 1.6 % for additives. Interestingly, Ir-MoTO does not show any
degradation of Ir until the second hour of dissolution although Ir-MoTO exhibits
steep decrease in the first hour (Figure 5.5), indicating that another factor may
have influenced the degradation in the first hour. When analysing Sn dissolution
in in Ir-NbTO and Ir-MoTO, we observe an increase in dissolution over time with
both supported catalysts exhibiting a dissolution of 0.05 % (Figure 5.6b).
However, Ir-SnOz2 shows a decrease in dissolution from 2 to 4 hours, highlighting
that Sn is possibly repositing onto the catalyst surface.?'* The Ir-NbTO and Ir-
MoTO show that Mo dissolution is higher (1.6 %) than Nb dissolution (0.2 %) over

18 h. The high dissolution of Mo compared to Nb, does not correlate with the
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observed steep decline in current density for Ir-NbTO (Figure 5.5). Therefore, we
can hypothesise that the additive is not the main cause of the observed

electrochemical degradation in Ir-NbTO.

When normalising the dissolution by the OER activity, known as the S-number, a
metric that correlates ratio of moles of oxygen formed and dissolved Ir.#¢ Where
a high S-number equates to a stable catalyst. We observe that Ir-SnO2 achieves
the highest Ir S-number (10°) compared to Ir-NbTO and Ir-MoTO (10%), this
correlates with the observed dissolution of Ir (Figure 5.6b). Suggesting that the
presence of additives reduces the stability of the supported catalysts. This can
be further confirmed when observing the S-number of Sn and additives in Ir-
NbTO and Ir-MoTO. Specifically, I-MoTO has the lowest S-number of Sn and
additive of all the supported catalysts with 102 for Sn and 102 Mo. This correlates
with the observed dissolved fraction (Figure 5.6b), however it does not correlate
with the observed electrochemical degradation (Figure 5.5), where Ir-NbTO
shows higher degradation despite showing higher stability with S-number of 103
for Sn and 10* for Nb. Thus, highlighting that the Mo additive, enhances the
instability of the supported catalyst. The lack of stability in doped SnO2 supported
catalysts compared to undoped SnO:2 has been reported to occur due to support
degradation as a result of dopant leaching.’” Overall, we observe a stability trend
of SnO2 > NbTO and MoTO.

5.5 Conclusions
In this work, we evaluated the OER activity and stability of SnO2, NbTO and

MoTO supported Ir catalysts in a rotating disk electrode configuration and
determined the elemental dissolution using ICP-MS. We observed that
supporting Ir on high BET surface area supports enhances the OER activities
(1135 —3000 A/grr) at low Ir wt% (3 — 4 wt%) despite obtaining low conductivities.
The instability of the supported catalyst can be attributed to the presence of
dopants as undoped supported catalyst show higher stability than doped
supported catalysts. This work highlights that not one factor is responsible for the
enhancement of OER performance as has been discussed in the previous results
chapters. The development of highly active and stable supported catalysts relies
on balancing the optimum structural and physical properties of each catalyst and

catalyst-support.
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6 The Synthesis and Characterisation of Metal
Stannates for the 2-electron Water Oxidation to
Form H>O»

6.1 Introduction
In addition to focusing on the OER, the electrochemical production of hydrogen

peroxide (H202) is an important reaction to consider due to the 4e-WOR reaching
similar potentials to the 2e-WOR and its industrial benefits. As discussed in
section 1.9.2, various different catalysts have shown promising activity and
selectivity for the 2e-WOR, including, Zn0O,2°" WQ3,38.197 Sn0,,38:202 Tj(Q,38.197.322,
BiV(4,38203 CaSn03'%.18202 gnd boron-doped diamond (BDD)®'. However,
despite showing promising results further investigation is required to synthesise
alternative catalysts that can yield high selectivity, production rate, stability and
activity for the 2e-WOR.

Owing to the aqueous nature of H202, accurate and appropriate analytical
methods are required to quantify the performance (e.g., selectivity) of 2e-WOR
electrocatalysts. To date, studies have utilised a range of in-situ (rotating ring disk
electrodes?®) and ex-situ (titration3861214.323 = colorimetry18.194.202.214 = tgst
strips?°1214) measurements to quantify H202 production. However, the challenge
lies in quantifying very low concentrations of H202 (< 0.3 ppm), making it difficult

to gain an accurate measurement of selectivity.2'

This chapter focuses on the development of electrocatalysts for the 2e-WOR to
electrochemically produce H202 by synthesising metal stannates (CaSnOs and
BaSnOs). Additionally, nanopowders of Au-CaSnOs composites were
synthesised to investigate the influence of Au on 2e-WOR. The quantification of
the electrochemically produced H202 was performed on each of the synthesised
catalysts following a literature method which combined titration with UV-vis

absorption spectroscopy technique.

6.2 Experimental Syntheses

6.2.1 Stannate thin films
CaSn0O3 and BaSnOs thin films were synthesised following a previously reported

literature protocol.?%2 0.1 M SnCl4, 0.1 M CaCl2 and 0.1 M BaCl2 solutions were
prepared from SnCls*5H20 (Fisher Scientific), CaCl2e6H20 (98%+ for Analysis,

Fisher Scientific) and BaCl2e2H20 (Alfa Aesar), respectively. 25 uL of SnCls was
121



spin coated onto fluorine doped tin oxide (FTO) glass (~7 Q/sq, Sigma Aldrich)
and dried on a hot plate for 2 minutes at ~ 80 °C. Once dried, 25 uL CaClz was
spin coated onto the same FTO glass and dried on a hot plate for 2 minutes at ~
80 °C. Further cycles of spin coating and drying were repeated until a total of 4
layer were deposited per precursor solution. The same process was reported for
spin coated deposition of BaSnOx films. Once all the layers are deposited, the

samples were annealed at 700 °C for 5 h.

6.2.2 Stannate nanoparticles
Nanoparticles of CaSnOs3 were synthesised following literature.?°? In brief, 3 mmol

of CaCl2:6H20, 0.57 g SnCls4*5H20 and 0.961 g citric acid (99+%, Alfa Aesar)
were dissolved in 30 mL of 30 wt% H202 (30-32%, Fisher Scientific). The solution
was stirred, and 30 wt% ammonia hydroxide solution (33%, Fisher Scientific) was
added dropwise until a pH of 10 was obtained. The solution was refluxed at 50
°C for 5 h. The precipitates were washed twice using 50 mL deionised water and
50 mL ethanol and annealed in air for 2 h at 600 °C, 650 °C, 700 °C and 750 °C.
The nanoparticles annealed at 750 °C were dispersed in solvents (water, IPA and
cation-exchange Nafion) and spin coated onto FTO glass to form thin films as

described in section 6.3.2.

6.2.3 Au nanoparticles
Two synthesis techniques were adapted from literature to prepare 3 nm'44.324 and

15 nm32% diameter Au nanoparticles. To form 3 nm Au, 100 mg hydrogen
tetrachloroaurate (lll) hydrate (49 wt% Au, Alfa Aesar), 10 mL 1,2,3,4-
tetrahydronaphthalene (97%, Alfa Aesar), 10 mL oleylamine (80-90% C18, Fisher
Scientific) were mixed. In a separate beaker, 43.5 mg borane tert-butylamine
complex (TBAB) (97%, Alfa Aesar), 1 mL oleylamine and 1 mL 1,2,3,4-
tetrahydronaphthalene was sonicated until dissolved. This solution was quickly
injected into the previous solution and vigorously stirred at 22 °C for 1 h. The Au
particles were centrifuged in methanol (1:3 gold solution to methanol ratio), dried

with Ar and stored in hexane.

To form 15 nm Au particles, a pH optimised mixture of sodium citrate and citric
acid was formed by mixing 2.2 mM solutions of sodium citrate and citric acid to
obtain a ratio of 75:25. 150 mL of the pH optimised mixture was refluxed at 100
°C (~ 30 mins). 25 mM of hydrogen tetrachloroaurate (lll) hydrate was added to

the pH optimised mixture and rapidly stirred. The Au mixture was continuous
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stirred until a deep red colour occurred (~ 2 mins). The heat was then switched

off and continuously stirring until the solution’s temperature reached 70 °C.

6.2.4 Au-CaSnOz nanopowders

6.2.4.1 Citrate synthesis
A ligand exchange was performed on 3 nm Au particles prior to the formation of

Au-CaSnOs to replace the oleylamine ligand with citric acid. In brief, following a
previously reported synthesis,3?6 10 mg of 3 nm Au particles were suspended in
1.05 mL toluene. A separate mixture of 0.26 mL dimethyl sulfoxide (DMSO,
Fisher Scientific) and 0.065 mmol mercaptosuccinic acid (98%, Alfa Aesar) was
mixed. The Au/toluene mixture was mixed with the DMSO/mercaptosuccinic acid
solution and purged with nitrogen for 20 mins before sonicating for 4 h, forming a
black precipitate. The precipitate was washed with 1:3 precipitate to 2-
methoxyethanol ratio then suspended in 1.31 mL 0.1 M sodium citrate solution

and sonicated overnight (~ 19 h).

Following the ligand exchange, a molar ratio of 1 Au : 5 Ca/Sn was synthesised
by mixing 0.02 mmol of ligand exchange Au nanoparticles with 0.1 mmol of
CaClz2:6H20, 0.1 mmol SnCls*5H20 and 0.166 mmol citric acid (99+%, Alfa
Aesar). This solution was dissolved in 1 mL of 30 wt% H202 (30-32%, Fisher
Scientific). The solution was stirred, and 30 wt% ammonia hydroxide solution
(33%, Fisher Scientific) was added dropwise until a pH of 10 was obtained. The
solution was refluxed at 50 °C for 5 h. The precipitates were washed twice using

4 mL deionised water and 4 mL ethanol and dried at 80 °C for 2 h in air.

For 15 nm Au, to achieve 1:5 molar ratio of Au:Ca/Sn, the same method as above
was followed except 90 mL of the Au in 75:25 citrate solution was added in place

of citric acid.

6.2.4.2 Oleylamine synthesis
Using the 3 nm Au particles (prior to ligand exchange) stored in hexane from

section 6.2.3 and adapting previous literature,'#* a molar ratio of 1 Au : 5 Ca/Sn
was achieved by mixing 0.02 mmol of gold (in hexane solution) with 0.1 mmol
calcium 2,4-pentanedionate hydrate (99%, Fisher Scientific), 0.1 mmol tin (ll)
acetylacetonate (99.9% Sigma Aldrich), 0.2 mmol oleic acid and 3 mL oleylamine.
The mixture was heated for 1 h at 100 °C under argon. Separately, 0.8 mmol
TBAB and 400 pL oleylamine was mixed and injected into the Au/Ca solution and

stirred for 1 h.
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For both syntheses, the nanoparticles were dispersed in solvents (water, IPA and
cation-exchange Nafion) and spin coated onto FTO glass to form thin films. Full

experimental details are provided in section 6.3.2.

6.3 Material Characterisation

6.3.1 Physical characterisation
Full details of the instruments and experimental setup is described in Chapter 2.

In brief, the crystal structure of the nanopowders and thin films were analysed by
X-ray diffraction (XRD). X-ray photoelectron spectroscopy (XPS) was utilised to
determine the oxidation state of the catalysts. The morphology, composition and
elemental maps of the stannate catalysts were determined by scanning electron
microscopy (SEM) coupled to an energy dispersive X-ray spectroscopy (EDX).
The morphology, particle sizes and elemental distribution maps of the Au
containing catalysts was determined by transmission electron microscopy (TEM)
and scanning transmission electron microscopy coupled to energy dispersive X-
ray spectroscopy (STEM-EDX). TEM sample preparation was conducted by
dispersing the catalysts in hexane and dropcasting 10 yL onto holey carbon
coated copper support grids (400 mesh Cu grids, Agar Scientific). Ultraviolet—

visible spectroscopy (UV-vis) was conducted to determine H202 quantification.

6.3.2 Electrochemical characterisation
Electrochemical measurements were performed in a 3-electrode configuration in

a Teflon beaker. FTO glass was used as the substrate/working electrode for the
catalysts, graphite rod as the counter electrode, Ag/AgCl reference electrode and
2 M KHCOs (pH ~ 8.3) throughout. The stannate and Au-CaSnOs nanopowder
inks were synthesised by dispersing 3.5 mg catalyst in 1.6 mL deionised water
(18.2 MQ, Milli-Q) and 0.5 mL cation exchanged Nafion. The cation-exchanged
Nafion was prepared by dissolving 2 mL Nafion (D-520 dispersion, Alfa Aesar)
into 1 mL 0.1 M KOH.3?7 The inks were sonicated for 30 mins in a horn sonicator
(505, Fisherbrand). The ink was spin coated in 10 pL increments until 50 uL was
deposited onto the FTO glass. The FTO glass was dried for 2 mins at ~ 80 °C
after each 10 pL deposition. The stannate thin films were used as-synthesised.
The catalyst coated FTO glass was made into electrodes by placing a drop
gallium indium eutectic (99.99%, Alfa Aesar) onto the top of the FTO and covering
with copper tape. The copper tape was isolated by covering with PTFE tape (RS

Components). Exposed FTO (that was free of catalyst) was isolated using
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Locite™ EA 9461 epoxy (RS Components) and left to dry for >12 hours prior to

running electrochemistry.

Prior to measuring the OER activity, ohmic resistance was measured by
potentiostatic electrochemical impedance spectroscopy (PEIS) with 85%
correction at 1.7 Vrue (200 kHz). The OER activity was determined by using cyclic
voltammetry (CV) to sweep potential between 1.7 — 2.4 Vrue at 10 mV/s for 10
cycles, the oxidation sweep was plotted to observe the electrochemical
performance. The 4™ cycle was used to evaluate the current density. Stability
measurements were conducted using chronoamperometry (CA) to hold potential
at 3.4 VrHe for 5 hours. At hourly intervals, 1.5 mL of electrolyte was collected to

quantify H202 produced.

6.3.3 H202 quantification
Following literature methods,'®® a combination of titration and UV-vis analysis

was conducted to determine the concentration and selectivity of H202 for each
electrode. An aliquot of electrolyte (1.5 mL) was collected hourly and replaced
with fresh 2 M KHCOs. The aliquot was mixed with 1 M H2SO4 (1.5 mL) and the
UV-vis absorbance collected (500 — 700 nm, Figure 6.1a) to obtain the blank
spectrum. 0.4 mM KMnO4 was added in 100 uL increments to the aliquot, and
the absorbance spectrum collected after each 100 pyL addition. The absorbance
at Amax = 526 nm was plotted against volume of KMnOu4 (Figure 6.1b), a tangent
line is added to obtain the endpoint. Based on the stoichiometric reaction between
KMnQO4 and H20:2 (equation. 6.1),2°” the endpoint can be used to measure the
concentration of H202 (equation. 6.2 - (equation. 6.5) and subsequently the

selectivity (equation. 6.6).
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Figure 6.1: a) Absorbance spectra of blank FTO after 1 h CA and b) Absorbance
at Amax of blank FTO after 1 h CA against total volume of KMnO4 added to aliquot.
Red line indicates tangent line.

2MnO4 + 5H202 + 6H* > 2Mn?* + 502 + 8H20 (equation. 6.1)
mol of KMnO, = conc of KMn0O, X vol of KMnO, (equation. 6.2)
. _ (molof KMnO,\ 5 (equation. 6.3)

mol of H,0, in aliquot = (vol of aliquot) X 5
mol of H,0, in electrolyte (equation. 6.4)

_ (vol of total soln) N | of Ha0- aliouot
~ \ vol of aliquot mol of H,0, aliquo

mol H,0, in total electrolyte (equation. 6.5)

H,0, =
conc of H,0, vol of total soln

Selectivity (%) (equation. 6.6)
B (mol of H,0, x 96485 C/mol x Ze_) 100

Total charge passed (C)

6.4 Results and Discussion

6.4.1 Thin Films: Materials Characterisation
Thin films of CaSnO3 and BaSnOs3 were synthesised by spin coating CaSnOs and

BaSnOs nanoparticles onto FTO. XRD was performed to determine the
crystallinity of the thin films (Figure 6.2a). The diffracted peaks evidence a cubic
perovskite structure for BaSnOs when prepared at 700 °C with peaks at 30.6°
and 54.5° indexed to (110) and (211), respectively.3?® The remaining peaks at
26.6°, 33.8°, 37.9°, 51.7° and 54.8° were attributed to rutile SnO2. Additional
peaks at < 24° are attributed to BaC03.32° The expected XRD peaks associated
with perovskite CaSnOs were not detected, indicating that the annealing
temperature was not high enough to form a perovskite structure. The annealing
temperature could not be further increased due to the thermal limitations of FTO.
Rather, the prepared CaSnOs thin film shows only peaks which can be ascribed
to an uncoated FTO with peaks at 26.6°, 33.8°, 37.9°, 51.7° and 54.7° attributed
to rutile SnO2 and indexed to (110), (101), (200), (211) and (220) (Figure 6.2a).

These prepared films will henceforth be named CaSnOx.
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Figure 6.2: a) XRD peaks of unannealed FTO, annealed FTO, CaSnOx and
BaSnOs alongside the relevant ICSD reference patterns. Blue symbol indicates
BaSnOs peaks and black indicates SnO2 and XPS spectra of b) Ba 3d, c) O 1s
for BaSnOs, d) Ca 2p, e) O 1s for CaSnOx, f) Sn 3d spectra and g) Sn 3d valence
bands of BaSnOs and CaSnOx.

The oxidation states of the thin film surfaces were investigated by X-ray
photoelectron spectroscopy (XPS). Specifically, XPS spectra of Ba 3d, Sn 3d and
O 1s for BaSnOs3 were analysed, Ba 3d region shows two sets of doublets (778.8
eV and 779.7 eV) indicating the presence of two different Ba oxidation species,
likely due to the presence of both BaSnO3 and BaCOs (Figure 6.2b).23° The O 1s
spectra for BaSnOs was deconvoluted and analysed, peaks at 529.0 eV and
531.0 eV are attributed to lattice oxygen (oxygen-metal bond) and defective
oxygen, respectively (Figure 6.2c).33" Although there was no observed CaSnOs
perovskite structure by XRD (Figure 6.2a), XPS analysis clearly indicates the
presence of calcium at the surface of the thin film (Figure 6.2d). Specifically, the
Ca 2p region showed a doublet with peaks at 347.0 eV and 350.5 eV. The peak
positions and separation of peaks ~3.5 eV suggests the presence of Ca?*.332 The
O 1s region was analysed and showed a more oxidised surface for CaSnOs than
BaSnOs with the lattice oxygen (530.1 eV) and defective oxygen (531.4 eV)
peaks shifting to slightly higher binding energies (Figure 6.2e). The Sn 3d region
for both BaSnO3s and CaSnOx was analysed and showed CaSnOx at a higher
binding energy (486.2 eV) compared to BaSnOs (485.7 eV) (Figure 6.2f). Due to
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the overlapping binding energies of SnO and SnO2 (~ 486 — 487 eV),3% the
valence band spectra (< 10 eV) of each catalyst was analysed and showed peaks
at ~ 4 eV which is attributed to SnO2 (Figure 6.2g).33

6.4.2 Thin Films: Electrochemical Performance
The electrochemical performance of the thin films was assessed in 2 M KHCOz3

electrolyte in a three-electrode configuration, with catalyst coated FTO glass as
the working electrode. During CA measurements, 1.5 mL aliquots of electrolyte
were taken at 1, 2, 4 and 18 h and titrated with KMnO4. The colour change was
detected using UV-vis to determine the endpoint from which the concentration
and selectivity to H202 production were calculated. Two controls were also
investigated for the 2e-WOR, unannealed FTO (UA-FTO) and annealed FTO (A-
FTO). The linear sweep voltammogram (LSV) between 1.7 — 2.4 VruE showed
that UA-FTO obtained the highest geometric current density of 1.36 mA/cm? at
2.38 VrHE compared to 0.46 mA/cm? for BaSnO3 and 0.35 mA/cm? CaSnOx
(Figure 6.3a). It has previously been reported that FTO is active for 2e-WOR at
high overpotentials ( > 1240 mV) leading to high current densities (>20
mA/cm?).203323 \We show that this is an underestimation of FTO performance in

this potential window.
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electrode configuration.

Due to the low current density at 2.4 VrHEg, low concentrations of H202 are likely
to be produced and therefore the CA was performed at higher potential. The
production of H202 was evaluated by holding potential at 3.4 Vrre (CA) for 5 h.
Conditioning of the electrode to achieve steady state catalyst surface was not
performed prior to CA in line with literature protocols.?*” The initial steep decrease
in electrode performance at 0 — 0.05 h for all electrodes is possibly due to the
lack of conditioning of the catalyst prior to stability measurements (Figure 6.3b).
After 0.05 h, uncoated FTO (UA and A-FTO) initially exhibited the highest current
density of > 25 mA/cm? at 0.05 hours compared to 9 mA/cm? for BaSnOz and 5
mA/cm? for CaSnOx (Figure 6.3b). Over the duration of the 5-hour stability test,
we observe a steep decline in current density for UA-FTO and A-FTO.
Conversely, after 5 h CA, CaSnOx maintains a current density of ~ 9.2 mA/cm?
for 3 hours. Although BaSnOs exhibits lower current density than uncoated FTO,

the catalyst maintained ~ 5 mA/cm? for 5 hours. We speculate that the hourly
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increase in current density is due to accumulated bubbles, leading to blocked
active sites due to bubble accumulation.®'? The hourly collection and
replenishment of electrolyte for H202 quantification dispelled the bubbles and
exposed more of the active sites on the surface leading to increased current

density.

6.4.3 Thin Films: H202 Quantification
Through electrolyte aliquoting, the concentration of H202 throughout the CA

stability test was monitored (Figure 6.3c), UA-FTO and CaSnOx produced similar
concentrations of H20:2 in the first hour (~ 25 ppm). It is important to note that the
presence of carbonate electrolyte can enhance H202 production due to the
electrochemical oxidation of HCOs  to HCO4™ at 1.80 Vrwe initiating the formation
of H202 via HCO4 decomposition.’3 Over 3 hours, the concentration of H202
decreased for UA-FTO while the concentration increased to 32 ppm for CaSnOx.
After 3 h, we observed a decrease in H202 concentration for CaSnOx to 26 ppm
at 5 h. The decrease in concentration over time has previously been reported for
CaSnO3 and attributed to the electrochemical decomposition of H202.16202 The
thermodynamic potential for H202 oxidation (0.67 Vr+E) is lower than the applied
potential during the CA, likely leading to decomposition of H202 occurring before
water oxidation.®' In addition, the known instability of H202 in alkaline media likely
further degrades H20: with time.3® BaSnOs showed a steady increase in
concentration during 5 h measurements. However, the concentrations did not
exceed concentrations seen in CaSnOx, indicating that CaSnOx is more active for

H202 production.

The selectivity of the prepared thin films was calculated each hour based on the
moles of H202 produced during the stability measurement and the cumulative
charge passed at each hour during the CAs (Figure 6.3d). We observe that the
first hour produces the highest selectivity for UA-FTO, A-FTO and CaSnOx
followed by a decrease in selectivity over time. CaSnOx was found to have the
highest selectivity to H202 with 17 % at 1 h compared to 3 % for BaSnOs and 3 —
5 % for uncoated FTO. Similar to the observed changes in H202 concentration
over the 5 h CA testing, the selectivity of uncoated FTO and CaSnOx decreases
over time. For BaSnOgs, the selectivity is maintained at ~ 3 % irrespective of the
increase in H202 concentration, highlighting that BaSnOs3 is not highly selective

for H202 production.
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It is also important to note that the conductivity of the thin film can also hinder the
performance of an electrode. A study of 0.5 wt% CaSnOs thin films with 1 — 7
layers of CaSnQOz3 were electrochemical tested for H202.2°? A decrease in current
density and selectivity as a function of increasing catalyst layer was observed. In
this chapter, 5 layers of 0.3 w/v% CaSnOx and 0.4 w/v% BaSnOs were
synthesised. We suggest that future experiments can focus on tuning the
concentration of catalyst solution and number of spin coated layers, potentially

improving our observed electrochemical performance and production of H20x2.

6.4.4 Nanoparticles of CaSnO3
Nanoparticles of CaSnOs were synthesised by the thermal decomposition of

peroxo-precursors adapted from literature.?°? The crystal structure of the CaSnQOs3
was analysed by XRD. It was observed that calcination temperature (600 — 750
°C) influenced the crystal structure of CaSnOs (Figure 6.4). Calcination
temperatures of > 700 °C showed the presence of CaSnOs with a perovskite
structure with peaks at 22.6°, 32.0°, 46.0°, 51.8°, 56.7° and 57.7°.33¢ Similar
effects of annealing temperature on crystallinity have been previously reported

for CaSnO3 nanoparticles.®
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Figure 6.4: XRD patterns of CaSnOs annealed at 600, 700 and 750 °C and
relevant reference patterns from ICSD. Orange symbols represent the CaSnOs
peaks.

The perovskite structure of CaSnOs at 750 °C was further characterised and will
be ascribed as CaSnOs3-750 in this chapter. The morphology of CaSnO3-750 was
characterised by SEM (Figure 6.5). We observed agglomerated clusters of
CaSnOs particles of >20 nm. Although, the catalyst was thoroughly washed prior
to annealing, the weight fractions obtained from SEM-EDX showed the presence
of residual CI- (0.3 wt%).
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Figure 6.5: Micrograph of CaSnOs3-750 collected by SEM.

The electrochemical performance of CaSnO3-750 was assessed in a 3-electrode
configuration with FTO as the working electrode. The nanoparticles (CaSnOs-
750) were spin coated onto FTO with a catalyst loading of 0.1 mgcat/cm? (0.2
w/v%). The CaSnO3-750 were compared against unannealed FTO (UA-FTO) and
CaSnOx (Figure 6.6). The increase in crystallinity has been reported to enhance
catalytic activity and H202 production rates.'® Interestingly, we observe that the
LSV for CaSnO3-750 and CaSnOx are very similar, despite the differences in
crystallinity. Additionally, when comparing the geometric activity at 2.37 VrHE we
observe lower current densities in both nanoparticle CaSnO3-750 and thin films
of CaSnOx, compared to UA-FTO (1.27 mA/cm?). We hypothesise that the lack
of conductivity results in low current densities. CaSnO3s is a wide band gap
semiconductor (Eq = ~ 4.4 eV) which likely also results in low conductivity.33’
Indeed, a recent study reported that CaSnOs encapsulated in carbon fibre (CF)
increased in conductivity compared to bare CaSnQs3.'® This was attributed to
sufficient contact between conductive CF and CaSnOs leading to improved

activity and high Faradaic efficiency at low potentials ( ~ 90 % at 2.9 VRrHE).
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CaSn0s-750 nanoparticles. All electrochemical analyses were undertaken in 2 M
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6.4.5 Au-CaSnOs Nanoparticles: Material Characterisation

Au is known to be thermodynamically stable at potentials above water oxidation
(1.23 V)38 and has been reported as an efficient catalyst for the 2-electron
oxygen reduction reaction to form H202.2:3%° Owing to the low conductivity in
CaSnOs, we investigated Au-CaSnOs and Au-SnOz2 nanoparticles as a potential

strategy to improve the electrochemical 2e-WOR performance of these materials.

We synthesised Au nanoparticles from two synthetic techniques (labelled
“optimised mixing” and “oleylamine based”) to obtain two different Au particle
sizes. Using high resolution TEM (HR-TEM), we analysed the morphology and
particle size of the Au particles and Au-CaSnOs (Figure 6.7). Both Au syntheses
showed spherical Au particles, irrespective of the synthesis methodology. The
oleylamine synthesis resulted in smaller Au particles of 3 nm whereas the
optimised mixing synthesis obtained Au particles of 15 nm (Figure 6.7a and d,
respectively). The incorporation of Au into the CaSnOs synthesis produced
agglomerated Au-CaSnOs irrespective of Au particle size (Figure 6.7c,d).
Specifically, Au-CaSnOs from 3 nm Au (Au-CaSnO3-OA) showed large,
agglomerated Au particles attached to large CaSnO3 agglomerates (Figure 6.7¢).
Conversely Au-CaSnOs synthesised with 15 nm Au particles (Au-CaSnO3-OM)
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showed a more homogeneous distribution of Au clusters across large CaSnO3

agglomerates (Figure 6.7f).

100 nm

Figure 6.7: HR-TEM images of Au synthesised by a) oleylamine, b) optimised
mixing, HR-TEM images of c) Au-CaSn0O3-OA, d) Au-CaSnO3-OM, elemental
distribution maps of Ca, Sn and Au for e) Au-CaSn0Os3-OA and f) Au-CaSnO3-OM.

We also synthesised Au-CaSnOs solution using the 3 nm Au nanoparticles
(oleylamine synthesis) as described in Section 6.2.4.2. Using HR-TEM, we
observed the formation of Janus-type nanoparticles (Figure 1.8a). The elemental
distribution maps (Figure 1.8c) showed that despite the inclusion of a calcium
precursory, Au-SnOx were prepared rather than the expected Au-CaSnOs. We
hypothesise that the synthesis required longer reaction time to form Au-CaSnOs3

particles.

Figure 6.8: a) HR-TEM images of Au-SnOx, b) High angular annular dark field
(HAADF) and c) elemental distribution maps of Sn and Au.
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6.4.6 Au-CaSnOs and Au-SnOx Nanoparticles: Electrochemical

Performance
Although, we were able to analyse the morphology of Au-SnOx via TEM (Figure

6.8), the oleylamine synthesis route did not produce a high enough yield (< 1 mg)
to prepare an ink and assess the electrochemical activity of the material.
Therefore, the following electrochemical performance is based on the citrate
synthesised Au-CaSnOs (Figure 6.7c, d). The electrochemical measurements
were undertaken in 2 M KHCOs (pH ~ 8.3) in a 3-electrode configuration. The Au-
CaSn0s3-OA and Au-CaSn0O3-OM were dispersed in water, IPA and nafion and
spin coated onto FTO glass to form working electrodes (as described in Section

6.3.2) with a catalyst loading of 0.1 mgcat/cm?.

The electrochemical performance was assessed by conducting a LSV from 1.7
to 2.4 Vrue followed by CA at 3.4 Vrre. The geometric activity of Au-CaSnOs was
compared against CaSn0Os3-750, the results showed that the addition of Au to
CaSnOs did not improve the current density. Specifically, at 2.37 VrhE,
nanoparticles of CaSn0O3-750 exhibited 0.42 mA/cm? compared to lower current
densities achieved for Au-CaSn0Os-OA (0.34 mA/cm?) and Au-CaSnOs3-OM (0.31
mA/cm?) (Figure 6.9a). Future experiments should seek to quantify the effect of

catalyst loading on the electrochemical performance (LSV and CA).
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Figure 6.9: Electrochemical analysis as a) geometric activity of Au-CaSnQOs3 from
inorganic synthesis and CaSnOs, b) chronoamperometry at 3.4 Vrue of Au-
CaSnOs, CaSnOs-TF and UA-FTO, c) average concentration of H202 produced
and d) average selectivity of H202. All electrochemical analyses were undertaken
in 2 M KHCOs3 (pH ~ 8.3).

Stability measurements were again conducted by CA holds at 3.4 VrHE coupled
to electrolyte aliquoting to determine whether the presence of Au would increase
the production of H202 irrespective of the low current densities (Figure 6.9b).
Upon, visual inspection of the coated FTO after CA measurements no catalyst
remained on the FTO (Figure 6.10). Hence the observed decline in current
density for Au-CaSnOs is potentially due to the dissolution/delamination of the
catalysts. After 5 h, we observe similar trend to geometric activity with both Au-
CaSn0s catalysts obtaining low current densities of 7.51 mA/cm? for Au-CaSnQOs-
OM and 8.13 mA/cm? for Au-CaSn0O3-OM compared to CaSnOx (9.23 mA/cm?).
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Pre-CA: Au-CaSnO, Post-CA: No Au-
present CaSn0O, present

Figure 6.10: Image of Au-CaSnOs coated FTO prior to CA measurements and
post CA measurements.

The concentration and selectivity of H202 was assessed during the stability
measurements. The trend in concentrations of H202 for Au-CaSnOs is similar to
CaSnOx with an initial increase and subsequent decrease over time (Figure 6.9c).
However, the observed H202 concentrations are significantly lower for Au-
CaSnOs compared to CaSnOx for all samples investigated (as expected due to
the low geometric current densities observed in Figure 6.9a. As previously
described, this could be due to the electrochemical decomposition of H202 or a
result of catalyst dissolving or delaminating as seen in Figure 6.10. After 5 h, the

concentration of Au-CaSnO3-OM is 12 ppm compared to Au-CaSnOs-OA with 6
ppm.

Similar to the measured concentrations of H202, the selectivity of Au-CaSnQOs
showed high selectivity in the first hour followed by a decrease over time,
confirming the potential of electrochemical decomposition of H202 (Figure 6.9d).
As expected, the selectivity of Au-CaSnO3-OM is higher than Au-CaSnOs-OA.
Specifically, Au-CaSnO3-OM achieves 6 % selectivity compared to 4 % for Au-
CaSn0s3-OA at 1 h. Overall, the addition of Au to CaSnOs3 did not improve the
activity or selectivity of CaSnOx potentially correlated to the lack of Au content or

catalyst degradation.
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6.5 Conclusion
In summary, a titration/UV-vis quantification method was adopted to determine

the concentrations and electrochemical selectivity of various electrocatalysts
(CaSn0Os, BaSnOs and Au-CaSnOs) as thin films and nanopowders for the 2e-
WOR to H202. Unfortunately, compared to literature catalysts, we find very low
yields and selectivity. We speculate that the reaction time was not substantial to
produce high yields and the conductivity of the material was not sufficient to
improve electrochemical performance. In addition, the composite Au-CaSnOs did
not provide an increase in electrochemical performance. We hypothesise that the
catalyst dissolution or delamination from the substrate, hindered the
electrochemical performance of Au-CaSnOs. We suggest that an investigation
into the degradation mechanism of the catalyst would provide information on the
viability of Au-CaSnOs as an electrocatalyst for the 2e-WOR. Furthermore, we
show that the majority of H202 produced electrochemically decomposed after the
first hour, highlighting the highly unstable nature of H202 after 1 h. It is also
important to note that benchmarking using FTO substrate is complex due to FTO

also turning over the 2e-WOR.
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7 Conclusions and Future Work

7.1 Overall Conclusions
The synthesis of electrocatalyst is vital towards the decarbonisation of

transportation and chemical industries using electrolysis. This thesis focused on
synthesising and characterising cost-effective electrocatalysts for the 2-electron
and 4-electron water oxidation reactions (2e-WOR and 4e-WOR, respectively).
Specifically, by synthesising doped-SnOx and titanium dioxide (TiOz2) supported
iridium catalysts and metal stannate catalysts. The overall aims and objectives of
this thesis were to investigate the electrochemical activity, selectivity and stability
of the synthesised electrocatalysts and determine how their physical and
electronic properties influenced the electrochemical performance. The first three
project chapters of this thesis Chapters 3 — 5 focused on synthesising Ir-based
supported catalysts for the oxygen evolution reaction (OER, 4e-WOR). The final
project chapter (Chapter 6) focused on synthesising metal stannates and

quantifying the electrochemical production of H202 via the 2e-WOR.

In Chapter 3, hollow TiO2 coated with AuPd nanoparticles were synthesised as
supports for Ir. The supported catalysts showed high OER activity and stability in
a rotating disk electrode configuration and a membrane electrode assembly
(MEA). The work highlights the effect of AuPd and Ir loading as well as thermal
annealing environment on the OER performance. Specifically, the high AuPd and
Ir loading leads to a highly active and stable supported catalyst. Through various
material characterisation techniques, this work demonstrated that there is not one
single parameter that influences the high OER performance. However, the
combination of conductivity, Ir oxidation state, crystallite size and particle sizes of

the hollow TiO2 coated AuPd influenced the OER performance.

Chapter 4 and 5 focused on the influence of doped SnOx as catalysts-supports.
Chapter 4 investigated the influence of Ir deposition techniques on antimony tin
oxide (ATO) supported Ir catalysts. Specifically, the polyol and acid-modified
polyol (AMP) deposition techniques were utilised to synthesis Ir-ATO supported
catalysts. The AMP synthesis requires a pH adjustment which we hypothesise

can lead to an increase in the surface charge on the support and aids Ir loadings
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compared to polyol synthesis. The influence of ATO surface area was also
investigated and found that the AMP deposition technique combined with high
surface area support improves the OER activity, highlighting the enhanced Ir
utilisation for AMP synthesised supported catalysts. This work highlights the
influence that Ir deposition techniques have on conductivity, support surface area

and Ir loading of supported catalyst to improve OER performance.

Chapter 5 investigated the effect of additives to SnO2 support and its influence
on the OER performance. Specifically, Nb-SnO2 and Mo-SnO2 were synthesised
and evaluated as catalysts-supports for Ir. It was determined that the synthesis
of high surface area supports aids in enhancing the OER performance of the
supported catalyst. However, the low Ir content (< 4 %) reduced the conductivity
and stability of the supported catalyst. Therefore, similar to all the supported
catalyst chapters (3 - 5), a combination of high Ir content, conductivity and surface
area support is required to achieve both an active and stable supported catalyst.
Overall, the supported catalyst chapters showed that the use of supported

catalysts outperforms unsupported IrOz.

Chapter 6 focused on synthesising and characterising metal stannates (CaSnOs
and BaSnOs) and composites of Au-CaSnOs as thin films and nanopowder
catalysts for the electrochemical production of H202 via the 2e-WOR. A
quantification method involving titration and UV-Visible spectroscopy technique
was utilised to quantify the concentration and electrochemical selectivity of the
electrocatalysts for the 2e-WOR to H202. Overall, none of the synthesised
catalysts exhibited high performance for 2e-WOR, however the metal stannate
thin films showed stable performance. Upon quantifying the H202 produced, low
H202 concentrations and electrochemical selectivities were calculated, which can
potentially be attributed to a combination of H202 instability in alkaline electrolyte
and electrochemical oxidation of H202. The Au-CaSnOs composites obtained
lower current densities, concentrations and selectivities than the thin film metal
stannates. The lack of high performance for the Au-CaSnOs composites
correlates with the observed mechanical instability of the catalyst on the
substrate. This project also highlights that utilising fluorine doped tin oxide (FTO)
glass as a substrate is intricate due to FTO also turning over the 2e-WOR, leading
to high activities observed for FTO than the synthesised metal stannates and Au-
CaSnO:s.
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Overall, this thesis has achieved its aims and objectives by investigating the
electrochemical performance of the electrocatalyst in a half-cell and MEA
configuration and characterising the materials. The results from this thesis show
promising results of utilising AuPd coated TiO2 as a catalyst support to enhance
electrochemical performance at lower loading of 50 wt% Ir compared to the
current state of the art (75 wt% Ir). Additionally, the observation that different Ir
deposition techniques can influence the electrochemical performance is an
important additional factor to consider when developing electrocatalysts. Similar
to current research, the stability of dopants requires further optimisation to obtain
a stable and cost-effective dopant for catalyst-supports. This thesis highlights that
fine tuning the composition, dopant, morphology, Ir deposition technique of
supported catalysts can lead to viable 4e-WOR electrocatalysts with enhanced
activity, selectivity and stability. The design of catalysts and substrates for the 2e-
WOR requires substantial investigation to obtain highly active, selective and
stable materials. Moreover, the work on H202 within this thesis has highlighted
that there is a need to investigation quantification techniques for low

concentrations of H202 to project the development of this technology.

7.2 Future Works

The electrocatalyst designs for the 2e-WOR and the 4e-WOR in this thesis have
shown promising results thus far. However, for the electrocatalysts to be viable
in a commercial PEM-WEs further work to boost the electrochemical activity,
stability and selectivity could be conducted. This section describes the
improvements that could be made to the synthesised electrocatalysts in each

chapter with the potential of enhancing the electrochemical performance.

The synthesis of the hollow TiOz2 achieved high mass activities compared to IrOx
in an RDE and MEA. However, further investigations to potentially improve the
OER performance such as tuning the size and thickness of the AuPd
nanoparticles could be evaluated. In addition, in-situ characterisations should be
investigated to evaluate how the catalyst behaves during the OER measurements
and why there is preferential nucleation of Ir inside the hollow TiO2. AuPd
catalysts are known to be active for 2-electron oxygen reduction reaction, a H202

selective cell could potentially be produced which could generate H202 from both
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the anode and cathode electrodes. Therefore, it would be interesting to evaluate
these hollow TiO2 coated AuPd catalysts for the 2e-WOR.

For the doped SnO:2 chapters, the Ir loadings onto the supports should be
increased and the optimum dopant : SnOz2 ratio in the catalyst-support should be
investigated to potentially improve the OER performance. The long-term stability
of dopants in catalyst supports is currently under-researched. It would be
advantageous to evaluate the supported catalysts in an MEA coupled with in-situ
characterisation techniques such as a flow-cell to determine the elemental
dissolution and supported catalyst degradation mechanism during long-term

stability measurements.

In addition, further experimental work should be conducted to calculate the
turnover frequency (TOF) and electrochemical surface area to determine the
intrinsic activity of each catalyst. Theoretical modelling should be conducted to
accurately determine the mechanisms that are undergoing for all synthesised

electrocatalysts.

The 2e-WOR requires the synthesis of active, selective and stable
electrocatalysts with low overpotentials that can compete with the 4e-WOR. The
role of catalyst conductivity for the metal stannates must be investigated further
to evaluate its effect on H202 production. In this work, the addition of conductive
Au resulted in the dissolution/delamination of the Au-CaSnOs which led to
reduced current densities and stability. Therefore, the degradation mechanism
must be investigated to determine the viability of Au-CaSnOs3 as a 2e-WOR
catalyst. The influence of carbonate electrolyte on H20:2 is widely researched for
electrochemical H202 by 2e-WOR. In this work, the 2e-WOR performance was
conducted in 2 M KHCO3, however it has been reported that the combination of
HCO3/COs" in electrolyte would substantially increase H202 production. A repeat
of the catalysts in this work in a combined electrolyte (HCO3/CO3") could lead to
an increase in H202 production. Identifying alternative substrates would also be
advantageous as FTO has thermal limitations and turns over 2e-WOR which

increases the complexity of benchmarking these electrocatalysts.

Overall, the electrochemical production of H2 and H202 using proton exchange
membrane water electrolysis is an expanding field that has the potential to

decarbonise transportation/chemical industries. For the technology to become
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economically viable, the synthesis of cost-effective electrocatalysts must be
considered. Specifically, by understanding how to maintain highly active, stable
and selective electrocatalysts, the production of economic proton-exchange

membrane electrolysers can be amplified.
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A. Appendix

Figure A.1: Comparison of the OER activities from rotating disk electrode from
the literature with mass activities and geometric area normalised current densities
where available. References for each material shown in the first column, *
indicates the materials from Chapter 3.

Voltage
at
Ir Mass Current )
Ir ) o ) given
Sample Name Loading | Electrolyte | Activity | Density
wt% current
(ng/cm?) (Algr) | (mA/cm?) .
density
V)
. 0.1 M
50-TiO2-Hz 50 25.5 72 1.84 1.65
HCIO4
. 0.1 M
50-WH1-H2 50 25.5 728 18.57 1.65
HCIO4
. 01 M
50-WH5-H2 50 25.5 936 23.87 1.65
HCIO4
0.05M
Ir/TiO2-MoOx?? | 26 37.5 573 - 1.55
H2SO4
0.05M
Ir/TiO2272 26 37.5 76 3.13 1.55
H2SO4
0.1 M
Ir-TiO2-245 271 55 50 10 0.5 1.49
HCIO4
IrOx/Nbo.1Ti0.902- 0.5M
30 - - 10 1.60
600 273 H2SO4
IrOx/Nbo.1Ti0.902- 0.5 M
30 - - 10 1.56
700 273 H2SO4
IrOx/Nbo.1Ti0.902- 0.5 M
30 - - 10 1.60
800 273 H2SO4
0.5M
IrOx/F-TiO2 166 40 0.3 320.2 - 1.55
H2SO4
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0.5M

IrOx/TiO2 166 40 0.3 80.8 - 1.55
H2S 04
0.5M

[rO2-TNT 277 50 35 - 35 1.60
H2S 04
05M

IrO2/Nb-TNT 277 50 35 - 42 1.60
H2S 04
01 M

IrO2@TiO2 142 50 10 112 1.12 1.55
HCIO4
05M

IrO2@Ir/TiN 278 50 379 4127 - 1.60
H2S 04
0.5M

IrO2@Ir/TiN 278 60 379 480.4 - 1.60
H2S 04
05M

Ir/TiaO7 279 25 33.33 4.2 0.14 1.48
H2S 04
Mesoporous-Ir- 0.5M

30 - 158.3 8.2 1.60
TiOx 274 H2S 04
0.1 M

Ir-Pt-TiO2 16° 25 3.49 170 - 1.60
HCIO4
IrO2/Nbo.o5Tio.9502 05M

26 66.3 471 31.23 1.60
275 H2S 04
0.5M

IrOx/N-TiO2 280 - - 278.7 - 1.55
H2S 04
0.1 M

TiONx-3h-Ir 276 11 - 520.3 - 1.55
HCIO4
0.1 M

Umicore 148 75 3.7 5 - 1.50
HCIO4
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