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Abstract 

 

Solar-mediated hydrogen technology is a promising candidate for the low-carbon 

production of chemical fuels. Solar-mediated water electrolysis is a mature form of H2 

technology that functions by rupturing water molecules to release H2 and O2 gas. Water 

electrolysis can be performed at any pH, but presently only acidic conditions offer 

sufficient gas separation and solution conductivity. Large-scale integration of solar-

mediated acidic water electrolysis is limited by the oxygen evolution reaction (OER), 

which requires oxidatively stable catalysts to proceed at appreciable rates and energies. 

The only materials known to possess acceptable levels of activity, stability and selectivity 

for acidic OER are iridium oxide (IrOx)-based systems.  

IrOx serves as a “benchmark” material against which other OER catalysts are 

compared. The performance of IrOx is largely determined by its method of preparation 

and the conditions under which it is tested, neither of which are controlled for in the 

literature. To catalogue the impact of fabrication and electrolyte conditions on IrOx OER 

performance, IrOx films were prepared using common literature techniques and evaluated 

under equivalent electrolyte conditions. Further, the OER performance of IrOx films was 

evaluated in different electrolytes and molarities. The results of this study revealed 

preparation-dependent OER performances and film-dependent sensitivities to electrolyte 

composition. Identification of fabrication- and electrolyte-dependent properties for IrOx 

films allows for better comparison between literature electrocatalyst systems. 

The scarcity and cost of Ir limits the sustainability and scalability of water 

electrolysis. Earth abundant (EA) alternatives are required for this technology to be an 

economical large-scale energy solution. The current repertoire of EA materials for acidic 

OER all show poor stability and/or activity compared to analogous IrOx-based systems. 

Titanium diboride (TiB2) is a corrosion-resistant material with theorized and 

demonstrated catalytic behaviour. Its suitability as an acid-stable electrocatalyst for OER 

was investigated. It was found to have the highest chemical stability of known active EA 

materials for acidic OER and superior activity relative to other electrochemically-stable 

EA systems. However, TiB2 films showed limited mechanical stability and delaminated 

after ~ 10 h operation.  
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CHAPTER 1. INTRODUCTION 

 

1.1 Background 

The current climate crisis is largely, if not entirely, driven by anthropogenic 

activity.1 Immediate and serious action is required to prevent the global mean 

temperature from rising >1.5  ͦ C above pre-industrial temperatures before 2050.1,2 Green-

house gases (GHG) play a major role in the increasing surface temperature of the planet. 

GHGs trap incident solar radiation in the atmosphere, reducing the energy that escapes 

the Earth. This disrupts the planetary energy balance and increases its radiative forcing.3 

Carbon dioxide (CO2) and methane (CH4) are the two most abundant GHG in the 

atmosphere.1,3,4 Many environmental and climate change protocols are focused on the 

reduction of carbon emissions due to the potency of these GHG.1,2,5 Reducing carbon 

emissions will help slow the rate of climate change, with faster and stricter actions 

proving to be the most promising mitigation strategies.6  

Nations are starting to draft and implement ambitious targets to meet international 

climate guidelines.7 These targets include strategies for shifting the dependency of the 

energy industry towards renewable energy.4,6 Currently, the fossil fuel industry serves as 

the largest source of carbon emissions and the amount of carbon emitted globally 

increases every year.4,8 The rising carbon emissions are reflective of the growing global 

population, industrialization/colonization of rural and developing spaces, as well as 

increasing consumption by Westernized societies.4,6,8,9 In order to satisfy the ever-

growing global energy demands while simultaneously meeting the emissions targets 

being set worldwide, the existing energy infrastructure needs to be replaced with low-, or 
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zero-, carbon alternatives. Furthermore, the energy infrastructure being introduced into 

“developing” areas must be built around renewable energy.1,6,7 Wide-spread and fast 

transition to renewable-based energy economies, in conjunction with the deployment of 

carbon sequestering technology and energy conservation practices, is the only way the 

effects of climate change might be slowed to a rate that meets 2050 targets.4,6  

Efforts are being made to transition global economies to low carbon energy 

sources such as solar, wind, hydro, tidal, biomass, and geothermal sources. However, 

there are limitations inherent to renewable sources that must be addressed for them to be 

globally adopted.10–13 Some of these limitations are similar to those of fossil-fuel sources, 

such as the variable regional accessibility to dense energy “reservoirs” for large-scale 

energy extraction. The world is currently dependent on countries that have access to large 

fossil-fuel reserves for energy.4,11,14 The ability of a region to rely on a certain form of 

(renewable) energy depends on the surrounding geography and climate. Tidal and wave 

energy are limited to coastal regions while hydro energy is inaccessible to arid regions.14 

Wind energy is restricted to predictably windy areas which also tend to be coastal.15 Solar 

energy is arguably a universal resource, however large solar operations are most 

compatible in places with high radiation year-round.13–15  

The intermittency of renewable energies conflicts with societal energy demands, 

which require consistent and predictable energy access.9,10 To overcome the mismatch in 

energy supply vs. demand, renewable energy must be captured while it is available and 

stored in a different energy form. Doing so allows reservoirs of renewable energy to be 

built up and accessible for periods of high demand. This also introduces the opportunity 

to replace fossil-fuel reserves, thereby shifting the energy landscape towards low-carbon 
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targets.10,11 Solar energy is the most abundant energy source available to Earth and 

considerable research effort has been focused on the development of solar-mediated 

renewable technologies.9,16,17 Converting solar energy into chemical fuels (densest form 

of energy after nuclear) is an attractive solution as it can be stored, transported, and used 

on demand. Research in this field has focused on converting H2O and N2 into H2 and 

NH3,
18,19 respectively, as the products can be fed to a fuel cell to generate electricity 

without generating CO2 as a by-product during combustion (Figure 1.1).    

Figure 1.1: Scheme of hydrogen technology. a) renewable energy is converted to 

electrical energy, b) electrical energy is converted to chemical energy (or vice-versa) and, 

c) chemical energy (H2) is used in a combustion fuel cell.  

 

Currently, H2 is primarily manufactured by way of the fossil fuel industry.18,20,21 

Production methods include steam reformation, partial oxidation and gasification of 

different forms of carbon and hydrocarbons (Equations 1.1-1.4, respectively).11,12 

CH4 + H2O →  CO + 3 H2  (1.1) 

CO + H2O →  CO2 + H2  (1.2) 

C10H20 + 5 O2 →  5 CO + 10 H2  (1.3) 



4 

 

7 C + 2 O2 + 4 H2O →  2 CO2 + 4 CO + CH4 + 2 H2  (1.4) 

Each production route above results in the formation of GHGs and toxic gases as reaction 

by-products. Water electrolysis can be used as a low-carbon method of H2 production, 

especially when it is coupled to a renewable power source. Solar-mediated water 

electrolysis offers a chemical fuel formation process that produces H2 from H2O instead 

of carbon precursors, thereby reducing industry dependence on fossil fuels.18 Chemical 

fuel species such as NH3 can also be formed by performing solar-mediated water 

electrolysis in the presence of N2.
22 

All solar-mediated H2 generation schemes rely on the splitting of water molecules 

to extract H2 gas.11 As shown in Figure 1.2, each production method also leads to the 

formation of O2. Water thermolysis uses solar-generated heat to convert water from a 

liquid to a vapour.11,23 The water molecules dissociate when heated and the constituent 

atoms collide to form H2 and O2 gas (Figure 1.2A). This method of water splitting 

requires high temperatures (>1000 ͦ C) and typically uses concentrated solar thermal 

radiation.11,18 Biophotolysis refers to the generation of H2 using biological organisms, 

often bacteria or algae, that have been selected for based on their H2 production 

capabilities (Figure 1.2B).11 This approach to H2 generation takes advantage of the 

photosynthetic pathways of these organisms and the by-production of H2 that results from 

the digestion of sugar and other hydrocarbons. Photocatalytic (PC) and 

photoelectrochemical (PEC) water splitting are similar and often overlapping 

technologies whereby incident solar radiation is used to excite semiconducting materials 

that facilitate the reduction and oxidation of water molecules at their surface (Figure 1.2C 
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and D).11,12,24 The key difference between the two technologies is that PC systems do not 

use external electrical biases to generate H2, whereas PEC cells do use a voltage source. 

Water electrolysis is similar to PEC, however it does not involve the direct conversion of 

solar radiation into chemical energy.24 Instead, the incident solar radiation is first 

transformed into electrical energy using an array of photovoltaic cells. The resulting 

electricity is used to facilitate the splitting of water electrochemically, thereby producing 

O2 and H2 gas (Figure 1.2E).  
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Figure 1.2: Simplified illustrations of solar-mediated H2 production technologies. A) 

solar themolysis (using concentrated solar radiation), B) biophotolysis (facilitated by a 

photosynthetic organism), C) PC (using a photocatalyst suspension), D) PEC (tandem set 

up), E) water electrolysis (using a P-V array). 
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Water electrolysis is the most mature of the solar-mediated H2 production 

technologies.12 Water electrolysis technology has been used at industrial scales since the 

1900s,20 however solar-mediated systems are only just starting to be developed for such 

purposes. Traditionally, water electrolysis has been mediated using electricity that 

originates from non-renewable sources.  

 

1.2 Water electrolysis 

Water electrolysis is an electrochemical process whereby water molecules are 

decomposed into two component gases, O2 and H2. Since the reaction involves the 

breaking apart of water molecules it is often referred to as the water splitting reaction.24,25 

The overall electrochemical reaction can be written as 

2 𝐻2𝑂 → 2 𝐻2 +  𝑂2  𝐸° = 1.23 𝑉    (1.5) 

Water electrolysis involves two half reactions, a reduction (cathodic) reaction to produce 

H2 and an oxidation (anodic) reaction to produce O2. These are referred to as the 

hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). The 

mechanism of the two half reactions depends on the pH of the electrolyte used in the 

electrochemical cell. Water splitting can be performed under acidic, neutral and/or basic 

pH conditions. Under basic conditions, hydroxy ions (OH-) are the dominant ionic 

species and the half reactions can be summarized as26 

4 𝑂𝐻− →  𝑂2 + 2 𝐻2𝑂 + 4 𝑒−   (1.6) 

2 𝐻2𝑂 + 2 𝑒− →  𝐻2 + 2 𝑂𝐻−   (1.7) 
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Under acidic conditions, protons are the dominant ionic species and the ionic and 

cathodic reactions can be written as26 

2 𝐻2𝑂 →  𝑂2 +  4 𝐻+ + 4 𝑒−   (1.8) 

2 𝐻+ + 2 𝑒− →  𝐻2    (1.9) 

The half reactions under neutral conditions are typically written the same as for acidic 

conditions or using the half reactions where H2O is a reagent (equations 1.7 and 1.8).27  

The reactions associated with the HER and OER are pH-dependent. This is 

illustrated by the Pourbaix diagram shown in Figure 1.3,28 where the species involved in, 

as well as the relative amount of energy demanded by, the half reactions shifts along with 

pH. The reaction energies, or potentials, at a given pH are determined using the Nernst 

equation,   

𝐸𝑒𝑞. =  𝐸° + 
𝑅𝑇

𝑛𝐹
𝑙𝑛

[𝑜𝑥]

[𝑟𝑒𝑑]
  (1.10) 

where Eeq. is the equilibrium potential, Eo is the standard reaction potential, R is the gas 

constant, T is temperature, n is the number of electrons involved in the half reaction, F is 

Faraday’s constant and [ox], [red] is the oxidation and reduction species concentration, 

respectively.29 The Nernst equation predicts the minimum energy required for a reaction 

proceed. Equation 1.10 can be rewritten in terms of pH when H+ is used as the reduction 

species ([red]) and 𝑃𝑂2  ~ 1 atm, 

𝐸𝑒𝑞. =  𝐸° − 
𝑅𝑇

𝑛𝐹
𝑙𝑛 (pH)  (1.11) 
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Figure 1.3: Pourbaix diagram for the water splitting process.28  

 

Water electrolysis can be performed under basic, neutral or acidic conditions. 

While neutral conditions are generally the safest and least corrosive, the solution 

resistance and high reaction potentials result in prohibitive operational energy 

requirements.16 Water electrolysis performed in a high or low pH regime is more efficient 

due to the presence of charge carriers in the electrolyte. Charge carriers assist in the 

transport of ions through solution, thereby minimizing resistive energy losses.  

Base-mediated water electrolyzers are currently employed in select industrial 

settings,18 however their integration is limited by cost and safety factors.12,14,16,30  Basic 

solutions tend to be more expensive than acidic solutions and require more complex 

treatment of waste/spent electrolyte. Furthermore, water electrolyzers rely on specialized 

membranes to selectively separate the OER and HER compartments such that ion 

transport is allowed but O2 and H2 are blocked. Alkaline water electrolyzer membrane 

technology is currently limited by sub-par membrane permeabilities.16,26 This poses both 
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safety and device efficiency concerns since O2 and H2 can react explosively under 

pressure/heat and poor charge transport increases energy requirements.  

Membrane technology is more progressed for acid- than base-mediated water 

electrolyzer systems. This is primarily due to advances in proton-exchange membrane 

(PEM) technology because the cells are usually acidic.21,31,32 PEMs operate in a manner 

similar to the water electrolyzer cell, however one side of the anode and cathode are 

attached to a conductive membrane that replaces the liquid electrolyte phase. From a 

materials perspective, the main factor limiting the scope of acid-mediated water 

electrolysis is the anode.12,16,20,32 Development of more affordable and efficient water 

oxidation catalysts would allow the technology to be a realistic option for chemical fuel 

production.   

Water splitting systems require more energy to drive a reaction forward than that 

predicted by the Nernst equation (Eeq). This additional energy is known as the 

overpotential, η. In acidic electrolyte, the η required to elicit j = 10 mA٠cm-2 for OER 

exceeds that of HER. This is in part due to the relative number of electrons transferred 

during the two half reactions. HER is a 2 e- transfer process whereas OER is a 4 e- 

transfer process. There are more energetic and kinetic barriers implicated by the 4 e- 

transfer pathway of OER than the 2 e- transfer pathway of HER.27,31,33   

 

1.3 Acid-mediated water electrolysis  

The OER is a kinetically complex reaction involving up to 4 e- transfers. There 

have been numerous mechanisms proposed for the OER, two of which are shown in 
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Figure 1.4.34 For an ideal system, Tafel analysis can be performed to elucidate the rate-

limiting step (RLS) on a material surface. The Tafel equation can be written as 

η = 𝑏 ∙ log(𝑗) − log (𝑗𝑜)  (1.12) 

where b represents the Tafel slope and jox is the oxidative current density.29,33,35 Every 

step in a reaction mechanism can be assigned a characteristic Tafel slope. The Tafel slope 

measured for a material therefore provides insight on the RLS at the surface. In some 

cases, the Tafel slope can be used to approximate back to a suitable reaction mechanism. 

Figure 1.4: Simplified schematic of two proposed OER mechanisms. 

 

For OER, mechanistic studies are difficult to perform due to the number of e- 

transfers required by the reaction and the existence of multiple proposed reaction 

mechanisms. The information available through Tafel analysis is limited because 

different OER mechanisms have the same Tafel slopes associated with different RLSs. 

Furthermore, there are specific conditions that must be met in order for Tafel analysis to 

provide meaningful mechanistic information on multistep e- transfer processes, including 

the assumption of a single, linear reaction mechanism and the absence of surface-altering 
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processes at the electrode surface (e.g., film dissolution or adsorption).29 High bubble 

activity, structural rearrangement and/or surface corrosion tend to occur in parallel to 

OER and can lead to Tafel slopes that are not representative of the OER surface 

reactions.36 Tafel plots can also show discontinuities for materials over log(j), indicating 

a change in the active surface.35 Owing to these complexities, there is still uncertainty 

surrounding the processes involved in the OER. 

Tafel analysis can be used to compare the intrinsic activity of a material and the 

charge-transfer efficiency of the overall electrode system.36 If Figure 1.5 is taken to 

represent two different OER systems, then material B shows higher intrinsic activity 

relative to material A because a small change in potential generates a proportionally large 

current response. Assuming the measured current is related to Faradaic (i.e., charge 

transfer) processes, this implies the surface of B is able to facilitate an increased number 

of reactions with less energetic input. Similarly, if Figure 1.5 represents two electrodes of 

the same material, then the charge transfer efficiency of electrode B exceeds that of 

electrode A. Parameters such as film-support contact and surface inhomogeneity can 

influence the charge-transfer properties of a given electrode and can mask the activity of 

the surface material.37 Care must be taken when collecting and interpreting Tafel slopes 

to ensure the information being gained is representative of the active material. 
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Figure 1.5: Tafel plot for an anodic process at the surface of two different materials (A, 

B). 

 

The kinetic complexity of OER pre-disposes it to a high reaction η.35,38,39 

Electrocatalysts can be used to lower the kinetic barrier of an electrochemical reaction, 

thereby decreasing the associated η. A good OER electrocatalyst can significantly reduce 

the overall energy demanded by a water splitting system. Furthermore, active 

electrocatalysts typically have small Tafel slopes (high catalytic efficiency). While stable 

and active HER electrocatalysts have been demonstrated for acid-mediated water 

electrolysis,40,41 the harsh oxidative conditions of acidic OER severely limit the scope of 

potential electro-oxidation catalysts.27,31,41  

 

1.4 Heterogeneous acid-stable water oxidation catalysts 

1.4.1 Acidic OER catalyst materials 

Catalytic materials work by lowering the energetic barrier (activation energy) of a 

reaction, thereby providing a more energetically accessible route for product formation. 

A 

B 
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Electrocatalytic materials lower the activation energy of an electrochemical reaction, 

thereby lowering the overpotential required to drive it forward.39,41,42 The ideal 

electrocatalyst would facilitate the electrochemical reaction of interest with little η 

requirement.27 This is rarely the case, especially under harsh operational conditions such 

as those required for acid-mediated water electrolysis.16,27,31 Instead, target η can be set 

using application-based parameters and/or operational requirements. For solar-to-

hydrogen conversion (SHC) technology operating under 1 sun illumination, the goal is to 

keep the total η requirement (i.e., ηOER + ηHER) within 500 mV.27,41,43 With ~100 mV put 

aside for HER, the η target for OER is ~ 350 mV. Figure 1.6 shows a representative 

activity-stability plot used to evaluate the evolution of electrocatalyst(s) η over time. 

Materials with low and stable η appear low on the plot and close to the bisecting line. If a 

material has an that increases over operational time, it will be displaced from the 

bisecting line and appear higher on the plot. Promising candidates for integration into 

SHC technology exhibit small and stable η. 
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Figure 1.6: OER catalyst performance screening using figures of merit for SHC 

technology (under 1 sun illumination). Two literature IrOx systems are shown (sputtered 

IrOx (SIROF),44 IrOx/SrIrO3
45) for 0.5 M H2SO4. Dashed lines indicate ηOER targets. 

 

The harsh anodic and oxidizing conditions required by acidic water oxidation 

effectively corrodes many materials and renders them inactive and/or unstable. To date, 

the only materials that have been shown to have acidic OER activities within ~350 mV 

are from the Pt-group metals. In general, it was found that the order of OER reactivity for 

these metals follows to order: Os > Ru > Ir > Pt >Au at j = 5 mA∙cm-2.31,46 Os has 

effectively been ruled out due to its rapid dissolution under operational conditions and 

high toxicity.46 Ru is the next most active of the metals, however it is also unstable under 

acidic conditions at OER potentials.25,31,46 In comparison, Ir films prepared and tested 

using the same conditions show improved stability to Ru films.46,47  
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1.4.2 Catalogue of Ir and IrOx films for OER 

There exists a multitude of Ir and IrOx systems with proficiencies for the OER in 

acidic media.44,48–52 The properties of the oxide systems show fabrication-dependent 

properties.53–60 In the literature, films tend to be grouped based on the fabrication 

technique. However, the fabrication conditions and film support used can blur the lines 

between film categories.37,49,61 

Figure 1.7 outlines the most commonly cited IrOx systems in the OER literature. It 

should be noted that IrOx systems based on Perovskite45 and other specialized material 

classes are not included. Ir metal electrodes form a thin oxide film at their surface upon 

exposure to OER potentials. These systems show high OER activity but undergo rapid 

dissolution and therefore deactivation.46,49,50,62,63 Ir metals films can be anodically or 

thermally pre-treated to form thicker oxide films. Anodic oxidation of Ir films (AIROFs) 

is performed by repeated potential cycling Ir substrates (typically in the range of 0.4 < E 

<1.3-1.4 V vs. RHE) or through application of a constant anodic potential,64–67 with the 

former being shown to invoke competitive Ir dissolution mechanisms during film 

growth.63 The cycling range and rate used to grow the oxide influence the structure of the 

formed film, with shorter timescales and lower anodic potentials (Eanodic < 1.0 vs. RHE) 

forming adsorbed films, compact oxides at longer timescales and higher anodic potentials 

(Eanodic > 1.0 V vs. RHE) and a porous film forming after repetitive cycling with the 

compact form.50,64,68 It is the porous IrOx form that shows high OER activity. Because the 

films are grown directly from the metal substrate, the film-support interfacial contact is 

strong, however AIROFs are highly susceptible to corrosion at OER potentials and 

thicker films show reduced mechanical stability.50,69  
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Thermally annealing AIROFs (T-AIROFs) increases the stability of the films but 

can decreases the activity relative to the hydrated form.49 Geiger et al.62 showed a non-

linear dependence of film activity and stability on annealing temperature, with moderate 

annealing conditions (100-300  ͦ C) leading to an increase in film stability but loss of 

activity and higher temperatures (300  ͦ C < T ≤ 400  ͦ C) showing improved stability with 

recovery of some activity. Thermal oxidation of Ir metal surfaces leads to the formation 

of compact oxide films (T-Ir) that show reduced activity and improved stability relative 

to Ir films and AIROFs.47,49,62 T-Ir and T-AIROF films show converging activity and 

stability at moderate temperatures,49 however T-Ir films show lower activity and greater 

stability at higher temperatures (< 500  ͦ C).62 T-Ir have been shown to suffer reduced 

stability when annealed at T ≥ 600   ͦC but it is not currently known why this stability 

inversion is observed.62 AIROFs are amorphous films, as are T-AIROFs and T-Ir films 

annealed at low to moderate temperatures (≤ 400   ͦC).  
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Figure 1.7: Flow-chart of various IrOx films. (AO = anodic oxidation, TO = thermal 

oxidation, TA = thermal annealing; mod. = moderate). 

 

Sputtered IrOx films (SIROFs) form porous, amorphous films. The porosity, 

crystallinity and surface morphology of SIROFs are dependent on the sputter deposition 

conditions, with higher ratios of O2 leading to less dense and more amorphous films,70 

higher chamber pressures forming rougher films,71 and higher temperatures resulting in 

more crystalline films.72,73 The electrochemical properties of SIROFs are in turn 

influenced by the deposition conditions. SIROFs appear to have thickness dependent 

OER performances, with thicker films showing lower activities, however the relationship 

between OER performance and film thickness does not appear to be well characterized.74 
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SIROFs have been compared to AIROFs in terms of activity but show markedly better η-

stability.44 While SIROFs are reported to exhibit high chemical stability, no evidence 

(e.g., dissolution profiling) was provided to support the claims.44 Anodic oxidation of 

SIROFs using cyclic voltammetry (CV) cycling (-0.4 < E <1.3 V vs. RHE) has been 

shown to form a more open-pore film.74 Thermally annealing SIROFs (T-SIROFs) in air 

leads to a phase change and dehydration, although the temperatures of such 

transformations appear depend on the film deposition and annealing conditions.72,73,75 No 

comparative OER performance studies have been performed for T-SIROFs and SIROFs, 

however T-SIROFs do appear exhibit reduced OER activity relative to SIROFs.60 There 

do not appear to be electrochemical stability comparisons available for SIROFs and T-

SIROFs at this time.   

Electrodeposited films can be prepared through the electrodeposition of Ir(OH)n
x- 

using CV,76 chronoamperometry (CA)/chronocoulometry (CC)77,78 or 

chronopotentiometry (CP).79 The resulting films are hydrous and have surface 

morphologies and electrocatalytic properties that are dependent on the pH, temperature 

and composition of the deposition solution, as well as the electrochemical technique used 

for the deposition.60,78,80 In general, ED films show comparable electrochemical stability 

and reduced OER activity relative to AIROFs. The pH-dependence of ED film 

electrochemical properties varies, with some films reported to exhibit potential-pH 

shifts79 and others found to have pH-independent OER characteristics.78 All reported ED 

films appear to be chemically unstable under acidic OER conditions.78–80 Annealing T-

ED films at moderate temperatures (100-300  ͦ C) appears to improve the cyclability and 

mechanical stability of the films,78,80 however a thorough investigation on the influence 
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of annealing temperature on ED film OER properties does not appear to have been done 

for this system. It is possible that such a study would reveal a similar trend to the one 

observed for AIROFs. 

Particle suspensions can be drop-cast or spin-coated (DC/SC) onto support 

surfaces. The activity of such films is dictated by the active IrOx species and its mass-

loading. DC/SC films of nanostructured IrOx show high activities relative to films 

composed of larger IrOx particles,81–83 which is expected based on the larger surface area 

of nanomaterials.83–85 The stability of DC/SC films is limited by the poor mechanical 

adhesion of the particulate films at moderate to high OER potentials. Most DC/SC 

systems use conductive polymer membranes, such as Nafion, as binder solutions to 

improve the contact of particles to other particles and to the support. However, the binder 

can contribute to film aggregation under operational conditions. Use of binders also 

restricts the thermal treatment of films to temperatures ≤150  ͦ C,86 which in turn limits the 

improvement of mechanical stability typically observed for higher-temperature 

annealing.27,61 

Thermal-chemical films are formed by the decomposition of precursor Ir 

complexes (TD). Historically, chloride precursors57,87–90 have been used but acetate 

precursors are also feasible.37 Decomposition can be performed in-situ on the 

support37,56,87 or separately (ex-situ) in a reaction vessel.57 Ex-situ TD films are formed 

from a slurry of the decomposed powder product, which can be drop-cast or painted onto 

the support. Films formed in the presence of the support tend to be more mechanically 

stable relative to ex-situ films, which translates to better electrochemical stability.61 The 

deposition process of ex-situ films is analogous to DC/SC films, thus similar contact 
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issues arise. TD films show high OER activities when they are prepared at moderate 

temperatures and lower activities when prepared at higher temperatures,37,81,91 with the 

inverse trend being observed for operational stability. The electrochemical properties of 

TD films are dependent on the deposition solvents and support substrate,37,51,91 with the 

former probably being most relevant to ex-situ TD films. TD films tend to be amorphous, 

with higher decomposition temperatures yielding films with larger crystallites.37,91 

 

1.4.3 Earth-abundant water oxidation catalysts 

Electro-oxidation catalysts for solar-mediated acidic water electrolysis must show 

high activity, stability and selectivity under operational conditions. These conditions are 

strongly oxidizing due to the acid electrolyte and high anodic potentials (Ecell > 1.23 V). 

Ru-based systems are unstable under oxidative conditions and thus are not compatible 

with this technology. Ir oxide systems show improved stability but lower activity 

compared to RuOx systems prepared and studied under equivalent conditions.46,47 

Currently, IrOx is the only family of materials known to possess a necessary mix of 

activity and stability under acidic OER conditions. 

The growing demand for renewable energy technology and limited database of 

acid-stable OER catalysts has led to research efforts in the development of low Ir-loading 

anode materials. Loading can be reduced by maximizing the surface area and specific 

activity of IrOx system and/or mixing IrOx with more abundant materials (e.g., Ta2O5, 

TiO2, SnO2).
45,88,89,92,93 Ir-based materials will likely play a transitionary role in the 

integration of hydrogen technology within the broader energy landscape.11 However, the 
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cost and limited abundance of Ir make it an unsustainable catalyst material for long-term, 

large-scale water electrolysis. It will become necessary to build energy systems using 

Earth-abundant (EA) materials, thus it is necessary to develop EA replacements. 

 There is a global research effort to develop EA electrode materials for water 

splitting systems. Many families of EA materials have been shown to possess high OER 

activity and stability under basic conditions, partly because the potentials required for 

base-mediated water oxidation are less anodic than those of acid-mediated OER.24,41,43,94 

In contrast, fewer than 10 EA systems have been found to possess moderate-to-good 

activity towards acidic OER (Figure 1.8).41,95–100 Nearly all show severe stability 

limitations, either chemical and/or mechanical in nature, and those with the most stable 

electrochemical performance tend to show unacceptable levels of chemical leaching. 

IrOx-based electrocatalysts have been, and continue to be, used to investigate the 

properties inherent to active acid-stable water oxidation catalysts.  
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Figure 1.8: Activities of Earth abundant materials for OER in acidic media and the 

overpotential stability plot of EA systems95,100 for 24 h electrolysis at j = 10 mA٠cm-2 1.0 

M H2SO4. An IrOx benchmark system is included for reference.41 

 

1.4.4 Benchmark protocols for OER and HER electrocatalyst screening 

Over the past few years there has been a movement towards developing a 

standardized means of evaluating materials for potential water splitting applications. 

Providing community-wide guidelines for the way results are reported enables better 

comparison between materials. McCrory et al.41 detailed a general benchmarking 

protocol for assessing the activity, selectivity and composition of HER and OER catalyst 

systems. The guidelines put forward crucial experimental figures of merit, such as 

testing/recording catalyst activities at j = 10 mA٠cm-2 and using 1.0 M electrolyte 

solutions. These parameters should help streamline the evaluation of materials 

compatibility with solar water splitting devices operated under 1 sun illumination because 

they reflect probable commercial cell conditions.  
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Techniques such as X-ray photoelectron spectroscopy (XPS), 

chronopotentiometry (CP), chronoamperometry (CA) and voltammetry are used to assess 

the composition, stability and activity of OER materials, respectively. Ideally, the long-

term stability, activity and selectivity of a material should be reported. CP allows the 

electrochemical stability and activity of a material at j = 10 mA٠cm-2 to be evaluated for 

a defined time period. Alternatively, extended CA experiments performed at a previously 

defined η@j = 10 mAcm-2 can be used for stability measurements. The hallmark of a stable 

material is a potential (CP) or current density (CA) that is stable over operational time. 

However, materials can exhibit stable electrochemical activity while simultaneously 

suffering from chemical instability. Complimentary analysis of electrolyte composition 

should be done in parallel with CP/CA experiments to assess the (chemical) stability of a 

material over the experimental timeframe. Faradaic efficiencies afford a measure of 

catalyst selectivity under operational conditions. When recorded over a few hours or 

days, the results can reveal time-dependent selectivity.  

 

1.5 Motivation for Research 

The research detailed in this report was completed to improve the understanding 

and repertoire of anodic materials for the acid-mediated water oxidation reaction. The 

systematic evaluation of electrocatalysts requires new systems to be studied in 

comparison to a model system. This model system is usually the best studied and/or 

performing material for a given class of electrolysis and can be referred to as the 

“benchmark” catalyst system. In the case of acidic OER, the benchmark material system 
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is IrOx. There is no standardized means of preparing IrOx films and until recently there 

were no benchmarked conditions for studying these systems. While IrOx has been 

extensively studied, many of these studies fall outside the context of modern OER 

research/application.  

A systematic evaluation of different IrOx film types in different acidic 

environments was performed using benchmarked figures of merit for solar-mediated 

OER. Catalyst film properties show a strong dependence on fabrication and 

characterization conditions. The goal was to compare how different films composed of 

the same benchmark material performed under conditions relevant to SHC technologies. 

Furthermore, the influence of electrolyte species and concentration on the OER 

performances of IrOx films was investigated using common literature electrolyte 

conditions. The study serves as a point of reference for the literature to better understand 

of how electrolyte impacts the performance of IrOx films and may allow for more 

meaningful comparison between literature systems. 

Following the investigation of the benchmark system, a class of EA materials was 

investigated as potential acid-stable electro-oxidation catalysts. There is a need to 

develop EA catalyst systems that are compatibles electrodes for scalable water splitting 

devices. The quest for active, acid-stable EA anode materials has shown slow progression 

due to the inherent instability of tested systems in corrosive environments. Transition 

metal borides are known to be stable under oxidative conditions and are even used as 

corrosion-resistant coatings in industrial settings. Computational studies have shown 

them to have attractive d-band features for catalysis.101–103 The conductive nature of 
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metal borides, as well as their stability characteristics, suggested this class of materials to 

be suitable catalyst candidates for the acid mediated OER.  
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CHAPTER 2. EXPERIMENTAL TECHNIQUES 

 

2.1 Electrode Preparation  

 Electrodes were prepared using fluorine-doped tin oxide (FTO) glass substrates as 

catalyst film supports (Figure 2.1A). FTO-glass substrates were purchased from Sigma-

Aldrich. All FTO-glass substrates were ultrasonicated for at least 15 minutes in DI water, 

acetone and isopropanol or ethanol, respectively. Substrate were left to dry before film 

deposition and/or electrode preparation.  

Figure 2.1: A) Images of an FTO-glass substrate and, B) SEM image of FTO film on a 

glass substrate.  

 

 Figure 2.2 illustrates the process followed for electrode preparation once a 

catalyst/FTO-glass substrate was ready for electrochemical investigation. Solid copper 

(Cu) wires (#22 gauge, Elenco®) were stripped on both ends. One end was then coiled, 

and the uncoiled end was fit through a glass tube. The coiled wire was placed flat against 

one side of an FTO-glass substrate and the coil and surrounding area were coated with 

silver (Ag) paint (Figure 2.2A, B). The Ag paint was used to establish an electrical 

connection between the conductive FTO surface and Cu wire. The Ag coating was left to 
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dry for at least 30 minutes before being coated with a layer of clear nail polish (Figure 

2.2C). Nail polish increased the strength of the support-wire attachment prior to 

application of the epoxy. The coat was left to dry for at least 30 minutes. Once dry, epoxy 

was used to seal off all areas other than the desired active surface (Figure 2.2d).  Epoxy 

coatings were cured for at least 12 h before electrodes were exposed to aqueous 

environments. Thin film electrodes were prepared by coating FTO-glass with a catalyst 

film prior to electrode fabrication.  

Figure 2.2: Scheme of electrode preparation. A) Cu wire coil placed on an FTO-glass 

substrate, B) Cu wire/FTO contact area coated with Ag paint, C) Ag painted area coated 

with clear nail polish and, D) finished (epoxied) electrode.  

 

Experiments were conducted in acidic electrolyte, thus requiring an acid-stable 

epoxy. Table 2.1 lists the product, brand and acid-stability of trialed epoxies. Stability 

was assessed using 1.0 M H2SO4 and HClO4 electrolyte solutions. Loctite EA9460TM was 

used to seal all electrodes discussed in this report. Electrodes were left to set for at least 

12 h following application of epoxy.  
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Table 2.1: List of epoxies and their stability in 1.0 M acid.  

Epoxy Name Brand Acid Stability 

Double/Bubble® Epoxy 

(04001) 
Hardman Not stable 

Gorilla Epoxy Gorilla Glue Not stable 

Speed SetTM Epoxy LePage Not stable 

Loctite EA 9460TM Henkel Stable > 24 h 

 

The epoxy was used to seal off exposed wiring, Ag paint and support edges from 

electrolyte. It was also used to control the geometric surface area (Ageo) of the electrode. 

Ageo varied between 0.07-0.16 cm2, with the difference being accounted for by 

normalizing the measured/applied current by Ageo.  

FTO-glass (“blank”) electrodes were used to assess the support’s electrochemical 

stability and activity with respect to OER in 1.0 M HClO4 and 1.0 M H2SO4. The support 

material was found to have an initial overpotential ≥ 0.7 V that was unstable over time. 

The potential typically increased gradually over the first few hours (~2-4 h) of 

electrolysis and then sharply dropped. The pattern often repeated over the course of 24 h 

CP experiments (performed at j = 10 mA٠cm-2). The instability of the potential trend was 

likely caused by dissolution of the conductive FTO layer. A brown solid was found to 

form on the counter electrode (CE), suggesting that dissolution of the support surface 

exposed the Cu wiring and Ag paint to electrolyte. 
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2.2 Electrochemical Techniques 

The electrocatalytic activity of a material is typically assessed using linear sweep 

voltammetry (LSV), while the electrochemical stability can be probed using CP. LSV 

experiments measure the current response of a material as the applied potential is linearly 

increased. CP experiments measure the potential response of a material that is being held 

at a constant current for a set amount of time.  

The activity of an electrocatalytic material can be defined by its η. For anode 

materials under investigation for OER catalysis, the η can be written as 

𝜂 = 𝐸𝑊𝐸 𝑣𝑠.  𝑅𝐸 + 𝐸𝑅𝐸 𝑣𝑠.  𝑅𝐻𝐸 − 𝐸𝐻2𝑂 𝑣𝑠.  𝑅𝐻𝐸
𝑜    (2.1) 

where 𝐸𝑊𝐸 𝑣𝑠.  𝑅𝐸 is the working electrode (WE) potential relative to the reference (RE), 

𝐸𝑅𝐸 𝑣𝑠.  𝑅𝐻𝐸 is the RE potential relative to the reference hydrogen electrode (RHE) and  

𝐸𝐻2𝑂 𝑣𝑠.  𝑅𝐻𝐸
𝑜  is the theoretical minimum potential required to split water. An effective 

electrocatalyst will have a small η when operated at a specified current density. The 

oxygen evolution reaction has an 𝐸𝑜 of 1.23 V and a Ag/AgCl (1 M KCl) electrode was 

used as the RE used for acidic water oxidation experiments. Thus, the η for an 

electrocatalyst for the OER can be written as 

𝜂 = [𝐸𝑊𝐸 𝑣𝑠.  𝑅𝐸 + 0.059(pH) + 0.222 V] − [1.23 V − 0.059(pH)]  (2.2) 

The electrochemical stability of a material can be assessed by observing how its 

potential response evolves over time when a constant current is applied. An 

electrochemically-stable electrocatalyst will have an unchanging potential for the time 

over which it is operated. The evolution of an electrocatalyst’s activity over time can also 
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be evaluated through CP, since changes/instability in WE potential correspond to 

changes/instability in WE η.  

The configuration of the electrochemical cells used for the projects detailed in the 

following chapters are illustrated in Figure 2.3. A conventional three-electrode cell was 

used for all electrochemical experiments outlined in Ch. 3 (Figure 2.3A). A stir bar was 

used to minimize diffusion-based contributions from experimental observations. For 

electrochemical experiments performed on metal boride systems (Ch. 4), a modified 

pressed-flow cell was used (Figure 2.3B). Electrolyte was continuously circulated 

through the system by a pump, thereby mitigating diffusion limitations. Electrolyte was 

saturated with O2 (g) for 30 min prior to experimentation in both cell set-ups.  

Figure 2.3: Illustrations of A) a conventional and, B) a modified pressed-flow cell used 

for 3-electrode electrochemical experiments.  

  

 The materials investigated in this thesis were electrochemically characterized in 

acidic media using HClO4 and/or H2SO4 solutions with concentrations of 0.10 M, 0.50 M 

and/or 1.0 M. An Ag/AgCl electrode stored in 1.0 M KCl (𝐸𝑜 = 0.2222 V vs. RHE) was 

Potentiostat 

Potentio
-stat 
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used as the RE for acid-mediated experiments. A Pt wire was used as the CE for all 

experiments. Electrochemical experiments under basic conditions were performed using 

an Hg/HgO RE stored in 0.1 M NaOH (𝐸𝑜 = 0.989 V vs. RHE).  

 

2.3 Faradaic Efficiency (F.E.) 

 Faradaic efficiency (F.E.) reflects a system’s ability to selectively perform an 

electrochemical reaction of interest. It is the efficiency by which the material of interest 

performs a certain electrochemical charge transfer process. F.E. is calculated by 

comparing the amount of product formed experimentally to the amount predicted 

theoretically. 

A common way of performing F.E. is using an inverted burette set up, as 

illustrated in Figure 2.4. As shown, the cathode and anode are placed in two separate 

compartments of an electrochemical cell, with a frit connecting the two chambers. 

Current is supplied to the system and electrochemical reactions proceed at the surface of 

both electrodes. In Figure 2.4, the efficiency of the anode material to facilitate OER is 

measured by collecting the evolved O2 (g). The composition of the evolved gas was 

further confirmed qualitatively with gas chromatography analysis. The CE facilitates the 

complimentary HER. The amount of O2 (g) generated in a given timeframe by the anode 

material is compared to the theoretical amount of O2 (g) generated for 100% current 

(charge) efficiency toward OER. F.E.s lower than 100% suggest alternative processes are 

present and consuming some of the current.  
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Figure 2.4: Illustration of inverted burette set-up for F.E. measurement. The anode 

generates O2 (g) and the amount produced is measured as a volume change in the 

inverted burette.  

 

The F.E. can be written as 

𝐹. 𝐸. =  
𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑛𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
 × 100%  (Equation 2.3) 

where 𝑛experimental is the measured amount (moles) of product formed and 𝑛theoretical is the 

theoretical amount (moles) of product formed. The 𝑛theoretical for a system can be 

determined from the amount of charge (Q), or current, passed for a given time and the 

number of e- (𝑛𝑒−) required to produce one equivalent of product, 

𝑛𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑛𝑒−  ∙ 𝐹

𝐼 ∙ 𝑡
   (2.4) 



34 

 

where F is Faraday’s constant (96485 C∙mol-1), I is current and t is time. For acid-

mediated OER, 4 e- are consumed to produce one equivalent of O2 (𝑛𝑒−  = 4). Thus, 

𝑛theoretical becomes 

𝑛𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
3.86𝑒5 𝐶∙𝑚𝑜𝑙−1

𝐼 ∙ 𝑡
   (2.5) 

In an inverted burette experiment the amount of O2 produced is recorded as a volume 

change. 𝑛experimental is calculated from the volume change using the molar mass (Mm) and 

density of the product,  

𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 =
(𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑉𝑓𝑖𝑛𝑎𝑙) ∙ 𝑑

𝑀𝑚
   (Equation 2.6) 

𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 =
∆𝑉 ∙ 𝑑

𝑀𝑚
    (Equation 2.7) 

where V is volume and d is density. In the case of O2 evolution, the density of O2 is 1.429 

g/mL (at standard pressure and temperature) and the molar mass is 18.015 g٠mol-1. Thus, 

𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙,   𝑂2
becomes 

𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = ∆𝑉 ∙ 0.08 𝑚𝐿 ∙ 𝑚𝑜𝑙−1 (Equation 2.8) 

F.E. is often plotted as moles of product produced (𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙) and expected 

(𝑛𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙) over time (Figure 2.5). If the experimental trendline deviates from the 
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theoretical one, then the F.E. < 100% and the system is losing energy to some parasitic 

process.  

Figure 2.5: Example of a F.E. plot for a material with F.E.< 100%. 

 

 The F.E. reported in this thesis were performed using an inverted burette set up 

with a Pt wire counter electrode and the WE operated at j = 10 mA٠cm-2. The F.E.s were 

recorded for CP experiments performed at 10 mA٠cm-2 and the collected O2 was 

analyzed using gas chromatography. 

 

2.4 Scanning Electron Microscopy (SEM) 

 SEM utilizes the particle-wave duality of electrons to generate high-resolution 

images of material surfaces. SEM images are produced by the inelastic interaction of 

source e- with atoms in the material.104 Figure 2.6A shows a simplified illustration of how 

SEM images are generated. An e- gun shoots a beam of e- at a sample and the ejected e- 

are collected by a detector. An SEM image is comprised of the detection of e- from many 
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point-like sections of the sample surface, which are compiled/collected by scanning the 

sample surface in a rectangular grid-like pattern (raster scan).105,106 For a material to be 

visualized using SEM, the sample must be conductive, or coated with a conductive film 

to prevent sample charging.  

Figure 2.6: A) Image of SEM instrument located at Dalhousie University Sexton campus 

and, B) illustration of SEM instrumentation.  

 

 When e- from the e- beam (primary e-) hit the sample one of the resulting 

interactions/processes involves the displacement of sample e-. Valence e- ejected from 

atoms within the sample by the e- beam are known as secondary e- (SE, Figure 2.7). SE 

are outer-shell e- and those ejected from the sample typically have binding energies < 50 

eV.104,106 For SE to be detected, they must traverse and escape the sample. Those closer 

to the sample surface have a greater probability to escape, which thereby limits the depth 

from which SEM signals originate. The maximum signal depth of SEM is approximately 

50 nm and can be as low as a tens of angstroms (Figure 2.8).104,105 
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Figure 2.7: Scheme of secondary electron generation in SEM.  

Figure 2.8: Penetration and signal depths for SEM-based characterization techniques.  

 

 The small depth of escape for SE allows SEM to be a surface-sensitive technique. 

The narrow area sampled in each “pixel” of the raster scan leads to nanometer spatial 

resolution.107 The extent of spatial resolution is dependent on the width of the e- beam, 

with the escape width being only slightly larger than that of the incident beam.104 The 

surface-sensitivity and spatial resolution of SEM produces images that afford a detailed 
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understanding of sample surface morphology and topography. SEM uses accelerating 

voltages between 0.5-30 kV, with larger voltages having a greater penetration depth and 

thus reduced resolution/surface-sensitivity.105,106 Samples can also become altered at high 

voltages or experience significant build-up of charge at the surface, which further affects 

image resolution. Furthermore, the composition of the sample affects the 

resolution/sensitivity attainable as the penetration depth of the e- beam increases with the 

atomic mass of the elements.105,106 

 For the projects included in this thesis, a Hitachi S-4700 Field Emission Gun 

SEM was used in SE mode. A mono-crystalline tungsten (W) metal probe tip generates 

an e- beam via the application of an electric field at the tip, which enables e- to tunnel 

between the probe and sample. The tunneling e- are accelerated from the tip by a user-

defined accelerating voltage. Samples were sputter-coated with a 12 nm film of 

gold/palladium (Au/Pd) to prevent surface charging during the imaging process. 

 

2.5 X-ray Diffraction (XRD) 

2.6.1 X-ray diffraction theory and conventional analysis 

 X-ray diffraction (XRD) derives structural information for a material through the 

elastic scattering of incident X-rays by atoms within the sample.104 The spacing of atoms 

within a material allows them to act as natural diffraction gradients for X-rays. This leads 

to constructive and destructive interference of the scattered light waves, which produces a 

structure-dependent diffraction pattern. The diffraction pattern can be defined by 

applying Bragg’s law to the crystal planes of a material’s 3-D structure, 
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(ℎ, 𝑘, 𝑙)𝜆 = 2𝑑 sin 2𝜃   (2.9), 

where (h, k, l) are Miller indices of a given reflection plane, 𝜆 is the incident X-ray 

wavelength, d is the distance between atoms in a given plane and 2𝜃 is the angle between 

the incident X-ray path and the scattered X-ray path (Figure 2.9). The Miller indices 

represent the integer values associated with the positioning of crystal planes within the 

3D crystal cell.  

Figure 2.9: XRD by atoms in a crystal as predicted by Bragg’s law.   

 

The distance between covalently bound atoms is d ~ 0.1 nm, thus the wavelength 

of the radiation used for diffraction must be on the same scale as d. In many instruments, 

the photon(s) emitted from the copper (Cu) L- to K-shell transition is used as the X-ray 

source. A focused beam of high energy e- strikes a metal (e.g., Cu) target and bumps a 

core e- off an atom (Figure 2.10A). This leaves a vacancy in the inner shell of the atom, 
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which is filled by an outer e- (Figure 2.10B). This electronic transition from a high energy 

orbital to a low energy orbital causes a high energy photon (X-ray) to be emitted. The 

emitted X-radiation is used for XRD. 

Figure 2.10: A) An e- collides with and ejects a core e- from an atom in the sample and, 

B) an outer e- fills the inner-orbital vacancy, resulting in emission of a characteristic X-

ray. 

 

Multiple photons are emitted by this type of transition, as shown in Figure 2.11. A 

filter can be placed in the path of the X-rays before reaching the sample to remove the Kβ 

radiation and reduce the amount of signal splitting seen in a pattern. Alternatively, a 

monochromator can be placed before the detector to remove scattered Kα2, Kβ and 

Bremsstralung x-rays. A general XRD set-up is shown in Figure 2.12. The slits are used 

to focus the x-rays and minimize environmental. 
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Figure 2.11: Generation of Cu Kα1, Kα2 and Kβ characteristic X-rays. 

Figure 2.12: General XRD scheme. The detector moves along a circular path to scan the 

desired 2ϴ range. 
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2.6.2 Grazing-incidence angle X-ray diffraction  

 Grazing-incidence angle XRD (g-XRD) is a modified XRD technique which 

enables the selective detection of surface diffraction patterns. Conventional XRD 

(Section 2.6.1) is not a surface-sensitive technique as it uses a high incident angle to 

irradiate a sample, thereby allowing photons to penetrate the bulk of a sample. In 

contrast, g-XRD uses a shallow incident angle, typically near that required for total 

internal reflection, to decrease the sampling depth of the incident photons.108 Figure 2.13 

shows the schematic of a g-XRD set-up, where the x-ray source is held at a smaller angle 

relative to the surface than that shown in Figure 2.12. The detector still moves along a 

fixed circular path, however the 2ϴ range will be covered at lower heights relative to 

those in a conventional XRD.  

Figure 2.13: Grazing angle XRD scheme for surface-sensitive analysis. 
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 g-XRD increases the contributions of surface-origin X-ray signals. By decreasing 

the incident angle height, the depth of the atoms contributing to the detected signals also 

decreases. This in turn limits the atoms that contribute to the measured signal to those 

near the surface. Since the signal is now primarily composed of X-rays diffracted by 

surface atoms, the resulting diffraction pattern will have amplified surface peak 

intensities compared to that of a conventional XRD pattern.109  

g-XRD experiments were performed on the IrOx films discussed in Ch. 3 of this 

thesis. Both conventional and g-XRD data was collected using a Siemens D5000 

diffractometer with Cu Kα1 radiation (λ = 1.5418 Å) and scintillation counter detector. g-

XRD data was acquired using an accelerating voltage of 45 kV, current of 40 mA, fixed 

incident angle of 4 ͦ, step width of 0.05 and 3 counts/s dwell time. Conventional-XRD 

patterns were generated using an accelerating voltage of 30 kV, current of 35 mA, step 

width of 0.05 and 3 counts/s dwell time. 

 

2.6 X-ray Photoelectron Spectroscopy (XPS) 

 XPS is a characterization technique that provides both structural and 

compositional information using the binding energies of e- ejected from a sample. The X-

rays used to generate an XPS spectrum are produced in a comparable manner to that 

outlined in Section 2.6 (Figure 2.11), however lower-energy X-rays are used for XPS.  

An X-ray gun is used to bombard a sample with X-rays, which collide with atoms 

in the specimen and eject tightly-bound core e- (Figure 2.14). The ejected e- are collected 
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by an energy analyzer that sorts the e- based on their energies before they are quantified 

by a detector.  

Figure 2.14: Scheme of A) XPS set-up and B) photoelectron generation process for XPS 

measurement. 

 

 An incident X-ray with energy hѵ is used to eject an e- from the inner shell of an 

atom (Figure 2.14B). The ejected e- has a binding energy (B.E) related to the atom and 

orbital from which it originated. The ejected e- must have enough energy transferred to it 

such that it is able to escape the sample and become a free e-. This escape energy 

requirement can be represented using the material work function, Φm. The Φm is defined 

as the energy required for an e- to be removed from a material into a vacuum. 

 The e- that escape from the sample have a kinetic energy associated with them, 

which can be written as 

𝐸𝑘 = ℎ𝑣 − (𝐵. 𝐸 + 𝛷𝑚) − 𝛷𝑎   (2.10) 

where 𝐸𝑘 is the kinetic energy of the ejected e- and 𝛷𝑎 is the work function of the energy 

analyzer system.104 The energy analyzer measures and sorts incoming e- based on their 
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𝐸𝑘. The measured 𝐸𝑘 values and work functions can then be used to determine the B.E of 

the e- in the sample, 

𝐵. 𝐸 = ℎѵ − (𝛷𝑚 + 𝛷𝑎) − 𝐸𝑘   (2.11) 

XPS spectra are generated by quantifying the number of e- with a particular B.E sorted by 

the energy analyzer system. Each element has a unique region of B.E.s associated with it. 

The oxidation state and/or positioning of an atom within a material determines the 

positioning of the electron e- within this characteristic B.E region.104  

 XPS is a surface-sensitive technique since e- must travel out of a sample to 

vacuum level in order to be detected.104 e- that are not near the surface of the sample must 

travel further through the sample to escape, thus there is more opportunity for energy loss 

through scattering interactions. The probability of escape for an e- can therefore be 

written in terms of distance from the surface,104 

𝑃(𝑑𝑛) = 𝑒−(𝑑
𝐼𝑀𝐹𝑃⁄ )  (2.12) 

where P(dn) is the probability of an e- escaping the sample as a function of distance, d is 

the distance of the e- from the surface and IMFP is the inelastic mean free path for a 

material. The IMFP represents the average distance an e- travels before it is scattered 

inelastically within a material. As the distance increases the probability of escape 

decreases. Nearly all the e- that reach the energy analyzer are from within 3λ of the 

surface, with most coming from within 1(IMFP).104  

 XPS characterization was performed on IrOx and TiB2 samples in Ch. 3 and 4, 

respectively. The data was collected using a Kratos Axis Ultra system with a pressure of 
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1x10-9 Torr and a monochromatic Al Kα x-ray source (λ=1486.6 eV). The ejected e- were 

collected at 0 ͦ with respect to the surface normal using a retarding pass energy of 160 eV 

for the survey XPS scans, 20 eV for high-resolution (HR) core level scans. CasaXP 

software (VAMAS) was used to interpret and fit HR XP spectra. 

 

2.8 Inductively coupled plasma- optical emission spectroscopy (ICP-OES) 

2.8.1 Plasma generation 

 ICP is used as a means of vaporization, ionization and excitation of liquid or gas 

analytes. Solid materials must be dispersed in solution or acid-digested prior to plasma 

treatment.110 The plasma is generated using a plasma torch, which circulates argon gas 

(Ar) through a double-walled tube (Figure 2.15A).111 Seed e- are used to spark the 

formation of ionized (Ar+), while the resulting free e- and continuous flow of Ar sustain 

the plasma thereafter (Figure 2.15B and C). A radiofrequency (RF) coil located at the 

opening of the torch applies an alternating RF field to the plasma, which accelerates the 

free electrons and spurs the formation of more Ar+.111 This induction of high-energy e--

atom collisions via the applied RF field is responsible for the technique nomenclature.110 

The plasma takes on a laminar shape as the ionized species oscillate with the applied 

magnetic and electric fields.110 The oscillations of charged species composing the plasma 

result in an internal temperature that can reach up to 10,000 K.111 
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Figure 2.15: Step wise sequence of plasma formation in/for a plasma torch. A) Ar is 

circulated around the torch chamber, B) seed e- initiate plasma formation and, C) plasma 

is sustained via the continual formation of Ar+ (and e-). The RF coil (field) maintains the 

shape, temperature and formation of the plasma.  

 

 Once the plasma is formed, analyte is sent through the inner tube of the plasma 

torch using a carrier gas (usually Ar; Figure 2.16A). Liquid-based samples must be 

transformed into an aerosol in order to be carried into the plasma chamber. De-solvation, 

or the removal of remnant solvent, occurs immediately upon sample entry into the plasma 

plume.111 The sample then fragments into smaller and smaller pieces until individual 

molecules/complexes are formed, thereby transforming the sample into a vapour. The 

vapourized sample undergoes further fragmentation to form individual atoms, which are 

then ionized and/or excited (Figure 2.16B and C).111 Either the ionized elements or the 

excited state(s) emissions can be utilized to characterize the sample composition 

depending on the technology coupled to the ICP torch.  
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Figure 2.16: Sequence of ICP sample A) introduction, B) excitation and, C) emission 

from an excited ionized species. 

 

2.8.2 Inductively coupled plasma- optical emission spectroscopy (ICP-OES) 

 ICP-OES allows for the investigation of sample elemental composition through 

generation of emission spectra from constituent atoms and ions excited within a plasma. 

Samples are introduced into an ICP torch where they are broken down into their 

constituent atoms (or ions). The atoms (ions) become excited and emit photons as they 

return to their ground state (Figure 2.17A). A spectrometer placed perpendicular to the 

ICP torch collects the photons with focusing optics (Figure 2.17B). Focused emissions 

then travel through a mono- or polychromator and reach the detector, which processes the 

signal and generates an emission spectrum (Figure 2.17C, D). Spectral lines characteristic 

to the elements can then be used to identify which are present and elemental standards 

can be used to quantify the amounts.  
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Figure 2.17: Set-up of an ICP-OES system: A) ICP-torch, B) focusing optics, C) 

mono/polychromator and, D) detector. 

 

 ICP-OES is a destructive characterization technique in that the analyzed material 

is destroyed in the process of characterization. However, the technique requires relatively 

little sample compared to characterization techniques like XPS and XRD. If an ICP-OES 

is equipped with a polychromator, then the emission spectrum for a sample can be 

generated ~ instantaneously because the emission times of elements are comparable.111  

 ICP-OES was performed for IrOx and TiB2-electrolysis electrolyte solutions 

discussed in Ch. 3 and 4, respectively, of this thesis using a PerkinElmer Optima 8000 

instrument.   
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2.9 Sputter Deposition 

 Sputter deposition is a high-energy technique used to coat substrates with a 

smooth, compact film of material. A plasma, often composed of Ar, is used to knock 

material off the target and onto the substrate(s). The plasma is initially formed by high-

energy collisions between accelerated e- and Ar atoms (Figure 2.18A).104 The plasma 

sustains itself through chain-reactions between Ar atoms and e- knocked off Ar+ atoms.104 

The target is surrounded by a negative environment, which attracts Ar+ to its surface 

(Figure 2.18B). The ensuing collisions eject atoms off the target and onto the substrate 

(Figure 2.18C). As time proceeds, the substrate continues to be coated by scattered target 

atoms (Figure 2.18D).  

 The thickness of a film formed through sputter deposition is time-dependent.112 

By increasing the sputtering time, the coating thickness will also increase. The 

relationship between sputtering time and film thickness depends on many conditions 

including the power, target, and sputtering mode used. The positioning of the substrate 

relative to the substrate affects the uniformity of the deposited film. Substrates placed 

across from the target typically have more consistent film thickness.112 Rotation of the 

substrate holder during the deposition process also results in more uniform film formation 

across the surface of a substrate.112 As illustrated in Figure 2.19, sputter-deposition tends 

to be inefficient in terms of target material consumption versus substrate coating so it is 

considered to be a wasteful technique.  
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Figure 2.18: Sputtering process: A) initiation of plasma formation, B) collision of plasma 

ion with target, C) ejection of particles from target surface and, D) growth of sputter-

coating on substrate surface.  
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Figure 2.19: Illustration of sputter deposition process showing ejected target atom 

trajectories.  

 

A sputter coating was performed to all SEM and EDS samples detailed in this 

thesis using a Leica ACE200 Sputter Coating System in diffuse mode. Substrates were 

coated with a 12 nm film of Au/Pd under Ar atmosphere. Combinatorial sputtering was 

used to form SIROF films (~300 nm) on FTO-glass and Si substrates at at 2.6 sccm 

Ar/O2 (4.89 mT), 480W٠min (30 W) for ~ 20 min. Sputtered films of TiB2 were prepared 

from a TiB2 target and deposited onto FTO-glass substrates at 1.7 sccm Ar (1.97 mT), 

1470 and 3920 W٠min-1 (40 W) for 37 and 98 min, respectively. Samples were sputtered 

using a Corona Vacuum Coater V3T Sputter instrument. 
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CHAPTER 3. PREPARATION OF IRIDIUM OXIDE FILMS USING 

DIFFERENT FABRICATION TECHNIQUES AND INVESTIGATION OF 

THEIR PROPERTIES IN DIFFERENT ACIDIC ENVIRONMENTS1, 2 

 

3.1 Introduction 

IrOx is the only material system that has been shown to possess the necessary mix 

of activity, stability and selectivity for acid mediated OER.41,47,61,113 The scarcity and 

expense of Ir metal prevents IrOx from being a long-term, cost-effective anode material. 

However, we still need to rely on Ir due to the lack of other materials with acceptable 

OER performances. IrOx also serves as a model system for studying the performance 

characteristics of OER materials in acidic media. 

IrOx is a family of materials and exists in many forms. As a result, there is 

substantial variation in the literature in terms of the systems being used for benchmarking 

purposes.41,96,99,114–118 Countless parameters contribute to the observed physical 

characteristics and electrochemical performance of IrOx materials. The method in which a 

film is fabricated largely determines the type of IrOx formed.49,56,57,60,62,91 The support 

substrate can have large implications on the performance and longevity of the deposited 

film.37,51,61,119–121 The range of current densities used to evaluate material activity and the 

 

1 ICP and F.E. experiments were performed by M. Richter. SEM, XRD and 

electrochemical experiments were performed by M. J. Kirshenbaum.  

2 The in-situ TD films reported in this chapter are referred to as TDPS films to 

differentiate them from alternative means in-situ TD film production, such as the Pechini 

synthesis method. 
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electrolyte conditions also influence the observed material properties.49,51,74,80,87 Table 3.1 

lists some of the experimental conditions reported in the literature for IrOx studies. 

Difference in key experimental parameters makes it difficult to draw comparisons 

between films fabricated in a similar manner, let alone between film type. 

 

Table 3.1: IrOx film fabrication and electrochemical conditions reported in the literature.  

IrOx (support) 
η@j 

(𝒎𝑽@𝒎𝑨∙𝒄𝒎−𝟐) 

Tafel 

slope 

(mV/dec) 

Electrolyte Deposition Stability* 

IrOx (Si)41 340@10  - 
1.0 M 

H2SO4 
T-SIROF  CP (24 h) 

IrOx/SrIrO3
45 270@10  

0.5 M 

H2SO4 
PLD/etching 

CP (30 h) 

XPS  

(30 min) 

IrO2
96 290@10 - 

0.5 M 

H2SO4 
Pelletization - 

IrOx 
74 

(carbon paper) 
- 

39 (low) 

116 (high) 

Nafion 

(PEM) 

SIROF 

(500 nm) 

CV 

CP (24 h) 

IrOx (Ti)87 45@0.1 58 
1.0 M 

H2SO4 

in-situ TD 

(450  ͦ C) 
- 

IrOx (Ti)87 54@0.1 57 
0.5 M 

H2SO4 

in-situ TD 

(450  ͦ C) 
- 

IrOx (Ti)87 84@0.1 60 
0.1 M 

H2SO4 

in-situ TD 

(450  ͦ C) 
- 

IrOx (Si)57 -   
1.0 M 

HClO4 
T-Ir (SP) - 

IrOx (Si)57 - 40 
1.0 M 

HClO4 

ex-situ TD 

(500  ͦ C) 
- 

IrO2/CNT 

(GC)122 
250@10 60 

0.1 M 

H2SO4 

DC 

 (80-120  ͦ C) 

CP (3 h) 

CV 

Ir49 280@10 
# 60 

0.5 M 

H2SO4 
Ir (wire) 

CA (5h) 

CV 

IrOx (Ir)
49 100@10 

# 40 
0.5 M 

H2SO4 

AIROF 

(- SQW) 

CA (5h) 

CV 

IrOx (Ir)
49 260@10 

# 60 
0.5 M 

H2SO4 

T-AIROF 

(400  ͦ C) 

CA (5h) 

CV 

IrOx (Si)62 330@5 
#
 - 

0.1 M 

H2SO4 

AIROF 

(300 SQW) 
CV, ICP 

IrOx (Si)62 400-440@5 
#
 - 

0.1 M 

H2SO4 

T-AIROF 

(100-600   ͦC) 
CV, ICP 
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IrOx (support) 
η@j 

(𝒎𝑽@𝒎𝑨∙𝒄𝒎−𝟐) 

Tafel 

slope 

(mV/dec) 

Electrolyte Deposition Stability* 

Ir (Si)62 440@5 
#
 - 

0.1 M 

H2SO4 
Ir (EBPVD) CV, ICP 

IrOx (Si) 400-490@5 
#
 - 

0.1 M 

H2SO4 

T-Ir 

(100-600   ͦC) 
CV, ICP 

N- IrO2/C-Pt115 
610@10 

# 

(470@5) # 
120 

0.1 M 

HClO4 
DC - 

N- Ir/C-Pt115 620@5 
# 150 

0.1 M 

HClO4 
DC - 

Ir50 

320@0.1 
#
 

330@0.2 
#
 

340@0.5, 1 
#
 

66 
0.1 M 

H2SO4 
Ir (disk) 

SFC-ICP, 

CV 

rOx (Ir)
50 

320@1 
# 

350@5 
# 40 

0.1 M 

H2SO4 

AIROF 

(500 CV) 

SFC-ICP, 

CV 

IrO2 (CP)99 480@10 66 
1.0 M 

H2SO4 

CPE  

(30% IrO2) 

CP  

(30 min) 

Ir47 430@5 
#
 - 

0.1 M 

H2SO4 
Ir (SP, PVD) SFC-ICP 

IrO2
47

 540@5 
#
 - 

0.1 M 

H2SO4 
T-Ir (600   ͦC) SFC-ICP 

IrO2/TiO2/(Ti)51 330@100 
30 (low) 

60 (high) 

1.0 M 

H2SO4 

in-situ TD  

(550  ͦ C) 
CP (3 h) 

IrOx (Ti)37 325-415@0.5 
# 40-72  

0.1 M 

HClO4 

in-situ TD  

(250-550  ͦ 

C) 

- 

IrOx
44

 

(Ta, quartz) 
300@20 

# - 
0.5 M 

H2SO4 
SIROF 

CA (18 

h) 

IrOx
117

 

(FTO-glass) 

600@10 

540@10 

520@10 
 

136 

130 

111 

1.0 M 

H2SO4 

T-SIROF  

(300  ͦ C) 
- 

IrOx
60

 

(FTO-glass) 
270-320@1 

#
 - 

1.0 M 

H2SO4 
SIROF 

CA (12 

h) 

IrOx
60

 

(FTO-glass) 
250@1 

#
 - 

1.0 M 

H2SO4 

T-SIROF 

(400  ͦ C) 
- 

IrOx
60

 

(FTO-glass) 
320@1 

#
 - 

1.0 M 

H2SO4 

ED 

(300 

µA/cm2) 

- 

IrOx
60 

(FTO-glass) 
370@1 

#
 - 

1.0 M 

H2SO4 

T-ED 

(400  ͦ C) 
- 

IrOx
60 

(FTO-glass) 
390@1 

#
 - 

1.0 M 

H2SO4 

ED  

(2.5 C) 
- 

IrOx
60 270@1 

#
 - 

1.0 M 

H2SO4 

in-situ TD  

(400  ͦ C) 
- 

IrOx
123 470@3 

# - 
0.5 M 

H2SO4 

ex-situ TD 

(400  ͦ C) 
- 

mailto:320@0.1
mailto:330@0.2
mailto:340@0.5
mailto:325-415@0.5
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IrOx (support) 
η@j 

(𝒎𝑽@𝒎𝑨∙𝒄𝒎−𝟐) 

Tafel 

slope 

(mV/dec) 

Electrolyte Deposition Stability* 

IrOx (Ti)53 470-490@100 
#
 58-62 

0.5 M 

H2SO4 

in-situ TD 

(400-600  ͦ 

C) 

CP  

IrOx (Ti)53 430-470@100 
# 59-64 

0.5 M 

H2SO4 

in-situ TD 

(400-600  ͦ 

C) 

CP 

IrOx (Ti)53 500-480@100 
# 61-67 

0.5 M 

H2SO4 

in-situ TD 

(400-600  ͦ 

C) 

CP 

 

N- IrO2 (GC)124 
317@10 57 

0.5 M 

H2SO4 
DC 

CP (3 h) 

CV 

ICP 

IrOx (GC)77 440@10 
#
 - 

0.1 M 

H2SO4 
ED - 

IrOx (Au)78 200@1.5
 # 40 

0.1 M 

H2SO4 

ED 

(CA) 
- 

Ir (Si)56 - 120 
1.0 M 

H2SO4 
Ir (SP) - 

IrOx (Si)56 288@3
 # 40 (low) 

120 (high) 

1.0 M 

H2SO4 

AIROF 

(350 CV) 
- 

IrOx (Si)56 255@3
 # 40 

1.0 M 

HClO4  

in-situ TD  

(500  ͦ C) 
- 

N- IrO2 (GC)83 282-300@10 62-67 
0.5 M 

H2SO4 
DC ALT 

N- IrO2 (GC)83 312@10 68 
0.5 M 

H2SO4 
DC ALT 

IrO2 (GC)83 312@10 - 
0.5 M 

H2SO4 
DC ALT 

N- IrOx-Ir
116  

(GC) 
310@10 

# 44 
0.5 M 

H2SO4 
DC 

CA  

(100 h) 

Ir (GC)116 350@10 
# 44 

0.5 M 

H2SO4 
DC 

CA  

(100 h) 

IrO2/rGO84 

(GC)  
350@1 

# - 
0.5 M 

H2SO4 
DC ALT 

IrO2 (GC)84 380@1 
# - 

0.5 M 

H2SO4 
DC ALT 

IrO2-Ta2O5
88

 

/(Ti) 
170-210@10 

# - 
1.0 M 

H2SO4 

in-situ TD 

(500  ͦ C) 
ALT 

3-DOM IrO2
85 

(GC) 
220-240@0.5 - 

0.5 M 

H2SO4 
DC 

CA  

(200 min) 

IrO2 (GC)85 250-270@0.5 - 
0.5 M 

H2SO4 
DC 

CA  

(200 min) 

r-IrO2
118 440@10

# - 
0.1 M 

HClO4 
DC - 

mailto:200@1.5
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IrOx (support) 
η@j 

(𝒎𝑽@𝒎𝑨∙𝒄𝒎−𝟐) 

Tafel 

slope 

(mV/dec) 

Electrolyte Deposition Stability* 

NP-IrOx
81 270-330@10

# 40-45 
0.1 M 

HClO4 

ex-situ TD 

(150-600  ͦC) 
CV 

IrOx (SiO2)
55 490@150

# 48 (low) 

130 (high) 

0.5 M 

H2SO4 
SIROF CP (18 h) 

#η@j extracted from LSV, CP or CA data (not explicitly stated by authors). 

*CP/CA (time) = characterization of catalyst η at j ≥ 10 mAcm-2/E > 1.4 V vs. RHE (OER 

time); CV = CV stability characterization; ICP = characterization of catalyst chemical 

stability using ICP-MS or OES; XPS (time) = catalyst composition comparison pre/post 

OER (OER time). 

**SP = sputter, SQW = square wave cycle, EBPVD = electron beam PVD, SFC = 

scanning flow cell, CP = carbon paste, CPE = carbon paste electrode (w/w% catalyst 

loading, N-IrOx = nanostructured-IrOx, ALT = accelerated life time test, 3-DOM = 3-

dimensional ordered microporous, r-IrO2 = rutile-IrO2. 

 

 The current literature requires researchers to try and draw comparisons between 

various film systems evaluated under a range of operational conditions. However, the 

validity of such comparisons is questionable because even films of the same family 

exhibit different electrochemical properties when prepared or operated under different 

conditions.37,49,91,125 McCrory et al.41 proposed a set of benchmark conditions for 

screening the electrochemical properties of water-splitting materials. The conditions 

include the use of 1.0 M electrolyte solutions and reporting activities at j = 10 mA٠cm-2. 

These are standard conditions for SHC technology operated under 1 sun 

illumination.43,126 However, as is evident from Table 3.1, few studies have characterized 

IrOx systems in the outlined molarity and j regime. The OER characteristics of the 

benchmark material (IrOx) need to be understood at benchmark OER conditions. The 

studies that have investigated IrOx under these conditions have explored the activity of a 

single IrOx system and provided limited stability data.41,45,83,117,122,124 While IrOx shows 
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superior stability to RuOx, it is not indefinitely stable and certain forms of IrOx show 

rapid corrosion at moderate current densities (“high Tafel” region). Cherevko et 

al.50,62,66,127,128 and Geiger et al.62 performed thorough stability studies on the 

potentiodynamic dissolution behaviour for many of the IrOx films types listed in Table 

3.1 under weak acid conditions, as well as short term steady-state profiling for j < 10 

mA٠cm-2.50,66,127,128 The accelerated lifetime tests (ALT) uses CV to screen catalyst 

electrochemical stability and has primarily been used for PEM application.74,83,84,88 CV 

has been used to diagnose the electrochemical instability of AIROFs.50,65 All the 

aforementioned studies provide invaluable insight on the general dissolution 

characteristics of IrOx, however some films exhibit enhanced dissolution from potential 

cycling,63 performance discontinuities between regions of low, moderate and high j,39,61 

and faster corrosion under strong acid conditions.67 Further, many of these studies are 

limited to evaluating the electrochemical stability of a material(s), which is not 

necessarily reflective of chemical stability. Given the limitations in the data available for 

IrOx under conditions relevant to SHC technology, the electrochemical performance of 

different IrOx systems should not be assumed to carry over across the different 

operational regimes. 

 H2SO4 and HClO4 are both used to study the electrochemical properties of 

materials for acid mediated OER. The anion species of an acid can specifically adsorb to 

electrode surfaces and influence the electrochemical performance of catalyst 

materials.129,130 Pt displays acid-specific ORR activities in H2SO4 and HClO4,
82 and OER 

onset potentials are reported to show acid anion dependency.131 This is often overlooked 

in OER studies and the performance of a material recorded in HClO4 is extrapolated to 
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the equivalent molarity of H2SO4. The influence of acid species on the OER 

characteristics of IrOx does not appear to be explicitly outlined in the literature. 

Accordingly, the influence of acid species on the activity, selectivity and stability of IrOx 

materials under benchmark OER conditions is not understood. 

 OER studies are typically performed in 0.10 M, 0.50 M or 1.0 M acid 

concentrations, with the majority performed in lower acid concentrations (Table 3.1). The 

stability and activity profiles of IrOx materials should show pH dependent characteristics 

since IrOx surfaces are terminated by hydroxyl groups in aqueous solution.82,87,89,91,132,133 

Hydroxyl surface groups participate in acid-base chemistry with the electrolyte, so the 

dynamics at/on the surface of the electrode change with pH.63,67,87,134–137 IrOx films are 

known to show markedly different electrochemical performances across broader pH 

ranges,47,87,117,133 with electrodes showing reduced activity in near-neutral and basic 

electrolytes.47 pH dependent performances have been reported for AIROF, ED and TD 

films across the acidic pH range.87,135,137,138 These studies used inert salts to control for 

conductive differences, which is typically not done when screening catalyst OER 

performance.82 The combined effect of pH and solution resistance on the OER 

performance of IrOx films is not well defined for the acid molarities most often cited in 

the literature. Comparison of catalyst performance between electrolyte molarities requires 

assumption of Nernstian behaviour and negligible resistive contributions.  

 IrOx films show preparation-dependent surface features (Table 3.1).37,49,56,57,62,91 

The influence of electrolyte conditions on IrOx OER performance should vary across the 

IrOx film types. This chapter summarizes efforts made to systematically characterize the 

influence of molarity and acid type on the observed OER characteristics of different IrOx 
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films. The morphology, composition, activity, stability and selectivity of five IrOx film 

types were assessed using electrochemical and physical characterization techniques. The 

studied films were prepared on FTO-glass supports via drop-cast (DC), sputter (SIROF), 

thermally annealed sputter (T-SIROF), thermal decomposition of a precursor salt (TDPS) 

and anodic deposition (T-ED) techniques. Not all existing IrOx fabrication methods were 

explored in this work. However, the chosen fabrication methods represent a substantial 

portion of those historically employed in the characterization of IrOx OER 

activity44,80,91,139 and those used as benchmark OER systems.41,85,114,117,124 The 

electrochemical properties of the IrOx films were evaluated in 0.10 M, 0.50 M and 1.0 M 

HClO4 and 1.0 M H2SO4. Film stability was assessed over a 24 h period using CP and 

complementary ICP-OES analysis of electrolyte solution. The electrochemical selectivity 

was probed using Faradaic efficiency measurements conducted over an ~2 h period. ICP-

OES, SEM and XRD analysis were performed to provide compositional, morphological 

and structural information on the different film types. The results of these studies allowed 

for direct comparisons to be made regarding the performance and stability of different 

film types and their relative susceptibility to electrolyte environment. In the process, the 

influence of fabrication conditions on the observed properties of the IrOx were 

considered.   
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3.2 Experimental Section 

3.2.1 Materials. 

 Sodium hexachloroiridate(III) hydrate (Na3IrCl6٠xH2O, 99.8%), iridium(IV) 

oxide (IrO2, 99.9%), perchloric acid (HClO4, 70%), Nafion 117 solution (5% w/w) and 

fluorine-doped tin oxide glass substrates (FTO-glass, 100 x 100 x 2.3, 7 Ω/sq) were 

purchased from Sigma Aldrich. NaOH (NaOH, pellets, 98%) was purchased from ACP 

Chemicals Inc. Sulfuric acid (H2SO4, 98%) and nitric acid (HNO3, 70%) were purchased 

from Caledon Laboratories Ltd. Hydrochloric acid (HCl, 37%) was purchased from 

Thermo Fisher Scientific Chemicals. Si wafers (0.3-0.4 Ω/cm, B-doped) were purchased 

from Addison Engineering Inc. Ag paste (Ag in isobutyl methyl ketone, #16040-30) was 

purchased from Ted Pella Inc. Cu wires used in electrode fabrication were Elenco® model 

WK106 (#22 gauge). The epoxy used to seal electrodes was Loctite® EA9460 

manufactured by Henkel. Millipore water (Sartorius Arium Mini, 18 Ω/cm) was used for 

all electrochemical experiments. Silver/silver chloride (Ag/AgCl, 1 M KCl, E vs. RHE
 = 

0.222 V) and mercury/mercury chloride (Hg/HgO, 0.1 M NaOH, E vs. RHE
 = 0.098 V) RE 

and platinum wire CE were purchased from CH Instruments Inc.  

 

3.2.2 IrOx film fabrication 

 Prior to all film fabrication, FTO-glass substrates were cleaned by ultrasonication 

in deionized (DI) water, acetone and isopropanol/ethanol for 15 min, respectively. The 

cleaned substrates were then dried with air prior to deposition procedures. All 

electrochemical cells and stir bars were cleaned with aqua regia and DI water prior to use 
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in electrodeposition experiments. Films were prepared such that each had a mass loading 

of ~0.75 mg٠cm-2 Ir. A high precision scale (0.0001 g) was used to record the mass of 

film materials. All reported experiments were (at least) triplicated. 

Drop-cast (DC). 5 mg/mL of IrO2 powder in 3:1 isopropanol-DI water was ultrasonicated 

for ~ 30 min. FTO-glass substrates were dried under a stream of O2 prior to catalyst 

deposition. The suspension was drop-cast onto clean FTO-glass substrates and allowed to 

dry under ambient conditions. This sequence of drop-cast and ambient drying was 

repeated until the desired mass loading was attained. After the final coat of IrO2 dried, the 

films were annealed at 400  ͦ C for 30 min (ramp rate 10   ͦC/min, hold 30 min, cool to RT) 

in air using a muffle furnace. DC samples prepared using a suspension matrix containing 

Nafion-117 were prepared in an analogous manner using a solution ratio of 0.2:3:1 

Nafion-isopropanol-DI water. Films prepared with Nafion were annealed at 100   ͦC (30 

min). Nafion-containing films exhibited poorer film-support contact relative to Nafion-

free films, which adversely affected the film stability. Nafion-free DC films were used 

for all the reported experiments and characterizations. 

Thermal Decomposition of Precursor Ir Salt (TDPS). Solutions of 3.36 mg/mL of 

Na3IrCl6٠xH2O in 1.2:1 isopropanol-DI water were prepared and ultrasonicated for ~1 h 

prior to initial use. The solutions were drop-cast onto clean FTO-glass substrates and 

allowed to dry for ~30 min under ambient conditions. The dried films were annealed at 

400  ͦ C for 30 min (ramp rate 10  ͦ C/min, hold 30 min, cool to RT) in air using a muffle 

furnace. The sequence of drop-cast, ambient drying and annealing was repeated until the 

desired mass loading was attained. The solvent system used to deposit the salt precursor 
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onto FTO-glass was selected based on the solubility of Na3IrCl6٠xH2O. The deposited 

“wet” film must be fully dry before annealing to prevent film cracking.  

Sputter (SIROF). Thin films of Ir were sputter-deposited onto clean FTO-glass substrates 

using a combinatorial sputtering system. Deposition was performed at 30 W (480 

W٠min) under 2.6 sccm Ar/O2 (4.89 mT) at room temperature for 20 min to give a film 

thickness of ~300 nm. Assuming formation of a smooth film, this thickness corresponds 

to a mass loading of ~0.75 mg٠cm-2 for Ir. As-deposited films had mirror-like 

appearances. SIROF films were prone to delamination at the onset of OER if residual 

solvent tracks were present on the surface of the FTO-glass support at the time of film 

deposition.  

Sputter-Thermally Annealed (T-SIROF). Sputtered films prepared following SP 

conditions outlined above were thermally annealed at 400  ͦ C for 30 min (ramp rate 10  ͦ 

C/min, hold 30 min, cool to RT) in air using a muffle furnace. Annealed films had muted 

and darkened features compared to SIROFs. T-SIROFs were less susceptible to 

delamination compared to SIROFs but had similar mechanical stability when supports 

were dried with a stream of gas prior to film deposition. 

Electrodeposition (T-ED). A modified literature procedure was followed.60,140 50 mL of 

0.01 M NaOH (aq) was stirred and heated to 70  ͦ C. Once the solution was refluxing, 

Na3IrCl6٠xH2O (0.0189 g) dissolved in 10 mL DI water was added. The mixture was 

refluxed for ~ 45 min and then cooled (and stirred) in an ice bath for ~15 min. After 

initial cooling, the (chilled) solution pH was measured using a pH probe (pH ~11.9). The 

cooled solution was then tuned to pH ~10 using dilute HClO4 and had a clear, pale 
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yellow appearance. The electrodeposition solution (pH ~10) was added to a clean and dry 

electrochemical cell with a stir bar. An Hg/HgO (0.1 M NaOH) electrode and Pt wire 

were used as the RE and CE, respectively. The WE clamp was attached to a clean FTO-

glass substrate and the connection was sealed off using non-conducting tape. The 

geometric surface area (Ageo) of the exposed FTO-glass was measured and then inserted 

into solution. Electrodeposition was performed using chronocoulometry and the working 

electrode was held at E = 0.95 V vs. RE until 0.3765 C/cm2 (wrt Ageo) of charge was 

passed. Following deposition, the coated substrates were removed from solution and 

allowed to dry under ambient conditions for ~30 min before annealing at 400   ͦC for 30 

min (ramp rate 10  ͦ C/min, hold 30 min, cool to RT) using a muffle furnace. 

Electrodeposition solutions were used within 12 h of being prepared. Solutions began to 

form a blue precipitate over time that impacted film stability. 

 

3.2.3 Electrochemical Characterization.  

All electrochemical experiments were performed in glass cells cleaned with aqua 

regia and DI water. 0.1 M, 0.50 M and 1.0 M HClO4 and H2SO4 electrolyte solutions 

were prepared using DI water. A Pt wire CE and Ag/AgCl (1.0 M KCl) RE were used for 

acid-mediated electrochemical experiments. O2 gas was bubbled into the electrolyte for 

~30 min prior to experimentation. LSV experiments were performed on electrodes using 

a sweep rate of v = 10 mV/s and a starting potential (Ei) of 1.0 V vs. RE. The cell 

potential was swept to a final potential (Ef) of 1.8-2.2 V vs. RE. The WE was held at a 

resting potential (Eoc) for 2 min prior to applying the potential sweep. CP experiments 
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were performed at j = 10 mA∙cm-2 (wrt Ageo) for all electrode systems. The experiments 

were performed for 24 h periods or until film/electrode failure. The uncompensated 

resistance (Ru) was measured for all film types using electrochemical impedance 

spectroscopy (EIS). The electrodes were held at open circuit potential (Eoc) and a 

frequency of 100 kHz with a voltage amplitude (Va) of ± 10 mV was applied. Ru was 

sampled 6 time per sample (Nd) to give an average value. iR correction were performed 

assuming 85% compensation.  

The charge transfer resistance (RCT) of SIROF, T-SIROF and TDPS films was 

measured using galvanostatic EIS at j = 10 mA∙cm-2 with a current amplitude of ± 10 mA 

over a frequency range of 100 kHz-100 mHz. 

An inverted burette set-up was used to measure the F.E. of the IrOx films. A 

constant current (density) was applied to the electrode for ~2 h and the evolved O2 gas 

was collected. The amount of O2 gas collected (nexperimental) was compared to the 

theoretical maximum for O2 gas evolution (ntheoretical) at a given time.  

Electrochemically Active Surface Area (ECSA) evaluation was performed by 

assuming the double-layer charging capacitance represented the reactive surface area. CV 

experiments were performed at various v in 1.0 M HClO4 and H2SO4. Working electrodes 

were held at Ei = Eoc and then cycled between E1 = 0.05 V vs. Ei and E2 = -0.05 V vs. Ei 

at v = 10, 25, 50, 75, 100, 150 and 200 mV/s. The anodic current measured at Eoc + 20 

mV was plotted against v and linear regression analysis was performed on the resulting 

data set. The slope of the trendline was used as an estimate of the CDL. CDL
 values are 

typically divided by a reference specific capacitance (Cs) to yield ECSA. Dividing the 
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ECSA by Ageo
 provides an electrodes roughness factor. In the present chapter, CDL

 values 

were not divided by Cs
 because a reliable reference value for IrO2 (or IrOx) was not 

found. Instead, the CDL values were divided by Ageo in an effort to obtain a metric 

representative of the Ageo-normalized ECSA. Fresh (vs. aged) electrodes were used for 

ECSA experiments, thus the measurements represent the surface pre-catalysis. 

 

3.2.4 Physical characterization methods.  

ICP-OES experiments were performed using a PerkinElmer Optima 8000 

instrument. The dissolved Ir content of 1.0 M HClO4 and H2SO4 electrolyte samples was 

analyzed for 24 h CP experiments. The dissolved content was related to the initial 

(loaded) mass of Ir (~0.75 mg/cm2). g-XRD patterns were collected using a Siemens 

D5000 operated at 45 kV, 40 mA and fitted with a scintillation detector. Samples of 

SIROF, T-SIROF, DC and TDPS films were prepared on Si wafers following the 

procedures detailed above. Samples were irradiated with incident X-rays at an angle (α) 

of 1 ͦ  using Cu Kα1 radiation (λ = 1.5418 Å), a step width of 0.05 and a dwell time of 3 

counts/s. SEM images of films were collected using a Hitachi S-4700 Field Emission 

Gun instrument in secondary electron (SE) mode. Samples were attached to SEM stubs 

using double-sided Cu tape and Ag paste was used to establish a connection between the 

conductive substrate face and sample stub. All samples were sputter coated with a 12 nm 

Au/Pd film to minimize sample charging. Sputter coating for SEM samples was 

performed using a model ACE200 Leica Sputter Coating System in diffuse mode for 156 
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s. Images were collected at sample heights of ~8-9 mm using an accelerating voltage of 3 

kV and operating current of 7 kA.  

 

3.3 Results and Discussion 

3.3.1 IrOx film preparation and physical characterization 

 Five IrOx film systems were prepared using different thin-film fabrication 

techniques. DC films were prepared using suspensions of commercial IrO2 powder. 

Samples annealed at 400  ͦ C showed improved support adherence relative to films 

annealed at lower temperatures. The DC method produced rough films with heterogenous 

surfaces (Figure 3.1B). The IrO2 particles were polydisperse with sizes ranging from ~ 

0.5-1 µm. The DC method yielded crystalline IrO2 films (Figure 3.2A), as expected from 

the crystalline precursor. 

SIROFs formed smooth surfaces (Figure 3.1C). Thermal treatment of SIROFs 

caused a structural change at the surface, as evidenced by the appearance of clustered 

structures in the SEM images of T-SIROFs (Figure 3.1D). Sanjines et al.73 reported a 

similar transformation for SIROFs heated at 400  ͦ C under UHV, whereby IrO2 clusters 

formed in a matrix of lower-valence Ir. SIROFs undergo a phase transition to a more 

crystalline structure when they are heated. The temperature required for such structural 

rearrangement is preparation dependent, however reports have placed the amorphous-

crystalline transition between 300-400  ͦ C.72,73,75 Crystallization of SIROF likely leads to 

structural damage as a result of lattice contraction. XRD analysis revealed similar 

structures for the T-SIROFs and SIROFs, suggesting surface-limited crystallization in the 
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T-SIROFs (Figure 3.2B and C). Both films showed broad peaks corresponding to IrO2, 

suggesting their bulk structure to be composed of small crystallites.141  

IrOx films were electrodeposited onto FTO-glass substrates using CC. Different 

ED conditions were trialed, including deposition using acidic, basic, fresh and/or aged 

Ir(OH)n
x- solutions. Acidic solutions formed blue, globular films and the solution 

composition visibly changed over the course of CC deposition from a clear amber 

solution to a grey-blue solution containing larger particulate species. Aged solutions (>1  

day old) also formed a blue precipitate and the resulting films showed globular features. 

The blue precipitate is likely an agglomeration of Ir(OH)n
x- complexes.77,78 Films 

deposited in the presence of these larger particulate species exhibited poor mechanical 

stability, possibly due to the lower density of surface bonding interactions at the FTO-

film interface and/or great amounts of electrolyte being trapped between particles relative 

to smaller Ir(OH)n
x- species.  

Fresh, basic electrodeposition solution formed smooth and uniform blue films 

with improved mechanical stability relative to the other tested conditions. The remaining 

films studied in this chapter were fabricated from fresh basic solution. T-ED films 

showed improved mechanical stability relative to the “wet” films. The T-ED films were 

composed of smooth sheets of material arranged into layers (Figure 3.1E). Thin AIROFs 

show similar morphological features to those observed for the T-ED films.142 The g-XRD 

pattern of T-ED IrOx could not be collected as the films couldn’t be grown on Si substrate 

(required for g-XRD experiments). We are currently exploring alternative substrates and 

attempting to grow thicker films to acquire the XRD data.  
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Figure 3.1: SEM images of the IrOx films: A) FTO-glass support, B) DC, C) SIROF, D) 

T-SIROF, E) T-ED and, F) TDPS. 

 

 TDPS films were prepared in-situ with the FTO-glass support. The films formed 

course surfaces composed of tightly packed small crystallites (Figure 3.1F, 3.2D). TDPS 

films showed reflections pertaining to IrO2 (Figure 3.2D). TDPS films showed a strong 
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and comparatively sharp reflection at ~ 40 ͦ , which could be evidence of preferential 

orientation in the (200) direction of IrO2.  

Figure 3.2: g-XRD patterns of IrOx films. A) DC, B) T-SIROF, C) SIROF), D) 

TDPS.84,141 Peaks labeled * = Si. 

 

Varying degrees of peak broadening are seen in the XRD patterns of the IrOx 

films, with DC films exhibiting the narrowest peaks. This is likely reflective of film 

crystallinity and suggests the DC films to have larger crystallites than the other IrOx 

films. TDPS films exhibited the most peak broadening, indicating the formation of 

smaller crystallites. Both SIROFs and T-SIROFs had intermediate-sized crystallites.  

Powder XRD data can only be used to detect the presence of crystalline species. 

To analyze the complete elemental composition of the films, ICP-OES measurements 

were performed and the results are summarized in Table 3.2. DC, SIROF, and T-SIROF 

films were primarily composed of Ir and O with metal impurities <1 %. Both TDPS and 

T-ED films had significant amounts of Na and Cl impurities which likely results from the 
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precursor salt (Na3IrCl6) and NaOH solution (T-ED). All films had some amount of Sn 

which likely comes from the FTO substrate. Ti impurities in SIROF and T-SIROFs are 

likely due to contamination from the sputter chamber.   

 

Table 3.2: Atomic percent composition of various IrOx films determined using ICP-OES. 

 Elemental composition (%) 

   Film Type Ir Na Cl Other O* 

TDPS 25 % 3 % 5 % 0.3 % Sn 67 % 

SIROF 31 % - - 
1 % Ti, 0.3 

% Sn  
68 % 

T-SIROF 32 % - - 
0.7 % Ti, 0.5 

% Sn 
67 % 

T-ED 18 % 7 % 8 % 
0.7 % Sn, 

0.1 % K 
66% 

DC 32 % - - 

0.8 % 

Sn, 0.1 % 

Ni, 0.1% Co 

67 % 

* ICP-OES cannot detect oxygen and its amount was estimated by subtracting the sum 

total of other elements from 100. 

 

3.3.2 Electrochemical characterization of films in 1.0 M acids 

 Both H2SO4 and HClO4 are used as the electrolyte species in the characterization 

of acidic OER materials (Table 3.1). The performance observed in one acid is typically 

assumed to carry over to the other. However, anions can directly interact with electrode 

materials,129,131 thereby altering the observed behaviour of the working electrode. HSO4
- 

has been demonstrated to have lower anodic stability relative to ClO4
- under oxidative 

conditions for WO3,
130 which is one reason why HClO4 is sometimes used in place of 

H2SO4. The lower stability is likely a consequence of HSO4
- tendency to specifically 
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adsorb on the electrode surface, where it can be oxidized. While the associated parasitic 

consumption of j may be negligible at low j, it should become more pronounced under 

more anodic conditions. To better understand the influence of acid anions on the 

electrochemical performance of IrOx films, the OER characteristics of the five IrOx films 

were investigated in 1.0 M HClO4 and H2SO4. LSV was used to screen the film activities 

and the 𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2 were extracted from the resulting curves following iR correction. 

Tafel analysis was performed on the j-V data for the log(j) range 0.5 to 1.2-1.5 to ensure 

the behaviour at/around j = 10 mA٠cm-2 was being modeled. Table 3.3 lists the 

𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2
 and Tafel slopes for the IrOx films recorded in 1.0 M HClO4 and H2SO4. 

All Tafel slopes had R2 values of ≥ 0.99. 

 

Table 3.3: Summary of η@j=10 mA٠cm-2 and Tafel slopes for IrOx films in 1.0 M HClO4 and 

H2SO4. 

Film Type 
η@j=10 mA٠cm

-2 (mV) Tafel slope (mV/dec) 

HClO4 H2SO4 HClO4 H2SO4 

TDPS 270 ± 10 260 ± 6 58 ± 5 41 ± 6 

SIROF 276 ± 7 270 ± 10 70 ± 6 65 ± 3 

T-SIROF 300 ± 10 300 ± 4 70 ± 2 65 ± 9 

ED 400 ± 10 420 ± 10 150 ± 10 162 ± 9 

DC 330 ± 10 330 ± 10 90 ± 20 70 ± 10 

 

Figures 3.3 shows representative j-V curves and Tafel plots for IrOx films in 1.0 M 

HClO4 and H2SO4 following iR correction. The OER onset potential of a film was similar 

in both acids, with differences mainly being seen between the film types. The 
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𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2 were also similar under both conditions (Table 3.3). SIROF and TDPS 

films had the lowest 𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2 values by ~30 mV, followed by T-SIROF, DC and 

T-ED films, respectively.  

Figure 3.3: A) LSVs (iR-corrected) and B) Tafel plots of the IrOx film systems in 1.0 M 

HClO4. C) LSVs (iR-corrected) and D) Tafel plots of the IrOx film systems in 1.0 M -
H2SO4. 

 

 As was mentioned in Ch. 1, many OER mechanisms have been proposed in the 

literature. Both solution- and lattice-phase mechanisms have been observed for OER on 

IrOx surfaces,61,128 the former forming O2 through a Volmer-Heyrovsky adsorbate 
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mechanism and the latter through a Volmer-Tafel oxygen exchange mechanism. A 

simplified lattice-based OER mechanism can be written as31,50,56,87 

IrO2 + H2O → IrO2(OH) + H+ + e- Tafel slope ~ 120 mV/dec (3.1) 

IrO2(OH) → IrO2(O)- + H+  Tafel slope ~ 60 mV/dec (3.2) 

IrO2(O)- + H+ 
→ IrO3 + e-  Tafel slope ~ 40 mV/dec (3.3) 

2 IrO3 → 2 IrO2 + O2    Tafel slope ~ 30 mV/dec (3.4) 

The RLS of a reaction mechanism influences the Tafel slope obtained for a catalyst. The 

Tafel slope predicted for each step in the lattice phase OER mechanism are shown above. 

From Table 3.3, the only films with values corresponding to the predicted Tafel values 

are TDPS films. In 1.0 M H2SO4, TDPS films were found to have a slope of ~40 mV/dec, 

which may suggest the RLS to be the second electron transfer reaction (equation 3.3). A 

different Tafel slope value (60 mV/dec) was observed for TDPS in 1.0 M HClO4, which 

may suggest the RLS to be the second proton transfer (equation 3.2). The other IrOx films 

did not show Tafel slopes reflective of the predicted values. This could be due to multiple 

reaction mechanisms and/or RLS occurring simultaneously on the film surface. As well, 

while the Tafel slopes extracted for TDPS films align with predicted values, the OER 

mechanism may be different than the one outlined in equations 3.1-3.4. In-situ studies are 

required to elucidate the surface dynamics for the IrOx films.   

 There is limited OER mechanistic information available through the Tafel slopes, 

however the values can still be used to gauge the catalytic efficiency of the IrOx films. 
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Recall that smaller Tafel slopes are indicative of a more efficient catalyst (Ch. 1.3). 

TDPS films were found to have smaller Tafel slopes relative to the other films studied, 

followed by the two sputtered systems, DC and T-ED films, respectively. The catalytic 

efficiency therefore appears to decrease in the order TDPS, SIROF/T-SIROF, DC and T-

ED in both 1.0 M HClO4 and H2SO4.   

TDPS films had slightly different Tafel slopes in 1.0 M HClO4 and H2SO4, which 

could be reflective of different RLSs, as mentioned above. Both SIROF and T-SIROF 

films showed Tafel slopes of 65 mV/dec and 70 mV/dec in HClO4 and H2SO4, 

respectively. The similar values observed between the films suggests ~equivalent 

catalytic efficiency for the two IrOx systems. As well, the η and Tafel slopes for SIROF 

and T-SIROF were comparable in both acids, suggesting acid type to have little influence 

on film activity under the conditions studied. DC and T-ED film activity also appeared to 

be ~independent of acid type. DC films showed smaller Tafel slopes compared to T-ED 

films, which showed values >120 mV/dec. The large Tafel slope observed for T-ED films 

could be due to film dissolution or poor conductivity at the film-support interface. 

CP was used to assess the η stability of the IrOx films in 1.0 M HClO4 and 1.0 M 

H2SO4. IrOx films were operated at j = 10 mA٠cm-2 over a 24 h period and the evolution 

of their η was observed, as depicted in Figure 3.4. Similar activity trends were observed 

at the initial stages of the CP experiment as was seen for LSV.  TDPS and SIROFs 

showed the lowest η, followed by T-SIROF, DC and T-ED, respectively. Deviations 

arose after extended operation, with films showing varying degrees of activity losses.  
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Figure 3.4: Representative CP plots of IrOx films in A)1.0 M HClO4 and, B) 1.0 M 

H2SO4.  

 

 The activity-stability plots shown in Figure 3.5 (1.0 M HClO4) and 3.6 (1.0 M 

H2SO4) afford better resolution of the η vs. time dependence exhibited by the IrOx films. 

In activity-stability plots, stable and active materials are represented by datapoints that 

start close to 0 mV and remain close to the bisecting line. TDPS, SIROF, T-SIROF and 

DC films showed increases in η (average) at early experimental time for 1.0 M HClO4 

and H2SO4 (Figure 3.5 and 3.6A, B). The η of SIROFs, T-SIROFs and TDPS films 

showed the greatest η increase within 20 min electrolysis, after which the increase was 

more gradual. Individual T-ED films showed decreasing η for the first ~2 h of OER in 

both acids, suggesting the in-situ formation of a more active catalytic species. Averaging 

across film replicates caused this behavior to be masked in the average η trend for T-ED 

films in 1.0 M HClO4. T-ED films started to show increasing η after ~2 h electrolysis. 

The η of DC films surpassed that of T-ED films by 2 h OER (Figure 3.5 and 3.6B).  

T-ED films showed variable stability in 1.0 M HClO4, with some samples failing 

within 10-12 h of electrolysis (Figure 3.5C). Stable T-ED films showed η increases 
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similar to that observed for SIROFs in 1.0 M HClO4. T-ED films did not show the same 

susceptibility for failure in 1.0 M H2SO4, however the η tended to increase more than that 

of stable T-ED electrodes in 1.0 M HClO4. The average η of SIROFs, T-SIROFs and 

TDPS films stabilized after 12 h OER, however small η increases were observed for 

individual electrodes over the remainder of the experiment. By 24 h OER, DC films 

reached the highest η, with final values >300 mV than ηt=0 in both acids (Figure 3.5 and 

3.6D).  

Figure 3.5: Activity-stability plots for the IrOx films in 1.0 M HClO4. A) ηt = 0 vs. ηt = 20 

min, B) ηt = 0 vs. ηt = 2 h, C) ηt = 0 vs. ηt = 12 h and, D) A) ηt = 0 vs. ηt = 24 h. 
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Figure 3.6: Activity-stability plots for the IrOx films in 1.0 M H2SO4. A) ηt = 0 vs. ηt = 20 

min, B) ηt = 0 vs. ηt = 2 h, C) ηt = 0 vs. ηt = 12 h and, D) A) ηt = 0 vs. ηt = 24 h. 

 

 Both DC and T-ED films showed limited stability in both acids and two different 

deactivation characteristics were observed. In the case of DC films, gradual deactivation 

was observed in both acids and a higher overpotential was observed in H2SO4. T-ED 

films showed abrupt failure in 1.0 M HClO4 and a more gradual deactivation in 1.0 M 

H2SO4. The abrupt deactivation is suggestive of full film delamination, which likely 

occurs due to the flaky morphology of T-ED films (Figure 3.1E). The gradual 

deactivations could be due to film surface oxidation, dissolution or exfoliation. Further 
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studies involving ICP-OES analysis of electrolyte over the 24 h experimental period are 

required to understand the activity loss observed. 

 Changes in the measured potential response can be understood as changes to the 

electrode surface. An increase in potential over operational time is indicative of some 

form of surface deactivation. Film dissolution and delamination are common causes of 

deactivation and can be probed through electrolyte analysis. ICP-OES was used to probe 

the extent of Ir mass loss experienced by the IrOx films in 1.0 M H2SO4 and HClO4. 

Figure 3.7 shows the percent amount of dissolved Ir across the acid types for SIROF, T-

SIROF, TDPS, DC and T-ED films after 24 h CP experiments. In general, a higher 

amount of Ir was observed in H2SO4 electrolyte compared to HClO4 in all film types 

indicating higher dissolution in H2SO4. T-SIROFs and TDPS films had the lowest 

dissolution (< 2%) in both acids, followed by SIROFs. Both DC and T-ED films showed 

high levels of dissolved Ir after 24 h as predicted by the CP measurements. T-SIROFs 

showed better chemical stability compared to SIROFs despite having lower η-stability. 

Figure 3.7: Amount of Ir determined using ICP-OES in, A) 1.0 M HClO4 and B) 1.0 M 

H2SO4 for various films after 24 hours of CP measurements at j = 10 mA٠cm-2. 

 



80 

 

Figure 3.8 compares the chemical stability and η-stability of the IrOx films. The 

η-stability of a film was represented using the change in η between t = 0 and t = 24 h for 

individual CP experiments. The high Ir content found in the electrolyte of DC and T-ED 

films after 24 h is consistent with film deactivation through catalyst 

dissolution/delamination.  

Figure 3.8: Influence of film dissolution on η-stability in A) 1.0 M HClO4 and, B) 1.0 M 

H2SO4. 

 

While LSV measurements help determine the catalytic activity and CP and ICP 

measurements establish film stability, F.E. measurements are performed to evaluate the 

catalyst selectivity for O2 formation. The F.E. of the IrOx films were probed using an 

inverted burette set-up and are summarized in Table 3.4. All films showed lower F.E. in 

H2SO4 compared to HClO4. In 1.0 M HClO4, T-SIROF and TDPS films were found to 

have F.E. > 99 % whereas SIROF, T-ED and DC IrOx films showed F.E. < 99 %. In 1.0 

M H2SO4, T-SIROFs and TDPS films had F.E. > 96% while SIROF, T-ED and DC films 

had F.E. < 95%. T-SIROFs and TDPS films showed the highest OER selectivity in both 

acids. However, it is currently unclear why these films show higher selectivity. The lower 

F.E. of the SIROF, DC and T-ED films suggests them to be more susceptible to parasitic 
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reactions. Oxidation of the IrOx films or FTO-film interface could contribute to the lower 

F.E.s. It is interesting to note that despite the presence of Cl impurities in TDPS films, O2 

evolution is favored over Cl2 formation. This indicates the kinetics for the Cl2 formation 

is either slower on these films or Cl atoms are well-encapsulated within the TDPS 

catalyst and not accessible for the reaction. The chlorine evolution reaction could 

contribute to the lower F.E. of T-ED films.  

 

Table 3.4: Summary of the Faradaic efficiencies of various Ir films in 1.0 M HClO4 and 

H2SO4 electrolytes.   

Film Type 1.0 M HClO4 1.0 M H2SO4 

TDPS 99.7 % 96.3 % 

SIROF 98.3 % 94.1 % 

T-SIROF 99.8 % 97.1 % 

T-ED 98.0 % 93.0 % 

DC 98.2 % 94.1 % 

 

 The Ageo of an electrode typically underestimates the real surface area 

participating in electrochemical reactions.143 Films with higher active surface areas are 

expected to show higher activity due to the greater number of accessible reaction sites. 

The electrochemical active surface area (ECSA) of a film can serve as a metric of the 

accessible surface area of an electrode.25,36,41 The double layer capacitance (CDL), which 

is proportional to surface area accessible to electrolyte, can be used as a metric for 

electrode ECSA.41 The ECSA of IrOx films was assessed in 1.0 M HClO4 and H2SO4 

(Figure 3.9). TDPS films were found to have the largest ECSA of the studied films while 
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DC and T-ED films showed the lowest ECSA in both acids. SIROF and T-SIROF films 

showed intermediate values.  

 Figure 3.9 shows the film η relative to its ECSA. It is possible that the activity 

trends observed for various IrOx films is due to the increasing surface area. However, the 

Tafel analyses indicate TDPS films to be intrinsically good catalysts so the high catalytic 

activity does not arise just from high surface area of the film. Further, surface area alone 

cannot explain the activity of SIROFs, which show smaller ECSA values relative to 

TDPS films despite having similar η in both acids. ECSA also does not address the 

difference in activity observed between SIROFs and T-SIROFs, since SIROFs show 

lower η relative to T-SIROFs in both acids but only have larger ECSA in 1.0 M HClO4. 

Figure 3.9: Relationship between ECSA (at EOC) and η (LSV) for IrOx films in A) 1.0 M 

HClO4 and B) 1.0 M H2SO4.  

 

3.3.3 Electrochemical behaviour of IrOx films in different molarities of HClO4 

 IrOx surfaces are primarily -OH terminated in aqueous environments, with -OH 

and -OOH groups serving as the active sites for electrochemical processes under acidic 

conditions.87,144–146 These surface groups participate in acid-base reactions and IrOx 
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exhibits pH-dependent electrochemical properties as a result.63,133,134,137,147 IrOx films are 

known to exhibit drastically different OER characteristics across acidic, neutral and basic 

solutions.41,47,117,133 The trend within the acidic pH range is less defined and most existing 

studies are for AIROF and ED films.63,77,87,134,135,137 These studies also use inert salts or 

buffered solutions to control for resistive differences, which is seldom done when 

screening OER electrocatalysts (Table 1). The extent to which the OER characteristics of 

IrOx films are influenced by pH-dependent interactions is not well understood, especially 

in the face of solution resistive differences. The OER characteristics of TDPS, SIROF, T-

SIROF, T-ED and DC IrOx films were studied in 0.10 M, 0.50 M and 1.0 M HClO4 (pH 

1.0, 0.3 and 0, respectively) to determine how the activity and stability compared at 

different pH. HClO4 electrolyte was chosen given the lower (average) catalyst dissolution 

and higher F.E. observed (Figure 3.8, Table 3.5). LSV was used to screen the film 

activities and the 𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2 were extracted from the resulting curves following iR 

correction. Tafel analysis was performed on the j-V data for the log(j) range 0.5 to 1.2-1.5 

mA٠cm-2 to ensure the behaviour at/around j = 10 mA٠cm-2 was being modeled. Table 

3.5 lists the 𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2
 and Tafel slopes for the IrOx films recorded in 1.0 M HClO4. 
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Table 3.5: Summary of η@j=10 mA٠cm-2 and Tafel slopes for IrOx films in 0.50 M and 0.10 

M HClO4.  

Film Type 

η@j=10 mA٠cm
-2 (mV) Tafel slope (mV/dec) 

1.0 M 0.50 M 0.10 M 1.0 M 0.50 M 0.10 M 

TDPS 270 ± 10 283 ± 4 330 ± 10 58 ± 5 52 ± 4 51 ± 7 

SIROF 276 ± 7  320 ± 10 353 ± 9 70 ± 6 83 ± 2  76 ± 6 

T-SIROF 300 ± 10 350 ± 10 400 ± 20 70 ± 2 76 ± 9 95 ± 3 

T-ED 400 ± 10 430 ± 20 420 ± 30 150 ± 10 150 ± 10 130 ± 20 

DC 330 ± 10 370 ± 4 470 ± 30 90 ± 20 74 ± 3 90 ± 10 

 

 Figure 3.10 shows the iR corrected LSV and Tafel plots for the IrOx films in 1.0 

M, 0.50 M and 0.10 M HClO4. The same trend for 𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2
  was seen in 1.0 M and 

0.50 M HClO4, with films following the order TDPS > SIROF > T-SIROF > DC > T-ED. 

In 0.10 M HClO4, T-ED films showed lower 𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2
  than DC films but the trend 

was otherwise comparable to the other acid molarities. Across the molarities, the 

𝜂@𝑗=10 𝑚𝐴∙𝑐𝑚−2 increased for all films, with the largest change occurring between 0.50 M 

and 0.10 M HClO4, except for T-ED films. T-ED films had similar η in 0.50 M and 0.10 

M HClO4, which could be reflective of slower surface corrosion in weaker acid.  
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Figure 3.10: LSVs and Tafel plots, respectively, of IrOx films in A-B) 1.0 M HClO4, C-

D) 0.50 M HClO4 and, E-F) 0.10 M HClO4.  

 

 The trend in Tafel slope differed across the pH conditions. In 1.0 M HClO4, the 

catalytic efficiency followed the order TDPS > SIROF ~ T-SIROF > DC > T-ED. The 
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order switched to TDPS > DC ~ T-SIROF ≥ SIROF > T-ED in 0.5 M HClO4 and TDPS > 

SIROF > T-SIROF ~ DC > T-ED in 0.10 M HClO4. The same general trend was 

observed for all molarities, with TDPS films having the lowest and T-ED films the 

highest slopes under all concentrations while T-SIROF, SIROF, and DC films exhibited 

intermediate values.  

 The activity-stability of the IrOx films was evaluated over a 24 h period for each 

of the electrolyte concentrations. Representative CP plots are shown in Figure 3.4A and 

3.11 for the IrOx films in 1.0 M, 0.50 M, 0.10 M HClO4, respectively. For all acid 

molarities, the early η trend followed the order TDPS > SIROF > T-SIROF > DC > T-

ED. This contrasts with what was observed by LSV the IrOx films in 0.10 M HClO4, 

where DC films showed higher η compared to T-ED films (Figure 3.10E).  

Figure 3.11: Representative CP plots for IrOx films in A) 0.50 M HClO4 and, B) 0.10 M 

HClO4.  

 

The activity stability plots of the films in 0.50 M and 0.10 M HClO4 are shown in 

Figures 3.12 and 3.13, respectively. TDPS, SIROF, T-SIROF and DC films had η that 

increased over the entire 24 h period, with the greatest increase observed within 2 h of 
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electrolysis for SIROF, T-SIROF and TDPS films. Individual T-ED films showed 

decreases in η at early experimental times, with η values typically increasing after 2 h 

OER for all molarities. As mentioned previously, the decrease observed for T-ED films is 

suggestive of an activation step. DC films started at η lower than T-ED films and 

exceeded T-ED films by 2 h OER for all molarities (Figure 3.5, 3.12 and 3.13B). The 

average η trend observed for TDPS films and SIROFs tended to show stabilization after a 

few hours of electrolysis in all molarities, however individual films never showed 

complete η stabilization. 

Figure 3.12: Activity-stability plots for IrOx films in 0.50 M HClO4. A) ηt = 0 vs. ηt = 20 min, 

B) ηt = 0 vs. ηt = 2 h, C) ηt = 0 vs. ηt = 12 h and, D) A) ηt = 0 vs. ηt = 24 h. 
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Figure 3.13: Activity-stability plots for IrOx films in 0.10 M HClO4. A) ηt = 0 vs. ηt = 20 min, 

B) ηt = 0 vs. ηt = 2 h, C) ηt = 0 vs. ηt = 12 h and, D) A) ηt = 0 vs. ηt = 24 h. 

 

 T-ED films showed large discrepancies between the η recorded by LSV and CP in 

0.10 M HClO4, with ηt=0 ~200 mV larger than ηLSV. There was less deviation between the 

η recorded by potentiodynamic vs. potentiostatic technique at lower pH. Ir films have 

been reported to show technique-dependent potentials and dissolution rates.50,66 The rapid 

onset of ~large j in CP experiments leads to a rapid potential increase. Cherevko et al.48 

postulated that the rapid onset may lead to non-equilibrium conditions at the electrode 

surface if the potential increases at a rate higher than the surface-mediated response. Such 

conditions can result in film deactivation via passivation or dissolution,50 causing the 
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surface to shift to more positive potentials. The authors48 further suggested that since the 

potential increase occurs over a longer timescale for LSV experiments compared to CP, 

this may allow the electrode surface to stay in pseudo-equilibrium.  

The η-stability of IrOx films in 1.0 M, 0.50 M and 0.10 M HClO4 is depicted in 

Figure 3.14. The observed trends can be summarized as TDPS > SIROF > T-SIROF > 

DC > T-ED in 1.0 M, TDPS ~ SIROF ~ T-ED > T-SIROF > DC in 0.50 M and 0.10 M 

HClO4. However, when activity is taken into consideration, the trend follows TDPS ~ 

SIROFs > T-SIROF > T-ED ~ DC in 1.0 M and 0.50 M HClO4 and TDPS > SIROFs > T-

SIROFs > DC ~ T-ED in 0.10 M HClO4. SIROFs and TDPS films showed high activity 

and η-stability across the acid molarities, DC and T-ED films showed low activity and η-

stability, and T-SIROFs showed moderate activity and η-stability. 
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Figure 3.14: η-stability of IrOx films in A) 1.0 M, B) 0.50 M and B) 0.10 M HClO4. 

 

DC films showed the lowest η-stability across all acid molarities, reaching Δη > 

300 mV in each case and showed the highest Δη in 0.10 M HClO4 (~500 mV). The 

reduced η stability in lower electrolyte concentrations might be due to increased solution 

resistance, which increases the energy required to maintain j = 10 mA٠cm-2 and can 

cause film aggregation.82 While DC films showed the lowest stability compared to other 

films, they were found to be more active than T-ED films over short experimental times. 

The moderate activity initially observed for DC films across all electrolytes is likely due 

to the mass loading and crystallinity of the film. The crystallinity can help with charge 



91 

 

transport through the films, making them effective catalysts at adequate loadings despite 

having low surface area and fewer defect sites relative to the more amorphous films.  

T-ED films, which showed variable stability in 1.0 M HClO4, exhibited improved 

η-stability at lower pH, with no tendency to fail within the 24 h operational period. The 

higher η-stability of T-ED films at higher pH might be due to slower surface dissolution 

or film passivation. The increasing resistance of the solution at higher pH and the large 

film-support resistance will make the surface kinetics of the T-ED films sluggish and 

more susceptible to non-equilibrium conditions as the electrode rapidly ramps to j = 10 

mA∙cm-2. Film passivation during this potential onset period could reduce the Δη 

observed since most of the surface would already be in a deactivated state, as indicated 

by the large ηt=0. 

T-SIROFs showed poor η-stability and high η relative to SIROFs across all 

electrolyte conditions. SIROFs showed η and η-stability similar to TDPS films, and both 

showed the highest η-stability and lowest η across all pH. TDPS films outperformed the 

SIROFs at lower molarities, with η ~ 60-80 mV lower than SIROFs at all times in 0.10 M 

HClO4. SIROFs and T-SIROFs showed comparable Tafel characteristics under all 

electrolyte conditions except 0.10 M HClO4, suggesting similar innate activity and 

surface dynamics. TDPS films, SIROFs and T-SIROFs showed similar Ru under all 

electrolyte conditions, suggesting comparable charge transport efficiencies within the 

films and at the film-electrolyte interface. SIROFs and TDPS films had ~equivalent RCT 

values in 1.0 M HClO4 and 0.50 M HClO4, however SIROFs showed slight larger RCT in 

0.10 M HClO4 (Table 3.7). This is in line with LSV and CP data, which showed the films 
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to have similar activity (η) in 1.0 M and 0.50 M HClO4 but TDPS films to outperform 

SIROFs in 0.10 M HClO4 (Table 3.6). T-SIROFs had larger RCT than SIROFs and TDPS 

film under all pH conditions, also in line with the observed η trends.  

 

Table 3.7: Charge transfer resistance for SIROF, T-SIROF and TDPS IrOx films in 1.0 

M, 0.50 M and 0.10 M HClO4 at j = 10 mA٠cm-2.  

Film Type 

RCT (Ω∙cm=2) 

1.0 M 0.50 M 0.10 M 

TDPS 20 ± 2 22 ± 2 21 ± 2 

SIROF 19 ± 4  20 ± 3 25 ± 1 

T-SIROF 28 ± 6 28 ± 6 33 ± 5 

 

SIROFs are reported to be microporous.70,74 There does not appear to be reports that 

discuss the porosity, or lack thereof, for T-SIROFs. The g-XRD patterns and Tafel slopes 

presented in the current report suggest the two films to have similar intrinsic and sub-

surface properties, including comparable catalytic efficiencies and bulk film structure. 

SEM imaging revealed the films to have different surface features, with the surface of T-

SIROFs appearing to be terminated by IrO2 clusters (Figure 3.1C).73 This may indicate the 

two sputtered films have different surface energetics. Ru can serve a measure of the 

conductivity of the overall electrode assembly, including the inter-film and film-support 

interfacial conductivity. More resistive films show higher Ru under equivalent electrolyte 

conditions. RCT values provide insight on charge mobility at an electrode surface. Because 

SIROFs and T-SIROFs showed similar catalytic efficiencies (Tafel slopes) and appear to 

have similar bulk film structures, the higher RCT value observed for T-SIROFs may be 
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reflective of a less conductive surface that in turn requires more energy to complete 

Faradaic processes. SIROFs and T-SIROFs had similar Ru but different RCT values under 

all the probed electrolyte conditions. This suggests that the movement of charge throughout 

the films mainly differs for the outermost surface. The later onset of OER in T-SIROFs 

suggests a more energetic surface charge-transfer process relative to SIROF films. If T-

SIROFs have the same porous form as SIROFs at the film-support interface, then the major 

difference in the charge-transfer process between the two films should be charge moving 

across the film-electrolyte interface. Generally, more crystalline structures show improved 

electron mobility but reduced ion mobility relative to less ordered structures. Hackwood et 

al.72 previously proposed ionic conductivity to be the major factor contributing to the 

reduced OER performance observed for T-SIROFs relative to SIROFs. The authors found 

the electronic conductivity of the two film types to be similar.72  

A lower ion conductivity at the surface of T-SIROFs relative to SIROFs could 

result in a higher η requirement because more energy is required to transport an 

equivalent amount of charge across the electrode surface. Once enough energy has been 

provided to T-SIROFs to overcome the energy barrier associated with surface ion 

hopping, charge transfer across the SIROF and T-SIROF surfaces should proceed at 

similar rates. Thus, the efficiencies of the films after OER onset should be similar, as was 

observed by the similarity of the T-SIROF and SIROF Tafel slopes across most of the 

electrolyte conditions. The one exception is in 0.10 M HClO4, where T-SIROFs had 

larger Tafel slopes compared to SIROFs. One explanation for why T-SIROFs showed 

different catalytic efficiencies than SIROFs at 0.10 M HClO4 is that the low surface ion 

concentration is more debilitating for charge transport when combined with lower surface 
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ion mobility (T-SIROFs) relative to higher ion mobility (SIROFs). Recalling the 

definition of j outlined in Chapter 1, 

j = nFk[X]surface   (3.5) 

j = nFk[H+]surface  (3.6) 

Assuming k ∝ RCT, then the mix of lower acid concentration and slower surface reaction 

rate (T-SIROF) will result in a smaller j relative to lower acid concentration and a 

moderate surface reaction rate (SIROF). The structures proposed for the two sputtered 

films (Figure 3.15) are based on top-down SEM analysis, select electrochemical studies 

and literature findings. A combination of HI-RES cross-sectional SEM analysis, porosity 

studies and in-situ characterization of the sputtered films is necessary to more thoroughly 

investigate the films structures.  

Figure 3.15: Proposed models for SIROF and T-SIROF structures. 

 

3.4 Conclusion 

IrOx films were prepared using five different common fabrication techniques 

typically reported in the literature. From the results, it is evident that the fabrication 

techniques greatly influence the activity and stability of the films. When evaluated in 1.0 
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M HClO4 and H2SO4 at j = 10 mA∙cm-2, TDPS films had low η, high catalytic efficiency 

and a high F.E. These films were also electrochemically and chemically stable over 24 h 

CP measurements. SIROFs showed similar activity as TDPS in terms of η, however 

SIROFs showed lower selectivity, catalytic efficiency and chemical stability in 

comparison. T-SIROF were found to have the next best combination of activity and 

stability, showing similar catalytic efficiency to SIROFs but higher η and reduced 

electrochemical stability. T-SIROFs showed selectivity (F.E.) and chemical stability 

comparable to that of TDPS films. T-ED and DC films performed inferiorly in 

comparison to the two sputtered films and TDPS films, exhibiting lower activity, lower 

stability (Δη and %Ir dissolved) and lower selectivity (F.E.). The poor performance of 

DC and T-ED films likely results due to unfavorable adhesion of the films to the 

substrate and between film particles/layers, resulting in more catalyst loss. In the case of 

T-ED films, film deposition was found to etch the conductive surface of the support 

substrate (FTO). T-ED films also appeared to exhibit an activation period, with the η 

decreasing in the first 2 h of OER. The other IrOx catalysts did not appear to require 

significant activation time. 

 The electrolyte species was found to influence the stability and selectivity of IrOx 

films more than the activity. Both the Tafel slope and η of films were comparable 

between the two acids. All films, with the exception of TDPS films, showed an average 

increase in film dissolution/delamination in 1.0 M H2SO4 compared to 1.0 M HClO4. The 

electrochemical stability of the films appeared to be influenced by the acid type, 

specifically in the case of DC and T-ED films. Both films showed different η-stability 

behaviour in the two acids, with DC films showing greater deactivation in H2SO4 relative 
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to HClO4. T-ED films showed a greater tendency to rapidly delaminate in HClO4 

compared to H2SO4. The OER selectivity of films appeared to be higher in HClO4 

relative to H2SO4 for all film types, potentially due to parasitic oxidation of HSO4
- in the 

latter electrolyte.  

Electrolyte concentration was found to impact the OER properties of IrOx films. 

All films except T-ED films showed larger positive potential shifts than that predicted by 

the Nernst equation (i.e., >59 mV∙pH) between 1.0 M HClO4 and 0.10 M HClO4. The 

exception of T-ED films could be reflective of a deactivated film state, since CP 

experiments suggest the films to undergo an activation process in the first 2 h at j = 10 

mA∙cm-2. The η-stability of DC films decreased with molarity, while T-SIROFs, SIROFs, 

T-ED and TDPS films showed slight or no improvements with decreasing pH. These 

results highlight the importance of using a benchmark molarity for screening 

electrocatalyst OER performance. 

This study shows that IrOx films are not necessarily stable, as is commonly 

claimed in the literature, and that film stability cannot be generalized across all IrOx 

systems. TDPS films, SIROFs, and T-SIROFs are better film fabrication techniques for 

yielding active and ~stable films. TDPS technique does not require a sputterer and is less 

infrastructure intensive though it can be time intensive. Sputtering, which can be fast, 

typically wastes a lot of material as it coats the entire chamber, which is undesirable 

when using expensive elements such as Ir. We currently do not understand all the trends 

observed in this study and further in-situ investigations are required to establish the 
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relationship between film composition and morphology, local Ir coordination 

environment, OER activity and stability.  
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CHAPTER  4. ELECTROCHEMICAL WATER OXIDATION IN 

ACIDIC SOLUTION USING GROUP IV DIBORIDE CATALYSTS 3 

 

4.1 Introduction 

As discussed in previous chapters, electrochemical fuel-forming processes, 

including hydrogen production from H2O,40,148–151 formation of hydrocarbons from 

CO2,
152,153 and ammonia production from N2

22,154 have the potential to disrupt the current 

energy landscape. These processes are all cathodic reactions and are typically coupled 

with the oxidation of water to produce oxygen at the anode to maintain charge balance 

and a sustainable electron supply.155 Thus, active, stable, and Earth-abundant 

electrocatalysts for this OER must be simultaneously developed. Such catalysts have been 

demonstrated in alkaline40,41,156–159 and neutral solutions,160–162 but few examples have 

been reported in acidic media.24 Acidic electrolytes are attractive as they are compatible 

with existing fuel-cell technologies, and with proton-exchange membrane-based 

electrolyzer systems that operate under high current densities and pressures.32 

Oxides of noble metals, such as IrOx and RuOx, have been commonly used as 

electrocatalysts for the OER in acidic solutions. These materials have been shown to 

generate the benchmark current density of j = 10 mA٠cm-2 towards the OER with 

 

3 Chapter 4 was adapted from the paper Electrochemical Water Oxidation in Acidic 

Solution Using Titanium Diboride (TiB2) Catalyst, ChemCatChem, 2019, 11, 1-6 with 

permission from the authors Kirshenbaum, M. J., Richter, M. H., and Dasog, M. 

Copyright Wiley-VCH Verlag GmbH & Co., 2019. The author M. J. Kirshenbaum’s 

contributions include performing XRD and SEM experiments, processing the 

electrochemistry data, as well as assisting with manuscript preparation. A. Nielander and 

M. Richter performed the electrochemistry and XPS experiments, respectively.  
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overpotentials <500 mV.41,46,116,119 However, the scarcity and cost of these materials may 

preclude global-scale transformation of energy storage. Ta-based intermetallic alloys,96 

polyoxometalates,99 and metal-oxides97,163,164 have been explored as alternatives to noble-

metal based materials, but do not exhibit substantial electrochemical stability. Materials 

that exhibit appreciable stability such as the Ni0.5Mn0.5Sb1.7Oy have poor conductivity and 

require overpotentials of >700 mV to overcome the resistance.95,100 In industrial 

electrochemical processes, boride coatings have been used to reduce corrosion in acidic 

electrolytes.165–167 Recently, Earth-abundant metal borides have emerged as efficient 

OER electrocatalysts owing to their good electronic conductivity and chemical 

robustness.168 Furthermore, the presence of boron has been proposed to lower the 

thermodynamic and kinetic barrier of the hydroxylation step involved in the water 

oxidation process.169 Co, Fe, and Ni borides have been shown to exhibit OER 

performance that exceed Ir- and Ru-based catalysts in basic solutions.169,170 While metal 

borides have been investigated as OER electrocatalysts in alkaline solutions, such 

materials remain unexplored in acidic media. In this study, the OER performance of 

commercially available TiB2, HfB2 and ZrB2 powders on FTO substrates in 1.0 M HClO4 

and H2SO4 is reported. 

 

4.2 Experimental Section 

4.2.1 Materials 

Titanium diboride (TiB2, ~10 µm powder), perchloric acid (HClO4, 99.999%), 

sulfuric acid (H2SO4, %), fluorine doped tin oxide (FTO) coated glass (surface resistivity 
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of ~7 Ω/m2 ), Nafion-117 solution, hydrochloric acid (HCl, ≥ 99%), and nitric acid 

(HNO3, ≥ 99%) were purchased from Sigma-Aldrich. Zirconium diboride (ZrB2, 

hexagonal, 5 µm powder) and Hafnium diboride (HfB2, 1.5 µm powder) were purchased 

from USnano. A TiB2 sputtering target (1.0’’ dia. x 0.250’’ thick) was purchased from 

Kurt J. Lesker Company. Millipore water (≥18.2 MΩ/cm resistivity) was obtained from a 

Barnstead E-Pure system. An Ag/AgCl (1.0 M KCl) reference electrode and a Pt wire 

counter electrode were purchased from CH instruments.  

 

4.2.2 Electrode preparation 

The working electrodes were prepared by drop-casting boride dispersions or by 

sputtering (TiB2) onto an FTO-glass substrate. Prior to deposition, the FTO-glass 

substrates were cleaned by ultrasonication in ethanol for 2 min and rinsing sequentially 

with acetone and deionized water. For drop-casting, catalyst solutions were prepared by 

dispersing 10 mg of a metal boride powder in 1 mL of 4:1 v/v isoproponal/5% Nafion via 

sonication. The resulting suspensions were then drop-cast onto an FTO-glass substrate 

until a catalyst loading of 2.0 mg٠cm-2 was reached and dried at 40 °C in an oven for 2 h. 

Thin films of TiB2 were sputtered onto cleaned FTO substrates using conventional RF 

sputtering at 40 W with an Ar flow of 1.7 sccm and chamber pressure of 1.97 mT. The 

film thickness was controlled by varying the deposition time.  
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4.2.3 Electrochemical experiments 

All the electrochemical experiments were conducted using a Biologic SP-150 

potentiostat in a single-compartment, three-electrode cell in 1.0 M HClO4 or H2SO4. The 

electrochemical cells were washed with aqua regia and Millipore water prior to the 

electrochemical measurements. Pt wire and Ag/AgCl (1.0 M KCl) were used as the 

counter and reference electrodes, respectively. The electrolyte was circulated using an 

external pump. LSVs were collected in a O2-purged cell at a scan rate of 5 mV٠s-1. The 

stability of the catalyst was examined using CP at a current density of 10 mA٠cm-2. 

Electrochemical impedance measurements were carried out from 100 kHz to 100 mHz 

with an amplitude of 10 mV at 0 V vs SCE. All the electrochemical measurements were 

corrected for uncompensated resistance using the Ru values obtained from the impedance 

measurements. Experimental F.E. of DC TiB2 was determined by collecting the evolved 

gas using an inverted burette at a current density of 10 mA٠cm-2.  

 

4.2.4 Physical characterization 

Powder XRD patterns were collected using a Rigaku Ultima IV X-Ray 

diffractometer with Cu Kα radiation (λ = 1.5418 Å). The samples were placed onto a 

zero-background Si wafer and the diffractograms were collected at 3 counts/s. SEM 

images were obtained using a Hitachi S-4700 electron microscope. ICP-OES 

measurements were performed using a PerkinElmer Optima 8000 instrument. XPS data 

were collected using a Kratos Axis Ultra system with a base pressure of 1×10-9 Torr. The 

X-ray source was a monochromatic Al Kα line at 1486.6 eV. Photoelectrons were 
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collected at 0° from the surface normal with a retarding pass energy of 160 eV for survey 

XPS scans, 20 eV for high-resolution core levels scans. CasaXPS software (VAMAS) 

was used to interpret and fit high-resolution (HR) XP spectra. All spectra were internally 

calibrated to the C 1s emission (284.8 eV). 

 

4.3 Results and Discussion 

The electrochemical activity and stability of drop-cast TiB2, HfB2 and ZrB2 films 

were assessed in 1.0 M HClO4. ZrB2 and HfB2 films were found to have onset 

overpotentials ≥ 1 V and were unstable when the films were operated at j = 10 mA٠cm-2 

beyond 5 min. The reduced catalytic activity may have been a result of rapid oxidation of 

ZrB2 and HfB2 films under anodic conditions. In contrast, DC TiB2 films showed 

favourable electrochemical activity and stability in 1.0 M HClO4. These films were 

therefore investigated more thoroughly. 

 Figure 4.1A presents a powder XRD pattern of the TiB2 powder, which shows 

characteristic peaks at 27.6°, 34.2°, 44.5°, 57.0°, 61.2°, 68.1°, 68.4°, 72.1°, and 78.7° that 

can be indexed to the (001), (100), (101), (002), (110), (102), (111), (200), and (201) 

crystal planes, respectively, of the layered TiB2 structure.171 The reflections at 38.4° and 

65.1° likely correspond to the (020) and (130) crystal planes of the α″-martensite phase of 

Ti metal.172 SEM analysis of TiB2 powder showed particles ranging between 5-15 µm 

(Figure 4.1B). ICP-OES measurements did not indicate the presence of noble metal 

contaminants such as Ir, Ru, and Pt in detectable amounts (>10 ppb). 



103 

 

Figure 4.1: (A) Powder XRD pattern and (B) SEM image of TiB2 particles. The * in (A) 

denotes reflections corresponding to α″-martensite phase of Ti metal. 

 

TiB2 microparticles were suspended in Nafion solution and coated onto an FTO-

glass substrate to achieve a geometric concentration of 2.0 mg٠cm-2. Figure 2A shows a 

cross-section SEM image of the drop-cast TiB2 film with a thickness of ~10 µm (Figure 

4.2A). The electrocatalytic activity of TiB2/FTO for OER was assessed in 1.0 M HClO4 

and H2SO4 (pH = 0) solutions.  The solution resistance was determined to be 7.6 Ω and 

7.9 Ω by electrochemical impedance (Figure 4.2B) in HClO4 and H2SO4 solutions, 

respectively, and all electrochemical measurements were corrected for uncompensated 

resistance accordingly. This suggests good film-support contact, as well as inter-particle 

conductivity, since the Ru of bare FTO-glass is ~ 3x the Ru of TiB2 and DC films of other 

electrocatalysts were found to have Ru ~equivalent to that of FTO-glass. 
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Figure 4.2: (A) Cross-section SEM image of TiB2 drop-coated FTO substrate and (B) 

Nyquist plot (Ru = 7.6 Ω) for TiB2 electrocatalyst in 1.0 M HClO4.  

 

Figure 4.3 shows a LSV for the catalyst in 1.0 M HClO4, which demonstrates that 

an η of 560 ± 20 mV (1.79 V vs RHE) is required to achieve a current density of j = 10 

mA٠cm-2. CP experiments in 1.0 M HClO4 demonstrate that the TiB2 catalyst is capable 

of sustained oxygen production for at least 10 h at j = 10 mA٠cm-2 (Figure 4.4) with 

negligible changes in overpotential. Many of the reported EA OER catalysts tested in 

acidic solutions have not been investigated at pH values as low as 0, nor reach current 

densities as high as 10 mA٠cm-2, which is the target benchmark for application in a 

variety of technologies including the storage of solar energy.40,149  
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Figure 4.3: LSV of DC TiB2 electrocatalyst in 1.0 M HClO4. Inset of TiB2/FTO electrode 

operated at j = 10 mA٠cm-2
. 
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Figure 4.4: CP experiments for DC TiB2 electrodes operated at j = 10 mA٠cm-2 in 1.0 M 

HClO4. 

Figure 4.5: F.E. measurements of DC TiB2 electrocatalyst for OER in 1.0 M HClO4 at j = 

10 mA٠cm-2. 
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The catalyst films on FTO substrates were found to delaminate after 10-12 h of 

catalysis, as evidenced by the sudden rise in η (Figure 4.4) during CP measurements. The 

cause for the delamination is currently unclear, but it is hypothesized to be due to 

mechanical instability caused by poor adhesion of the TiB2 onto the FTO substrate, which 

is further aggravated by bubble accumulation at the interface of drop-cast TiB2/FTO 

substrate. Similar behaviour was observed by T-ED IrOx films in 1.0 M HClO4, which 

also exhibit a layered structure (Figure 3.1, Figure 3.5). In the absence of Nafion, the 

catalyst adhesion was poor, and delamination occurred within the first hour of the 

chronopotentiometry experiments. 

TiB2 films were generated by sputtering onto the FTO substrates in an attempt to 

produce a film with superior adhesion than that generated by drop casting a powder 

suspension. However, the sputtered films were observed to be more susceptible to faster 

delamination than the drop cast films and exhibited inferior electrocatalytic performance. 

It is possible that the absence of Nafion in the sputtered films further deteriorates the 

connectivity between TiB2 and FTO substrate, thereby masking film activity. Annealing 

sputtered TiB2 films under inert atmosphere prior to electrolysis could potentially 

improve film adherence, however Nafion-free DC films were observed to delaminate 

faster than non-annealed films.  An inverted burette setup was used to collect and 

quantify the amount of evolved oxygen during water oxidation. Prior to catalyst 

delamination, F.E. was determined to be >96% towards the OER (Figure 4.5). The rest of 

the current (< 4%) results from the partial oxidation of TiB2, as determined using XPS 

technique (vide infra).  
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HClO4 solution was initially used as the electrolyte, as previous studies have 

demonstrated it to have better oxidative stability compared to H2SO4.
130,173 However, 

many published OER materials are studied in H2SO4, so the OER performance of TiB2 

electrodes was also explored in 1.0 M H2SO4 for comparisons sake. The η appears to 

increase gradually with time until ~8 h operation after which a more rapid loss of activity 

is observed (Figure 4.6A).  A decreased F.E. of ~84% was observed in 1.0 M H2SO4 

solution (Figure 4.6B) compared to 1.0 M HClO4. This is likely due to higher degradation 

of the catalyst and lower oxidative stability of H2SO4 electrolyte. The gradual increase in 

η compared to the abrupt deactivation observed in HClO4 suggests a more gradual film 

exfoliation. Comparable behaviour was observed for DC and T-ED IrOx films in 1.0 M 

H2SO4 (Figure 3.4B, 3.6). The adsorption of HSO4
- appears to reduce the tendency for 

rapid film delamination, the likely source of abrupt deactivation in HClO4. It could be 

that the adsorbed HSO4
- anions act like an ionic adhesive, whereby interactions between 

oxidized surface groups (e.g., oxidized anions and/or OER intermediates), internal Ti/B 

sites and/or the support surface helps “glue” the film together and to the support. In-situ 

studies are required to understand the stability behaviour of films in the two acid types. 
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Figure 4.6: (A) CP measurement at j = 10 mA٠cm-2 and, (B) F.E. measurement for OER 

for DC TiB2 electrocatalyst in 1.0 M H2SO4. 

 

 To quantify the catalyst stability and dissolution process, ICP-OES measurements 

were performed on 1.0 M HClO4 electrolyte solution every hour of catalysis. When 

operated at j = 10 mA٠cm-2, a dissolution rate of 0.24 μg٠cm-2٠h-1 was observed for Ti 

(Figure 4.7). After 10 h only ~1.2 % of the catalyst was dissolved, which is the lowest 

corrosion rate reported to date for an Earth-abundant OER catalyst at pH 0.96,99,100 This 

suggests that performance loss is due to mechanical adhesion and not rapid catalyst 

dissolution. 

Figure 4.7: Dissolution rate of TiB2 in 1.0 M HClO4 during OER using j = 10 mA٠cm-2
. 



110 

 

 

XPS measurements were performed at various time intervals on TiB2 electrodes 

operated at j = 10 mA٠cm-2 to investigate the chemical evolution of the catalyst surface 

over time. The high-resolution XP spectrum of the B 1s region (Figure 4.8) prior to OER 

shows peaks at 187.6 and 192.9 eV, corresponding to TiB2 and B2O3 respectively.174  

With increasing reaction times the peak intensity at 189.5 eV increases, which can be 

assigned to growing amounts of TiBOx.
175 An increase in the amount of B2O3 is also 

observed over time, which correlates with the area under the purple curve rising in B 1s 

spectra. High resolution XP spectra of the Ti 2p region (Figure 4.8) prior to the OER 

shows the presence of 2p3/2 peaks at 454.6 and 459.0 eV, corresponding to TiB2 and TiO2 

respectively.176 With increasing reaction times, a new peak evolves ca. ~458.2 eV which 

can be assigned to 2p3/2 of TiBOx.  
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Figure 4.8: Fitted high resolution XP spectra of TiB2 electrodes in the B 1s and Ti 2p 

regions after various durations of performing OER in 1.0 M HClO4 at j = 10 mA٠cm-2. 

For clarity, only 2p3/2 fitted peaks are shown in Ti 2p spectra (      : collected data;       : 

fitted data).  

 

 The XPS analysis indicates partial oxidation of TiB2 under the operating 

conditions specified; however, underlying TiB2 can still be observed in both the B 1s and 

Ti 2p regions after 8 h of catalysis, which indicates a slow rate of oxidation. The survey 

XP spectrum (Figure 4.9) showed identical elemental composition before and after 8 h of 

OER. SEM analysis of TiB2 electrodes (Figure 4.10) at various time intervals showed the 

gradual exfoliation of the catalyst surface. The surface of the film became roughened 
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within 5 min of OER onset, however there were still visible layers of film that exhibited 

little-to-no signs of exfoliation. Only smaller film particles are observed after 30 min 

OER, potentially due to strain from formation and escape of O2 from deeper within the 

lattice. When the surface of constituent film particles gets exfoliated, previously 

inaccessible layers become exposed to electrolyte. This contributes to the continual 

roughening of the film surface and formation of smaller structural features. While the 

film shows persistent roughening over the course of the experiment, the most damage, or 

largest morphological change appears to have occurred with 5-30 min of OER.   

Figure 4.9: Survey XP spectra of DC TiB2 on FTO electrodes before and after 8 h OER at 

j = 10 mA٠cm-2 in 1.0 M HClO4. 
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Figure 4.10: SEM images of the TiB2/FTO electrodes after various durations of 

performing OER in 1.0 M HClO4 at j = 10 mA٠cm-2. 

 

 The electrocatalytic performance and robustness of the TiB2 material reported in 

this work compare well to other Earth-abundant materials explored as OER 

electrocatalysts in acidic media. Previously, polycrystalline Ni2Ta tested in 0.50 M 

H2SO4 required an overpotential of 570 mV to generate j = 10 mA٠cm-2, with a Ni 

corrosion rate of 0.393 µg٠min-1.96 A Ba-based polyoxometalate material required only 

361 mV overpotential to generate j = 10 mA٠cm-2 in 1.0 M H2SO4, but was unstable over 

an extended period of time.99 Ti-stabilized MnO2 was explored in 0.05 M H2SO4 but was 

not demonstrated to reach j = 10 mA٠cm-2.164 F-doped Cu1.5Mn1.5O4 tested in 0.50 M 

H2SO4 was shown to require ~355 mV to generate j = 10 mA٠cm-2; however long-term 

stability at that current density was not explored.163 Co3O4 films on FTO required 570 

mV overpotential to generate j = 10 mA٠cm-2 in 0.50 M H2SO4, and a corrosion rate of 

100 ng٠min-1 was observed for Co metal.97 In-situ deposited CoFePbOx films operated in 

1.0 M H2SO4 required ~700 mV η to generate j = 10 mA٠cm but complimentary 
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electrolyte analysis was not performed.95 Mixed-metal oxide Ni0.5Mn0.5Sb1.7Oy was 

explored in 1.0 M H2SO4 and required 735 mV overpotential to generate j = 10 mA٠cm-

2.100 56% of the initial Mn was found to have leached after 144 h while operating at j = 10 

mA٠cm-2. Acid-stable nanostructured TiB2 coatings and nanopowders with pseudo-

spherical shape morphology and particle size of ~500 nm have been reported 

previously,177,178 however such materials have not previously been investigated under 

OER conditions. This study shows the promise of TiB2 as a potential electrocatalyst for 

OER in acid upon improvement of its mechanical stability.  

 

4.4 Conclusions 

 In summary, TiB2 on FTO was demonstrated to be an effective EA electrocatalyst 

for OER in 1.0 M HClO4. An η of 560 ± 20 mV was required to drive a current density of 

10 mA٠cm-2 and OER was achieved with a F.E. of > 96%. The catalyst suffered reduced 

activity, stability and F.E. in 1.0 M H2SO4. The TiB2 on FTO system failed after > 10 h 

due to poor mechanical adhesion of the TiB2 film to the FTO. Drop-cast TiB2 films 

exhibited remarkable chemical stability with a dissolution rate of 0.24 µg٠cm-2٠h-1, 

which is the lowest rate observed to date for an inexpensive catalyst in 1.0 M acid 

solution. Given the infancy of the field there are very few examples of OER 

electrocatalysts that do not contain precious metals, and of those known Earth-abundant 

materials none demonstrate a similar combination of overpotential and dissolution rate. 

  



115 

 

Chapter 5. Conclusions and Future Work 

 

5.1 Conclusions 

The results included in this thesis emphasize the complexities of characterizing 

and comparing electrocatalyst performances. Both film fabrication and electrolyte 

conditions can have major implications on the observed physical characteristics and 

electrochemical behaviour of a material. In the case of IrOx, sweeping statements about 

the material activity and stability undermine the true variation in performance exhibited 

by the material. Further, while many reports mention the variability of IrOx systems and 

performances, and comment on fabrication-dependent properties of IrOx films, few 

studies have attempted to compare different systems under equivalent conditions. Further, 

there appear to be no studies that compare the effects of electrolyte species and molarity 

on the measured OER performance of IrOx films. Thus, the findings presented in Chapter 

3 provide a catalogue of responses exhibited by common IrOx film types under various 

electrolyte conditions. This will hopefully aid in the comparison and appreciation of 

literature electrocatalyst systems and provide a point of reference for both IrOx 

benchmarks, as well as novel catalyst systems. 

Until recently, all known EA materials for acidic OER were found to possess high 

levels of dissolution and/or prohibitive energy requirements. In this report, TiB2 was 

found to exhibit moderate activity but high chemical stability relative to other EA OER 

catalysts. Optimization of film fabrication conditions may allow for improved 
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mechanically stability and overall applicability in OER research and hydrogen 

technology.  

Interestingly, similar electrochemical stability behaviour was observed for TiB2 

and IrOx, particularly DC and T-ED films. T-ED IrOx films showed a tendency to fail 

abruptly in 1.0 M HClO4 and more gradually in 1.0 M H2SO4, with an equivalent trend 

being observed for DC TiB2 films. Both systems had layered morphologies which likely 

made them susceptible to delamination and exfoliation mechanisms. The abrupt versus 

gradual deactivation mechanism observed between electrolyte species is indicative of the 

tendency of the acid anion to interact directly with the film surface. It also highlights the 

applicability of the IrOx performance catalogue built in Chapter 3.  

Finally, the outcomes of the research presented in this report emphasize the 

importance of the film-support interface. Fabrication methods that result in strong film 

contact generally showed improve mechanical stability. These also tended to be films 

formed in-situ with the support substrate, which is not a novel observation. DC films 

showed poor performance unless high mass loadings were used and showed variable 

performance due to mass loss and support exposure. The stability limitations inherent to a 

fabrication technique should be kept in mind when developing and screening OER 

catalyst materials.  

 

5.2 Future Work 

 Immediate future work includes the completion of compositional analysis for the 

IrOx films. XPS analysis of the IrOx films is currently in progress. Alternative means of 
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preparing T-ED samples for XRD analysis are being pursued. Cross-sectional SEM 

images of IrOx films will be collected, as well as RCT values for SIROF, T-SIROF and 

TDPS films in 1.0 M H2SO4. Further ICP-OES studies are being conducted for 

electrolyte samples to establish dissolution rates for all the film and electrolyte conditions 

probed. ECSA experiments will be completed for films in 0.10 M, 0.50 M and 1.0 M 

HClO4.  

pH-potential studies should be repeated using inert salts to deconvolute the 

influence of pH and solution resistance. Such studies would likely reveal fabrication-

dependent pH-potential relationships. For T-ED film, the pH-potential shift should be 

assessed for activated films. 

Porosity experiments should be conducted for SIROF, T-SIROF and TDPS films. 

The porosity of thin films can be assessed through BET analysis or using a quartz crystal 

microbalance,179 although the experiments are difficult to perform. Porosity can also be 

approximated using atomic force microscopy (AFM)55 or Rutherford backscattering 

spectroscopy.70 

 A more thorough investigation into the origin of film activity for TDPS and 

SIROFs should be completed. In addition to in-situ X-ray or AFM studies, the influence 

of the precursor Ir salt on the performance of TDPS is being investigated. TD films have 

been shown to be insensitive to the Ir chloride precursor used.53 Ir acetate (Ir(acac)) 

precursors are used to prepared TD films that are Cl-free and the resulting films still 

show high OER activity.81,127 There does not appear to be studies directly comparing TD 

films prepared from Cl-containing vs. Cl-free Ir precursors, thus the influence of Cl vs. 
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Cl-free Ir precursors on the OER performance of TDPS films is being investigated. 

Physical characterization of the interface formed through the in-situ decomposition of Ir-

salt on FTO-glass should be conducted. When TD films prepared on Ti or Si substrates 

are decomposed at high temperatures (>500 °C), passivating oxide layers form at the 

film-support interface and hinder OER performance.37,180 SnO2-based films are 

oxidatively-stable due to their (IV) oxidation state so the characteristics of the film-

support interface for TDPS film decomposed on FTO should be unique.  

 The transition of SIROF to T-SIROF could be better explored to see if an optimal 

mix of activity, stability and selectivity can be achieved. Other optimization studies could 

be performed on SIROFs, including the influence of CV activation and film thickness on 

OER performance.   

Figure 5.1 summarizes a protocol for the thorough investigation of electrocatalytic 

materials for a single electrolyte condition. The table builds off literature benchmarking 

procedures for screening the activity and/or stability of HER and OER 

materials.41,113,121,181 Exhaustive analysis of materials that exhibit OER activity and/or 

stability under operational conditions can help guide catalyst design and allow realistic 

targets to be set for stability, activity and scalability.  
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Figure 5.1: Protocol for the comprehensive characterization of OER electrocatalyst 

activity, stability and deactivation mechanisms. 

 

The corrosion behaviour of films may vary depending on the technique used to 

study their performance. In the current study, Ir dissolution was probed for IrOx films 

following 24 h CP experiments. Cherevko et al. investigated the dissolution profiles of 

AIROFs and Ir-metal electrodes under potentiodynamic conditions and found rapid 

corrosion at OER onset but diminished rates at higher potentials.50,66 Characterizing the 

electrolyte composition at different potentials for LSV experiments could provide a more 

complete understanding of the mass loss and deactivation mechanisms acting on films.   

ECSA experiment were performed for IrOx films assuming CDL provided a metric 

for the active surface area. However, the active surface at OER potentials will be 
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different than at rest (EOC). Further, support substrates can interfere with the 

measurements and lead to incorrect ECSA values, as can poor film-support contact. 

Alternative means of active surface area assessment should be explored. ECSA can be 

measured using EIS rather than CV.36 There are also techniques for performing BET on 

thin film samples,36,179 which would could be used to supplement ECSA studies. 

CV characterization of IrOx films before and after catalysis might reveal changes 

in redox couples, which can be informative of surface changes and cyclability. Post-

catalysis LSV can reveal changes in catalytic efficiencies after prolonged operation. Such 

experiments have already been performed for some of the IrOx films and should be 

performed for the remaining films. The results could be informative of degradation 

mechanisms.  

 In the current report, physical characterization was limited to films pre-catalysis. 

Furthermore, electrochemical characterization of films following 24 h OER (CP) was not 

included. Post-OER studies on electrodes can provide insight on how surface, 

composition and catalytic efficiency changes as a result of prolonged catalysis. EIS, LSV 

and surface area measurements could be repeated following 24 h CP experiments to 

evaluate the influence of extended OER on the active material. Morphological, structural 

and compositional changes could also be probed using SEM, XRD, XPS and/or EDS. 

Depending on the electrode assembly, certain characterization techniques may not be 

feasible post-electrolysis.  

 The protocol outline in Figure 5.1 can be extended to other OER catalyst 

materials. In the case of the group 14 boride films reported in Ch. 4, performing post-
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OER characterization after 24 h electrolysis is limited by their mechanical instability and 

associatively shortened operational time. Reducing the steady-state OER period to within 

the boride film stability window would allow for post-OER analysis. TiB2 shows the 

lowest dissolution rate and moderate activity relative to other reported EA acidic-OER 

catalysts, so thorough characterization may prove insightful. DC TiB2 films are limited in 

their applicability as electrode materials because of the poor film-support adhesion. A 

pressed flow-cell was necessary to successfully screen their performance. Alternative 

means of film preparation to could be explored to optimize the mechanical stability of the 

material, including electrochemical syntheses or coating support particles with the metal 

borides. Sputtered TiB2 films might adhere better to a Ti substrate than FTO-glass and 

show improved performances as a result. Troubleshooting the fabrication method would 

not only allow better characterization of TiB2 OER performance but also other metal 

borides and nitrides. Both material families are believed to have attractive electrocatalytic 

properties. Developing a consistent means of screening their electrochemical properties 

would not only allow novel classes of materials to be explored but could also afford 

major improvements in available EA systems for acidic OER. 
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