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Abstract

Scarce and expensive iridium, known for its high activity and corrosion resistance, is
the most used catalyst for acidic oxygen evolution reaction (OER); however, reduc-
ing its use by enhancing catalyst performance and utilization is vital for advancing
proton exchange membrane water electrolysis (PEM-WE) technology. This thesis
aims to synthesize active and stable Ir-based catalysts using facile thermal decom-
position methods. Rigorous physicochemical and electrochemical characterization is

conducted, alongside testing in a three-electrode rotating disk electrode set-up.

The use of supports is a traditional approach in heterogeneous catalysis to increase
the atom efficiency of supported metal, through increased active metal dispersion.
This study proposes that active-supported Ir oxide catalysts could be synthesized
without the use of conductive support and in instances where a well-connected Ir
oxide network in the supported catalyst can potentially assume the role of an elec-
tron conductor. Monoclinic ZrO, is presented as a support for acidic OER, capable

of withstanding the corrosive conditions and influencing the intrinsic catalyst activity.

Supported Ir oxide catalysts were synthesized using the incipient wetness impreg-
nation method (IWI) using hydrogen hexachloroiridate(IV) precursor. Two different
particle sizes of ZrOs, small (S) and large (L) were used to study the effect of sur-
face coverage on the catalyst properties and performance. Transmission electron
microscopy (TEM) results showed multiple layers of Ir oxide nanoparticles forming

well-connected networks in IryZr_x) O /ZrOqy(1)y, while partial coverage with short-
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range networks was observed in IryZr;_x) Oy /ZrOqys). X-ray diffraction (XRD) results
and X-ray photoelectron spectroscopy results (XPS) suggest metal-support interac-
tions between Zr and Ir, and the formation of IryZr(;_)O, alloy, that lead to a lowered
Ir oxidation state and an abundance of active Ir(III)/Ir(IV) species, which are known
to be highly active for OER. IryZr(1_4)O2/ZrOq 1, showcased remarkable specific ac-
tivity, comparable to the state-of-the-art commercial IrO supplied by Tanaka (IrOy
TKK), and displayed a four-fold increase in intrinsic activity. On the other hand,
IryZr(1-x)Oy/ZrOys) displayed lower activity due to a less developed Ir oxide net-
work, underscoring the importance of a conductive network for non-conductive sup-
ports. Despite possessing high resistance to Ir dissolution compared to IrO, TKK,
ZrOs-supported catalysts experience deactivation due to O, bubble accumulation and

Ir(III) /Ir(IV) species transformation to anhydrous IrO, or higher Ir oxidation state.

During the synthesis of the aforementioned catalysts, scanning electron microscopy
- energy dispersive X-ray (SEM-EDX) analysis consistently revealed the presence of
chlorine in both supported and unsupported catalysts. The subsequent part of this
thesis is dedicated to exploring the influence of residual C1~ from precursors on the
electrochemical and physicochemical properties of Ir oxide catalysts prepared by the
thermal decomposition of HoIrClg. To test this, we produced a baseline catalyst IrO,
through the calcination of HyIrClg, introduced HCI into the HyIrClg precursor fol-
lowed by calcination to a chloride-rich catalyst, and incorporated NH,OH into the

precursor prior to calcination to reduce the amount of chloride.

TEM imaging of the catalysts showed that IrO, existed as agglomerated nanonee-
dles and agglomerates; the chloride-rich catalyst, IrO,-HCI predominantly appeared
as large agglomerates with minor IrO4 needles, while the catalyst with less chloride,
IrO4-NH4OH primarily manifested as Ir oxide nanoparticles with IrO, agglomerates in

the minority. Selected area electron diffraction (SAED) results revealed the presence
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of rutile IrO, across all samples, yet IrClsy phase prevailed in IrO,-HCI, while amor-
phous IrO, was evident in IrO,-NH4OH. These findings were also corroborated by
XRD and XPS analyses. Electrochemical testing demonstrated a substantial increase
in ECSA and specific activity for IrO,-NH,OH, exceeding that of IrO, by an order
of magnitude. Conversely, [rO,-HCI displayed a three-fold decline in specific and in-
trinsic activity in comparison to IrO,. The stability outcomes for IrO,-HCI also fell
considerably short of those for IrO5 and IrO,-NH,OH. Overall, our results underscore
that residual chloride from the precursor exerts a detrimental effect on the catalyst.
This study represents the first investigation into the impact of precursor-derived chlo-
ride on the OER catalysts, shedding light on how synthesis methods lacking chloride
removal can inherently impede catalyst activity. This further extends to the incipient
wetness impregnation method, where catalyst synthesis relies solely on calcination to

eliminate of the chloride in the catalyst.

Keywords: chloride poisoning; incipient wetness impregnation; iridium oxide;

oxygen evolution reaction; supported catalysts.
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Chapter 1

Introduction’

1.1 Motivation

Energy is the backbone of today’s economy, with society relying on it for its day-
to-day activities. The perpetual supply of energy is therefore, not only vital for the
economic and social development of the society but is in fact, a necessity for the
technological and industrial development of the world.[1] This growing demand has
traditionally been met by carbon-based fuels such as coal, natural gas, and petroleum.
However, their use is causing not only environmental but also political instability. To-
day, energy security has become a vexing issue. As fossil-resources are confined to
finite regions of the world, their supply is administered by political and economic fac-
tors. Additionally, with the increasing focus on sustainability, there is a demand to
reduce climate change-causing emissions, e.g., CO5 and CH, emissions, and improve
air quality. As a consequence, there is a heightened interest in exploring alternative

energy strategies to fossil fuel combustion.|2]

Hydrogen, a chemical fuel, is an alluring alternative to carbon-based fuels.[3| It can
be produced from both renewable (solar, wind, hydro) and non-renewable (coal, natu-
ral gas, nuclear) resources, and as long as it is produced from renewable resources, it is

sustainable and can lead to the development of a de-carbonized society.|4] Hydrogen,

'Parts of this chapter have been published in H. Dhawan, M. Secanell, N. Semagina, Johnson
Matthey Technology Review 2021, 65, 247.[67] Reproduced under Creative Commons Attribution
4.0 International (CC by 4.0) license.



unlike coal and petroleum, is not a primary source of energy but an "energy carrier".
This means that it is generated from other sources (solar, wind, hydro, coal) and
then stored for future use.[3] It has the potential of converting intermittent renewable
sources of energy into storable chemical fuels.[5], [6] Hydrogen is relatively easy to
store in large quantities, and although its volumetric energy in gaseous form is low,
it can be transported with lower energy losses than electricity. Additionally, it has
a variety of advantages over conventional fuels, including high specific energy (mass
basis), no toxic and greenhouse gas emissions (no SOy, NO,, CO,), from a variety of
sources.[2] All this makes hydrogen a prime candidate for fueling zero-carbon-based

automobiles, heavy-duty vehicles, and locomotives.

The widespread use of hydrogen faces significant limitations at present, primarily
stemming from the high production costs,|7| insufficient infrastructure,|7] and general
concerns about fuel safety.[8] For instance, although Hy energy storage is technically
feasible, the current technology incurs losses ranging from 60%-85% during the conver-
sion and storage processes, affecting the overall efficiency of hydrogen energy storage
systems.|9] Moreover, there are additional apprehensions about the integration of hy-
drogen with existing systems, particularly in the context of "sector coupling," such as
the power-to-gas cycle.[10] The energy efficiency of the power-to-gas-to-power process

for hydrogen remains relatively low, ranging from 15%-40%.[10]

The two most common methods of producing hydrogen include steam-methane re-
forming and electrolysis.[11] Other methods include, converting pyrolysis, photolytic
processes that use solar energy to split water, and biological processes that use mi-
crobes, such as bacteria and microalgae, to produce hydrogen through biological re-
actions.|[12| Steam reforming is the most commercially used process as it is techno-
logically mature and has high energy conversion efficiencies, between 74%-85%.[13]

However, in addition to the desired Hj, it also produces carbon-dioxide (CO2).[14]



Based on the quality of the feed, 1 ton of Hy can produce 9-12 tons of COg,[15] or 0.3-
0.4 m® CO, per m? of Hy.[16] In 2020, the total carbon dioxide (CO) emissions into
the atmosphere resulting from steam methane reforming (SMR) and coal gasification
for hydrogen production reached 900 million tonnes.[17] While CO, sequestration can
reduce emissions, it is an expensive process, and its effectiveness is questionable due
to fugitive CH, emissions.[3] An additional problem with the hydrogen produced by
this process is the presence of impurities that require multiple stages of purification
via water-gas shift reaction (WGS) and pressure swing adsorption (PSA).[18], [19]
Although Hs production from fossil fuels, coupled with a carbon sequestration pro-
cess, may offer a short-term solution for achieving net-zero emissions, it is crucial to

prioritize carbon-neutral sources for long-term hydrogen production.|20], [21]

Research is currently focused on building a sustainable energy system for the fu-
ture. Water electrolysis can play a crucial role in attaining this goal by enabling the
efficient conversion of excess electricity produced by windmills, solar panels, and wa-
ter turbines to storable chemical fuels such as hydrogen.[22] Water electrolyzers are
electrochemical devices used to split water molecules into hydrogen and oxygen by
passage of an electrical current. The produced hydrogen gas can be stored either in
its compressed form or as a liquid. The oxygen is either released into the atmosphere

or captured and stored for industrial utilization.|23]

A water electrolysis cell consists of two electrodes, an anode, and a cathode, along
with an electrolyte. The electrolyte acts as the conduit for transporting the produced
chemical charges (anions or cations) between the two electrodes. The four primary
configurations of water electrolyzers include proton exchange membrane electrolyzers
(PEM-WE), anion exchange membrane water electrolyzers (AEM-WE), alkaline wa-
ter electrolyzers (AWE), and high-temperature electrolyzers such as solid oxide elec-

trolysis cells (SOECs) as shown in Figure 1.1. In PEM-WE, AEM-WE, and SOECs,
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Figure 1.1: Configurations for water electrolysis: (a) proton exchange membrane wa-
ter electrolyzer (PEM-WE), (b) anion exchange membrane water electrolyzer (AEM-
WE), (c) alkaline water electrolyzer (AWE), (d) high-temperature water electrolyzer.
Reprinted with permission from Springer Nature,[24| copyright 2020.

the anode and the cathode are separated by a solid electrolyte that does not allow
the passage of electrons through it. This solid electrolyte is responsible for ion trans-
port and produced gas separation. These types of electrolyzers eliminate the need for
a liquid electrolyte solution, as ion transport takes place directly within the PEM,
AEM, or SO itself. In PEM-WE, H* is transported, AWE conveys OH™, and SOEC
carries O?7.[25] In AWE, the liquid electrolyte is responsible for transporting OH~
anions between the electrodes.|25] PEM-WE and AWE are the most mature technolo-
gies and are commonly used at an industrial scale.[26]-[29] PEM-WE, AEM-WE, and
AWEs can be operated at low temperatures, < 100°C, while SOECs have operating

temperatures in the range of 500°C-850°C.[30] PEM electrolyzers can be operated at



current densities between 2-4 A-cm™2[30] while the AWE are limited to under 0.5
A-ecm™2.28], [30] Alkaline electrolytes also suffer from inherent drawbacks such as low
ionic conductivity of OH™ ions, and sensitivity toward COy poisoning.[30] Compared
to PEM-WE and AWE, AEM-WE and SOECs are relatively newer technologies at
a nascent stage of development.|[27] SOECs are limited by the high-temperature and
high-pressure operation, and AEM-WE suffers from low conductivity and stability of
AEM, and poor electrode architecture. Furthermore, the OH™ ions are intrinsically

slower than HT protons employed within PEM-WE.[25]

PEM-WE are the most actively researched technology.|30]-[33] They offer the ad-
vantage of having higher current density, higher efficiency, better gas purity, higher
production rates, an acceptable transient response, smaller gas cross-over, and a more
compact design when compared to a conventional alkaline electrolyzer with liquid
electrolyte.[34] The heart of most PEM electrolyzers is the proton-conducting mem-
brane, Nafion ™ a perfluorosulfonic acid polymer manufactured by DuPont.[35] Tt is
widely used due to its exemplary stability (mechanical and chemical) and high proton
conductivity. The PEM-WE operates at high potentials in the anode in an acidic en-
vironment, as a result, it is essential to use robust materials capable of withstanding
these corrosive conditions, increasing the durability of PEM-WE. For instance, an-
odic bipolar plates which are responsible for separating single-cell stacks, conducting
heat and current, and distributing the reactants within the electrolyzer are made of
precious metal coated to avoid corrosion,|27], [36] contributing to the overall high cost

of the PEM-WE.|27]

In a PEM-WE; the catalyst-coated membrane (CCM) comprises of the anode, cath-
ode, and PEM. The CCM accounts for approximately 26% to 47% of the stack cost
in the case of the 200-kW PEM stack and approximately 36% to 47% for the 1-MW

stack.[37] This is because noble metals such as platinum and iridium are required to



form the cathode and the anode of PEM-WE to achieve good performance and dura-
bility.[38] In a CCM, iridium accounts for 24% of the total cost, making it a bottleneck
to the widespread use of PEM electrolyzers.[25] The rare occurrence of Ir element,
with a presence of merely 1 ppb in the Earth’s crust, its exorbitant cost of $4600 per
ounce, and its high price volatility, which has varied by a factor of 15 over the last 20
years, pose barriers to the future deployment of PEM water electrolyzers.|39] Bernt
estimated that, in order to decarbonize the transportation sector by transitioning to
fuel cell vehicles fuelled by renewable hydrogen, the metal loading on the anode of
polymer electrolyte water electrolyzers should be decreased from 1 mgp-cm™?2 today
to 0.05 mgy,-cm™2.[40], [41] This loading can meet the demand for approximately 150
GW /year installed capacity while using 50% of the annual Ir production. In order to
meet this requirement and also use electrolysis for other needs, such as energy storage
and chemical industry supply, the specific Ir activity must be increased substantially,

while simultaneously reducing the catalyst layer degradation.

The primary aim of this thesis is to develop Ir oxide catalysts that ex-

hibit both high activity and stability in acidic OER.

1.2 Literature review

1.2.1 Background
Acidic water electrolysis

Electrolysis splits water into high-purity hydrogen and oxygen. The produced hydro-
gen can then be stored as fuel and used at a later time. The stored hydrogen can
recombine with oxygen which can then be used to generate electricity, water, and
heat. Half-cell reactions for acidic water electrolysis in acidic media can be given by

the simple equations:
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Figure 1.2: Schematic of working of PEM water electrolyzer.

Cathode Reaction:
4 HY +4 e —> 2 Ho(g) e EC=0V (1.1)

Anode Reaction:

2 H,O(l) — Ox(9) +4 H" +4 e ... E°=123V (1.2)

The hydrogen evolution reaction (HER) takes place at the cathode and the oxygen

evolution reaction (OER) occurs at the anode of a water electrolyzer. The generation

of each molecule of Hy involves the transfer of 2 electrons and O, requires the transfer

of 4 electrons, making HER considerably faster than OER. While both HER and

OER require the use of catalysts to facilitate the respective kinetics of the reaction,

the activation loss of HER on the cathode side is usually ignored due to the fast

kinetics on the Pt surface.[42] Since multiple transfers of electrons are not kinetically

favorable, OER involves the transfer of one electron per step. This accumulation of

energy barriers leads to large overpotentials and results in the sluggish kinetics of the

OER.[43]-[45] Thus, the efficiency of PEM-WE is constrained by the OER acting as

7
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Figure 1.3: Activity trend of metal oxides towards OER. Reprinted with permission
from Wiley Online Library,[55] copyright 2011.
the limiting factor. However, this limitation can be minimized by utilizing a suitable

catalyst for the OER.[46]-[48]
Electrocatalysts for water splitting in acidic media

The search for an Earth-abundant OER catalyst that could combine high activ-
ity and high stability is still ongoing.[49] Non-noble metal-based catalysts cannot
survive in acid-aggressive and strongly corrosive conditions present in acidic PEM-
WE.[50] The existing PEM-compatible OER catalysts are scarce platinum group met-
als (PGM).[51]-[54]

Based on the overpotential at a geometric current density of 5 mA-cmg_e%, Miles et
al. [56] and Cherevko et al. [52] reported the order of activity of noble group metals
towards OER as Ru > Ir > Rh > Pt > Au. Cherevko et al. also reported the stability

trend as Pt > Rh > Ir > Au > Ru.[52] While they found no converse relationship



between activity and stability, the trend hints that increasing the activity decreases

the stability of the catalysts.|52]

Density functional theory studies reported that the weak adsorption of OH .45 on
the surface of catalysts limited the kinetics of OER.[48] Both ruthenium and iridium
possess near optimal binding energy of OH,4s or OOH,4s, and good metallic conduc-
tivities.[57| This quality makes them the catalyst of choice for OER.[58|-[63] Even so,
the use of both ruthenium and iridium as OER catalysts is limited by their scarcity
and exorbitant cost. Additionally, ruthenium is unstable under acidic conditions and

forms soluble RuO; during OER which leads to dissolution.[46], [52], [64]

Iridium 1s, therefore, one of the very few metals that is both active and
resistant to corrosion in highly acidic environments and has become the
state-of-the-art catalyst for OER in acidic media,[}7], [51], [65]-[67] and

hence will be used in this study.

In terms of availability, while the mined supply of Ir is not expected to increase
above 7-8 t-yr~!, a study conducted by the German Mineral Resource Agency (DERA)
found that by 2040, the global annual Ir demand for PEM-WE related applications
might reach 34 t-yr~!.[68] To meet the future energy demands of PEM water electrol-
ysis without facing Ir shortage, it is imperative to increase the intrinsic activity and
specific activity of the Ir based catalysts, while simultaneously reducing the catalyst

layer degradation and increasing spent catalyst recycling.|[68]

The catalyst-specific activity (specific current for electrocatalysis) is the product

of the following catalyst characteristics, assuming ideal kinetics with no transport



limitations:

-1
active sites

Specific activity [A-gp'| = Intrinsic activity (Turnover frequency) [A-mol | x

. . L1 -1
Active/surface site stoichiometry [molactive sites MOl e o oo | X

Ir dispersion [molgyface atoms'mOII_rltotal /192 [glr-molfrl] (1.3)

The aforementioned equation clarifies that both intrinsic activity and dispersion can

contribute to improving the specific activity of the catalyst.

The activity of the catalyst is usually dependent on the OER and OH adsorption
pathway, which has been shown to depend on the treatment of the Ir catalyst. In
general, two mechanisms have been proposed, with the main difference being the
predominant involvement of electron-deficient electrophilic oxygen (denoted as O'™)
and /or activated lattice oxygen in the reaction. The OER on rutile-type IrO, proceeds
by means of the classical oxide, electrochemical oxide, or electrochemical peroxide

pathways involving M-O, M-OH, and M-OOH intermediates [49], [69]:
(Z) M + HQO — M — OHads + H +e (14)

(7i,0xide) 2M-OH,qs —> M-O,qs + M + H50 (1.5)

(i1, electrochemical and peroxide) M — OH,qs — M — O,qs + HT + e~ (1.6)

(i31) 2M — O,y — 2M + O (1.7)
(i1, peroxide) M — O,qs + HoO — M — OOH,qs + H" + e~ (1.8)
(iv, peroxide) M — OOH,qs — M + Oy + H" ¢~ (1.9)

where M represents the metal oxide IrO,. The peroxide pathway has recently
been shown to provide trends that are in agreement with experimental observations

by Schuler et al.[69] The electrochemical oxide path is highlighted in red in Figure 1.4.
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Figure 1.4: OER (green arrows) and deactivation (red arrows) pathways in acidic
OER, with the green route being preferable at lower potentials, the red route at higher
potentials, while the blue route is potential independent. Reprinted with permission
from John Wiley and Sons, |70] copyright 2018.

Catalyst featuring an electrochemically grown porous hydrous oxide layer, also
known as oxyhydroxide layer, or amorphous IrOy catalysts, exhibit an OER mech-
anism that involves an electrophilic O~ species and/or an activated lattice oxygen
pathway.|71]-[73] According to Geiger et al.,|72| a simplified pathway highlighting the

need for the outer layer of the catalyst to be involved in the reaction could be :

Ir — x — Ir + H,O — Ir-O-Ir + 2H" + 2e~ (1.10)
[r-O-Ir + H,O — [rOy + 2H' + 2e” (1.11)
IrOy — Ir —x — Ir + Oy, (1.12)

)

where “x” is a vacancy in the porous hydrous oxide layer. Ir-O-Ir would play a
similar role to the proposed highly reactive, electrophilic oxygen O~ species.[74], [75]
The second step would have a similar function to the preliminary reaction proposed
by Pfeifer et al., i.e., IrO.-O + HyO— IrO4-O-O-H + HT + e~, where IrO, O repre-

sents the iridium oxide matrix with an adsorbed oxygen.|75] The pathway involving
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the electrophilic O~ species is also highlighted in Figure 1.4 in green, where HIrO,

would loosely represent the O~ intermediate.

The OER has been shown to be more active for the pathway involving the elec-
trophilic O'~ species and/or activated lattice oxygen. The electrophilic O~ species
are adsorbed on the surface and in the subsurface of OER-active hydrated X-ray
amorphous Ir(IIT)/(IV) oxyhydroxides (IrOy) can be prepared ex-situ.[6], [75], [76]
Unfortunately, this pathway tends to be deactivated due to the lattice oxygen evolu-
tion leading to iridium dissolution, and the transformation of the oxyhydroxides to
less active anhydrous species.[6], [72], [77], [78] Stabilization of the iridium atoms in
the pathway involving the electrophilic O'~ intermediate via enhanced crystallinity
or the use of mixed oxides could minimize stability issues.|[6] Crystalline IrO, has
a lower intrinsic activity but is more stable due to strong Ir-O bonds between IrOg
clusters, with only the topmost layers of the rutile contributing to both processes.|77|
The superior stability of thermal iridium oxide is explained by the slower kinetics
of IrO3 hydrolysis as compared to its decomposition.|70] It has been suggested that
both pathways occur during the OER with the activated lattice oxygen pathway being
dominant at low potential, due to its high activity, and the classical pathway (S8-S9
in Figure 1.4) being dominant at higher potential.[70] At potentials relevant to the
OER, it is possible that the oxyhydroxide layer slowly transforms to anhydrous oxide
with a subsequent loss in activity and enhancement in stability as recently shown by

atomic probe tomography.|78§]

The literature features metallic Ir with a variety of predominant crystallographic
orientations, amorphous hydrous iridium oxide, crystalline rutile IrO,, their mixtures,
as well as multimetallic Ir composites. Metallic Ir may be oxidized by calcination in
air, [66] or electrochemically in situ.[6], [79] Thermal iridium oxidation to IrOs occurs

between 200°C and 500°C,[80] the higher the temperature, the higher the crystallinity
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and electrochemical stability, but the surface area and the activity decrease.|81] The
400°C- 500°C region was recommended to strike a balance between activity, stability,

and conductivity.|66]

Many state-of-the-art catalysts, described in the following sections, use electro-
chemical in-situ oxidation. The Ir(110) surface evolves into two chemically different
Ir species, with an active accessible oxide-metal interface.|82] The densest Ir(111)
surface is more resistant to oxidation, and once the oxide is formed, the metallic in-
terface is buried. Although the kinetics of oxide formation and redox properties of
the two surfaces are different, their final reached OER activities are rather similar.
The same work [82] recommends that for the formation of a porous hydrous IrOs,
the in situ Ir(0) activation should include oxidizing-reducing cycles, instead of con-
ventionally used electrooxidation, although another study argues that the repetitive
electrochemical oxidation/reduction unavoidably leads to dissolution.[53] The electro-
chemical oxidation proceeds via hydroxide to the irreversible Ir(IV) oxide formation
in the nanoparticles, while bulk Ir preserves its metallic subsurface with porous Ir(IV)
surface layers.[51] Thus, one must be mindful of the iridium dissolution during elec-
trochemical oxidation via hydrous iridium oxide growth.[53] When 20-nm Ir films are
used for the acidic OER, their lifetime is similar to the lifetime of the hydrous iridium

oxide and is significantly lower than for crystalline IrO,.[72]

To produce highly crystalline IrO,, which is more stable but less active than hy-
drous iridium oxide, preliminary annealing in air may be recommended, whenever
possible. The exceptions, of course, include unsupported polymer-stabilized nanopar-
ticles,|6] where annealing would result in particle agglomeration, as well as metal
carbides, where it would lead to oxidation and loss of conductivity.[83] In such cases,
the electrochemical oxidation procedure must be optimized as it affects the catalyst

stability:.
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Figure 1.5: Approach & aim for preparation of heterogeneous catalysts in the
academia and the industry.

Fine-tuning of the oxide crystallinity, crystallographic orientation, number of oxy-
gen defects, and length and strength of Ir-Ir and Ir-O bonds via thoughtful synthetic
approaches may diminish the gap between the active but unstable and stable but less

active phases.

Therefore, the pursuit of the most efficient Ir OER catalyst involves the
synthesis of catalysts that achieve a simultaneous optimization of activity
and stability. Based on the above review, this thesis aims to create cat-
alysts with bulk mized Ir oxidation states, i.e., Ir(II1)/Ir(IV) to produce
catalysts with high activity and simultaneously investigate ways to improve

the corrosion resistance of the synthesized catalysts.

1.2.2 Catalyst synthesis

Hundreds of research papers have been focused on the development of active and
durable Ir catalysts, deposition techniques, and associated catalyst layer components,

which may limit the performance of the most active Ir catalyst formulations. Recent
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reviews classified Ir- containing catalysts for acidic OER [84] and the variety of meth-
ods for the synthesis of iridium oxide.[85] Commercial catalyst production methods
must be scalable, preferably not require specialized equipment apart from what is
available in the catalyst production industries, not produce significant waste, and
lack the need for large amounts of chemicals, especially those that are hazardous
to the environment. The difference in approach and aim for catalyst preparation in
academia and the industry can be illustrated in Figure 1.5. With this in mind, the
objective of this literature review is to select a number of the most efficient state-of-
the-art Ir catalysts for acidic OER within reported wet-chemistry synthesis methods,

focussing on the practicality and scalability of the techniques.

We address only wet-chemistry routes, as they are most frequently reported, being
relatively accessible in a research environment. Figure 1.6 and Table 1.1 summarizes
the catalyst synthetic routes and selected catalysts, addressed in this review. This
is not a comprehensive summary of all possible routes and catalysts, but rather a
careful selection of studies demonstrating a promising combination of activity and

stability in acidic OER.

The catalyst layer preparation methods, such as deposition methods, are out of
the scope of this work, although they significantly affect the catalyst performance.
Gas-phase catalyst (layer) preparation techniques are omitted for the same reason, as
they require specialized equipment and feature simultaneous catalyst formation and
deposition.|86], [87] Herein, we aim to provide comprehensive insights into selected

promising wet-synthesis methods.
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Figure 1.6: Summary of the reviewed wet-chemistry synthetic routes of state-of-
the-art Ir catalysts for acidic OER. Reproduced from [67] under Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License, published by
Johnson Matthey.

Synthesis of unsupported Ir/IrO, /Ir-OOH catalysts

Adams’ fusion method Adams’ method was originally developed to conquer the
issues of irreproducible platinum catalyst synthesis; it was successfully scaled up and
is used industrially for Pt (Adams’) catalyst production,[93| and thus is well posi-
tioned for potential scalability. It also appears to be one of the most used methods
reported for the synthesis of IrO, for OER, including supported and multimetallic
composites. The method is based on the synthesis of iridium nitrate from an iridium
molecular precursor heated in a solid mixture with sodium nitrate, followed by the
iridium nitrate high-temperature decomposition to IrO,. The side products include
poisonous nitrous oxides, which release must be appropriately managed. Synthesis
parameters include the temperature and duration of the calcination, the nature of
the iridium precursor, and its fraction in the mixture with NaNQOs, all of which affect

the crystallinity, oxidation state, and surface area of the produced material and thus,
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Table 1.1: Summary of the state-of-the-art activities of selected catalysts prepared
by wet-chemistry synthesis and tested in an RDE

Catalyst Loadingon n at 10 Activity, Potential,  Ref.
(method)  electrode, mA-cm™2, A.gp VR&uE

mgp-cm™~ 2 mV

Surfactant- 0.061 ~290 100 1.51 [88]
assisted
Surfactant-  0.0071 345 205 15 8]
free  col-
loids
Supported  0.07 278 580 1.55 [90]
on GCN
Supported ~ 0.02 ~300 250 1.51 [91]
on TaTO

810 1.51
Selective 0.0277 N/A [92]
leaching 3353 1.55

Note that the data are mostly reported for the fresh catalysts. Stability data, where available, are
discussed in the text.

the OER performance. The higher the calcination temperature, the higher is the
crystallinity of the produced oxide. However, the amount of active surface hydrous
iridium oxide decreases, as well as the catalyst surface area. Although the increase
in the calcination temperature leads to lower Ir dispersion (larger particle size) and
lower turnover frequency due to the formation of less active crystalline IrO,, the lat-
ter is more stable towards dissolution. This indicates the existence of the optimal
calcination temperature to achieve the activity-selectivity balance for the maximized
Ir utilization.[81] Electrical conductivity is also improved with increased crystallinity
at annealing.[94| The highest reported surface area of an Ir oxide produced by a mod-
ified Adams’ method is 350 m?-g~!, which was obtained from iridium acetylacetonate
and calcined in air at 350°C for 30 min.|81] The oxide consists of nanodisks with
a surface partially covered by active Ir(OOH), which however retained only 55% of
its activity after 500 potential cycles due to mass loss and restructuring. When the

original sample was further heated at 400°C for 1 h, the catalyst retained 70% of its
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activity after 500 potential cycles. Increased calcination temperature, however, led to
a decrease in surface area to 250 m?-g~!. At the catalyst loading of 0.1 mgyo, -cm™2,
the specific current of 26 A~gfré)x could be achieved at 295 mV overpotential before
the stability tests (0.1 M HClO,). For both catalysts, the same activity loss (of 30%)
occurred due to the partial oxidation of active sites, but due to the decreased leach-
ing from the 400°C-treated sample, the latter strikes the balance between the activity
and stability.[81] The increase in calcination temperature leads not only to the sur-

face area decrease but also changes the particle morphology to rods with dominating

{110} surface terminations.|95]

Among other promising reported modifications of Adams’ method, the addition
of cysteamine to the iridium precursor solution resulted in the formation of IrO,
nanoneedles of 2 nm diameter 6-8 layers of (110) plane, (Figure 1.7) and 30 nm
length after 450°C calcination.[96] Although the needles possessed lower BET surface
area than the catalyst formed without cysteamine (141 vs. 197 m?.g™!), their elec-
trical conductivity was 6-fold higher. An overpotential of 313 mV was required to
achieve 10 mA-cm™2 at the catalyst loading of 0.21 mgp-cm™2 (1.0 M H,SOy, 25°C)
before and after a 2-h durability test. The needles were also tested in a PEM elec-
trolyzer and found more active and stable than the spherical IrO5 synthesized without
cysteamine.[96] Most likely, the less dense and well-connected structure of Ir needles
contributed to the improved porosity and electrical conductivity. Thin needles with
near-zero sphericity form packed beds with the highest near-100% porosity as opposed

to 40% for the spherical particles.

Adam’s fusion method highlights the advantages of using the thermal
decomposition methods for IrO, /IrO, catalyst synthesis, such as the ability
to balance activity-stability by optimizing the calcination temperature and

duration. In this work, we will focus on catalyst synthesis using thermal
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Figure 1.7: Ultrathin IrOy nanoneedles (a) consisting of 8 (110) layers (b). Repro-
duced from [96] with permission from John Wiley and Sons. Copyright 2017.

decomposition techniques, with the aim of producing catalysts that possess
both activity and stability. To achieve a balance between catalyst activ-
ity and stability, the catalysts will be subjected to a selected calcination
temperature of 400°C for a duration of 2 h. Additionally, efforts will be
directed toward identifying thermal decomposition methods that are char-

acterized by enhanced safety profiles and reduced resource requirements.

Iridium nanoparticles stabilized by a capping agent If one has to produce
monodisperse near-spherical nanoparticles with high dispersion (>50%, i.e., smaller
than ca. 2 nm), to increase metal utilization or form anisotropic nanostructures to
increase the catalyst layer porosity or promote the formation of certain crystal termi-
nations, colloidal synthesis in the presence of a capping agent is a popular method in
academic research.[97| Halogen-containing stabilizers, such as CTAB, are known to
act also as a growth-directing agent by the halogen selective adsorption on (100) sur-
faces resulting in rod-like structures. The produced structures are usually pre-washed
from the excess chemicals, while the in-situ electrochemical preconditioning removes
the surfactant, for example, by 50 potential sweeps from 0.05 to 1.5 Vgyg.[79] Since
the metallic Ir is oxidized electrochemically, it is likely to possess a higher proportion

of activity-relevant hydrous Ir oxide on the surface, as opposed to calcined rutile IrO,.
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One of the most successful examples in this category is the 2.04+0.4 nm Ir nanopar-
ticles formed by IrCls reduction in ethanol with excess NaBH, in the presence of
CTAB.[88] NaBH, is a strong and fast-reducing agent to produce metallic nanopar-
ticles and is often used in colloidal synthesis. In a protic solvent, borohydride de-
composes to gaseous hydrogen, which, depending on the conditions, may proceed in

2 current, ca. 290 mV overpotential was re-

a violent manner. To reach 10 mA-cm™
quired at only 0.061 mgr,-cm ™2 loading in an RDE (0.5 M HySOy, 25°C). The catalyst
demonstrated a similar Tafel slope of ca. 40 mV /dec as the calcined catalyst prepared
by the Adams’ fusion method.|81] However, the specific current at 1.51 V was an order
of magnitude higher (100 A-g;.'). The nanoparticles formed a nanoporous structure
with well-connected particles, which retained their metallic core but featured an ac-
tive thin surface oxide layer, as shown in Figure 1.8 (a, b). The authors stressed the

importance of complete IrCls removal by adding an excess reducing agent to prevent

inhibition of electron transfer.

The use of TTAB during IrO, precipitation from HsIrClg by NaOH, followed by
reduction by NaBH,, resulted in the formation of 1.7 metallic Ir seeds that self-
assembled into nanodendrites with 34% porosity at 39 m?.g~! BET surface area.|79)
The high crystallinity favored stability toward dissolution. The 10 mA-cm~2 cur-
rent was achieved at 410 mV overpotential (RDE, 0.05 M HySOy) but at only 0.0102

mgy,-cm~2 loading. At 1.51 V, the catalyst activity was 70 A-gp,'.

When a slow-reducing agent is used for synthesis (such as glucose [6]), the CTAB
suppressed the grain growth in (100) directions; the nanodendrites self-assembled into
nanopompons, as shown in Figure 1.8 (d-f). Those highly crystalline structures with
a high proportion of low-index crystal terminations were relatively resistant to disso-

lution but showed lower activity as compared to the hydrous iridium oxide. 6]
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Figure 1.8: (a, b) Stabilized interconnected Ir nanoparticles [88]; (¢) Ir nano-dendrites
[79] (reproduced from [88]| and [79] under a Creative Commons Attribution 3.0 Un-
ported License, published by The Royal Society of Chemistry); and (d-f) highly-
crystalline nanopompons [6] (reproduced from [6] under a Creative Commons License,
published by Elsevier).

The stabilizer-assisted synthesis techniques are easy to implement in a
wet laboratory without specialized equipment for academic research. This
method of Ir synthesis is also used to perform Ir nanostructures prior to
their deposition on support. However, one must be mindful of a typically
low metal concentration in the synthesis solution, and the relatively large
use of solvents, reductants, stabilizers, and washing solutions, many of
which are manufactured from fossil resources, are expensive and must be
removed by multiple washes. Such synthesis methods are usually too cum-
bersome for industrial production, the improvements being feasible though
for certain stabilizers,[98] and hence, will not be pursued in this work. A
key objective in the thesis is to identify a catalyst synthesis method that

minimizes waste production, utilizes limited resources effectively, and can
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be used for catalyst synthesis by the industry.

Stabilizer-free wet chemical synthesis methods This category features one of
the most active catalysts reported to date, although the electrodes were fabricated
without Nafion. Synthesis of 1.64+0.3 nm Ir particles was performed without a stabi-
lizer by heating a solution of IrCl; in methanol, which reduces IrO, precipitated by
the co-added NaOH; the resulting solution was used without purification.|89], [99] At
the loading of 0.0071 mg/cm? achieved by drop casting of the native solution, the par-
ticles formed a uniform layer on a GC disk. In 0.1 M HClOy, in an RDE, the catalyst
demonstrated an outstanding 205 A-g;'activity at 1.5 Vgrug and 1130A-gg at 1.55
Vrue-[99] The ECSA was found to be 140 m?-g~! (at the loading of 0.0071 mgy,-cm™2).
The overpotential to reach 10 mA-cm™2 was 345 mV at the 0.0071 mgy,-cm ™2 load-
ing, or 325 mV at the 0.0143 mgy,-cm~? loading.[89] The Ir loading on the electrode
was of vital importance: the loading increase above 0.0071 mg/cm? resulted in a
significant drop of the ECSA and thus specific current.[89] The specific activity at
the optimal loading surpasses the activity for the surfactant-mediated catalysts, and
features a significantly easier, cheaper, and scalable preparation.|88| In addition to
being surfactant-free and using a low-boiling recoverable solvent, the method is scal-
able to high metal concentrations (5 g-L™!). [99] The fate of Na™ (10:1 Na: Ir) is to be

investigated, as well as the catalyst durability and performance in a PEM electrolyzer.

Ruiz Esquius et al. synthesized IrO, catalysts by hydrothermal method and eval-
uated the effect of using different alkali metal bases (LioCO3, LiOH, NayCO3, NaOH,
K;CO3, KOH) on the catalyst surface area, particle morphology, and the concen-
tration of surface hydroxyl groups and the catalyst activity and stability for OER.
They observed that while adding a Li-containing base resulted in improved catalytic

activity towards OER, the use of Na™ and K*-containing bases possibly poisoned the
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active sites.[100], [101]

Many studies feature a similar Ir nanoparticle synthesis without a surfactant with
the use of a base (NaOH) in other reducing solvents, but typically such particles are

deposited on a support and are discussed in Section 1.2.2.

The use of a stabilizer-free wet chemical synthesis method to produce

well-dispersed IrO, /Ir is promising.

Synthesis of mixed metal oxides

The development of multimetallic Ir-containing catalysts has recently attracted con-
siderable attention as a means of enhancing the OER catalyst performance, as it has
been proven beneficial for the catalyst development for fuel cells and alkaline wa-
ter electrolysis. However, with Ir being the most corrosion-resistant metal and still
dissolving under acidic OER conditions, any other metal would have an even higher
dissolution rate. A rather popular combination of Ir and Ru features high activities
due to the higher OER activity of Ru than that of Ir but is not practical because
of the low corrosion resistance of Ru, which is also a scarce and expensive metal.
The studies of the mixed oxide OER catalysts do typically address (and inevitably
show) the dissolution of the catalyst components, but there is a lack of studies on
the effect of the leached ions on the PEM system level. It is likely that the non-Ir
cations may not only ion-exchange on Nafion changing its properties,[102] but may
also travel to the cathode side and poison the Pt cathode as was shown for Ir.[103]
Membrane degradation may also occur due to the attack of HOe and other radicals,
whose formation is catalyzed by transition metal cations.[104] For example, iron and

copper ions were shown to dramatically enhance membrane degradation.[105]

Thus, a practical mixed oxide catalyst for an acidic OER application may be envi-
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sioned as one of the following composites, as shown in Figure 1.9: (i) an IrOy shell fully
covering the core with an earth-abundant metal increasing the iridium dispersion; in
this case, electrolyte contamination with the second metal may be delayed as com-
pared to the mixed alloys until the iridium shell atoms leach exposing the core atoms;
ii) Ir nanostructures produced by the preliminary removal of a sacrificial second com-
ponent from a bimetallic composite, either by potential cycling or chemically. The
selective leaching of the second component leads to surface restructuring,[106] poros-
ity enhancement,[107] formation of lattice vacancies,[108] and ECSA increase.[109]
Lattice vacancy formation via secondary metal leaching is a unique opportunity to
modify the electrophilicity and Ir-O bond length leading to enhanced OER activity
as compared to IrOy synthesized only from an Ir precursor.[108], [110] Some works
report, though, that Ir leaching from the composites may even increase due to the

created lattice vacancies, as compared to monometallic Ir catalysts.[107]

Below, we provide some examples for such catalyst synthesis and performance.
We note that the direct deposition methods, such as reactive sputtering and physical
vapor deposition, are very frequently used for mixed oxide studies,[107], [109]-[113]
because they ensure structures with well-controlled composition and stoichiometry;,

thus, enabling the fundamental understanding of the composite’s behavior.

Core-shell bimetallic nanoparticles Multimetallic composites can be synthe-
sized using all the techniques applicable for monometallic catalyst synthesis (see Sec-
tion 1.2.2) with the addition of the second precursor and by the fine-tuning of the
reaction conditions. Very often, both precursors are added together during the syn-
thesis. Simultaneous reduction of different ions with different redox potentials leads
to the formation of either mixed alloy particles or core/shell nanoparticles.|114| For
the core-shell synthesis, methods like ionic substitution (galvanic replacement) can

be used,[115] where a precursor of the second metal is deposited onto the metallic
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Figure 1.9: Mixed metal oxides for the acidic OER catalyst preparation. Reproduced
from [67] under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, published by Johnson Matthey.

nanoparticles of the other metal based on the standard electrochemical potential,[116]
or a hydrogen-sacrificial method,[117] where a core metal is hydrogenated, followed
by the second ion reduction by the surface hydrides and shell formation. It is im-
portant to understand that thermodynamically unstable bimetallic structures can be
synthesized (in terms of metal distribution) but how fast they rearrange into thermo-
dynamically stable composites (for example, where a metal with lower cohesive energy
segregates to the surface) depends on temperature, chemical, and electrical environ-
ment. Metals can even change their location in situ depending on the catalyzed re-

action or treatment conditions via so-called adsorbate-induced segregation.|118]-[120]

According to the Hume-Rothery substitution rule, in order to form a continuous
solid solution, it is imperative that the difference between the atomic radii of the
solvent and the solute not exceed 15% of each other and they should possess similar

crystal structures.[121] One of the most common metals alloyed with Ir is Ru, but
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regardless of the efforts being made to inhibit Ru leaching, literature reports contin-
uous Ru dissolution, irrespective of methods of synthesis and structure of the mixed
metals oxides. Ruban et al. reported a comprehensive table of surface segregation
energies in transition-metal alloys, which can help predict the final dealloyed struc-
ture of Ir composites.[122] In bimetallic alloys with Ir, metals such as Cu, Zr, Rh, Pd,
Ag, Hf, Pt, and Au would segregate to the surface, while Ir would surface-segregate
from alloys with Ti, V, Cr, Mn, Fe, Co, Ni, Nb, Mo, Tc, Ru, Ta, W, Re, and Os.[122]
Indeed, for example, in Ru-Ir alloys Ir formed a protective shell, offering extended

stability to Ru.[123]

Another example, conforming to the Ir surface segregation prediction, relates to
the Ir-Ni composite. Bimetallic 7-nm IrNi3, alloy nanoparticles were prepared by a
simultaneous reduction of Ir and Ni precursors in the presence of a stabilizer.[108] The
following potential cycling from 0.05 to 1.5 Vgpug for 50 cycles resulted in partial Ni
leaching, dealloying, and oxidation with the formation of a metallic IrNi alloy(core)-
IrO4(shell) nanostructure. The IrOy shells are doped with holes (originated from Ni
leaching); they feature shorter Ir-O bonds and are more electrophilic than conven-
tional iridium oxide, which affects the rate of O-O bond formation during OER and
enhanced intrinsic activity per Ir site. A specific current of 676 A-gl_r1 was reported
at 300 mV overpotential with 0.0102 mgy,-cm~2 loading, which is one of the highest
in the above-presented examples.[108] This example shows an extraordinary combi-
nation of increased Ir utilization due to its preferential location in the nanoparticle
shell, as well as its beneficial electronic and thus catalytic activity modification upon

dealloying.

Selective leaching of the sacrificial component (hard templating) When

a secondary metal in bimetallic composites with Ir is selectively removed, the process
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results in the formation of porous Ir nanostructures with highly accessible active site
density and/or modified IrO electronic and geometric properties, which cannot be
achieved via a monometallic Ir catalyst synthesis. Some examples of sacrificial metal
are Ni,[92], [124] Co,[124], and Os.[107] Among different leaching methods, the most
common is acid leaching [92] and potential cycling.[107], [109] For example, Ir was de-
posited on Ni nanowires via galvanic displacement, followed by the nanowires (“hard
template”) removal by acid leaching.[92] The residual composite with 90.5 wt.% Ir
demonstrated a specific current of 1650 A-gp.' at 0.0306 mg-cm~2 loading at 300 mV
overpotential in RDE in 0.1 M HCIO,. A parent mixed metal structure can be pre-
pared as stabilized nanoparticles in a colloidal solution, such as an Ir-Os oxide.[107]
The potential cycling resulted in dealloying and fast Os dissolution, leaving behind a
nanoporous architecture of iridium metal core and IrO, shell with optimized stability
and conductivity.[107] An important observation was that a high amount of Os-Ir

bonds in the parent alloy led to the maximum Ir dissolution upon fast Os leaching.

This category features some of the most architecturally sophisticated porous nanos-
tructures, such as hollow nanocrystals synthesized via the formation of a Ir-Co-Ni
solid nanoparticles, followed by Co and Ni etching with Fe3" [124] or double-layered
nanoframes produced in a solution via reduction of Ni, Cu and two types of Ir pre-
cursors with different reduction kinetics followed by acid leaching.[125] Theoretically,
this approach may produce highly porous connected Ir-only nanostructures, but its
practical implementation is complicated by the nuances in the size and structure con-

trol, as well as secondary component complete leaching without the structure collapse.

It appears that the main achievement of the selective etching is not in the im-
provement of Ir surface area and dispersion, as the thus-synthesized catalysts do
not feature areas above 100 m?-g~! as compared with monometallic IrO, synthesized

by Adams’ method with 250 m?-g~1.[81| Instead, the etching allows for modification
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of the IrO, electronic structure and vacancies, affecting its OER activity and stability.

Under OER conditions, restructuring may be expected to be an ongoing
process with transient equilibrium states due to the different rates of metal
dissolution in a mixzed-metal oxide, which might make it difficult to develop
an understanding of the catalyst performance and deactivation. Addition-
ally, there is a risk where selective leaching of FEarth-abundant metal in
mixed-metal oxide might trigger Ir leaching as well. Based on the liter-
ature review, it was decided that iridium would be used as the primary
electrocatalyst in this study due to its exceptional corrosion resistance and

good activity toward OER.

Wet synthesis of Ir catalysts on powdered supports

In heterogeneous catalysis, supports, typically with a high specific surface area are
used to stabilize highly dispersed active metal nanoparticles, both during the cata-
lyst synthesis and to ensure their stability against agglomeration during a reaction.
Additionally, this leads to an increase in the number of active sites when compared
to an unsupported catalyst for a fixed mass of the active metal.[47| Choice of suitable
support can further affect the chemical environment of the active site and cause a
d-band shift, thereby influencing the intrinsic activity of the catalyst.[47] The extent
to which the active metal binds to the support surface depends upon the interaction
between them. These interactions can range from electrostatic attraction to the for-
mation of chemical bonds and even an overlayer on the support [126] and are termed
as "strong metal-support interactions (SMSI)".[127] Pan et al. defined interfacial
phenomena that involve chemical reactions and charge redistribution during the for-
mation of metal-support interface as the cornerstones of SMSI.[128] The effects that
result from the formation of strong interactions between metals and supports include

electronic, geometric, and bifunctional effects.[128] A schematic of the three effects is
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Figure 1.10: Electronic effect, geometric effect, and bifunctional effect on particle
morphology resulting from strong metal-support interactions (SMSI).

shown in Figure 1.10. SMSI have the ability to influence the activity of the supported
catalyst and can alter the electron density around the catalyst surface. For example,
Shi et al. reported a partial covering of a thin porous oxide overlayer of TiO5 on the
platinum surface acted like an anchor, preventing particle detachment, and thereby
increasing the stability of the supported catalyst.[129] Plessow et al. investigated and
confirmed the increased stability using DFT.[130] A change in the adsorption energy
of metal atoms (T1) of an oxide (TiO) supported on a metal (Ir) was observed due to

SMSI.

Sharma et al. had previously reported an interesting phenomenon for platinum
deposited on oxide support.[131] They observed a significant lowering of the bind-

ing energy of platinum deposited on metal-oxide support in comparison to platinum
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supported on carbon. The authors tried to explain this occurrence with 2 possibilities:

1. A change in the lattice energy due to the formation of an alloy between the

oxide support and platinum.

2. Partial charge transfer from the oxide to platinum leading to an increased ac-

tivity towards oxygen reduction reaction.

Similarly, enhanced performance of the supported catalyst was observed when An-
timony tin oxide (ATO) support was added to the catalyst (IrOy) during the Ir
oxide nanoparticle synthesis in contrast to the deposition of the support on pre-
synthesized Ir nanoparticle. Oh et al. reported a reduced effective oxide thickness on
the IrOx/ATO as compared to IrOy/C with a reduction in the average oxidation state
of IrOy (+3.2 for IrO/ATO vs. +4.0 for IrO/C).[132] They proposed the occurrence
of this reduction in Ir oxidation state as a result of charge donation from ATO to
IrO. The presence of amorphous IrO,H, surface species was also observed, a feature
that was not detected in IrO/C. It has been widely accepted that the presence of
iridium hydroxides on the catalyst surface is mandatory for catalyst activity. They
termed the interactions between the active catalyst and metal/metal oxide supports
as metal/metal oxide support interactions (MMOSI) and asserted that the stability
of IrOy /support is a function of its oxidizability. Oh et al. proposed that the higher
the oxidation state of the metal, the more prone it is to dissolution. Thus, the charge

transfer caused by MMOSI helps stabilize the supported metal catalyst.

In the case of electrolyzers, the supports can also be used to enhance the electrode’s
electrical conductivity as they will reduce the contact resistance between particles.
The acidic OER environment dictates specific requirements for the type of support:
it must be resistant to chemical and electrochemical dissolution and preferably must
have a high electronic conductivity. The latter need is mandatory if Ir loading is

low; however, if iridium oxide covers most of the support, it may provide sufficient
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percolative transport for the electrons.[133] The film, however, must be as thin as
possible to provide advantages over unsupported iridium oxide nanoparticles. In this
subsection, we focus on the wet synthesis of Ir catalysts on powdered supports, which

could be mixed with a Nafion solution for catalyst layer preparation.

According to a recent literature review conducted by Clapp et al., among the
different Ir-based catalysts tested on MEAs, supported nanoparticles have one of
the highest effectiveness in reducing future Ir-power density targets.|68] Several sub-
strates, including but not limited to carbon, metal oxides, metal nitrides, and metal
carbides, have been investigated for their potential as supports for water-splitting
electrocatalysts.[47], [84], [134], [135] Metal oxides such as tin based oxide supports
(SnO,, doped-SnO,: ATO, ITO, FTO etc.),[79], [91], [136]-[148] titanium-based ox-
ide supports (TiOx, Ti,O2-n), doped titanium oxide),[138], [149]-[156] Tay0s,[157]
Nb-based oxides,|158]-[161] are by far the most popular metal oxide supports due to
their stability under oxidative conditions, and the tunable electrical conductivity and

possible metal-support interactions.[47]

In recent years, carbon and metal carbides have been receiving less and less at-
tention because of the carbon oxidation and volatilization to CO4 at high applied
potentials.[158] As a notable exception, one of the most active Ir catalysts reported
so far features a carbon-based support.[90] A 40 wt.% Ir catalyst was prepared by
impregnation of graphitic carbon nitride (GCN) nanosheets with the metal precursor
followed by annealing in air at 350°C. Thus embedded IrO, possesses compressed Ir-Ir
bonds and decreased coordination numbers of Ir-O and Ir-Ir, which was suggested to
weaken the adsorption of oxygen intermediates leading to increased OER activity.
The reported specific currents are 580 A-gp,' at 1.55 V and 1493 A-g;' at 1.6 V.
2

The catalyst required the overpotential of 278 mV at 10 mA-cm~2 at 0.07 mgp,-cm ™
loading (in RDE in 0.5 M HySOy). Authors demonstrated only a 35 mV potential
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increase at 20 mA-cm~2 for 4 h in an RDE; 78.5% current retention in a laboratory
water-splitting device after a 24 h operation at 1.6 V. The fate of GCN was assessed
by holding 2.2 Vgyg for 2 h with intermediate CV measurements between 0.4 and 0.6
Vrag; the double-layer capacitance decreased by 10% in the first 0.5 h and remained
stable up to 2 h; apparently, the graphitic support nature with nitrogen heteroatom
provides its stability in acidic electrolysis.[90] Given the high catalyst activity, and
rather easy and potentially scalable preparation of GCN and Ir/GCN, studies of the

catalyst durability and performance in a PEM electrolyzer are warranted.

From the catalyst synthesis viewpoint, one must be mindful that the support’s
chemical composition may change during the synthesis, affecting the electrochemical
performance. For example, if Adams’ method involving high-temperature calcination
is used to produce IrO, on carbide support, the support oxidation leads to the loss

L at

of conductivity (e.g., TaC lost its conductivity from 120 S-cm™' to 10-8 S-cm™
such circumstances).[83] A similar carbide oxidation to a less-conductive oxide was re-
ported for the Ir nanoparticle synthesis in the presence of support by a polyol method

(heating in a reducing ethylene glycol with precipitating NaOH).[158]

Among oxidation-resistant conductive metal oxide supports, tin dioxide doped with
antimony (ATO), indium (ITO), and fluorine (FTO) have been the focus of most re-
search because of their relatively high conductivity. Unfortunately, the dopant’s cor-
rosion brings down the conductivity, increasing ohmic losses and decreasing energy
efficiency.[162] Dissolved cations may also ion exchange with the membrane and lead
to its degradation.|[104| A recent study observed neither activity nor stability benefits
from the dopant addition.[142] Although FTO possesses the lowest conductivity, it
was found to be the most stable material between -0.34 Vgyyg and 2.7 Vyug, followed
by ITO and ATO. The stability is assigned to the oxygen atom exchange in SnO,
with F, instead of cation exchange in the case of ATO and ITO synthesis.[162] ATO,
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in turn, was suggested to mitigate Ir dissolution by preserving it in lower oxidation
states.|132] Commercially available samples usually feature low surface areas; several
synthetic techniques were suggested in the literature for the preparation of meso-
porous doped SnO, with relatively high areas (for example, between 125 m?-g~! and
263 m?-g~1).[163] To deal with toxic NH4F for the FTO synthesis, safety measures
must be in place, as in any chemical and engineering process. A number of Ir cata-
lysts supported on doped SnO, with high activities and low overpotentials at low Ir

loadings were recently reported.

Another example is when SnO, was doped with tantalum (TaTO) and used to de-
posit preformed 1.7 nm IrO, nanoparticles at 11-18 wt.% Ir loading, the OER activ-
ity of the fresh catalysts after electrochemical conditioning approached 250 A-g{rlat
overpotentials of 280 mV and 370 mV at 0.020 mgp-cm~2 loading (25°C, 0.05 M
H,S04).]91] Although the electronic conductivity of TaTO was two orders of magni-
tude lower than that of ATO, its use did not result in decreased activity, which was
ascribed to the conducting role of well-dispersed IrO, nanoparticles. In accelerated
aging tests at 1.2 V-1.6 V potential steps, the IrO,/TaTO catalysts demonstrated
between 70% and 90% activity retention vs. 60% for the ATO-supported catalyst.
The loss of the dopant was one to two orders of magnitude lower for Ta as compared
to Sb, while the loss of Sn was not affected. The Ir dissolution was found dependent
on the Ta loading: the higher loading decreased the Ir oxidation state contributing
to its dissolution, while at lower loadings tantalum shell suppressed IrO, nanopar-
ticle detachment. This study also demonstrates that the use of support contributes
to enhanced Ir leaching, as compared to commercial IrO,.[91] As a result, although
the activity of unsupported IrO, is significantly lower than that of the developed
catalysts, its stability to dissolution contributes to high S-numbers (ratio of evolved
oxygen to dissolved iridium),|[72| such as the S-number for IrO, was twice higher

than that for selected IrO,/TaTO catalysts at 1.6 V and similar at 1.5 V.|91] When
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hydrous IrO, was supported on ATO, its S-number was also lower than the one for
unsupported IrOy, but the calcined supported samples demonstrated up to two orders
of magnitude higher S-number as compared to IrO,.[142] Moreover, Ir, Sn, and In
oxides may form mixed oxides; the lattice vacancies are thus produced upon Sn and
In in situ dissolution, improving the initial activity but jeopardizing the durability

due to enhanced Ir dissolution.[141]

A key objective of this thesis is to develop an active and stable supported
IrO, electrocatalyst for OER. Due to the lack of conductive supports that
can show strong resistance to deactivation at OER-relevant potentials, this
study will instead focus on selecting support with inherent corrosion resis-

tance (stability) alongside its capacity for synergistic interactions with Ir.

A popular method for the preparation supported Ir OER catalysts, is colloidal
precipitation of IrOs from an iridium molecular precursor by means of NaOH; the
synthesis may proceed in ethylene glycol,[79] which serves both as a solvent and a re-
ducing agent, or, for example, in a hydrothermal microwave reactor.[134], [164] Small
2-3 nm particles may be obtained,[132] or even smaller (1.54+0.2 nm) if a stabilizer
is added.[165] The support may be added to the colloidal dispersion either during
synthesis or after the nanoparticle formation. The use of high-boiling ethylene glycol,
though, complicates the potential process scale-up because solvent removal under
vacuum is usually used,[99| instead of centrifugation or filtration of highly diluted

suspensions, as practiced in the laboratories.

When the surfactant-stabilized Ir nanodendrites (39 m?-g~! area) mentioned in
Section 1.2.2 were deposited on high-surface-area ATO (235 m?-g~!), an initial over-
potential of 260 mV at 10 mA-cm~2 at only 0.0102 mgy,-cm~2 loading (RDE, 0.05 M

H,S0O,) was observed while accelerated durability test showed a minor overpotential
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increase by 30 mV over 15 h compared to an abrupt increase for other tested catalysts
at earlier times.|79] The specific current at 280 mV overpotential was reported at 70
A-gfr1 vs. 8 A~g{r1 for Ir black. In a PEM electrolyzer, the catalyst demonstrated
the current density of 1.5 A-ecm™2 at 1.8 V and 1 mg-cm ™2 loading compared to 0.8
A-cm~? for Ir black.

An atomically dispersed Ir on ITO with ultimate Ir dispersion was developed by
grafting 0.86 wt.% Ir as an organometallic Ir complex followed by calcination in air
at 400°C.[166] The specific current of 156 A-gp,' was reached at 280 mV overpotential
and 0.021 mg,-cm™2 loading (0.1 M HC1O4). An overpotential of 350 + 20 mV was
required to drive the 10 mA-cm~2 current at such low metal loadings over the course
of 2 h; some Ir agglomeration was observed in the used catalyst and its consequences

on the long-term performance require further analysis.

As a myriad of more or less sophisticated methods emerge to develop a supported
catalyst, to develop a catalyst that can be commercialized, one must keep in mind
the method’s practicality, safety, ease, and scalability, and that it must use as few
resources and produce as little waste as possible. This, most likely, precludes the use
of surfactant-assisted routes of the wet catalyst synthesis and might jeopardize the

stabilizer-free colloidal synthesis in vast amounts of organic solvents.

In the incipient wetness impregnation method (IWI), a support is impregnated
with a precursor-containing solution and dried. The resultant dry product is then
subjected to additional activation treatments, such as calcination and/or reduction,
to achieve the desired catalyst. IWI method is widely favored in various industries be-
cause of its technical simplicity, cost-effectiveness, and minimal waste generation.[167|
However, its application in the context of water splitting remains largely unexplored

or overlooked.
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The undertaken approach in this work is to synthesize active and stable
catalysts for OER applications using the incipient wetness impregnation

method.

A common feature between all the wet-chemistry methods, both unsupported and
supported catalysts described above, is that the majority of them use a precursor.
The selection of Ir precursors is a crucial step in the synthesis that is seldom dis-
cussed in the literature. Examples of precursors include Ir(IV) based precursors like
HyIrClg,[6], [168] IrCly,[169] KoIrClg,[170], [171] NagIrClg,[172] (NHy)oIrClg[173]; Ir
(III) based precursors like IrClg,[168], [174] NasIrClg,[175] and Ir(acac)s;[95] and Ir(I)
based precursors like [Ir(COD)y|BF,.[176], [177] The majority of the aforementioned
precursors contain chloride ligands. The presence of chloride atoms in the catalysts
is often associated with active site poisoning.|178] For example, in supported Ru cat-

alysts, residual chlorine has also been shown to reduce the active surface area.[179]

Several attempts have been made in the scientific community to remove chloride
from catalysts. Bowker et al. synthesized catalysts by modifying the conventional
incipient wetness impregnation method and simultaneously adding the halide-based
precursor (AuCly.3H,0) and a base (1.0 M NayCOs) to the support (TiOs) in an
effort to remove chlorine from the lattice of the Au catalyst into the solution followed
by repetitive NayCO3 and water washes. An improved activity toward CO oxidation
was reported as a result of chloride removal. The authors also recommended further
optimization of the process by using other routes to increase the pH in the supports
by replacing Na,CO3 with ammonia. Ruiz Esquise et al. have used a modified hy-
drothermal method, which is focused on driving the Cl~ ions in abundant solution,

followed by washing of the catalyst, often using > 2 L of water per mmol IrCls.[100]
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Okada et al. focused on removing the residual chlorine from V,05/TiOy synthe-
sized using the deposition of VOCl3 precursors by flowing NH3 at 623 K.[180] They
recommended NH,OH washing for compounds that are not soluble in NH,OH. Narita
et al. studied the removal of chloride from the Ru/Al,O3 catalyst surface by washing
the catalyst with dilute 0.1 M NH,OH followed by a reduction in Hy at 600 K. Their
findings indicated that this treatment led to a twofold increase in the chemisorption

of Hy and CO; compared to the reduction in Hy at 600 K alone.|[181]

Another key objective of this thesis is to develop a fundamental un-
derstanding of the influence of residual chloride from the precursor on
the catalyst’s physicochemical and electrochemical properties, and the de-
velopment of methodologies to mitigate the chloride content within the
catalyst’s lattice, facilitating the production of catalysts that are simulta-
neously active and stable. Furthermore, given that the primary limitations
of catalyst synthesis using IWI are limited control of the particle size of
the deposited active metal and the presence of counterions from the pre-
cursor, e.g., as chlorides from common halide-based precursors which are
retained in the catalyst after drying,[182] this work will focus on develop-
ing ways of chloride removal/mitigation that can be complementary to the

IWI in the future and do not require excessive resources.

1.2.3 Electrochemical testing

Reliable assessment of the performance of the electrocatalyst towards OER is of
utmost importance. A membrane electrode assembly (MEAs) is typically used to
accurately predict the electrolyzer system performance. However, the evaluation of
electrocatalysts using MEA necessitates a significant amount of time for preparation
and testing, along with costly instrumentation and the need for precise control of

reaction conditions, including gas pressure, flow rate, temperature, and relative hu-
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midity.[183]

Additionally, for the preliminary evaluation of new electrocatalysts, which are of-
ten available in limited quantities, typically just a few milligrams, utilizing MEAs
becomes not only cumbersome but also wasteful.[183] Small-scale testing of elec-
trocatalysts can be easily performed using convective-flow-based techniques such as
rotating disk electrode (RDE),[184] the channel flow double-electrode,[185] and gas
diffusion electrode.[186] Of the methods mentioned earlier, the one most commonly
used is the RDE.[187], [188] RDE requires small quantities of electrocatalysts, only
a few micrograms of catalysts per square centimeter,[183] to estimate the activity
of different electrocatalysts.[188] While RDE cannot entirely replace the necessity for
catalyst evaluation in an MEA | it is valuable for the preliminary evaluation of electro-

catalysts and can provide valuable information regarding the kinetics of the reaction.

RDE will be employed to study the electrocatalysts in this work.

RDE set-up

A rotating disk electrode is a half-cell set-up consisting of a three-electrode cell along
with an electrolyte. A traditional three-electrode set-up consists of working, counter,
and reference electrodes placed in the same electrolyte solution. During experiments,
the current flow occurs between the working electrode and the counter electrode. The
potential of the working electrode is measured with respect to the reference electrode.
The rotation of the working electrode minimized transport losses which allow the ex-
traction of kinetic parameters for electrolyzer reactions.[183], [189] The schematic

representation of a 3-electrode set-up is shown in Figure 1.11.
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Figure 1.11: Schematic of a rotating disk electrode set-up

Working electrode: The powdered catalysts are deposited on the nonporous sur-
face of a conductive substrate, i.e., a working electrode.[190] The rotation of the
working electrode establishes a 5-50 pm thick diffusion layer from which the kinetics
of OER can be extracted.[183], [189] The choice of the electrode is particularly im-
portant while performing the electrochemical activity and stability assessments since
surface passivation of the substrate surface can be misinterpreted as catalyst degra-
dation.[190] Glassy carbon is the most widely used backing electrode material for
ORR and OER. However, it can easily passivate under OER conditions. Geiger et
al. reported an exponential rise in the electrode potential at 2.3 Vgyg with minimum
catalyst dissolution or particle detachment.[190] This steep rise was attributed to in-
creasing contact resistance at the backing interface. In order to overcome the issues
with backing electrode degradation, a material that resists passivation and dissolu-

tion should be used. Gold and boron-doped diamond as appropriate backing electrode
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materials.[191] However, Cherevko et al. showed that gold suffers from acute disso-
lution at OER potentials and BDD is limited due to its exorbitant cost.[52] Thus,
the use of an alternate backing electrode material can aid in understanding catalyst

degradation, but cannot substitute for glassy carbon electrodes.

Due to the lack of a better alternative, a glassy carbon electrode will
be used as the backing electrode in this study. Moreover, in this study,
the working electrode is subjected to a maximum potential of 1.60 Vgyyug to

minimize surface passivation.

Reference electrode: Using a reference electrode within a three-electrode system
allows investigation of the charge transfer characteristics of a half-cell, rather than
the data of a two-electrode system associated with the full-cell behavior. A viable
reference electrode should possess a constant electrochemical potential at low current
density. Due to the passage of negligible current through the electrode, the decrease
in the effective potential applied to the electrochemical double layer (iR-drop) is
small.[192]

Among the different reference electrodes available, the hydrogen reference elec-
trode is considered the most reliable. The standard hydrogen electrode consists of
a platinized Pt electrode, either a wire, sheet, or mesh.[193| In an acidic solution
having a unit activity of H™ proton, Hy gas is supplied at a fugacity of 1 bar in the
form of small bubbles, such that the electrolyte becomes saturated with Hy gas.[193]
The standard hydrogen reference electrode can also be used to calibrate other ref-
erence electrodes. It can be used in both alkaline and acidic solutions. Its use is
also preferred as it prevents contamination of the working electrode. Furthermore, it
removed inaccuracies introduced by miscalibration and potential drift during testing.

Other commonly used reference electrodes include chloride-based electrodes such as
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silver chloride (Ag/AgCl) electrodes, saturated calomel electrodes, and sulfate-based

electrodes.

In this work, a standard hydrogen electrode and a double-junction Ag/

AgCl electrode will be used as reference electrodes.

Counter electrode: The counter electrode, also known as the auxiliary electrode,
is used to facilitate the current required to balance the current at the working elec-
trode, without engaging in the reaction itself. It achieves this by altering its po-
tential.[191] Nobel metals such as Pt and Au are used to form counter electrodes.
Platinum is the most commonly used electrode due to its robustness, high electrocat-

alytic activity, and excellent electrical conductivity.[194|

In this work, a helical Pt counter electrode will be used as a counter

electrode.

Electrochemical characterization

Electrochemical characterization of the catalyst aims at measuring (1) electrochemical
surface area (ECSA); (2) catalyst activity and Tafel slope, and (3) stability of the

catalyst.

1. Estimation of the electrochemical surface area using cyclic voltam-

metry (CV)

Cyclic voltammetry is used to calculate the ECSA of the catalysts. The electro-
chemical surface area (ECSA) of metallic Ir may be estimated by estimating the
integral charges of underpotentially deposited hydrogen (Hpa), and its desorp-

tion in the potential range of 0-0.35 Vgyug of a CV profile, including a correction
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for double-layer charging. (6]

ECsA — YHuen (1.13)

qHyep
where qp,, ,,, is the charge constant associated with underpotentially deposited

hydrogen on Ir, assumed to be 179 C-cm™2.|6|

The calculation of ECSA of Ir-oxide catalysts presents difficulties owing to the
lack of hydrogen adsorption. Various approaches are employed in the literature
for its determination.|6], [187], [195]-[201] One of the commonly accepted ap-

proaches to determining ECSA of IrO, /IrO, catalysts is as follows:

The double-layer capacitance (Cy;) is calculated using cyclic voltammetry scans
at different scan rates in the non-faradaic region. The slope of the current (mA)
vs. scan rate (V-s7!) is used to calculate the value of Cy. C, is the specific
capacitance, which is the double layer of a polished GC with no catalyst. C, is
calculated using the same approach as Cy. The ratio of Cy and C, provided

the ECSA of the catalyst.[96], [194], [197]

Ca
ECSA =
CS C

S

(1.14)

Another approach to estimate ECSA is based on measuring Qgeprotonation, the
total anodic charges of the CV profiles in the potential range of 0.4 to 1.25
V, where Ir deprotonation is expected, corrected for double layer charging and
normalized to the geometric area of the GC electrode surface.[6], [202] Then,
the ECSA is given by

BCSA — Pdeprotonation (1.15)

{deprotonation

where Gaeprotonation 18 440 + 14 pC.cm™?gesa based on the work of Tan et al. [6]
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In this work, the latter methodology, developed by Tan et al., will be
used to calculate the ECSA of the catalysts.[6]

. Estimation of initial activity using linear sweep voltammetry (LSV)

and Tafel slope

Linear sweep voltammetry is performed in an oxygen-saturated environment to
estimate the catalyst activity. LSV refers to linear sweep in voltage from a lower

potential to an upper potential limit.

The activity is given as the current produced at a given potential and is usually
reported with respect to the geometric area. To compare various catalyst per-
formances quantitatively, it is essential to calculate the specific activity of the
catalyst at a constant potential, denoted as activity normalized by the mass of
Ir/IrO4 employed (A-g }Irox). Higher specific activity of the catalyst (or mass
activity) is associated with increased Ir utilization, decreased Ir consumption,
and subsequently reduced catalyst costs.[68] Specific activity is a function of
dispersion (ECSA) and intrinsic activity.[67] The intrinsic activity of the cata-
lyst can be determined by normalizing the activity of the catalyst at a constant
potential by the ECSA of the catalyst (mA~cm]§éS ) Here, the resultant activ-
ity of individual catalyst active sites is contingent upon the nature of the active

site and not on the number of active sites/dispersion.

Another metric used to compare the catalyst performance is the overpotential

(n) required to achieve the current density of 10 mA-cm_ 2, where n for OER is

geo?

given by equation 1.16,[189] as follows:

n=E—E, (1.16)

where E, is the thermodynamic potential (or equilibrium potential) for OER
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(1.23 Vgug). The lower the overpotential, the better the performance of the

catalyst.

Tafel analysis is performed to compare the electrocatalytic activity among differ-
ent catalysts and to uncover the underlying reaction mechanism. During Tafel
analysis, the sensitivity of the current output to the applied potential is ana-
lyzed, which provides information associated with the rate-determining steps.
Current and voltage are related by Tafel equation. At high overpotential, the

Tafel equation can be expressed as:

n = blog, (i) (1.17)
where, b is the Tafel slope (mV-dec™!), i is the current density, i, is the ex-
change current density and 7 is the overpotential. The experimentally observed
Tafel slopes can be compared with the theoretically derived slopes assuming
different rate-determining steps based on microkinetic models.[203]

In this work, the initial catalyst activity will be estimated using LSV
and normalized on the basis of the geometric surface area of the work-
ing electrode, mass of Ir, and ECSA of Ir deposited on the working
electrode. Tafel slopes will also be calculated for all the catalysts in

the kinetically relevant potential windows.

. Study of corrosion stability, deactivation mechanisms, and activity

regeneration

In addition to understanding the deterioration of catalyst activity, it is equally
important to discern the loss of stability of the catalyst. Due to the very long
lifetimes of PEMWE catalysts, in the range of 50,000 h-100,000 h, it is not fea-
sible to perform long-term stability tests.[132|, [183] Loss of activity over time
might be due to a) Ir dissolution, b) Ir oxidation/Ir phase transformation, and
¢) bubble accumulation displacing liquid water from the reaction site. Knowl-

edge of Ir dissolution is the most widely discussed while estimating the stability
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of IrOy catalyst. In a PEM electrolyzer, iridium dissolution might result in
both iridium ions in the water feed, and migration and redeposition at the an-
ode/membrane interface, membrane [103], [204], [205] and possible deposition
on the cathode leading to Pt deactivation, especially at high current densities

and overpotentials.[103]

For RDE experiments, Joint Center for Artificial Photosynthesis Photosynthe-

sis (JCAP) group recommended the use of an increase in potential (AE) after 2

2

2o (chronopotentiometry) as the bench-

h of galvanic polarization at 10 mA /cm
marking stability protocol for OER catalysts.[126], [206] While this protocol is
widely used, it suffers from serious limitations.[190] Evaluating a catalyst at a
controlled current means that the catalysts are not evaluated under the same
electro-oxidative conditions. This is because a catalyst with higher activity
will operate at a lower potential and appear to be more stable.[6] The rise in
potential (AE) does not necessarily indicate stability issues. Causes such as
electrode passivation [190]| or blocking of active sites by oxygen bubbles,[207]-
[209] all bring about the increase in operating potential. The display of a con-
stant overpotential over a long time (2 h-15 h) also does not represent a stable
catalyst. The leaching of mixed metal oxides in the electrolyte and the reve-
lation of the fresh inner layer of the catalyst post-leaching can both increase
the catalyst activity. This can provide constant potential over drawn-out time
despite the degradation of the material. The catalyst loading on the work-
ing electrode is left ambiguous as per the JCAP protocol. This suggests that

the higher the catalyst loading, the more stable the catalyst will appear. To

2

2e0) s based on the geometric

add to the issue, the current produced (10 mA /cm

surface area of the working electrode, not the active surface area of the catalyst.
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A catalyst’s lifetime depends on its operating current density and overpotential.
It may be estimated using the stability number (S-number), i.e., the ratio of

evolved oxygen to dissolved Ir at constant overpotential.|[72]

S-number = 02 (1.18)
Ny

The authors calculated the number of moles of O4 evolved by integrating current

during current or potential hold,[91] as presented in equation 1.19

1

= — [ i (1.19)

’n,02

where z is the number of the moles of electrons transferred during OER, which
is 4; F is the Faraday constant (96 485.3329 A-s-mol™!), and ¢ is the length of

the test (seconds), ¢ attributed exclusively to the OER reaction.

The number of moles of Ir dissolved can be estimated using equation 1.20,

[Ir] x V
er

ny = (1.20)

where [Ir] is the Ir concentration, i.e., Ir dissolved in the electrolyte (|Ir] in
g-L71), V is the volume of the electrolyte and My, is the molar mass of Ir, i.e.,

192.217 g-mol .

Finally, Tan et al. suggested a novel method to evaluate the corrosion stability
of the catalyst using chronoamperometry (CA) at 1.53 V or 1.6 Vgyg while
performing electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) at regular time intervals throughout CA.[6] The potentials were
consciously selected to ensure a slow rate of electrode passivation.[190] This
would also ensure similar electro-oxidative conditions for different electrocat-
alysts. The main drawback is that the more active catalyst would produce
more current, which according to Geiger et al. would result in higher disso-

lution, suggesting Ir dissolution is proportional to the current (S-number).[72]
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Massué et al. observed that Ir/IrO, electrocatalysts deactivate in two steps:

a gradual increase in anodic potential due to the depletion of OER-relevant

active Ir species, and (2) a sharp increase in anodic potential due to the loss

of ECSA through Ir dissolution.[134] Tan’s study also noted this pattern and

directed their attention on decoupling the two deactivation mechanisms. This

was achieved by the following:

(a)

Detecting loss of intrinsic activity

Chronoamperometry was performed to measure catalyst stability. EIS was
used to monitor the rise in charge transfer resistance (R;) throughout the
chronoamperometric cycle. An increase in the value of R, was considered
a direct indicator of catalyst deactivation/depletion of OER relevant Ir
species from the surface of the catalyst. CV analysis was performed at
regular intervals. Performing multiple CVs at each interval was used to es-
timate ECSA and to partially recover the activity of the catalyst lost due
to the transformation of OER-relevant Ir(III)/Ir(IV) species to anhydrous

IrO5 or higher oxidation state(s) of Ir.

The part of the activity that was not recovered by performing CV is pre-
sumed to be lost due to passivation of the catalyst surface or be irreversibly
phase transformation of performance-relevant species. XPS was used to in-
terpret the phase transformation-induced activity loss by determining the
oxidation state of the catalyst and shift in binding energy post the stability

test.[6]

Detecting loss due to anodic dissolution
Tan et al. established a relationship that allows for the estimation of IrO,

depletion caused by the dissolution of Ir by evaluating the decline in the
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Figure 1.12: Evaluation of IrO,/TiO, catalyst stability in an RDE and MEA at 70
A-g;.'; reprinted from [41] under the Creative Commons Attribution License, copy-
right 2019.

ECSA of the catalyst over the course of the CA cycle. Inductively coupled
plasma mass spectrometry (ICP-MS) analysis was performed before and

after the CA cycle to validate these findings.|6]

While the aforementioned methodology is very useful in decoupling the
catalyst deactivation mechanisms, Tan et al. did not address all the cata-

lyst deactivation mechanisms in their study.

According to Trogisch et al., the build-up of small oxygen bubbles gen-
erated at OER-relevant potentials can also cause blockage of active sites,
inhibiting electrolyte contact with the catalyst surface, and hindering the
participation of active sites in OER.[207] They emphasize that bubble ac-
cumulation is capable of shielding over 90% of the active sites forcing the
fraction of active sites present at the catalyst-electrolyte interface to pro-
vide all the current resulting in less current at a given cell voltage, which

leads to an apparent reduction in activity and increases in Re. It might
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also possibly trigger catalyst deactivation either by Ir dissolution,|207],
[210] or phase transformation.[6] As shown in Figure 1.12; for example,
oxygen bubble accumulation, could make the stability studies, not a re-
liable predictor for the catalyst lifetime in a PEM electrolyzer long-term
behavior.[41]

A few different ways to promote bubble removal reported in the available
literature focus either on altering the structure of the catalyst and surface
wettability to facilitate O removal [210]-[213] or using external equipment,
such as sonicator,|209] magnetic fields,[214], [215] super-gravity [216]-[218|
to remove the bubbles. However, the introduction of auxiliary equipment
and redesigning the catalysts is a cumbersome process that might introduce
additional variables, for example, a temperature increase in the electrolyte
due to continuous sonication. There is a need to develop a facile technique
or methodology to account for the deactivation experienced by the catalyst

layer due to microscopic O, bubble accumulation.

In this work, we aim to modify the stability testing procedure devel-
oped by Tan et al.,[6] to include the estimation of losses attributed to

the buildup of microscopic Oy bubbles within the catalyst layer.

1.3 Thesis objectives
The overarching objective of this thesis is the development of stable and active Ir
catalysts for acidic OER.

To achieve this goal, the following sub-projects were identified:

1. Synthesis of Ir-oxide-based catalysts using a simple synthesis approach, with a
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focus on scalability and relevance to industrial use. This entails the prepara-
tion of different supported catalysts using the incipient wetness impregnation

method (IWI) with a molecular commercial Ir precursor HolrClg.

2. Exploration of non-conductive supports to develop active and stable Ir-oxide-
based catalyst. Ir oxide was deposited on many supports using IWI and ZrO,
was identified the most suitable support. The supported catalysts’ performance
was assessed on an RDE set-up using metrics such as ECSA, Tafel slope, intrin-
sic and specific activity, as well as stability. Strong metal-support interactions
(SMSI) between Ir oxide and ZrO, support were investigated to elucidate the
drivers of enhanced activity and deactivation mechanisms. This was achieved
by performing a thorough physicochemical characterization of the catalyst using

different techniques.

3. Analysis of the influence of residual chloride from the HyIrClg precursor on
the physicochemical and electrochemical performance of the catalysts. This in-
volved altering synthesis parameters to modulate chloride content in IrO, cat-
alysts prepared through thermal decomposition, followed by a comprehensive
analysis of resulting differences in physicochemical properties and electrochem-

ical performance.
The sub-projects of this thesis are based on the following key observations:

1. Academic research has focused on novel and well-defined catalytic structures
that are often too complex for industrial synthesis. The use of a simple tech-
nique, such as incipient wetness impregnation method should be investigated as

an alternative approach that would enable easy scale-up.

2. Supports influence the performance of OER catalysts by adding or reducing

the electron density to the catalyst surface and/or altering morphology (SMSI),
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increasing active metal dispersion, and mitigating Ir dissolution. Therefore,

there is a need to search for suitable support.

3. Non-conductive supports can be used to synthesize active catalysts, contingent
on the ability of the Ir oxide network to undertake electron transfer responsibil-
ities. This implies that the search for a suitable support should not be confined

to electrically conductive supports.

4. Most of the wet-chemistry methods of synthesis use a chloride-based precursor.
The impact of residual chlorine from the precursors on the physicochemical and

electrochemical properties of the catalyst should be investigated.

1.4 Structure of the thesis

This thesis is organized into four chapters. Chapter 1 has provided the motivation
and goal of the work. A thorough literature review was also conducted in order to
identify knowledge gaps. In Chapter 2, the incipient wetness impregnation method
used for the synthesis of supported catalysts is discussed; monoclinic ZrO, is intro-
duced as a novel support; physicochemical and electrochemical characterization is
performed on diverse catalysts, including state-of-the-art IrO, TKK, which is used
as a benchmark and obtained results, analysis, and discussion are described in detail.
In Chapter 3, the effect of residual chlorine from the HyIrClg precursor is studied
in Ir oxide catalysts prepared by thermal decomposition. The chapter provides an
overview of the synthesis method, coupled with a discussion of observed differences
in the physicochemical and electrochemical characteristics of the catalysts. Finally,
Chapter 4 summarizes the findings of this work and provides an outlook on the future

directions.
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Chapter 2

Strong metal - support interactions in
ZrOo-supported IrOy catalyst for
efficient oxygen evolution reaction

2.1 Introduction

The International Energy Agency (IEA) estimated that in order to meet the net zero
scenarios by 2050, approximately 320 million tonnes of Hy per year need to come
through electrolysis.[219] The declining cost of renewable electricity over the years,
the use of simpler designs for water electrolyzers, and the improving efficiency and
durability of electrolyzers are critical for producing green hydrogen at a competitive
price.[220] Proton-exchange membrane water electrolyzers (PEM-WE) are one of the
most mature technologies currently present, however, they require expensive Ir-based
catalysts to achieve good performance and durability.[38] In a catalyst-coated mem-
brane (CCM), iridium accounts for 24% of the total cost, making it a bottleneck to
the widespread use of PEM electrolyzers.|25] The rare occurrence of Ir element, with
a presence of merely 1 ppb in the Earth’s crust, its exorbitant cost of $4600 per ounce,
and its high price volatility which has varied by a factor of 15 over the last 20 years

pose barriers to the future of PEM water electrolyzers.|39]

One of the best ways to reduce Ir usage is to boost catalyst utilization in the

CCM. This can be achieved by increasing Ir dispersion using high surface area sup-
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ports,[47]use of different Ir morphologies,|6], [95], [96], [107], [110], [171], [174], [221]-
[225] and use of promoters.[226]-[230] Among the available options, using supported
catalysts offers an appealing solution to meet the demands of practical large-scale
applications while simultaneously reducing the amount of precious metal needed for
catalyst synthesis.[47] To be considered as a suitable support for oxygen evolution
reaction (OER) in PEM-WE, the material must offer high stability in an acidic envi-
ronment, a high surface area, and good electrical conductivity. The availability and

affordability of the support are also significant factors to take into consideration.

So far, several materials, including but not limited to carbon, metal oxides, metal
nitrides, and metal carbides, have been investigated for their potential as supports
for water-splitting electrocatalysts.[47], [84], [134], [135] Tin based oxide supports
(SnO,, doped-SnOs: antimony doped tin oxide , indium doped tin oxide, fluorine
doped tin oxide etc.),[79], [91], [136]-[148], [231] titanium-based oxide supports (TiOy,
Ti,0(2-n), doped titanium oxide),[138], [149]-[156] Tay05,[157| Nb-based oxides,[158]|-
[161] are by far the most popular metal oxide supports due to their stability under
oxidative conditions, and the tunable electrical conductivity for some, and possible
metal-support interactions.[47] For instance, Oh et al. reported a reduced effective
oxide thickness in IrO5/ATO as compared to IrO,/C, with an observable reduction in
the Ir oxidation state as a result of charge donation from ATO to IrO.[132] The pres-
ence of performance-relevant amorphous IrO,H, surface species was also observed, a

feature that was not detected in IrO/C.

ATO has been extensively utilized and endorsed in literature, ever since its discov-
ery, and in most cases, it is favored over SnOy due to higher conductivity resulting
from doping Sb in the lattice of SnO,. Several studies have highlighted its useful-
ness.[132], [139], [144], |232]-[234] However, recent work by DaSilva et al. showed

that in IrOy/ATO, the presence of dopants (F, In, Sb) in SnO, resulted in increased

53



Sn dissolution in comparison to the materials supported on the pristine SnO,.[142]
Furthermore, the specific use of Sb seemed to destabilize the [rO, phase, leading to a
higher Ir dissolution. Jang et al. discovered that under reductive synthesis conditions,
the interactions between ATO and Ir led to an impediment in the electrocatalytic ac-
tivity of the catalyst towards OER.[235] They observed that the variable oxidation
state of Sb led to a decrease in the electrical conductivity of Ir/ATO, and deterio-
rated the electron transfer through the support, negatively affecting its performance.
Taking the aforementioned observations into consideration, it would be valuable to
explore the potential of other electrocatalyst supports that may offer superior perfor-

mance compared to ATO.

Karimi et al. suggested that while electronic conductivity is a crucial factor in the
selection of supports for OER catalysts, it is considered a lower priority compared
to support surface area and the nature of the support in the hierarchy of desirable
properties.[158] Mazur et al. also demonstrated that in the case of Ir-based catalyst
dispersed on non-conductive TiOy support, the compact Ir layer deposited on TiO4
took over the role of electron conductor, supporting the aforementioned hypothesis of
Karimi et al., thereby eliminating the need to solely focus on conductive supports.|236|
Similar studies were also undertaken by Nikiforov [237] and Polonsky,[238] who used
non-conductive SiC-Si and ceramics (TaC, SizN4, WB and Mo,B5) as supports for wa-
ter electrolyzers. Polonsky et al. emphasized that once IrO5 concentration exceeded
the percolation level, the electrical conductivity of the support does not remain a

critical quantity.[238|

Given this precedence, we prioritized the stability and nature of the support mate-

rials while selecting them for our study, including both conductive and non-conductive
supports like ATO, SnOs, NbyOs, TiO,, TasO5, and ZrO,. While use of ATO, SnO,,

NbyOs5, TasO5 as supports has been documented in the literature, the use of ZrO, as
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a support for an OER electrocatalyst is a new development. ZrO, support was chosen
due to its synergistic relationship with Ir observed in studies conducted on IrO,-ZrO,
bimetallic alloys.[239]-[241] Shao et al. investigated the impact of ZrO, on the elec-
trochemical activity and structure of IrO5-ZrO, binary alloy and discovered that the
addition of ZrO, limited the crystallization of IrOs, resulting in a shift towards an
amorphous structure of IrO,-ZrO, as ZrO, content increased, while proton conduc-
tivity also increased.[241] Zhao et al. used Hf, an element with a similar electronic
structure to Zr, as a modifier to create an IrHf;O, alloy demonstrating activity an
order of magnitude higher than IrO,.[242] They suggested that a combination of early
and late transition metals could selectively tune the relative energies of the OER reac-
tion intermediates (such as M-OH, M=0, and MOOH), resulting in lower barriers for
the OER reaction.|242] Ir and Zr belong to the class of Brewer-Engel intermetallics,
elements known for their synergism and improved activity in the alloy form.|243] This
information, coupled with the high stability of ZrO, in acidic and corrosive environ-
ments prompted us to explore ZrO, as support. A 2023 study performed by Lee et al.
has described the synthesis of IrO, /Zr,ONy as promising support due to its stability
and conductivity. However, they did not observe any interaction between Ir and Zr,
which could be attributed to the use of the polyol synthesis method for Ir, which may
have impeded interactions as already prepared Ir nanoparticles were deposited on the

support.|244]

In this work, we aim to investigate the properties of ZrO,, and its suitability as
a support for Ir-catalyzed OER in acidic media. To achieve this, we selected five
catalysts, namely IryZrq_Oq/ZrOg), IrcZri_xOy/ZrOgs), IrOy/ ATO, (IrO, +
Ir)y (unsupported), and commercial benchmark IrO, TKK. The subscripts (L) and
(S) denote ZrO, particle sizes of less than 5 pum (large) and less than 100 nm (small)
respectively, as reported in Table 2.1. IrO5/ATO was of particular interest due to its

reported promise as a support in the scientific literature.[47], [143], [145], [245], [246]
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The activity and stability of these catalysts were evaluated by electrochemical testing
of the catalysts in a rotating disk electrode set-up. A combination of linear sweep
voltammetry (LSV), chronoamperometry (CA), operando electrochemical impedance
spectroscopy (EIS), and cyclic voltammetry (CV) were used to evaluate the stability
of the catalysts under identical electrooxidative conditions. Physicochemical char-
acterization including transmission electron microscopy (TEM), selected area elec-
tron diffraction (SAED), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), energy dispersive X-ray analysis (EDX) coupled with TEM and SEM were
performed on selected catalysts. Temperature-programmed desorption (TPD) experi-
ments of water and oxygen were implemented to investigate a correlation between the
catalysts’ activity during OER and the binding energy pattern of the OER-relevant

species, such as water and oxygen on the catalyst.

2.2 Experimental

2.2.1 Catalyst synthesis

Three supported catalysts were synthesized using the incipient wetness impregnation
method (dry impregnation). HyIrClg.HoO (hydrogen hexachloroiridate (IV) hydrate,
99.9% trace metals basis, CAS 110802-84-1) was used as the Ir metal precursor, and
ultrapure Milli-Q water (18.2 M{).cm) water was used as a compatible solvent. Three
supports, namely ZrOyg) (< 100 nm nanopowder, CAS No. 1314-23-4), ZrOq1, (<5
pum, 99% trace metals basis, CAS No. 1314-23-4) and antimony-doped tin oxide re-
ferred to hereafter as ATO (<50 nm nano-powder, 99.5% trace metals basis) were
used in this study. All the chemicals and supports used in this study were procured
from Millipore Sigma, U.S.A. unless stated otherwise. IrOy, hereafter called IrO,
TKK (PN: ELC-0110 SA = 100), was supplied by Tanaka Kikinzoku Kogyo, Japan.
The supplier stated that IrO, TKK has an Ir content of 75.23% and a surface area of
100 m?-g— 1.
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Following the impregnation of the precursor on the support, the catalyst was dried
in a vacuum furnace at 21°C and <10 mm Hg pressure. Then this catalyst was ground
to a powdered form prior to calcination at 400°C for 2 h in a muffle furnace.[66], [247]
After the 2 h temperature hold, the catalysts were allowed to cool down and were
stored in the oven at 60°C. The powdered samples were then ground to produce finely

powdered samples and then stored in air-tight sample vials.

The unsupported IrO, catalyst was synthesized by adding Milli-Q water (18.2
MQ.cm) water to the precursor to form a homogeneous solution, drying this solution
under the aforementioned vacuum oven and then calcining the mixture at 400°C for
2 hours in static air. The unsupported Ir oxide catalyst, (IrOy + Ir)y, served as
the scientific benchmark catalyst and was included in this study to understand the
effect of supports. The elemental composition of Ir in the supported and unsupported
catalyst was determined by performing SEM-EDX on the prepared powdered samples

and has been reported in Table 2.2.

2.2.2 Materials characterization

Bright-field and dark-field transmission electron microscopy (TEM), selected area
electron diffraction (SAED), and energy-dispersive X-ray analysis (EDX) in scan-
ning mode (STEM) were conducted on a JEOL JEM Atomic Resolution ARM 200cf
S/TEM at the accelerating voltage of 200 kV. TEM-EDX was used for the local nanos-
tructure study of the catalysts. In order to prepare the TEM sample, a dilute solution
of the catalysts was prepared in Milli-Q water. Approximately 10 ul of the ink was
drop-casted on the TEM grids with Ultrathin Carbon Film on Lacey Carbon Support
Film, 400 mesh, Copper (Ted Pella, P.N. 01824). The grid was allowed to dry for 24
hours at room temperature. The average diameter and the standard deviation were

calculated by counting over 160 particles using the ImageJ software.
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To evaluate Ir composition in all of the powdered samples, energy dispersive X-Ray
analysis (EDX) was used coupled to scanning electron microscope (SEM). Quanta 250
Mineral Liberation Analyzer (FEI company) SEM fitted with a tungsten filament was
equipped with Bruker Xflush (133 €V) detector for the elemental analysis. To main-
tain result consistency, the average composition was determined by calculating the
mean of 10 distinct locations. Images and composition was taken at a magnification
of 600x using an electron beam intensity of 25 keV. Conductive carbon tape was used
to mount the finely powdered samples onto SEM sample stubs. Any excess powder

was removed using N, spray gun before inserting it into the equipment.

X-ray diffraction (XRD) analysis was carried out on a Rigaku Ultima IV D/max-
RB diffractometer with D/Tex Ultra detector with Fe Filter (K-beta filter) using Co
radiation (A= 0.178900 nm) operated at 38 kV and 38mA for Ir Zr_x)Oz/ZrOq
and IrcZr(;_Oy/ZrOqys). Data was converted using JADE MDI 9.6 software and
phase identification was done using DIFFRAC.EVA software with the 2022/2023
ICDD PDF 4 + and PDF 4+ /Organics databases. Rigaku Ultima IV (Nanofab) us-
ing Cu-Ka radiation (A = 0.15406 nm) with scintillation counter plus graphite crystal
monochromator or a Nickel K- filter, operated at 40 kV and 44 mA was used for the
rest of the catalyst samples (IrOy TKK, (IrOq + Ir)y, and IrO5/ATO). Continuous
X-ray scans were carried out from 10° to 80° (5° to 80° for ) with a step width of 0.02

and a scan speed of 1.2°/min. Refer to section A.1.3 for detailed information.

Photoemission measurements were performed in Kratos AXIS Ultra Imaging spec-
trometer with a 1486.6 eV Al K source. The XPS spectra were analyzed using
CasaXPS, where all peaks were calibrated to the main C 1s signal at 284.8 eV. A
Shirley-type background was applied and the peaks were fitted with a DS(0.05,230)
SGL(55) profile and the satellite peaks were fitted using GL(0). All the Ir 4f peaks

were constrained to a doublet separation of 3 eV, the area ratio of 4f;/y:4f5/5 — 4:3,
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and a doublet FWHM ratio of 1.

Inductively coupled plasma mass spectrometry (ICPMS) analysis was performed
on Agilent 8800 Triple Quadrupole Inductively Coupled Plasma Mass Spectrometer
with iridium limit of detection of 0.0002 ppb. The minimum measured concentration
in this work was at least 0.4 ppb, which is 3 orders of magnitude higher than the

detection limit.

Ny adsorption—desorption measurements were carried out at 77 K using an Autosorb-
iQ-XR for ZrOy,y. The specific surface area was calculated by the Brunauer— Em-

mett—Teller (BET) method.

Temperature-programmed desorption (TPD) and temperature-programmed reduc-
tion (TPR) experiments were performed in a Micromeritics AutoChem 2950 HP in-
strument equipped with an online Pfeiffer Vacuum Thermostar GSD 320 spectrome-
ter. The mass spectrometer was calibrated for HoO (m/z = 18), Oy (m/z = 32), Hy
(m/z = 2) using an internal standard He (m/z = 4) before the following characteriza-
tion experiments. All samples were treated in HoO at 120 °C for 4 h in an autoclave.
Then, 0.1 g of HyO-treated iridium oxide sample was packed in a quartz U-tube and
assembled into Autochem equipment. Prior to the TPD experiments, samples were
treated in a flow of He at 120°C (50 mL/min) for 2 h to eliminate physically adsorbed
H50 molecules. During the 2 h wait time, mass spectrometer signal for He was stabi-
lized. The TPD was performed from 120°C to 700°C with a desired ramping rate, for
example, 5°C/min, in He (50 mL/min), while the concentrations of H,O, Oy and He
were collected every 5 s by the mass spectrometer. TPD experiments were repeated
at different ramping rates (f = 2, 3, 5, 7, 10, 15, 20°C/min) for all the samples. A

new sample was used for each TPD ramping rate.
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TPR experiments of the iridium oxide samples were performed with an 5% H,/He
gas mixture using the spent sample in H,O and O.-TPD analyses. The Hy consump-
tion and HyO evolution were monitored by the mass spectrometer. After the sample
was cooled down in He, TPR was started from room temperature to 500°C with a
ramping rate of 10°C/min in 5% Hs/He gas mixture (20 mL/min); the sample was
held at 500°C for 10 min. After reduction, the sample was cooled to room temperature

in He.

2.2.3 Catalyst ink and electrode preparation

To prepare the working electrode, 9.5 mg of the catalyst powder was added to 1 mL of
Milli-Q (deionized) water and 0.5 mL of isopropanol (IPA). The geometric loading of
the total catalyst deposited on the working electrode was kept uniform for the three
supported catalysts, IrxZrq_y)Oy/ZrOgs), IreZr(1-4O02/Zr051y, and IrO,/ATO, ir-
respective of Ir loading to mitigate mass transfer limitations. For (IrOy + Ir)y, 3 mg
of the catalyst powder was added to the ink solution, while for IrO, TKK 2.4 mg of
the catalyst powder was added to the ink solution. Nafion™ (diluted to 5 wt.%, Ion
Power) was added to this solution in a drop-wise manner (each drop = 10-20 uL).
The total Nafion added to the ink corresponded to 15 wt.% of the total solid mass
(support + IrOy) suspended in the ink. The catalyst ink solution was then sonicated
in an ultrasonic bath for 30 minutes followed by sonication using a probe sonicator
(Qsonica 54000, 20 kHz 600 W, 2 min ON 1 min OFF, 5% amplitude) for 10 min.
The total sonication time was selected to maintain a balance between homogeneous
dispersion since longer irradiation could be detrimental to its composition and mor-
phology, mainly due to cavitation and sonolysis phenomena.|248| In both cases (bath
and probe sonication), the catalyst was sonicated in a 2 mL plastic vial steadily placed
in an ice bath. This was done to avoid overheating of the ink since power ultrasound
is known to yield a rapid increase in temperature ATs of up to 50°C per hour when

starting from room temperature.|[248|
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Glassy carbon (Pine Instruments) disc electrode (diameter = 5 mm) embedded in a
Teflon cylinder was used as the working electrode. The GC electrode was polished to a
mirror-like finish before casting the ink, with polishing paper (Buehler, P.N. 40-7218)
and 0.05 pm alumina oxide paste (AlyOs, supplied by Allied High Tech Products,
P.N. 90-187505) in an ultrasonic bath (frequency 20kHz, 2 sec ON- 2 sec OFF) in
water followed by alternate washing with ultrapure Milli-Q water (18.2 M{.cm) and
IPA for 10 minutes each. The working electrode (GC) was cast by pipetting a 10 uL

aliquot of catalyst ink on the glassy carbon surface to achieve geometric loading of 60

pgr-cm 2,

These values ultimately varied with the catalyst as loading was decided
based on the targeted Ir composition of 20 wt.% in the supported catalysts. For
clarity, the actual mass of Ir on GC, calculated on the basis of SEM-EDX results
has been reported in the results. The working electrode was then dried using the

rotational drying technique at 600 rpm under air for 1.5 hr to form uniform and

reproducible films followed by drying in the oven at 60°C in air for 30 min.

2.2.4 Electrochemical measurements

Electrochemical measurements were carried out using a potentiostat (BioLogic Sci-
ence Instruments SP-200) on a standard rotating-disk electrode (RDE) system (PINE
Research MSR Rotator), and a three-electrode cell. Helical Pt wire electrode was used
as the counter electrodes. Double-junction silver chloride (Ag/AgCl) electrode (sup-
plied by Pine Research Instrumentation, Inc.) calibrated against reference hydrogen
electrode (ET070 Hydroflex™, supplied by eDAQ) was used as a reference electrode
to test [rO, TKK and IryZr(;_4 O / Z10O9). The hydrogen reference electrode was
used to test IrZr(;_x)Oy/ZrOqys) and (IrO, + Ir)y catalysts. The reference electrode

calibration data has been provided in Figure A.9.

Sulfuric acid (Optima grade, Fisher Scientific) diluted to 1.0 M H,SO, with Milli-Q
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water (18.2 MQ.cm) was used as the electrolyte.|50] All electrochemical measurements
were carried out at room temperature using research-grade gases Ny and O, (99.999%,
Praxair). The glassware was cleaned by storing it overnight in 1.0 M HySOy, followed

by multiple washes with deionized water.

The potentials are reported relative to the reversible hydrogen electrode (RHE)
scale based on the equation. This is done to remove the impact of pH on applied
potential as it ensures that the theoretical potential for OER remains constant, i.e.,
1.23 Vgpug.[249] All the experiments were recorded in the potential corresponding to
E vs. Ag/AgCl and have been reported in this paper after normalization to E vs.
RHE using Equation 2.1:

E(V vs. RHE) = E(Ag/AgCl) + 0.199 + (0.059 x pH) (2.1)

iR compensation at 85% was applied using Biologic EC-Lab software while record-
ing LSV and CV. Cyclic voltammetry (CV) was carried out in a deoxygenated envi-
ronment by saturating the electrolyte with No. CV is performed at a scan rate of 40

mV s~! in an unstirred electrolyte unless stated otherwise.

All Tr samples were preconditioned prior to oxygen evolution reaction (OER) elec-
trochemical testing by recording 500 cyclic voltammograms from 0 Vgyg to 1.53 Vrug
at a voltage scan rate of 500 mV-s~!. This electrochemical preconditioning was fol-
lowed by performing 5 CV from 0 Vgyyg-1.53 Vrag at the scan rate of 40 mV.s~!. The
ECSA was estimated by calculating the total anodic charges of the CV profile in the
potential range of 0.4Vgryg -1.25 Vrgg with acceptable double-layer correction. The
electrical charge constant associated with the anodic processes within this potential
range was taken as 440 puC-cmpgga.[6] The entire process of calculating ECSA has
been previously discussed in the work of Tan et al.[6] Further information regarding

the estimation of charges can be obtained from the following references.[107], [126],
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Anodic linear sweep voltammetry (LSV) was performed between 1.0 Vgyyg and 1.6
Vgug in an Os-saturated environment to measure the OER at a rotational speed of
1600 rpm and a scan rate of 10 mV-s~!. The potential range was selected to curtail
the effect of change in hydrogen concentration at lower potentials. To ensure O,
saturation, the electrolyte was continuously bubbled with research-grade Oy for 10

minutes (99.999%, Praxair).

The corrosion stability of the electrocatalysts was evaluated using chronoamperom-
etry (CA) at 1.6 Vrug under O, saturated environment at a rotational speed of 1600
rpm. The potential is deliberately selected to mitigate GC electrode surface passiva-
tion.[190] Catalysts’ stability evaluation under identical electrode potential ensures
that they are fairly exposed to similar electrooxidative conditions. Potentiostatic
operando electrochemical impedance spectroscopy was performed before, during, and
after each CA cycle to investigate the change in charge transfer resistance (Reg). EIS
was measured at the potential of CA in the frequency range of 200 kHz to 30 mHz,
with a potential perturbation amplitude of 10 mV. The diameter of the semicircle ob-
served in the high-to-medium frequency region is representative of the charge transfer

resistance of the electrocatalytic OER.

A combination of CA, EIS and CV analyses, was used to understand the effect
of catalyst deactivation on charge transfer resistance and the ability of catalyst re-
generation.[6] The stability test protocol is described as follows: Catalyst stability
was measured by performing CA at 1.6 Vgryug for 2 hours in an Os-saturated environ-
ment with the electrode rotating at 1600 rpm. One CV cycle was performed every
30 minutes to clean the surface of the catalyst in the potential range of 0 Vgygg-1.53

Vrue was performed initially at t=0, and then periodically after every 30 minutes in
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Table 2.1: Properties of commercial ZrOq,), ZrOys) and ATO used in the study

Support Average particle Specific surface
size (nm) @ area (m%.g~1!)

ZrOy,) <5000 4 1P

ZrOQ(S) <100 25 [al

ATO <50 47 [l

[a] Provided by a commercial supplier, Sigma Aldrich [b] Measured by BET analysis. The isotherm is
reported in Figure A.1.

the cycle. After every CA cycle (2 h), the process of bubble removal was initiated,
where the working electrode rotated at 1600 rpm for 30 min at zero current under
atmospheric conditions. At the end of every 2 hour cycle, the catalyst was then regen-
erated by performing 20 CV cycles in the potential range of 0 Vryg-1.53 Vrug in an
Ny-saturated environment without stirring. The electrochemical cell was saturated

with Ny gas bubbling for 10 minutes prior to the regeneration steps.

2.3 Results and discussion
2.3.1 Materials characterization

Transmission electron microscopy (TEM) and selected area electron diffrac-
tion (SAED)

TEM images of the catalysts are shown in Figure 2.1 and Figure A.2. The measure-
ment process for determining the diameter of individual IrO particles (d;) was guided
by utilizing the grain boundary (crystal lattice) of the particles in high-resolution
TEM images, as shown by yellow circles in Figure 2.1. d; was used to calculate the

mean volume diameter (d,,) of IrO, particles as described in Equation A.1.

The d,, reported for different samples were as follows: 4.5 £ 3.5 nm for Ir,Zr;_) Oy /
ZrOy(s), 3.7 £ 3.3 nm for Ir,Zr_O2/ZrOy1y, 1.5 £ 0.7 nm for IrO,/ATO, 30.3 nm
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Figure 2.1: TEM images, IrOy size distribution histograms, and SAED patterns of
(a) IrZr(1—x)Oy /ZrOys), (b) IryZr_4)O2/ZrOy), (c) IrO2/ATO, (d) (IrOy + Ir)y,
and (e) IrOy TKK, where d,, is the volume-mean particle size of IrOy and o is
the associated standard deviation (20 represents the corresponding associated 95%
confidence interval).
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for (IrOy + Ir)y, and 7.2 nm for IrO, TKK. Note that the standard deviation could
be calculated only for particle size distribution histograms following the normal dis-

tribution and not for right-skewed histograms, IrOy TKK and (IrOy + Ir)y.

Figure 2.1 (a) shows the TEM images of IrOy dispersed on ZrOyg) nanoparticles.
The nanoparticles tend to form a short-ranged network of IrOy over ZrOy ) support.

The SAED pattern of Ir,Zrn_Oy /ZrOys) could not be identified as a single phase.

Figure 2.1 (b) shows the microstructure of IrO deposited on ZrOy(r,y. Multiple lay-
ers of distinct IrO, nanoparticles that are potentially porous, seem to cover a majority
of the external surface area of ZrOy(r,) support. Notwithstanding the considerable dif-
ference in particle size and specific surface area of ZrOyr,) and ZrOys) supports, the
volume mean particle size (d,,) of IrO, deposited on them were relatively similar as
reported in Figure 2.1 (a). The thickness of IrOy layer enveloping the ZrOyq,) was
estimated to be 28 nm as shown in Figure A.3. The SAED of IryZr_O,/ZrOy)

matched well with rutile IrO, as shown in Figure A.4.

The TEM-EDX analysis of Ir, O, and Zr was inconclusive due to the overlap be-

tween Ir and Zr at 2 keV, as shown in Figures A.5 and A.6.

Figure 2.1 (c) shows IrO, dispersed on ATO. The average particle size of IrOs
nanoparticles was 1.5 + 0.7 nm. IrO5 nanoparticles were uniformly distributed over
the surface of the ATO support. In contrast to I Zr(1_x)O2/ZrOg 1y and IrZr 14Oy /
Z10y(s), where the IrOy particles exhibit a network-like arrangement on the support,
the dispersed IrO, particles on the higher surface area ATO (with an SSA of 47 m?-
g™1) did not. The ring pattern observed through SAED also corresponds to that of

rutile IrOs, as shown in Figure A.4.
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(IrOy + Ir)y catalyst exhibited a bimodal particle size distribution, containing two
distinct types of particles: nanoparticles with sizes <2 nm and large needle-shaped
structures, as depicted in Figure 2.1 (d). The nanoneedles accounted for 49% of the
303 particles recorded in the TEM images obtained for this study. The volume mean
diameter of (IrOy + Ir)y (dvo< 30 nm) was greater than for for any supported cat-
alyst. The SAED patterns of (IrOs + Ir)y matched with the rutile IrOs structure
(Figure A.4).

As shown in Figure 2.1 (e), IrO, TKK possessed a more uniform particle size dis-
tribution with > 78 % of the particles being less than 4 nm in diameter based on the
trend observed from 164 particles recorded in the TEM images. IrO, particles were
well connected and porous in nature, in accordance with the high BET surface area of
the catalyst. (SSA of 100 m?- g=1).[6] The SAED pattern of IrO, is X-ray amorphous
and shows a single ring that is very diffused, which is in line with literature data for

1rO, TKK.[6]

The TEM results indicate that the incorporation of support, irrespective of its
nature and size, led to a more uniform particle size distribution of IrO, which is
supported by comparing the skewness of the particle size distribution histograms of
supported and unsupported catalysts as shown in Figure 2.1. All the histograms were
skewed to the right, however, the increasing order of skewness can be represented in
the following trend: IrZr(1_4)O2/Z1O91) < IrxZr_4)Oy/ZrOg(g) < IrOy /ATO < IrOy
TKK < (IrOy + Ir)y.

X-ray diffraction (XRD)

XRD was performed for all five fresh catalysts that were calcined at 400°C in the air,
except IrOy, TKK. The results for IrO,/ZrOs and IrO,/ATO samples are shown in
Figure 2.2, Figure 2.3, and Figure 2.4. For (IrO5 + Ir)y and IrO, TKK samples, the
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Figure 2.2: XRD diffraction peaks: (a) IryZr(1_x)O2/ZrOy1y. References for ZrO,
(PDF 04-004-4339, X-ray: Co radiation, (A= 0.178900 nm)), IrO5 (PDF 00-015-0870,
X-ray: Co radiation, (A= 0.178900 nm)); (b) IrOy/ ATO. References for SnO, (PDF
00-041-1445, X-ray: Cu-Ka radiation (A = 0.15406 nm)) and IrO, (JCPDS 15870,
X-ray: Cu-Ka radiation (A = 0.15406 nm)). Selected enlarged regions are shown in
Figure 2.3.

results are shown in Figure A.7. The diffraction pattern of (IrOy + Ir)y corresponds
to the crystallographic structure of tetragonal IrOs, with two peaks corresponding to
Ir. For IrO, TKK, the observed peak broadening in XRD and SAED pattern (Figure
2.1 (e)) suggests the presence of an amorphous structure and its profile matches the
quasi-amorphous Ir(IIT) /Ir(IV) oxide species reported in the literature.|6], [75], [101],
[251]

Strong metal support interactions (SMSI) were identified in the diffraction pat-
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Figure 2.3: XRD diffraction peak of (a) ZrO, (top) and IryZr(1-4)O2/ZrO41, (bottom)
calcined at 400°C for 2h. Arrows show peak shift of IrOy in IryZr_y)O2/ZrOy,
References for ZrOy (PDF 04-004-4339, X-ray: Co radiation, (A= 0.178900 nm)) and
IrO, (PDF 00-015-0870, X-ray: Co radiation, (A= 0.178900 nm)).

tern of IryZr(1_x)O2/ZrOqy, catalyst. As seen in Figure 2.2 (a), IryZrq_Oq/ZrOy,)
demonstrated the emergence of new peaks at lower diffraction angles, to the left of
the expected IrO, peak position. Figure 2.3 illustrates the two most significant peak
shifts observed in IrXZr(l_X)Og/ ZrOgr). A comparison is made between the peak
characteristics of monoclinic ZrOq,) calcined at 400°C in the air for 2 hours and
those of the Ir,Zr_y) O, / 71041 catalyst. This comparison helps to verify that any
observed shift is due to the synthesized catalyst and not the ZrOy,) support. Kon-
doh et al. also observed a similar peak on the left side of the established ZrO, peak,
resulting from the incorporation of larger Y ions in a solid solution due to the lattice
distortion of ZrQO,.[252] Similarly, in IryZr_x)O2/ZrOsy(1,, the deviation of the IrO,
peak to lower diffraction angles also suggests the expansion of the IrO, lattice due
to the introduction of larger Zr ions.[241], [253], [254] The theory of solid solutions

suggests that a substitutional-type solid solution can be formed when creating alloys,
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given that the difference in radius between the solute and solvent is less than 15%.
In this particular scenario, the ionic radius of Ir** is 62.5 pm, while Zr** has a radius
of 72 pm, resulting in a disparity of 15.3%.[241|, [255], [256] Thus, it is plausible
that a substitutional-type solid solution, Ir,Zr_4)Os, is formed during the synthesis
process. IryZr;_4) O, alloy formation with different Ir:Zr ratios was also confirmed
by first-principles calculations,[241] and experimentally by thermal decomposition of
Ir and Zr precursors in the air at 400°C by Shao et al. and Liu et al.[240], [241]
Furthermore, this peak shift was not identified in IrO5/ATO sample. The diffraction
profile of IrOy/ATO predominately resembles that of tetragonal SnO, with shoul-
der peaks of tetragonal IrO, that were identified at their anticipated peak positions,

as shown in Figure 2.2 (b), suggesting that no alloy was formed in IrO5/ATO samples.

20 30 40 50 60 70 80
= —IrZr4.0,/ZrO,, 1

20 30 40 50 60 70 80
20(°)
Figure 2.4: XRD diffraction pattern of Ir Zr(_x)Oy/ZrOyg). References for ZrO,
(PDF 04-004-4339, X-ray: Co radiation, (A= 0.178900 nm)), IrO, (PDF 00-015-

0870, X-ray: Co radiation, (A= 0.178900 nm)), and Ir (PDF 00-006-0598, X-ray: Co
radiation, (A= 0.178900 nm)).

In IryZra_4)Oy/ZrOy), where a larger surface area 71Oy supports a thinner
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layer of IrO, compared to ZrOy,, the IrO, peaks were absent, as shown in Fig-
ure 2.4. The lack of definitive SAED results also makes it difficult to characterize
IryZr(1-x)Oy/ZrOy). It is, however, plausible that the amorphous IrOy was formed
in IryZr—x)Oy/ZrOys). Shao et al., reported that in IrO,-ZrO, binary alloy system,
the presence of ZrOs restricted the crystal growth of IrOs, leading to an increase in

the extent of the amorphous IrO4 phase as the content of ZrO, increased. [241]

In summary, the effect of SMSI was manifested differently in both IrZr;_ Oy /ZrOsy)
and IrXZr(l_X)O2/ZrOQ(L) samples. In Ir Zrn_x)O2/ZrOq ), tetragonal IrO, peaks
were identified along with monoclinic ZrO,, albeit at a lower diffraction angle. In
IryZr(1-x)Oy /ZrOys), no IrO, peaks were observed, a phenomenon previously associ-
ated with alloy formation in the literature. These findings align well with the SAED
patterns of both catalysts. Importantly, it is worth noting that no such anomaly was

observed in IrO5/ATO, indicating the absence of SMSI in that case.
X-ray photoelectron microscopy (XPS) of fresh catalysts

XPS analysis was performed both for fresh and used catalyst samples, the latter is
discussed in Catalyst stability section. For fresh samples, XPS analysis was used to
identify the possible differences in the Ir oxidation state on the catalyst surface. Peak
deconvolution was performed using an established doublet fit, as shown in Figure 2.5
and described in detail in the Experimental section. The analysis revealed that irre-
spective of the amorphous or crystalline structure observed using TEM and XRD, the
surface of all the supported catalysts and IrO, TKK were found to be composed of a
mixture of Ir(IV) and Ir(III) species. IryZrn_xOy/ZrOys) was composed of approx-
imately 48% Ir(IV) species and 52% Ir(III) species, while IryZr_x)Oq/ZrOyq,)and
IrO, TKK were composed of 57% Ir(IV) and 42% Ir(III) species. The species distri-
bution is similar given the uncertainty of deconvolution. IrO,/ATO was composed

of 54% Ir(IV) species and 46% Ir(I1I) species. Previous studies in the literature have
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Figure 2.5: XPS spectra of the fresh and spent (after stability test) catalysts. All
the samples except IrO, TKK have been calcined in air at 400° for 2 h. The fit
parameters have been reported in section A.1.4.
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indicated that having a mixed oxidation state of Ir, especially Ir(III)/Ir(IV), can be
beneficial in improving the performance of OER.[75], [134], [257], [258] (IrOy + Ir)y
was predominantly composed of Ir(IV) with a minor presence of Ir(0). Tables A.1-A.5
contain the quantitative values of various Ir oxidation states and their corresponding

satellite peaks for all the catalysts.

XPS was also used to assess the presence of SMSI between IrO, and ZrO, in both
the IrZr(1-4)O2/ZrOqyr) and IryZr_4)Oy/ZrOys). For this purpose, changes in the
Zr 3d binding energy (B.E.) profiles of Ir Zr 4Oy /ZrOy) and ZrOys) were inves-
tigated, as shown in Figure 2.5 (f). A shift of +0.24 eV towards higher B.E. was
observed in the Zr 3d peak of IryZr_x) Oy /ZrO4s) compared to that of ZrOyg). This
observation implied that electron transfer occured from Zr to Ir. The ionization en-
ergy values of 6.63 eV for Zr and 9.1 eV for Ir are in line with the direction of electron
transfer from Zr to Ir.[259], [260] A similar, but less pronounced shift (+0.14 eV)
was also noticed in the Zr 3d peak of IryZrn_4)Os/ZrOyq,), as depicted in Figure
A.8. A greater shift in the binding energy of Zr showed a direct correlation with
the Ir(III) to Ir(IV) ratio in both the IryZry_Oy/ZrOysy and IryZrg Oy /ZrOy)
samples. Since there was a more significant charge transfer from ZrOys) to IrOy in
the IrZr(; Oy /ZrOqys) compared to the Ir Zr(1_4)O2/ZrOq 1) sample, a higher pro-
portion of Ir(III) species was observed in the IrZr_x Oy /ZrOqs) sample as opposed

to the IrZr_)Og/ZrOyr, sample.

In summary, the findings from SAED, XRD, and XPS analyses collectively indicate
the existence of SMSI between IrO, and ZrO, supports in the fresh catalysts, albeit in
different capacities. Ir oxide phase in IryZr_y)Oz/ZrOyq,) sample exhibits a SAED
pattern resembling that of IrO,, suggesting the presence of a rutile oxide phase. From
XRD, the noticeable peak shift to a lower angle, compared to that of IrO,, indicates

lattice expansion of the rutile oxide. This is induced by significant Zr incorporation
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Table 2.2: Summary of electrochemical properties of different catalysts studied in this
work

Sample Specific Ir (Wt.%)[a] Tafel slope  jmass at  jrcsa at
(m?-gp,") g (Agh) (mA-cmy;*pega)

It Zr-xOy/ 11 £ 0.2 11.2 £ 069 61 +1 290 2.6

ZIOQ(S)

IrZr_x0s/ 15 £ 02 114+ 03¢ 55+05 712 4.8

ZI"OQ(L)

IrO,/ATO 65403 140403 132+05 24 0.4

(IrOy + Ir)y 1 £ 0.1 62 +£ 030 80 +3 11 1.1

IrO, TKK 71 £ 0.5 75.2 [P 49 £+ 0.3 907 1.25

[a] Based on the elemental mapping of Ir performed on SEM-EDX; [b] Information provided by the supplier;
[c] Within the potential window of 1.50 Vgrug-1.55 Vrug. Data correspond to a 95% confidence level.

into the IrO, lattice as IryZr(_) O, alloy oxide. The argument of Ir,Zr;_4)O, alloy
formation is well supported by the XPS results of both Ir Zr_y)O2/ZrOyr,) and
IryZr(1-x)Oy/ZrOgs). The shift of Zr binding energy to a higher value, compared to
bare ZrQO,, is attributed to the electron transfer from Zr to Ir in the Ir,Zr;_,)O, alloy
oxide. Accepting electrons from Zr lowers the oxidation state of Ir in the rutile alloy
oxide, creating a rich amount of Ir(III)/Ir(IV) active species throughout the oxide
phase, a precursor to high activity in OER catalysts. The enhancement of OER
activity caused by IrO,-ZrO, alloys has also been discussed in the literature.[241] In
contrast, similar alloy oxide formation is not observed in the IrO5/ATO sample. The

IrO, /ATO serves as a baseline without spontaneous alloy oxide formation.

2.3.2 Electrochemical characterization
Initial electrochemical surface area (ECSA) of the catalysts

The electrocatalysts studied in this work were cleaned and activated prior to eval-
uation by performing 500 preconditioning cycles involving cyclic voltammetry (CV)

in an Ng-saturated environment in an unstirred electrolyte (1.0 M H,SO,) at a scan
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Figure 2.6: (a) Initial cyclic voltammogram (normalized by initial mass of Ir) of
Ity Zr(1-x)Oy /ZrOysy, IrxZr(1_)O2/ZrO0y(1), IrOy /ATO, (IrO; + Ir)y, and IrOx TKK
with the upper potential limit of 1.53 Vgryg, (b) iR-corrected OER polarization curves
normalized to the geometric area, (c¢) iR-corrected OER polarization curves normal-
ized to the mass of Ir, (d) iR-corrected OER polarization curves normalized to Ir
ECSA, (e) Overpotential to reach 10 A-g;,' (top), and 1 mA-cmy, g4 (bottom) (f)
Tafel slopes.

rate of 500 mV-s~! in the potential range of 0 Vypup-1.53 Vrur. The preconditioning
step served the dual purpose of cleaning the catalyst surface and forming highly ac-
tive Ir(III)/Ir(IV) oxohydroxide species.[6], [51], [53], [261], [262] Keeping the upper
potential limit at 1.53 Vgrygg ensured surface oxidation of Ir to its irreducible oxide

form.[6]

Figure 2.6 (a) shows the CV profiles of the catalysts recorded after preconditioning
in the potential range of 0 Vgryg-1.53 Vgrug in Ny saturated environment in an un-
stirred electrolyte solution at the scan rate of 40 mV-s~!. The ECSA of the catalysts
was estimated using the total anodic charges under the CV (forward sweep) in the
potential range of 0.4 Vrygg- 1.25 Vrye. The methodology has been described in the
work of Tan et al. [6] and Section A.2.3 (Equation A.2). The total charge accumu-
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lated was then appropriately corrected for the double layer and for the shift along the
normalized current density axis (y-axis), as shown in Figure A.10, prior to calculating
the ECSA. The schematic in Figure A.11 illustrates the difference between the CV
profiles of support and supported IrOy catalyst. The adjusted area under the CV

corresponded to the charge accumulated from the deprotonation of hydrous Ir oxide.

The ECSA of all the catalysts are reported in Table 2.2. IrO, TKK exhibited a
significantly higher ECSA than the other catalysts, i.e., 71 £+ 0.5 mZ-gI_rl, despite not
having the smallest IrO, particle size as reported previously in Transmission electron
microscopy (TEM) and selected area electron diffraction (SAED) section. This can
be attributed to the porous nature of the IrO, clusters observed in IrO, TKK shown
in Figure 2.1 (e) and previously discussed by Tan et al.[6] Despite having a majority
of particles less than 2 nm, (IrOy + Ir)y exhibited a considerably smaller ECSA than
IrO, TKK, i.e., 1 & 0.1 m?.g;'. This is likely due to the presence of large crystalline
IrO4 nanoneedles and the possible lack of electrical contact between the small IrO,

nanoparticles.

Synthesis of supported catalysts offered a higher surface area available for iridium
dispersion and deposition, as demonstrated by the increase in the ECSA of the sup-
ported catalysts, IryZrq_xO2/ZrOg1)y, IryZr Oy /ZrOysy and IrO,/ATO, in com-
parison to their unsupported counterpart, (IrOs + Ir)y. We observed, however, that
an increase in the specific surface area of non-porous support ZrO,, i.e., ZrOqys) (25
m?-g~!) and ZrOyr (4 m?-g™ '), did not necessarily lead to a proportionate increase in
the ECSA. IrZr(1-4Oy/ZrOyg) and IreZr_x)O2/ZrOsy1, exhibited similar average
IrOy particle sizes (4.5 & 3.5 nm vs. 3.7 £ 3.3 nm) with Ir Zr;_ Oy /ZrOyg) having
only a slightly lower Ir ECSA (15 4+ 0.2 m?.g;," vs. 11 £ 0.2 m?.gj;'), which aligns
well with the larger particle size observed in IryZr 4Oy /ZrOgy). The TEM profiles

of these supported catalysts, however, were markedly different. Ir,Zr_)O; / ZrOg(1,)
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exhibited multiple layers of IrO, nanoparticles deposited on top of each other, while
for IryZr(1-4)Oy /ZrOy), IrOx nanoparticles formed short-ranged networks on the sur-
face of the support that were a monolayer thick. Hence, the larger ECSA observed
in IryZr_)Oz/ ZrOyry was attributed to the presence of porous IrO4 nanoparticles

supported on ZrOqy,).[263]

IrO5/ATO exhibited the lowest ECSA among the supported catalysts, i.e., 6.5 £+
0.3 mz-gl_rl. The reason behind it could possibly be the support degradation during
electrochemical testing. The preconditioning cycles in the potential window 0 Vgyg-
1.53 Vgrur could have resulted in the degradation of ATO conductivity due to either
dissolution of Sb or surface segregation of Sb and SnO,.[162], [264], [265] Detailed
information on this topic has been provided in the Initial electrocatalyst activity

section.
Initial electrocatalyst activity

Linear sweep voltammetry (LSV) was used to investigate the activity of the electro-
catalysts. OER polarization curves were measured at 1600 rpm in an O, saturated
electrolyte in the potential window of 0 Viruge-1.6 Vrur at a scan rate of 10 mV-s~!.
Figures 2.6 (b-d) show the iR-corrected OER polarization curves for all the catalysts.
These curves can be treated as initial performance indicators for the electrocatalysts.
Figure 2.6 (b) shows the activity of the catalyst normalized by the geometric surface
area of the electrode. An identical quantity of solids (active metal + support) were
deposited on the electrode, despite variations in Ir weight loading of the supported
catalysts, to exclude any activity differences due to external mass transfer limitations.
The mass of Ir deposited on the working electrode was mentioned in the legend, as
shown in Figure 2.6 (b). The methodology for estimating Ir loading on the working
electrode is described in section A.2.4 (Equations A.3 and A.4). The desired geomet-

ric loading is not identical in all the cases because the target Ir loading set during
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synthesis for supported catalysts, i.e., 20 wt.% Ir was not achieved. After synthesis,
the elemental compositions of Ir were not found to be consistent in all the catalysts,
and it was measured to be between 11 wt.% and 14 wt.% based on SEM-EDX analysis

on the powdered samples as reported in Table 2.2.

Figures 2.6 (c) and (d) show the mass normalized activity and intrinsic activity of
all the catalysts. IrO, TKK demonstrates the highest mass normalized activity, with
values of 907 A-gl_r1 reported at 1.60 Vgug. Following closely, IryZrg_xOq/ZrOy)
demonstrated a mass activity of 712 A'g{r1 at the same potential. IryZr(1_x)O2/ZrOq 1,
however, showed the highest intrinsic activity. At 1.6 Vgyg, the intrinsic activity of
IrZr(1—x)O2/ZrOyr) was 4.8 mA- CmI_rQECS x> Which was approximately four times
greater than that of IrO, TKK, i.e., 1.25 mA-cmﬂQECSA. This suggested that the
superior mass activity of IrO, TKK could be attributed in part, to the catalyst’s
well-connected network of IrO, and relatively high ECSA. The high mass and intrin-
sic activity of IrZr(;_x)O2/ZrOsy(1, could possibly be due to a combination of factors,
including IryZr;_x)O2 alloy formation with enhanced bulk Ir(III) concentration, and
a well-connected IrO, network, both of which are necessary for an active catalyst.
In comparison to other studies, the intrinsic activity of IryZrn_xOq/ZrOy) is also
among the highest in the literature, as shown in Figure 2.7 and Section A.3. How-
ever, we acknowledge that ECSA normalized activity is challenging to compare due
to the different methods used in the literature to calculate ECSA.[6], [187], [195]-
[201] A comprehensive literature review comparing the mass (specific) activity of
IryZr(1-x)O2/ZrOqyr,) with other supported catalysts in the literature has been re-

ported in Section A.3.

For non-conductive support such as ZrOs, the significance of establishing a per-
colating conductive network of IrO, becomes evident by comparing the performance

of IryZr(1-4)O02/ZrOg1) and IryZr(_4)Oy/ZrOy). Despite showcasing stronger evi-
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Figure 2.7: Comparison of the intrinsic activity of IryZr(1_4)O2/ZrOy1, catalyst with
literature.

dence of SMSI and a high concentration of Ir(III) species detected by XPS known
for its high electrocatalytic activity, IrcZr_x) Oy /ZrOqys) exhibits lower mass normal-
ized activity (290 A-g;,! at 1.6 Vgyug) and intrinsic (2.6 mA-cm;,%;0g, at 1.6 Viug)
activities compared to IryZr_y)O2/ZrOy,).[266] This is attributed to a lack of elec-
trical conductivity. Ir Zr_y)Oq / ZrOy(1,y showcased a continuous network of IrOy
nanoparticles that engulf ZrO, particles while in IryZri_Oy / Z10yg), the IrO
network is fragmented and short-ranged, due to the higher specific surface area of the
Z10Oyg) support. The presence of a continuous conductive IrOy network in the case
of IryZr(1-4)O2/ ZrOyr,) might provide a continuous charge transport pathway which
is crucial when using non-conductive supports, such as ZrO,.[263|, [267] A similar
trend was observed by Manzur et al., where non-conductive TiOy with varying spe-
cific surface areas were used as support.[236] It is possible that IryZr(1—x) Oy / Z1Oyg)
could achieve even better performance with higher Ir loading on the support since
once a dense enough conductive Ir film is formed, good electrical conductivity could

be achieved while maintaining more intimate contact with the support.
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(IrOy + Ir)y and IrO,/ATO, showed poor performance compared to the other
catalysts. IrO,/ATO yielded a mass normalized activity of 24 A-g;.! and intrinsic
activity of 0.4 mA~ch’r2ECSA at 1.6 Vrgg. (IrOy + Ir)y exhibited 11 A-g;,! and 1.1
mA-cmy, %5, at 1.6 Vrge. The poor mass normalized activity of (IrO, + Ir)y could
be associated with the presence of large needle-shaped structures that cause a consid-
erable decline in ECSA, and the occurrence of Ir in the (IV) oxidation state. Upon
comparing the activity of the two unsupported catalysts, we found that (IrOy + Ir)y
and IrO, TKK have comparable intrinsic activities, and categorically different mass

activities due to the high surface area of IrO, TKK.

The subpar performance of IrO;/ATO compared to IrcZr_4)O / ZrOyq,y and
IryZr1-x)Oy/ZrOy) suggests that supporting Ir on ATO did not lead to an im-
provement in performance. There are two potential reasons for this phenomenon:
(a) there may be insufficient electrical conductivity due to the lack of a percolating
IrO, network, and (b) the commercial ATO support utilized in this study might be

insufficiently conductive or unstable.

Regarding reason (a), since the difference in the extent of IrOy dispersion on ZrOy,
and ZrOys) impacted their electrochemical performance, it is plausible that the high
dispersion observed for IrO5/ATO might have affected its activity by virtue of lower
connectivity between Ir oxideparticles. As shown in Figure 2.1 (c), it is evident
that the Ir oxide nanoparticles are sparsely dispersed on the support. There has
been extensive discussion in the literature regarding how the Ir oxide network con-
tributes to improving the activity of supported catalysts. Ledendecker et al. showed
that OER activity scales with the amount of iridium deposited on FTO with the
mass-normalized activity of 20 deposition cycles matching the theoretical value of
mass-normalized activity for one monolayer of rutile IrO,.[141] Krivina et al. also

reported increased activity with increased Ir loading for Sb/SnOs and F/SnO; con-
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ductive oxides.|268]

In order to ascertain whether the underwhelming performance could be attributed
in part to inadequate IrOy coverage on ATO, as opposed to the intrinsic properties
of the resulting catalyst, we synthesized a higher loading of IrO, deposited on ATO
support, 60 wt.% Ir in composition, as reported in Figure A.12 and Figure A.13. The
mass activity of IrO9/ATO (60 wt. % Ir) showed an order of magnitude reduction,
due to the lower Ir dispersion and ECSA. However, the ECSA normalized activity
remained unchanged, indicating that the OER mechanism remained unaffected. This
suggests that the lack of a continuous IrO; film in 14 wt.% (Ir) IrOy/ATO catalyst

is not a dominating factor for its poor performance.

Regarding reason (b), Geiger et al. tested the stability limits of the sub-components
of commercial ATO, i.e., Sb and Sn, and discovered that Sb and Sn were stable in
the potential window 0.36 Viyug < Egp < 1.1 Viug and -0.29 Vgug < Eg, < 1.45
VRuE, respectively.[162] Beyond these potential windows, segregation of Sb and SnO,
occurred. Given that the activity measurement follows 500 CV cycles within the po-
tential range of 0 Vrug-1.53 Vgug, it is plausible that the support may have already
experienced a loss in its structural stability and conductivity. In another study per-
formed on ATO synthesized using the sol-gel route, Fabbri et al. reported a loss of
Sb atoms from Sb-doped SnOs following an accelerated stress test (AST) comprising
1,000 potential cycles ranging from 0.5 Vgygg to 1.5 Vgygg in an Os-saturated elec-
trolyte.[264] The occurrence of Sb dissolution during the preconditioning cycles in this
study is also possible, as the AST cycling window overlaps with the potential range of
the aforementioned preconditioning cycles. The loss of Sb atoms from the ATO, either
due to dissolution or segregation, would affect the support conductivity and restrict
the capacity of IrO4 to exchange electrons with the ATO support, which is crucial

for the activity of the catalysts supported on ATO. ATO-supported IrO, catalysts
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reported to have high activity [132], [139], [144], [232|-|234] are often self-synthesized
with modified properties, such as adjusted porosity, [79], [231], [232] shape/structure,
[138], [146] specific surface area, [79] conductivity [139] or composition.|[147|, [231]
Our explanation suggests that modifications to the conductivity and stability of com-
mercial ATO support, at least to the one used in this study, are necessary to produce
IrO5/ATO catalysts with higher activity. More successful performances reported in
literature could be due to different synthesis and deposition methods, or a different

Ir oxide phase.

Figure 2.6 (e) show the overpotential required to achieve the current density of 10
A-gi', and 1 mA-cm;%peg,- [rOx TKK required the lowest overpotential to achieve
10 A-gl_rl, i.e., 190 mV, closely followed by IryZr_y)O2/ZrOq1), IrxZr_x) Oy /ZrOsyg),
IrO2/ATO and (IrOq + Ir)y with overpotentials 230 mV, 273 mV, 330 mV and 360
mV respectively. To achieve 1 mA-ch_rQECS as 1152112502 /ZrOy 1) required the low-
est overpotential of 320 mV, followed by IrXZr(l_x)Oy/ZrOg(S), IrO, TKK, (IrOy +
Ir)y, and IrOy /ATO with the overpotentials 337 mV, 350 mV, >370 mV, and 370 mV.
Tafel slopes were also estimated in the potential window of 1.50 Vrug -1.55 Vgug as
shown in Figure 2.6 (f). Tafel slopes of IryZr_x)Oy/ZrOgys), IryZra_x)Oq/ZrOoy,
IrOy TKK catalysts exhibit similar values in the range of 49-61 mV /dec in the po-
tential window of 1.5 Vrug-1.55 Vgrug. This indicates that the three aforementioned
catalysts are likely to follow the same OER mechanism. However, (IrOs + Ir)y, and
IrOy/ATO exhibit relatively higher Tafel slopes of 80 mV /dec and 132 mV /dec in the
same potential window, suggesting a change in OER mechanism or limited charge

transport.

From the initial catalyst activity analysis, we conclude that IryZrn_y)Oz/ ZrOgy(1,)
performs exceedingly well compared to other synthesized catalysts. The high activity

can be attributed to a well-connected system of IryZr_y)O2 nanoparticles, and a
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cycle.

high concentration of Ir(IIl)/Ir(IV) OER relevant species present throughout the

oxide, due to the formation of Ir Zr(;_)O, alloy.
Catalyst stability

Chronoamperometry (CA), operando electrochemical impedance spectroscopy (EIS),
and CV were used to evaluate catalyst stability by observing the drop in activity, the
changes in charge transfer resistance (R¢;) with continuous exposure to a potential of
1.6 Vgrug, and the change in ECSA over each CA cycle respectively. The stability test
procedure has been explained in detail in the experimental section and is shown in Fig-
ure 2.8. This study provides the stability results of IrOx TKK, IrZr;_x)O2/ZrOsy,),
IryZr(1-x)Oy /ZrOyg), and (IrOy + Ir)y.

Figure 2.9 (a) illustrates the normalized electrode current densities measured dur-

ing two CA cycles, each 2 h long. The current densities are expressed in percentage
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Figure 2.9: Catalyst stability of IrOx TKK, IryZrn_4)O2/ZrOs), IrcZry_4)Oy/
ZrOy) and (IrO, + Ir)y evaluated by performing chronoamperometry (CA) at 1.6
Vrue- a) Normalized current density measured as a function of time during controlled
potential electrolysis. b) Electrochemical impedance spectroscopy (EIS), measured
before (EIS @ I) and after (EIS @ II) the first 2 h CA analysis with minimal in-
terference in the applied potential of the CA analysis. e) Partial recovery of charge
transfer from the removal of accumulated microscopic bubbles and CV regeneration
d) ICP-MS analysis of the Ir ion concentration from the electrolyte before and after
the stability test. The percentage of Ir dissolution is normalized to the Ir mass on
the working electrode available before stability test. e) CV profiles measured before

CA-1 and after each

2 h CA analysis.
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and have been normalized with respect to the current at the beginning of the stability
test (¢ = 0 h). IrO; TKK outperforms other catalysts, by maintaining approximately
40% of its activity at the end of the two CA cycles. In comparison, the performance
of the other synthesized catalysts, both supported and unsupported, was inferior.
IryZr(1-x)Oy/ZrOys) activity did not decline in the first CA cycle; but, it experienced
a substantial decrease in activity during the second cycle. Both IryZr_x)O2/ZrOq,
and (IrO2 + Ir)y showcased lower stability than the other catalysts over the two CA
cycles. The noise observed in Ir,Zr Oy /ZrOys) and (IrOy + Ir)y is due to the use
of a hydrogen reference electrode instead of Ag/AgCl electrode for measuring and not

caused by the sample itself.

To gain a comprehensive understanding of the underlying cause for the observed de-
crease in activity during CA cycles of the four catalysts, it was imperative to identify
the primary deactivation mechanism that governed the process. The potential mech-
anisms were hypothesized to be: (a) the accumulation of microscopic bubbles, (b)
transformation of Ir(III)/Ir(IV) species on the catalyst surface, to anhydrous Ir(IV)
oxide or higher oxidation state Ir, and (c) Ir dissolution.[207], [257], [269] Microscopic
bubble accumulation and depletion of active species could be measured by performing
EIS. It was observed in the work of Tan et al. [6] that depletion of OER-relevant
species from the catalyst surface results in a gradual increase in the charge transfer
resistance (Rct), as evidenced by the increasing diameter of the semicircle observed
from the Nyquist plots before (EIS @ I) and after the 2 h CA at 1.6 Vgyg (EIS @ II)
in Figure 2.9 (b). Similarly, according to the work of Trogisch et al., the build-up of
small oxygen bubbles generated at high current density could also cause blockage of
active sites, inhibiting electrolyte contact with the catalyst surface and resulting in

an apparent reduction in activity and an increase in Re.[207], [209]

In order to separate the contribution of microscopic bubble accumulation in the
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increased R, observed at the end of the CA cycle, the working electrode was main-
tained at zero current under constant stirring at 1600 rpm for 30 minutes after each
CA cycle, in order to remove at least a portion of the bubbles that might have blocked
the catalyst layer. While spinning the electrode for 30 minutes does not ensure the
complete removal of the bubbles, it is still a viable way to observe if the bubble accu-
mulation affects the results. The resistance associated with bubbles is quantified as
the difference between R values before (EIS @ II) and after (EIS @ IIT) the bubble
removal process, as seen in Figure 2.9 (c). The R observed at point III is mostly
associated with the depletion of Ir(IIT)/Ir(IV) species from the catalyst surface and
subsequent conversion to anhydrous Ir(IV) oxide or higher oxidation state Ir species,
the process is referred to as "Ir(III)/Ir(IV) phase transformation" in this paper. It
is however possible to partially recover the loss of intrinsic activity of the catalyst
by performing 20 CV cycles in the potential window of 0 Vgryg-1.53 Vgryg.[6] The
portion of the activity that was not able to be restored through CV regeneration was
regarded as lost due to Ir dissolution, irreversible phase transformation, or due to

the microbubbles that could not escape the catalyst layer.[6] Ir dissolution was also

studied by ECSA loss and ICP-MS.

The results of EIS performed before and after the first CA cycle are represented
by the Nyquist plots displayed in Figure 2.9 (b). The increasing order of charge
transfer resistance at the beginning of CA cycle (EIS @ 1) is as follows: IrO, TKK <
IryZr(1-x)O2/ZrOy1) < IriZr(1-4)Oy /ZrOgs) < (IrOg + Ir)y. The sequence illustrates
the degree of ease with which charge transfer occurs at 1.6 Vygg, with IrO, TKK
experiencing the least resistance to charge transfer, owing to well connected IrO, net-
work composed entirely of oxohydroxides.|[6], [270] (IrO5 + Ir)y experiences maximum
resistance to charge transfer due to the lack of bulk Ir(III) /Ir(IV) species. Taking into
account the physicochemical and electrochemical characterization performed on fresh

catalyst samples, the combination of well-connected IrO, structures and the presence
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of Ir(I1I) /Ir(IV) bulk species might be contributing to maintaining high activity and
a low value of (Ret), as seen in IrOx TKK and IryZr(1_4)O2/ZrOqyr). The presence
of Ir(III)/Ir(IV) bulk species ensures easy ion mobility within the film which would
ensure all Ir centers undergo OER when exposed to oxidative potentials and a well-
connected IrZr_x O network ensures larger availability of Ir active site.[6], [257]
IryZr(1-x)Oy/ZrOys) also possesses Ir(III)/Ir(IV) species but has a smaller number
of active sites (ECSA) and short-range network of Ir,Zr;_ Oy, and hence a limited
supply of Ir active sites, and (IrOs + Ir)y does not possess Ir(III) species in the fresh
catalysts, both of which could lead to a higher initial charge transfer resistance, as
shown in Figure 2.9 (b) (EIS @ I). At this stage, as the catalysts have not been sub-
jected to prolonged exposure to high potentials, it can be assumed that the buildup
of microscopic bubbles is negligible. At the end of the first CA cycle, all catalysts
exhibited an increase in R, albeit with varying magnitude. The sequence of Ry
(EIS @ IT - EIS @ I) in increasing order of magnitude is as follows: IrO, TKK <

Ity Zr(1-x)O2/ZrOg1) < IryZr(1-4) Oy /ZrOg) < (IrO + Ir)y, as expected.

Despite having overall low R values, microscopic bubble accumulation severely
affected charge transfer for IryZr(;_4O2/ ZrOyq,), as shown in Figure 2.9 (e) and
Figure A.14. After 30 minutes of bubble removal, a 30% and 40% recovery in R
was observed for IryZrn_y)O2/ZrOy,) after CA-1 and CA-2 respectively. A greater
recovery of R after the bubble removal indicates that the microstructure of the
catalyst makes it more challenging to remove the produced gas formed during the
CA cycles, despite stirring the working electrode at 1600 rpm. This may be a re-
sult of IryZr_yx)O2/ZrOy,) structure, which does not allow for the prompt removal
of oxygen bubbles. IryZr;_)O, exists in the form of multiple layers of nanoparti-
cles deposited on ZrOyr,). When this catalyst is exposed to high currents, the rapid
production of O, microbubbles and entrapment between Ir,Zr;_,)O, layers might

shield the majority of active Ir active sites resulting in higher localized current in
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the remaining active particles.[208], [209], [271] This is supported by the fact that
IryZr(1-x)O2/ZrOy 1, exhibited better mass and ECSA-normalized activity and lower
resistance to charge transfer than Ir,Zr_y)Oy/ZrOsys) and yet experiences prominent
loss in activity during CA cycle. This suggests that microscopic bubble accumulation
might be the dominating deactivation mechanism in IryZrq_y)O2/ZrOgqr). (IrOs +
Ir)y also experienced considerable recovery in Ry values. In (IrOy + Ir)y, the pres-
ence of large nanoneedles might also exacerbate the mass transfer of Oy bubbles away
from the catalyst surface. However, bubble accumulation is not the only mode of
deactivation in (IrOs + Ir)y as it showcases the highest R, values even after bubble

removal.

Figure 2.9 (c) shows the reduction in R, observed after performing 20 regener-
ation CV cycles. It can be seen that Ir Zr_y)Oz/ZrOyr) and IrO; TKK return,
approximately, to the same values as the beginning of CA cycle (EIS @ I), whereas
Ity Zr(1-x)Oy /ZrOys) and (IrOy + Ir)y experience lesser regeneration of Re;. The ob-
served increase in R may be caused by irreversible depletion of OER. active species,
likely resulting from phase transformation occurring at the end of the CA cycle and /or

Ir dissolution.

XPS analysis was performed for IryZri_y)O2/ZrOy1), IrxZr_x)Oy/ZrOy), and
(IrO2 + Ir)y after the stability test as shown in Figure 2.5 to investigate the afore-
mentioned phase transformation. The film sample was collected post-CV regeneration
cycles performed after CA-2. As discussed in the XPS section, the fit parameters of
Ir(0), Ir(III), and Ir(IV), along with their satellite peaks obtained from the deconvo-
lution of the fresh catalysts were used as guidelines to deconvolute the Ir 4f spectra of
the spent catalysts. The Ir 4f peak could not be deconvoluted with only Ir(IIT) and
Ir(IV) species (no Ir(0) peak was identified in the end of testing (IrO +Ir)y sample),
and an additional peak at higher binding energy than Ir(III) and Ir(IV) was identified.
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This common phase labeled as Ir(post-OER) in Figure 2.5 was potentially Ir(>IV),
owing to the higher binding energy of Ir 4f7/, and Ir 4f5/, peak positions located at
the binding energies of 63.0 ¢V and 66.0 eV, as shown in Figure 2.5. The concentra-
tion of Ir(post-OER) perhaps corresponds to the fraction of Ir species on the surface
of the catalysts that were irreversibly transformed to Ir(>IV) oxidation state. This
additional peak was also reported by Tan et al. while studying IrO, catalysts.|6] Pre-
vious studies discussing OER mechanisms have also reported the presence of Ir(>IV),
Ir(V), and Ir(VI) species in the potential region of OER.[49], [257|, |272]-[275] Based
on the deconvoluted value, Ir (post-OER) phase accounts for approximately 16% of
the Ir composition in IrZr(1_x)O2/ZrOq ) while it was 36% in IrZr_x Oy /ZrOqs)
and 34% in (IrOy + Ir)y. The appearance of Ir(post-OER) phase suggests irreversible
conversion of Ir(III)/Ir(IV) species to inactive species with a higher oxidation state
of Ir. The higher values for IryZr;_4)Oy/ZrOyg) and (IrO, + Ir)y also agree with

their lower normalized current at the end of CA-2.[276]

The resistance to depletion of OER-relevant Ir(III) /Ir(IV) species from the surface
of IryZr(1_4O2/ZrOyry may be attributed to the high ECSA and electrical conduc-
tivity, as well as electron transfer from Zr to Ir in Ir Zr; _4) O alloy, which potentially
helps suppress the over-oxidation of Ir. This coupled with the larger number of ac-
tive sites available for the reaction slows catalysts deactivation. We suspect that
IryZr(1x)Oy/ZrOys) experiences a similar electron transfer effect during the first CA
cycle, as this catalyst maintains the best resistance to activity deterioration as shown
in Figure 2.9 (a). However, given the non-conductive nature of the support, it is
bottlenecked by the lack of available active sites. To affirm the durability of the
IryZr(1-x)O2 /IryZr Oy alloy and its ability to suppress over-oxidation following
the stability test, further investigation is required. The process of anhydrous lay-
er/higher Ir oxidation state formation may be faster in (IrOy + Ir)y owing to the

unavailability of bulk Ir(III) species.
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The XPS results of spent samples also show an elevated concentration of Ir(III)
species on the catalyst surface. This was expected as the samples were taken right
after CV regeneration which helps recover active species on the surface of the cata-
lysts. In line with previous findings where IryZr(1_4)O2/ZrOq1, exhibited notable R
recovery following CV regeneration cycles, the XPS analysis shows that 71% of the
Ir species on the catalyst surface exist at lower Ir(III) oxidation state. Although the
regeneration protocols were consistently applied to all samples, Ir(IIT) species concen-
tration after CV regeneration in Ir Zr(1_x)Oy/ZrOyg), and (IrOy+Ir)y were limited
to 50% to 53% respectively. This shows that IryZr(1_4)O2 / ZrQOy(1, surface is rich in

OER-relevant species, further reinforcing its stability against phase transformation.

The third relevant deactivation mechanism is Ir dissolution. To quantify dissolu-
tion, both ECSA loss and Ir concentration in the electrolyte were measured. The
ECSA loss is measured based on the decrease in total anodic charges observed in the
cyclic voltammetry (CV) profile between 0.4 Vryg-1.25 Vrpg before and after the
stability cycle can be interpreted as evidence of Ir dissolution.[6] The concentration
of Ir ions in the electrolyte, before and after the stability test was measured using
ICP-MS to calculate the percentage of dissolution from the catalyst electrode during
stability tests. The percentage of Ir dissolution during the stability test is calculated
based on the initial mass of Ir deposited on the electrode and has been adjusted to
account for the mass of Ir dissolved in the electrolyte prior to the stability testing.
Results presented in Figure 2.9 (d) indicate a considerable loss of over 42% of the
deposited Ir on the electrode during the stability testing procedure in IrO, TKK.
The fast dissolution rate in IrO, TKK could be attributed to the presence of a high
density of surface defects and quasi/amorphous structure.|6] Figure 2.9 (e) shows the
CV cycles between 0 Vrug-1.53 Vrygg before and after both 2 h cycles of controlled

potential OER. It is clear that IrO, TKK experiences a fast loss of ECSA after each
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CA cycle, whereas all the other synthesized catalysts demonstrate relatively smaller
ECSA loss, as only a minor change in voltammetric charge is observed. ICP-MS anal-
ysis of the synthesized catalysts corroborate with this observation and demonstrated
that the stability test leads to a loss of less than 8% Ir in IryZr(—x)O2/ZrOy(1), while
dissolution in both IryZr;_x Oy /ZrOys) and (IrOy + Ir)y results in a loss of less than
1% of Ir. Based on the dissolution results, the loss of activity for the synthesized
catalysts could not be predominantly attributed to dissolution. The resistance to Ir
dissolution in (IrOy + Ir)y can be attributed to its predominantly rutile structure
observed in fresh catalysts, which is well-known for its resistance to dissolution.|6],
[96], [169], [269], [277] IrxZr(—x)O2/ZrOgry and IryZrn 4Oy /ZrOys) catalysts expe-
rience relatively smaller Ir dissolution when compared to IrO, TKK, despite having
a similar distribution of Ir(III) and Ir(IV) oxidation state in the fresh catalysts.[53|
Between both the ZrO, supported samples, it is plausible that IryZrq_y)O2/ ZrOgy1,)
experiences larger dissolution compared to IrZr_x Oy /ZrOys), as a result of having
a less intimate contact with the support. The comparative dissolution percentages
of IryZr_4)Oy/ZrOge) and (IrO; + Ir)y show that Ir Zr_4)Oy/ZrOyeg) inherited
the stability advantages of rutile IrO5 while also maintaining higher activity than the
latter. It is likely that resistance to IrOy dissolution in ZrOs-supported samples might
be due to charge donation from the ZrO, support to the IrO,.[200] However, further
work is needed to understand the phenomenological reason for enhanced resistance

to dissolution.

In summary, Ir,Zr 4Oz /ZrOy 1, catalyst exhibits a large resistance to Ir(III) /Ir(IV)
phase transformation and Ir dissolution, however, deactivates due to microscopic bub-
ble accumulation in its layered microstructure. The electron transfer from Zr to Ir
in IryZr;_ O, alloy likely suppressed over-oxidation of Ir and simultaneously miti-
gated dissolution. These findings showed that there is an opportunity to optimize the

loading of IrOy on ZrO; to form a mono-layer of Ir,Zr;_)O2 engulfing the support
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that will offer the highest resistance to Ir dissolution, possess a well-connected sup-
ply of OER-relevant Ir(III)/Ir(IV) species on the catalyst surface and in bulk, and
facilitate bubble removal without affecting the IryZr(;_)O2 microstructure in the pro-
cess. Therefore, membrane electrode assembly testing is of paramount importance
to assess how critical this behavior is in limiting performance. Furthermore, sup-
port modifications to increase hydrophilicity might reduce the observed degradation.
Nonetheless, additional research is required to substantiate the continual existence of
IryZr(1—x)Oy /I Zr(1_)O4 throughout the stability test and to understand the phe-

nomenological reason for enhanced resistance to dissolution.
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Figure 2.10: a) HoO and b) Oy TPD profiles (5 = 5°/min in He) followed by ¢) Ho
consumption profile obtained by performing TPR (8 = 10°/min in 5% Hy/He) of the
spent catalysts. 0.1 g of catalyst sample, 4 wt.% Ir. See sections A.4.1 and A.4.3 for
profiles at other heating rates.
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2.3.3 Thermal desorption analyses of water and oxygen

H50 adsorption and Oy desorption play an essential part in the OER mechanism, as
per Equations 2.2-2.5, with electrocatalytic activity being determined by the binding

energies of the reaction intermediates to the catalyst surface [278]:

HyOp — HO* + H" + e~ (2.2)
HO* — O*+ H" + e~ (2.3)

O* + H,Oy — HOO* + H' + e~ (2.4)
HOO* — O +4H" + ¢~ (2.5)

As early as 1955, metal-OH bond energy was correlated linearly with overvoltage
in OER in alkaline conditions.[279] More recently, in an acidic OER study, thermo-
gravimetry quadrupole mass spectrometry coupled with differential scanning calorime-
try showed that chemisorbed water was released only from OER-active amorphous
iridium oxide but not from the less active rutile.[266] Gauthier et al. investigated
the IrO4(110)-water interface using DFT and reported that the oxide surface binds
*OH and *OOH too strongly, which required a higher than 1.23 V potential to com-
plete the OER.[280] They also suggested that *OO removal may happen chemically,
not electrochemically. It is known that the higher the temperature at which species
are desorbed from a catalyst during heating, the stronger the bond. By performing
temperature-programmed desorption (TPD), the desorption temperature and the ac-
tivation energy of desorption can be obtained, which equals the heat of non-activated

adsorption or sets an upper limit to the heat of activated adsorption.[281]

Herein, we performed TPD of water-treated samples to understand if they exhibit
differences in bonding oxygen and hydroxyls. The samples were treated in liquid
water at 120°C in an autoclave, followed by purging in He at 120°C in a packed-bed

reactor until no physisorbed water evolution was observed. Upon further heating
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Table 2.3: Water and oxygen TPD of catalyst and support samples.

Sample 1 SSA  Activity in OERW H,O desorption [ O, desorption [
ZrOq,) 10 - - 108 131(21) . 33 0(0) -
InyZr(1-x)02/ 2109y 4.4 712 4.8 80 237(54) 0.5 54 109(13) 0.5
10, TKK+ZrOyyy 6.8 907 1.25 73 230(54) 0.5 34 35(6) 0.2
(IrOy + )y 471051, 4 11 1.1 82 161(12)  0.15 40 0(0) 0
ATO a7 - - 54 580(18) - 12 44(10) -
IrOy/ATO 45 24 0.4 52 626(68) 0.2 14 34(13) 0

o] Tr loading is 4 wt.%; average ZrOy(1,) particle size is 5 pm, ATO 50 nm.P! Activities were
measured at 1.6 Vgrug; corresponding values of IrO, TKK and (IrOs + Ir)y correspond the
activity of only IrOy and not the physical mixture.l’) Data in brackets corresponds to one standard
deviation.

to 700°C at different heating rates, HoO and Os evolution were monitored with an
online calibrated mass spectrometer. After the analyses, the samples were subjected
to temperature-programmed reduction (TPR) in Hs to evaluate the availability of

remaining reducible oxygen species.

Figure 2.10 shows H,O and O, TPD evolution profiles followed by TPR, and Table
2.3 summarizes the results of the HoO and Oy desorption analyses. Section A.4.1 and
Section A.4.3 include individual profiles at different heating rates. Activation energies
of water desorption were found from the slope of In (3/T2,,) vs. 1/Tpax, Where 3 is
a heating rate, and T\, is the corresponding temperature peak maximum and their
graphical representation has been provided in Section A.4.2 (Equation A.5).[281] H,O

and O, desorption per mole of Ir was found by subtracting the amount of desorbed

water by ZrOs,y or ATO support from those of the Ir-containing samples.
The two ATO samples (with and without Ir) demonstrated the lowest HoO and

O, desorption amounts per surface area and the lowest activation energies of HoO

desorption (E,) of 53 kJ/mol for the first peak at T, of 250°C, with ATO prop-
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erties governing the observed phenomena. This E, value is similar to the heat of
water vaporization of 41 kJ/mol (at 100°C), implying a significant contribution from
physically adsorbed water molecules. The higher-temperature peaks for H,O and O,
are characteristic of chemically activated water and oxygen species on the SnO, sur-

face.[282] The IrO2/ATO catalyst also demonstrated the lowest OER activity.

ZrOq(1,) shows the highest activation energy (E,) of water desorption of 108 kJ/-
mol and does not release Oy at any conditions studied. When (IrOq + Ir)y is mixed
physically with ZrOy,, the E, is reduced to 82 kJ /mol, and the Ty, is lowered
to 300°C from 450°C for ZrOyqy. Considering the water adsorption on ZrOyq,),
the IrO, contribution amounted to 0.15 mol/moly, of released water. No O, was
evolved from this sample either. When IrO, was deposited on ZrOyry by impreg-
nation (IryZrn_x)O2/ZrOgq,)), the desorbed water amount increased 3-fold to 0.5
mol/mol;, at the same E, of 80 kJ/mol and Ty., of 300°C. This indicates the
similarity of the M-OH bond strength of active sites, but a higher amount of the
sites for IreZr(1-4)O2/ZrO41, catalyst as compared to the physical mixture. The
IryZr(1—x)O2/ZrOyq, catalyst also showed the highest O, evolution among the sam-
ples above 700°C, which were reducible at the following TPR at 0.5 molar ratios of
H, /Ir.

When the mixture of IrOx TKK and ZrO,y,, instead of (IrOy + Ir)y and ZrOy)
was subject to the same analysis, the T, of HyO desorption shifted to 200°C with
a lower E, of 73 kJ/mol. Pfeifer also reported that the desorption of chemisorbed
hydroxyl species from amorphous IrOy occurred at 227°C.[266] The amount of water
desorbed per unit of catalyst surface area decreased by nearly half on the TKK cat-
alyst compared to the I Zr(_4)O2/ZrOq, catalyst, which suggests that the TKK
has fewer active sites available per unit surface area. Os desorption was also re-

duced almost 3-fold on the IrO, TKK+ZrOyq) catalyst vs. II‘XZI'(l_X)OQ/ZI'OQ(L),
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with a similar 0.4-0.5 molar ratio of Hy/Ir consumed at the following TPR but at
a lower reduction temperature. The reduced O, desorbed amounts are concurrent
with the lower OER activity of TKK of 1.25 mA-cmggg, vs. 4.8 mA-cmplg, for the

IrOx/ZrOy,) catalyst.

Thus, the observed TPD behavior of the investigated samples, when compared
with their OER performance, suggests that the higher activity is concurrent with the
activation energies of water desorption of about 70-80 kJ/mol, and high adsorbed H5O
(%ﬁbo) and desorbed O, (%ZIOQ) amounts, with easier reducible oxygen species in

IrO,. The limits of this hypothesis need to be explored further, as too high adsorption

energies are detrimental to catalysis, as per Sabatier’s principle.

2.4 Conclusion

We have investigated the use of ZrO, as support for acidic OER electrocatalysts.
Commercial ZrO, supports with 2 different particle sizes <5 pm (ZrOs(r,)) and <100
nm ( ZrOyg)) were used. Supported IrOy-based catalysts were synthesized using the
incipient wetness impregnation method using the HyIrClg precursor followed by calci-
nation in the air at 400°C. Commercial state-of-the-art IrO, TKK, and unsupported

IrO, prepared by thermal decomposition of the precursor were used as benchmarks.

At an operating voltage of 1.6 Vrug, IrcZr1_4)O2 / ZrOg(1,) exhibited 80 % of the
mass normalized activity of IrO, TKK catalyst, with estimated values of 712 A.g'
and 907 A.g{rl. IryZr(1_x)O2 / ZrOg(1,) exhibited the highest intrinsic activity among all
the catalysts, with a value of ~4.8 1(nA-cnr11_]r2ECS A, Which was approximately 4 times
higher than the most active benchmark IrO, TKK (1.25 mA-cm;,%;0g,) at 1.6 Vg
The analysis conducted through XRD, XPS, TPD, and TPR techniques suggests the
potential existence of SMSI between Ir oxide and ZrO, supports. XRD results suggest

the formation of IryZr(;_)O, alloy demonstrated by the IrO, peak shift observed in
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IryZr(1-x)O2/ZrOy), and XPS analysis demonstrates binding energy shift observed
in ZrO, support for both the samples, suggesting electron transfer from Zr to Ir.
Catalyst stability was also studied. All catalysts exhibited loss of activity during a
potential hold at 1.6 Vrug with IrOx TKK and IryZr;_xO2/ZrOy1, showing the most
stable performance. The deactivation mechanism of the synthesized catalyst, both
supported and unsupported was different from IrO, TKK. IrO, TKK deactivated via
Ir dissolution, losing over 42% of active sites during the stability test. The formation
of IryZr(1_)Og in IryZr_O2/ZrOyr, confers good resistance against Ir dissolution
and Ir(IIT) /Ir(IV) phase transformation, thereby enabling a low Ir oxidation state even
in OER potentials; however, the microstructure of the IryZr(_4)O2/ZrOq 1, catalyst
was susceptible to performance degradation due to the formation of oxygen bubbles
on the catalyst surface. (IrOy + Ir)y and IryZr Oy /ZrOys) lost activity primarily

due to Ir(IIT)/Ir(IV) phase transformation and exhibited negligible Ir dissolution.

Finally, temperature-programmed desorption of water and oxygen from the stud-
ied catalysts followed by temperature-programmed reduction was used to establish a
possible link between higher activity, lower activation energies for water desorption,
higher amounts of adsorbed HyO and desorbed O species, and the presence of easily

reducible remaining oxygen species in IrOy.

The objective of this study is to establish ZrO, as a promising support for IrO,-
based catalysts, with the intention of facilitating future research, including optimiza-
tion of its structural properties and confirmation of the stability of Ir Zr(;_4Oy/
IryZr1—x)O4 after electrochemical testing. In the future, there is significant potential
for enhancing the activity of Ir on ZrOs support by optimizing the Ir loading and
modifying the properties of ZrOs support to increase Ir active area. For example,
Cao et al. reported the synthesis of porous ZrO, with a specific surface area as

high as 275 m2-g ! showing that a high BET surface area of ZrO, particles can be
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synthesized.[283]
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Chapter 3

Effect of residual chlorine from
catalyst precursors during the
synthesis of Ir-based catalysts

3.1 Introduction

Ir oxide catalysts are the preferred catalyst choice in proton exchange membrane
(PEM) water electrolyzers due to their robustness in highly corrosive acidic media and
activity towards oxygen evolution reaction (OER). Wet-chemistry techniques continue
to be one of the most widely reported methods of Ir oxide-based catalyst synthesis
in the scientific literature, owing to their relative accessibility in a research environ-
ment and their ability to produce well-defined catalytic structures.[67], [79], [138],
[139], [142], [145], [150]-|154], [158], [232], |284], [285] Numerous methods for cata-
lyst preparation have been reported in the literature, such as the polyol method,[144],
[235] the Adams fusion method,[121], [286], [287] the sol-gel method,[63], [288] and hy-
drothermal method,[100], [139], [247], [289]. A comprehensive review of the different
synthesis methods can be found elsewhere.[67], [177] These synthesis routes may pro-
duce catalysts with large surface areas possessing suitable crystallographic structures
to maximize the specific activity.[290] Selecting the appropriate metal precursor and
optimizing the deposition conditions (such as solvent, active metal loading, and de-
position temperature) are crucial considerations to produce the desired catalyst. The

selection of Ir precursors is a crucial step in the synthesis that is seldom discussed in
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the literature. Among the different precursors utilized for the preparation of Ir and
IrO, catalysts, the most extensively documented ones are Ir(IV) based precursors
like HoIrClg,[6], [168] IrCly,[169] KoIrClg,[170], [171] NaoIrClg,[172] (NH,)IrCls.[173];
Ir (III) based precursors like IrCls,[168], [174] NagIrClg,[175] and Ir(acac);[95]; and
Ir(I) based precursors like [Ir(COD)q|BF,.[176], [177] Bowker et al. reported that the
presence of chloride species caused poisoning and sintering of the IrOy active metal
oxides for low-temperature CO oxidation.[178| In the case of supported noble metal
(Ru) catalyst, residual chlorine has also been shown to reduce the active surface
area.|179] The majority of the aforementioned precursors contain chlorine atoms. In
the case of gold containing chloride precursors, it is widely accepted that the chloride
ligands present in the coordination sphere of [AuCly|~, through Cl-bridging, result
in polymerization which leads to agglomeration.|291|-[294] Finally, during condition-
ing, there could be competition with anodic O evolution due to the preferential Cl,
evolution reaction (CER).[295]-[298] In chlorine-based electrolytes, Vos et al. studied
the parallel evolution of chlorine and oxygen on IrOy electrodes. They discovered
that chloride adsorption significantly slowed down the OER by blocking sites, which
increased the Tafels slope from ~40 mV /dec to ~120 mV /dec when CER is compet-
ing with the OER.[299]

Although these detrimental effects of chlorine in the catalyst lattice are evident,
there has been limited investigation into the detailed examination of how residual
chlorine from the precursor impacts the physicochemical characteristics and electro-
chemical performance of the catalyst in acidic water splitting conditions. Specifically,
very few details are available on how this residual C1~ from the precursor affects sur-
face area, activity, particle size, Ir oxidation state, and concentration of active OER

species required to catalyze OER.

Depending on the chosen synthesis method, it is possible to either eliminate or
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retain a significant portion of chlorine within the catalyst lattice. Lettenmeirer et
al., for example, synthesized IrO,-Ir catalysts using a surfactant-assisted method and
detected the presence of chlorine via XRD analysis due to unreduced IrCl3 .[174] Ap-
proximately 3 wt.% chlorine was detected even after electrochemical characterization.
Ruiz Esquise et al. have used a modified hydrothermal method, which is focused on
driving the Cl~ ions in abundant solution, followed by washing of the catalyst, often
using > 2 L of water per mmol IrCls.[100] This resulted in almost complete removal of
chloride ions, as none was detected using an XPS and EDX.On the contrary, Haruta
et al. reported that, while the majority of noble metal catalysts are prepared using
incipient wetness impregnation, these impregnation methods are limited in their abil-
ity to produce high dispersion catalysts due to the presence of chlorine in their lattice

when synthesized at a temperature lower than 600°C.[300|

In commonly employed industrial synthesis methods like incipient wetness, contin-
uous washing of the catalyst can result in the loss of precious noble metal catalysts as
a result of dissolution from the support. This makes it less appealing for large-scale
production due to the potential loss of valuable active metals and increased resource
demands, including higher water usage. For instance, Del Rio et al. developed a
speciation-controlled incipient wetness impregnation method (ScIWT), a modification
to the existing method, where they combined the use of a chemically well-defined
impregnating Au solution and TWI.|293] Their hypothesis posited that altering the
pH of the impregnation solution (HAuCly precursor) through the addition of NaOH
to elevate it within the range of 8-12, followed by aging the precursor base solution
(with a suitable volume of 2.5 M NaOH) until achieving thermodynamic equilibrium
(4 h) and incorporating intermittent ultrasonication to avert Au(OH)j; precipitation,
could enhance the interaction between supports and dissolved gold species with fewer
Cl ligands. It was also reported that the use of the ScIWI method minimized the loss

of the HAuCl, precursor.
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Several studies in the current literature are focused on discovering solutions to
alleviate residual chlorine contamination in Ir oxide catalysts used for OER despite
the lack of knowledge about its effect.[100], [178], [300] For example, Xu et al. and
Ruiz Esquise et al. reported that when the chloride-containing precursor is exposed
to highly alkaline aqueous conditions, the conversion of Ir(H,0)3Cl3 to IrOy is hy-
pothesized to occurs, IrO, nanoparticles are formed, with Ir(III) and Ir(IV) species.

The mechanism is described as follows [301]:

Ir(H,0),Cls + 6 OH™ — [Ir(OH)*” 4 3 CI™ + 3 H,0 (3.1)
2 [Ir(OH)4J*~ — Ir03 + 3 H,O + 6 OH™ (3.2)
2 11'203 4+ 0y — 4 II‘OJ;/4 IrOy (33)

As a result, chlorine atoms will be less likely to enter the crystalline structures of

Ir oxide catalyst and become easier to remove.

The objective of this study is to understand the impact of residual C1~ from pre-
cursors on the electrochemical and physicochemical properties of IrO, catalysts pre-
pared by thermal decomposition of hydrogen hexachloroiridate (IV) (HoIrClg.xH50)
precursor and recommend ways to mitigate the effect of residual chlorine poisoning.
In order to find out if the OER activity of IrOy is sensitive to the chlorine content
in the precursor, a fixed amount of HCI was added to the HyIrClg.xH5O precursor to
form the IrO,-HCI catalyst. In a second study, the interaction between Ir and Cl1~
was disrupted by introducing NH4;OH base to the precursor, where its addition would

modify the pathway of IrO,/IrO, formation, breaking the bond between Ir and CI.
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3.2 Experimental section
3.2.1 Catalyst synthesis

IrO,:  In this work, HalrClg.xHyO (Hydrogen hexachloroiridate(IV) hydrate, 99.9%
trace metal basis, supplied by Millipore Sigma) was used as the metal precursor, and
ultrapure Milli-Q water (18.2 M.cm) water as a compatible solvent. The solvent
volume required to dissolve the precursor crystal was added and stirring continued
until a uniform solution was achieved. This solution was then dried in the fumehood
overnight and then moved to a well-ventilated furnace at 120°C for the next 4 h. The
catalyst was then broken into a coarse powder using a spatula. It was then subjected
to calcination at 400°C for a duration of 2 h (total heating time of 2 hours and 37
minutes from room temperature) in a furnace, with the temperature increasing at
a rate of 10°C/min. Following calcination, the catalyst was ground into a fine IrOy

powder using a mortar and pestle.

IrO,-HCI1: In order to find out whether the addition of excess chlorine hinders
the performance of the catalyst, HCl (supplied by Fischer Scientific, CAS 7647-01-
0) was added to the precursor solution. The addition of other chlorine-containing
compounds, such as NaCl and KCI, would lead to the addition of non-decomposing
ions, i.e., Nat, KT, in the catalyst which could make it difficult to isolate the effect
of Cl addition from that of the other ions.[101] The target concentration of Cl~ was
approximately twice the amount of Cl™ present in the desired amount of precursor
(anhydrous basis) by weight. 118 ul 37% HCI (aq. solution) was added per 100
mg H,IrClg (anhydrous basis, MW: 406.95 g/mol). HCI was added directly to the
precursor-deionized water solution and left to dry under the fumehood overnight.
Next, it was placed in a well-ventilated furnace at 120°C over the next 4 hours. Once
the catalyst was completely dry, it was then broken into coarse powder form using

a spatula, after which it was calcined at 400°C for 2 h in a furnace (total heating
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time of 2 hours and 37 minutes from room temperature). After being subjected to

calcination, the catalyst was crushed using a mortar and pestle to obtain a fine powder

of IrO,-HCI.

IrO,-NH,OH: 28%-30% wt./wt. NH,OH solution (~ 14.8 mol-L ') was added
to the pre-decided H,IrClg.xH5O precursor-deionized water solution to ensure a 1:1
molar ratio of Cl~ (in HyIrClg) and OH™ (in NH4,OH). The precursor-base solution
was stirred well using the spatula for 5-10 minutes until a homogenous solution was
observed, and the mixture was left to dry under the fumehood overnight and then
moved to a well-ventilated furnace at 120°C for the next 4 hours. In order to safely
remove possible NHj (boiling point = -33.34°C) [302] and NOy (boiling point NOy =
21°C) [303] generated, safe ventilation was assured throughout the process. Once the
catalyst was completely dry, the catalyst was then ground into coarse powder form
using a spatula. After this step, the catalyst was calcined at 400°C for 2 hours in
a well-ventilated furnace (total heating time of 2 hours and 37 minutes from room

temperature). Finally, the formed powder was pestled to form a fine powder.

Commercial IrO, /IrO, catalysts: State-of-the-art IrO, was supplied by Tanaka
Kikinzoku Kogyo (P.N. ELC-0110 SA = 100), and will be hereafter denoted as IrO
TKK. The supplier stated that IrO, TKK has Ir content of 75.23 wt.% and a surface
area of 100 m?-g~!, which was analyzed by BET in a previous study by Tan et al.|6]
Commercial IrOy from Alfa Aesar (P.N. A17849, product purity: 99%) was used as
the second benchmark catalyst. The SEM-EDX analysis revealed that the Ir content

of IrOy AA was approximately 87%, as reported in Table B.1.

3.2.2 Catalyst ink and electrode preparation

To prepare the working electrode, 5.3 mg of the catalyst powder was added to 1
mL of Milli-Q (deionized) water and 0.5 mL of isopropanol (IPA) in a 2 mL plastic
vial. 20 uL of Nafion™ (diluted to 5 wt.%, EW 1100 from Ion Power) was added to

104



this solution in a drop-wise manner (each drop = 10 uL). The catalyst ink solution
was then sonicated in an ice-cold ultrasonic bath for 30 minutes followed by probe
sonication (Qsonica S4000, 20 kHz 600 W, 2 min ON 1 min OFF, 5% amplitude)
for 8 minutes. The total sonication time was selected to maintain a balance between
homogeneous catalyst dispersion, and solution temperature, since longer sonication
could be detrimental to the catalyst composition and morphology, mainly due to cav-
itation and sonolysis phenomena.|248] While performing bath and probe sonication,
the plastic vial containing the ink was placed in an ice bath. This precautionary mea-
sure was taken to prevent the ink from overheating, as power ultrasound has been
observed to cause a swift temperature rise of up to 50°C/h when starting from room

temperature.|248]

A glassy carbon (GC) disc electrode (supplied by Pine instruments with diameter
= 5 mm) embedded in a Teflon cylinder was used as the working electrode. The GC
electrode was polished to a mirror-like finish before casting the ink, with polishing
paper (supplied by Allied High Tech Products, P.N. 90-150-230) and 0.05 pum alu-
mina oxide paste (Al;Os, supplied by Allied High Tech Products) in an ultrasonic
bath (Frequency= 20kHz, 2 sec on, 1 second off) in water followed by six alternate
washing cycles with ultrapure Milli-QQ water (18.2 MQ.cm) and IPA for 10 minutes
each. The working electrode (GC) was cast by pipetting an 8 uL aliquot of catalyst
ink on the glassy carbon surface (geometric catalyst loading = ~140 pg-cm™2). The
working electrode was then dried using the rotational drying technique at 600 rpm
under air for 1 hr to form uniform and reproducible films followed by drying in the

oven at 60°C for 30 minutes to completely dry out the catalyst film.
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3.2.3 DMaterials characterization

Scanning electron microscopy (SEM) was performed on the catalyst samples using
a Quanta 250 Mineral Liberation Analyzer (FEI company) fitted with a tungsten
filament and images were taken at an accelerating voltage of 10 keV. Conductive car-
bon tape was used to mount the finely powdered samples onto SEM sample stubs.
Any excess powder was removed using an Ny spray gun before inserting it into the
equipment. SEM was equipped with a Bruker Xflush (133 €V) detector for elemental
analysis. To maintain result consistency, elemental composition was determined by
calculating the mean of 10 distinct locations. Images and composition were taken at

a magnification of 600x using an electron beam intensity of 25 keV.

Bright-field and dark-field transmission electron microscopy (TEM), small angle
electron diffraction (SAED), and energy-dispersive X-ray spectroscopy (EDX) analy-
ses in scanning mode (S/TEM) were conducted on a JEOL JEM Atomic Resolution
ARM 200cf S/TEM at the accelerating voltage of 200 kV. In order to prepare the
TEM sample, a dilute solution of the catalyst was prepared in Milli-Q) water (18.2
MQ.cm). Approximately 10 pL of the ink was drop-casted on the TEM grids with
Ultrathin Carbon Film on Lacey Carbon Support Film, 400 mesh, Copper (Ted Pella,
P.N. 01824). The grid was allowed to dry for 24 hours. The average diameter and the
standard deviation were calculated by counting over 160 particles using the ImageJ

software.

X-ray diffraction (XRD) analysis was carried out on a Rigaku Ultima IV D/max-
RB diffractometer with D/Tex Ultra detector with Fe Filter (K-beta filter) using Co
radiation (A= 0.178900 nm) operated at 38 kV and 38 mA. Data was converted us-
ing JADE MDI 9.6 software and phase identification was done using DIFFRAC.EVA
software with the 2022/2023 ICDD PDF 4 + and PDF 44-/Organics databases.
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Photoemission measurements were performed in Kratos AXIS Ultra Imaging spec-
trometer. The XPS spectra were analyzed using CasaXPS, where all peaks were cal-
ibrated to the main C 1s signal at 284.8 eV. A Shirley-type background was applied
to all the samples. Ir 4f peaks were fitted with a DS(0.05,230) SGL(55) profile and
the Ir satellite peaks were fitted using GL(0). All the Ir 4f peaks were constrained to
a doublet separation of 3 eV, the area ratio of 4f7/5:4f5» = 4:3, and a doublet FWHM
ratio of 1. The Ols spectrum was deconvoluted using the GL(30) peak profile. For
the deconvolution of Cl 2p peaks, GL(30) profile was used, with a double separation
of 1.6 eV, and the area ratio of 2p3/s: 2py/2 of 2:1, and doublet FWHM ratio of 1.

Thermogravimetric analysis (TGA) was performed on Thermo Cahn 400. The
precursor solutions (HaIrClg + DI water for IrOq; HyIrClg+ aq. HCI for IrO,-HCI;
HoIrClg+ aq. NH4OH for IrO,-NH,OH) were initially heated in a well-ventilated
furnace at 120°C for 4 h to evaporate the water. 20 mg of the dried samples were
then heated from room temperature to 750°C in the TGA apparatus at a heating

rate of 10°C/min under the air atmosphere.

3.2.4 Electrochemical characterization

Electrochemical measurements were carried out using a potentiostat (BioLogic Sci-
ence Instruments SP-200) on a standard rotating-disk electrode (RDE) system (PINE
Research MSR Rotator), and a three-electrode cell. Helical Pt wire and reference hy-
drogen electrode (ET070 Hydroflex™, supplied by eDAQ) were used as the counter
and reference electrodes, respectively. Sulfuric acid (Optima grade, Fisher Scientific)
diluted to 1.0 M HySO4 with Milli-Q water (18.2 MQ.cm) was used as the elec-
trolyte.[50] All electrochemical measurements were carried out at room temperature

using research-grade Ny and O, gases (99.999%), Praxair).
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The glassware was cleaned by storing it overnight in 1.0 M HySOy, followed by

multiple washes with deionized water.

The potentials reported in this study are relative to the reversible hydrogen elec-
trode (RHE) scale. iR compensation at 85% was applied using Biologic EC-Lab
software while recording LSV and CV.

Cyclic voltammetry (CV) was carried out in a deoxygenated environment by satu-

rating the electrolyte with Nj at a scan rate of 40 mV-s~*

in an unstirred electrolyte
unless stated otherwise. All IrO, samples were preconditioned prior to oxygen evo-
lution reaction (OER) electrochemical testing by recording 50 cyclic voltammograms
from 0.05 Vgug to 1.53 Vrug at a voltage scan rate of 500 mV-s~!. This electrochem-
ical preconditioning was followed by performing 10 CVs from 0-1.53 Vgryg at the scan
rate of 40 mV-s~! to calculate ECSA. The ECSA was estimated by calculating the
total anodic charges of the CV profile in the potential range of 0.4 Vgrug-1.25 Vrug
with double-layer correction. The average ECSA of the last 5 CV cycles out of the 10
CVs described above has been reported in this work. The electrical charge constant
associated with the anodic processes within this potential range was taken as 440
pC-cmplg,-[6] The entire process of calculating ECSA has been previously discussed

in the work of Tan et al.|6] Further information regarding the estimation of charges

can be obtained from the following references.[107], [126], [250]

Anodic linear sweep voltammetry (LSV) was performed between 1.0 Vypg and 1.6

1in an Os-saturated environment to measure the

Vrug at a scan rate of 10 mV-s™
OER. The working electrode was set to rotate at a speed of 1800 rpm. The potential
range (1.0 Vrug- 1.6 Vrug) was selected to curtail the effect of change in hydrogen

concentration at lower potentials. To ensure O, saturation, the electrolyte was con-

tinuously bubbled with research-grade O5 (99.999%, Praxair).
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3.3 Results and discussions
3.3.1 DMaterials characterization

Scanning electron microscopy (SEM) and energy-dispersive x-ray spec-
troscopy (EDX)

Figure 3.1 (a~e) displays the SEM micrographs of (a) IrO,, (b) IrO,-HCI, (c) IrO,-
NH,OH, (d) IrO2 AA and (e) IrO, TKK respectively. Among the synthesized cata-
lysts, IrO4 and IrO9-HCI particles exhibited flat surfaces with visible pores resembling
pitting. The observed pore sizes were larger in IrOs-HCI, as compared to IrO5. One
of the possible reasons for the pitting is the evaporation of HCl and H,O, which might
occur during the synthesis process when the catalyst undergoes calcination (Figure
B.1). The surface of IrO-NH4OH appears to have been modified by the addition of
NH,OH base, resulting in higher surface roughness. Additionally, the IrO,-NH,OH
catalyst also showcased a highly porous morphology, as shown in Figure 3.2 (¢). Com-
mercial [rOy AA resembled an intermediate surface morphology between IrO, and
IrO.-NH4OH, as IrO, flakes possess higher surface roughness than the synthesized

IrO,. IrO, TKK also possessed high surface roughness and visibly smaller particles.

SEM-EDX was performed to evaluate the elemental composition of the synthesized
catalysts in, IrO, IrO9-HCI, and IrO, -NH4OH, as shown in Table 3.1 Special atten-
tion was paid to the changes in the Cl content. While IrO, contained approximately
44 + 11% chlorine by atomic percentage, this value increased to 51 £ 6% in IrO,-HCI,
as expected due to the intentional addition of chlorine to the sample during synthesis.
Although the quantity of HCl added during the synthesis aimed to achieve a two-fold
increase in the Cl concentration observed in IrOs, only a fraction of the introduced
chlorine became incorporated into the lattice structure. It is possible that a significant

portion of the HCI might have evaporated during the synthesis process. IrO,-NH,OH
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Figure 3.1: SEM images of (a) IrO, (b) IrOo-HCI, (c) IrO,-NH,OH, (d) IrO,, and
(e) IrO, TKK.

exhibits a decreased chlorine content, with an average Cl atomic composition of 32 +
5% compared to 44 £ 11 % for IrO,. An increase in the atomic percentage of oxygen
was also observed in IrO.-NH,OH (50 + 7 %) sample compared to IrO, (34 £+ 12
%) and IrO9-HCI (30 + 7%), suggesting that NH,OH addition to the Ir precursor
(HsIrClg) assisted in the transformation of Ir-Cl species to Ir-oxide species. Nitrogen
could not be detected using SEM-EDX technique. In summary, the Cl to Ir atomic
ratio increased from 2:1 observed in IrO5 to 2.7:1 in IrO,-HCI, and reduced to 1.8:1

in IrO,-NH4OH, confirming chlorine removal from the IrO,-NH,OH in bulk.

Transmission electron microscopy (TEM), selected area electron diffrac-
tion (SAED), and scanning transmission electron microscopy - energy-
dispersive X-ray spectroscopy (S/TEM-EDX)

Figure 3.2 shows the TEM images of the 5 catalysts studied in this work. Figures 3.2
(a,b) depict the structure of IrOq, consisting of a cluster of needle-shaped IrO,. It was

difficult to estimate the size of each needle due to the complex structure, however, an

effort was made to produce a range of IrO, particle sizes from Figure 3.2. The length
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Figure 3.2: TEM bright field images and SAED of (a-c) IrO,, (d-f) IrO,-HCI, (g-i)
IrO.-NH4OH, (j-1) [rO5 AA, and (m-o) IrO, TKK.
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Table 3.1: Summary of the elemental composition of catalysts obtained using SEM-
EDX

Samples Atomic % Weight % Atomic Ratios
Ir Cl O Ir Cl O Cllr  O:Ir

IrO, 2242 44411 34+12 66x1 27£3 8+£3 2 1.5

[rO,-HCI 1941 51£6 307 61+1 3142 8+3 2.7 1.6

IrO4-NH,OH 182  32+£5 HO0£7 63£2 22+£1 15£3 1.8 2.8

Atomic and weight percentages are calculated by averaging 10 values of the bulk composition obtained
by performing SEM-EDX on the powdered samples.

of the protruding needles from the agglomerate’s edge was measured, and needles
ranging from 10 nm to 100 nm in length were detected. While these measurements
are not precise, they are still helpful in estimating the size of the particles. Agglom-
erates were also observed in IrO, sample, as shown in Figure 3.3. The SAED pattern

of IrO2 matched the rutile phase of IrO,, as shown in Figure 3.2 (c).

Figures 3.2 (d,e) show the structural features of IrO,-HCL. Alongside the needle-
shaped rutile IrO,, also seen in the IrO, sample (Figure 3.2 (a,b)), larger chunks/ag-
glomerates were identified, as shown in Figure 3.2 (d). SAED analysis of the IrO,-HCl
agglomerate shown in Figure 3.2 (d) revealed that the rings align with the profile of
IrCls, while the cluster of IrO5 nanoneedles shown in Figure 3.2 (e) resembles tetrag-

onal IrO,.

IrO-NH,OH was composed of IrO, small nanoparticles, that were predominantly
present on the surface of large agglomerates, as shown in Figure 3.2 (g). The vol-
ume mean diameter (d,,) of these nanoparticles was calculated to be 4.04+3.5 nm,
based on 165 particles recorded in the TEM images. The formula to calculate volume

mean diameter has been provided in Section B.1.2. The particle size distribution has
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been provided in Figure B.2. The presence of 2 distinct phases was also observed in
IrO,-NH,OH, as shown in Figure 3.2 (g). The low-resolution images display a large
agglomerate along with IrO, nanoparticles that surround and encapsulate it. The
corresponding SAED also shows a ring pattern corresponding to a combination of
rutile IrO, with a single diffused ring. Upon increasing the magnification to focus
only on the nanoparticles, as shown in Figure 3.2 (h), the SAED shows a single dif-
fused ring. This ring matched the diffused ring in the SAED of Figure 3.2 (g). This
diffused ring suggests that the IrO, nanoparticles observed in TEM are amorphous

in nature.[6], [304]

Commercial IrOy AA is composed of IrO5 rods, with some measuring around 0.5
pum in length, along with irregularly shaped particles, as depicted in Figures 3.2 (j.k).
Its SAED matched well with rutile IrO,, as shown in Figure 3.2 (1).

[rO, TKK is composed of a well-connected network of IrO, nanoparticles, some-
what similar to IrO.-NH,OH. The volume mean diameter (d,) of the nanoparticles
was approximately 7.2 nm derived from analyzing 164 particles. The particle size
distribution has been provided in Figure B.2. The SAED pattern of IrO, TKK is
X-ray amorphous, similar to the nanoparticles observed in IrO.-NH4OH and to the

SAED pattern reported by Tan et al.|6]

In summary, the TEM results presented in Figure 3.2 show the thermal decompo-
sition of HylrClg.xHO results in the development of agglomerates in all synthesized
samples. In IrO,, the agglomerates are composed of IrOy nanoneedles. The addition
of chlorine, as observed in IrO,-HCI promotes the formation of larger agglomerates
where IrCls dominated the composition. The elimination of chlorine from the lattice
structure, as seen in the case of IrO5-NH4OH, induced the formation of amorphous

IrO, nanoparticles. Although present in significantly lower quantities compared to
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Figure 3.3: Dark field image and S/TEM-EDX signal maps for IrOs, IrO,-HCI, and
II’OQ NH4OH

the other synthesized catalysts, agglomerates with a rutile nature were still observ-
able. IrO, TKK and IrO; AA were used as benchmarks, each possessing distinct
microstructures, where IrO, TKK consisted entirely of potentially amorphous IrO,

while IrOy was composed of entirely rutile IrOs,.

To obtain the local nanoscale elemental composition of IrO,, IrO,-HCI1 and IrO,-
NH4,OH, STEM-EDX was performed, as shown in Figure 3.3. The signal maps ob-
tained from S/TEM-EDX analysis provide clear evidence of the presence of Ir, Cl,
and O in all three samples, thus confirming the existence of chlorine. Notably, the
presence of chlorine is notably more prominent in the IrO5 and IrOs-HCI samples
when compared to the IrO,-NH,OH sample. Additionally, it is evident that Ir is
more uniformly distributed in IrO-NH,OH sample than in their counterparts. The
chlorine signals are detected to be significantly higher in agglomerates, as shown in

Figure 3.3 (a) and (b).
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Figure 3.4: XRD diffraction peaks of IrOs, IrO5-HCI, and IrO,.-NH,OH, IrO5 AA and

IrO, TKK. References for IrOy (PDF 00-015-0870), Ir (PDF 00-006-0598), and IrCl;
(PDF 04-005-4686).

X-ray diffraction (XRD)

The crystal structure of the catalysts was examined using XRD, as shown in Fig-
ure 3.4. The diffraction pattern of IrOy corresponds to a combination of rutile IrO,
(PDF 00-015-0870) and metallic state Ir peaks (PDF 00-006-0598). The presence
of metallic Ir in commercial IrO, samples has also been previously reported in the
literature.|286], [304] In contrast, the XRD profile of IrO,-HCI displays broad peaks
associated with both IrOy and IrCl; (PDF 04-005-4686), in line with the SAED results
shown in Figure 3.2. The broader peaks imply that the addition of HCI to the precur-

sor during synthesis potentially induced lattice defects in the IrO,-HCI sample. The
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XRD peaks of IrO.-NH,OH also matched with rutile IrO, and IrClz. The broader
peaks observed may be attributed to either lattice defects or the smaller particle size.

The contribution of IrCls peaks is less significant in IrO,-NH4;OH compared to that
observed in IrO,-HCI.

The XRD profile of commercial IrOy AA exhibited sharp peaks that were strongly
indexed to tetragonal IrOy (PDF 00-015-0870). IrO, TKK showcased broad peaks
and can be considered XRD amorphous. The X-ray diffraction patterns of all the

catalysts are in line with the SAED findings reported in Section 3.3.1.

X-ray photoelectron spectroscopy (XPS)

The oxidation state of Ir, O, and CI, along with the surface composition of the five
catalysts were evaluated by XPS. Figure 3.5 (a,b) shows the deconvoluted Ir 4f and
O 1s spectra of IrOq, IrOy-HCI, IrO-NH,OH, IrO5 AA, and IrO, TKK (top to bot-
tom). Iridium is present in Ir(III) and Ir(IV) oxidation states in all the catalysts.
The asymmetric line peak of Ir 4f7/5 (Ir 4f5/5) in Ir(IV) is located at 62.0 £ 0.25 eV
(65.0 £ 0.25 eV), while that of Ir(III) is located at 62.5+£0.2 ¢V (65.5£0.2 ¢V) in all
the samples. The fitting parameters used for deconvolution have been provided in
Sections B.1.4 and B.1.4. Commercial IrOy AA showed the highest contribution from
Ir(IV), at nearly 67%, while IrOo-HCI showed the least contribution, at 13.5%. The
atomic ratios of Ir(IV) and Ir(III) have been provided in Figure 3.7 (a). The increas-
ing order of the atomic ratio of Ir(III)/Ir(IV) is as follows: IrOy AA < IrO, TKK <
IrO, < IrO4-NH,OH< IrO2-HCI. Even though the atomic composition of Ir(III) is
highest in IrO,-HCI, it might be attributed to the contribution from IrCls, since Ir
exists in the Ir(III) oxidation state in both IrOOH and IrCls, and the binding energies
of hydrated IrOy and IrCl; are nearly identical, making them challenging to distin-

guish.[305] SAED and XRD analysis have previously identified a notable presence of
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Figure 3.5: XPS profiles (a) Ir 4f; (b) O 1s of IrO, IrO5-HCI, IrO,-NH,OH, IrO, AA
and IrO, TKK fresh.
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IrCl; in IrOo-HCL In IrO4- NH4OH, the Ir(III) species constitute 70% of the overall
surface composition. As a result of the reduced presence of chlorine in IrO,-NH,OH,
the Ir(III) species could predominantly be associated with IrOOH, which is known
for its high activity.[6], [306]

The key differences between the five samples were detected by deconvoluting the O
1s peaks into three peaks, the lattice oxygen (O1,_o); oxygen in the hydroxyl group/-
coordinatively unsaturated oxygen (Oon); [304] and absorbed water (Om,0). The
three peaks were located at 530.3 £ 0.2 eV, 531.5 £ 0.3 €V, and 533.2 4+ 0.3 €V in
all the samples as shown in Figure 3.5.[305], [307] The percentage composition of the
different oxygen species has been reported in Figure 3.7 (b). The atomic percentages
of Op_o0, Oon , and Oy,o in commercial IrO, AA are 36%, 44%, and 20% respec-
tively, where IrO5 AA constitutes the maximum contribution from Oy,_p among all
the samples. In contrast, amorphous IrO, TKK contains 79% Oop, while O1,_o con-
tributes only 5% and Og,o accounts for 16%. In the literature, a direct correlation
was observed between higher Ogy concentration and superior activity, while a higher
Or_o concentration was associated with limited activity.[77], [100], [304] In the case
of IrO.-NH4OH, the predominant species is Opy, accounting for 60% of the O 1s
spectra, higher than in IrO, (48%) and IrOo-HCI (47%). Even though IrO,-NH,OH
exhibited features of both rutile IrO5 and amorphous IrOy in the SAED results, a high
concentration Opy species in IrO,.-NH,OH is promising, as it is considered essential
for achieving high OER activity.[100], [306], [308] IrO5 and IrOo-HCI possess a similar
percentage of Op,_o, however, IrO5-HCI possesses a slightly larger contribution from
On,o (33% vs. 25%) which may be attributed to the presence of IrCls.[305] The
literature has reported the presence of Oy,o in both hydrous and anhydrous forms of

IrCls.[305]

Deconvolution of the Cl 2p spectra exhibited two distinct states, namely Ir-CIl and
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Figure 3.6: Cl 2p spectra of IrO,, IrOs-HCI, IrO,-NH4OH fresh catalysts detected by
XPS.

HCI, as shown in Figure 3.6. Ir-Cl species was the most prevalent species in all the
samples, as shown by the Cl 2p3/, peaks observed at a binding energy of 199.4 4= 0.1
eV. The binding energy of the HCI peak in IrO,-HCI, situated at 198.1 eV, differs from
the values observed at 197.7 ¢V in IrO, and IrO,-NH4OH. The difference in binding
energies may be attributed to the nature of HCI found in the samples. According to
a similar study performed on RuCl; by Morgan, the HCI peak observed in IrO,-HCI,
might be attributed to solvated HCI while those in IrO5 and IrO,-NH,OH may be
attributed to physisorbed HCL.[309] Nonetheless, the C1(2p 3/2) signal at ~ 198 €V is

attributed to excess surface chloride, assigned as HCI.[305]

Atomic elemental composition of the surface of the synthesized catalysts [rOg, IrO,-
HCl, and IrO.-NH4OH was obtained from the XPS survey spectra of the catalysts
and has been reported in Table 3.2. The results quantitatively agree with the SEM-

EDX findings reported in Section 3.3.1, Cl to Ir ratio increased on the surface of
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Table 3.2: Summary of the elemental atomic composition of catalysts obtained using
XPS survey spectra

Samples Atomic % from XPS survey spectra Cl:Ir O:Ir
Ir Cl O N

IrO, 24.4 32.5 42 — 1.3 1.7

[rO,-HCl 22.1 39.3 38.6 — 1.8 1.7

IrO,-NH,OH 22.8 23.7 48.3 5.2 ~1 2.1

IrO, AA 28.7 6 65.3 — 0.2 2.3

IrO, TKK 22 — 7 — — 3.5

the IrO,-HCI sample compared to the synthesized IrO5 sample. On the other hand,
the Cl to Ir ratio decreased in the IrO,-NH,OH sample treated with NH,OH. These
results confirm that in IrO,-HCl and IrO,-NH,OH samples, chlorine was added and
removed from both the catalyst surface and the bulk respectively when compared to

the IrO, catalyst.

3.3.2 Thermogravimetric analysis (TGA)

TGA was used to monitor the mass loss/gain of the HoIrClg precursors as a function of
increasing temperature in air from room temperature to 750°C. This approach aimed
to gain insights into the various pathways involved in the synthesis of IrO,, IrO,-HCI,
and IrO,-NH,OH. The TGA profiles of IrO,, IrO,-HCI, and IrO,-NH,OH samples are

shown in Figure 3.8 (a) and Figure B.3 (a-c). Derivative thermogravimetry (DTG)
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Figure 3.8: (a) TGA of IrOy (HyIrClg heated at 120°C for 4 h), IrO, -HC1 (HyIrClg
+ HCI heated at 120°C for 4 h), and IrO,-NH,OH (HyIrClg + NH,OH heated at
120°C for 4 h); (b) Derivative thermogravimetry (DTG). Decomposition of 20 mg of
the dried precursor samples in air (flow rate = 50 ml/min) from room temperature
to 750 °C, at the heating rate of 10 °C-min~!.

of the samples has been plotted in Figure 3.8 (b) and Figure B.3 (a-c). Based on the
study performed by Jang et al.,[310] the decomposition of HoIrClg under air proceeds

in the form of the following reactions:

1
HQII'CI(; . HHQO — IrC13 + 2 HCl + 5 CIQ +n HQO (34)
3
II'CL; + 02 — IYOQ + 5 Clg (35)
3
IrClg — Ir + 5 C12 (36)

Reaction in equation 3.4 takes place between 25°C-300°C, while reaction in equa-
tion 3.5 and equation 3.5 are competing reactions occurring in the temperature win-

dow of 450°C-650°C.

As shown in Figure 3.8 (b), the thermal decomposition of HoIrClg and HyIrClg+HCI
can be divided into two steps [310]: weight loss from 25°C-300°C occurs as a result of
loss of HyO, accompanied by the loss of HCl and Cl, (Peak 1); (2) oxidative degrada-
tion of anhydrous IrCls (Peak 3) to IrO, and Cly between 450°C-650°C. Incomplete
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decomposition can compete with oxidative degradation to produce Ir, along with
IrO5. The presence of iridium has been identified in the X-ray diffraction analysis of
IrO,, as shown in Figure 3.4. Two distinct peaks were observed in the TGA profiles
of IrOy and IrO,-HCI at 190°C-200°C (Peak 1), and 665°C-675°C (Peak 3). These
peaks were likewise detected in the IrO.-NH4OH sample, albeit occurring at a re-
duced temperature of 150°C and 570°C, potentially due to the smaller particle size,
as indicated by TEM findings. In addition, a distinct peak between 375°C-475°C was
detected, which was preceded by a shoulder peak at 340°C. Previous studies attribute
the peak formation between 400°C and 500°C to the transition of iridium oxohydrox-
ide (IrOx(OH)y) to iridium oxide IrOy.[247], [311] Massué et al. associated the peak

observed between 150°C to 500°C with hydroxyl decomposition.[101]

The precursor in HyIrClg loses approximately 7.4 wt.% of its mass between room
temperature and 750°C. Water desorption accounted for approximately 2.2 wt. % of
the weight loss, while the decomposition of IrCl3 to Cly and IrO,, or into Ir and Cls,
depending on the nature of the decomposition, accounted for 5.2 wt. % of the weight
loss. HyIrClg + HCI exhibited an overall water loss percentage of 8%, 2.8 wt.% for
the first peak at 190°C, and 5.2 wt.% for the second. In IrO,-NH,OH, physisorbed
water accounted for only 0.7% of the total water loss, while hydroxyl decomposition/
transformation of Ir oxohydroxide (IrO4(OH)y) to iridium oxide IrOy accounted for
4.4 wt. % of the weight loss.[101] This falls in line with the XPS results presented

earlier where IrO,-NH,OH surface was found to be rich in Ogy species.

In summary, the TGA profiles of IrO,, IrO,-HCI, and IrO,-NH,OH indicate that
while IrO4 and IrO,-HCl share a common synthesis route involving the decomposition
of HsIrClg to IrCls and volatiles, followed by the decomposition of IrClz to IrO, and
volatiles (as described by Equations 3.4, 3.5, and 3.6); IrO,-NH,OH follows a similar

route but in addition, also exhibits significant weight loss due to the decomposition
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of IrO4(OH), to IrO4. Notably, decomposition in IrO-NH,OH occurs at a lower

temperature than in IrOy and IrO,-HCI, likely due to the smaller particle size.

Physicochemical characterization of the catalysts such as EDX, SEM, TEM, XRD,
XPS, and TGA was used to obtain crucial insights into a catalyst’s structural, compo-
sitional, and surface properties, that might influence their behavior and performance
in OER catalysis. The intended modulation in chlorine content in different sam-
ples, in the increasing order of IrO,-NH,OH < IrOy < IrO5-HCI was confirmed by
SEM-EDX and XPS. SEM also showed increased pitting in IrO,-HCl and increased
surface roughness in IrO,-NH4,OH, as compared to the IrO, sample. According to
the TEM observations, IrOy and IrO,-HCI were primarily made up of needle clusters
and agglomerates, with IrO, having a higher percentage of needle clusters. The ag-
glomerates detected in IrO,-HCI1 were rich in IrCls, which was confirmed by SAED.
IrO.-NH,OH showcased a network of amorphous Ir oxide nanoparticles and rutile
IrO, agglomerates that are entirely encapsulated by the nanoparticles. The presence
of small IrO, nanoparticles potentially caused the peak broadening of the XRD profile
of IrO,-NH,OH. The addition of NH,OH to the HyIrClg precursor in IrO,-NH,OH,
potentially resulting in lattice defects, could also explain the observed peak broad-
ening, since a similar phenomenon was observed in IrO,-HCI, despite the presence
of larger agglomerates and the absence of IrO, nanoparticles. XRD profile of IrO,
detected a significant presence of Ir along with tetragonal IrO,, the former could
be formed as a result of incomplete decomposition of the precursor. XPS showed a
rich presence of both Ir(III) /Ir(IV) species and Oog species in IrO,-NH,OH, crucial
for OER. In contrast, IrOo-HCI exhibited a notable abundance of Ir(III) species but
lacked a proportional Oy presence, indicating that the elevated Ir(III) content is
likely attributed to the presence of IrCl;. The TGA profiles of IrOs and IrOs-HCI
align with the two-step decomposition pathway of HyIrClg to IrO, and Ir, as previ-

ously documented in Jang et al.’s work.|310] However, IrO,-NH,OH exhibits a third
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peak, indicating the decomposition of IrO(OH), to IrOy, which is not present in the
previously mentioned catalysts. This demonstrates the coexistence of two distinct
types of active sites in IrO,-NH,OH, generated by the decomposition of IrO4(OH)y
and IrCls.

3.3.3 Electrochemical characterization

Initial electrochemical surface area (ECSA) of the catalysts

The electrocatalysts were activated prior to electrochemical characterization. During
catalyst preconditioning, 50 cycles of cyclic voltammetry (CV) were performed in Ny
saturated environment in an unstirred electrolyte (1.0 M HySO,) at a scan rate of
500 mV-s~! in the potential range of 0.05 Vyug to 1.53 Vrur. The preconditioning
step served the purpose of cleaning the catalyst surface as well as forming highly
active hydrous Ir(III) /Ir(IV) species on the catalyst surface.[6], [51], [53], [261], [262]
Keeping the upper potential limit at 1.53 Vgyg ensured surface oxidation of any Ir

on the surface to its irreducible oxide form.|6]

Figures 3.9 (a,b) show the CV profiles of the catalysts recorded after precondition-
ing in the potential window of 0 Vgrug-1.53 Vrug at the scan rate of 40 mV-s~!. The
measurements were conducted in an unstirred electrolyte solution under constant No
bubbling. Using the average of 5 CV profiles, the electrochemical surface area (ECSA)
of the catalysts was estimated by measuring the total anodic charge under the cyclic
voltammogram in the potential window of 0.4 Vrygg-1.25 Vrgge. The total charge in
the potential window was corrected for double-layer capacitance. The anodic charges
correspond to the chemisorption of oxygenated species or/and deprotonation of hy-
drous iridium oxide. The detailed method has been described in the work of Tan et

al.[6]

The ECSA of the three synthesized catalysts is reported in Table 3.3, and can be
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Table 3.3: Summary of electrochemical performance of the catalysts

Sa’mple ECSA Loading7 jgeO7 jmass: jECSA7
(m*gr')  pgremyy  (mAeml)  (Agy')  (mA-empZeg,)

IrO, 14 92 0.4 4 0.3

IrO,-HCI 14 85.5 0.15 14 0.1

[rO- 11.7 89.5 6 64 0.5

NH,OH

IrO, AA 1.1 123.5 0.6 5) 0.4

IrO, TKK 78 100 65 650 0.8

Note: Measured at a potential of 1.55 Vgyug

arranged in increasing order as IrO,-HCI (1.4 m?-g.') = IrOy (1.4 m?.g;.') < IrO,-
NH,OH (11.7 m2.g;.!). The ECSA of IrO,-NH,OH was an order of magnitude higher
than its synthesized counterparts. This may be attributed to the presence of porous
IrO4 nanoparticles in IrO.-NH,OH that increase the number of active sites on the
surface of the catalyst that are available for OER.[312] The ECSA of IrO, AA (1.1
mg-g{rl) was comparable to that of IrO5 and IrO,-HCI. The state-of-the-art IrO, TKK
exhibited exceptionally high ECSA (78 m2-g;.') compared to the other catalysts in
this study. The high ECSA might be related to the porous nature of a well-connected
network of IrO, nanoparticles which allows for higher catalyst utilization as shown in
Figure 3.2.[6] While IrO,-NH,OH displays a similar microstructure, composed of IrO
nanoparticles, it also possesses large rutile agglomerates that are often surrounded by
the IrO, nanoparticles. Due to the presence of larger agglomerates, the surface-to-
volume ratio of IrO,-NH,OH is notably inferior to that observed in IrO, TKK, leading

to a reduction in ECSA by a factor of seven.
Initial electrochemical activity

Linear sweep voltammetry (LSV) was used to determine the electrocatalysts’ perfor-

mance. iR-corrected (85%) polarisation curves were measured at 1800 rpm in O,-
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Figure 3.9: (a,b) Initial cyclic voltammograms of the catalysts measured at a scan rate
of 40 mV-s~! with the upper potential limit of 1.53 Vgug in Ny saturated environment
(c) iR-corrected (85%) polarization curves measured at a scan rate of 10 mV-s~! in
O, saturated electrolyte, normalized to the geometric area (d) iR-corrected (85%)
normalized to the mass of Ir (specific activity) (e) iR-corrected polarization curves
normalized by Ir ECSA (f) Tafel slope measured between 1.50 Vgryg-1.55 Vypg.

126



saturated electrolyte between 1.0 Vyup-1.6 Vrug at a scan rate of 10 mV-s~!. The
polarization curves can be treated as initial performance indicators of the electrocat-

alysts.

Figure 3.9 (c) shows the activity of the catalyst normalized by the geometric area
of the working electrode (0.196 cm?). Near identical quantities of the total catalyst
were deposited on the electrode to mitigate differences due to external mass trans-
fer limitations. Figures 3.9 (d) and (e) show the mass normalized activity (specific
activity) and Ir ECSA normalized activity (intrinsic activity) of the catalysts. The
synthesized catalysts can be arranged in the order of increasing geometric, intrinsic,
and mass activity as follows: IrO,-HCl < IrO, < IrO,-NH4,OH. IrO,-NH,OH ex-
hibited the highest mass activity of 64 A-g;.' at 1.55 Vgrug among the synthesized
catalysts. IrO, and IrO,-HCI exhibited an order of magnitude lower activity, mea-

'and 1.4 A-g;! respectively. The higher mass-normalized activity

suring at 4 A-gp
of IrO,-NH4OH is directly associated with the increase in the number of accessible
active Ir sites (ECSA) for OER in IrO4-NH4OH. 6], [72], [100] Hence, state-of-the-art
IrO, TKK, owing to its even higher ECSA, exhibited an order of magnitude higher
mass activity of 650 A.gfr1 at 1.55 Vrgg. Comparing IrOy and IrO,-HCI, there is a
clear disparity in the mass activity of the catalysts despite having identical ECSA. Tt
is possible that owing to the larger presence of Cl in IrO,-HCI, it experiences larger
poisoning of Ir active sites that result in lower activity of the IrO,-HCI compared to
IrO,. The performance of IrO, was also compared to commercial IrO5 AA catalysts,
owing to their similar physicochemical properties. Their mass activities of 4 A.gl_r1

and 5 A.gp,' show a similar order of magnitude at 1.55 Vryg, which are notably lower

than that of IrO, TKK and IrO.-NH,OH.

Figure 3.9 (d) shows that IrO,-NH,OH exhibited the highest intrinsic activity

among the synthesized catalysts, reaching a value of 0.5 1rnA-ch_r2ECS A at 1.55 Vypg.
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The improved intrinsic activity of IrO,-NH,OH may be attributed to the presence
of Ir(IIT) /Ir(IV) species and larger concentration of surface hydroxyl species (Oon),
prerequisites for highly activity OER catalysts as reported in the X-ray photoelec-
tron spectroscopy (XPS) section.[75], [100], [266], [313] In comparison, IrO, was able
to achieve 0.3 mA-cmy ;g at 1.55 Vrpr respectively. Among the catalysts stud-
ied in this work, IrO,-HCl demonstrated the worst specific activity, reaching only
0.1 mA'CmerEcs A at 1.55 Vgrpug respectively. The observed poor intrinsic activity of
IrO,-HCI provides additional evidence supporting the notion that the Ir(III) species
detected in the XPS results may not be associated with Ir-oxyhydroxides, but rather
with IrCl;. The intrinsic activity of IrO9-HCI suffered, possibly due to the larger CI:
Ir ratio, as reported in Table 3.2.[299], [314]

Commercial benchmarks IrOs AA and IrO, TKK exhibited intrinsic activity of
0.4 mA-ch_rzECS A and 0.8 mA-cm{fECS A Trespectively. The reason behind the sudden
increase in the intrinsic activity of IrO, AA above 1.57 Vgryg, surpassing the surface
Ir(I1I) and Opp-rich IrO,-NH,OH catalyst is not clear and requires further probing.
However, looking at the kinetic region at a lower potential, <1.57 Vgyg it is clear that
the activity of the IrO, AA and IrO.-NH,OH follow a similar trend. It is possible
that the activity of IrO,-NH,OH suffers at higher potential (above 1.57 Vgyyg) due
to mass transfer limitations, such as Oy bubble formation which blocks the active
sites of the catalyst.[207] On the other hand, the performance of IrO, TKK exceeds
all the other catalysts, including commercial rutile IrOs AA studied in this work, in

agreement with the work of Tan et al.|6]

Tafel slopes of the catalysts tested in this study have been reported in Figure 3.9 (f)
and Table 3.3. Tafel slope analysis was conducted within a specific kinetic potential
window of the OER for each catalyst. The selected potential window for IrOy and
IrO5 was 1.52 Vrugr-1.57 Vrug for IrOs, IrO5-HCI and IrO5 AA. The kinetic window
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for IrO, TKK was 1.46 Vgug-1.51 Vgur and for IrO, NH,OH was 1.50 Vrug-1.55
Vgruge. The Tafel slopes of IrOs, IrO,-HCI, and IrO,.-NH,OH were as follows: 80+2
mV /dec, 94+4 mV /dec, and 59+0.4 mV /dec. The reduction in the Tafel slope value
observed for IrO,-NH,OH suggests a different OER mechanism when compared to
IrO, sample. Commercial IrO, AA showcases a Tafel slope of 60+1 mV/dec. At
low current densities, Tafel slopes for IrO, are generally observed in the range of 60
mV /dec.[315]-[317] IrOy TKK possesses the lowest Tafel slope, with a value of 4341
mV /dec, showing the fastest kinetics among the studied catalysts. IrO,-HCI, on the
other hand, showcases the highest Tafel slope. Vos et al. investigated the parallel
evolution of chlorine and oxygen on IrO, electrodes in chlorine-based electrolytes and
found that chloride adsorption significantly slowed down the OER, by blocking sites
which led to an increase in the Tafels slope from ~40 mV /dec to ~120 mV /dec when
CER is competing with the OER. Although a direct correlation cannot be inferred
from these findings, they do provide some insight into the elevated Tafel slope ob-
served in IrO, and IrO,-HCI.[299]

3.4 Conclusions

Herein, we investigated the effect of residual chlorine from the HyIrClg precursor
on the physicochemical and electrochemical properties of the catalysts. This was
achieved by studying three variations of Ir oxide catalyst produced by the thermal
decomposition of HyIrClg at 400°C for 2 h, namely IrO,, IrO5-HCI, and IrO,-NH,OH.
In IrO,-HCI, HCI was added to the precursor solution to increase the chloride con-
tent in the catalyst, while in IrO,-NH,OH, NH,OH was added to reduce the chloride

content.

Both SEM-EDX and XPS survey spectra show an increase in chloride content in

IrO,-HCl and a decrease in chloride content in IrO,-NH,OH. Modification in the ratio
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of NH,OH to the HsIrClg may help further reduce the amount of chloride content in
the catalyst. Commercial catalysts, [rO, AA and IrO, TKK were also studied as
rutile IrO, and amorphous IrO, benchmarks. TEM of the catalysts revealed that
chlorine species hinder the appropriate control of the particle shape and size during
the synthesis of Ir-oxide. While IrOs consists mainly of rutile IrO, nanoneedles that
often form agglomerates, the addition of HCI led to the formation of much larger ag-
glomerated particles in addition to IrO5 nanoneedles. SAED analysis of the samples
showed that these agglomerates primarily consisted of IrCls. IrO,.-NH,OH consisted
predominantly of 4 nm IrO, nanoparticles and a smaller proportion of rutile IrO4 ag-
glomerates. XRD analysis confirmed the presence of rutile IrO, in all three catalysts.
However, the XRD profile of IrO5-HCI1 showed much broader peaks than IrO,, with

key peaks corresponding to IrCls.

XPS analysis of IrO,-NH,OH suggests the presence of mixed Ir(III)/Ir(IV) species
with a high Ir(III) to Ir(IV) ratio as well as high concentrations of Opn species, the
basic constituents of iridium oxohydroxides (IrOx(OH)y) and precursors for achieving
high catalytic activity in OER. TGA results also confirm the presence of the presence
of iridium oxohydroxides (IrO4(OH)y) in IrO4-NH4OH. In the case of IrO,-HCI, a
high ratio of Ir(III) to Ir(IV) was observed, but this phenomenon can be attributed

not to Ir oxohydroxides but to the existence of IrCl; in the Ir(III) oxidation state.

Electrochemical analysis of the catalysts indicated a substantial improvement in
both activity and stability for IrO,-NH4OH, compared to IrO,, while IrO,-HCI ex-
hibited a decline in activity. There appears to be a very good correlation between
the level of Cl measured by XPS and EDX for the catalysts studied, and the activity.
Compared to [rO, IrO,-NH,OH exhibited more than an order-of-magnitude increase
in Ir ECSA (11.7 m%.g;,! vs 1.4 m?.g;,') and mass activity of the catalyst (65 A-gp,*

vs. 4 A-g;.! at 1.55 Vryg), while activity decreased by almost three-fold (4 A-g;!
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vs. 1.4 A-gfr1 at 1.55 Vgyg) in [rO2-HCIL. The Ir ECSA of IrOy and IrO5-HCI were

identical.

This study underscores the significance of eliminating residual chloride from the
catalysts and proposes an approach to accomplish this without resorting to intricate
synthesis methods or subjecting the catalysts to excessively high temperatures that
could irreversibly alter their morphology. Subsequent research, such as employing
suitable support to mitigate the dissolution of IrO.-NH4OH, could pave the way for

the development of active and durable catalysts in the future.
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Chapter 4

Conclusions and future work

4.1 Conclusions

The presented thesis focused on the development of Ir oxide-based catalysts for acidic
OER.

In this study, the following research objectives were successfully completed:

1. Synthesis of supported Ir-oxide catalyst using incipient wetness impregnation
method (IWI) of commercial supports with commercial molecular Ir precursor

(HQII‘C]G) .

2. Development of a supported Ir oxide-based catalyst using non-conductive ZrQO4
support. Study of the strong metal-support interactions between IrO, and
Zr0,, and evaluation of catalyst performance in a three-electrode rotating disk

electrode set-up.

3. Investigation of the impact of residual chloride from H5IrClg precursor on the
physicochemical properties of IrO, catalyst, prepared by thermal decomposi-

tion.

The findings of this study underscore the viability of using incipient wetness im-
pregnation method (IWI) with molecular Ir precursor (H2IrClg) to synthesize electro-
catalysts that exhibit both high activity and stability. Notably, the IWI, a technique

widely used in the industry for its scalability, versatility, and cost-effectiveness, had
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not been reported in literature for the synthesis of OER electrocatalysts prior to this

investigation.

Additionally, the use of ZrO, to synthesize a supported IrO, catalyst for OER had
not been explored. We chose ZrO, support for its stability in acidic media and the

possibility of synergistic interactions with Ir oxide.|[241], [242], [318]

The use of ZrO,, a non-conductive support also calls into question the long-held
paradigm of using a conductive support to synthesize supported catalysts for PEM-
WE applications. In the scientific community, there is an ever-increasing focus on
fine-tuning support structures for enhanced conductivity, often involving doping with
a variety of elements. SnO,, for instance, is frequently doped with elements like Sb,
In, Nb, Ta, and F.[79], [91], [136]-[148], [231], [319] The doping of stable SnO4 sup-
port seems a good strategy to improve the activity of the IrO, nanoparticles and their

utilization. However, the stability of such doped supports is questionable.|72]

The use of ZrO, as support addresses two key challenges in the development
of supported catalysts for acidic OER: firstly, it eradicates the need to synthesize
conductive supports, that often succumb to in-situ degradation, and secondly, the
presence of strong-metal support interactions prevalent between Ir and Zr improved
the intrinsic properties of Ir in favour of OER, extending the benefits of using a
support to beyond just offering higher dispersion. This comprises of the formation
of IryZr(1_x)O2/IrxZr(1_4)Oy alloy and a rich amount of Ir(III)/Ir(IV) active species
throughout the oxide phase, a precursor to high activity in OER catalysts. The study
of two different sizes of ZrO, support, ZrOy,) with large particle size and smaller spe-
cific surface area (5 pm, 4 m? -g!), and ZrOys) with smaller particle size and larger
SSA (100 nm, 25 m? -g~1) enabled us to develop an understanding of the importance

of Ir surface coverage of Ir ZrOy supports. TEM results showed a well-connected
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network of Ir oxide composed of multiple layers of Ir oxide nanoparticles on the sur-
face of ZrOy(r,). On the other hand, a short-ranged network of Ir oxide nanoparticles
with partial support coverage was observed in IryZr_4)Oy/ZrOgg). A comparison
was made between the performance of Ir Zr_y)O2/ZrOyr), IrZr(1—4)Oy/ZrOyes)

and the state-of-the-art IrO, TKK. When compared to state-of-the-art IrO, TKK,
IryZr(1-x)O2/ZrOqy,) exhibited comparable specific activity (Ir mass normalized ac-
tivity), but substantially lower dissolution when subjected to a constant potential of
1.6 Vrue. Between IrZr_Os/ZrOgry and IryZr(_x)Oy/ZrOys), we hypothesized
that because of the higher SSA of ZrOys), its surface coverage would be low, causing
it to be less active than the Ir,Zr_y)Os/ZrOy,) catalyst, thereby demonstrating the
importance of a percolative Ir oxide network. However, due to the more intimate con-
tact of IrOx with ZrOyg) in IryZr_4)Oy/ZrOy), it would exhibit higher resistance
to Ir dissolution. Evidently, IryZr;_xOg/ZrOyr, outperformed IrXZr(l_X)Oy/ZrOQ(S)
in terms of activity but also exhibited higher Ir dissolution, substantiating the va-
lidity of our hypothesis. It is possible that IrZr(_y) O,/ ZrOys) could achieve even
better performance with higher Ir loading on the support since once a dense enough
conductive Ir film is formed, good electrical conductivity could be achieved while

maintaining more intimate contact with the support.

Another important contribution of this thesis to the body of knowledge is the
use of temperature-programmed desorption (TPD) of water and oxygen from the
investigated catalysts, followed by temperature-programmed reduction as a screen-
ing tool for active catalysts. Using the methods described above, a relationship was
established between high catalyst activity and lower activation energies for water des-
orption (70-80 kJ/mol), higher levels of adsorbed HoO and desorbed O, species seen

during TPD, and the presence of reducible oxygen species even after TPD.

This thesis also enhances our understanding related to the impact of residual chlo-
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ride poisoning from HyIrClg precursor commonly used for the wet-chemistry synthesis
of supported and unsupported IrO, catalysts. We hypothesized that residual chlo-
ride from the precursor could negatively impact the properties of the Ir oxide active
sites synthesized using thermal decomposition methods that use chloride precursors
without applying rigorous washing or treatment either during or post-synthesis. This
work provides strong evidence to confirm that this is indeed true. To test this, we
produced a baseline catalyst IrOs by calcining HoIrClg at 400°C for 2 h, introduced
HCI into the HyIrClg precursor followed by calcination to synthesize IrO,-HCI, and
incorporated NH,OH into the precursor prior to calcination to generate IrO,-NH,OH,
aiming to reduce the amount of bulk and surface chloride. IrO5-HCl showed signifi-
cant contributions from IrCls, in addition to IrOs, while IrO shows key contributions
from IrO,, along with IrO,. On the other hand, IrO,-NH,OH, with reduced chloride
content, possessed a high concentration of desirable Ir oxyhydroxides, and electro-
chemical tests revealed improved activity /stability compared to IrO,, while IrO,-HCI
showcased reduced activity. The study highlights the need to remove residual chlo-
ride for catalyst efficacy. Future work, like using appropriate supports to mitigate

IrO,-NH,4OH dissolution, could enhance catalyst development.

In summary, the following are the key takeaway messages from this work:

1. Incipient wetness impregnation of supports with commercial molecular precur-
sor (HoIrClg) offers a straightforward and versatile wet-chemistry approach for

producing IrO, electrocatalysts for OER.

2. Non-conductive supports, such as ZrQO,, show promise in the development of
supported Ir oxide catalysts given that the IrO, loading on the support is suf-
ficient to form a percolative network.

3. A strategic approach to support selection entails selecting supports that can
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change the intrinsic properties of IrO, active sites to favor OER, specifically
by inducing strong metal-support interactions that boost catalyst activity and

prevent Ir dissolution.

4. Residual chlorine from the precursors can act as an active site poison and be
detrimental to the activity and stability of the catalyst. Addressing this con-
cern in future catalyst synthesis, whether via thermal decomposition for un-
supported catalysts or incipient wetness impregnation method for supported
catalysts could unlock their potential to produce even more active and stable

catalysts.

4.2 Future work
4.2.1 Optimizing Ir oxide loading on ZrO, support for scale-up

In Chapter 2, IrO, /ZrOy support was synthesized using commercial ZrO, supports
of different surface areas. Due to the smaller surface area of ZrOq, (SSA: 4 m%g; '),
multi-layer coverage of IrO, nanoparticles was observed. On the other hand, for
Ir Zr (1 Oy /ZrOqs) with a relatively higher surface area (SSA: 25 m?g;'), a short-
range network of IrO, was observed that did not completely cover the surface of the
Z109(s). IrXZr(l_X)OQ/ZrOg(L) exhibited superior activity compared to IryZr_4)Oy/
Z10yg) due to improved electrical conductivity. To address the obstacles posed by
the non-conductive nature of the ZrOs support, it is crucial to exceed the percola-
tion threshold of the IrO, network on the support. This ensures that the electrical
conductivity of the support does not hinder the overall performance. Thus, there is
a need to optimize the loading of IrO, on ZrO, support such that a monolayer of

well-connected IrOy is formed.
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Figure 4.1: Schematic showing the optimized Ir oxide loading on ZrO,.

4.2.2 Improving incipient wetness impregnation method for
supported IrO, catalyst synthesis

In Chapter 3, the addition of NH,OH to the HsIrClg precursor prior to thermal de-
composition was studied as a means to decrease the amount of chlorine in the bulk
and surface of the catalyst and form well-dispersed IrO, nanoparticles. In the fu-
ture, we would like to investigate the synthesis of ZrOs-supported IrO, using the

speciation-controlled incipient wetness impregnation method (ScIWI) with NH,OH
as a base.[293]

The loss of the expensive HylrClg precursor during supported IrO, synthesis has
been a key observation when using the incipient wetness impregnation method. Re-
ducing this loss would be a good way to overcome another barrier to the widespread

use of the emerging wetness method that has yet to be addressed in this work.

Another pivotal consideration for enhancing the efficacy of incipient wetness im-
pregnation method involves utilizing a chloride-free precursor, iridium(III) acetylace-
tonate (Ir(acac)s), for synthesizing supported catalysts. Our investigations showed

that directly decomposing the chloride-free precursor (Ir(acac)s) in a furnace at 400°C

137



Figure 4.2: Mirror-like finish formed on the walls of the crucible due to evaporation
and deposition of Ir when calcined in the furnace directly at 400°C.

for 2 hours resulted in the formation of a reflective film on the crucible, indicating the
evaporation of Ir prior to decomposition on the support. In contrast, decomposing
the precursor-support mixture at 280°C for 1 hour followed by a subsequent 2-hour
decomposition at 400°C did not exhibit this issue, facilitating successful precursor
decomposition on the support. Although beyond the scope of this study, discussing

these findings as a prospective avenue for future research holds significance.
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Appendix A: Strong metal - support
interactions in ZrOo-supported IrOy
catalyst for efficient oxygen evolution
reaction

A.1 Materials characterization

A.1.1 Nitrogen (IN;) adsorption-desorption isotherm for ZrO,,

16 —O— Adsorption
—O— Desorption

12+

Volume @ STP (cc/g)

0.4 0.8 1.2
Relative Pressure (P/Po)

Figure A.1: Ny adsorption-desorption isotherm for ZrOy ).
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A.1.2 Microstructural characterization: Transmission electron
microscopy (TEM), energy-dispersive X-ray analysis
(EDX) mapping, selected area electron diffraction
(SAED)

The commercial software ImageJ was used to estimate the particle size of IrO,

nanoparticles. The volume mean averaged diameter of IrO particles (in nm) was

calculated using the formula [320]:

-

d _ Zf\il ni(di)g ’
vol — N
> im1 i

where,

n; is number of particles in the size range defined by size d;, and

N is number of size increments.

The skewness was calculated using the skew function in Excel.
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Totalno. of particles: 170
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Figure A.2: TEM and EDX mapping images of the electrocatalysts (a) Ir Zrg_y)Oy/
ZrOys), (b) IrxZrq_4)O2/ZrOy) , (c) IrO2/ATO, (d) (IrOs + Ir)y, and (e) IrOx TKK
with corresponding particle-size distribution, where d,; is the volume mean particle
size of the catalysts.
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Figure A.4: SAED images of IrOy in IreZr(1_O2/ZrOy1 , (IrOy + Ir)y, IrO,/ATO
resembling rutile IrOq (Alfa Aesar).
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Figure A.5: (a-d) Dark field TEM of IrZr(1_4O2/ZrO4 1) and EDS elemental map-
ping of Zr, Ir, and O, (e) spectrum showcasing overlapping peaks of Zr La and Ir Mb
at 2 keV.

6400 —

5600 —

4800

ZrLa IrMb

4000 —

Counts

keV

100 nm ————————— 00 nm

Figure A.6: (a-d) Dark field TEM of IryZr(1_4)Oy/ZrOys) and EDS elemental map-
ping of Zr, Ir, and O, (e) spectrum showcasing overlapping peaks of Zr La and Ir Mb
at 2 keV.
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A.1.3 X-ray diffraction (XRD)
Instrument specifications for XRD of IrXZr(l_X)OQ/ZrOQ(L) and Ir,Zr_,)O,/ZrOy)

e Rigaku Ultima IV - Co radiation (A= 0.178900 nm)
e Focusing Geometry: Bragg Brentano Mode

e Detector: D/Tex Ultra with Fe Filter (K-beta filter)

e Slit sizes used are: Divergence Slit - 2/3 deg, Divergence Height Limiting Slit -

10mm, Scattering slit - open, Receiving Slit - open
Instrument specifications for XRD of IrO,/ATO, (IrO, + Ir)y, IrO, TKK

e Rigaku Ultima IV - Cu-Ka radiation (A = 0.15406 nm)

e Detector: Scintillation Counter plus graphite crystal monochromator or a Nickel

K- filter

e Slit sizes used are: Divergence slit: 2/3 deg, Scattering slit: 2/3 deg, Receiving

slit: 0.3 mm
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Figure A.7: X-ray diffraction profiles of (IrOy + Ir)y, IrOx TKK. References for IrOs
(JCPDS 15870, X-ray: Cu-Ka radiation (A = 0.15406 nm)), and Ir (JCPDS 6598,
X-ray: Cu-Ka radiation (A = 0.15406 nm)).
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A.1.4 X-ray photoelectron spectroscopy (XPS)

The XPS spectra were analyzed using CasaXPS, where all peaks were calibrated to
the C 1s signal at 284.8 eV. A Shirley-type background was applied and the peaks
were fitted with a DS(0.05,230) SGL(55) profile and the satellite peaks were fitted
using GL(0). All the Ir 4f peaks were constrained to a doublet separation of 3 eV,
the area ratio of 4f7/5:4f5/, = 4:3, and a doublet FWHM ratio of 1.

Table A.1: Fit parameters for Ir 4f of Ir,Zr;_x Oy /Z1Osy)

Ierr(l,X)Oy/ZrOQ(s) Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f,5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2
(V) IV) (V) IV) (V) I(II) k(D) (D) Ix(IID)

sat 1 sat 1 sat 2 sat 1 sat 1
B.E. (eV) 62.0 65.0 63.0 66.0 68.0 62.4 65.4 63.4 66.4
Conc. (%) 14 10.5 11 8.3 4.2 17 13 13 9
FWHM 0.7 0.7 2.3 2.3 2.8 1 1 2.7 2.7

Table A.2: Fit parameters for Ir 4f of IryZrn_y)O2/ZrOy,

II‘XZI'U,X)OQ/ZI'OQ(L) Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2
(V) Ir(Iv) Ir(IV) (V) Ir(Iv) (1) Ie(I0) Ir(IT1)  Ir(IID)

sat 1 sat 1 sat 2 sat 1 sat 1
B.E. (eV) 61.8 64.8 62.8 65.8 67.8 62.4 65.4 63.4 66.4
Conc. (%) 24 17.5 7.3 5.4 2.5 15 11 10 7.3
FWHM 0.8 0.8 2.3 2.3 2.5 1.1 1.1 2.7 2.7

Table A.3: Fit parameters for Ir 4f of IrO, TKK

II‘OX TKK Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f_5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f_5/2 Ir 4f7/2 Ir 4f5/2

Ir(IV) Ir(IV) Ir(IV) Ir(IV) Ir(IV) Ir(IIT) Ir(II1) Ir(II1) Ir(II1)
sat 1 sat 1 sat 2 sat 1 sat 1

B.E. (eV) 61.8 64.8 62.8 65.8 67.8 62.4 65.4 63.4 66.4
Conc. (%) 248 18.6 7 5.2 1.1 13.6 10.2 11.1 8.4
FWHM 0.9 0.9 2.5 2.5 2.9 1 1 2.8 2.8
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Table A.4: Fit parameters for Ir 4f of IrO5/ATO

II'OQ/ATO Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2

Ir(IV) Ir(IV) Ir(IV) Ir(IV) Ir(IV) Ir(IIT) Ir(III) Ir(IIT) Ir(IIT)
sat 1 sat 1 sat 2 sat 1 sat 1

B.E. (eV) 61.8 64.8 62.8 65.8 67.8 62.4 65.4 63.4 66.4
Conc. (%) 184 15 10.5 8 1.7 18.5 14 8 6
FWHM 0.8 0.8 2.1 2.1 2.5 1 1 2.8 2.8

Table A.5: Fit parameters for Ir 4f of (IrOy + Ir)y

II'OX(U) Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2
Ir(0) Ir(0) Ir(IV) Ir(IV) Ir(IV) sat Ir(IV) Ir(IV)
1 sat 1 sat 2
B.E. (eV) 60.9 63.9 61.8 64.8 62.8 65.8 67.8
Conc. (%) 15 11 30 23 12 9 1
FWHM 0.7 0.7 1.5 1.5 2.6 2.6 2.9

| —— I, Zr1,4O4/ZrOy , (400°C, 2h)
- = =-Zr0,, (400°C, 2h)
1014 eV n

Intensity [a.u.]

186 184 182 180
Binding Energy (eV)

Figure A.8: Zr 3d XPS spectra of Ir Zr;_x)O2/ZrOy1,y and ZrOyq,) calcined in the
air at 400°C for 2 h showing binding energy shift.
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A.2 Electrochemical characterization

A.2.1 Reference electrode calibration against hydrogen refer-
ence electrode

It is important to note that the reference hydrogen electrode required initial 30-40
minutes to equilibrate and for the potential to stabilize. All measurements in this

work were performed only after a stable potential was obtained.

198.8 T T T T
Ag/AgCl reference electrode calibrated
_ against Hydrogen reference electrode
(%)
21984
2
>
@ 198.0
>
w
I
(4
> 197.6
1 97.2 1 L 1 L L
0 10 20 30 40 50 60

time (min)

Figure A.9: Ag/AgCl electrode (Pine Research) calibrated against hydrogen reference
electrode (ET070 Hydroflex™ ) in 1.0 M HySOy4 electrolyte solution. A drift of 1.4

mV was observed from the standard value of 199 mV, which lies within the typical
variance range of £ 5 mV.
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A.2.2 Shift in y-axis of current vs. potential graph during
preconditioning cycles

During the 500 preconditioning cycles performed prior to ECSA estimation, a shift

along the -y direction was observed. Since the ECSA is calculated by measuring the

total area under the anodic CV, the cyclic voltammogram was also corrected for the

shift along the normalized current density (y-axis) Fig. A.10 shows an example of

the shift in y-axis for IrO, TKK.

4l e Cycle 1
Cycle 500

2
geo

j/mA.cm;
o

0.0 0.2 0.4 0.6 0.8 1.0
Potential [ V vs. RHE]

Figure A.10: Shift in y-axis for IrO,/TKK during preconditioning cycles between
0-1.53 Vgug in nitrogen-saturated environment. The figure represents an observable
shift towards the negative y-axis over 500 preconditioning cycles.

A.2.3 Determining electrochemical surface area (ECSA) of Ir
for supported and unsupported catalysts

The ECSA of the catalysts was calculated by estimating the total anodic charges
under the CV (forward sweep) in the potential range of 0.4 Vryg - 1.25 Vrug, which
corresponds to the area under the CV curve which was calculated using the EC-Lab
software. The total charge accumulated was then appropriately corrected for a double

layer based on the work of Tan et al.[6] The cyclic voltammogram was also corrected
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for the shift along the normalized current density (y-axis).

2

m _ Charge(A-V)
ECSA (22) = . . . ‘ (A.2)
Scan Rate(§) x Geometric Area(cmée()) X dep ( 3 ) x Loading ( 4 )
TECSA ¢Mgeo

The scan rate is 0.04 V.s™!, g, was taken as 440 + 14 pC.cm™2gcga based on the
work of Tan et al.[6]. Geometric iridium loading (ug/cm?,.,) was calculated based on
the bulk elemental composition of Ir in the catalysts (weight %) obtained by perform-
ing EDX on the powdered catalyst samples, and the amount of the catalyst dissolved

in the catalyst ink.

A.2.4 Calculating the weight of the catalyst on the working
electrode

Weight of catalyst on W.E. (ug) = Weight of ink on W.E. (1) X gzmer inyggfff\x‘;z i’j E;Ei‘n('igéatalyst ) (A.3)

—2 ) ___Weight of catalyst on W.E. (ug)xIr wt.% (Based on EDX) (A 4)

Ir geometnc loadlng (Ng ’ Cmgeo Surface area of W.E. (cm?)

W.E. refers to the working electrode. Ir weight percent was obtained by performing

elemental mapping of all the catalyst samples using SEM-EDX.

2

2e0) Was calculated based on the bulk elemental

Geometric iridium loading (ug-cm
composition of Ir in the catalysts (weight %) obtained by performing EDX on the
powdered catalyst samples, and the amount of the catalyst dissolved in the catalyst

ink.
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A.2.5 Cyclic voltammogram (CV) of Ir,Zr,_,Oy/ZrOyy, vs.
ZI‘OQ(L)

In order to decouple the charge accumulation of the supports from the active metal Ir,

the supports were calcined at 400°C and tested under the aforementioned conditions

in a rotating disk electrode set-up with a comparable support geometric loading as the

synthesized catalyst. The charge accumulated was observed to be negligible compared

to that of the supported catalyst as shown in Figure A.11.

1-0 T 1 1 T 1 T T 1 T T
Charge accumulation
by IrO,/ZrO,
0.5 -
<
E
c 00 _. —
[
=
=]
o
-0.5F -
Charge accumulation
by ZrO,
- 1

0200 02 04 06 08 1.0 1.2 1.4 1.6
Potential [ V vs. RHE]

Figure A.11: Schematic diagram displaying the charge accumulation by IrZr;_4O2/
71041y, charge accumulated by calcined ZrO, and double layer correction for
IIXZr(l,X)Og/ZI‘OQ(L).
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A.2.6 Variation in Ir loading on ATO support

In the supplementary study using different Ir loadings on ATO, the catalysts were
exposed to 500 preconditioning cycles between 0 Vgpg-1.53 Vgyr before activity

measurement.

30t ' '—m—14 Wt.% Ir (Ir0,/ATO)]

—@—-61 wt.% Ir (IrO,/ATO)
251 m A

P50 152 1.54 1.56 1.58 1.60
Potential (Vgye)

Figure A.12: Mass normalized activity of IrOs/ATO with 14 and 60 Ir wt.% loading.
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Figure A.13: ECSA normalized activity of IrO5/ATO with 14 and 60 Ir wt. % loading.
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A.2.7 Electrochemical impedance spectroscopy (EIS) measured
before and after chronoamperometry (CA) cycle-2

a) Ir0, TKK Ir,Zr (1 ,)0,/Zr0y, Ir,Zr (1,40, /ZrOy (IrO,+ Ir),
12 25 200
X Es@iv ES@V X EIS@IV 700 XEIS@WV
10f % EIS@V 20} X EIs@ IV ESs@V EIS@V
150
T8 EIS @ 1.6 Viye 28
= 1600 RPM, O, saturated 15
S 6 100
< XX 10 350
N 4 )S&
50 ]
2 5 175
0 0 - — 0
0 a4 12716 20 0 1o 20 30 40 50 0 200 300 400 50 700 1050 1400
b) 2' [ohm] Z' [Ohm] Z' [Ohm] Z' [Ohm]
12 25 200
XES@V XES@V X EIs@V 700
10l EIS@VI 20l xEIS@WI X EIS@VI
— gIXEIS@VI T IxEIS@VN 150y EIS @ VIl 5| X @V
E 15 x X X X X
S 6 X X 100 %X X
i XX 10} X X X 350 %
o ‘S( X £ % Xy
2 5 175 X
% X
% 4 & 12 16 20 % "o 20 30 a0 50 S 100 200 300 400 350 700 1050 1400
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Figure A.14: a) Electrochemical impedance spectroscopy (EIS), measured before and
after the second 2-h CA analysis with minimal interference in the applied potential
of the CA analysis; b) partial recovery of charge transfer from the removal of accu-
mulated microscopic bubbles and CV regeneration.
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A.3 Comparison of Ir Zr(; O, / ZrOy 1, performance
with literature data

Table A.9: Comparison of intrinsic activity with literature data

S.No. Sample Intrinsic activity Potential Citation
-2
(mA.cmy "gegy)  (Vrag)

1. IryZr(1-x)O2/ZrOy(1,) 0.2 1.51 This work
0.5 1.53
1.1 1.55
4.8 1.60
2. Ir@WO 3_y) (H,) 0.076 1.55 [195]
Ir black 0.032 1.55
1IrO,QTi0, 0.023 1.55
3. IrOy /Graphdiyne 0.021 1.58 [196]
4. Ir0,@IrO (G-350) 0.01 1.55 [197]
5. (Ir0A3Pr0}3SiO.4)OX 0.10 1.509 [198]
6.  BalrOs 0.154 1.55 [199]
SrlrOg 0.025 1.55

*ECSA normalized activity is challenging to compare due to the different methods used in the literature
to calculate ECSA
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Table A.10: Comparison of intrinsic activity with literature data

S.No. Sample Intrinsic activity Potential Citation
(mA.cmp’pesa)  (Veup)

7. Ir (TKK) 0.809 1.55 [187]
Ir (JM) 1.3 1.55
IrO, Alfa Aesar 0.643 1.55
8. IrO,/CeOq 0.3 1.6 [200]
9. H-TiQIrO, 0.04 1.58 [201]
10. Umicore Ir black 2.4 1.53 [6]
50 nm Ir PPs 1.5 1.53
1. LilrOy 0.44 1.51 [304]

*ECSA normalized activity is challenging to compare due to the different methods used in the literature
to calculate ECSA
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Figure A.15: Comparison of mass (specific) activity of IryZr(;_4Os/ZrOyr,y with
supported Ir/IrOy catalysts in literature synthesized using wet-chemistry methods.

Table A.11: Comparison of mass (specific) activity with literature data- Part 1

S.No. Sample Mass activity Potential Citation
(Agr') (Vrae)

+ IryZr(1_4)O2/ZrOy(1,) 30 1.51 This work
71 1.53
200 1.55
712 1.60

1 IrO,-ATO 1625 1.8 [145]

2 IrO, /N-TiO, 278.7 1.55 [152]

3 IrO2/Nb-TiO2 (26 wt%) 471 1.6 [153]

4 Ir/ATO(25 wt%) 1100 1.61 [232]
63 1.53
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Table A.12: Comparison of mass (specific) activity with literature data- Part 2

S.No. Sample Mass activity Potential Citation
(Agyh) (Vrur)
5 Ir ND/ATO 70 1.51 [79]
6 IrO2:TiN (31 wt% Ir) 874.0% 1.6 [321]
7 IrO,/TSO 714.85 1.6 [147]
8 IrO,/V,05 (20.8 wt%) 287 1.53 [322]
9 1r0,@Ir/ TiN-40 (Initial) 715 1.65 [323]
10 IrO,/TiB,O, 583 1.55 [154]
11 IrO,/ITO 207 £+ 34 1.525 [148]
12 It0,/ITO 176 1.51 [137]
13 (a) IrO4/Tin oxide 54.9 1.51 [138]
(b) IrO,/ ATO 38.2 1.51
(¢) IrO,/TaTO 42.8 1.51
14 (a)lr/ATO (80 °C) 185 15 [139]
1100 1.53
(b) Umicore IrO,/TiOy 5 1.5

¥ Value measured in Vag/agcr *Data corresponds to the mass activity of IrOy
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Table A.13: Comparison of mass (specific) activity with literature data- Part 3

S.No. Sample Mass activity Potential Citation
(Agy') (Vru)
15 (a) tNiOx/ATO (DD) 420 1.53 [140]
(b) IrNiOy /comm. ATO 230 1.53
16 (a) Ir/SnO4:Sb-mod-V 121.5 1.51 [231]
(b) Ir/Sn0O4:Sb 94.6 1.51
17 (a) 1O,/ITO 35000 1.65 [141]
(b) IrO,/FTO 2500 1.65
18 (a) 10,@(Sn0y/ATO/FTO/ITO) 413 1.55 [142]
(b)  Ir0,@(Sn0,/ATO/FTO/ITO) 2.7 1.60
(600 ° C)
19 IrO2-TiO, 70 £ 3 1.525 [155]
20 Mesoporous Ir/TiOx 158.3 1.60 [156]
21 TtOOH,/TiO, 487 1592 [151]
922 Ir/W,Ti_.O; 100 15 [150]
23 (a) /WC 355+ 124 148°  [158]
(b) Ir/TaC 410 + 39 1.48 *
(c) Tr/NbO, 554 + 39 1.48 +
(d) Ir/NbC 266 + 75 1.48 *
(e) Ir/TiC 42 + 26 1.48 *
(f) Ir/ATO 845+ 150 148

* Value measured in Vag/agc1 *Data corresponds to the mass activity of IrOy
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Table A.14: Comparison of mass (specific) activity with literature data- Part 4

S.No. Sample Mass activity Potential Citation
(Ag!) (VruE)
24 ItO,/Nb-Ti-O, 393 1.6 [284]
25 Ir/NbyO5_x 900 1.53 [159]
2 Ir/TiOy-MoOy 573 1.55 [324]
27 (a) Ir/TiON,-P25 1130 1.60 [325]
(b) Ir/TiON-NR 754 1.60
28 TiON,-Ir 520.3 £ 50.6  1.55 [326]
20 (a) Ir/middle-TiON, /TGONRs 4820 £ 310 1.55 327]
(b) Ir/low-TiON, /rGONRs 2910 £ 120 1.55
(¢) Ir/high-TiON, /tGONRs 3200 + 250  1.55
30 (a) Ir/TiON (Before degradation) 582 1.55 [149]
(b) Ir/TiON (After degradation) 745 1.55
31 Ir/ATO 2400 1.8 [132]
32 ItOy/ZrsON, 849 1.55 [244]
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A.4 Temperature-programmed desorption (TPD) and
temperature-programmed reduction (TPR)

A.4.1 TPD of H;O and O,

ZI‘OQ(L)

a) 1 oe.03 _b) goeqs ) 5004

Zr0, (L) —— 3 °C/min Zro, (L) — 3 °C/min ZrO, (L) —— 3 °C/min
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Figure A.16: TPD of HyO and Oy was performed at 5 different heating rates (8 =
3, 7, 10, 15, 20° C/min) in He (50 mL/min): (a) HyO desorption from ZrO, as a
function of temperature; (b) HyO desorption as a function of time. (c¢) O desorption
from ZrOyr,) in the temperature window of 120°C-700°C at different 3 in the as a
function of time.

Table A.15: Desorbed H,O and Oy amounts from ZrOy g, at different heating rates

Heating rate (3) H,O O,
°C/min mmol-g_; mmol-g_;
) 0.130 0.0000
7 0.124 0.0000
10 0.115 0.0000
15 0.166 0.0000
20 0.119 0.0000

Average (Standard deviation) 0.131 (0.021) 0.000 (0.000)
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II‘XZI‘(l_x) OQ/ZI‘OQ(L)
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Figure A.17: TPD of HyO and O, was performed at 5 different heating rates (3
=3, 5, 7, 10, 15, 20° C/min) in He (50 mL/min): (a) HyO desorption from
Ir Zr(1—x)O2/ZrOy1,) as a function of temperature; (b) HyO desorption as a func-
tion of time; (c) Oy desorption from Ir,Zr_4)Os/ZrOy) in the temperature window

of 120°C-700°C at different £ as a function of time.

Table A.16: Desorbed H,O and Oy amounts from IryZr(; 4O /ZrOyr) at different

heating rates

Heating rate (5) H,O O,
°C/min mmol-g_; mmol-g_}
2 0.198 NA
3 0.216 0.116
) 0.273 0.111
10 0.267 0.117
15 0.2 0.085
20 0.199 0.114

Average (Standard deviation) 0.237 (0.054)

0.109 (0.013)
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Figure A.18: TPD of HyO and O, was performed at 5 different heating rates ((
= 3, 5, 7, 10, 15, 20° C/min) in He (50 mL/min): (a) HyO desorption from
IrZr1-x)Oy/ZrOy) as a function of temperature; (b) H,O desorption as a func-
tion of time; (c) Oy desorption from IryZr;_x Oy /ZrOys) in the temperature window

of 120°C-700°C at different 8 as a function of time.

Table A.17: Desorbed H,O and O, amounts from Ir,Zrg_ Oy /ZrOys) at different

heating rates

2.0E-04

" M
0.0E+00 - 0.0E+00 0.0E+00+

11 Zr(1-9Oy/ZrO2g— 3 “C/min IrZrixOy/ZrOzsy — 3 °C/min IrxZr(1xOy/ZrO2is}—— 3 °C/min
01g 43w%Ir — 2 "C/min 0.1g,43w%Ir 5 °C/min 0.1g,43W%Ir —5°C/min
—— 10 °C/min ol — 10 °C/min 4.0E-04+ —— 10 °C/min
—— 15 °C/min . — 15 °C/min —— 15 °C/min
2.0E-03 - —— 20 °C/min \ — 20 °C/min ——20 °C/min
1.4E-034

0 50 100 150 200 250
Time (min)

Heating rate () H>,O O,
°C/min mmol-g_,} mmol-g_|
3 0.291 0.051
) 0.321 0.080
10 0.356 0.063
15 0.366 0.053
20 0.338 0.074

Average (Standard deviation) 0.328 (0.031)

0.062 (0.012)
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IrO, TKK+ZrOy1, (Physical mixture)

a) 3 0e.03 b) 30e.03 - ) 40e04 -
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Figure A.19: TPD of HyO and O, was performed at 5 different heating rates (3
= 2, 5, 10, 15, 20° C/min) in He (50 mL/min): (a) HyO desorption from IrOy
TKK+ZrOy1,) as a function of temperature; (b) HyO desorption as a function of
time; (c) O desorption from IrOx TKK+ZrOy(r) in the temperature window of 120°C-

700°C at different [ as a function of time.

Table A.18: Desorption of HoO and Oz amounts from IrOx TKK+ZrOy, at different

heating rates

Heating rate (5) H,O O,
°C/min mmol-g_; mmol-g_}
2 0.157 NA
) 0.187 0.030
10 0.266 0.041
15 0.263 NA
20 0.277 0.035

Average (Standard deviation)

0.230 (0.054)

0.035 (0.006)
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(IrO; + Ir)y+ZrOyq,) (Physical mixture)

a b

) S— ) 50603 D soe0s :
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= 1.0E-034 = E
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=] o =
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= No evolution
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Figure A.20: TPD of HyO and O, was performed at 5 different heating rates (3
=3, 5, 7,10, 15, 20° C/min) in He (50 mL/min): (a) HyO desorption from (IrO.
+ Ir)y+ZrOqwy; (b) HyO desorption as a function of time; (c¢) O, desorption from
(IrOg + Ir)y+ZrOyq, in the temperature window of 120°C-700°C at different /3 as a
function of time.

Table A.19: Desorbed H,O and O, amounts from (IrOy + Ir)y+ZrOyq,) at different
heating rates

Heating rate () H,O 0O,
°C/min mmol-g_,} mmol-g_,}
3 0.133 0.000
) 0.174 0.000
10 0.154 0.000
15 0.163 0.000
20 0.170 0.000

Average (Standard deviation) 0.161 (0.017) 0.000 (0.000)

198



ATO support
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Figure A.21: TPD of HyO and Oy was performed at 5 different heating rates (8 =
3, 5, 7, 10, 15, 20° C/min) He (50 mL/min): (a) HyO desorption from ATO as a
function of temperature; (b) HoO desorption as a function of time; (c¢) Oy desorption
from ATO in the temperature window of 120°C-700°C at different 3 as a function of
time.

Table A.20: Desorbed HoO and O, amounts from ATO at different heating rates

Heating rate (5) H,O O,
°C/min mmol-g_; mmol-g_.}
3 0.555 0.029
) 0.572 0.048
10 0.590 0.049
15 0.582 NA
20 0.603 0.049

Average (Standard deviation) 0.580 (0.018) 0.044 (0.010)
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IrO,/ATO
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Figure A.22: TPD of HyO and O was performed at 5 different heating rates (8 = 3,
5, 7,10, 15, 20° C/min) in He (50 mL/min): (a) HoO desorption from IrO5/ATO as a
function of temperature; (b) HyO desorption as a function of time; (¢) Oy desorption
from IrO5 /ATO in the temperature window of 120°C-700°C at different 5 as a function
of time.

Table A.21: Desorbed HyO and Oy amounts from IrO,/ATO at different heating rates

Heating rate () H,O 0O,
°C/min mmol-g_,} mmol-g_,}
3 0.518 0.052
5 0.612 0.028
10 0.664 0.022
15 0.640 NA
20 0.695 0.034

Average (Standard deviation) 0.626 (0.068) 0.034 (0.013)
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A.4.2 Calculation for activation energy of H,O desorption

To find the activation energy of water desorption, TPD was performed at 5 different
heating rates (8 = 3, 5, 7, 10, 15, 20° C/min) for each iridium sample and supports.
The activation energy (E,) was determined using the following equation, which is
based on the shift of the temperature of the rate maximum as a function of the

heating rate. [328|

I5; AR FEa
1 =1 — A5
! (Tr%lax ! Ea RTmax ( )

The activation energy of water desorption was determined from the slope of In
(B/T2,.) vS. 1/Tpax ; where Ty, is the maximum temperature of the water desorp-

tion peak; [ is the heating rate. The slope of the plot, -Ea/R, was used to calculate

the activation energy of water desorption.
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Figure A.23: Activation energy of water desorption.
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A.4.3 TPR performed after TPD of H,O and O,

T
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Figure A.24: (a,c) Hy consumption and (b,d) Hy consumption-H,O evolution detected
by performing TPR (10°C/min in 5% H,/He gas mixture (20 mL/min)) on spent
catalysts: ZI"OQ(L), IrXZr(l,X)Og/ZrOQ(L), IrXZr(l,x)Oy /ZI"OQ(S), IrO, TKK+ZFOQ(L),
(IrOg + Ir)u+ZrOyry, ATO and IrO,/ ATO after TPD experiments.

203



Table A.22: Summary of Hy consumption and H,O evolution from TPR shown in
Figure A.24.

Sample Tmax (°C)  Hy (mmolgg;)  HyO (mmolgg)
ZrO0u) NA NA NA
Tt 211 ) Oa/ ZrOsr 220 2.11 2.11
Ity Zr(1-x) Oy /ZrOys) 220 5.67 5.69
IrO, TKK+ZrOy1, 177 2.57 1.75
(IrOg + Ir)y+ZrOqg) NA 0 0
ATO NA NA NA
IrO,/ATO 370 NA NA
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Appendix B: Effect of residual
chlorine from catalyst precursors
during the synthesis of Ir-based
catalysts

B.1 Materials characterization

B.1.1 Scanning electron microscopy (SEM)

Figure B.1: SEM images of IrO2-HCI sample showing porous nature of the catalyst
produced potentially by the evaporation of HCI.
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Table B.1: Summary of the elemental composition of catalysts obtained using SEM-
EDX

Samples Atomic % Weight % Atomic ratio
Ir Cl O Ir Cl O ClkIr O:Ir

IrO, TKK 2243 - 7843 T7T+3 -~ 23+3 3.9

IrO, AA 37+2  3+0 60+2 87+1 1+£0 1241 0.1 1.6

Atomic and weight percentages are calculated by averaging 10 values of the bulk composition obtained
by performing SEM-EDX on the powdered samples.

B.1.2 Transmission electron microscopy (TEM): IrO, particle
size distribution and average size
The volume mean averaged diameter of IrO, particles (in nm) was calculated using

the formula [320]:

where,
n; is number of particles in the size range defined by size d;, and

N is number of size increments.

120 T T T T T . 100 B
- 3 g vo£20=4+3.5nm o )§ d,,:7.2nm
N 771 No. of particles = 165 N No. of particles: 164
) 3 60
c c
S 60 )
g g o
Y 40 b §
7 20
2 IrO, NH,OH IrO, TKK
q X
07 mﬂ_x 0 WN«W\ T —
2 4 5 8 10 12 14 0 2 4 6 8 10 12 14 16 18 20 22 24
Particle Size (nm) Particle Size (nm)

Figure B.2: Particle size distribution of (a) IrO,-NH,OH, and (b) IrO, TKK nanopar-
ticles showing mean volume diameter (d,q).
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B.1.3 X-ray diffraction (XRD): instrument specifications
e Focusing Geometry: Bragg Brentano Mode

e Detector: D/Tex Ultra with Fe Filter (K-beta filter)

e Slit sizes used are: Divergence Slit - 2/3 deg, Divergence Height Limiting Slit -

10mm, Scattering slit - open, Receiving Slit - open

B.1.4 X-ray photoelectron spectroscopy (XPS)

Fit parameters for Ir 4f

Table B.2: Fit parameters for Ir 4f of IrO,

Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2
(V) (V) (V) I(IV) (V) () I(III) Ir(I0)  Ir(II)

sat 1 sat 1 sat 2 sat 1 sat 1
B.E. (eV) 62.1 65.1 63.1 66.1 68 62.6 65.6 63.6 66.6
Conc. (%) 18.6 14 114 8.6 1.2 23.9 179 2.5 1.9
FWHM 0.7 0.7 2.3 2.3 2.8 0.9 0.9 2.5 2.5

Table B.3: Fit parameters for Ir 4f of IrO,-HCI

Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2
n(IV) IV) LIV) (V) IV) () () ) I(I)

sat 1 sat 1 sat 2 sat 1 sat 1
B.E. (eV) 62.1 65.1 63.1 66.1 68 62.6 65.6 63.6 66.6
Conc. (%) 5.3 4 2.1 1.7 0.4 47 35 2.5 2
FWHM 0.7 0.7 2.3 2.3 2.8 0.9 0.9 2.5 2.5
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Table B.4: Fit parameters for Ir 4f of IrO.-NH,OH

Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2
n(IV)  k(IV)  KIV) (V)  IV) () (D) I Ir(I)

sat 1 sat 1 sat 2 sat 1 sat 1
B.E. (eV) 62 65 63 66 68 62.5 65.5 63.5 66.5
Conc. (%) 14 10 2.6 2.0 1.4 28 21 12 9
FWHM 0.8 0.8 2 2 2.8 1.1 1.1 2.7 2.7

Table B.5: Fit parameters for Ir 4f of IrOy Alfa Aesar (IrO; AA)

Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2
n(IV) (IV) LIV) (V) IV) () () ) Ir(I)

sat 1 sat 1 sat 2 sat 1 sat 1
B.E. (V) 62 65 63 66 68 62.5 65.5 63.5 66.5
Conc. (%) 20.5 15.3 17.7 13.2 5.5 11.5 8.6 4.4 3.3
FWHM 0.7 0.7 2.6 2.6 2.9 1.3 1.3 2.8 2.8

Table B.6: Fit parameters for Ir 4f of IrO, TKK

Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2 Ir 4f7/2 Ir 4f5/2
(V) (V) I(IV) I(IV) (V) Ir(II) I(III) Ir(I0)  Ir(II)

sat 1 sat 1 sat 2 sat 1 sat 1
B.E. (eV) 61.8 64.8 62.8 65.8 67.8 62.4 65.4 63.4 66.4
Conc. (%) 24.8 18.6 7 5.2 1.1 13.6 10.2 11.1 8.4
FWHM 0.9 0.9 2.5 2.5 2.9 1 1 2.8 2.8
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Fit parameters for O 1s

Table B.7: Fit parameters for O 1s of IrO,

Lattice Surface
) Water
oxygen Hydroxide (Ors0)
(Or-0) (Oon) 2o
B.E. (eV) 530.4 531.6 533.4
% conc. 27 48 25
FWHM 0.8 1.8 1.8

Table B.8: Fit parameters for O 1s of IrO,-HCI

Lattice Surface
) Water
oxygen Hydroxide (Orzo)
(Or-0) (Oomn) H20
B.E. (eV) 530.4 531.7 533.4
% conc. 20 47 33
FWHM 1.0 1.9 1.9

Table B.9: Fit parameters for O 1s of IrO,-NH,OH

Lattice Surface
) Water
oxygen Hydroxide (Otzo)
(Or-0) (Oomn) 120
B.E. (eV) 530.3 531.5 533.3
% conc. 20 60 20
FWHM 0.9 1.9 1.9
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Table B.10: Fit parameters for O 1s of IrOy Alfa Aesar (IrOy AA)

Lattice Surface
) Water
oxygen Hydroxide (Otzo)
(Or-0) (Oomn) H20
B.E. (eV) 530.2 531.2 533.0
% conc. 36 44 20
FWHM 0.8 1.6 1.6

Table B.11: Fit parameters for O 1s of [rO, TKK

Lattice Surface
) Water
oxygen Hydroxide (Ors0)
(Or-0) (Oomn) H20
B.E. (eV) 530.1 531.4 533.2
% conc. 5 79 16
FWHM 1 2 2
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Fit parameters for CI 2p

Table B.12: Fit parameters for Cl 2p of IrO,

Cl 2p3/2 Cl 2p 1/2 Cl 2p3/2 Cl 2p3/2

HCl HCl Ir-Cl Ir-Cl
B.E. (V) 197.7 199.3 199.2 200.8
% conc. 5.2 2.6 61.5 30.7
FWHM 0.9 0.9 14 14

Table B.13: Fit parameters for CI 2p of IrO,-HCI

Cl 2p3/2 Cl 2p 1/2 Cl 2p3/2 Cl 2p3/2

HCl HC1 Ir-Cl [r-Cl
B.E. (eV) 198.1 199.7 199.3 200.9
% conc. 8 4 61.4 30.6
FWHM 1 1 1.3 1.3

Table B.14: Fit parameters for CI 2p of IrO,-NH,OH

Cl 21:)3/2 Cl 213 1/2 Cl 21:)3/2 Cl 2p3/2

HCI HCI1 Ir-Cl Ir-Cl
B.E. (eV) 197.7 199.3 199.2 200.8
% conc. 7 3.5 60 29.5
FWHM 0.85 0.85 1.4 1.4
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B.2 Thermogravimetric analysis (TGA)
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Figure B.3: (TGA and Derivative thermogravimetry (DTG) of (a) IrO, (HsIrClg
heated at 120°C for 4 h), (b) IrO, -HCI1 (H2IrClg + HCI heated at 120°C for 4 h),
and (c) IrOx-NH4OH (HoIrClg + NH4OH heated at 120°C for 4 h). Decomposition
of 20 mg of the dried precursor samples in the air (flow rate = 50 ml/min) from room
temperature to 750 °C, at the heating rate of 10 °C-min~*
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