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The oxygen evolution reaction (OER, 2H2O → O2 + 4H+ + 4e–) plays an essential 

role in energy conversion electrochemical processes from hydrogen production via 

water splitting to electrosynthesis of high-valued chemicals in aqueous solutions. 

Unfortunately, the OER is notorious for its sluggish kinetics. A key source of its kinetic 

barrier is that the OER is a multi-electron transfer reaction. Therefore, an effective OER 

electrocatalyst needs to stabilize multiple intermediates via surface adsorption (e.g. 

OHad, Oad, OOHad). This work focuses on the fundamental understandings of these 

electroadsorption steps and their impacts on the OER electrocatalysis to develop the 

principles for the OER catalyst optimization. Our approach extracts the 

electroadsorption energy on the thin-film transition-metal oxides grown epitaxially 

using molecular-beam epitaxy (MBE). The well-defined surfaces enable us to 

benchmark our measurements against the computational model systems. We 

demonstrate that the OHad and Oad energies are linearly related, which provides the first 

known experimental evidence behind the concept of the scaling relation in catalysis. 

Building on this scaling relation, we use an oxygen adsorption energy (ΔGO-ΔGOH) to 

approximate the activation energy of the OER and examine its correlation to the OER 

kinetics by modifying the material electronic structure and interfacial environment. In 

addition, we study the mechanism of electron and proton transfer in electroadsorption 

steps by measuring their kinetics in different electrolytes. These fundamental insights 



 

provide the guidelines to optimizing the material properties and interfacial environment 

for the OER electrocatalysis. 
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CHAPTER 1 

 

1. Introduction 

 

1.1 Motivation 

Climate change and growing energy demands call attention to a sustainable energy 

strategy that replaces the use of fossil fuels.1,2 By 2040, the global energy demand for 

the production of industrial chemicals, such as hydrogen, ethylene, and ammonia, is 

expected to rise by 70 %.3 As an alternative, utilizing renewable electricity to synthesize 

fuels and high-valued chemicals that we daily need from sustainable reagents (e.g. water, 

carbon dioxide, and nitrogen) could play a significant role in reducing the carbon diox-

ide emission.4 These electrochemical conversions, for example, hydrogen and ethylene 

production, usually require catalysts to accelerate their reaction rates.5 Therefore, ad-

vances in clean energy technologies rely on the fundamental understandings of electro-

catalysis and a general approach to development of catalysts. 

 

 

Figure 1.1 A Schematic shows electrochemical conversions utilizing renewable energy 

to synthesize high-valued chemicals from the precursors in the atmosphere. 
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Among all electrical-to-chemical energy conversions, the most established one is 

the water splitting. Water splitting to generate hydrogen is one of the cleanest and most 

sustainable options for storing energy into chemical bonds. The hydrogen can later be 

used as a fuel in electric transportation and a precursor in the production of other high-

valued chemicals.6–8 As a result, substantial efforts have been devoted to understanding 

electrochemical processes involving water, hydrogen, and oxygen.9–11  

A proton exchange membrane (PEM) electrolyzer is used to separate the overall 

water-splitting reaction into two electrochemical reactions: hydrogen evolution reaction 

(HER) at the cathode and oxygen evolution reaction (OER) at the anode. In energy con-

version and storage devices, PEMs such as Nafion® have been widely used because of 

their high ionic conductivity, chemical and mechanical stability, and the ability to oper-

ate at high power.12 Therefore, the PEM electrolyzer can operate at a higher current 

density with a higher energy efficiency. 

 

Water splitting: 2H2O → 2H2 + O2 

Cathode, HER: 2H+ + 2e− → H2 

Anode, OER: 2H2O → O2 + 4H+ + 4e−  

 

 

Figure 1.2 Schematic of a PEM electrolyzer. 
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In a PEM electrolyzer, the cathodic reaction (HER) only needs two electrons to gen-

erate one hydrogen molecule requiring relatively little reorganization in the catalysis. 

Platinum is an excellent catalyst for this reaction.13 In acid, the HER catalysis on Pt is 

so fast that the mass transport of protons controls the reaction. On the contrary, the OER 

requires four electrons to produce one O2 molecule. Substantial reorganization is needed 

to form the reaction intermediates. Therefore, a large overpotential (the potential beyond 

the equilibrium voltage) is required to drive the OER. To date, the state-of-the-art cata-

lyst for the OER14 still needs 0.27 V overpotential to achieve the current density of 10 

mA/cm2 which dominates efficiency losses in an electrolyzer. 

Similarly, the OER is the anodic reaction for many electrosynthesis processes in 

aqueous electrolytes, such as the production of ethylene (2CO2 + 2H2O → C2H4 + 3O2) 

and ammonia (2N2 + 6H2O → 4NH3 + 3O2). While the OER is not the only critical 

challenges in these electrochemical processes, a highly active OER catalyst and the un-

derstandings of optimizing the interfacial environment for catalysis are necessary for 

future applications. This dissertation will focus on fundamental understandings of the 

OER, the essence of these electrochemical devices, on transition metal oxides. By stud-

ying the model systems to bridge the gap between experimental and computational 

works, this dissertation will revisit the existing hypothesis and offer new insights into 

the OER mechanism and strategies to improve the performance of the OER catalysts. 

 

1.2 Theoretical Insights into the OER Electrocatalysis 

1.2.1 Basics of Catalysis 

In a chemical reaction, the chemicals move from initial state (reactants) to final state 

(products) along a reaction pathway. This process normally requires a minimum amount 

of energy, called activation energy (ΔG‡), to overcome the barrier of forming the tran-

sition state. A catalyst provides an alternative pathway with reduced activation energy 
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without itself being changed or consumed during the reaction. Catalysis is the reaction 

process that is accelerated by a catalyst under its most favorable thermodynamic regime.  

In general, a catalyst operates by stabilizing the intermediates to lower the activation 

energy barrier. Figure 1.3 shows a schematic that the energy landscape of a reaction 

with and without a catalyst. With a catalyst, the reaction is decoupled into three elemen-

tary steps: (1) The reactant adsorbs on the surface forming the first intermediate. (2) The 

first intermediate reorganizes its structure and forms the second intermediate.  (3) The 

second intermediate desorbs from the surface forming the product. Each elementary step 

contains its activation energy that determines the rate of each step. The one with the 

highest activation energy is the rate-limiting step for the whole reaction. 

 

 

Figure 1.3 Schematic illustrations of a prototypical reaction mechanism, transition state 

theory, and its associated linear free energy relationships. Potential energy landscape 

along a chemical reaction coordinate and the reduction of the effective reaction barrier 

due to a catalyst. Illustration of the reaction barriers without a catalyst (ΔG‡) and with a 
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catalyst (ΔGA
‡; ΔGB

‡). Activation barriers for the reaction are effectively reduced by 

the presence of stable intermediate states on a catalyst surface. Adapted from Ref.15  

 

While the activation energy determines the rate of a reaction, accessing the transition 

state is challenging due to its short lifetime. To compute its energy, it commonly as-

sumes that the transition state energy follows the Brønsted-Evans-Polanyi (BEP) rela-

tion16, the energy barrier of the transition state is proportional to the driving force. This 

approximation brings that the activation energy associated with a transition state de-

pends linearly on the reaction energy. Therefore, the intermediate energies can be used 

to describe the energy landscape of a reaction. 

In this picture, a catalyst is most active when the intermediate stabilization is mod-

erate, not too strong such that the bound intermediate disrupts the subsequent catalytic 

cycle, nor too weak such that the surface is ineffective, known as the Sabatier principle. 

A great example to demonstrate this concept is the HER. The HER is a two-electron 

transfer reaction with one catalytic intermediate (i.e. adsorbed hydrogen atom). Building 

on this concept, tremendous efforts have been devoted to modifying the hydrogen ad-

sorption energy to develop catalysts for HER.17,18  

 

1.2.2 The Mechanism of the OER 

As a multi-electron transfer reaction, the OER has several intermediate states that 

the mechanism and intermediate details depend on the material surfaces. Recent studies 

have shown a catalyst can facilitate the OER intermediate formation by either activating 

the lattice oxygen19 or  creating a surface that is conducive to surface oxygen adsorp-

tion.20,21 In the latter case, the OER mechanism proceeds via the following proton-cou-

pled-electron-transfer steps. It is common to assume that the proton and electron transfer 

simultaneously to simplify the complexity. 
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Step 1: H2O + ＊ → OHad + H+ + e– 

Step 2: OHad → Oad + H+ + e– 

Step 3: Oad + H2O → OOHad + H+ + e– 

Step 4: OOHad → O2 + H+ + e– + ＊ 

 

where ＊ represents the adsorption site on the surface. In this framework, the energy 

landscape of the OER is determined by the energy of these intermediates (OHad, Oad, 

and OOHad).  

Furthermore, computational studies have demonstrated that the energies of these 

intermediates are linearly related on different material surfaces including metals, oxides, 

nitrides, and carbides, known as scaling relation.21–24 The scaling relations of these in-

termediates can be attributed to their same primary bond with the surface, typically 

metal-oxygen bonds. The consequence of these assumptions is that the oxygen adsorp-

tion energy can be used to describe the energy landscape of the OER, similar to the 

Sabatier principle described in the previous section. 

Recently, Man et al. have computed the energy of OHad, Oad, and OOHad on a wide 

range of oxides including rutile, perovskite, spinel, and rock salt by using DFT calcula-

tion. They have demonstrated the OER activity trend vs ∆GO – ∆GOH of transition metal 

oxides. In Figure 1.4, the most active catalyst RuO2 is at the optimum value of ∆GO – 

∆GOH, not be too strong nor too weak, for the electrocatalyst to facilitate the OER. This 

concept is also known as the volcano plot.25 The finding has suggested that a highly 

active OER catalyst can be designed by optimizing the oxygen adsorption energy. 
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Figure 1.4 Activity trends towards oxygen evolution, for rutile, anatase, Co3O4, MnxOy 

oxides. The negative values of theoretical overpotential were plotted against the stand-

ard free energy of ΔGHO* ─ ΔGO* step. The effect of interaction with the oxygen from 

the neighboring sites is considered: rutile oxides (red solid triangles), MnxOy (blue solid 

squares). Hollow triangles represent the low coverage regime. Adapted from Ref.21  

 

1.3 Toward Measurements of Oxygen Adsorption Energy 

While the importance of oxygen adsorption energy has been recognized, it is diffi-

cult to access the adsorption energy experimentally. The adsorption process is sensitive 

to the surface states. Any surface heterogeneity (e.g. facets and defects) could introduce 

multiple adsorption processes that the measurement cannot reveal the intrinsic adsorp-

tion energy.26 Researchers usually search for a material property that correlates to the 

adsorption energy and use this “descriptor” to represent the interaction between catalytic 

surface and oxygen. 

In general, many material properties have been used to describe the interaction be-

tween the oxygen and surface. One group of descriptors is based on the relation between 
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electronic structure of a catalyst and its bonding state with oxygen. Specifically, the 

strength of adsorption is determined by the electronic coupling between the frontier mo-

lecular orbital levels of the adsorbate and a band of states within the catalyst. The rela-

tive energy of the band and the adsorbate orbital as well as the filling of the band deter-

mine the strength of the bond. For example, the d-band center position has been used to 

describe the strength of oxygen interaction with Pt-alloy surfaces (Figure 1.5). The 

metal substitution modifies the d-band filling and thus changes the d-band center posi-

tion relative to the Fermi level and the oxygen binding strength. 

 

 

Figure 1.5 Activity versus the experimentally measured d-band center relative to plati-

num. The activity predicted from DFT simulations is shown in black, and the measured 

activity is shown in red. Reproduced from Ref.27  

 

For perovskite oxides (with general formula ABO3), a similar concept has been ap-

plied to explain the interaction between catalyst surface and adsorbed oxygen. The bind-

ing strength of surface oxygen adsorbate depends on the σ-bonding with B-site metal 
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determined by the filling of eg orbitals. Suntivich et al. have described the oxygen reac-

tion activity trend by using eg electron of transition metal in perovskite oxides28 and 

further designed a state-of-the-art OER catalyst29 from their proposed theory (Figure 

1.6). These volcano trends support the Sabatier principle, the binding energy of a highly 

active catalyst cannot be too strong nor too weak. While these parameters have been 

used to correlate to the catalytic performance, a direct measurement of the adsorption 

energy is required to reveal the understanding of the OER at a molecular level. 

 

 
 

 

Figure 1.6 The relation between the OER catalytic activity, defined by the overpoten-

tials at 50 mA cmox
−2 of OER current, and the occupancy of the eg-symmetry electron 

of the transition metal (B in ABO3). Data symbols vary with type of B ions (Cr, red; 

Mn, orange; Fe, beige; Co, green; Ni, blue; mixed compounds, purple), where x = 0, 

0.25, and 0.5 for Fe. Error bars represent SDs of at least three independent measure-

ments. The dashed volcano lines are shown for guidance only. Adapted from Ref.29  
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Single-crystal electrodes offer us a model platform to measure the surface adsorp-

tion energy and the intrinsic catalytic activity of a material, which is not straightforward 

to access on nanoparticles. The measurements of activity on nanoparticles are coupled 

with the effects of the crystalline facet, particle size, conductivity, and defects. Extract-

ing the intrinsic properties of the well-defined surfaces provides an opportunity to bridge 

the gap between experimental findings and computational theory. Combined with in-

situ characterization techniques, further mechanistic details can be revealed on these 

surfaces. 

Studies on single-crystal Pt have shown the great impact of mechanistic understand-

ings on the catalyst development. As a benchmark for hydrogen reactions and oxygen 

reduction reaction for over a century, single-crystal Pt(hkl) 30–33 have been examined to 

extract the surface information. Recent advances in thin film deposition technologies 

have expanded the availability of thin-films with different chemistry. These advanced 

methods34,35 can produce single-crystal oxides with the ability to control their sur-

face/sub-surface chemistry and to introduce strain to the film by growing on a lattice 

mismatched substrate. In this dissertation, we use these well-defined oxide surfaces to 

measure the intrinsic oxygen adsorption energy.  

 

1.4 Dissertation Scope 

This dissertation establishes the fundamental understandings of the governing pa-

rameters, especially the oxygen adsorption energy, for the OER electrocatalysis on well-

defined transition metal oxide surfaces. The advances in thin film deposition techniques 

enable us to measure the adsorption energy on well-defined surfaces, which is not 

straightforward to access on nanoparticles. In addition, we can manipulate the film prop-

erties with the atomic precision which includes introducing strain and substituting cation 

in the films. Our measurements can be used as a benchmark in the DFT computation 
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and to test the limitations of the underlying assumptions for the existing catalyst design 

principles. 

Chapter 2 builds an experimental approach to measuring the electroadsorption en-

ergy on the transition metal oxide surfaces. The reported adsorption energy can be used 

as a benchmark for the DFT computation. Furthermore, these measurements enable us 

to examine the impact of oxygen adsorption energy on the OER kinetics, revealing 

mechanism of the OER at different pH. 

Chapter 3 demonstrates the adsorption energy modification by introducing strain. 

We observed that the strain affects the chemisorption of oxygen by using ambient-pres-

sure x-ray photoelectron spectroscopy, while it has negligible influence on the electro-

adsorption energy. The difference between two types of adsorption highlights the role 

of interfacial water in the electroadsorption step. 

Chapter 4 investigates the isovalent cation substitution on the electroadsorption en-

ergy and the OER electrocatalysis. Unlike introducing strain, the cation substitution al-

ters not only the electronic structure of the material but surface chemistry by creating 

different surface motifs. Quantitively understanding those effects on OER kinetics of-

fers a new strategy for the OER catalysts design.  

Chapter 5 provides a comparative study showing the correlation of oxygen adsorp-

tion energy to OER catalysis on RuO2 and IrO2. Surprisingly, we couldn’t observe the 

volcano trend by using oxygen adsorption energy as a descriptor. For these highly active 

OER catalysts, the pre-factor in kinetic expression may play a more significant role than 

a small difference in adsorption energy. 

To gain insights into the details of OER microkinetics, Chapter 6 develops a method 

to measuring the surface electroadsorption kinetics. Compares with conventional meth-

ods, our approach considers the interaction between adsorbates, commonly observed in 

electroadsorption. This approach enables us to extract the kinetics of electroadsorption 
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in various electrolytes, offering fundamental understandings of the electron transfer pro-

cess. 

Finally, Chapter 7 summarizes the implications from this dissertation and provides 

an outlook for future studies on OER catalysis. Particularly, the optimization of the in-

terfacial environment based on the understanding of the energy landscape of the OER 

to facilitate the kinetics. 
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CHAPTER 2 

 

2. Measurement of Oxygen Electroadsorption Energy and Its Impact on 

Oxygen Evolution Reaction 

 

This chapter is adapted with permission from: Kuo, D.-Y. et al. Influence of surface 

adsorption on the oxygen evolution reaction on IrO2(110). Journal of the American 

Chemical Society 2017, 139 (9), 3473–3479. Copyright 2017 American Chemical So-

ciety. 

 

2.1 Introduction 

The sluggish kinetics of the oxygen evolution reaction (OER, acid: 2H2O → O2 + 

4H+ + 4e—, alkaline: 4OH—→ O2 + 2H2O + 4e—) currently limits the efficiency of a 

water electrolysis device.1–4 Many researchers have attributed the sluggish OER kinetics 

to the unfavorable formation energies of the intermediates,5–7 which must be facilitated 

by overpotential. The function of an electrocatalyst is to stabilize these intermediates by 

reducing their energies, while ensuring that their desorption step is not so overly energy-

intensive (i.e., the volcano relation or the Sabatier principle8) that it becomes a new 

source of the inefficiency. In this framework, the most active electrocatalyst is a material 

whose surface – oxygen interaction is neither too strong nor too weak.  

The surface oxygen adsorption energy is, however, experimentally difficult to assess, 

especially for transition-metal oxides, whose polar surfaces may electrostatically inter-

act with nearby molecules in the presence of electrochemical potential.9 As a result, 

many researchers have attempted to create useful approximations. Examples include the 

work by Trasatti,10 who used the enthalpy from a lower to higher oxide transition, Shao-

Horn et al., who used molecular-orbital principles,11 and Nørskov and Rossmeisl, who 
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used Density Functional Theory (DFT) calculations to approximate the surface – oxy-

gen adsorption energy.12 In the past decade, this computational approach has been used 

to explore cation substitutions,13–15 strain tuning,16 and structural engineering17–20 for 

oxide-electrocatalyst design. These investigations have shown the surface – oxygen in-

teraction energy is centrally important. 

While these ‘descriptor’ approaches have led to the discovery of highly active OER 

electrocatalysts,6,14,21 they often assume a vacuum surface model. Although computa-

tionally, the presence of water molecules weakly affect surface adsorption energy on 

platinum,22 recent experiments by Yan et al.23,24 and Koper et al.25,26 have shown that 

electrolyte and water can influence the surface adsorption energy on platinum. When 

considering that most OER electrocatalysts are oxides with polar surfaces,27,28 the sur-

face interaction with electrolyte and water could be even stronger. These considerations 

thus beckon the question of how the calculated energies of intermediates (OHad, Oad, 

and OOHad) on oxide surfaces7 compare to experiments in the presence of both electro-

lyte, and electrochemical potential. Unfortunately, there is not yet a report on the exper-

imental surface – oxygen interaction energy, especially on IrO2, a common standard for 

a stable, active OER electrocatalyst. As a result, it is still unclear if the approximations 

(i.e., neglecting the interfacial water layer, and surface work function constraint29) are 

appropriate.  

Single crystals offer an unprecedented window to examine these surface processes. 

Surface adsorption energies for Pt(hkl)30–33 have been used to benchmark DFT calcula-

tions34,35 by using Had and OHad electro-adsorption from cyclic voltammogram (CV) to 

validate the calculated adsorption energies. These efforts have led to successful catalyst 

developments such as Pt3Ni(111)36 and Pt3Y.37 In oxides, however, this comparison is 

not straightforward due to limited availabilities of oxide single crystals. Notably, the 

high melting point and concern over impurities make the process of synthesizing single-
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crystal oxides highly time consuming and enormously complex38. Still, a few research 

groups have managed to conduct fundamental electrochemistry studies on conductive 

single-crystal oxides. Examples include O’Grady et al., whose works have investigated 

surface adsorption on several RuO2 single crystal facets.39–41 Similar work has been 

done on IrO2.
42 Nevertheless, the connection between the surface – oxygen interaction 

and OER electrocatalysis remains to be made.  

To investigate the linkage between surface adsorption and OER electrocatalysis, we 

use molecular-beam epitaxy (MBE) to grow single-crystal IrO2(110) as a model oxide 

surface. Recent advances in oxide synthesis using thin film deposition methods enable 

an unprecedented access to electrochemistry on single crystals prepared in thin-film 

form. Many researchers have taken advantage of these atomically precise oxide films to 

reveal the orientation dependence of electrocatalysis on RuO2 and IrO2
43 as well as the 

effects of strain16 and resistance44 on the OER kinetics. In this work, we focus on rutile 

IrO2(110) films grown on single-crystal rutile TiO2(110) substrates to avoid the possi-

bility of twin boundary formation (due to multiple positioning on substrates that are not 

isostructural) or faceting.  

In this contribution, we describe our measurement of the surface – oxygen electro-

adsorption energy on IrO2 films epitaxially grown on TiO2 single-crystal substrates. We 

seek to address surface – oxygen interaction by investigating OHad and Oad adsorptions 

on single-crystal IrO2(110) and examine the electrolyte influence. Finally, we connect 

these adsorption results with the OER electrocatalysis. 

 

2.2 Experimental Methods 

Molecular-Beam Epitaxy Synthesis. IrO2(110) films were grown by MBE on single-

crystal TiO2(110) using a distilled ozone oxidant at a background pressure of 10-6 Torr. 

The flux of iridium was initially calibrated using a quartz crystal microbalance. The 
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epitaxial nature of the as-grown films was confirmed by in situ reflection high-energy 

electron diffraction (RHEED), low-energy electron diffraction (LEED), and X-ray dif-

fraction (XRD, Rigaku SmartLab).  

Preparation of Electrolytes. 0.1 M perchloric acid (HClO4), 0.1 M potassium phos-

phate monobasic (KH2PO4), 0.1 M potassium phosphate dibasic (K2HPO4), 0.1 M po-

tassium hydrogen carbonate (KHCO3), 0.1 M potassium carbonate (K2CO3), and 0.1 M 

potassium hydroxide (KOH) were prepared by dissolving HClO4 (with concentration 

70%, EMD), KH2PO4 (99.995% purity, Sigma Aldrich), K2HPO4 (99.95% purity, 

Sigma Aldrich), KHCO3 (99.7-100.5% (dried basis), Alfa Aesar), K2CO3 (99.997% pu-

rity, Alfa Aesar), and KOH pellets (99.99% purity, Sigma Aldrich) in deionized water 

(18.2 M cm). pH 2.8 phosphate buffer, pH 6.5 phosphate buffer, and pH 9.6 carbonate 

buffer were prepared by adding 0.1 M HClO4 to 0.1 M KH2PO4, 0.1 M KH2PO4 to 0.1 

M K2HPO4, and 0.1 M KHCO3 to 0.1 M K2CO3.  

The pH values of the electrolytes were calculated from H2/H
+ equilibrium potential 

(vs. Ag/AgCl). At the zero-current potential, the pH values satisfy the Nernst equation: 

EH2/H+(vs. Ag/AgCl) = - EAg/AgCl - 
2.303RT

F
pH 

Electrochemical Characterization. Electrical contacts were made using the same 

protocol as reported previously.43 Briefly, titanium wires were attached to IrO2 films 

using silver paint (Ted Pella, Leitsilber 200) and the samples were covered with epoxy 

(Omegabond 101) except for the IrO2 films. All electrochemical characterization was 

conducted in a three-electrode glass cell with a potentiostat (Bio-Logic). The reference 

electrode was a Ag/AgCl redox couple in a saturated KCl solution, calibrated to the H2 

redox. The counter electrode was a Pt wire. The electrolyte/cell-resistance-corrected 

potential was obtained by correcting the potential with the electrolyte/cell resistance as 

determined using the high frequency intercept of the real resistance from an impedance 

measurement. Firstly, we conducted CV in Ar-saturated electrolytes with a 200 mV/s 
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scan rate to observe surface adsorption. To avoid the large capacitance current, the OER 

measurement was conducted in O2-saturated electrolytes with a 10 mV/s scan rate. Ca-

pacitance-free CV curves were obtained by averaging the forward and backward scans.  

Computation. The Van-der-Waals corrected45 RPBE functional46 was used for all 

computations. Our slab model consists of a four trilayer hydrogen terminated slab. The 

two bottom layers are fixed to bulk position while the two top layers including adsorb-

ates were allowed to fully relax. This choice of functional and slab configuration is con-

sistent with the work of other groups.6,7,47 The criterium for a converged geometry was 

set to achieve all forces below 0.01 eV/Å and we use an 8x4x1 Gamma-centered k-point 

grid for slab computations. Our slab model has two coordinately unsaturated sites (cus). 

For VASP48–50 computations a minimum vacuum distance of 15Å was ensured while 

structures for FHI-AIMS51 computations have a minimum of 80Å separating the slab 

images. Total energy computations were performed with the all-electron code FHI-

AIMS employing the default tight basis sets.51 In addition to zero point energies (ZPEs) 

we include solvation energy effects. Both ZPE and solvation energies were computed 

with VASP using the PAW pseudopotentials.52 ZPEs for adsorbed molecules were com-

puted with 400eV plane wave cutoff and solvation energies setting the cutoff to 800eV. 

Energetically most stable structures and transition energies for adsorbates on the catalyst 

were determined by a surface theoretical approach. The main difference to the standard 

Norskov / Rossmeisl approach is that in our model the starting geometries are saturated 

with water molecules and we also employ an implicit solvation model as implemented 

by VASPsol.53,54 

 

2.3 Results and Discussion 

We show the − X-ray diffraction scan of a IrO2(110) (Figure 2.1a) in combina-

tion with its LEED image (Figure 2.1b) verifying the epitaxial nature of the IrO2 film. 
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RHEED measured during the growth shows a sharp and streaky pattern which demon-

strates the high-quality of the IrO2 single crystal film (Figure A.1). In situ RHEED 

further indicates that the IrO2(110) film is fully relaxed at the film thickness (~8 nm) 

used in this work; we therefore do not anticipate strain to play a role here. Finally, we 

use LEED to verify the (110) termination of the synthesized IrO2 film (Figure 2.1b).  

 

 

Figure 2.1. (a) -2 X-ray diffraction scan of an epitaxial IrO2 (20 formula-units thick) 

film grown on a single-crystal TiO2(110) substrate. (b) LEED pattern recorded from 

IrO2(110)/TiO2(110). 

 

We examine surface adsorption on the IrO2(110) film using CV techniques. In Fig-

ure 2.2a, CV for IrO2(110) in 0.1 M KOH shown peaks at ~0.9 V vs. reversible hydro-

gen electrode (RHE) (peak 1) and ~1.5 V vs. RHE (peak 2). Similar CVs have been 

reported on a rutile IrO2(110) thin film43 and amorphous films.55 Integrating the charge 

underneath the CV curve suggests that only surface Ir participates in the electron trans-

fer (67.8 µC/cm2 without double-layer correction, corresponding to 0.85e- per surface 

coordinately under-saturated Ir site, ‘Ircus’, Figure A.2).We note that the CV peaks for 
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IrO2 have been assigned as the redox peaks for Ir,56–58 which are analogous to the surface 

electro-adsorption/desorption.  

 

Figure 2.2. (a) Cyclic voltammogram of IrO2(110) in Ar-saturated 0.1 M KOH at 200 

mVs-1. The solid lines are OHad and Oad binding energies from our DFT calculations. 

(b) OHad adsorption model for our DFT calculation. (c) Oad adsorption model for our 

DFT calculation. 

 

To verify the nature of these adsorptions, we used DFT calculation to assess the 

binding energy for OHad and Oad on Ircus. The peak energies of OHad and Oad on Ircus are 

0.92 and 1.31 V vs. computational hydrogen electrode, a theoretical analogue for RHE, 

respectively (solid line). Although these results do not exactly match the CV result, it 
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provides us with confidence in assigning that peak 1 is likely the OHad adsorption and 

peak 2 Oad. We note that the broad and the narrow peak width in peak 1 and peak 2 are 

consistent with strong near-neighbor interaction in OHad in comparison to Oad.
59 The 

difference in the calculated and measured OHad and Oad adsorption energies on IrO2 

could be due to the presence of electrolyte (e.g., water) near the IrO2 surface. The role 

of the interfacial electrolyte is shown through the role of pH on the OHad and Oad ad-

sorption. We observe that the adsorption peaks shift to more positive potential in lower 

pH (Figure 2.3a), highlighting how changing the electrolyte can affect the OHad and 

Oad adsorption energy. We note that the direction of change of the pH dependence oc-

curs in the same as for an oxidized iridium-metal electrode,60 a hydrous IrO2 film,61 and 

the OHad adsorption on platinum.23  

To quantify this pH dependence, we use the potential at the adsorption peak (Vpeak), 

which corresponds to the half-coverage potential, and the potential window at 90% peak 

current as an error bar in Figure 2.3b to demonstrate the peak width difference between 

OHad and Oad. In this analysis, although both OHad and Oad follow the same pH direction, 

their pH dependences have different slopes of 25 and 7.5 mV/pH respectively. One pos-

sible explanation of this observation is the pH dependence of the water structure at the 

interface, manifested as the work function shift with pH, as has been recently explored 

by Rossmeisl and co-workers to explain the anomalous pH shift in RuO2 electrochemi-

cal features.29  
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Figure 2.3. (a) Cyclic voltammogram of IrO2(110) in Ar-saturated 0.1 M electrolytes 

with different pH values at 200 mVs-1. (b) The shift of the adsorption peak potentials 

with pH from Figure 2.3a. (c) The energy relationship between the adsorbents for peak 

1 and peak 2 from Figure 2.3a. 

 

To estimate the free energy of formation of OHad and Oad on IrO2, we examine the 

potential of the OHad (acid: H2Oad → OHad + H+ + e—, alkaline: H2Oad + OH—→ OHad 

+ H2O + e—) and Oad (acid: OHad → Oad + H+ + e—, alkaline: OHad + OH—→ Oad + H2O 

+ e—). The electrochemical potential of OHad (ΔE1 = Vpeak 1) and Oad (ΔE2 = Vpeak 1 + 

Vpeak 2) correspond to the free energies of H2Oad → OHad + ½H2 and H2Oad → Oad + H2, 

respectively (shown in Figure 2.3c.) We observe that the free energy shifts of both OHad 

and Oad with pH occur in a way that preserves the scaling relation (a linear relationship 

between the OHad and Oad free energies).7,62 This observation suggests that the influence 

of the electric field at the interface on the surface bonding as a result of the work func-

tion shift may occur in a way that preserves the scaling relation. One possible explana-

tion is that the electric field affects the dipole orientation of water, which in turn sys-

tematically modifies both the OHad and Oad adsorption energies in a way that preserves 

the scaling relation. 
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Figure 2.4. (a) Cyclic voltammograms of IrO2(110) in O2-saturated 0.1 M electrolytes 

at different pH values at 10 mVs-1. (b) Tafel plots for the OER kinetics of IrO2(110) at 

different pH values. (c) The overpotential for OER at 5µA/cm2
geo at different pH values. 

 

We next explore if the OHad and Oad shift impact the OER electrocatalysis. We show 

the OER kinetics as a function of pH in Figure 2.4. Our IrO2(110) displays similar 

activity to the previous report of a IrO2(110) film in 0.1 M KOH43, but is lower than 

IrO2 nanoparticles,63 which may be associated with imperfections in IrO2 nanoparticles. 

We observe that the OER activity depends on pH with the rank: pH 1.0 > pH 2.8 ~ pH 

12.9 > pH 6.5 > pH 9.6. The IrO2(110) in 0.1 M HClO4 (pH 1.0) is observed to be more 

active than in 0.1 M KOH (pH 12.9), as shown by a higher current density in HClO4 at 

constant applied potential in Figure 2.4b. This observation is similar to the observed 

OER activity on IrO2 nanoparticles, which in acidic media is three times higher than in 

alkaline media.63 Interestingly, we find the activity for IrO2(110) increases monoton-

ically as the pH of the electrolyte decreases, except for pH 12.9 shown in Figure 2.4c.  

We explain the pH dependence for pH 1 – 10 using the concept of the potential-

limiting step (assuming anion adsorption effect is negligible). As the OHad and Oad ad-

sorptions change with pH, the energy of the rate-limiting formation of the OOHad inter-

mediate changes accordingly. Nørskov and Rossmeisl have suggested the free energy 

difference between the OHad and Oad adsorptions as an approximation to the energy of 

the rate-limiting OOHad formation. Figure 2.4c shows the result of this approximation. 
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Notably, we see that the OER activity scales linearly with ΔE2 - ΔE1 for pH of 1 – 10, 

suggesting that the pH dependence of the OER is due to the unfavorable formation of 

the OOHad intermediate with increasing pH. 

The concept of the potential-limiting step fails, however, to explain the increased 

OER activity at pH 12.9 in comparison to pH 9.6. Minguzzi et al.64 observed a similar 

trend that IrO2 has lower activity in neutral phosphate media compared with in HClO4 

and NaOH, suggesting that the activity depends on the reaction mechanisms, which vary 

with pH. We use this explanation to rationalize the observed OER trend. We consider 

the acid-base transition of the OOHad formation6,65 (acid: Oad + H2O → OOHad + H+ + 

e-; alkaline: Oad + OH— → OOHad + e-). In the first-order rate-law approximation, this 

rate-limiting step is proton-independent in acid at constant overpotential (kacid = k0, acid • 

θad). In alkaline medium, however, another pathway using OH— becomes possible due 

to the increased OH—availability (kbase = k0, base • [OH—] • θad). (See Appendix A) 

We hypothesize that the basic pathway has a faster rate constant than the acid path-

way (k0, base » k0, acid). In going from pH 10 to 13, the alkaline pathway (kbase) becomes 

dominant due to the OH— availability, despite the increasingly difficult formation of the 

OOHad. To verify this hypothesis, we measured the OER kinetics in pH 11.9, 12.5, and 

12.9. (Figure A.3 and A.4). The observed OER kinetics in these basic pH’s support our 

hypothesis. Hence, we propose that the OER, even at the same-rate limiting OOHad for-

mation can occur via two reaction pathways, one acid and one alkaline, both competing 

against one another. This hypothesis, if true, would explain why the OER activity in-

creases with decreasing pH in the low pH region and with increasing pH in the high pH 

region. This mechanistic assumption also suggests that the reaction order of OH— 

should be < 1. Notably, OH— influences the kinetics in two ways: the first is via the 

first-order dependence of OH— to affect kbase and the second is via the change in the 

OOHad formation energy, which affects both kacid and kbase. 
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Figure 2.5. (a) Cyclic voltammograms of IrO2(110) in Ar-saturated 0.1 M KOH, NaOH, 

and LiOH at 200 mVs-1. (b) The shift of the adsorption peak potentials with cation from 

Figure 2.5a. (c) The energy relationship between the adsorbents for peak 1 and peak 2 

from Figure 2.5a. 

 

While the electrolyte pH influences the OHad and Oad adsorption in a way that pre-

serves the scaling relation, the fact that the solvent affects the OHad and Oad adsorption 

suggests a route to break it by controlling the interfacial water, for example, by way of 

changing the electrolyte cation. Figure 2.5a shows the CV of IrO2(110) in LiOH, NaOH, 

and KOH. We observe that the OHad adsorption shifts to less positive while the Oad 

adsorption shifts to more positive potential in LiOH compared with KOH. Strmcnik and 

co-workers have reported that the OHad adsorption shifts to less positive potential in 

LiOH due to the Li+-OHad interaction, which stabilizes OHad.
66 We see a similar effect 

here. Notably, In Figure 2.5c, the OHad adsorption energy becomes more favorable as 

we go from KOH to LiOH, while the Oad adsorption energy is nearly independent in all 

three electrolytes. This shift thus does not follow the scaling rule. We attribute this cat-

ion effect to the change in structure of the surface water layer. Chu et al.67 have repre-

sented Oad on RuO2(110) as being covered by an ice-like water monolayer. This water 

monolayer could reduce the interaction between cations and adsorbents consequently 

causing the Oad energy on IrO2 to depend weakly on cations. 
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Figure 2.6 shows the OER kinetics in 0.1 M KOH, NaOH, and LiOH. Interestingly, 

we observe the activities of IrO2 are similar in the three electrolytes with the same Tafel 

slope (~60 mV per decade). Unlike pH-dependence, the observed overpotential changes 

are not consistent with ΔE2−ΔE1, a common OER descriptor for the OOHad formation 

(Figure 2.6c). We hypothesize that this observation reflects the disruption of the scaling 

rule as a result of the interfacial water modification. This hypothesis, if correct, would 

suggest that the volcano relationship would no longer hold since the relations between 

each intermediate can be exploited by confining the water structure near the surface. 

Controlling the activity by using confining electrocatalyst dimensionality has been re-

cently reported as a tuning knob for controlling OER electrocatalysis by Vojvodic et 

al.68 

 

 

Figure 2.6. (a) Cyclic voltammogram of IrO2(110) in O2-saturated 0.1 M KOH, NaOH, 

and LiOH at 10 mVs-1. (b) Tafel plot for the OER kinetics of IrO2(110) in 0.1 M KOH, 

NaOH, and LiOH. (c) The overpotential for OER at 5µA/cm2
geo in 0.1 M KOH, NaOH, 

and LiOH. 

 

2.4 Conclusion 

We experimentally report the OHad and Oad adsorption energy on IrO2(110) grown 

on TiO2(110) using MBE and link the experimental surface adsorption to the OER ki-

netics. We find that the energetics of the OER intermediates on IrO2(110) are not perfect, 
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but not too far off from the DFT calculations. Likely, the solvent interactions at the 

electrochemical interface are the origin of this observed discrepancy. At higher pH, wa-

ter dipoles stabilize the surface adsorption resulting in stronger adsorptions, which we 

propose are due to the interaction between interfacial water and surface dipoles. This 

interaction preserves the scaling relation; however, the interaction between cations and 

adsorbates can disrupt it. We further observe that the surface adsorption energy, as an 

outcome of the concept of the thermodynamic-limiting step, describes the OER kinetics 

for IrO2 in acid. In alkaline, however, the acid-base equilibrium causes the same mech-

anism to be dependent on OH—, effectively causing the OER to stray from the volcano 

relationship. We further demonstrate the use of different cations to tune the adsorption 

process in a way that does not following the scaling. Our work establishes a link between 

surface adsorption energetics and OER electrocatalysis, provides adsorption bench-

marks for future DFT calculations on transition-metal oxides, and highlights an oppor-

tunity to exploit the electrode/electrolyte interface for the design of future electrocata-

lysts. 
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CHAPTER 3 

 

3. Influence of Strain on Oxygen Adsorption Energy 

 

This chapter is adapted with permission from: Kuo, D.-Y. et al. Influence of Strain on 

the Surface–Oxygen Interaction and the Oxygen Evolution Reaction of SrIrO3. The 

Journal of Physical Chemistry C 2018, 122 (8), 4359–4364. Copyright 2018 American 

Chemical Society. 

 

3.1 Introduction 

Hydrogen generation from water splitting (2H2O → 2H2 + O2) can fulfill a growing 

need for energy-dense fuels for electric transportation and sustainable feedstock for 

chemical production.1–3 The water splitting efficiency is, however, limited by the slow 

kinetics of the anodic half-cell reaction of the water splitting, viz. the oxygen evolution 

reaction (OER, alkaline: 4OH– → 2H2O + 4e– + O2) .
4–6 To overcome this limitation, 

researchers have examined a number of strategies to develop more active OER cata-

lysts.7–10 Examples include controlling the catalyst’s electronic structure to facilitate the 

OER intermediate formation by either activating the lattice oxygen11 or  creating a sur-

face that is conducive to surface oxygen adsorption.9,12 In all these strategies, the com-

mon hypothesis is that the surface oxygen species (e.g. OHad, Oad, and OOHad) are the 

OER intermediates and that their formation energetics determine the pathway and the 

efficacy of the OER.4,9 In this picture, a parameter describing the binding strength be-

tween the catalyst’s surface and surface oxygen species can describe the OER activity 

trend since all the oxygen intermediates have the same primary metal–oxygen bonding, 

a principle known as the ‘scaling relation’.5 
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While the surface–oxygen interaction has been recognized to be critical, two critical 

questions are still open. The first is whether the binding strength between the catalyst’s 

surface and surface oxygen molecule measured through gas phase adsorption is suffi-

cient to describe the OER activity trend. The second question is to decipher how the 

catalysts’ structural parameters affect the surface–oxygen interaction and the OER ac-

tivity. In this latter question, although a number of structural variables such as surface 

atomic arrangement13,14 and strain15,16 have been explored, understanding how these pa-

rameters affect surface–oxygen interaction is complicated by the possibility that oxides 

can respond to structural perturbations in multiple ways. For example, in the oxide per-

ovskite crystal structure (with general formula ABO3), the BO6 octahedra can also tilt 

and rotate in response to the application of strain or chemical substitutions beyond sim-

ple stretching or compressing of the B-O bond.17–20 

This chapter is driven by our interest in establishing the fundamental relationship of 

strain to the surface–oxygen interaction, and to the OER catalysis. While Stoerzinger et 

al.15 and Petrie et al.16 have shown the influence of strain on the OER of perovskites 

(e.g., LaCoO3 and LaNiO3), the connection between strain and surface–oxygen interac-

tion is still elusive. Our approaches address this knowledge gap by (1) measuring the 

surface oxygen binding strength via ambient-pressure X-ray photoelectron spectroscopy 

(APXPS) in gas phase, (2) examining the electro-adsorption of oxygen species via elec-

trochemical characterization in aqueous phase. The surface redox corresponding to the 

oxidation process of adsorbed water (e.g., H2O → OHad + H+ + e–) can provide infor-

mation on the strength of the surface–oxygen interaction. We evaluate how strain im-

pacts this surface redox to understand the impact of strain on surface oxygen binding 

strength and electro-adsorption of oxygen species, and consequently the OER on SrIrO3. 

The influences of strain on surface–oxygen interaction are cross-examined between the 
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APXPS, the density functional theory (DFT), and the electrochemical measurement re-

sults.  

The introduction of biaxial strain on SrIrO3, our model catalyst, is achieved by using 

molecular-beam epitaxy (MBE),21 to grow thin, commensurately strained SrIrO3 films 

on substrates selected to impose specific biaxial strain values. This approach allows us 

to evaluate the effect of strain without changing chemical compositions.22 SrIrO3 is one 

of the most active OER catalysts in acid and alkaline.14,21 We focus on alkaline environ-

ments for the present study to avoid the loss of Sr2+ to maintain a fair comparison to 

DFT.21 

 

3.2 Experimental Methods 

Molecular-Beam Epitaxy Synthesis. 40 formula-units thick SrIrO3(001)p films 

(where the subscript p denotes the pseudo-cubic orientation) were grown by MBE on 

single-crystal DyScO3(110) (DSO) and (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7(001) (LSAT) us-

ing a distilled ozone oxidant at a background pressure of 10-6 Torr and a substrate tem-

perature of 650 °C as measured by a thermocouple. The flux of iridium was initially 

calibrated using a quartz crystal microbalance. By using X-ray diffraction (XRD, 

Rigaku SmartLab) (Figure 3.1) and in situ reflection high-energy electron diffraction 

(RHEED),23 the as-grown films was confirmed to be epitaxial. 

Electrochemical Characterization. Electrical contacts were made by following the 

same protocol as reported previously.21 Titanium wires were attached to SrIrO3 films 

using silver paint (Ted Pella, Leitsilber 200) and the backside and edges of samples 

were covered with epoxy (Omegabond 101) except for the SrIrO3 films. A three-elec-

trode glass cell (Pine) with a potentiostat (Bio-Logic) was used for all electrochemical 

characterization. The reference electrode was an Ag/AgCl electrode (Pine), calibrated 

to the H2 redox. A Pt wire was used as a counter electrode. All the potentials in this 



 

55 
 

study were resistance-corrected potentials.  The electrolyte/cell resistance was obtained 

from an impedance measurement by using the high frequency intercept of the real re-

sistance. All electrochemical characterization was tested in 0.1 M potassium hydroxide 

(KOH) solution prepared by dissolving KOH pellets (99.99% purity, Sigma Aldrich) in 

deionized water (18.2 MΩ cm). We first conducted CV in Ar-saturated electrolytes with 

a 200 mV/s scan rate to investigate surface adsorption. The OER activity was measured 

in O2-saturated electrolytes with a 10 mV/s scan rate to reduce the capacitance current. 

Capacitance-free CV curves were obtained by averaging the forward and backward 

scans.  

Ambient-Pressure X-ray Photoelectron Spectroscopy. APXPS24 measurements 

were collected at Beamline 9.3.2 at the Advanced Light Source (ALS) of the Lawrence 

Berkeley National Laboratory (LBNL). All samples were all initially brought up and 

held at 200 °C at 100 mTorr pO2 for 30 mins to remove organics adsorbed to the sample 

surface. This cleaning process was monitored via the C1s spectra. The excitation energy 

was tuned to 650 eV for both the O 1s spectra and its respective valence band spectra. 

O 1s XPS peaks were calibrated to the lower energy edge of their respective valence 

band, which was assigned to be at 0 eV for samples and pO2. Calibrations have an error 

of ±0.1 eV and a Shirley background correction was used for all spectra. 

Computation. All of the simulations were performed in the framework of density 

functional theory (DFT), using the VASP code within the projector augmented wave 

methodology.25–27 The Perdew-Burke-Ernzerhof (PBE)28 was used as semilocal ex-

change-correlation functional. The adsorption energies were obtained considering the 

different adsorbates on top of a SrIrO3 slab, while the overpotential was calculated ac-

cording to the model proposed by Nørskov and coworkers.9 

The surfaces have been modeled considering a stoichiometric slab of SrIrO3 as 

shown in Fig. 3.2C, considering a 2x1 supercell in the x-y plane, leaving two equivalent 
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adsorption sites on the top of the surface. A vacuum of approximately 12 Å and a dipolar 

correction along the z direction have been introduced in order to reduce the interaction 

between periodic replica of the slab. The Brillouin zone has been sampled using a 6x6x1 

k-point grid. For the unstrained system, the lattice parameters parallel to the surface 

have been kept fixed to the relaxed bulk values and the position of the atoms have been 

relaxed until all of the forces were lower than 0.02 eV/Å. The strained surfaces have 

been obtained by scaling the lattice parameters of the initial supercell and keeping the 

size of the supercell fixed during the relaxation. (see Appendix B for details) 

 

3.3 Results and Discussion 

Figure 3.1 shows the θ-2θ X-ray diffraction scans for SrIrO3/DSO (~0% in-plane 

strain) and SrIrO3/LSAT (–1.9% biaxial strain). The clear thickness fringes indicate a 

smooth surface for SrIrO3 grown on either substrate, which were also monitored using 

reflection high-energy electron diffraction (RHEED) patterns during MBE deposition. 

The structural quality of the SrIrO3 films were additionally verified using other charac-

terization techniques (e.g., synchrotron X-ray, low-energy electron diffraction, angle-

resolved photoelectron spectroscopy, and transport measurements).23 

 



 

57 
 

  

Figure 3.1. θ-2θ X-ray diffraction scans of SrIrO3 films grown on DSO (blue) and 

LSAT (red) substrates. The labeled (*) sharp peaks indicate diffraction from the sub-

strates. 

 

To probe the surface oxygen binding strength of SrIrO3, we use APXPS24 to measure 

the oxygen partial pressure dependence of the O 1s spectra on the SrIrO3 films. Our 

experiment uses a 650 eV incident beam energy, at which the inelastic mean free path 

(IMFP) of photoelectrons is ~6 Å, to obtain surface information. Figure 3.2A shows the 

O 1s spectra of SrIrO3/DSO and SrIrO3/LSAT at pO2 of 10-6 and 10-1 Torr at room 

temperature. We analyzed both spectra as doublets: the lower binding energy is assigned 

to the bulk (lattice) oxygen and the higher binding energy to surface oxygen,29,30 where 

the lattice oxygen is O2- in the SrIrO3 perovskite and surface oxygen is the oxygen spe-

cies in the top most layer including adsorbed O. 

Our APXPS results reveal two major observations. First, the surface O peak of 

SrIrO3/LSAT shifts 0.4 eV lower in binding energy in comparison to SrIrO3/DSO with 

respect to the bulk lattice oxygen peak. We attribute this shift to the surface Ir-O bond 

length change in the compressively strained SrIrO3/LSAT,31 which reduces the ex-

change interaction, consequently increasing the local charge on the surface oxygen. Sec-

ond, we observe that the surface oxygen component increases with higher pO2 only for 

the near-zero-strained SrIrO3/DSO (from ~48% to ~52%), but does not change for the 
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compressively strained SrIrO3/LSAT (from ~49% to ~48%). This observation implies a 

weakened surface oxygen binding strength on the strained SrIrO3/LSAT in comparison 

to SrIrO3/DSO. To verify the oxygen adsorption trend, we used APXPS to measure the 

O 1s spectra of the SrIrO3 films at 250 °C. In comparison to room temperature measure-

ments, we find that the relative intensity of the surface O decreases by ~24.3% on 

SrIrO3/LSAT and ~18.4% on SrIrO3/DSO at 250 °C, providing further support for the 

weakened surface oxygen affinity of SrIrO3/LSAT (Figure B.1). 

We apply DFT to examine the effect of strain (see Appendix B for calculation de-

tails). DFT calculations indicate that SrIrO3 initially responds to a compressive biaxial 

strain by tilting the IrO6 octahedra. This tilting response has no effect on the oxygen 

adsorption until higher compressive strain (over –1%), where tilting stops (Figure 3.2B) 

and further compression instead results in the elongation of the top-layer out-of-plane 

Ir-O bond. This out-of-plane Ir-O bond elongation leads to the weakening of the surface 

oxygen adsorption (Figure 3.2C). Our DFT calculation shows that the difference of O 

adsorption energy between strained (–2%) and unstrained SrIrO3 is about 0.5 eV. This 

trend is in qualitative agreement with APXPS, which shows weakened oxygen adsorp-

tion for SrIrO3/LSAT (–1.9%) in comparison to SrIrO3/DSO (~0%). 
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Figure 3.2. (A) APXPS for O 1s of SrIrO3 film on DSO (top) and on LSAT (bottom) 

under oxygen pressures of 1 µTorr (left) and 100 mTorr (right) at room temperature. 

Black circles: experimental data; navy line: lattice O 1s; orange line: surface O 1s; green 

line: sum of the fits; y-axis: normalized intensity; x-axis: binding energy. (B) Strain-

dependent Oad adsorption energies of SrIrO3 from our DFT calculations. (C) Oad adsorp-

tion models for our DFT calculations. Yellow, red, and green spheres represent Ir, O, 

and Sr atoms, respectively. 

 

With both APXPS and DFT results indicating the weakened oxygen adsorption on 

SrIrO3/LSAT over SrIrO3/DSO, we next examine whether the oxygen electro-adsorp-

tion follows the same trend. Our cyclic voltammogram (CV) of single-crystal 

SrIrO3(001) in 0.1 M KOH shows the influence of strain on electro-adsorption of oxy-

gen species (i.e. pseudocapacitance)32 and the OER of SrIrO3 in Figure 3.3. The corre-

lation between pseudocapacitance and the OER catalysis has been observed mostly on 

polycrystalline and amorphous OER catalysts.33–37 However, the connection between 

pseudocapacitance and the molecular mechanism of OER remains to be elucidated for 
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two main reasons. (1) The electro-adsorption of intermediates in pseudocapacitance of 

those materials cannot be assigned to a specific facet. (2) In most cases, they are also 

irreversible causing difficulty in distinguishing between thermodynamics and kinetics 

of the electro-adsorption processes. 

Instead, we observe three quasi-reversible electro-adsorption peaks on both 

SrIrO3/LSAT and SrIrO3/DSO. The first adsorption peaks occur around the same po-

tential (0.6 V vs. RHE) on both films, while the second peak potential is ~0.08 V lower 

for SrIrO3/LSAT than for SrIrO3/DSO (1.0 V vs. RHE, Figure 3.3A). The third adsorp-

tion peak (1.4 V vs. RHE, Figure 3.3B) only shows a minor difference. Our CVs of 

single-crystal SrIrO3 reveal that strain does not have a significant effect on those electro-

adsorption peaks. Additionally, we find that strain does not significantly alter the OER 

kinetics on SrIrO3 (Figure 3.3C). This observation is in contrast with LaNiO3, where 

lattice compression has been shown to benefit its activity.16 

 

 

Figure 3.3. (A) Cyclic voltammogram of SrIrO3(001) on DSO (blue) and on LSAT (red) 

in Ar-saturated 0.1 M KOH at 200 mVs-1. (B) Cyclic voltammogram of SrIrO3(001) in 

O2-saturated 0.1 M KOH at 10 mVs-1. (C) Tafel plot for the OER kinetics of SrIrO3(001) 

on different substrates. 

 

We find that the compressive strain weakens the surface oxygen binding strength, 

but it has negligible effects on the OER and the electro-adsorption of oxygen species. 
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We hypothesize that the difference in the strain influence between the adsorption and 

electro-adsorption is due to the difference in the starting surface, pristine surface for 

adsorption and water-covered surface for electro-adsorption. Due to the polar surface, 

many oxide surfaces are covered with water.38 We build on this hypothesis and adjust 

the DFT model to include adsorbed water as the initial state (Figure 3.4A). Note that 

we are not modeling the effect of the full water solvent on top of the surface. Instead, 

we only saturate the transition metal sites with H2O molecules and show that this simple 

model already captures an essential part of the physics and chemistry at play. The model 

shows that the presence of surface water neutralizes the influence of strain on the O 

adsorption energy, reducing the effect of strain on the elongation of the top-layer Ir-O 

bond (Figure 3.2C). We further extend this assumption to calculate the OER interme-

diate energetics (OHad, Oad, and OOHad). Our DFT calculation suggests that the theoret-

ical OER activities (defined as the minimum overpotential required to bring all of the 

elementary steps downhill, Figure 3.4A) of SrIrO3/LSAT and SrIrO3/DSO are similar. 

Notably, the minimum overpotentials are 0.68 V and 0.66 V for unstrained and strained 

SrIrO3, respectively.  

With the electro-adsorption and the OER trend reproduced, we now use DFT calcu-

lations to model the oxygen electro-adsorption features on SrIrO3 from CV experiments. 

We consider the possibility of a half-covered surface. This model reveals a wide poten-

tial window of the surface half covered by the water and the other half covered by the 

OHad implying two steps of OH electro-adsorption (Figure 3.4B). We calculate the av-

erage number of transferred electrons per Ir on the surface by integrating the area un-

derneath the CVs to be 2.68 and 2.64 for SrIrO3/DSO and SrIrO3/LSAT, respectively 

(Figure B.2). Given the approximate value of 2e– per Ir from the electro-adsorption and 

our DFT calculation, we assign the first two adsorption peaks to the OHad electro-ad-

sorption (H2Oad + OH—→ OHad + H2O + e–, ~0.6 V vs. RHE) and the third to Oad electro-
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adsorption (OHad + OH—→ Oad + H2O + e–, ~1.4 V vs. RHE) on SrIrO3 (see Appendix 

B for details). Our integrated CVs show similar adsorption isotherm on strained and 

unstrained SrIrO3(001) (Figure B.3). The number of electron transferred per Ir on the 

surface is close to 1 in the potential window from 0.3 to 1.25 V which supports our 

assignment that the first two peaks are OH electro-adsorption. Our adsorption energy 

measurement on SrIrO3 affords a comparison between the OHad and Oad adsorption en-

ergy on SrIrO3(001) and IrO2(110), the latter of which was extracted from our previous 

work.12 As shown in Figure 3.5, the scaling relation, which predicts a linear relationship 

between OHad and Oad, is satisfied even when both IrO2(110) and SrIrO3(001) results 

are included on the same plot, suggesting that both rutile and perovskite iridates fall in 

the same scaling relation line. 

 

 

Figure 3.4. (A) Calculated free energies of the OER intermediates on SrIrO3/DSO (blue) 

and SrIrO3/LSAT (red): solid line at 1.23 V vs. RHE, dashed line at 0 V vs. RHE, dotted 

line for the minimum potential where the thermodynamic overpotentials are downhill. 

Calculations assume 100% adsorbate coverage using a surface with adsorbed water as 

the initial state. (B) The surface adsorption phase diagram from our DFT calculation 

(See Figure B.4 and B.5). 
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Figure 3.5. Experimentally measured adsorption energies of Oad and OHad on 

SrIrO3(001)p and IrO2(110). The adsorption energies on IrO2(110) extracted at different 

pH are reproduced from Ref. (12). 

 

The remarkable agreement between the surface electro-adsorption trend, potential, 

and activity implies that surface water plays an important role in surface–oxygen inter-

action.39,40 An attempt to use the surface–oxygen interaction values from gas-phase 

measurements and DFT calculations without considering the water molecule presence 

will cause an error in the electro-adsorption and consequently the OER analysis. We 

point out that there could be a secondary effect stemming from the adsorbate’s interac-

tion with near-surface water molecules41 as well, for example, by the electric field at the 

interface and solvent effect, neither of which are included in our model. Previous com-

putational study has shown that the adsorption energy of oxygen species vary in differ-

ent solvents by considering solvation in DFT calculation.42 We note that the actual sur-

face structure of SrIrO3 under the electrochemical conditions may contain a range of 

water structures, including dissociated OHad and Had
43. The complexity of the interfacial 

structure is evident in the activity analysis: while we can accurately capture the surface 
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energetics and the OER trend between SrIrO3/DSO and SrIrO3/LSAT, why SrIrO3 is 

significantly more active than IrO2 is still an open question. Finally, we note that we 

cannot eliminate the possibility that the SrIrO3 surface reconstructs when it is immersed 

in liquid water. In situ surface X-ray scattering previously revealed that SrTiO3(001) 

reconstructs in aqueous electrolytes.44 Future studies using in situ structural probes to 

identify interfacial water structure in electrochemical interfaces are essential to gain 

more in-depth insights into the OER reactivity of SrIrO3. 

 

3.4 Conclusion 

In summary, we demonstrate that compressive strain can weaken the surface oxygen 

binding strength on SrIrO3, but only after SrIrO3 can no longer respond to the compres-

sive strain beyond octahedra tilting. Yet, despite affecting the surface oxygen binding 

strength, compressive strain does not influence the oxygen electro-adsorption nor posi-

tively affect the OER activity. We attribute this observation to the presence of the sur-

face adsorbed water, which neutralizes the impact of strain, a conclusion we reach by 

benchmarking the DFT model to the surface electro-adsorption measurements. Our 

work points to the need to account for the surface adsorbed water in the design of future 

catalysts, which can be examined on by combining well-defined surfaces and in situ 

studies. Understanding of the interfacial structure including water on electrified surfaces 

will be essential for the fundamental understanding of how an oxide electrocatalyst 

functions. Without detailed, careful experiments to assess the structure of the oxide-

water interface to understand the interplay between surface adsorption, coverage, and 

OER, a measurement or calculation of surface oxygen adsorption without considering 

water may not correctly reflect the catalyst’s surface during electrochemistry. 
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CHAPTER 4 

 

4. Influence of Isovalent Substitution on Oxygen Adsorption Energy 

and Oxygen Evolution Reaction Catalysis 
 

4.1 Introduction 

Driven by the lowering cost of harnessing renewable energy, electrosynthesis be-

comes a promising route to supply fuels and high-valued chemicals from sustainable 

reagents (e.g. carbon dioxide, water, and nitrogen).1,2 Among these reactions, the oxy-

gen evolution reaction (OER, 2H2O → O2 + 4H+ + 4e–) plays an essential role in the 

electrolysis in aqueous solutions.3,4 Unfortunately, the OER is notorious for its sluggish 

kinetics. A key source of its kinetic barrier is that the OER is a multi-electron transfer 

reaction.5,6 Therefore, an effective OER electrocatalyst needs to stabilize multiple inter-

mediates via surface adsorption (e.g. OHad, Oad, OOHad).
7 An ideal electrocatalyst 

should stabilize these intermediates with exactly same amount of energy that flattens 

the energy barrier at equilibrium potential. However, several studies have found that the 

energy of these adsorbed intermediates are linearly related on catalyst surfaces, known 

as scaling relation.8–11 This interdependence limits the degrees of freedom to control the 

intermediate energy and thus results in a volcano trend of the OER activity.8 

One of the strategies to perturbate this relation is cation substitution. Cation substi-

tution may generate a different active site(s) that boosts the activity by preferentially 

stabilizing one of the intermediates, effectively breaking the scaling relation.12,13 Recent 

work has shown that the RuO2 incorporated with Ni and Co enhances the proton affinity 

at the bridge sites that stabilizes the OOHad by using density functional theory (DFT) 

computation.14 Additionally, cation substitution can alter the electronic structure of the 

catalyst and further modify the intermediate binding strength.15 While many successful 
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examples have demonstrated the positive influence of cation substitution on the OER 

activity,16,17 it is still challenging to elucidate the mechanism and quantify those effects.  

In this report, we use molecular beam epitaxy (MBE) to grow a series of Ti-substi-

tuted IrO2 films to investigate the role of cation substitution in the OER catalysis. While 

IrO2 as one of state-of-the-art OER catalysts,18,19 computational studies have suggested 

that its OHad binding energy is slightly too strong.8,20 We substitute Ir with Ti because 

IrO2 and TiO2 are isostructural. In these oxides, their nominal oxidation states are both 

4+ minimizing the inductive effect. In addition, TiO2 binds with OHad weakly,21 which 

could be beneficial to the optimization of the oxygen adsorption energy. Combined with 

electrochemical characterization, x-ray photoelectron spectroscopy (XPS), and the DFT 

computation, we study how the Ti substitution influences the surface chemistry, the 

intermediate binding strength, and the OER activity. 

 

4.2 Methods 

Molecular Beam Epitaxy (MBE) Synthesis. (See Chapter 2 for details) 

Electrochemical Characterization. (See Chapter 2 for details) 

Ambient pressure x-ray photoelectron spectroscopy (APXPS). (See Chapter 3 for 

details) 

 

4.3 Impact of Ti substitution on the OER activity 

The MBE synthesis enables us to obtain the well-defined surfaces comparable to the 

computational model systems. Our x-ray diffraction results (Figure 4.1A) show no 

phase separation observed in Ti-substituted IrO2 films. The diffraction peak position 

smoothly shifts to higher angle indicating that out-of-plane lattice constant reduces due 

to the smaller radius of Ti. Reflection high energy electron diffraction (RHEED, Figure 

4.1B&C) demonstrates that these films are single-crystals terminated with (110) surface. 
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Atomic force microscopy (AFM) shows the surface is atomic smooth, whose root-

mean-square of the surface roughness is less than 2 Å (Figure C.1). The XPS was per-

formed to determine the Ti ratio among the films. 

 

Figure 4.1. (A) The x-ray diffraction of Ti-substituted IrO2(110) films from 0% to 73% 

Ti. (B)&(C) A representative reflection high energy electron diffraction (RHEED) of 

Ti-substituted IrO2(110) containing 14 % and 25 % Ti, respectively. 

 

On these films, we measure the activity in 0.1 M HClO4 to probe the impact of Ti 

substitution on the OER catalysis. In Figure 4.2, we observe that the OER activity first 

increases with Ti substitution by comparing the current density at a constant overpoten-

tial (400 mV). We find ~15% of Ti substitution boosts the OER activity by 80 times. 

Although the OER activity decreases once the Ti concentration is more than 15%, we 
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find that the Ti-substituted IrO2 films are more active than IrO2 except 73% Ti-substi-

tuted IrO2. 

 

Figure 4.2. (A) Tafel plot of the OER activity on Ti-substituted IrO2(110) in O2-satu-

rated 0.1 M HClO4. The solid line is the average and the colored area represents one 

standard deviation from three independent measurements. (B) The OER current density 

vs Ti ratio at 400 mV overpotential (η). 

 

4.4 Quantifying the effect of Ti substitution on adsorption energy 

To understand this activity trend, we examine the effect of Ti substitution on the 

electroadsorption energy of OHad and Oad on Ti-substituted IrO2(110) by using cyclic 

voltammetry.22 Figure 4.3A shows the cyclic voltammograms (CVs) of Ti-substituted 

IrO2(110) in 0.1 M HClO4 at a scan rate of 200 mV/s. Apparently, we observe the first 

adsorption peak shifts to more negative potential as the concentration of Ti substitution 

increases suggesting the OHad binds stronger on Ti-substituted IrO2 films. We extract 

the peak potential from CVs to quantify the influence of Ti substitution on the OHad 

energy. Figure 4.3B shows that the OHad peak potential shifts 40 mV more negative 

with 10 % of Ti substitution. Compared with IrO2(110), the OHad binding is 0.3 eV 

stronger on 73% Ti-substituted IrO2(110). We observe Ti substitution affects the Oad 

peak similarly, while we cannot access the Oad energy on 11% and 14% Ti-substituted 
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IrO2 because the onset potential of the OER are less than 1.4 V vs reversible hydrogen 

electrode (RHE). 

To confirm the effect of Ti substitution on the oxygen adsorption energy, we use 

ambient pressure x-ray photoelectron spectroscopy (APXPS) to examine the influence 

of oxygen partial pressure on the surface O intensity. We fit the O1s peak into three 

components: lattice O, bridge O, and cus O (Figure 4.3C).23 We find the ratio of cus 

O/lattice O increases with oxygen partial pressure indicating more surface adsorbed ox-

ygen at 100 mTorr of oxygen pressure. We normalize the ratio of cus O/lattice O by 

rescaling its value to 1 at 100 mTorr of oxygen pressure assuming full coverage of ad-

sorbed sites. The normalized cus O/lattice O vs oxygen partial pressure represents the 

adsorption isotherm of the oxygen on IrO2 and Ti-substituted IrO2. Figure 4.3D shows 

the adsorption isotherm of oxygen on 67 % Ti-substituted IrO2 requires less oxygen 

pressure than IrO2 to cover the same percentage of adsorbed sites indicating oxygen 

binds stronger on the Ti-substituted IrO2 which agrees with the electrochemistry results.  
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Figure 4.3. (A) CV of Ti-substituted IrO2 in Ar-saturated 0.1 M HClO4 at a scan rate of 

200 mV/s. (B) The dependency of OH electroadsorption peak potential on Ti ratio ob-

tained from Figure 4.3A. (C) APXPS for O 1s peak of the IrO2(110) film under 10 

mTorr of oxygen partial pressure at room temperature. Black circles: experimental data; 

orange line: lattice O 1s; green line: bridge O 1s; red line: cus O 1s; black line: sum of 

the fits; y-axis: intensity; x-axis: binding energy. (D) The dependency of normalized 

Ocus/Olattice intensity of Ti-substituted IrO2 (red) and IrO2 (blue) on oxygen partial pres-

sure at room temperature. 

 

We note that the monotonically increasing OHad binding strength could not explain 

the highly active Ti-substituted IrO2. According to the volcano plot, the increased OH 

binding strength deactivates the catalyst. We therefore attribute this activity enhance-

ment to different motifs as active sites on the surface generated by Ti substitution. 
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Our DFT computation shows that Ti has no preferential site on the surface (Figure 

C.2). The randomly distributed Ti substitution generates four types of motifs on the 

surface: Ircus-Irbridge, Ircus-Tibridge, Ticus-Irbridge, and Ticus-Tibridge, where subscript cus and 

bridge denote the metal sites on rutile surface. To differentiate the activity of these sites, 

we compute the energy of the OER intermediates on these four types of motifs (Figure 

4.4). We find that Ircus motifs binds stronger with OH and O compared with the Ticus 

motifs. This observation suggests that the OH and O are more likely to adsorb at the 

Ircus compared with Ticus, implicating the latter site may be inactive for OER catalysis. 

Among four types of motifs, Ircus-Tibridge has the lowest OH formation energy which 

supports stronger OH binding on Ti-substituted IrO2.  

 

Figure 4.4. The energy of OER intermediates (OHad, Oad, and OOHad) on four types of 

surface motifs: Ircus-Irbridge (green), Ircus-Tibridge (red), Ticus-Irbridge (blue), and Ticus-Tibridge 

(light grey). The results connected with dash line are calculated at 0 V vs RHE; the 

results connected with solid line are calculated at the minimum potential where the ther-

modynamic overpotentials are downhill. 
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Figure 4.5A shows the OOH formation energy, which is commonly hypothesized 

as the thermodynamic limiting step for OER, from our DFT computation. The Ircus-

Tibridge reduces the OOH formation energy by 0.3 eV compared with the Ircus-Irbridge mo-

tif. To verify that Ti substitution reduce the OOHad formation energy, we measure the 

current density at 0.4 V overpotential at different temperatures on IrO2 and Ti-substi-

tuted IrO2 (Figure 4.5B). From Arrhenius analysis, the apparent activation energy bar-

rier of the OER is 0.18 eV on the Ti-substituted IrO2 while 0.33 eV on IrO2, supporting 

our hypothesis. This lowering energy barrier from the Ti substitution which qualita-

tively agrees with our DFT computation results.  

We find that the Oad and OHad energies are linearly related on IrO2 and Ti-substituted 

IrO2. Figure 4.5C shows that the correlation, ΔGOH = 0.646 ΔGO – 0.645 (eV) with R2 

value equal to 0.962. Since that the Oad formation process happens around the onset 

potential of the OER on some of the Ti-substituted IrO2 films, it is not straightforward 

to extract the adsorption energy. We convert the ΔGOH to ΔGO-ΔGOH by using this scal-

ing relation. To confirm that the Ti substitution breaks the scaling relation by preferen-

tially stabilizing the OOHad, we examine the correlation between ΔGO-ΔGOH and OER 

activity in Figure 4.5D. Our result shows the activity of the Ti-substituted IrO2 is much 

higher than the volcano trend indicating that the Ti substitution breaks the scaling rela-

tion between OH and OOH because the bridge site Ti stabilizes the OOH intermediate 

by possibly increasing the proton affinity. 
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Figure 4.5. (A) The OOHad formation energy on Ircus-Irbridge (blue) and Ircus-Tibridge (red) 

motifs at equilibrium potential from our DFT computation. (B) Temperature-dependent 

OER activity on IrO2 (blue) and Ti-substituted IrO2 (red, 92% Ir). (C) Experimentally 

measured Oad and OHad adsorption energy on Ti-substituted IrO2 (red) and IrO2 (blue) 

at different pH, obtained from Ref 22. (D) The trend of OER activity on Ti-substituted 

IrO2 vs ΔGO-ΔGOH obtained from Figure 4.2B. 

 

4.5 Rationalizing the OER activity trend 

Our results show that Ti substitution strengthens the OH binding and generates a 

highly active surface motif that stabilizes the OOH formation. To quantitively under-

stand these impacts of Ti substitution, we hypothesize that the total current density of 

the OER is contributed from four types of surface motifs (itotal = iIr-Ir·ρIr-Ir + iIr-Ti·ρIr-Ti + 

iTi-Ir·ρTi-Ir + iTi-Ti·ρTi-Ti, where itotal is the total OER current density; iA-B and ρA-B represent 
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intrinsic activity and the density of the motif; the subscript A and B denote the element 

located at cus and bridge sites, respectively). Since our DFT results show the Ircus motifs 

are more active than Ticus motifs for OER catalysis, the total current density can be 

approximated as current density from Ircus motifs (itotal ≈ iIr-Ir·ρIr-Ir + iIr-Ti·ρIr-Ti). At a 

given Ti ratio, the density of motifs can be obtained by assuming Ti homogenously 

distributed on the surface. The total OER current density can be represented as: 

itotal ≈ iIr-Ir·(1-x)2 + iIr-Ti· x(1-x) = iIr-Ir·(1-x)2 + a·iIr-Ir·x(1-x) = [(1-x)2 + ax(1-x)] · iIr-Ir 

iIr-Ir = k · exp[-Ea/kbT] 

where x, a, k, Ea, kb, and T are the Ti ratio, the activity enhancement of OER on the Ircus-

Tibridge motif, kinetics pre-factor, activation energy barrier, Boltzmann constant, and 

temperature, respectively. 

We hypothesize the OOH formation is the limiting step of the OER and its energy 

barrier obeys the Brønsted-Evans-Polanyi (BEP) relation, thus we use the ΔGOOH-ΔGO 

to approximate the activation energy barrier (Ea). Based on the scaling relations between 

OHad, Oad, and OOHad, we can represent ΔGOOH-ΔGO as a function of ΔGOH which is 

also linearly related to Ti ratio (x). (See Appendix C for details) 

Log itotal ≈ Log[(1-x)2 + ax(1-x)] – [b/(2.303kbT)] ·x + i0 

where b is the dependency of activation energy barrier on the Ti ratio, and i0 is the 

current density of IrO2. We use this equation to rationalize the activity trend. The best 

fit of the results shows the Ircus-Tibridge motif is 2120 times more active than IrO2 and the 

current density of IrO2 is 50 μA/cm2. Our result implicates the intrinsic activity of the 

Ircus-Tibridge motif is three order magnitudes higher than IrO2. The dependency of acti-

vation energy barrier is 0.26 eV revealing the energy barrier of the OER on Ircus-Irbridge 

motif increases by 26 meV with 10 % of Ti substitution. The positive sign of the de-

pendency on Ti ratio suggests the stronger OH binding negatively impacts the OER 

activity. 
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According to the correlation between OH adsorption energy and Ti ratio (Figure 

4.3B) as well as the experimental scaling relation (Figure 4.5C), we calculate the de-

pendency of ΔGOOH-ΔGO on the Ti ratio is 0.24 eV. The consistence of our results sup-

ports that OOH formation is likely the limiting step for the OER. (See Appendix C for 

details) 

 

4.6 Conclusion 

We demonstrate that Ti-substituted IrO2 accelerates the OER kinetics at an opti-

mized percentage of Ti (~15%). Our finding suggests that Ti substitution creates the 

Ircus-Tibridge motif serving as another active site by breaking scaling relation. In addition, 

we observe that Ti substitution enhances the OH binding deactivating the surface of a 

Ti-rich film. Our quantitively understandings of the Ti substitution effects point out that 

an advanced synthesis approach to controlling the location of substitute can potentially 

enhance the activity by three order magnitude, paving the avenue to developing highly 

active OER catalysts. 
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CHAPTER 5 

 

5. Is Oxygen Adsorption Energy a Good Descriptor of Oxygen Evolu-

tion Reaction Activity? 

 

This chapter is adapted with permission from: Kuo, D.-Y. et al. Measurements of Oxy-

gen Electroadsorption Energies and Oxygen Evolution Reaction on RuO2(110): A Dis-

cussion of the Sabatier Principle and its Role in Electrocatalysis. Journal of the American 

Chemical Society 2018, 140 (50), 17597–17605. Copyright 2018 American Chemical 

Society. 

 

5.1 Introduction 

An electrochemical oxygen production via the oxygen evolution reaction (OER) 

represents an important electrochemical process for a number of energy storage de-

vices.1,2 Unfortunately, the OER is a challenging reaction to catalyze; as a multi-electron 

reaction (2H2O → O2 + 4H+ + 4e– in acid, 4OH– → O2 + 2H2O + 4e– in alkaline),3,4 an 

OER electrocatalyst must support several intermediates with the exact intermediate de-

tails depending on the OER mechanism on the studied electrocatalyst.5–7 To simplify 

the complexity, it is common to assume that (i) the proton and electron transfer simul-

taneously, (ii) the reaction rate of the elementary step obeys the Brønsted-Evans-Polanyi 

(BEP) relation8 (i.e., the driving force approximates the reaction rate), and (iii) the in-

termediates adsorption energies are linearly related (i.e., the scaling relation).9–11 The 

consequence of these assumptions is the Sabatier principle, which predicts the oxygen 

adsorption energy, typically ∆GO – ∆GOH, should be at the optimum value, not be too 

strong nor too weak, for the electrocatalyst to facilitate the OER. This concept is also 

known as the volcano plot.12  
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While the volcano-plot approach have had successes in explaining the OER activity 

trend,10,13 it is unclear what are the limits of the underlying assumptions. An important 

first step to unraveling this question is to compare the binding energies of the interme-

diates, a thermodynamic quantity, to the electrochemical kinetics. Unfortunately, the 

binding energies of the intermediates, i.e., the electroadsorption energies, are difficult 

to measure. As a result, the community often uses first-principle calculations. As there 

is not yet a benchmarking experiment, this practice has resulted in a number of incon-

sistencies. For example, RuO2 and IrO2, two of the most active OER electrocatalysts, 

have different calculated oxygen adsorption energies (∆GO – ∆GOH)14 but comparable 

experimental OER kinetics.15,16 Many researchers have suggested that this discrepancy 

stems from the density functional theory (DFT)’s inability to capture the electronic 

structure of RuO2 and IrO2, thus requiring a correction.14 But this may not be the only 

explanation; the lack of information on the interfacial water structure and electric field 

could also play a role.17,18 More importantly, it is not known whether the foundational 

assumption that the electroadsorption energies of the intermediates are directly corre-

lated to the reaction barriers and kinetics, is necessarily valid. As part of an effort to 

resolve this puzzle, we report the measurement of the oxygen adsorption energies, spe-

cifically ∆GO – ∆GOH, on well-defined RuO2(110) surfaces grown using molecular 

beam epitaxy (MBE) to assess the accuracy of the first-principle calculation and test the 

correlation between the oxygen adsorption energies and the OER electrocatalysis. We 

combine this measurement with our previously reported value on IrO2(110)19 to provide 

insights into the origin of the OER electrocatalysis on RuO2(110).  

RuO2 is known for its ability to stabilize the OER intermediates12,20 via electro-

adsorption,18,21,22 a process in which the chemical adsorption occurs simultaneously 

with the electron transfer. This electroadsorption feature gives rise to the pseudocapac-

itance behavior in RuO2, making it also an attractive charge-storage material.23–27 It has, 
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however, been difficult to assess the molecular details of the electroadsorption on RuO2. 

Specifically, well-defined experimental systems are necessary to deconvolute the ob-

served redox feature(s) to specific electroadsorption(s). Recently, Rao and co-workers 

have reported the surface structure on RuO2(110) as a function of electrochemical po-

tential using single crystals, where the transitions from H2Oad to OHad to Oad were iden-

tified using X-ray scattering.28 Inspired by this advance, we use the cyclic voltammetry 

(CV) features on RuO2(110) thin films grown on TiO2(110) to measure ∆GO – ∆GOH to 

establish the connection between the electroadsorption energy and the OER. We further 

measure the pH influence on the electroadsorption features and show that the pH de-

pendence of the electroadsorption29 is not unique to platinum.30,31 Finally, we use our 

experimental electroadsorption energies reported for the first time herein for RuO2 and 

the values recently reported for IrO2(110)19 to construct a relationship between the sur-

face electroadsorption and the OER activity to experimentally address whether the ∆GO 

– ∆GOH descriptor can sufficiently describe the OER trend on RuO2(110) and IrO2(110), 

effectively putting an experimental test on the Sabatier principle. 

 

5.2 Methods 

Molecular-beam epitaxy synthesis. Inserted figure in Figure 5.1A shows a sche-

matic of our MBE-grown RuO2(110) film: 40 formula-units thick RuO2(110) films (~16 

nm) on single-crystal TiO2(110). RuO2(110) films were grown using a distilled ozone 

oxidant at a background pressure of 10-6 Torr at 350 C. The flux of ruthenium was 

initially calibrated using a quartz crystal microbalance. The epitaxial nature of the as-

grown films was confirmed by in situ reflection high-energy electron diffraction 

(RHEED), low-energy electron diffraction (LEED), and X-ray diffraction (XRD, 

Rigaku SmartLab) (Figure 5.1).  
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Preparation of electrolytes and pH titration. 0.1 M perchloric acid (HClO4), 0.1 M 

potassium hydroxide (KOH), 0.1 M potassium phosphate monobasic (KH2PO4), and 0.1 

M potassium phosphate dibasic (K2HPO4) were prepared by dissolving HClO4 (with 

concentration 70%, EMD), KOH pellets (99.99% purity, Sigma Aldrich), KH2PO4 

(99.995% purity, Sigma Aldrich), K2HPO4 (99.95% purity, Sigma Aldrich) in deionized 

water (18.2 MΩ cm). pH 2.8 phosphate buffer and pH 6.5 phosphate buffer were pre-

pared by adding 0.1 M HClO4 to 0.1 M KH2PO4 and 0.1 M KH2PO4 to 0.1 M K2HPO4.  

The pH titration was conducted by adding 4 M HClO4 into 0.1 M KOH. 

The pH values of the electrolytes were calculated from H2/H
+ equilibrium potential 

(vs. Ag/AgCl) experimentally measured using a platinum electrode. At the zero-current 

potential, the pH values satisfy the Nernst equation: 

EH2/H+(vs. Ag/AgCl) = - EAg/AgCl - 
2.303RT

F
pH 

Electrochemical characterization. Electrical contacts were made by following the 

same protocol as reported previously.32 Titanium wires were attached to RuO2 films 

using silver paint (Ted Pella, Leitsilber 200). The edges and backside of samples were 

covered with epoxy (Omegabond 101) except for the RuO2 films. All electrochemical 

characterization was conducted in a standard three-electrode glass cell (Pine) with a 

potentiostat (Bio-Logic). A Pt wire was used as a counter electrode. The reference elec-

trode was an Ag/AgCl electrode (Pine), calibrated to the H2 redox. All the potentials in 

this study were resistance-corrected potentials.  The electrolyte/cell resistance was ob-

tained from an impedance measurement by using the high frequency intercept of the 

real resistance. We conducted CV in Ar-saturated electrolytes with a 200 mV/s scan rate 

to observe surface adsorption. The OER measurements were conducted in O2-saturated 

electrolytes with a 10 mV/s scan rate to avoid large capacitance current. Capacitance-

free CV curves were obtained by averaging the forward and backward scans. 
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DFT calculations. All DFT computations were performed using the FHI-aims33 

code using the Van-der-Waals corrected34 RPBE functional35
 with default tight basis 

settings. Our slab model consists of a four trilayer hydrogen terminated slab and has two 

coordinatively unsaturated sites (‘cus’). The two bottom layers are fixed to bulk position 

while the two top layers including adsorbs are allowed to fully relax. This choice of 

functional and slab configuration is consistent with previous work.10,12,36 The criteria 

for a converged geometry was set to achieve all forces below 0.01 eV/Å and we use a 

8x4x1 Gamma-centered k-point grid for slab computations. We use zero point energies 

(ZPEs) for adsorbates computed for similar adsorbate structures on IrO2.
19 It is generally 

assumed these ZPEs do not change much with the nature of the slab.  

A surface diagram can be computed using a grand canonical approach with respect 

to hydrogen adsorption. Slabs with different amount of hydrogen (e.g., H2O, OH or O) 

are computed and their thermodynamic potential  defined as surface area normalized 

(G – nH ∙ μH) where G is the free energy, nH is the amount of hydrogen in the slab and 

μH is the chemical potential of hydrogen. The amount of ruthenium, and oxygen are 

fixed. H is linked to the potential applied to the computational hydrogen electrode 

(CHE) which uses the computed H2 molecule as well as the experimental entropy of H2 

at room temperature.37 The entropy term is considered neglectable except for the gase-

ous species (e.g., H2). Structures with different adsorb configurations are labeled in Fig-

ure 5.2 and referenced by their number throughout the text. For each surface one obtains 

a  and then we plot the difference to the water saturated reference slab (phase 1). (See 

Appendix D for more details.) 

 

5.3 Results and Discussion 

Sample Characterization. The XRD verifies the epitaxial nature of the RuO2 films 

(Figure 5.1A). The reflective fringes indicate the smoothness of surface during the 
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layer-by-layer growth. Low-energy electron diffraction (LEED, Figure 5.1B) and re-

flection high-energy electron diffraction (RHEED, Figure 5.1C) show that the grown 

RuO2 film contains a (110) termination, consistent with an expectation of an epitaxial 

RuO2 film adopting the symmetry of the underlying TiO2(110) substrate. These charac-

terizations support the formation of a well-defined RuO2(110) surface, a structure we 

will use in the DFT calculation. 

Redox Assignment. Using CV, we measure the oxygen electroadsorption energies 

on RuO2(110). Figure 5.2A shows the CV of RuO2(110) in Ar-saturated 0.1 M KOH. 

We observe two striking sets of reversible peaks in the CV: ~1 V vs reversible hydrogen 

electrode (RHE) and ~1.3 V vs RHE. We compare the redox positions to the calculated 

free energies of RuO2(110) surfaces terminated with different amounts of hydrogen 

(H2O, OH, O) as a function of electrochemical potential using the CHE reference ap-

proach (Figure 5.2B&2C). Based on this comparison, we assign the first peak as the 

OHad electroadsorption (H2Oad → OHad + H+ + e–) and the second peak as the OHad 

deprotonation (OHad → Oad + H+ + e–), i.e., the Oad electroadsorption, in agreement with 

previous work.19,28 We use these assignments for analysis for the rest of this work. Be-

fore moving on to the next section, we point out that our DFT predicts that H2Oad can 

adopt different structural configurations; many forms of H2Oad have similar energies, 

for example, H2Oad on the 5-fold coordinately unsaturated sites (cus sites) can transfer 

its hydrogen to the 6-fold bridging oxygen (i.e., (H2Oad)5f  + (O)b → (OHad)5f  + (OH)b) 

with very little energy difference (see Appendix D). This surface configuration flexibil-

ity suggests that H2Oad/OHad likely has a mixture of competing microstates, which may 

explain why the width of the first peak (H2Oad → OHad) is wider than the second peak 

(OHad → Oad).  
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Figure 5.1. (A) X-ray diffraction θ–2θ scan of a RuO2(110) film (40 formula units thick) 

grown on a TiO2(110) substrate. The labeled (*) sharp peaks indicate diffraction from 

the substrate. (B) The low energy electron diffraction (LEED) pattern obtained during 

the growth of the RuO2(110). (C) The reflection high-energy electron diffraction 

(RHEED) pattern obtained during the growth of the RuO2(110). 
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Figure 5.2. (A) Cyclic voltammogram (CV) of RuO2(110) in Ar-saturated 0.1 M KOH 

at a scan rate of 200 mVs-1. (B) Thermodynamic potential () vs electrochemical poten-

tial (V) for different hydrogen coverage using the computational hydrogen reference 

electrode. A surface phase diagram is built by identifying the coverage of lowest ther-

modynamic potential. Computations are performed within DFT-GGA-RPBE with Van 

der Waals correction. (C) Slabs with different hydrogen coverage used in our computa-

tions. White, red, and turquoise spheres represent hydrogen, oxygen, ruthenium atoms. 
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pH influence on the oxygen electroadsorption. Figure 5.3A shows the pH influence 

on the CVs of RuO2(110). We find the electroadsorption peaks shift to more positive 

potential at lower pH (more acidic environment) on the RHE scale. To quantify this 

shift, we used the potential at the adsorption peak (Vpeak) and the potential window at 

90% peak current as an error bar (Figure 5.3B) to demonstrate the peak widths of the 

OHad and Oad electroadsorption. The slopes of peak shifts are 7.4 and 11.5 mV/pH on 

the RHE scale. To estimate the free energy of formation of OHad and Oad on RuO2, we 

examine the potentials of OHad (acidic: H2Oad → OHad + H+ + e−; alkaline: H2Oad + OH− 

→ OHad + H2O + e−) and Oad (acidic: OHad → Oad + H+ + e−; alkaline: OHad + OH− → 

Oad + H2O + e−). We use the water-covered surface as the reference state because our 

DFT calculation shows that water adsorbs on the RuO2 surface. The electrochemical 

potentials of OHad (ΔGOH = Vpeak 1) and Oad (ΔGO = Vpeak 1 + Vpeak 2) correspond to the 

free energies of H2Oad → OHad + 1 /2H2 and H2Oad → Oad + H2, respectively. Ideally, 

these adsorption energies should be pH-independent. We attribute the observed pH de-

pendence of the OHad and Oad electroadsorption energies to the electrified interfacial 

water and/or the change of surface work function at different pH.18 Besides the interfa-

cial water structure, the cation in the electrolytes could also have influence on the ad-

sorption energy.38 The pH dependence of the OHad and Oad electroadsorption energies 

had been observed on IrO2(110) in our previous work.19 

It is important to point out that the Oad peak area decreases in the phosphate-con-

taining electrolytes in comparison to the phosphate-free ones (Figure 5.3A). We high-

light this salient observation by color-coding the CVs in phosphate-containing electro-

lytes in gray (pH 2.8) and light gray (pH 6.5) to differentiate the phosphate CVs from 

the phosphate-free ones. Based on the observed suppression of the Oad electroadsorption 

feature, we suspect that the phosphate ions adsorb on RuO2(110) by interacting with and 

stabilizing the OHad group, effectively suppressing the Oad formation. To verify this 
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hypothesis, we compare the CV of RuO2(110) at a similar pH with and without phos-

phate (pH 2.8 with phosphate and pH 2.7 without phosphate, Figure 5.3C). We find 

that the presence of phosphate affects the electroadsorption and suppresses the Oad peak 

area, consistent with our hypothesis that the phosphate anions adsorb on RuO2(110) by 

interacting with the OHad group. This observation suggests that it is best to test RuO2 in 

non-phosphate-containing electrolytes to avoid a possible surface poisoning. We note 

that the phosphate poisoning effect was not observed on IrO2(110) in our prior study. 

 

Figure 5.3. (A) CVs of RuO2(110) in Ar-saturated 0.1 M buffer solutions with different 

pH at a scan rate of 200 mVs-1. Blue: pH 1.0; gray: pH 2.8 (with phosphate); light gray: 

pH 6.5 (with phosphate); red: pH 12.0; green: pH 12.9. (B) The shift of the adsorption 

peak potentials with pH obtained from Figure 5.3A. (C) The influence of phosphate on 

CV of RuO2(110) in Ar-saturated electrolytes at a scan rate of 200 mVs-1. Yellow: pH 

2.7 (without phosphate); gray: pH 2.8 (with phosphate). 
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To isolate the influence of pH on the electroadsorption without using buffer, we use 

titrations to control the electrolyte pH. Figure 5.4A shows the CVs of RuO2(110) in 

HClO4-KOH electrolytes at different pH. The surface charge densities extracted from 

the area underneath the Oad peak (Figure 5.4B) show similar values independent of pH, 

suggesting no surface poisoning with perchloric anions (in comparison, the Oad peak 

area decreases by ~70% in the phosphate’s presence.) Interestingly, we observe a similar 

pH dependence of the oxygen electroadsorption on RuO2(110) as the one measured us-

ing phosphate buffers. Figure 5.4C shows that the potential at the Oad peak increases 

with decreasing pH (more acidic environment) in the same manner as the data collected 

in phosphate buffers. This finding indicates that the phosphate anions poison the RuO2 

surface but does not interfere with the electrified interfacial water that causes the elec-

troadsorption to be pH-dependent.  

Interestingly, the electrolyte pH plays an important role on the adsorbate-adsorbate 

interaction. To investigate the influence of pH on this adsorption behavior, we compare 

the full width half maximum (FWHM) of the electroadsorption peak which contains 

information on the adsorbate-adsorbate interaction in electrolytes with different pH. The 

FWHM of a non-interacting adsorption isotherm (Langmuir) is 90 mV.39 In comparison, 

the FWHM of our Oad peak is 53 mV (suggesting an attraction between adsorbates) at 

pH 12.9 and 121 mV (suggesting a repulsion) at pH 1.1. This finding that the adsorbate-

adsorbate interaction depends on pH—from attractive interaction in alkaline to repul-

sive interaction in acid—implies that the water likely mediates the adsorbate-adsorbate 

interaction. As the structure of the interfacial water depends on pH, the extent of the 

adsorbate-adsorbate interaction varies accordingly. Thus, pH can impact the interaction 

between adsorbates in addition to the electroadsorption energetics. 
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Figure 5.4. (A) CVs of RuO2(110) at a scan rate of 50 mVs-1 in Ar-saturated electrolytes 

at different pH values controlled by titration (without phosphate ion). (B) The surface 

charge density of the O adsorption peak in electrolytes with different pH. (C) The shift 

of the O adsorption peak potentials with pH obtained from Figure 5.4A. The labeled (*) 

symbols indicate the electrolytes with phosphate ion obtained from Figure 5.3. 
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pH influence on the OER electrocatalysis. An OER measurement can drastically 

change local pH if buffer is not used. Therefore, we only present the OER activity in 

buffered solution as a function of pH. Figure 5.5 shows the OER activity on RuO2(110) 

at different pH. We observe the pH-dependent OER activity follows the rank: pH 1.0 

(most acidic) > pH 12.9 (most basic) > pH 12.0 > pH 2.8 > pH 6.5 (most neutral). Quan-

titatively, the OER activity of RuO2 is 3x higher in 0.1 M HClO4 than 0.1 M KOH at 

400 mV overpotential, a similar trend observed for RuO2 nanoparticles.15 The pH trend 

with the OER activity of RuO2(110) is similar to IrO2(110), displaying V-shaped rela-

tionship between the OER activity vs. the oxygen electroadsorption descriptor that is 

commonly used in literature, ∆GO – ∆GOH. We have previously attributed this observa-

tion to (1) the OOHad formation energy is pH-dependent and (2) the dual pathway of the 

OOHad formation (acid: Oad + H2O
 → OOHad + H+ + e–; alkaline: Oad + OH– → OOHad 

+ e–) on IrO2.
19 If the OOHad formation is also the rate-limiting step for the OER on 

RuO2, it is more energetically favorable in acid which results in higher OER activity in 

more acidic environment. In comparison, increasing pH makes the OOHad formation 

less energetically favorable, as manifested by the decreasing difference between the Oad 

and OHad electroadsorption energies; however, increasing pH simultaneously increases 

OH– concentration driving the OOHad formation kinetics via the reaction order effect 

(from Oad + OH– → OOHad + e–). The consequence is the lower OER activity on 

RuO2(110) at neutral pH. We note that we cannot rule out the possibility that the OER 

performance at neutral pH may be lowered by the surface poisoning effect. However, 

we suspect that this scenario is unlikely since IrO2 also shows the same v-trend despite 

having no anion poisoning. We also caution that this trend of adsorption energy might 

change due to different surface state at the potential where OER occurs. Future studies 

using in situ characterization to reveal the surface state are crucial to unlock the OER 

mechanism. 
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Figure 5.5. (A) Tafel plot for the OER kinetics of RuO2(110) in O2-saturated buffer 

solutions with different pH. Blue: pH 1.0; gray: pH 2.8 (with phosphate); light gray: pH 

6.5 (with phosphate); red: pH 12.0; green: pH 12.9. (B) Overpotentials for the OER at 

10 µA/cm2
geo at different pH. (C) Current density of the OER at 𝜂 = 400 mV at different 

pH. (D) Tafel slope of the OER on RuO2(110) at different pH. 

 

Measurement of the scaling relation. One of the most powerful approximations in 

electrocatalysis is the scaling relation, an idea that the intermediates energies (i.e., ∆GO, 

∆GOH, and ∆GOOH) form a linear relationship with one another.10 This assumption is one 

of the foundational postulates underlying the Sabatier principle; on RuO2(110), where 

the rate-limiting step has been suggested to be the OOHad formation,20,40 the scaling 

relation connects the OOHad formation energy back to the oxygen binding strength, i.e., 

Oad formation. The scaling relation has been consistently validated with many first-
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principle calculations; however, the experimental comparison is still elusive. We use 

the electroadsorption peaks, which correspond to the coverage at 50% saturation from 

the mean-field approximation, to estimate ∆GO and ∆GOH. Thus, the ∆GO and ∆GOH 

values reported here refer the adsorption (or chemical potential) at approximately 50% 

saturation. We convert the electrochemical potential to the reaction’s free energy using 

the RHE reference, i.e., for the OHad formation, the electrochemical potential of H2Oad 

→ OHad + H+ + e– becomes the free energy of H2Oad → OHad + ½H2. We have previ-

ously used this conversion to estimate the OHad and Oad electroadsorption energies on 

IrO2 at different pH. We now use the ∆GO and ∆GOH measurements to experimentally 

test this scaling relation for RuO2 and compare the results to IrO2. We find a linear 

relationship between the OHad and Oad on RuO2(110) and IrO2(110), supporting the va-

lidity of the scaling relation (Figure 5.6A). The OHad and Oad electroadsorption energies 

obtained in the electrolytes containing phosphate fit in the linear relation, verifying that 

the primary role of the phosphate ions is surface poisoning with minimal influence on 

the adsorption energies.  

Discussion of the measured electroadsorption energies vs. DFT.  We find that DFT 

reproduces the electroadsorption energy well despite the inherent errors with the used 

functional and the solvation and electric-field effects being neglected. The CV second 

peak sits around 1.1 V in our surface phase diagram in comparison to 1.3 – 1.45 V 

(experiment, depending on the electrolyte pH). Likewise, the middle broader first peak 

is around 1 – 1.1 V in experiment and compares fairly with the first transitions around 

0.8 V within DFT. We emphasize that the error of a few hundred meV is not surprising 

in view of the typical error of DFT in reproducing the energetics of redox processes for 

instance when computing lithium ion battery voltages.41 The systematic underestima-

tion of the computed voltage is also not surprising and often seen for semi-local func-

tionals such as GGA.41 The relatively small magnitude of the underestimation is 
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however remarkable in view of our use of the standard GGA-RPBE approach without 

any +U or exact exchange. We attribute this to the 4d nature of Ru, which could be 

reasonably modeled by a semi-local functional in comparison to the more localized 3d 

systems. This has been observed in voltage of lithium ion battery as well for instance in 

Li2RuO3.
42 We cannot, however, entirely rule out a possibility of a cancelation between 

the DFT errors and the neglected effects such as water and interfacial electric field, 

which would require a more in-depth theory work to assess. We also note that a com-

parison with the 5d IrO2 shows errors on similar magnitude.19 

The volcano plot assessment. We now test the hypothesis of the Sabatier principle 

by comparing ΔGO − ΔGOH, a widely used OER descriptor,10,13,43 to the OER activity of 

RuO2(110) and IrO2(110). We note that the OER activity trend of MBE-grown 

RuO2(110) and IrO2(110) are comparable to the nanoparticle results, and thus the same 

conclusion can be reached with the literature nanoparticles data in the activity axis.15 As 

shown in Figure 5.6B, we do not observe the volcano relationship between the OER 

activity vs. the oxygen electroadsorption energy. Notably, while the electroadsorption 

energies are different, RuO2(110) and IrO2(110) are similarly active for the OER (Fig-

ure 5.6B). The lack of a trend between the ΔGO−ΔGOH descriptor and the OER on 

RuO2(110) and IrO2(110) beckons the question of what could be missing in the Sabatier 

analysis used in the OER.  

We begin this discussion by doing a comparative analysis between theory and ex-

periment, starting with the electro-adsorption energy comparison between RuO2 and 

IrO2. We first emphasize that the use of DFT to assess the electro-adsorption energy 

does not necessarily have to obtain the absolutely correct electro-adsorption energies as 

long as the trends and relative values are conserved. Comparing the computed results 

on RuO2 and our previous result on IrO2, we observe that the ΔGO−ΔGOH value is lower 

for RuO2 than IrO2 (1.1 eV vs. 1.3 eV). This observed trend is in qualitative agreement 
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with the experiment as both experiment and theory indicate a lower binding energy for 

RuO2 vs. IrO2. We therefore suspect that the shortcoming in the volcano-plot analysis 

is not due to the DFT problem. 

Based on the volcano-plot trend analysis,10 the reduced ΔGO−ΔGOH value should 

make RuO2 less active than IrO2; our and many previous experimental data however 

show that the OER on RuO2 and IrO2 are comparable.15,16 Given that our experimental 

data support the existence of the scaling relation (Figure 5.6A), it is likely that 

ΔGO−ΔGOH can be used to estimate ΔGOOH−ΔGO which describes the energy barrier of 

OOHad formation. These analyses lead us to suggest that the failure of the volcano trend 

when both RuO2(110) and IrO2(110) are compared is likely due to other factors. One 

possible explanation is to recognize that the volcano plot assumption does not capture 

the micro-kinetic details and thus is valid only when the catalysts have vastly different 

adsorption energies. In other words, the volcano relationship crudely approximates be-

tween the difference between a highly active catalyst and an inactive one; however, 

when for the comparison of similarly active catalysts in a narrow energy range, it lacks 

the necessary micro-kinetic details that make up the pre-factor in the rate expression 

(e.g., mechanism of the proton and electron transfers as well as whether the energy bar-

rier linearly related to driving force or not).  
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Figure 5.6. (A) Experimentally measured adsorption energies of Oad and OHad on 

RuO2(110) (blue: without phosphate; gray and light gray: with phosphate) and IrO2(110) 

(red) at different pHs. (B) Comparison of the OER current density at 1.63 V vs. RHE of 

RuO2(110) and IrO2(110) at different pHs. The labeled (*) symbols indicate the electro-

lytes with phosphate ion. The adsorption energies and OER activity on IrO2(110) ex-

tracted at different pHs are reproduced from Ref.19.  

 

5.4 Conclusion 

In summary, we report the Oad and OHad electroadsorption energies on MBE grown 

RuO2(110) on TiO2(110) substrate. Our results show that the electroadsorption energies 

of Oad and OHad are pH-dependent and obey the scaling relation. The pH dependence is 
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observed whether the CVs of RuO2(110) were measured in phosphate-containing elec-

trolytes, where surface poisoning can occur, or in buffer-free electrolytes. The FWHM 

of the Oad adsorption isotherm varies with pH—the adsorbate-adsorbate interaction is 

attractive in alkaline but repulsive in acid. We attribute this observation to the changing 

interfacial water structure, which causes pH-dependent electroadsorption energies and 

adsorbate-adsorbate interaction. The pH influence on the OER activity of RuO2(110) is 

similar to that on IrO2(110), where the lowest activity has been observed at near neutral 

pH. To investigate the relation between electroadsorption energy and the OER activity, 

we combine the measurements on RuO2(110) with our previously reported values on 

IrO2(110). Our results support the existence of the scaling relation between OHad and 

Oad electroadsorption energy of RuO2(110) and IrO2(110) and that DFT can reproduce 

the electroadsorption trend well within the known computation errors. However, we did 

not observe a volcano trend in the OER activity of RuO2 and IrO2 as a function of the 

adsorption energy. Our finding suggests the possible shortcoming of the volcano rela-

tion for similarly active catalysts with small adsorption energy differences. In this re-

gime, which is near the tip of the volcano plot, the micro-kinetic details of the OER may 

play a more important role on the OER than the electro-adsorption energetics. 
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CHAPTER 6 

 

6. Measurements of Oxygen Electroadsorption Kinetics 
 

6.1 Introduction 

Electron transfer kinetics plays an essential role in many chemical and biological 

systems including energy storage,1,2 enzyme chemistry,3,4  and catalysis.5,6 Measuring 

the rate of electron transfer in an electrochemical reaction enables us to reveal the acti-

vation energy barrier and uncover the reaction mechanism.  

Cyclic voltammetry (CV), a technique to examine the current-potential-time surface, 

has been widely used to measure the electron transfer kinetics. The electron transfer 

kinetics can be probed by applying comparable potential sweep rates. One common ap-

proach to determining the rate constant is to measure the anodic and cathodic peak po-

tentials in a CV and examine the relation between their potentials and sweep rate. As 

the potential sweep rate increases, the potential gap between anodic and cathodic peaks 

also increases. Due to its shape, this plot is known as “trumpet plot”. The electron trans-

fer rate constant is extracted by fitting the relationship between potential sweep rate and 

the potential gap in a trumpet plot. The use of trumpet plot analysis to measure the 

electron transfer rate has successfully revealed the mechanism of many electrochemical 

reactions in homogeneous electrocatalysis (solution based)7–9 and molecular catalysts 

anchored on an inert electrode, for example, the proton and electron transfer mechanism 

in photosynthesis10 and the redox transition in proteins.11 

While trumpet plot analysis offers insights into the electron transfer kinetics, only a 

few of well-defined systems have been studied in heterogeneous catalysis.12 One of the 

challenges is the surface heterogeneity (e.g. facets and defects) that introduces multiple 

kinetic processes with various rates. Moreover, the adsorbate interaction is commonly 
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observed in the heterogeneous catalysis13 which hasn’t been included in the trumpet plot 

analysis. This interaction induces that the driving force of a reaction also depends on 

the adsorbate coverage. 

Herein, we use molecular-beam epitaxy (MBE) to grow the single-crystal thin-film 

IrO2(110) on TiO2(110) substrate. The well-defined surface reduces the heterogeneity 

offering us a model platform to study the surface kinetics. In electrocatalysis, the ener-

getics of the intermediate formation steps (e.g. electroadsorption) describe the energy 

landscape of a reaction.14 For example, IrO2 is known for its great ability to stabilize the 

intermediates in the OER via of surface electroadsorption of oxygen species.15 While 

their energies have been correlated to the OER activity, it is unclear the influence of 

their kinetics on the OER catalysis.16 To address this question, we study the kinetics of 

OH electroadsorption on IrO2(110). 

Considering the adsorbate interaction, we convert CV of IrO2(110) into adsorption 

isotherm at different scan rates to explore the dependency of electron transfer rate on 

potential at a given adsorbate coverage. We extract the kinetic rate constant by fitting 

models derived from Butler-Volmer relation17 and Marcus theory18–20 to our experi-

mental data. Our approach combines electrochemistry on well-defined surfaces grown 

using MBE and microkinetic modeling to measure the electroadsorption rate in hetero-

geneous catalysis. 

 

6.2 Methods 

Electrode preparation. The molecular-beam epitaxy synthesis of IrO2(110) film has 

been reported previously.21 Electrical contact was made by attaching the Ti wire to the 

IrO2 front surface and the wire was fixed by using silver paint (Ted Pella, Leitsilber 

200). The electrode was covered by using nonconductive epoxy (Omega-bond 101) ex-

cept the center part of the IrO2 film (area ≈ 1 mm2). 
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Cyclic voltammetry experiments. All electrochemical characterization was done in 

a standard three-electrode cell (Pine) with a potentiostat (Bio-Logic SP-300). The ref-

erence electrode was Ag/AgCl electrode (Pine), calibrated to the H+/H2 redox on plati-

num. The Pt electrode (Pine) was the counter electrode. The ohmic drop compensation 

was done by using manual IR compensation with hardware compensation mode. The 

uncompensated resistance was adjusted until two crests of current oscillation at the po-

tential turning point have been observed. Three cycles of CV have been recorded at all 

scan rates and the second cycle was used to measure the kinetics. 

Adsorption isotherm. The adsorption isotherm was used to express the relation be-

tween surface charge of electroadsorption and applied potential. The surface charge of 

electroadsorption was obtained by integrating the area underneath CV after double-layer 

current subtraction. The double-layer current was acquired by averaging the current in 

the potential window from 0.3 to 0.5 V vs reversible hydrogen electrode (RHE). A con-

stant double-layer current was assumed. 

Adsorption isotherm at quasi-equilibrium. The adsorption isotherm at quasi-equi-

librium was confirmed by the reversibility of the adsorption isotherm obtained from CV 

in forward and backward directions. The surface charge of the half coverage was defined 

by using the surface charge at the peak potential at quasi-equilibrium. 

Effective rate surface conversion. The surface charge of the quasi-equilibrium iso-

therm was rescaled to indicate the coverage of adsorbate. The isotherms at other scan 

rates were obtained by following the same procedure. At a given coverage, the applied 

potential (E) from isotherms at different scan rates were subtracted by the potential from 

quasi-equilibrium isotherm (Eeq) to obtain the driving force (ξ = E – Eeq). The potential 

from quasi-equilibrium isotherm (Eeq) was obtained by interpolation. Current normal-

ized with the surface charge of full coverage was used to represent the effective kinetic 
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rate (keff). By using this approach, a three-dimension keff-ξ-θ surface can be converted 

from a series of CVs at different scan rates. 

Effective rate surface fitting. Butler-Volmer equation and Marcus theory were ap-

plied to describe the dependency of kinetic rates on potential. For a surface redox reac-

tion (Redad → Oxad + e–), the effective rate can be represented as: 

𝑘𝑒𝑓𝑓 = (1 − 𝜃) 𝑘𝑜𝑥 − 𝜃 𝑘𝑟𝑒𝑑 

where Redad, Oxad, θ, keff, kox, kred are reduced adsorbate, oxidized adsorbate, coverage 

of the oxidized adsorbate, effective rate, oxidation kinetic rate, reduction kinetic rate. 

In Butler-Volmer equation (α = 0.5), kinetic rates can be represented as: 

𝑘𝑜𝑥 = 𝑘0 exp(
 𝜂

2𝑘𝑏𝑇
) 

𝑘𝑟𝑒𝑑 = 𝑘0 exp(−
𝜂

2𝑘𝑏𝑇
) 

𝜂 = 𝐸 − 𝐸0 

where k0, kb, T are intrinsic kinetic rate constant, Boltzmann constant, and temperature. 

The potential driving force is defined as:  

ξ = E – Eeq = η – ηeq 

The effective rate can be represented as a function of θ and ξ. 

𝑘𝑒𝑓𝑓 = 𝛤(𝜃)[exp(
𝜉

2𝑘𝑏𝑇
) − exp(−

𝜉

2𝑘𝑏𝑇
)] 

In Marcus theory, the kinetic rates can be described as: 

𝑘𝑜𝑥 = 𝑘0 exp(
𝜂

2𝑘𝑏𝑇
−

𝜂2

4𝜆𝑘𝑏𝑇
) 

𝑘𝑟𝑒𝑑 = 𝑘0 exp(−
𝜂

2𝑘𝑏𝑇
−

𝜂2

4𝜆𝑘𝑏𝑇
) 

where λ is the reorganization energy. 

𝑘𝑒𝑓𝑓 = Λ(𝜃)(
𝜃

1 − 𝜃
)

−𝜉
2𝜆 [exp(

𝜉

2𝑘𝑏𝑇
−

𝜉2

4𝜆𝑘𝑏𝑇
) − exp(−

𝜉

2𝑘𝑏𝑇
−

𝜉2

4𝜆𝑘𝑏𝑇
)] 

A polynomial function of θ (p1 + p2θ + p3θ
2) was used for Λ(θ) and Γ(θ).  keff derived 

from Butler-Volmer equation and Marcus theory were used to fit the keff-ξ-θ surface. 
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The parameters were adjusted to optimize the fitted results to achieve highest R2 value. 

(See Appendix E for details) 

 

6.3 Measurement of OH electroadsorption kinetics on IrO2 

Ohmic drop compensation. The resistance between the reference electrode and 

working electrode (uncompensated resistance, Ru) causes the potential at working elec-

trode surface (Ewe) deviating from the applied potential (Eapp). This potential drop fol-

lows the ohmic law (Eapp – Ewe = iRu), also known as ohmic drop. As the current in-

creases with the scan rate, the potential drop between the reference and working elec-

trodes also increases. Many studies have addressed the importance of ohmic drop com-

pensation in the measurements of electrochemical kinetics.22,23 To precisely understand 

the potential and current relationship at the working electrode surface, this ohmic drop 

need to be compensated. Here, we follow the approach that manually adjusting the re-

sistance compensation until we observe the current oscillation at the potential turning 

point in CV.24 The current oscillates at the potential turning point because of the reso-

nance of inductor and capacitor in the circuit after the ohmic drop compensation.24 Once 

the ohmic drop compensation reaches the critical point, the current oscillation can be 

observed. 

Scan rate-dependent CVs. Figure 6.1 shows normalized CV of IrO2 in 0.1 M KOH 

at a scan rate of 1 V/s. We observe two pairs of adsorption peaks in the potential window 

from 0.3 to 1.7 V vs RHE. In our previous work,21 we have assigned these two peaks to 

OH electroadsorption (H2Oad + OH- → OHad + H2O + e-) and O electroadsorption (OHad 

+ OH- → Oad + H2O + e-). Apparently, the potential width of the first adsorption peak 

is much larger than the second peak indicating the adsorbate interactions are different.17 

In this work, we focus on the kinetics of OH electroadsorption. 
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Figure 6.1. CV of IrO2(110) in 0.1 M Ar-saturated KOH at scan rates of 1V/s. The 

current is normalized by the scan rate. 

 

To extract the kinetics of OH electroadsorption, we first conduct CV with a potential 

window from 0.3 to 1.45 V vs. RHE. Figure 6.2A shows the normalized CVs of IrO2 

in 0.1 M KOH at different scan rates from 1 to 2000 V/s. We observe the anodic peak 

moves to more positive potential while the cathodic peak shifts to more negative poten-

tial at a higher scan rate. By integrating the area underneath the CV curves, we obtain 

the amount of total charge stored on the surface at different applied potentials (Figure 

6.2B). The total charge includes the charge from double layer and the surface electro-

adsorption. Figure 6.2B shows that discrepancy between forward and backward scans 

becomes larger indicating the electron transfer process is irreversible at a higher scan 

rate. 
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Figure 6.2. (A) The CVs of IrO2(110) in 0.1 M Ar-saturated KOH at scan rates of 1, 10, 

100, 1000, 2000 V/s (from red to dark purple). The current is normalized by the scan 

rate. (B) The total surface charge vs. applied potential obtained by integrating the area 

underneath the CV curve at different scan rates. 

 

The isotherm at quasi-equilibrium. To investigate the relationship between poten-

tial and kinetic rate at a constant coverage, we need the adsorption isotherm at quasi-

equilibrium. We subtract the double layer current from CV to extract the charge of elec-

troadsorption. Figure 6.3A shows the dependency of surface charge (Q) on the applied 

potential obtained from CV at a scan rate of 1 V/s. We confirm that the system reaches 

the quasi-equilibrium condition at a scan rate of 1 V/s by overserving the negligible 

difference between adsorption isotherm obtained from forward (red) and backward 

scans (blue). This adsorption isotherm reveals the quasi-equilibrium potential (Eeq) at a 

given adsorbate coverage. To extract the kinetic rate, we convert the CV to adsorption 

isotherm at different scans (Figure 6.3B). We observe that more positive applied po-

tential is required to achieve the same surface charge at a higher scan rate. 
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Figure 6.3. (A) The surface charge (charge from double-layer capacitor is subtracted) 

vs. applied potential obtained by integrating the area underneath the CV at a scan rate 

of 1V/s in a forward (red) and backward (blue) directions. (B) The surface charge vs. 

applied potential at scan rates of 1, 10, 100, 1000, 2000 V/s (from red to dark purple). 

 

The effective kinetic rate surface. We subtract the applied potential with the quasi-

equilibrium potential (Eeq) to obtain the driving force (ξ) at a given coverage (Figure 

6.4A). This conversion enables us to separate the influence of coverage and potential on 

the kinetics of OH electroadsorption. We then use the current normalized with the sur-

face charge of the full coverage to represent the effective rate (keff). 
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Figure 6.4. (A) The relation between driving force (ξ) and adsorbate coverage (θ) at 

different scan rates. (B) The dependency of effective rate (keff) on the driving force (ξ) 

and adsorbate coverage (θ). 

 

Our approach shows that effective kinetic rate is a function of ξ and θ. By using this 

method, we convert our CVs at different scan rates into a kinetic surface showing the 

influences of potential driving force (ξ) and adsorbate coverage (θ) on the effective rate 

(keff).  

The intrinsic kinetic rate constant. After we acquire the effective kinetic rate sur-

face, we can fit our results by using different models to describe the relationship be-

tween kinetic rates and potential. (See Appendix E for derivation) 

Butler-Volmer equation. We first use Butler-Volmer equation to describe the rela-

tionship between kinetic rates and potential. Since the influence of adsorbate interaction 

has been recognized, we include a function of adsorbate coverage in the driving force. 

By using Butler-Volmer model, we obtain the intrinsic rate constant is 715 ± 232 (s-1) 

at half coverage for the OH adsorption. 

Marcus Theory. We adopt the Marcus model to describe the relationship between 

kinetic rates and potential. The kinetic rate constant is 1131 ± 141 (s-1) at half coverage 

for the OH adsorption. We note that the curved dependency of the kinetic rate on the 

potential can be observed even in such a small potential window. This observation could 
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explain the relatively lower R2 value of the Butler-Volmer fitted surface. In general, the 

Marcus model fits better than the Butler-Volmer equations.  

 

 

Figure 6.5. The θ-ξ-keff surface: Butler-Volmer equation (blue); Marcus theory (red); 

experimental data (dark gray). 

 

 

Table 1. The fitted parameters obtained from Marcus model and Butler-Volmer model. 

 

Trumpet plot analysis. Figure 6.5 shows the dependency of potential gap between 

anodic and cathodic peaks on the scan rate. We use the formalism derived by Laviron25 

to extract the kinetic constant of OH electroadsorption (k ≈ 7000 s-1). We attribute this 

discrepancy to the fact that the adsorbate interaction is not included in the Laviron 

 Marcus Butler-Volmer 

Sample k0 (s
-1) λ (eV) R2 k0 (s

-1) R2 

a 1276 0.31 0.995 892 0.977 

b 1121 0.46 0.985 802 0.967 

c 995 0.31 0.996 452 0.935 

Average 1131 ± 141 0.36 ± 0.09  715 ± 232  
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formalism. This comparison suggests that the trumpet plot analysis overestimates ki-

netic rate constant in the electroadsorption with repulsive adsorbate interaction. 

 

 

Figure 6.6. The trumpet plot shows the dependency of potential gap between anodic 

and cathodic peaks on the scan rate for OH electroadsorption. 

 

6.4 Conclusion 

We report an approach to measuring the electron transfer kinetics in the OH elec-

troadsorption on IrO2(110) via CVs at a series of scan rates. While the trumpet plot 

analysis is widely-used to extract the kinetic rate constant, we find that it overestimates 

the kinetic rate in the system with repulsive adsorbate interaction. Our approach probing 

the relationship between kinetic rate and potential at a given adsorbate coverage offers 

a more flexible way to measure the intrinsic rate constant in heterogeneous catalysis, 

especially the systems with the adsorbate interaction. Our result shows that the kinetic 

rate constant of OH electroadsorption in 0.1 M KOH is 715 ± 232 (s-1) by using the 

model derived from Butler-Volmer equation, while it is 1131 ± 141 (s-1) by using the 

model derived from Marcus theory. In addition, we extract the reorganization energy of 

OH electroadsorption is 0.36 ± 0.09 eV in Marcus theory. 
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CHAPTER 7 

 

7. Summary and Outlook 
 

7.1 Summary 

I have presented a model to investigate the correlation between oxygen adsorption 

energy and the OER electrocatalysis on transition metal oxides. I measured the electro-

adsorption energy on well-defined surfaces grown by using MBE. Our measurements 

can serve as benchmark for DFT computations. We find that the OHad and Oad energies 

are linearly related which provides the first known experimental evidence behind the 

concept of the scaling relation in catalysis (Chapter 2). This scaling relation is one of 

the underlying assumptions for rational catalyst design by using oxygen adsorption en-

ergy. After recognizing its essence, we modified the oxygen adsorption energy by in-

troducing lattice strain and substituting the cation in oxide films. Our finding suggests 

many other factors could significantly affect the relation between oxygen adsorption 

energy and OER, for example, the water at the interface may mitigate the strain effect 

(Chapter 3) and the cation substitution may modify the surface chemistry by creating a 

more active motif (Chapter 4).  

In Chapter 5, we measured the oxygen adsorption energy on RuO2 and compared 

the result with adsorption energy on IrO2. While we observed that the scaling relation 

of OHad and Oad still remains, we did not observe a direct correlation of OHad and Oad 

electroadsorption energies to the OER activity in the comparative analysis that includes 

both RuO2(110) and IrO2(110). Our result raises a question of whether the Sabatier prin-

ciple can describe highly active electrocatalysts, where the kinetic aspects may influ-

ence the electrocatalysis more strongly than the electroadsorption energy, which cap-

tures only the thermodynamics of the intermediates and not yet kinetics.  



 

125 
 

To gain insights into the kinetics of electroadsorption, we have developed an ap-

proach to measuring the rate of electroadsorption (Chapter 6). By measuring the kinetics 

upon different oxides, we may explore its impact on the OER catalysis. 

 

7.2 Outlook 

This dissertation demonstrates an approach to measuring the electroadsorption en-

ergy and investigating its role by correlating to the OER electrocatalysis. While this 

study provides fundamental understandings of mechanism and principles to optimize 

the OER catalysis, the identification of the surface species still relies on the DFT com-

putation. The in situ and in operando surface characterization may offer more evidences 

for identifying the surface species. For example, the x-ray reflection spectroscopy has 

been used to probe the surface structure of RuO2 vs applied potential.1 Their result has 

shown that a surface bound intermediate that contains O-O bond. This technique can 

possibly resolve the structure of the intermediates on the surface such as the Ti-substi-

tuted IrO2.  

In the kinetics study, our method to measuring the electroadsorption kinetics offers 

an opportunity to probe the electron transfer process across the electrode/electrolyte in-

terface. We find that the buffer ions assist the electron and proton transfer process sug-

gesting that the kinetics of proton-coupled-electron-transfer can be optimized by modi-

fying the electrolyte properties. It has been shown that the buffer ions assist adsorbed 

hydrogen formation in hydrogen evolution reaction at neutral pH.2 Besides the pH effect 

on the kinetics, measuring the kinetic rate of electroadsorption at different temperatures 

can reveal the activation energy of this process. Compared with the reorganization en-

ergy obtained by fitting the Marcus model to the experimental data, we can understand 

the energy landscape of the electron transfer in an adsorption step. 
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A. Appendix A 

Supporting Information for Chapter 2 

 

Experimental Methods 

Computation details. We use IrO2 with water-saturated Ir binding sites on the cus as our 

representative starting surface because of strong favored energetics of water adsorption. 

With the energies from Table A.1 and using for molecular water the values in Table 

A.2 we compute the adsorption energies of water and shows that it is strongly favored. 

 

Adsorbate EDFT (eV) ZPEads (eV) Gslab (eV) 

Clean -8087050.86556 0 -8087050.86556 

Clean- OHHc -8089135.27782 0.675515 -8089134.60231 

OHHc -OHHc -8091220.40454 1.35103 -8091219.05351 

Table A.1. Computed energies for water adsorption on the clean IrO2 surface. 

 

Molecule  EDFT (eV) ZPEads (eV) TS (eV) Gslab (eV) 

H2O -2083.12903 0.58869 -0.217496 -2082.75784 

Table A.2. Molecular water energies. 

 

G(*-*) + G(H2O) → G(*-OHHc)                          ∆G = -0.979 eV 

G(*-OHHc) + G(H2O) → G(OHHc-OHHc)          ∆G = -1.693 eV 

 

The cyclic voltammetry process can be modeled as a desorption process for hydrogen 

(involving an electron too). Starting from the IrO2 slab with water on cus, transitioning 
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to OH on cus and finishing with no hydrogen and only oxygen on cus. To establish these 

transition energies with respect to a meaningful electrochemical reference, we use the 

Computational Hydrogen Electrode and compute the Gibbs free energy for hydrogen 

transfer from the DFT energy of a free hydrogen molecule with corrections for 

entropy (TSH2
) at room temperature and ZPE (ZPEH2

): 

G(H2) = EDFT
H2  - TSH2

 + ZPEH2
 = -32.07418eV - 0.40633eV + 0.28969eV = -32.19082eV

G(H+) = 
1

2
G(H2) = -16.09541eV

 

The computation of Gibbs free energies for slabs with adsorbates is performed similarly 

and we assume the adsorbed molecules on the slab surface do not have an entropic 

contribution (TS = 0). We do not model the complex interactions between adsorbates 

and the configurational entropy involved. Instead, we evaluate the cyclic voltammetry 

peaks using slabs with half coverage. The structures of the slabs are presented in Figure 

A.5. The calculation of the Gibbs free energy for a slab with an adsorbate 

G(ads) = EDFT
ads  + ZPEads+ Esol 

includes ZPEads of the specific adsorbates on the surface and the solvation energy Esol 

computed for the specific adsorbate configuration. Solvation energies make a slight 

difference in the computed transition voltages, but their inclusion is not critical to the 

quantitative conclusions. There are two cus sites and two bridge sites (oxygen bridging 

two metal atoms) on the surface. An adsorbate is specified by the notation WcXb-YcZb 

noting that species W is adsorbed at one cus site and adsorbate X on the bridge near this 

cus site while species Y is adsorbed on the other cus site with Z being adsorbed at the 

bridge near it. The Gibbs free energies are listed in Table A.3.  
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Adsorbate EDFT (eV) ZPEads (eV) Esol (eV) Gslab (eV) 

OHHc-OHHc (Fig S5a) -8091220.4045 1.35103 -0.12965 -8091219.1831 

OHc-OHHc (Fig S5b) -8091202.9592 1.012312 -0.21784 -8091202.1647 

Oc-OHHc (Fig S5c) -8091185.2804 0.750795 -0.22589 -8091184.7555 

Table A.3. Computed DFT and Gibbs free energies for the slabs with adsorbates. 

 

ZPEs are computed using the following energies: 

 

Adsorbate ZPE (eV) 

Oc 0.07528 

OHc 0.336797 

OHHc 0.675515 

Table A.4. Computed ZPE energies for specific adsorbates. The ZPEs in Table A.3 

are calculated as a combination of single adsorbates. 
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• Transition 1: 

For transition the surface structures for the initial (Figure A.5a) and final (Figure A.5b) 

structures are included. Calculated energies are listed in Table A.3 and the reaction 

equations for this transition are 

2H2O
ad

 → H2O
ad

 + OHad+ H+ + e-

G(2H2O
ad

) = G(H2O
ad

 + OHad) + G(H+) - U

U = G(H2O
ad

 + OHad) + G(H+) - G(2H2O
ad

)

 

With these equations and the energies from Table A.3, we compute U = 0.92V. 

• Transition 2: 

The second transition potential is computed in a similar way. Energies of the structures 

of initial state (Figure A.5b) and final state (Figure A.5c) are calculated and inserted 

into the following equation 

H2O
ad

 + OHad → H2O
ad

 + Oad + H+ + e-

G(H2O
ad

 + OHad) = G(H2O
ad

 + Oad) + G(H+) - U

U = G(H2O
ad

 + Oad) + G(H+) - G(H2O
ad

 + OHad)

 

With these equations and the energies from Table A.3, we compute U = 1.31V. 
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pH-dependent OER kinetics analysis. 

Two possible rate-limiting pathways for OER have been proposed1,2: 

In base: Oad + OH
-
 → OOHad + e- 

In acid: Oad + H2O → OOHad + H+ + e- 

We apply first-order rate-law approximation for these elementary reactions, 

ir = ko,base
' [Oad][OH

-] + ko,acid
' [Oad][H2O] 

iOER = 4 × {ko,base
' [Oad][OH

-] + ko,acid
' [Oad][H2O]} 

where ir is the current for rate-limiting step and iOER is the current for OER. By assuming 

[H2O] is a constant and [Oad] = ad: 

iOER = ko,base ∙ θad ∙ [OH
-] + ko,acid ∙ θad, 

where ko, base and ko, acid are the rate constants of limiting step at a potential E and are 

assumed to follow the Butler−Volmer rate law with a transfer coefficient α: 

ko,base = ko,base
0  ∙ exp [

(1-α)F(E-EO/OOH
0 )

RT
] 

ko,acid = ko,acid
0  ∙ exp [

(1-α)F(E-EO/OOH
0 )

RT
] 

ko,i
0

  is the rate constant at the equilibrium potential EO/OOH
0

 for Oad/OOHad, and F, R, and 

T have the usual meanings. Based on scaling relationship, EO/OOH
0  increases as pH in-

creases. 

 

If ko, base[OH-] > ko, acid (alkaline condition), 

iOER ≈ ko,base ∙ θad ∙ [OH
-] = ko,base 

0
∙ exp [

(1-α)F(E-EO/OOH
0 )

RT
] ∙ θad ∙ [OH

-] 

∂ log iOER

∂pH
 = 1 - 

1

2.303
 ∙ 

(1-α)F

RT
 ∙ 

∂EO/OOH
0

∂pH
 

If ko, acid > ko, base[OH-] (acidic condition), 
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iOER ≈ ko,acid ∙ θad = ko,acid
0

 ∙ exp [
(1-α)F(E-EO/OOH

0 )

RT
] ∙ θad 

∂ log iOER

∂pH
 = 

-1

2.303
 ∙ 

(1-α)F

RT
 ∙ 

∂EO/OOH
0

∂pH
 

 

RHEED patterns of IrO2(110) during MBE growth along the indicated azimuth 

 

Figure A.1. RHEED images taking during the growth of an IrO2(110) film along the 

indicated azimuths. 
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Charge transfer density on the IrO2(110) surface 

 

Figure A.2. CV of the IrO2(110) film in an Ar-saturated 0.1 M KOH electrolyte at a 

200 mV/s scan rate. Surface charge is 67.8 µC/cm2 (without double-layer correction) by 

integrating the area underneath the CV curve. This suggests that only surface Ir partici-

pates in the electron transfer process (0.85 e- per surface coordinately under-saturated 

Ir site, ‘Ircus’). 
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The OER kinetics on IrO2(110) in pH 11.9, 12.5, and 12.9 

 

Figure A.3. CV of the IrO2(110) film in O2-saturated at pH 11.9, 12.5 and 12.9 of KOH 

electrolyte at a 10 mV/s scan rate. 
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The OER kinetics on IrO2(110) in pH 11.9, 12.5, and 12.9 

 

Figure A.4. OER activity measured by (a) the overpotential for OER at 5µA/cm2
geo (b) 

the current density at an applied overpotential η = 400 mV (1.63 V vs. RHE) at pH 11.9, 

12.5 and 12.9 in a KOH electrolyte. The error bars represent the standard deviations for 

at least two independent measurements. 

 

Geometric models for the DFT calculations 

 

Figure A.5. Geometric models for the (a) H2Oad, (b) OHad, and (c) Oad of IrO2(110). 

Navy, red, and white spheres represent Ir, O, and H atoms, respectively. Computed 

structures of different transitions, only the top layer and the adsorbed species are shown. 

In all cases, we have used 4-layer-thick stoichiometric slabs. 
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B. Appendix B 

Supporting Information for Chapter 3 

 

DFT Computation Details. The Perdew-Burke-Ernzerhof (PBE) approximation for the 

exchange correlation functional and a plane wave cutoff energy of 520 eV have been 

used. Spin-orbit coupling has been included in all the calculations.  

The adsorption energy for a generic adsorbate Xad is defined as 

𝐸𝑎𝑑(𝑋) = 𝐸𝐷𝐹𝑇(𝑆𝑟𝐼𝑟𝑂3𝑋𝑎𝑑) − 𝐸𝐷𝐹𝑇(𝑆𝑟𝐼𝑟𝑂3) − 𝐸𝐷𝐹𝑇(𝑋) 

where 𝐸𝐷𝐹𝑇 refers to the total DFT energy for the system with and without the adsorbate 

and to the energy of the adsorbate itself. For the adsorbates considered here, we used:  

𝐸𝐷𝐹𝑇(𝐻) = 𝐸𝐷𝐹𝑇 (𝐻2) 2⁄  

and 

𝐸𝐷𝐹𝑇(𝑂) = 𝐸𝐷𝐹𝑇(𝐻2𝑂) − 𝐸𝐷𝐹𝑇(𝐻2), 

based on the DFT total energies of the 𝐻2 and 𝐻2𝑂 molecules. 

The values of the Gibbs free energies for the OER intermediates have been calculated 

as  

𝛥𝐺(𝑋) = 𝐸𝑎𝑑(𝑋) + 𝑍𝑃𝐸𝑋 − 𝑇𝑆𝑋 

where ZPE and TS represent the zero-point energy and entropic corrections for the ge-

neric adsorbate X, respectively. The values for these corrections have been taken from 

Ref. (1). 

It should be noted that, since the values of 𝐸𝐷𝐹𝑇(𝑂) and of the ZPE and TS corrections 

are strain independent, the evolution of the energy difference as a function of the strain 

shown in Figure 3.2B can be regarded as the difference between Gibbs free energies as 

well. 

Figures B.3 and B.4 represent the variation of the DFT Gibbs free energy G, with 

respect to the water covered surface, as a function of the applied potential V. The slope 
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of the curves is determined by the charge of the system considering the contribution 

coming from the evolution of the two adsorption sites in the supercell. The lowest value 

of the energy identifies the stable configuration for each applied potential and deter-

mines the regions outlined in Figure 3.4C. 

Adsorption Energy Analysis. We use the potential at the adsorption peak (Vpeak) and the 

potential window at 90% peak current as an error bar to demonstrate the peak width 

difference between adsorbates. In the CV of SrIrO3(001), we observe three adsorption 

peaks in the potential window from 0.3 to 1.5 V vs. RHE, which we assign to peak 1 

(~0.6 V vs. RHE), peak 2 (~1.0 V vs. RHE), and peak 3 (~1.4 V vs. RHE), respectively.  

To estimate the free energy of formation of OHad and Oad on SrIrO3, we examine the 

potential of the OHad (alkaline: H2Oad + OH—→ OHad + H2O + e—) and Oad (alkaline: 

OHad + OH—→ Oad + H2O + e—). The electrochemical potential of OHad (ΔGOH = VOH 

peak) and Oad (ΔGO = VOH peak + VO peak) correspond to the free energies of H2Oad → OHad 

+ ½H2 and H2Oad → Oad + H2, respectively. There are three possible scenarios as fol-

lowed: (1) peak 1 shows the OH adsorption; peak 2 shows the O adsorption, (2) peak 1 

shows the OH adsorption; peak 3 shows the O adsorption, and (3) peak 2 shows the OH 

adsorption; peak 3 shows the O adsorption. The adsorption energy relation of SrIrO3 in 

these scenarios are shown in Figure B.5.  

We observe the adsorption energy relation of SrIrO3 in scenario (1) deviates from 

the adsorption energy relation of IrO2 implying that the assumptions in this case may be 

incorrect.  
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Figure B.1. APXPS for O 1s of a SrIrO3 film on DSO (top) and LSAT (bottom) under 

1 µTorr oxygen pressure at 250 °C. Black circles: experiment data; navy line: lattice O; 

orange line: surface O; green line: the sum of the fit; y-axis: normalized intensity; x-

axis: binding energy. 
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Figure B.2. CV of the SrIrO3(001) film in an Ar-saturated 0.1 M KOH electrolyte at a 

10 mV/s scan rate. The surface charge density obtained by integrating the colored area 

is 119 and 125 µC/cm2 for SrIrO3/DSO and SrIrO3/LSAT, respectively.  
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Figure B.3. The potential-dependent free energy of surface adsorbate states on 

SrIrO3/DSO. 
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Figure B.4. The potential-dependent free energy of surface adsorbate states on 

SrIrO3/LSAT. 
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Figure B.5. The energy relation between OHad and Oad on IrO2(110) and SrIrO3(001). 

Green hollow diamonds: IrO2 reproduced from Ref. (2); Blue hollow squares: SrIrO3 

using first peak as OH adsorption and third peak as O adsorption; Blue hollow circles: 

SrIrO3 using second peak as OH adsorption and third peak as O adsorption; Blue solid 

triangles: SrIrO3 using first peak as OH adsorption and second peak as O adsorption. 
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T 

(°C) 

pO2 

(Torr) 

Sub-

strate 

Lattice O 1s  Surface O 1s 

B.E. 

(eV) 

FWHM 

(eV) 

Area 

(%) 

B.E. 

(eV) 

FWHM 

(eV) 

Area 

(%) 

25 

 

1 
DSO 529.4 1.8 52.39 531.5 2.0 47.61 

LSAT 529.3 1.6 50.77 531.1 2.3 49.23 

105 
DSO 529.4 1.9 48.29 531.4 1.9 51.71 

LSAT 529.3 1.6 52.07 531.1 2.3 47.93 

250 1 
DSO 529.4 2.0 70.79 532.0 1.9 29.21 

LSAT 529.3 1.6 75.08 531.4 2.5 24.92 

Table B.1. Fit parameters for the O 1s peak analysis of SrIrO3(001). 
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C. Appendix C 

Supporting Information for Chapter 4 
 

The linear dependency of activation energy (Ea) on Ti ratio (x).  

According to Brønsted-Evans-Polanyi (BEP) relation, the activation energy barrier can 

be described as:  

Ea = b1 (ΔGOOH – ΔGO) + c1 (eV) 

Based on the scaling relations, ΔGOOH - ΔGO is represented as: 

ΔGOOH – ΔGO = b2 ΔGOH + c2 (eV) 

From our electroadsorption measurements, a linear relation between ΔGOH and Ti ratio 

has been found as: 

ΔGOH = -0.437 x + 1.197 (eV) 

These equations verify the linear dependency of activation energy on Ti ratio: 

Ea = b· x + c (eV) 

where b1, b2, c1, c2, b, and c are arbitrary constants.  

itotal ≈ [(1-x)2 + ax(1-x)] · k · exp(-Ea/kbT) 

Log itotal ≈ Log[(1-x)2 + ax(1-x)] – [b/(2.303kbT)] ·x + i0 

where i0 = Log(k) – c/(2.303kbT). 

 

The dependency of ΔGOOH – ΔGO on Ti ratio (x). 

The computation study has shown the scaling relation between ΔGOOH and ΔGOH. 

ΔGOOH – ΔGOH = 3.2 (eV) 

This work has reported the scaling relation between ΔGO and ΔGOH as well as the de-

pendency of ΔGOH on Ti ratio (x). 

ΔGOH = 0.646 ΔGO – 0.645 (eV) 

ΔGOH = -0.437 x + 1.197 (eV) 
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Based on these three equations, the dependency of ΔGOOH – ΔGO on Ti ratio (x) can be 

obtained. 

ΔGOOH - ΔGO = 0.239 x + 1.55 (eV) 

 

Atomic force microscopy. 

 

Figure C.1 A representative AFM image of 11 % Ti-substituted IrO2(110). The root-

mean-square roughness is 83.2 pm. 
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DFT computation for Ti-substituted IrO2 formation energy. 

 

Figure C.2 The formation energy difference between Ti located at cus site and bridge 

site on the rutile surface. Without adsorbed water, the formation energy difference is 

4.23 meV/atom (Top). With adsorbed water, the formation energy difference is 0.124 

meV/atom.  
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D. Appendix D 

Supporting Information for Chapter 5 
 

Lattice constant measurement via low energy electron diffraction (LEED). A I-V fitting 

sequence has been done on all of the diffracted patterns obtained from a RuO2(110) 

film.  To fit the higher energy data where the diffuse background is substantial, a radi-

ally symmetric background subtraction procedure has been used.  The result confirms 

conclusively that we don't see any reconstruction peaks. 

By comparing the spot positions against an SrTiO3 reference, in-plane lattice constants 

have been extracted; 1115 individually fitted peak positions have been used yielding 

lattice constants a = 4.59 ± 0.02 and c = 2.95 ± 0.01 Å (Figure D.1 and D.2). Our LEED 

analysis indicates a RuO2 film that is lattice matched to the TiO2 substrate.1 

 

Figure D.1. The histogram of lattice constant a of a rutile RuO2 film obtained from 

LEED analysis.  
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Figure D.2. The histogram of lattice constant c of a rutile RuO2 film obtained from 

LEED analysis. 
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Rocking Curve. 

 

Figure D.3. X-ray rocking curve around (110) reflection for the film. The full width 

half maximum (FWHM) of RuO2 film and TiO2 substrate are 0.0055° and 0.0043°, 

respectively. 
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Surface Phase Structure. All our slab models consist of two coordinatively unsaturated 

sites (‘cus’). Phase 1: one H2O adsorbs at the cus site Ru and the other H2O dissociates 

as OH at the cus site Ru and H at the bridge site O; phase 2: OH and H2O adsorb at the 

adjacent cus sites Ru; phase 3: O and H2O adsorb at the adjacent cus sites Ru; phase 4: 

OH adsorbs at all cus sites Ru; phase 5: O and OH adsorb at the adjacent cus sites Ru; 

phase 6: O adsorbs at all cus sites Ru. 

 

Figure D.4. The side-view of slabs with different hydrogen coverage used in our 

computations. White, red, and turquoise spheres represent hydrogen, oxygen, ruthenium 

atoms.  
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Adsorbed Water Configurations. Our DFT calculation shows that the adsorbed water 

could have several configurations sharing similar energy (Figure D.5).  

 

Figure D.5. The thermodynamic potential γ of pristine surface and different adsorbed 

water configurations on RuO2 (110) from our DFT calculation. Pristine surface (green); 

configuration 1 (red): two water molecules adsorb at two cus sites Ru; configuration 2 

(blue): one water molecule adsorbs at the cus site Ru and the other water molecule 

dissociates as OH at the cus site Ru and H at the bridge site O.  
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E. Appendix E 

Supporting Information for Chapter 6 
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