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Chapter 1: Introduction 

1.1 Environmental Crisis and Energy Scenario  

1.1.1 Global energy and environmental crisis 

Traditional fossil fuels, i.e. coal, oil, and natural gas, dominate the global energy system 

and are producing more than 80% of the world's energy.1 Figure 1.1 shows the global direct 

primary energy consumption within the past 40 years, and illustrates how that is mainly covered 

by fossil fuels.2 With the increase of population and economy, the global energy demand is 

rapidly rising. Energy consumption around the world is expected to double by the year 2050.3 

At the same time, energy production from fossil fuel combustion results in the emission of CO2, 

which contributes up to 82% of the estimated greenhouse gases4 and leads to global warming. 

Global warming is a significant threat to all life forms. Therefore, for the sustainable 

development of humanity, future efforts are necessary to develop effective technologies to 

reduce fossil fuels and mitigate global warming. Upon signing the Paris climate agreement of 

2015, 195 countries have set a goal of holding the global average temperature rise to 2˚C, and 

preferable to limit the increase to 1.5°C. To achieve this goal, reducing the use of a massive 

volume of fossil fuels should be executed until 2050, including 33% of oil consumption, 50% 

of gas consumption and over 80% of current coal consumption,5 which is perhaps one of the 

most daunting global challenges the world will face over the next 30 years. 

 

Figure 1.1: Global primary energy consumption (Exajoules) by source over the period 1978-2018.2 
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1.1.2 Energy storage in hydrogen 

Solar energy should be the alternative energy source to meet the energy demand and 

achieve zero carbon emissions. Photovoltaic (PV) cells are used to capture solar energy and 

transform it into electricity. However, this form of energy supply is limited by the geographical 

location, the seasons and the day/night cycles. Therefore, it is crucial to harvest and store solar 

energy in a cost-effectively and environmentally way. One strategy to achieve this goal is the 

employment of catalytic transformations to directly convert solar energy into chemical fuels. 

Hydrogen is an attractive fuel due to its high energy density, and because it is carbon-free and 

easily transportable.6   

Renewable solar-driven hydrogen production from water splitting has been recognized as 

an attractive way to convert sunlight into chemical fuels.7-9 The schematic representations of 

the solar-driven water splitting by photovoltaic-electrolysis (PV-E) cells and 

photoelectrochemical (PEC) water splitting cells are shown in Figure 1.2. In the PV-E cell, a 

PV module is coupled to a water electrolyzer; the PV-E cell uses the electrical power generated 

by the PV module to perform electrolysis of water, as shown in Figure 1.2(a). The working 

principle of the PEC cell differs from that of a PV-E cell; a PEC cell is composed of a 

semiconducting photoelectrode that absorbs photons with sufficient energy to excite electrons 

from the valence band to the conduction band. These electron-hole pairs then spatially separate 

into electrons and holes which drive the half-reactions at the electrodes to split water, see Figure 

1.2(b).  

There is no consensus in the literature about the currently projected lowest average price 

per kg H2 generated from PV-E and PEC cells, respectively. For example, Shaner et al.10 

estimated that with overall electrolyzer plant efficiencies of ~10%, the levelized cost of 

hydrogen (LCH) are $12.1 kg-1 and $11.4 kg-1 for base-case PV-E and PEC systems, 

respectively. Recently, Grimm et al.11 predicted that with solar to hydrogen (STH) efficiencies 

of 10.9% for PV-E cells and 10% for PEC cells, the LCH are $6.2 kg-1 and $8.4 kg-1, 

respectively. Khan et al.12 reported that for a PV-E setup with an STH efficiency of 28%, the 

LCH is $5.9 kg-1. So far, the hydrogen produced by PV-E or PEC cannot compete with the 

hydrogen produced by steam methane reforming (SMR), which has a current market value of 

$1.4 kg-1.10, 13 The problem of SMR is that the SMR process emits on average 7 kg CO2/kg H2, 

so it is not a green solution.14 Therefore, more efforts are needed for PV-E and PEC technology 
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to become competitive in the market. The development of more efficient catalysts to achieve a 

higher STH conversion efficiency is a way to reduce the cost. 

 

Figure 1.2: Schematic illustration of water splitting by solar illumination, (a) a PV cell is coupled with a water electrolyzer, 

PV-E cell; (b) PEC water splitting cell. 

 

1.2 Oxygen Evolution Reaction (OER) 

1.2.1 Mechanism of the OER  

In both the PV-E or the PEC cell, water splitting consists of two half-reactions separated 

by a membrane. The membrane is a key component in PV-E/PEC devices, as it allows for both 

ionic transport (through the membrane), which is essential to maintain an electric current, as 

well as separation of the produced hydrogen and oxygen gases. The reduction process at the 

cathode is the hydrogen evolution reaction (HER), and the oxidation process at the anode is the 

oxygen evolution reaction (OER). The reaction mechanisms for HER and OER occurring under 

acidic conditions can be written as 

2𝐻+ + 2𝑒− ⇌ 𝐻2, (1.1) 

2𝐻2𝑂 ⇌ 𝑂2 + 4𝑒− + 4𝐻+, (1.2) 

The reaction mechanisms for HER and OER occurring under alkaline conditions can be written 

as 

2𝐻2𝑂 + 2𝑒− ⇌ 𝐻2 + 2𝑂𝐻−, (1.3) 

4𝑂𝐻− ⇌ 𝑂2 + 2𝐻2𝑂 + 4𝑒−, (1.4) 
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The theoretical thermodynamic potential required for water splitting is 1.23 V. However, in 

experiments, applied potentials of more than 1.23 V are required for water splitting to occur. 

The difference between the potential needed to run the water splitting reaction and 1.23 V is 

called overpotential (𝜂). Systems suffer from an overpotential because the reactions (1.1)-(1.4) 

are typically multi-step; the energies involved in each step are usually not equally large, and the 

largest step determines the overpotential. Besides this fundamental thermodynamic reason,  the 

practical overpotential in a device is also determined by activation barriers, concentration 

effects, or voltage drops.15  

In the PEC cell, semiconductors with bandgaps of 1.6 eV - 2.5 eV are suitable for absorbing 

energy from the visible spectrum of sunlight.15, 16 In addition to having a suitable bandgap, the 

semiconductors should also have suitable band edge positions.17, 18 The semiconductor 

conduction band edge (ECB) should be higher than the H2/H
+ electrochemical potential and the 

valence band edge (EVB) should be lower than H2O/O2 electrochemical potential in order for 

reactions (1.1 or 1.3) and (1.2 or 1.4) to be thermodynamically favorable. 

Among the two half-reactions, the OER (Eq. 1.2 or 1.4) is more demanding because it is a 

4-electron process and involves four reaction steps. The HER (Eq. 1.1 or 1.3) is a 2-electron 

process, which involves at most two reaction steps. In practice then, the OER determines the 

overpotential. Therefore, the design of optimal OER catalysts that give an overpotential close 

to zero, is imperative for efficient water splitting. In order to understand and optimize the 

performance of OER catalysts, it requires detailed knowledge of the reaction mechanism. 

Different possible mechanisms for either acidic or alkaline conditions have been proposed. The 

two most widely accepted OER mechanisms are the water nucleophilic attack (WNA) and the 

radical oxo coupling (ROC) mechanism;19, 20 both mechanisms are summarized in Figure 1.3.  

Both of the two mechanisms involve the same intermediates M-OH and M-O (where M 

denotes the catalytic substrate); the main difference arises from the O-O bond formation at the 

reaction step that forms oxygen. The ROC mechanism (green line in Figure 1.3) proposes 

oxygen formation through two M-O intermediates from two adjacent sites. The WNA 

mechanism (black line in Figure 1.3) suggests the formation of a M-OOH intermediate, which 

subsequently decomposes to O2(g).20 The WNA mechanism is the most widely used mechanism 

for metal oxide surfaces and most molecular catalysts, as it requires just one active site, whereas 

the ROC mechanism requires two cooperating active sites in close proximity.19 Therefore, the 

WNA mechanism is used in the thesis. Most density functional theory (DFT) calculations of 

the OER use the acidic mechanism (Eq. 1.2),21-24 however, most of the experimental studies are 
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done under alkaline conditions (Eq. 1.4) instead of acidic conditions.25-27 Although some 

computational papers consider OER calculations under alkaline conditions, the underlying 

theory from reaction mechanism to free energy equations is not made transparent and not 

derived explicitly.28-31 Therefore, it is crucial to derive the equations for DFT calculations of 

the OER with an alkaline mechanism explicitly and to compare the outcome to the acidic 

mechanism. Details on the WNA mechanism of the OER under acidic and under alkaline 

conditions are discussed in Chapter 2. 

 

Figure 1.3: The two most widely accepted OER mechanisms, water nucleophilic attack (WNA, black line) and radical oxo 

coupling (ROC, green line). The WNA mechanism for acid and alkaline conditions is shown in the blue and red lines, 

respectively.19 

 

1.2.2 Modeling the OER  

The OER has been studied, focusing on the catalysts and catalyst-electrolyte interfaces, by 

a wealth of computational modeling techniques. In order of increasing coarse graining, one can 

mention density functional theory calculations,22, 32 reactive force field molecular dynamics,33, 

34 and microkinetic modelling,35-37 for instance. Density functional theory (DFT) calculations 

monitor the full electronic and atomic structures during the catalytic process and form the most 

accurate practical technique for that purpose available today. However, because of the 

computational demands associated with DFT calculations, the time and length scales of 

processes that can be studied are limited; a typical size of systems studied is in the range 102-

103 atoms, for instance. This implies that in studying catalytic processes, a simplified model of 

the catalyst and the catalyst-electrolyte interface has to be made. A catalyst is typically modeled 
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by one or more of its crystalline surfaces. There has been increasing activity concerning the 

atomistic modeling of catalyst-electrolyte interfaces, but at the moment no widely accepted 

technique exists that is both accurate and easily applicable. 

The state of the art therefore is to focus on the atomistic description of the reactions at the 

catalytically active sites, the reaction intermediates in particular, and ignore the electrolyte. 

Considering the WNA mechanism discussed in the previous section, for instance, the activity 

of the catalyst is assessed by computing the free energies of the different reaction intermediates. 

The ideal free energy diagrams of the OER intermediates, *OH, *O, and *OOH, can be 

constructed according to the computational hydrogen electrode (CHE) method developed 

Nørskov et al.22, 32, 38 The free energies of *OH, *O and *OOH, i.e., ∆G*OH, ∆G*O, and ∆G*OOH, 

have the ideal values of 1.23 eV, 2.46 eV and 3.69 eV, respectively, as shown in Figure 1.4(a), 

where the corresponding thermodynamic overpotential for each elementary step becomes 

zero.39 If the free energies of these intermediate steps are not equal to these ideal values, this 

results in an overpotential, as will be discussed in more detail in Chapter 2. Finding the ideal 

catalyst that leads to a zero overpotential has not been achieved so far.  

In order to identify an optimal OER catalyst from thousands of candidate materials and 

connect its chemical structure to its catalytic activity, many attempts have been made to screen 

the catalysts based on a universal activity descriptor. The Sabatier principle is an old and 

fundamental concept in catalysis, where the activity of a catalyst is plotted against the 

adsorption strength of the reactant, which typically results in a volcano-shaped relationship, 

allowing to identify the optimal catalyst by the optimal adsorption strength. If the general 

volcano-shaped relationship is known, knowledge of the adsorption strength of a new 

compound can predict its catalytic activity. The adsorption strength is called a “descriptor” in 

this context. Many variants of such volcano plots exist, depending on what exactly is used to 

characterize the catalyst’s activity and what is used as descriptor.  

In computational modeling of electrochemical processes, the easiest accessible parameter 

for characterizing the catalytic activity is the overpotential. One of the more successful 

descriptors has proven to be the difference in adsorption strengths of the O and OH species, 

∆G*O − ∆G*OH.23, 24 Figure 1.4(b) gives an example of a Sabatier volcano-plot, showing for a 

range of metal oxides the calculated overpotential plotted against ∆G*O − ∆G*OH. If the latter is 

too high or too low, it results in a substantial overpotential. The minimum overpotential is 

obtained for ∆G*O − ∆G*OH = 1.60 eV at the top of the volcano, which is dominated by oxides 
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of the precious metals of the platinum group, including RuO2. Note that the minimum 

thermodynamic overpotential 1.60 V – 1.23 V = 0.37 V is still substantial.     

An important reason for this overpotential is that the ∆G*OH and ∆G*OOH tend to be related 

by ∆G*OOH − ∆G*OH = 3.2 ± 0.2 eV, for either metals or metal oxides, regardless of the surface, 

or the particular binding site on the surface.22-24, 32, 40 From this relation alone one would obtain 

an overpotential of 3.2/2 – 1.23 = 0.37 V (the factor ½ is because two reaction steps are involved 

in this particular free energy difference). One concludes that, although the use of a descriptor 

to screen potentially interesting OER materials has met with some success, a single descriptor 

is insufficient to predict the overpotential for the OER. Rather, all steps involved in the reactions 

should be taken into consideration. 

 

Figure 1.4: (a) Gibbs free energies for ideal catalysts, (b) Based on the Sabatier principle, the negative values of theoretical 

overpotential were plotted against the free energy of ∆G*O − ∆G*OH.
24

 

 

The OER performance of a catalyst depends on the number of active sites and the sites’ 

activity,7, 41 which is sensitive to its local environment. Improving the activity in order to enable 

the OER at potentials close to the thermodynamic limit, requires a fundamental understanding 

of the reaction mechanism and its relationship with the overpotential. Considerable efforts, 

based on DFT calculations, have focused on surface electronic and structural properties, and 

correlate those to the catalytic activity.7, 42 From an electronic structure point of view, d-band 

theory,43, 44 the average oxygen-2p-state energy,45 coordinatively unsaturated metal cations,46 

spin states,47 Bader charges,48 have all been used to explain the trends in the OER activity of 

specific groups of materials. However, no unifying picture for the overpotential size and catalyst 

performance has been set up. As stated above, the complexity of the OER obstructs the use of 

a single descriptor to predict the overpotential. The diversity of the structures of the catalysts 
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and their distinct electronic properties, makes it even more unlikely that a single descriptor can 

be used to model the surface reactivity of different catalysts. 

 

1.3 Computational methods 

Density functional theory (DFT) is used in all calculations presented in this thesis, and a 

brief introduction to DFT is given here. DFT has become a standard approach for investigating 

the electronic structure in solid-state and molecular physics. By analyzing the electronic 

structure of a catalyst by DFT calculations, the activity and the chemical reactions of the catalyst 

can be predicted. The Vienna Ab Initio Simulation Package (VASP),49-51 which is based on 

DFT, has been a popular tool in studies of electronic properties and catalysis during the last 

three decades. All the calculations in this thesis are performed with VASP, which uses the 

projector-augmented wave (PAW) method and a plane wave basis set to expand the Kohn-Sham 

orbitals. 

1.3.1 Hamiltonian 

A basic equation of quantum mechanics is the many-body Schrödinger equation, whose 

solution is the wavefunction (𝜓) of a quantum system containing electrons and nuclei 

�̂�𝜓 = 𝐸𝜓, (1.5) 

where �̂� is the Hamiltonian operator, and E is the total energy of the quantum system. For a 

system of N electrons with spatial coordinates 𝐫𝑖 and K atomic nuclei with spatial coordinates 

𝐑𝑘, charge numbers 𝑍𝑘 and masses 𝑀𝑘, the Hamiltonian in atomic units is 

�̂� = −
1

2
∑ ∇𝑖

2𝑁
𝑖=1⏟      
�̂�𝑒

+
1

2
∑

1

|𝐫𝑖−𝐫𝑗|
𝑖≠𝑗⏟      
�̂�𝑒𝑒

− ∑ ∑
𝑍𝑘

|𝐫𝑖−𝐑𝑘|
𝐾
𝑘=1

𝑁
𝑖=1⏟          

�̂�𝑒𝑛

−
1

2𝑀𝑘
∑ ∇𝑘

2𝐾
𝑘=1⏟        
�̂�𝑛

+ ∑
𝑍𝑘𝑍𝑙

|𝐑𝑘−𝐑𝑙|
𝐾
𝑘≠𝑙⏟      

�̂�𝑛𝑛

, 
(1.6) 

The first term, �̂�𝑒, represents the kinetic energy operator of the electrons, the second term, �̂�𝑒𝑒, 

is the energy due to the electron-electron Coulomb repulsion. The third term, �̂�𝑒𝑛 , is the 

attractive electron-nuclei interaction. The fourth term, �̂�𝑛, and the fifth term, �̂�𝑛𝑛, are the kinetic 

energy of the atomic nuclei and the Coulombic nuclei-nuclei interaction, respectively. The 

analytical or numerical solution of the Schrodinger equation is a challenging problem even for 

a system just containing a modest number of electrons and nuclei.  

In order to simplify the complex many-electron/many-nuclei problem, the Born-

Oppenheimer approximation adiabatically decouples the Hamiltonian operator into electronic 
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and nuclear terms.52 The atomic nuclei are much heavier than the electrons, so the nuclei 

respond to an outside force much slower than the electrons. As the time scales of motions of 

nuclei and electrons are so different, the motion of nuclei and electrons can be separated. This 

approximation allows us to focus on the electronic part of the wave function 𝜓𝑒. The ground 

state energy of the electrons 𝐸𝑒  and the electronic wavefunction 𝜓𝑒(𝐫1, … . 𝐫𝑁)  satisfy the 

Schrödinger equation 

�̂�𝑒𝜓𝑒 = 𝐸𝑒𝜓𝑒, (1.7) 

where the electronic Hamiltonian �̂�𝑒 is 

�̂�𝑒 = �̂�𝑒 + �̂�𝑒𝑒 + �̂�𝑒𝑛, (1.8) 

In Eq (1.7), the electronic wavefunction, 𝜓𝑒 , of the system is determined by all spatial 

coordinates of electrons. For a system that contains N electrons, the full wave function is a 3N 

dimensional function. Increasing the number of electrons, the cost to solve the Schrödinger 

equation increases exponentially. Hence, more approximations are needed to solve the many-

particle Schrödinger equation for an appreciable number of electrons.  

1.3.2 Density Functional Theory 

Instead of concentrating on the electronic wavefunction 𝜓𝑒 , which is a 3N dimensional 

function, density functional theory (DFT) focuses on the electronic density 𝑛(𝐫) , which 

depends only on 3 spatial coordinates. The electronic density 𝑛(𝐫) is given by 

𝑛(𝐫) = 𝑁∬…∫𝜓𝑒
∗(𝐫, 𝐫2, 𝐫3, … , 𝐫𝑁)𝜓𝑒

 (𝐫, 𝐫2, 𝐫3, … , 𝐫𝑁)𝑑
3𝑟𝑑3𝑟2𝑑

3𝑟3…𝑑
3𝑟𝑁, (1.9) 

Note that if 𝜓𝑒 is properly normalized, then  

∫𝑛(𝐫) 𝑑3𝑟 = 𝑁, (1.10) 

1.3.2.1 The Hohenberg-Kohn (HK) theorems 

The field of DFT rests on the two Hohenberg-Kohn theorems.53 The first theorem states 

that, if 𝑛0(𝐫) represents the ground state density of a system of interacting electrons in an 

external potential 𝑉𝑒𝑥𝑡(𝐫), then 𝑛0(𝐫) uniquely determines 𝑉𝑒𝑥𝑡(𝐫) except for a constant. The 

latter determines the wave function 𝜓𝑒, via the Schrödinger equation with Hamiltonian �̂�′ =

�̂�𝑒 + �̂�𝑒𝑒 + �̂�𝑒𝑥𝑡, as well as the energy, 𝐸 = ⟨𝜓𝑒|�̂�′|𝜓𝑒⟩, which then implies that the ground state 

energy 𝐸0 is determined by the ground state density 𝑛0(𝐫) 

𝐸0 = 𝐸[𝑛0(𝐫)], (1.11) 
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The second theorem proposes a way to find the 𝑛0(𝐫) through a variational principle,  

𝐸𝑣[𝑛(𝐫)] ≥ 𝐸0, (1.12) 

where the equal sign holds only if the electronic density 𝑛(𝐫) is the ground state density 𝑛0(𝐫). 

Solving the Schrödinger equation for the ground state then turns into a problem of minimizing 

the functional 𝐸𝑣[𝑛(𝑟)]. However, the HK theorems do not tell how to construct this energy 

functional. 

1.3.2.2 The Kohn-Sham equations 

Kohn and Sham provide a method to find the ground-state density by treating the electrons 

as non-interacting particles moving in an effective potential 𝑉𝑒𝑓𝑓 that yields the same electronic 

density as that of the real system of interacting electrons.54 The Kohn-Sham equations can be 

written as 

(−
1

2
∑ ∇𝑖

2𝑁
𝑖=1 + 𝑉𝑒𝑓𝑓(𝐫))𝜓𝑖(𝐫) = 𝜖𝑖𝜓𝑖(𝐫), (1.13) 

where 𝜓𝑖(𝐫)  and 𝜖𝑖 , 𝑖  = 1,…,N, are the single-electron Kohn-Sham orbitals and energies, 

respectively. 𝑉𝑒𝑓𝑓(𝐫) includes the external potential 𝑉𝑒𝑥𝑡(𝐫), the Hartree potential 𝑉𝐻(𝐫), and 

the exchange-correlation potential 𝑉𝑥𝑐(𝐫). 

𝑉𝑒𝑓𝑓(𝐫) = 𝑉𝑒𝑥𝑡(𝐫) + 𝑉𝐻(𝐫) + 𝑉𝑥𝑐(𝐫), (1.14) 

where the external potential 𝑉𝑒𝑥𝑡(𝑟) is usually given by the interaction between an electron and 

the atomic nuclei 

𝑉𝑒𝑥𝑡(𝐫) = −∑
𝑍𝑘

|𝐫−𝑅𝑘|
𝐾
𝑘 , 

(1.15) 

the Hartree potential 𝑉𝐻(𝐫) is given by 

𝑉𝐻(𝐫) = ∫
𝑛(𝐫′)

|𝐫−𝐫′|
𝑑3𝑟′, 

(1.16) 

And 𝑉𝑥𝑐(𝐫) is defined as a functional derivative of the exchange-correlation energy 𝐸𝑥𝑐[𝑛(𝐫)] 

𝑉𝑥𝑐(𝐫) =
𝛿𝐸𝑥𝑐[𝑛(𝐫)]

𝛿𝑛(𝐫)
, (1.17) 

The density 𝑛(𝐫) of a system of non-interacting electrons can be constructed from the single-

particle orbitals 𝜓𝑖(𝐫), as 

𝑛(𝐫) = ∑ |𝜓𝑖(𝐫)|
2𝑁

𝑖=1 , (1.18) 
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1.3.3 Exchange correlation functionals: GGA/PBE 

The Kohn-Sham scheme is in principle exact; however, the expression for the exchange-

correlation function 𝐸𝑥𝑐[𝑛(𝐫)] is unknown, and in practice one works with approximations. 

Conceptually the simplest approximate functional is the local density approximation (LDA),55 

which is developed from the assumption that the electrons in the system locally behave as a 

homogeneous gas 

𝐸𝑥𝑐
𝐿𝐷𝐴[𝑛(𝐫)] = ∫𝑛(𝐫)𝜖𝑥𝑐[𝑛(𝐫)]𝑑

3𝑟, (1.19) 

The energy 𝜖𝑥𝑐[𝑛(𝐫)]  is the exchange-correlation energy per electron of a homogeneous 

electron gas of density 𝑛(𝐫). Despite its simplicity, LDA works well for systems whose density 

vary slowly, such as bulk metals. It does not work so well for compounds with a very 

inhomogeneous density, or for molecules; for instance, it tends to considerably overestimate 

adsorption energies.  

LDA is then further expanded into the generalized-gradient approximation (GGA) by 

additionally making use of the gradient of the density ∇𝑛(𝐫). The GGA functional can be 

expressed as56  

𝐸𝑥𝑐
𝐺𝐺𝐴[𝑛(𝐫)] = ∫𝑛(𝐫)𝜖𝑥[𝑛(𝐫)]𝐹𝑥𝑐(𝑛(𝐫), 𝑠(𝐫))𝑑

3𝑟, (1.20) 

where 𝜖𝑥[𝑛(𝐫)] is the local exchange energy of a homogeneous electron gas, and 𝐹𝑥𝑐  is an 

enhancement factor, with 𝑠(𝐫) the reduced density gradient, defined as 

𝑠(𝐫) =
|∇𝑛(𝐫) |

2(3𝜋2)1/3𝑛(𝐫)4/3
, (1.21) 

The enhancement factor 𝐹𝑥𝑐  describes deviations from homogeneous electron gas behavior. 

Among the developed GGA functionals, the Perdew-Burke-Ernzerhof (PBE) functional is 

widely used in both molecular and solid-state physics.56 Defining 𝐹𝑥𝑐 = 𝐹𝑥 + Δ𝑥𝑐, the exchange 

part 𝐹𝑥 has the simple form 

𝐹𝑥(𝑠) = 1 + 𝜅 −
𝜅

1+
𝜇𝑠2

𝜅

 , 
(1.22) 

where 𝜅 and 𝜇 are dimensionless parameters, 𝜅 = 0.804 and 𝜇 = 0.2195. The Δ𝑥𝑐 part is more 

complicated; it vanishes at high electron densities but becomes important at densities relevant 

for most solid-state compounds and for molecules. 
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1.3.4 DFT+U 

Standard GGA or LDA DFT functionals often fail to describe systems with localized and 

strongly interacting electrons, such as the d and f electrons in transition metal and rare earth 

compounds. DFT+U, which is a standard DFT functional modified with an on-site coulomb 

interaction based on the Hubbard model, can provide corrections for the interactions between 

such strongly correlated electrons. Importantly, such U corrections do not add a huge 

computational cost over regular DFT. 

The simplified approach proposed by Dudarev et al.57 requires the value of the parameter 

𝑈𝑒𝑓𝑓 = 𝑈 − 𝐽, where 𝑈 is the on-site atomic coulomb interaction (the Hubbard-U) and J is the 

on-site exchange interaction. Usually, these parameters are determined through the fitting of 

known properties of the system, or through self-consistent calculations. After adding this term, 

the total energy is then modified to 

𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇 + 𝐸𝑈 − 𝐸𝑑𝑐, (1.23) 

where the 𝐸𝑈 is the Hubbard-like on-site term, which is an extra energetic penalty added to 

discourage the d or f-electrons delocalizing across multiple orbitals in the system. It is defined 

as the Hartree-Fock interaction between electrons in a single atomic shell 

𝐸𝑈 =
𝑈

2
∑ 𝑛𝑚𝜎𝑛𝑚′−𝜎𝑚,𝑚′,𝜎 +

𝑈−𝐽

2
∑ 𝑛𝑚𝜎𝑛𝑚′𝜎𝑚≠𝑚′,𝜎 , (1.24) 

where 𝑚, 𝑚′, and 𝜎 are the magnetic and spin quantum numbers of the orbitals of the atomic 

shell, and 𝑛𝑚𝜎 and 𝑛𝑚′𝜎 are the orbital occupancies. It is assumed that each pair of orbitals 

gives the same Coulomb and exchange integrals 𝑈 and 𝐽, which is an approximation of course. 

The background idea is that Hartree-Fock provides a better, i.e., orbital-resolved, description of 

the intra-shell interactions between electrons than the commonly used DFT functionals do.    

𝐸𝑑𝑐 is a double-counting term, which must be subtracted in (1.23), where it is supposed 

that 𝐸𝐷𝐹𝑇 already describes part of the energy that is added in 𝐸𝑈 in a mean-field way. 

𝐸𝑑𝑐 =
𝑈

2
∑ 𝑁𝜎𝑁−𝜎𝜎 +

𝑈−𝐽

2
∑ 𝑁𝜎(𝑁𝜎 − 1)𝜎 , (1.25) 

with the total occupancy of the atomic shell for spin 𝜎   

𝑁𝜎 = ∑ 𝑛𝑚𝜎𝑚 , (1.26) 

The first terms on the righthand sides of Eqs. (1.24) and (1.25), which are used to describe the 

Coulomb interactions between electrons with opposite spins, are identical and cancel when 

substituting Eqs. (1.24) and (1.25) in (1.23). The second terms in on the righthand sides of Eqs. 
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(1.24) and (1.25), which are used to describe interactions between the electrons with the same 

spin, do not cancel Eq. (1.23). The latter expression can then be simplified to  

𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇 +
𝑈−𝐽

2
∑ (𝑛𝑚𝜎 − 𝑛𝑚𝜎

2 )𝑚,𝜎 . (1.27) 

As 0 ≤ 𝑛𝑚𝜎 ≤ 1, the second term on the righthand side of Eq. (1.27) adds an energy penalty 

for fractional occupations, 0 < 𝑛𝑚𝜎 < 1. 

In a practical DFT+U calculation on a compound or molecule, such a term is added for 

each atom that requires a correction, for instance, in a transition metal compound all transition 

metal atoms. The occupation numbers 𝑛𝑚𝜎  are determined by projecting each Kohn-Sham 

orbital 𝜓𝑖(𝐫) onto the relevant 𝑚𝜎 atomic orbital.  

  

1.4 Overall aim of the thesis 

As discussed above, DFT calculations can identify the sites that are active in the OER and 

can predict the thermodynamic parameters of the OER, such as the adsorption energies of 

reaction intermediates and the overpotential. There is a general consensus that these 

thermodynamic parameters are critical parameters when it comes to assessing catalyst 

performance; they are important in predicting electrocatalytic activity and in designing new 

efficient catalysts. Wide bandgap semiconductors such as TiO2,
58 Fe2O3,

21, 59, 60 and WO3
61 have 

been studied intensively as catalysts for the OER in PEC water splitting. However, all of these 

materials exhibit a high overpotential compared to the benchmark (metal) RuO2. Tuning 

electronic properties of materials, such as the valence band edge position,62, 63 or manipulating 

surface states,64, 65 can modify the OER activity of catalysts. Doping48, 66, 67 can also be an 

effective way to alter the electronic structure of a material and strengthen or weaken the bonding 

to species involved in the OER in order to affect the adsorption energies of reaction 

intermediates and the overpotential in a favorable way. 

However, in general, the relation between a material, its electronic structure and its OER 

activity in terms of key parameters, such as the overpotential, is not well understood yet. Up to 

now, we do not fully understand why one material has a lower overpotential than another, and 

how the overpotential is related to electronic properties and the structure of the active site and 

its environment. This is also complicated by the fact that the overpotential typically calculated 

is a purely thermodynamic indicator of activity, based on the free energy landscape, whereas 

the experimental overpotential, which is evaluated under non-equilibrium conditions (non-zero 
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current density), is also influenced by kinetics. Hence, simulated and experimental 

overpotentials cannot be compared directly, but must complement one another for a complete 

analysis. 

This thesis then has the following two goals: 

1. Find out - by detailed and systematic studies of different materials and systems - what 

limits the OER activity and leads to a certain overpotential. The aim is to figure this out 

for individual systems and to investigate whether general trends can be found. 

Experimentally interesting materials systems are chosen in this PhD study. Specifically, 

in this work, DFT calculations are used to explore how the structure and electronic 

structure of the active sites of the catalyst surface and their environment affect the OER 

activity for different materials and materials systems. 

2. Contribute to the overall effort of multiscale modeling of electrochemical interfaces in 

order to develop a comprehensive picture of the electrochemical interface and the steps 

contributing to the OER.68, 69 The contribution of the present study is in atomistic 

modeling. This PhD study will determine thermodynamic parameters, such as free 

energies and overpotentials, for different materials and materials systems. These can be 

used as input values for simulations on larger length- and timescales within the 

framework of multiscale modeling, such as, for example, shown in Refs.35, 70, where 

Gibbs free energies have been used to estimate rate constants for microkinetic modeling. 

 

1.5 Content of the thesis 

Today's best-performing OER catalysts are based upon materials that involve transition-

metals (TM) from the platinum group, such as RuO2 and IrO2, which, considering their cost, 

have limited commercial viability. At present, 3d TM oxides, nitrides, and sulfides are the most 

widely used materials, but their performance is poor. During the past decades, researchers have 

developed many strategies to tailor the OER performance of these catalysts, including doping,48, 

71, 72 controlling which crystal facets are exposed,41 and engineering vacancies,73-75, interfaces,76, 

77 or strain.62, 78 The adsorption energies of species involved in the OER can be modified by 

changing the electronic structure of the active sites,79 and tailoring the surface electronic 

structure is therefore an effective way to improve the activity of catalysts.79  

We start this thesis by comparing the mechanisms for alkaline and acidic OER catalysis, 

based on the WNA mechanism and using the CHE approach. We proceed by investigating ways 
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of improving OER catalysts, decreasing their overpotential in particular, and identify how 

electronic structures govern the size of the overpotential. With an eye on applications in PEC 

water splitting, we focus on materials composed of abundant main group elements that have 

promising semiconducting properties. Such materials generally have a poor performance 

regarding water splitting. Our approach is based upon doping these materials with 3d TMs in 

order to enhance their performance.  

We begin our study of materials with the simple 2D monolayer nitrides AlN and GaN. 

Recently, 2D materials have emerged as promising candidates for the OER due to their high 

surface area to volume ratio, and their desirable electrical, mechanical and thermal properties. 

The limited thickness of a 2D layer naturally facilitates transport of charge carriers across the 

layer, and its large surface area offers the possibility of a large density of OER active sites. As 

shown by our calculations, (2D) AlN and GaN in their pristine state do not exhibit significant 

activity. However, their catalytic properties can be markedly improved by introducing 3d TM 

dopant atoms, substituting Al or Ga in the lattice, as we demonstrate by calculations of the OER.  

Whereas research of such 2D materials is still in an exploratory stage, (3D) transparent 

oxide semiconductors are widely applied today as charge carrier transport layers in 

optoelectronic devices. Such oxides can also have a redox potential and a stability that makes 

them potentially suitable for the electrochemical reactions in PEC water splitting. Again, their 

limited electrochemical activity may be enhanced significantly by substitutional doping with 

3d TMs. We demonstrate this principle by calculations of the OER on ZnO. 

The second main focus of this thesis is on RuO2, which is a metal and therefore less suited 

for applications in PEC, but it is one of the champion materials in PV-E. RuO2 is typically 

considered to be non-magnetic (NM), and most theoretical investigations assume a NM ground 

state for RuO2 when investigating its OER performance on the atomic scale. The recent 

discovery that this material is in fact antiferromagnetic (AFM)80, 81 has evoked renewed interest 

in this material, and in the question of why it is beneficial regarding the OER. We demonstrate 

that the magnetism found in RuO2 is indeed beneficial for the OER. The occurrence of magnetic 

moments reflects the electronic structure of the Ru atoms in the lattice. Such moments are also 

found in the TM doping studies discussed in the previous two paragraphs, and we find it is 

important to correctly describe the electronic structure in order to obtain accurate results for the 

OER. 

 



Chapter 1: Introduction 

16 
 

1.5.1 OER mechanism under alkaline and acidic conditions 

At present, most of DFT calculations of the OER use an acidic reaction mechanism (section 

1.2.1, Eq. 1.2) and the SHE as reference electrode. However, experimental studies are usually 

carried out under alkaline conditions (section 1.2.1, Eq. 1.4) using the RHE as reference 

electrode. In the OER calculations, a pH-dependent correction factor is used to link the two 

electrode potentials together. However, as the OER reaction mechanisms under acidic and under 

alkaline conditions are quite different, it is a priori not clear whether a simple correction factor 

can account for this difference. In Chapter 2, the formalism used for OER calculations based 

upon the acidic mechanism and the SHE as reference electrode is compared to the formalism 

based upon the alkaline mechanism and the RHE as reference electrode. 

 

1.5.2 Transition Metal doped graphene-like monolayer nitrides 

Recently, the search and design of two-dimensional (2D) PEC water splitting catalysts has 

emerged as a hot topic in both experimental and theoretical studies. The growth of graphene-

like group III−V monolayer materials, nitrides in particular (g-XN, X = Al, Ga), by different 

methods have has been reported in experiments.82 Like graphene and h-BN, these g-XN layers 

are proposed to have a planar honeycomb structure, with strong covalent sp2 bonds between 

Al/Ga and N in the plane, and 𝜋-bonding parallel to the plane.83 These g-XN layers are reported 

to have a wide bandgap and be stable at room temperature.84  

From DFT calculations, g-XN based nano-materials have been predicted to be promising 

photocatalysts for water splitting.85, 86 For example, in a g-XN/MoS2 heterostructure,85, 86 

photogenerated electrons and holes are created in the conduction and valence bands, and, 

because of the band line-up between the two materials, electrons are proposed to gather in the 

MoS2 layer, whereas holes will accumulate in the g-XN layer, see Figure 1.5.86 The holes are 

then used to drive the OER in the electrolytic cell.  

Therefore, it is interesting to study the OER performance of g-XN. The calculated 

overpotential, however, turns out to be sizable, which is why we investigate substitution of X = 

Ga, Al by TM elements, to modify the physical and chemical properties. In general, by 

substitution with first-row TM elements, the bandgap of a III-V material can be tuned, and the 

energetics of OER intermediates can be modulated such, that the catalytic activity may be 

improved.7  
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The TM dopants affect the electronic properties of the g-XN, which in turn affects the 

binding strength of the OER intermediates and OER activity. In Chapter 3, pure and first-row 

TM-doped AlN and GaN two-dimensional monolayers are investigated for the OER. The 

electronic properties, adsorption energy of OER intermediates, and overpotential of pure and 

first-row TM-doped g-XN are investigated. The OER activities and the electronic properties of 

pure and TM doped AlN/GaN are linked together to explain how the electronic properties of 

TM dopants can affect the OER activity.  

 

Figure 1.5: Schematic illustration for AlN(GaN)/MoS2 heterostructures as photocatalytic water splitting catalysts, where 

electrons and holes are separated in MoS2 and g-XN, respectively.86 

 

1.5.3 Transition metal doped wurtzite ZnO 

Unlike g-XN, ZnO is a well-known bulk material; it has a wurtzite crystal structure and a 

large bandgap of ~3.37 eV. It belongs to the class of transparent conducting oxide materials, 

which are widely used in optoelectronic devices, such as light-emitting diodes and solar cells, 

as charge carrier extraction and transport layers. Due to its non-toxicity, abundant availability, 

thermal and chemical stability, and suitable band edge positions, ZnO has been explored as a 

PEC water splitting photoanode in experiment. Its catalytic activity is limited, however, 

resulting in a large overpotential. Therefore, the large-scale practical usage of ZnO for water 

splitting requires major improvements in order to overcome its limitations.87  

So far, research on ZnO in this context has mainly focused on decreasing its bandgap, 

thereby widening its ability to harvest photons not only in the UV, but also in the visible region 

of the light spectrum, where doping or alloying with TMs is one proposed approach.88 

Calculations predict that in ZnO doped with TMs, the bandgap is reduced considerably, and this 
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reduction increases with increasing doping concentration, see Figure 1.6.89 Importantly, the 

valence band maximum (VBM) of TM-doped ZnO remains above the oxidation potential (1.23 

eV) of H2O/O2, which is needed for the OER.89  

However, the activity of TM-doped ZnO regarding the OER has not been studied 

systematically. Whether the TM doping configurations, the possible structures, and bonding 

geometries of the OER intermediates have an effect on the OER activity is unclear. In Chapter 

4, we investigate first-row TM-doped ZnO(101̅0) surfaces. The effects of different TM dopants 

and their positions in the ZnO lattice on the OER activity are studied, while investigating the 

binding strength of a substantial number of possible structures and bonding geometries of OER 

intermediates.  

 

Figure 1.6: Band edge positions of the pure and 3d TM doped ZnO relative to the standard water redox potentials for different 

dopant concentrations (2%, 4%, 6%). The reference potential is the vacuum level.89  

 

1.5.4 Rutile RuO2 

RuO2 is a metallic conducting oxide and is universally recognized as the state-of-art 

electrocatalyst for the OER, owing to its high activities in both acidic and alkaline solutions, 

see Figure 1.7.20, 90 The linear sweep voltammograms (LSV) of RuO2 exhibit significant OER 

activity in acidic and alkaline solutions, with an onset potential of ~1.50V, where above this 

potential the anodic current rises steeply as a result of O2 evolution.90 Understanding the surface 

catalytic reactivity of RuO2 has benefitted greatly from DFT studies. Amongst the different 
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surface orientations, the RuO2(110) surface has been most often reported in studies of catalytic 

processes, as it is thermodynamically the most stable surface.91 DFT studies on the OER on 

RuO2(110) have highlighted the interplay between the WNA mechanism and the lattice oxygen 

mechanism (LOM). The latter assumes that lattice surface oxygens participate in the evolution 

of oxygen molecules with a key step of direct O−O coupling, while temporarily converting to 

surface vacancies.92 In addition, the surface phase diagram, OER reaction barriers,93 and ligand 

effects,94 have been studied.  

All these theoretical investigations have considered RuO2 to be non-magnetic (NM). 

However, recently bulk RuO2 has been found to be AFM at room-temperature.80, 81 Although 

magnetism as such is not likely to appreciable influence chemical bonding, the presence of 

magnetic moments on the Ru atoms signals an electronic configuration (unpaired spins) that is 

significantly different from a NM configuration (paired spins). It makes sense therefore to study 

the effects of magnetism on the OER activity.  

In order to understand the effects of magnetism of the RuO2(110) surface on the OER, and 

understand the effects of surface terminations, fully O-, partial OH-, and fully OH-terminations, 

we model in Chapter 5 the OER process on NM and AFM RuO2(110) surfaces. The 

thermodynamic stability of different surface terminations is investigated by calculating the 

Pourbaix diagram, and the effects of different O/OH surface terminations on the OER are 

considered. The electronic properties of the active site with different adsorption intermediates 

are studied and are used to explain the low and robust overpotential of the RuO2(110) surface.  

 

Figure 1.7: Current–potential curves of RuO2 for the OER in 0.1 M H2SO4 (red line) and 0.05 M NaOH (black line) electrolytes 

at scan rate 10 mV s−1.90 
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In view of the potential effects of the magnetism of RuO2 on the OER,95 experimentalists 

may want to measure the magnetism of the RuO2(110) surface directly, where magnetic 

exchange force microscopy (MExFM) has been proposed as a possible technique.96-99 In 

Chapter 6, the exchange interaction between a ferromagnetic Fe tip and an AFM RuO2(110) 

surface, which plays a central role in MExFM, is studied. The distance dependence of the 

exchange energy and the forces between the RuO2(110) surface and a Fe nanocluster tip are 

calculated. The normalized frequency shift versus the minimum tip–surface distance during one 

oscillation cycle is used to estimate whether the effect is sufficiently large to be measured. We 

predict that this is the case. The corrugation height line profiles (CHLP) are constructed to 

assess the height differences between the surface atoms with different magnetic moments.  

 



 
 

Chapter 2: Oxygen Evolution Reaction 

(OER) Mechanism under Alkaline and 

Acidic Conditions 

 
Density functional theory (DFT) simulations of the oxygen evolution reaction (OER) are 

considered essential for understanding the limitations of water splitting. Most DFT calculations 

of the OER use an acidic reaction mechanism and the standard hydrogen electrode (SHE) as 

reference electrode. However, experimental studies are usually carried out under alkaline 

conditions using the reversible hydrogen electrode (RHE) as reference electrode. The difference 

between the conditions in experiment and calculations is then usually taken into account by 

applying a pH-dependent correction factor to the latter. As, however, the OER reaction 

mechanisms under acidic and under alkaline conditions are quite different, it is not clear a priori 

whether a simple correction factor can account for this difference. We derive in this paper step 

by step the theory to simulate the OER based on the alkaline reaction mechanism and explain 

the OER process with this mechanism and the RHE as reference electrode. We compare the 

mechanisms for alkaline and acidic OER catalysis and highlight the roles of the RHE and the 

SHE. Our detailed analysis validates current OER simulations in the literature and explains the 

differences in OER calculations with acidic and alkaline mechanisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is published as Q Liang, G Brocks, A Bieberle-Hütter, “Oxygen evolution reaction (OER) mechanism 
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2.1 Introduction 

The oxygen evolution reaction (OER) is often regarded as the main bottleneck in water 

splitting due to its slow kinetics, which limits the efficiency of the energy conversion.69, 100 

During the last few decades, extensive studies have been devoted to the development and 

understanding of the OER.22, 38, 69 Based on density functional theory (DFT) calculations, the 

OER mechanism under acidic conditions has been widely investigated.48, 59, 101 However, most 

of the experimental studies are done in alkaline media instead of acidic media.25-27 Although 

some computational papers consider OER calculations under alkaline conditions, the 

underlying theory from reaction mechanism to free energy equations is not made transparent 

and not derived explicitly.28-31 Considering the dissimilarity between the computational and 

experimental approaches, it is crucial to derive the equations for DFT calculations of the OER 

with an alkaline mechanism explicitly and to compare the outcome to the acidic mechanism. 

The widely accepted OER mechanism consists of four-electron/proton transfer steps in 

both acidic and alkaline media.22, 31, 38 The OER is highly pH-sensitive; under acidic conditions, 

water molecules (H2O) are oxidized, and H+ + 𝑒−  pairs and oxygen molecules (O2) are 

released.22, 38 In contrast, under alkaline conditions, hydroxyl groups (OH–) are oxidized to H2O 

and O2 with concomitant release of e–.31, 102 In the literature, many theoretical studies assume 

an acidic mechanism for calculations of the catalytic activity of the OER of typical catalysts, 

such as Fe2O3,
48, 59 Co3O4,

26, 103 and Ni3S2.
104 The catalytic activity for OER is typically 

characterized by calculating the Gibbs free energies of the individual reaction steps using the 

standard hydrogen electrode (SHE) as a reference electrode.  

The acidic mechanism involves the production of H+  +  𝑒−  pairs, and their Gibbs free 

energy is usually calculated implicitly by assuming the equilibrium H+ + 𝑒−   ½ H2 at 

standard conditions (pH = 0, pressure 𝑝H2= 1 bar, and T = 298 K) and using the Gibbs free 

energy of hydrogen gas.22, 38 At a pH different from 0, the Gibbs free energy of H+ ions can be 

corrected by the concentration dependence of the entropy, 𝑘𝐵𝑇 ×  pH × ln10.22, 38 The why and 

how of this correction factor has not been universally picked up in the literature and the step 

from the acidic to the alkaline reactions is not taken explicitly. 

The alkaline mechanism involves the oxidation of OH– with concomitant release of 𝑒−. 

Therefore, calculating the Gibbs free energies of OH− and 𝑒− is crucial in order to characterize 

the OER under alkaline conditions. Some papers claimed that the calculation of the Gibbs free 
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energies of OH− and 𝑒− can be obtained from the Gibbs free energy of H+ + 𝑒−, but how to 

deal with the free energy of H+ + 𝑒− at a pH different from 0 is not thoroughly discussed.  

Using the computational hydrogen electrode (CHE) approach developed by Bagger et 

al.,105 the calculation of the free energy of H+  +  𝑒− at a pH different from 0 can formally be 

solved by taking the reversible hydrogen electrode (RHE) as the reference electrode. Besides, 

in contrast to the SHE, the RHE is also generally used as reference electrode in experiments.25, 

102 The main advantage of using the RHE as reference electrode is that it equals the Gibbs free 

energy of H+  +  𝑒− to the energy of ½ H2 at arbitrary pH (𝑝H2=1 bar and T = 298 K). 106 

In this paper, we compare the OER mechanism under acidic and alkaline conditions starting 

explicitly from the corresponding reactions and the species involved. We derive the theory 

required to couple the results of DFT calculations to experiment (but actual DFT calculations 

are not discussed). The reaction steps, their Gibbs free energies, and the overpotential are 

explained separately for both these cases. Besides, we demonstrate the connection between the 

OER calculations that use the RHE and the SHE reference electrodes and explain in detail how 

the correction to the Gibbs free energy of H+ ions at a pH different from 0 enters in the energy 

balance and in the overpotential. 

 

2.2 OER Using an Acidic Reaction Mechanism 

We consider a four-electron reaction mechanism for OER. Under acidic conditions, the 

overall water oxidation reaction is22, 24, 38 

2H2O(𝑙) → 𝑂2 + 4𝐻
+ + 4𝑒−; 𝛥𝐺0 = 4.92 eV, (2.1) 

where (l) refers to the liquid phase. At 𝑝H2  =1 bar and T = 298 K, the Gibbs free energy 

difference 𝛥𝐺0 = 4.92 eV for this reaction. The reaction is generally believed to proceed in 

four steps22, 24, 38 

H2O(𝑙)  + * → *OH + H+ + 𝑒−,                                           (2.2) 

*OH → *O + H+ + 𝑒−,   (2.3) 

H2O(𝑙) + *O → *OOH + H+ + 𝑒−,                                                                           (2.4) 

*OOH → * + O2(𝑔) + H+ + 𝑒−,        (2.5) 

where * represents the active site of the catalyst, (g) refers to the gas phase, and *OH, *O, and 

*OOH represent the species adsorbed on the active site. As explained in the previous section, 

at standard conditions, the Gibbs free energy of H+ + 𝑒− equals the Gibbs free energy of ½ H2. 
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The Gibbs free energies, which provide the binding strength between the catalyst and OER 

intermediates, are affected by the electronic properties of the active site. The typical procedure 

widely used in the literature to calculate the reaction Gibbs free energies, ∆𝐺𝑛
′  corresponding to 

Eqs. (2.2)-(2.5) at standard conditions,24, 48 is shown in Eqs. (2.6)-(2.9); more details about the 

derivation can be found in Ref.24 

∆𝐺1
′ = 𝐸∗OH − 𝐸∗ − 𝐸H2O +

1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1 − e𝑈SHE,                                          (2.6) 

∆𝐺2
′ = 𝐸∗O − 𝐸∗OH +

1

2
𝐸H2  + (ΔZPE –  𝑇Δ𝑆)2 − e𝑈SHE,   (2.7) 

∆𝐺3
′ = 𝐸∗OOH − 𝐸∗O − 𝐸H2O +

1

2
𝐸H2  +  (ΔZPE –  𝑇Δ𝑆)3 − e𝑈SHE,                                                                           (2.8) 

∆𝐺4
′ = 𝐸∗ − 𝐸∗OOH + (2𝐸H2O −

3

2
𝐸H2) + 4.92 + (ΔZPE –  𝑇Δ𝑆)4 − e𝑈SHE,        (2.9) 

where 𝐸∗, 𝐸∗OH , 𝐸∗O, 𝐸∗OOH are the total energies of the clean surface (*) and of surfaces with 

the single adsorbed species OH, O, and OOH, respectively, and 𝐸H2O and 𝐸H2  are the total 

energies of the H2O and H2 molecules, all obtained from DFT calculations. The free energy of 

adsorption is defined by the corresponding enthalpy and entropy of adsorption,   

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (2.10) 

In the solid state, volume changes are typically very small, and the small difference between 

enthalpy and energy is normally neglected. The energy of a solid or molecule can be modeled 

as (electronic) energy of the optimized structure plus vibrational energy. The effect of 

temperature on the electronic energy is very small at room temperature, allowing one to use the 

ground state energy 𝐸. Likewise, the temperature dependence of the vibrational energy is small 

up till room temperature, so one can use the vibrational energy at 0 K, which defines the zero 

point energy (ZPE). As vibrational energies scale as 1/√𝑀, with 𝑀 the mass of the atoms, 

typically only the hydrogen-containing species give an appreciable contribution to the ZPE. In 

our case this only concerns the adsorbed species, for which we then calculate the ZPE. This 

defines ∆𝐻 = Δ𝐸 +  ΔZPE, with Δ𝐸  and ΔZPE the changes in energy of the optimized 

structures and vibrational zero-point energy, respectively.   

ΔS in Eq. (2.10) is the change in entropy; it includes the contributions of the gas and liquid 

phases used in reactions (2.2)-(2.5). (ΔZPE –  𝑇Δ𝑆)n (n = 1, 2, 3, 4) can be calculated as: 

(ΔZPE –  𝑇Δ𝑆)1 = (𝑍𝑃𝐸∗𝑂𝐻 − 𝑇𝑆∗𝑂𝐻) − (𝑍𝑃𝐸𝐻2𝑂 − 𝑇𝑆𝐻2𝑂) +
1

2
(𝑍𝑃𝐸𝐻2 − 𝑇𝑆𝐻2),                                          

(2.11) 

(ΔZPE –  𝑇Δ𝑆)2 = (𝑍𝑃𝐸∗𝑂 − 𝑇𝑆∗𝑂) − (𝑍𝑃𝐸∗𝑂𝐻 − 𝑇𝑆∗𝑂𝐻) +
1

2
(𝑍𝑃𝐸𝐻2 − 𝑇𝑆𝐻2),   

(2.12) 
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(ΔZPE –  𝑇Δ𝑆)3 = (𝑍𝑃𝐸∗𝑂𝑂𝐻 − 𝑇𝑆∗𝑂𝑂𝐻) − (𝑍𝑃𝐸∗𝑂 − 𝑇𝑆∗𝑂) − (𝑍𝑃𝐸𝐻2𝑂 −

𝑇𝑆𝐻2𝑂) +
1

2
(𝑍𝑃𝐸𝐻2 − 𝑇𝑆𝐻2),                                                                           

(2.13) 

(ΔZPE –  𝑇Δ𝑆)4 = −(𝑍𝑃𝐸∗𝑂𝑂𝐻 − 𝑇𝑆∗𝑂𝑂𝐻) + 2(𝑍𝑃𝐸𝐻2𝑂 − 𝑇𝑆𝐻2𝑂) −

3

2
(𝑍𝑃𝐸𝐻2 − 𝑇𝑆𝐻2),        

(2.14) 

Therefore, the sum of change of the ZPE terms and the TS terms during the reaction cycle equals 

0: 

(ΔZPE –  𝑇Δ𝑆)1 + (ΔZPE –  𝑇Δ𝑆)2 + (ΔZPE –  𝑇Δ𝑆)3 + (ΔZPE –  𝑇Δ𝑆)4 = 0,        (2.15) 

The reaction Gibbs free energies of Eqs. (2.6)-(2.9) have to obey the sum rule. 

∆𝐺1
′ + ∆𝐺2

′ + ∆𝐺3
′ + ∆𝐺4

′ = Δ𝐺0 − 4𝑒𝑈SHE,        (2.16) 

The overpotential is then given by  

𝜂′ =
1

𝑒
max

𝑛=1,2,3,4
[∆𝐺𝑛

′ ] − 𝑈0,                                                    (2.17) 

where 𝑈0 = 𝛥𝐺0/4𝑒 = 1.23 V is the equilibrium potential, which is independent of pH and 

defined at p = 1 bar and T = 298 K. 𝑈0 is the minimum potential required to run the reaction 

(2.1). Any reaction step (2.2)-(2.5) that has ∆𝐺𝑛
′ /e > 𝑈0 requires a higher potential to run it, and 

the maximum ∆𝐺𝑛
′ /e then defines the overpotential required for the whole four-step reaction to 

proceed. 

2.3 OER Using an Alkaline Reaction Mechanism 

Unlike under acidic conditions, Eq. (2.1), the water oxidation reaction under alkaline 

conditions is given by31, 102 

4OH− →  O2(𝑔) + 2H2O(𝑙) + 4𝑒−,        (2.18) 

This reaction is usually assumed to proceed in four elementary steps28 

* + OH− → *OH + 𝑒−,                                                      (2.19) 

OH + OH− → *O + H2O(𝑙) + 𝑒−,                                  (2.20) 

*O + OH− → *OOH + 𝑒−,                                                (2.21) 

*OOH + OH− → * + O2(𝑔) + H2O(𝑙) + 𝑒−,                   (2.22) 

where the notation is the same as in Eqs. (2.2)-(2.5). Different from the acidic mechanism, the 

Gibbs free energies of Eqs. (2.19)-(2.22) are not commonly discussed. Thus, we would like to 

derive the theory for the OER under alkaline conditions step by step. The Gibbs free energies 

corresponding to Eqs. (2.19)-(2.22) can be expressed as 

∆𝐺1 = 𝜇∗OH − 𝜇∗ − (𝜇OH− − 𝜇𝑒−),                                                 (2.23) 
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∆𝐺2 = 𝜇∗O + 𝜇H2O(𝑙) − 𝜇∗OH − (𝜇OH− − 𝜇𝑒−),                                                  (2.24) 

∆𝐺3 = 𝜇∗OOH − 𝜇∗O − (𝜇OH− − 𝜇𝑒−),                                                                                 (2.25) 

∆𝐺4 = 𝜇∗ + 𝜇O2(𝑔) + 𝜇H2O(𝑙) − 𝜇∗OOH − (𝜇OH− − 𝜇𝑒−),                    (2.26) 

where 𝜇 are the (electro)chemical potentials of the indicated species. These chemical potentials 

can be obtained from24 

𝜇∗ = 𝐸∗,                                                                                                                                            (2.27) 

𝜇∗OH = 𝐸∗OH + 𝑍𝑃𝐸∗OH − 𝑇𝑆∗OH,                                                                                                  (2.28) 

𝜇∗O = 𝐸∗O + 𝑍𝑃𝐸∗O − 𝑇𝑆∗O,                                                                                               (2.29) 

𝜇∗OOH = 𝐸∗OOH + 𝑍𝑃𝐸∗OOH − 𝑇𝑆∗OOH,                                        (2.30) 

𝜇H2O(𝑙) = 𝐸H2O + 𝑍𝑃𝐸H2O − 𝑇𝑆H2O(l),                                                                                               (2.31) 

where 𝐸∗ and 𝐸∗𝑋 are the (DFT) total energies of the clean surface (*) and of surfaces with a 

single adsorbed species 𝑋, respectively, and 𝑍𝑃𝐸∗𝑋, 𝑆∗𝑋 are the corresponding vibrational zero 

point energy and entropy. 𝐸H2O is the total energy of the H2O molecule, 𝑍𝑃𝐸H2O and 𝑆H2O(l) 

the corresponding vibrational zero point energy and entropy contributions, where the latter also 

contains the free energy correction for the liquid state. 

For O2, the chemical potential is obtained from the experimental formation energy of O2 

with respect to water, since the O2 molecule is not very well described within DFT. Assuming 

the equilibrium O2(𝑔) + 2H2(𝑔) ↔ 2H2𝑂(𝑙), the chemical potential of O2 can be written as24 

𝜇O2(𝑔) = 2𝐺H2O(𝑙) + 𝛥𝐺0 − 2𝐺H2(𝑔),                    (2.32) 

The only unknowns remaining in Eqs. (2.23)-(2.26) are now 𝜇OH− and 𝜇𝑒−, the chemical 

potentials of the OH- species and the electron, respectively, where we actually only need the 

difference 𝜇OH− − 𝜇𝑒−. To calculate this difference, we assume the equilibrium 

H2O(𝑙) ↔ H+ + OH−,                    (2.33) 

which relates the chemical potentials as 

𝜇OH− + 𝜇H+ = 𝜇H2O(𝑙),                    (2.34) 

Using the trick 

𝜇OH− − 𝜇𝑒− + 𝜇H+ + 𝜇𝑒− = 𝜇H2O(𝑙),                    (2.35) 

one can rewrite this as 

𝜇OH− − 𝜇𝑒− = 𝜇H2O(𝑙) − (𝜇H+ + 𝜇𝑒−),                    (2.36) 

Here, 𝜇H2O(𝑙)  can be calculated according to Eq. (2.31) and (𝜇𝐻+ + 𝜇𝑒−) can be calculated 

using the CHE approach,22, 105 where one assumes the equilibrium 
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𝐻+ + 𝑒− ↔
1

2
𝐻2(𝑔),                    (2.37) 

We describe this equilibrium using the RHE as reference electrode, which operates under 

standard conditions of hydrogen gas pressure 𝑝𝐻2=1 bar and T = 298 K (but with a pH of the 

actual experimental conditions, which is different from zero), so 

𝜇H+ = 𝜇H+
RHE,                    (2.38) 

The remaining electrochemical potential of the electrons can then be expressed as 

𝜇𝑒− = 𝜇𝑒−
RHE − 𝑒𝑈RHE,                    (2.39) 

where 𝑈RHE is the potential of the electrode relative to the RHE.105 

Combining Eqs. (2.37)-(2.39), the equilibrium can then be expressed as 

𝜇H+ + 𝜇𝑒− = 𝜇H+
RHE + 𝜇𝑒−

RHE − 𝑒𝑈RHE =
1

2
𝜇H2(𝑔) − 𝑒𝑈RHE,                    (2.40) 

Substituting the Eq. (2.40) into Eq. (2.36), we finally have 

𝜇OH− − 𝜇𝑒− = 𝜇H2O(𝑙) − (
1

2
𝜇H2(𝑔) − 𝑒𝑈RHE),                    

(2.41) 

Using Eq. (2.41) in Eqs. (2.23)-(2.26) we get 

∆𝐺1 = 𝜇∗OH − 𝜇∗ − 𝜇H2O(𝑙) +
1

2
𝜇H2 − 𝑒𝑈RHE,                                                 (2.42) 

∆𝐺2 = 𝜇∗O − 𝜇∗OH +
1

2
𝜇H2 − 𝑒𝑈RHE,                                                  (2.43) 

∆𝐺3 = 𝜇∗OOH − 𝜇∗O − 𝜇H2O(𝑙) +
1

2
𝜇H2 − 𝑒𝑈RHE,                                                                                 (2.44) 

∆𝐺4 = 𝜇∗ − 𝜇∗OOH + 𝜇O2(𝑔) +
1

2
𝜇H2 − 𝑒𝑈RHE,                    (2.45) 

Applying Eqs. (2.27)-(2.32) to Eqs. (2.42)-(2.45), the final expressions for the reaction 

Gibbs free energies using an alkaline reaction mechanism become 

∆𝐺1 = 𝐸∗OH − 𝐸∗ − 𝐸H2O +
1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1 − 𝑒𝑈RHE,                                                 (2.46) 

∆𝐺2 = 𝐸∗O − 𝐸∗OH +
1

2
𝐸H2  + (ΔZPE –  𝑇Δ𝑆)2 − 𝑒𝑈RHE,                                                  (2.47) 

∆𝐺3 = 𝐸∗OOH − 𝐸∗O − 𝐸H2O +
1

2
𝐸H2  +  (ΔZPE –  𝑇Δ𝑆)3 − 𝑒𝑈RHE,                                                                                 (2.48) 

∆𝐺4 = 𝐸∗ − 𝐸∗OOH + (2𝐸H2O(𝑙) −
3

2
𝐸H2) + 𝛥𝐺0 + (ΔZPE –  𝑇Δ𝑆)4 − 𝑒𝑈RHE,                    (2.49) 

The reaction Gibbs free energies of Eqs. (2.46)-(2.49) obey the sum rule 

∆𝐺1 + ∆𝐺2 + ∆𝐺3 + ∆𝐺4 =  Δ𝐺0 − 4𝑒𝑈RHE,                    (2.50) 

and the overpotential is given by 

𝜂 =
1

𝑒
max

𝑛=1,2,3,4
[∆𝐺𝑛]−𝑈0,                    (2.51) 
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2.4 Comparison between the Acidic and the Alkaline Reaction 

Mechanism 

Under acidic conditions, the Gibbs free energy of H+ + 𝑒−  is linked to the Gibbs free 

energy of ½ H2 and the reaction Gibbs free energies are calculated from Eqs. (2.6)-(2.9). Under 

alkaline conditions, the Gibbs free energy of OH− − 𝑒− can be related to the Gibbs free energy 

of H+ + 𝑒−  according to Eqs. (2.36) and (2.41). The reaction Gibbs free energies for the 

alkaline reaction mechanism can then be calculated from Eqs. (2.46)-(2.49). 

Comparing the reaction Gibbs free energies of the acidic (Eqs. (2.6)-(2.9)) and of the 

alkaline (Eqs. (2.46)-(2.49)) reaction mechanisms, it can be seen that the only difference lies in 

the electrode potential. In the case of the acidic mechanism, the electrode potential is related to 

the SHE and in the case of the alkaline mechanism, it is related to the RHE. Hence, the reaction 

Gibbs free energies can be calculated with almost the same equations even though the reaction 

mechanisms for the acidic environment, Eqs. (2.2)-(2.5), and for the alkaline environment, Eqs. 

(2.19)-(2.22), are different.  

The equations used for calculating the overpotential, Eqs. (2.17) and (2.51) are exactly the 

same. The numerical results will of course be different, as two different reference potentials, 

SHE and RHE, are used to calculate the Gibbs free energies in the acidic and the alkaline cases. 

The electrode potential of the two reference potentials can be linked according to105 

𝑈RHE = 𝑒𝑈SHE − 𝑘𝐵𝑇 ln 𝑎H+  = 𝑒𝑈SHE + 𝑘𝐵𝑇 × pH × ln 10.                    (2.52) 

where 𝑎H+ is the activity of the H+ ions in solution. Substituting Eq. (2.52) into Eqs. (2.46)-

(2.49), one obtains the reaction Gibbs free energies with the SHE as reference. At T = 298 K 

one has 𝑘𝐵𝑇 × pH × ln 10 ≈ 0.059 × pH eV.  

Substituting Eq. (2.52) into Eqs. (2.46)-(2.49) for the alkaline reaction mechanism, one 

obtains the same expression as given in 22, 24, 38 for the acidic reaction mechanism with the 

correction factor 𝑘𝐵𝑇 × pH × ln 10. Therefore, at pH = 0, the reaction Gibbs free energies can 

be calculated according to Eqs. (2.6)-(2.9), with the overpotential given by Eq. (2.17). At a pH 

different from 0, the reaction Gibbs free energy should be corrected with 𝑘𝐵𝑇 × pH × ln 10. 

Alternatively, using RHE as reference electrode, the reaction Gibbs free energy can be 

calculated by Eqs. (2.46)-(2.49) at arbitrary pH and the overpotential can be calculated by Eq. 

(2.51).  
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2.5 Summary 

The oxygen evolution reaction (OER) mechanism under alkaline and acidic conditions are 

discussed and key parameters for the OER, such as the reaction Gibbs free energy and the 

overpotential, are derived for both reaction mechanisms. It is shown that – even though the 

single reactions look quite different – the same equations can be used for calculating these key 

parameters, provided the reversible hydrogen electrode (RHE) is used as a universal reference. 

The effect of using different reference electrodes, i.e., RHE or standard hydrogen electrode 

(SHE), on the equations for the key parameters is discussed. We suggest for the future to use 

for both acidic and alkaline mechanisms the RHE as a reference electrode. In that case, Eqs. 

(2.46)-(2.51) can be used for calculating the reaction Gibbs free energies and the overpotential 

for the OER at all pH values for both acidic and alkaline mechanism. 
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Chapter 3: Monolayer Nitrides Doped with 

Transition Metals as Efficient Catalysts for 

Water Oxidation: the Singular Role of 

Nickel 

 

 

Exploration of precious-metal-free catalysts for water splitting is of great importance in 

developing renewable energy conversion and storage technologies. In this paper, on the basis 

of density functional theory calculations, we reveal the link between the oxygen evolution 

reaction (OER) activities and the electronic properties of pure and first-row transition metal 

doped AlN and GaN two-dimensional monolayers. We find that Ni-doped layers are singularly 

appealing because they lead to a low overpotential (0.4 V). Early transition-metal dopants are 

not suited for the OER because they bind the intermediate species OH or O too strongly, which 

leads to very large overpotentials, or to no OER activity at all. The late transition metal dopants 

Cu and Zn show little or no OER activity as they bind intermediate species too weakly. Whereas 

in many cases the overpotential can be traced back to an OOH intermediate species being 

adsorbed too weakly compared to an OH species, the Ni dopant breaks this rule by stabilizing 

the OOH. The stabilization can be correlated with a switch from a high-spin to a low-spin state 

of the dopant atom. This ability to change spin states offers an exciting ingredient for the design 

of OER catalysts. 

 

 

 

 

This chapter is published as: Q Liang, G Brocks, X Zhang, A Bieberle-Hütter, “Monolayer Nitrides Doped with 

Transition Metals as Efficient Catalysts for Water Oxidation: The Singular Role of Nickel”, Journal of Physical 

Chemistry C, 2019, 123, 43, 26289–26298. 



Chapter 3: Monolayer Nitrides Doped with Transition Metals as Efficient Catalysts for Water 

Oxidation: the Singular Role of Nickel 

32 
 

3.1 Introduction 

The global greenhouse gas emission and environmental pollution problems require the 

development of renewable and green energy systems. Electrochemical and photo-

electrochemical splitting of water into hydrogen and oxygen present promising approaches to a 

green and renewable energy conversion and storage technology.20, 107, 108 Water splitting 

comprises two half reactions: the cathodic hydrogen evolution reaction (HER) and the anodic 

oxygen evolution reaction (OER). The OER is considered to be the main bottleneck because 

the reaction requires a high overpotential, which limits the efficiency of the energy 

conversion.69, 109 Up till now, the most effective electrocatalysts known for the OER are oxides 

of platinum-group transition-metals (TMs) such as Ir or Ru.110, 111 Such electrocatalysts cannot 

be used in large-scale applications, however, as these TMs are scarce and costly. Over the last 

few decades, oxides of earth-abundant TMs have also been widely studied as alternatives, such 

as Fe2O3,
21, 59, 62, 112 TiO2,

113, 114 WO3,
115, 116 Co3O4,

117, 118 and MnO2.
119, 120 Although they are 

cheap and have a high chemical stability, these TM oxides suffer from high OER overpotentials 

and low catalytic activities.121-123 In addition, as the conductivity of such materials is low, 

transport of charge carriers becomes a problem. In other words, there is plenty of room for 

improvement of platinum-group-free TM compounds for OER (photo)electrocatalysis. 

It is well known that reducing sizes to the nanometer regime can alter and improve the 

catalytic properties of materials. Size reduction is recognized as an effective path to improve 

the electrochemical performance for water splitting.124, 125 Two-dimensional (2D) materials are 

special, as they naturally come with a reduction of size in one dimension, which facilitates 

charge transport across the material. At the same time, 2D materials maintain a high surface 

area, which is important as OER activity critically depends on the number of active surface 

sites. Since the discovery of the prototype 2D material graphene,126 several 2D materials have 

been studied regarding OER activity28, 108, 124 Amongst these is TM and nitrogen co-doped 

graphene, where in computational studies it is claimed that OER electrocatalytic activity can be 

comparable to that of platinum-group TM oxides.23, 101, 127 Similarly, TM-doped 2D materials 

C2N and g-C3N4 have been proposed as efficient OER catalysts.128, 129 However, in all of these 

graphene-like CxNy materials, the TM and nitrogen dopant atoms need to be in specific (e.g., 

porphyrin-like) configurations to express their catalytic activity, and it is difficult to foresee 

how these can be synthesized controllably on a large scale. 
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In this paper we suggest an alternative approach, starting from the graphene-like nitrides 

AlN and GaN. These 2D materials have been studied computationally,83, 130, 131 and have been 

realized experimentally in recent years. Two-dimensional AlN has been grown on Ag (111),132 

and 2D GaN has been synthesized using graphene encapsulation.133 AlN and GaN based 

heterostructures have been investigated computationally as potential candidates for water 

splitting.85, 86, 134 It is unclear whether such TM-free compounds can show sufficient catalytic 

activity. However, just like in their 3D counterparts,135-137 it should be possible to introduce TM 

atoms in 2D group III-V monolayer materials by substitutional doping, i.e., TM atoms replacing 

the Ga or Al cations in the lattice. First-row TM doped systems have been widely studied as 

OER catalysts, and the activity of the TM dopant depends on the systems, in particular, on the 

electronic configuration of the dopant atom, and on the interaction of the dopant atom with the 

surrounding lattice. In different systems, the TMs show different OER activity.48, 66, 138-140 Such 

substitutional doping should be easier to achieve than the special TM configurations required 

for the graphene-like CxNy compounds, for instance. In this paper, we have carried out a 

systematic study of the catalytic activity on the OER of first-row TM-doped monolayers of AlN 

and GaN. 

 

3.2 Theoretical Methods 

All calculations are performed within density functional theory (DFT), using the projector 

augmented wave (PAW) approach, as implemented in the Vienna Ab Initio Simulation Package 

(VASP).49-51 The electronic exchange-correlation energy is treated within the generalized 

gradient approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof (PBE).56 To test 

the stability of the spin states found for the (adsorbed species on the) TM-doped AlN and GaN, 

we apply the GGA+U method, where the on-site electron-electron Coulomb interaction U is 

treated within the Dudarev et al. approach.57 This is discussed in the Appendix A. 

We construct a 4 × 4 in-plane supercell of XN (X = Al or Ga) in a planar honeycomb lattice, 

see Figure 3.1(a). To mimic TM doping one Ga or Al atom in this supercell is replaced by a 

TM atom. The intermediate species active in the OER are then absorbed at this TM site. In the 

direction perpendicular to the XN plane, the XN layers are separated by a vacuum spacing of 

15 Å to prevent the interaction between periodical images, see Figure 3.1(b), where we also use 

a dipole correction.141 All atoms in the supercell are relaxed until the maximum force on each 

atom is less than 0.02 eV/Å, and the energy convergence criterion is set to 1×10-4 eV. 
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A plane wave basis with a kinetic energy cutoff of 500 eV and a Monkhorst–Pack142 grid 

of 4×4×1 k-points are used for the geometry optimization. A finer 10×10×1 k-point mesh is 

used to calculate the density of states (DOS). In order to describe possible van der Waals (vdW) 

interactions between OER intermediates and substrate, Grimme’s semiempirical DFT-D3 

scheme of dispersion correction is used.143 In all calculations we apply spin polarization. 

As a test, we analyze the electronic structure of pristine planar AlN and GaN monolayers. 

The calculated projected densities of states (PDOS) are shown in Figures 3.1(c) and (d). Both 

AlN and GaN are large band gap semiconductors, with DFT band gaps of 2.96 eV and 1.78 eV, 

respectively, which agrees with previous studies.85, 131 The top of the valence band is dominated 

by contributions from nitrogen atoms, while the bottom of the conduction band has mixed cation 

(Al or Ga)-anion character. 

  

Figure 3.1: Top (a) and side (b) views of TM-doped hexagonal monolayer nitrides XN in a 4 × 4 supercell (X = Al, Ga); 

projected density of states (PDOS) of (c) AlN and (d) GaN monolayers. The top of the valence band is set to zero energy. 
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In calculating total energies of molecules and of adsorbed species, we correct for the zero-

point energies, obtained from the calculated frequencies (𝑣𝑖) of all vibrations of the adsorbed 

species in the supercell 

ZPE = ∑
1

2
ℎ𝑣𝑖𝑖 ,                                                                                                            (3.1) 

where ℎ is Planck’s constant. The vibrational contribution to the entropy S of molecules and 

adsorbed species can be calculated from these frequencies as144  

= 𝑘𝐵 ∑ [
ℎ𝑣𝑖

𝑘𝐵𝑇(𝑒
ℎ𝑣𝑖 𝑘𝐵𝑇⁄ −1)

− ln(1 − 𝑒−ℎ𝑣𝑖 𝑘𝐵𝑇⁄ )]𝑖 ,                                                                                                                                                                 
(3.2) 

with 𝑘𝐵 the Boltzmann constant, and T the temperature.145  In this paper we set 𝑇 = 298 K. We 

used gas-phase H2O at 0.035 bar as the reference state because at this pressure, gas-phase H2O 

is in equilibrium with liquid water at 298 K.38 Entropies of the gases H2, O2 and H2O are taken 

from the Ref.38 (see Table A1). In the solid state, volume changes are typically very small, and 

the small difference between enthalpy and energy is normally neglected.48 We have refrained 

from modeling solvation effects. 

 

3.3 Results and Discussion 

3.3.1 Free energies and overpotentials 

In an acidic environment, the OER can be expressed as 

2H2O(𝑙) → 𝑂2 + 4𝐻
+ + 4𝑒−,                                                                                                            (3.3) 

We follow the reaction mechanism established by Rossmeisl et al.,22 where the OER proceeds 

in four sequential steps at the same reaction site, each step involving a single electron and 

proton 

H2O(𝑙)  + * → *OH + H+ + 𝑒−,                                           (3.4) 

*OH → *O + H+ + 𝑒−,   (3.5) 

H2O(𝑙) + *O → *OOH + H+ + 𝑒−,                                                                           (3.6) 

*OOH → * + O2(𝑔) + H+ + 𝑒−,        (3.7) 

Here * represents the surface; (l) and (g) refer to the liquid and gas phases, respectively; *OH, 

*O and *OOH represent species adsorbed on the surface. Assuming as reference electrode the 

standard hydrogen electrode, we have the equilibrium 

1

2
H2 ↔ 𝑒

− + H+,                                                                                                            (3.8) 
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at T = 298 K, pH = 0, and a hydrogen gas pressure of 1 bar. Assuming this equilibrium, we may 

then replace the protons plus electrons in reactions (3.3)-(3.7) by hydrogen gas under these 

conditions in calculations of the reaction free energies. Water molecules adsorbed on the surface 

are in equilibrium with liquid water and oxygen molecules adsorbed on the surface are in 

equilibrium with oxygen gas under standard conditions. The Gibbs free energies of H2O and O2 

adsorption are then equal to that of a water molecule in the liquid, and an O2 molecule in the 

gas, respectively. Note that for microkinetic modeling one would need to broaden this scope.36 

The Gibbs free energy of reaction (3.3) is then 4.92 eV, i.e., twice the standard formation energy 

Δ𝐺H2O of a H2O molecule from H2 and ½ O2. Assuming that each of the four steps (3.4)-(3.7) 

has the same Gibbs free energy, Δ𝐺0, then gives 

Δ𝐺0 =
1

2
Δ𝐺H2O = 1.23 eV,                                                                                                         (3.9) 

which is the minimum potential required for this reaction to proceed. In reality, the four steps 

will not have the same Gibbs free energy, which then leads to an overpotential. 

For each of these four steps, we calculate the Gibbs free energy as 

∆𝐺1 = 𝐸∗OH − 𝐸∗ − 𝐸H2O +
1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1,                                                 

(3.10) 

∆𝐺2 = 𝐸∗O − 𝐸∗OH +
1

2
𝐸H2  + (ΔZPE –  𝑇Δ𝑆)2,                                                  

(3.11) 

∆𝐺3 = 𝐸∗OOH − 𝐸∗O − 𝐸H2O +
1

2
𝐸H2  +  (ΔZPE –  𝑇Δ𝑆)3,                                                                                 

(3.12) 

∆𝐺4 = 𝐸∗ − 𝐸∗OOH + (2𝐸H2O(𝑙) −
3

2
𝐸H2) + 𝛥𝐺0 + (ΔZPE –  𝑇Δ𝑆)4,                    

(3.13) 

ΔGi, with i = 1 to 4, are the Gibbs free energies associated with the four reactions of Eqs. (3.4)-

(3.7). 𝐸∗, 𝐸∗OH , 𝐸∗O  and 𝐸∗OOH are the calculated total energies of a clean surface and surfaces 

with a single adsorbed OH, O, and OOH species, respectively. 𝐸H2O and 𝐸H2 are the calculated 

total energies of a H2O and H2 molecule. ΔZPE and TΔS are the changes in zero-point energies 

and entropy contributions related to the different adsorbed species, calculated as discussed in 

the “theoretical methods” section. 

The overpotential, , which is used as the quantity determining the electrochemical activity, is 

defined as: 

𝜂 = max[𝜂1, 𝜂2, 𝜂3, 𝜂4],                                                                                                            (3.14) 

with 𝜂𝑖 = (𝛥𝐺𝑖 − 𝛥𝐺0)/𝑒 for i = 1 to 4. Note that 𝜂 ≥ 0, as the sum of reactions (3.4)-(3.7) 

gives reaction (3.3) 

Δ𝐺1 + Δ𝐺2 + Δ𝐺3 + Δ𝐺4 = 2Δ𝐺H2O = 4Δ𝐺0,                                                                                                            (3.15) 
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Hence, if the Gibbs free energy of one of the reaction steps is smaller than Δ𝐺0, than the Gibbs 

free energy of one or more of the other reaction steps has to be larger than Δ𝐺0. 

We calculate the Gibbs free energies (3.10)-(3.13) of the four reactions (3.4)-(3.7) for 

pristine XN and TM-doped XN, X = Al, Ga, and TM from the 3d series (Sc to Zn in the periodic 

table). The structures of *OH, *O and *OOH for the different (doped) surfaces are shown in 

Figure A1. For pristine XN, OH and OOH adsorb on top of an X cation, whereas O adsorbs at 

a hollow site. For TM-doped XN, all stable species adsorb in a position on top of the TM atom. 

The exception is Zn, which shows no activity toward OH adsorption; instead, OH binds to a X 

cation. As the Zn dopant is thus totally inert, we omit it from most of the discussion below. We 

find that the OOH species cannot be stably adsorbed on V, Cr, and Mn dopant atoms, which 

means that the two reactions (3.6) and (3.7) cannot proceed for these systems. Instead, the OOH 

species spontaneously dissociates into an O adsorbed on top of the TM atom, and a separate 

OH species, adsorbed on a bridge site between two X cations. 

Disregarding these TM dopants, Figure 3.2(a) shows the Gibbs free energies (3.10)-(3.13) 

of the four reaction steps, calculated for the pristine XN monolayers, and the TM-doped XN for 

the 3d TM atoms Sc, Ti, Fe, Co, Ni, and Cu. The overpotential and the potential determining 

steps are presented in Figure 3.2(b). All data to these plots are listed in Table A2. Note that the 

difference between the initial plateau, marked *, and the final plateau, marked O2, is fixed to 

4.92 eV, because of the sum rule of Eq. (3.15). The 𝛥𝐺 staircases can be qualitatively very 

different for the different TM dopants, and the potential determining step varies. It is then not 

surprising that large differences in the overpotential are found among these systems.  

 Pristine AlN and GaN monolayers show similar overpotentials of 0.74 V and 0.73 V, 

respectively. The early TM dopants Sc and Ti lead to considerably higher overpotentials, the 

late TM dopants Fe and Co give moderately higher overpotentials, and Cu gives a comparable 

overpotential to the pristine layers. Most interesting is the late TM dopant Ni, which gives a 

significantly lower overpotential. The low overpotential for the Ni-doped AlN and GaN layers 

is in fact comparable to those of the best platinum-group TM oxides, e.g., RuO2 with an 

overpotential of 0.37 V and IrO2 with 0.56 V.22 The latter results have been obtained with 

slightly different computational methods and settings. However, we can benchmark our method 

from calculations on hematite.21, 59 For instance, the hematite (110) surface with an oxygen 

vacancy concentration of 1.26 vacancies/nm2 leads to an overpotential of 0.47 V,21 which is in 

agreement with other computational studies, as well as with experimental data.48, 146 
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Figure 3.2: (a) Calculated Gibbs free energy diagrams of pristine and TM-doped AlN and GaN systems. The purple shaded 

fields indicate the overpotential-determining reaction steps. The values of the overpotential are given in the legends. (b) 

Summary plot of the overpotential for the different TM dopants. The potential determining steps are represented by different 

colors. 

  

3.3.2 Adsorption energies of adsorbed species 

To analyze the trends in the calculated overpotentials, it is helpful to consider the 

adsorption energies of the different species. The Gibbs free energies of adsorption ΔGADS, with 

ADS is the adsorbed species *OH, *O, or *OOH, relative to the clean surface (*) and to H2 and 

H2O, can be straightforwardly obtained from the Gibbs free energies of the reactions (3.10)-

(3.13) 

∆𝐺∗𝑂𝐻 = ∆𝐺1 = 𝐸∗OH − 𝐸∗ − 𝐸H2O +
1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1,                                                 

(3.16) 

∆𝐺∗𝑂 = ∆𝐺1 + ∆𝐺2 = 𝐸∗O − 𝐸∗ − 𝐸H2O + 𝐸H2  +  (ΔZPE –  𝑇Δ𝑆)1+2,                                                  (3.17) 

∆𝐺∗𝑂𝑂𝐻 = ∆𝐺1 + ∆𝐺2 + ∆𝐺3 = 𝐸∗OOH − 𝐸∗ − 2𝐸H2O +
3

2
𝐸H2  + (ΔZPE –  𝑇Δ𝑆)1+2+3,                                                                                 

(3.18) 

Note that ΔG*OOH can only be calculated for those cases where the OOH species can be adsorbed 

stably. The Gibbs free energies ΔG*OH, ΔG*O, and ΔG*OOH for the pristine and the TM-doped 

AlN and GaN layers are shown in Figure 3.3. The lower the Gibbs free energy, the stronger the 

binding of the molecular species to the active site in the monolayer. 
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Figure 3.3: The Gibbs free energies of adsorption, ∆GADS, for ADS = *OH (black squares), *O (red circles) and *OOH (blue 

triangles) on TM-doped (a) AlN and (b) GaN monolayers, according to Eqs. (16)-(18); the lines are to guide the eye. 

 

Starting with the OH adsorption (black squares in Figure 3.3), it is found that ΔG*OH varies 

considerably with the TM dopant, where a similar behavior is found for TM-doped AlN (Figure 

3.3(a)) and GaN (Figure 3.3(b)). Along the TM series, ΔG*OH decreases strongly from Sc to Ti, 

and increases more gradually from Ti to Cu, where the minimum value is at Ti. Such an increase 

for late TMs, signaling a decrease in bonding with the adsorbed OH, is consistent with results 

found in previous studies.23 ΔG*OH is actually negative from Ti to Cr, indicating that OH is 

strongly bonded to the TM dopant in these systems, and even for Sc, Mn, and Fe, it is barely 

positive. This is unfavorable for obtaining a low overpotential.  

As discussed in the previous section, the ideal Gibbs free energies of reactions (3.10)-(3.13) 

are Δ𝐺0 (1.23 eV), Eq. (3.9), as this results in a zero overpotential. The deviation of *OH from 

ideal adsorption can then be defined as 

ΔΔ𝐺∗OH = Δ𝐺∗OH − Δ𝐺0 = Δ𝐺1 − Δ𝐺0,                                                                                                            (3.19) 

Hence, for cases with negative and barely positive ΔG*OH, ΔΔ𝐺∗OH is substantially negative. 

Because of the sum rule that exists for the reaction Gibbs free energies, Eq. (3.15), |ΔΔ𝐺∗OH| 
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has to be added to the sum of remaining three reaction steps, (3.11)-(3.13), which can lead to a 

substantial overpotential. This is clearly visible in the Δ𝐺 staircase for Ti in Figure 3.2, where 

the first step Δ𝐺1 goes down. This step in the wrong direction has to be compensated by the 

remaining three steps, which results in at least one step being significantly larger than Δ𝐺0, and 

a large overpotential (in this case 𝜂 = (𝛥𝐺4 − 𝛥𝐺0)/𝑒 ≈ 2 V, Eq. (3.16)). In conclusion, a 

strongly negative ΔΔ𝐺∗OH  (strong bonding of the OH species) is detrimental for a low 

overpotential. This would imply that all early TM dopants from Sc to Fe are less suitable for 

the OER. 

The ΔG*O curve in Figure 3.3 shows qualitatively a similar behavior as the ΔG*OH curve. 

Along the TM series, ΔG*O decreases strongly from Sc to V, and increases more gradually from 

V to Cu. Compared to the ΔG*OH curve, the minimum is displaced from Ti to V.  

The ΔG*OOH curve is remarkably similar in shape to the ΔG*OH curve. In fact, subtracting 

a fixed number from all ΔG*OOH values brings the ΔG*OOH and ΔG*OH curves close. We will 

discuss this point in more detail below. Meanwhile, it can be deduced from these curves that 

the OOH species cannot be adsorbed in a thermodynamically stable way on the TM dopants V, 

Cr, and Mn. The Gibbs free energy of dissociation of *OOH into *O and *OH, all adsorbed on 

a dopant atom, is given by 

Δ𝐺∗OOH
dis = Δ𝐺∗OOH − Δ𝐺∗OH − Δ𝐺∗O = Δ𝐺3 − Δ𝐺1 = E(*OOH) + E(*) − E(*O) 

– E(*OH) + (ΔZPE – TΔS)3–1,                                                                                                            

(3.20) 

If Δ𝐺∗OOH
dis < 0, then an adsorbed OOH species is thermodynamically stable against dissociation 

into adsorbed O and OH species. For all TM dopants where Δ𝐺∗OOH can be calculated, we find 

from Figure 3.3 that 2.7 eV < Δ𝐺∗OOH − Δ𝐺∗OH < 3.6 eV. Taking the lower limit of this, it 

means that Δ𝐺∗O > 2.7  eV for the result of Eq. (3.20) to be negative, signaling a 

thermodynamically stable *OOH species. This is clearly not the case for the V, Cr, and Mn 

dopants in Figure 3.3. Moreover, calculation of Δ𝐺∗OOH
dis , Eq. (3.20), according to the numbers 

given in Figure 3.3 and Table A2, shows that also the Ti, Fe and Co dopants do not yield a 

stable *OOH. For all these TM dopants, *O is too stable, and *OOH may dissociate into *OH 

and *O, all adsorbed on top of a dopant atom. 

One could argue that *OOH might be metastable for the Ti, Fe and Co dopants, because 

the TM dopant atoms are sufficiently far apart for a dissociation into *O and *OH to occur. One 

may envision another dissociation reaction with the O species adsorbed on a TM dopant atom, 

and the OH adsorbed on the adjacent dopant-free part of the surface, see Figures A1(d)-(f). The 
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Gibbs free energy of dissociation, Δ𝐺∗OOH
dis , of that reaction can be estimated from Eq. (3.20) 

using Δ𝐺∗OH = 𝛥𝐺1 of the pristine AlN or GaN, see Table A2. However, even in that case we 

find Δ𝐺∗OOH
dis > 0 for the Ti, Fe and Co dopants, meaning that *OOH is thermodynamically 

unstable for these dopant atoms. Nevertheless, in our structure optimization we do find *OOH 

structures that form local minima, i.e., structures of OOH adsorbed on Ti, Fe and Co dopants 

that are metastable. This is in contrast with V, Cr and Mn dopants, where no such structures are 

found. 

Only the late TM dopants Ni and Cu give Δ𝐺∗OOH
dis < 0, Eq. (3.20), which implies a 

thermodynamically stable adsorbed OOH species. As discussed above, a strong adsorption of 

OH would lead to a substantial overpotential. In the Ni and Cu cases, ΔΔ𝐺∗OH > 0, Eq. (3.19), 

indicating an OH species that is not adsorbed strongly. In fact, the bonding of OH to Ni or Cu 

is relatively weak, which implies a minimum overpotential  𝜂1 = ΔΔ𝐺∗OH/𝑒 resulting from this 

first reaction step, Eq. (3.14) and Figure 3.2(a). Of course, still larger overpotentials may, in 

principle, follow from the subsequent reaction steps (3.5)-(3.7). 

Next, we zoom in on the Gibbs free energy difference that reflects the difference in bonding 

of OH and OOH species to the surface 

Δ𝐺23 = Δ𝐺∗OOH − Δ𝐺∗OH = 𝛥𝐺2 + 𝛥𝐺3,                                                                                                            (3.21) 

see Eqs. (3.11) and (3.12). This quantity thus represents the Gibbs free energy associated with 

the two reactions (3.5) and (3.6), i.e., the two middle steps in the staircases of Figure 3.2(a). 

The calculated values for the TM-doped systems are shown in Figures 3.4(a) and (b) for the 

AlN and GaN system, respectively.  

To avoid the two reaction steps (3.5) and (3.6) contributing to an overpotential, Δ𝐺23 

should ideally be equal to 2Δ𝐺0 = 2.46 eV, see Eqs. (3.9) and (3.14),24 for all TM-doped 

systems, as indicated by the dotted horizontal lines in Figures 3.4(a) and (b). In general, 

however, Δ𝐺23 is significantly higher than the ideal value of 2.46 eV and is different for the 

different TM dopants. For most TM dopants, we find Δ𝐺23 to be between 3.10 eV and 3.60 eV 

(Figures 3.4(a) and (b)), which is consistent with the range found in TM oxides and in TM-

doped graphene.23, 24, 101 The minimum overpotential resulting from the two reaction steps (3.5) 

and (3.6) is then 

𝜂23 =
Δ𝐺23−2Δ𝐺0

2𝑒
,                                                                                                            (3.22) 

Based on the data for all TM-doped systems shown in Figures 3.4(a) and (b) and Eq. (3.22), 

𝜂23 mostly ranges between 0.3 V and 0.6 V. To decrease this number, one should increase the 
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bonding of OOH to the TM with respect to the TM/OH bonding, Eq. (3.21). This is observed 

in the Ni-doped systems, where for Ni/AlN and Ni/GaN we find 𝜂23 = 0.11 and 0.21 V, 

respectively. These values are close to a perfect OER catalyst with an overpotential of zero.  

The quantity 𝜂23 gives a lower bound to the overpotential in case Δ𝐺2 = Δ𝐺3. If Δ𝐺2 ≠

𝛥𝐺3, one should also consider the adsorption strength of the O species with respect to the 

average of the OH and OOH species 

ΔΔ𝐺∗O = Δ𝐺∗O −
1

2
(Δ𝐺∗OH + Δ𝐺∗OOH) =

1

2
(Δ𝐺2 − Δ𝐺3),                                                                                                             (3.23) 

ΔΔ𝐺∗O can be derived from Figure 3.3 as the difference between the Gibbs free energy curve of 

*O and the average of the *OH and *OOH curves. The minimum overpotential from the two 

reaction steps (3.5) and (3.6) is then 

min[𝜂2, 𝜂3]/𝑒 = 𝜂23 + |ΔΔ𝐺∗O|/𝑒.                                                                                                            (3.24) 

see Eqs. (3.21), (3.23) and Figure 3.4. Ideally ΔΔ𝐺∗O should be as close to zero as possible. 

Figures 3.4(c) and (d) show that ΔΔ𝐺∗O  starts strongly positive for Sc, and then becomes 

negative, before becoming positive again for Cu. For most TM-dopants |ΔΔ𝐺∗O| is substantial. 

Of the late TM dopants, the exceptions are Ni-doped AlN and GaN, where we obtain the 

relatively small values ΔΔ𝐺∗O = −0.12 eV and −0.16 eV, respectively.  

 
Figure 3.4: The Gibbs free energy difference, Δ𝐺23, on TM-doped (a) AlN and (b) GaN according to Eq. (21), the dashed 

horizontal lines indicate the ideal value 2𝐺0 = 2.46 eV. The Gibbs free energy difference ΔΔ𝐺∗O on TM-doped (c) AlN and 

(d) GaN according to Eq. (23), the dashed horizontal lines indicate the optimal value of 0 eV. The lines are to guide the eye. 
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In summary, analyzing the Gibbs free energies associated with the bonding of the different 

OER intermediates shows how in particular the Ni-doped systems lead to a low overpotential. 

First of all, OH is bonded too strongly to the early TM dopants in the series Sc to Fe, indicated 

by ΔΔ𝐺∗OH < 0, Eq. (3.19), which leads to a substantial overpotential. In addition, for the TM 

dopants in the middle of these series, V, Cr, and Mn, the O species is bonded so strongly that 

*OOH is unstable with respect to decomposition into *OH and *O. V, Cr, and Mn dopants 

should therefore show no activity at all for the OER. For the late TM dopants Co to Cu, Ni 

shows values Δ𝐺23 , Eq. (3.21), that are close to the optimal value 2𝐺0 , whereas the other 

dopants show higher values. In addition, the value of ΔΔ𝐺∗O, Eq. (3.23), is optimal for the Ni 

dopant.  

One can try to relate Δ𝐺∗OOH and Δ𝐺∗O to Δ𝐺∗OH by linear scaling relations, as suggested 

in the literature.22-24 However, Figure 3.4 shows that such scaling relations work poorly in the 

present case. 

3.3.3 Electronic structure of adsorbed species 

We now focus on the electronic structures of the TM-doped AlN and GaN layers to see 

whether the trends found in the adsorption energies can be explained from the electronic 

structures. The spin-polarized projected density of states (PDOS) of two examples are shown 

in Figure 3.5, an early TM dopant (Ti) and a late TM dopant (Ni), both in AlN. PDOSs of the 

full 3d TM-doped XN series, TM = Sc to Zn, X = Al, Ga, are given in the Appendix A in Figures 

A2 and A3. In addition, orbital-resolved PDOSs for all these cases are given in Figures A4 and 

A5. It is clear from these figures that the PDOSs of spin-up and spin-down states are different 

for all TM-doped XN, except for Sc and Zn dopants. So, with the exception of the latter two 

dopants, TM-doping leads to substantial magnetic moments, which to a significant part are 

carried by the d states on the TM dopant atoms. Indeed, for the early TM dopants in particular, 

the PDOS corresponding to the 3d states consists of sharp peaks (Figures A2(b) to (d), Figures 

A3(b) to (d)), signaling that hybridization of these states with the XN environment is small. 

Hybridization increases somewhat going down the TM series, indicated by some of the peaks 

attaining a mixed TM-nitrogen character (Figures A2(e) to (i), Figures A3(e) to (i)), and by a 

bonding/antibonding splitting in some cases. 

Ignoring this hybridization, the nominal charge of a TM substitutional dopant atom in the 

XN lattice is 3+. To set up a simple electron counting argument, we assume that all (neutral) 

TM atoms have a 4𝑠23𝑑𝑛  configuration, and by embedding them in the XN lattice, two 
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electrons are donated by the TM 4s shell and one electron is donated by the 3d shell to arrive at 

a charge 3+. This then would mean that the TM dopant atom has configuration 4𝑠03𝑑𝑛−1, 

where n is the number of d electrons of the neutral atom. The PDOSs shown in Figures 3.5, 

A4(b) and A4(h) are indeed consistent with 𝑑1 for the Ti dopant, and with 𝑑7 for the Ni dopant. 

In fact, most of the PDOSs of the supplementary material Figures A2-A5 comply with the TM 

configuration 𝑑𝑛−1, and thus with a nominal charge of 3+. The exceptions are the late TM 

dopants Cu and Zn, which have configurations 𝑑𝑛, i.e., 𝑑9 and 𝑑10, respectively (Figures A4(i)-

(j) and A5(i)-(j)), indicating a nominal charge of 2+. 

 
Figure 3.5: The spin-polarized projected density of states (PDOS) of (a) Ti-doped AlN and (b) Ni-doped AlN. The highest 

occupied state is set to 0 eV. 
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Most prominent in Figure 3.5 is that the d states of Ti are in energy more than 2 eV above 

the valence band of AlN, whereas the d states of Ni largely overlap with the valence band. One 

therefore expects the 𝑑1  state of Ti to be more reactive toward adsorption of an electron 

accepting OH species than either the AlN substrate or the Ni d states. The d states go down in 

energy along the TM series from Ti to Zn, see Figures A2 and A3; hence, the reactivity should 

go down. Indeed, this can be seen as an increase in 𝛥𝐺∗OH along the TM series in Figure 3.3.  

Adsorption of the O species requires two electrons from the substrate instead of only one, 

as in case of the OH species. One expects adsorption to be strongest for a TM dopant with 𝑑2 

configuration, which is the TM dopant V. The Δ𝐺∗O curve in Figure 3.3 shows that this is indeed 

the case. 

To clarify why doping by Ni is particularly advantageous for obtaining a low overpotential, 

we consider the spin state of the TM-doped XN layers. If the TM d-levels were purely atomic, 

then Hund’s (first) rule would predict a high-spin state for all dopant atoms. Based on the 

electron counting argument outlined above, Hund’s rule would give for the 3+ TM dopants Sc 

to Fe a spin (𝑛 − 1)1
2
, for the TM dopants Co and Ni a spin (10 − 𝑛 + 1)1

2
= 4

2
 and 3

2
, 

respectively, and for the 2+ TM dopants Cu and Zn a spin 1
2
 and 0, respectively. Hybridization 

between the TM and XN states gives a ligand field that lifts the degeneracy of the d-levels. For 

instance, it can be observed in Figure 3.5(a) that the peaks of the spin-up d states of Ti are 

distributed over a range from –0.2 to 2.3 eV, which illustrates that this splitting is easily of the 

order of several eV’s. If ligand-field splitting would be the dominant energy scale, this would 

force the TM-doped systems into low-spin states. 

The calculated total magnetic moments of the TM dopants are listed in Table 3.1. All TM 

dopant atoms are found in their high-spin state predicted by Hund’s rule, see the first line in 

Table 3.1. It demonstrates that the energy scale associated with Hund’s rule still prevails over 

the ligand-field splitting. The magnetic moments of the late TM dopants are not completely 

localized on the TM atoms, because of the increased hybridization with the XN lattice. The 

components of the magnetic moments projected on the TM site are given in Table A3.  
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Table 3.1: Calculated total magnetic moments (in μB per supercell) of TM-doped XN, X = Al, Ga.  

System Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Nothing 

adsorbed  
0 1 2 3 4 5 4 3 1 0 

OH 

adsorbed 
0 0 1 2 3 4 5 4 1 / 

O 

adsorbed 
0 0 0 1 2 3 0 1 1 / 

OOH 

adsorbed 
0 0 / / / 4 5 2 1 / 

 

A similar analysis of the d-level spectrum and the associated spin states can be made with 

the OH, O, or OOH species adsorbed on the TM-dopant atom. The calculated orbital-resolved 

PDOSs are given in the Appendix A, Figures A6-A8, and the calculated total magnetic moments 

are given in Table 3.1. Comparing the first two lines in Table 3.1, one observes that the entries 

of the second line are shifted one element to the right, as compared to the first line. Therefore, 

it seems that adsorption of OH decreases the number of electrons on the TM dopant by one, 

thus changing its configuration to 𝑑𝑛−2, while the systems with OH adsorbed still obey Hund’s 

rule, and are found in their high-spin state. Exceptions are Cu, which remains in a 𝑑9 

configuration even with OH adsorbed, and the trivial case Sc, which remains in a 𝑑0 

configuration. 

Applying the same reasoning to an adsorbed O atom, one may expect that adsorption of O 

decreases the number of electrons on the TM dopant by two, thus changing its configuration to 

𝑑𝑛−3. If Hund’s rule applies, resulting in high-spin states, then the third line in Table 3.1 could 

be obtained from the second line by again shifting it one element to the right. This is indeed the 

case for all TM dopants up to Fe. As before, Cu remains in a 𝑑9 configuration even with O 

adsorbed. Remarkably, for O adsorption on the late TM dopants Co and Ni, the total magnetic 

moments for O-Co/XN and O-Ni/XN are 0 and 1 μB, respectively, see Table 3.1 and Figure 3.6, 

which implies the preferred configuration is the low-spin state.  

The total magnetic moment and the energy difference ∆E(*O) between the high-spin and 

the low-spin states of O-Co/XN and O-Ni/XN are listed in Table A4. The high-spin state of 
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these systems is 0.5-0.6 eV higher in energy than the low-spin state (with the exception of O-

Ni/AlN, where the high-spin state does not give a stable adsorption of O on Ni). Assuming that 

both the OH and OOH species adsorb in a high-spin state, as is the case for most TM dopants, 

then stabilization of the low-spin state of an adsorbed O species results in a ΔΔ𝐺∗O, Eq. (3.23) 

that is strongly negative, which leads to a substantial overpotential, see Eq. (3.24) and Figure 

3.2. Indeed, it can be observed in Figures 3.4(c) and (d) that this is the case for ΔΔ𝐺∗O of Co-

doped AlN and GaN. Remarkably, the stable low-spin state of the O-Ni/XN systems does not 

cause a similarly negative ΔΔ𝐺∗O and a high overpotential. This has to do with the stable spin 

state of an adsorbed OOH species. 

If adsorption of OOH is similar to that of OH, then the electron count gives a 

𝑑𝑛−2 configuration for both cases, and Hund’s rule should give an identical high-spin state for 

both cases. Judging from the magnetic moments listed in Table 3.1, this is indeed the case for 

most of the TM dopants where OOH can be stably adsorbed. The notable exception is Ni. Here, 

the adsorbed OOH remains in a low-spin state, similar to adsorbed O, and does not switch to a 

high-spin state similar to adsorbed OH, as it does for all other TM dopants. Figure 3.6 visualizes 

the assembly of spin states that is unique for the Ni dopant. As the low-spin states of both the 

adsorbed O and the OOH species on Ni are stabilized, this leads to a decrease of  Δ𝐺23 (Eq. 

(3.21)), as well as |ΔΔ𝐺∗O| (Eq. (3.23), see Figure 3.4), which then yields a low overpotential. 

 

Figure 3.6: Schematic ligand-field splitting of Ni d-levels for Ni-doped XN, X = Al, Ga. The pristine and OH-adsorbed systems 

are in a high-spin state, whereas the O-adsorbed and OOH-adsorbed systems are in a low-spin state, see Table 3.1.  
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3.4 Summary 

In summary, we have investigated the oxygen evolution reaction (OER) of water splitting 

on first-row transition-metal (TM) doped AlN and GaN two-dimensional monolayers by density 

functional theory calculations. The binding strength of OH or O, overpotential, potential 

determining steps and spin states of *OOH of the TM doped systems are summarized in Figure 

3.7. We find that the Ni-doped AlN and GaN monolayers single out as most favorable for the 

OER, as they lead to small calculated OER overpotentials of 0.38 V and 0.37 V, respectively.  

Early TM dopants are not suited for an efficient OER because in the first reaction step of 

the OER they bind the OH species too strongly. In fact, V, Cr and Mn dopants should show no 

activity for the OER at all, because additionally in the second OER step they bind the O species 

so strongly that the third step, conversion to OOH, becomes impossible. The latter becomes 

feasible for late TM dopants, but for Fe and Co it is still energetically costly because of the 

strong binding of the O species. Elements at the end of the TM series, Cu and Zn, show little or 

no activity. They bind OER intermediates weakly, and their d-shells do not participate in this 

bonding.  

Ni is unique as a dopant in these systems, as all four reaction steps of the OER are relatively 

close to their optimal values, meaning that the adsorption energies of the three intermediate 

adsorbed species, OH, O and OOH, are close to optimal. For instance, the Gibbs free energy 

difference between OH and OOH adsorbed on the Ni dopant is ~2.7 eV, which is significantly 

lower than the ~3.3 eV found for adsorption on the other dopants. The latter value is close to 

that found more generally for other compounds. In contrast, the value for Ni is rather close to 

the ideal value of 2.46 eV for a perfect catalyst.  

The numbers correlate with the spin states of the TM dopants. In most cases, the high-spin 

state is preferred both for the pristine TM-doped AlN and GaN, as well as for all intermediate 

species involved in the OER, i.e., OH, O, and OOH adsorbed on the TM dopant. However, for 

the Ni dopant, the low-spin state is stabilized both for the adsorbed O, as well as for the adsorbed 

OOH species (whereas the high-spin state is most stable for adsorbed OH and for the pristine 

dopant). This stabilization leads to a low overpotential in the Ni-doped AlN and GaN. Such a 

change in spin state adds a degree of freedom to optimize the overpotential required for the 

OER. 
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Figure 3.7: The binding strength of OH or O, overpotential, potential determining steps and spin states of *OOH of the TM 

doped systems. 
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Chapter 4: Tailoring the Performance of 

ZnO for Oxygen Evolution by Effective 

Transition Metal Doping 

 
 

In the quest for active and inexpensive (photo)electrocatalysts, atomistic simulations of 

the oxygen evolution reaction (OER) are essential for understanding the catalytic process of 

water splitting at solid surfaces. In this paper, we study the enhancement of the OER by first-

row transition-metal (TM) doping of the abundant semiconductor ZnO, using density 

functional theory (DFT) calculations on a substantial number of possible structures and 

bonding geometries. The calculated overpotential for undoped ZnO is 1.0 V. For TM dopants 

in the 3d series from Mn to Ni, the overpotentials decrease from 0.9 V for Mn, and 0.6 V for 

Fe, down to 0.4 V for Co, and rise again to 0.5 V for Ni and 0.8 eV for Cu. We analyze the 

overpotentials in terms of the binding to the surface of the species involved in the four reaction 

steps of the OER. The Gibbs free energies associated with the adsorption of these intermediate 

species increase down the series from Mn to Zn, but the difference between OH and OOH 

adsorption (the species involved in the first, respectively the third reaction step) is always in 

the range 3.0-3.3 eV, despite a considerable variation in possible bonding geometries. The 

bonding of the O intermediate species (involved in the second reaction step), which is optimal 

for Co, and to a somewhat lesser extend for Ni, then ultimately determines the overpotential. 

These results imply that both Co and Ni are promising dopants for increasing the activity of 

ZnO-based anodes for the OER. 

 

 

 

 

 

 

This chapter is published as: Q Liang, G Brocks, V Sinha, A Bieberle-Hütter. “Tailoring the performance 
of ZnO for oxygen evolution by effective transition metal doping”, ChemSusChem, 2021, 14, 3064-3073. 
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4.1 Introduction 

Water splitting is a promising technology for future generation and storage of clean and 

sustainable energy. Electrolytic water splitting comprises two reactions, the oxygen evolution 

reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the cathode.6, 100, 147 

Current research strongly focuses on OER, as it is the bottleneck in terms of poor energy 

efficiency and slow reaction rate.  The OER is a four-electron process that is more complicated 

than the two-electron process of the HER.69 Current understanding models these as multi-step 

reactions with a single electron transfer at each step. Each of these steps is potentially 

unfavorable thermodynamically or kinetically, which to overcome then requires an 

overpotential in the electrolytic cell.48, 148 Platinum-group metal containing catalysts, such as 

RuO2 and IrO2, are considered state-of-the-art OER catalysts owing to their relatively small 

overpotentials,110, 149, 150 but their high costs and scarcity severely hinder large scale 

applications. Therefore, it is crucial to explore alternative OER catalysts with high catalytic 

activity, good stability, abundance, and low costs, where the most obvious direction is towards 

catalysts based on earth-abundant 3d metals. 

Recently, precious-metal-free catalysts based on earth-abundant 3d metals, such as 

transition-metal (TM) nitrides,104, 151, 152 phosphides,153-155 oxides,48, 148, 156 sulfides,157-159 and 

MXenes160-162 have gained attention. In particular, TM oxides have been considered as 

potential substitutes for Pt-based catalysts due to their low cost and excellent chemical 

stability.26, 121 Photoelectrolytic water splitting in integrated devices poses extra demands on 

electrode materials, the most obvious ones being that they should not block photon absorption, 

have a decent conductivity, and be stable in contact with an (alkaline or acidic) electrolyte, 

which all point in the direction of doped, transparent oxide semiconductors. In this respect, 

ZnO is expected to be a good candidate due to its large band gap, good (semi)conducting 

properties,163 low cost, non-toxicity, appropriate redox potential, and high electrochemical 

stability.164 However, pure ZnO shows a rather poor OER activity,165,166 and to make it suitable, 

one should enhance its OER performance, for instance by doping or by nano-structuring.167, 168 

Jang et al.166 have experimentally studied composites of ZnO and 3d TM (Mn, Fe, Co, Ni) 

oxides and found that all these composites exhibit a greatly enhanced OER activity, as 

compared to pure ZnO. 

Composites are, however, a rather drastic way of combining TMs with ZnO, which can 

have a large impact on its (micro)structure, and its optical and electronic properties. We suggest 

a milder route, which involves incorporating 3d TM atoms in the ZnO lattice as substitutional 
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dopants. This type of doping has been identified as an effective way to enhance the OER 

activity.166, 169, 170 The dopant atom serves both as a trapping site for a charge carrier, thereby 

localizing it, as well as a catalytic reaction center for the OER. In the present paper, we study 

3d TM doped ZnO with respect to OER activity by means of first-principles density-functional-

theory (DFT) calculations, exploring a large range of possible structures of dopants and 

absorbed species involved in the OER. 

 

4.2 Computational Methods 

We use  the Vienna ab initio package (VASP) to carry out DFT calculations within the 

projector-augmented wave (PAW) approach.49-51 The exchange-correlation function is treated 

within the generalized gradient approximation (GGA) with the form developed by Perdew, 

Burke, and Ernzerhof (PBE).56 We use a plane wave basis with an energy cutoff of 500 eV. 

We start from the wurtzite structure of ZnO, and model the (non-polar) (101̅0) surface, 

which is the surface orientation that emerges under most growth conditions, as it is more stable 

than other (non-polar and polar) surfaces.171 The (101̅0) surface is modeled by a (periodic) 

five-layer slab, using an in-plane 3 × 2 supercell, comprising 120 atoms, with a vacuum 

spacing of 15 Å between the periodic images of the slab to avoid spurious interactions. To 

model doping, one or two of the zinc atoms are replaced by TM atoms. The structure we use is 

shown in Figure 4.1. We use the top surface of the slab to model the OER, where the top three 

layers of the (doped) ZnO substrate, as well as the adsorbates, are fully relaxed until the 

maximum force on each atom is less than 0.01 eV/Å, while keeping the bottom two layers fixed. 

We use a dipole correction141 and set the energy convergence criterion to 1×10-5 eV. The 

surface Brillouin zone is sampled using a 2 × 2 × 1 Monkhorst-Pack k-point mesh for all 

calculations.142 

In calculating Gibbs free energies of the adsorbed species, we incorporate zero-point 

energy (ZPE) and entropy corrections. The ZPE = ∑
1

2
ℎ𝑣𝑖𝑖 , where ℎ is Planck’s constant, are 

obtained from the calculated frequencies (𝑣𝑖) of all vibrations of the atoms in the slab. The 

vibrational contribution to the entropy S of the molecules and the adsorbed species can be 

calculated in the usual way from these frequencies,144 using temperature T = 298 K.38 We used 

gas-phase H2O at 0.035 bar and this temperature as the reference state for water molecules, 

which is in equilibrium with liquid water at standard temperature (T = 298 K). The entropy of 

H2O gas is then taken from Ref.38, as are the entropies under standard conditions of the other 
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gas-phase molecules. In the solid state, volume changes are typically very small, and therefore 

the small difference between enthalpy and energy is not considered.170 We have refrained from 

modeling solvation effects. 

 

4.3 Results and Discussion 

4.3.1 GGA+U functional 

It is well-known that the PBE functional severely underestimates the band gap of ZnO, 

where our findings agree with previously obtained results,172 see Figure B1 in the Appendix B. 

Previous DFT studies have used the PBE+U method to correct for this band gap error.173-175 

Note however that an accurate description of the band gap can be obtained only by using 

parameters that are physically not extremely well justified, such as UO on the oxygen 2p states 

besides UZn on the zinc 3d states.176 We have tested the PBE+U functional, treating the on-site 

electron-electron Coulomb and exchange interactions within the Dudarev et al. approach,57 for 

a range of values for UZn and UO, as suggested by the literature.173-175 More details are discussed 

in Sec. 1 of the Appendix B. We find, in agreement with the literature, that inclusion of U, can 

indeed markedly improve the band gap, see Figures B2 and B3. However, whereas the 

optimized lattice parameters calculated with the standard PBE functional (𝑎 = 3.28 Å, 𝑐 = 

5.30 Å) are in reasonable agreement with the experimental values (𝑎 = 3.25 Å, 𝑐 = 5.21 Å),177 

those calculated with the PBE+U functionals are significantly too small, the largest deviation 

being presented by the cases with the best band gap, for more details see Sec. 1.1 in Appendix 

B. Straining the lattice leads to changes in the OER performance,178, 179 which renders the 

applicability of the PBE+U functional for calculations on the OER questionable.  

Using a hybrid functional, such as PBE0, would a better way to obtain a better band gap 

without deteriorating the structure of ZnO.180 However, calculations with hybrid functionals 

increase the computational costs by one to two orders of magnitude.176 In our case we need to 

perform a large number of geometry optimizations on sizable supercells and slabs, the costs of 

which prohibit the use of a hybrid functional. Therefore, we hold on to the PBE functional (and 

PBE optimized structures).   

Upon substitution of Zn atoms in ZnO by first-row TM atoms, the 3d states of the latter 

contribute to the valence band but can also appear as defect states in the ZnO band gap, see 

Figure B4. Therefore, it is possible that the electronic structure of TM substituent atoms is 

affected by a ZnO band gap that is too small. The 3d states decrease in energy along the TM 
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series from Sc to Cu. With the PBE functional we find that the 3d states in the series from Sc 

to Cr overlap with the ZnO conduction band, and partially lose their electrons, see Table B1. 

We test whether the PBE+U functional improves this description. The magnetic moments of 

the TM-doped ZnO slab calculated with the PBE+U functional, as shown in Table B2 for the 

TM dopants Sc to Cr. Comparison to the results shown in Table B1 demonstrates that enlarging 

the band gap of ZnO using the PBE+U functional actually changes the magnetic moments very 

little. Qualitatively this does not change even if PBE-optimized structures are used. Whereas 

these cases may require further study, these particular TM atoms are in fact of small interest. 

Their catalytic activity is expected to be small, exactly because of the high energy of the 3d 

states, which results in a strong bonding to oxygen species, and a high overpotential.170 

Therefore, we will not discuss the early TMs from Sc to Cr further.  

The 3d states of substitutions by late TM atoms, Mn to Cu, show no overlap with the ZnO 

conduction band, see Figure B4, and are thus not affected by a band gap that is too small. 

Moreover, these late TM substitutions may be expected to have significant catalytic activity.170 

Our calculations therefore focus on the series from Mn to Cu. 

It should be noted that all TM dopant atoms are found in high-spin states corresponding to 

a valency of 2+, and a configuration 4s03dn, n = 5-10 for Mn-Zn, as demonstrated by their 

calculated magnetic moment and the projected density of states (PDOS), see the Table B6 and 

Figure B4. 

4.3.2 OER Mechanism and Free Energies 

We assume liquid water under alkaline conditions as the electrolyte, which gives the 

following overall OER at the anode28, 181 

4OH− →  O2(𝑔) + 2H2O(𝑙) + 4𝑒−,        (4.1) 

This four-electron OER is broken down into four elementary reaction steps, which is believed 

to be the dominant reaction mechanism for TM oxides under alkaline conditions.29, 166, 181, 182  

* + OH− → *OH + 𝑒−,                                                      (4.2) 

OH + OH− → *O + H2O(𝑙) + 𝑒−,                                  (4.3) 

*O + OH− → *OOH + 𝑒−,                                                (4.4) 

*OOH + OH− → * + O2(𝑔) + H2O(𝑙) + 𝑒−,                   (4.5) 

where * represents an adsorption site on the catalyst surface; *OH, *O, and *OOH are the 

intermediate reactant species adsorbed on the active site, and (g) and (l) indicate the gas phase 

and the liquid phase, respectively.  
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The Gibbs free energies and overpotentials that characterize the OER are calculated by the 

computational hydrogen electrode (CHE) approach developed by Rossmeisl et al.105 To 

calculate the difference in Gibbs free energies 𝐺OH− − 𝐺𝑒− , which is needed in describing 

reactions (4.2)-(4.5), we assume the equilibria H2O(l) ⇋ H+ + OH− , and H+(𝑎𝑞) + 𝑒− ⇋

1

2
H2(𝑔) at standard conditions, 𝑝H2 = 1 bar and T = 298 K.  

We then have 

𝐺OH− − 𝐺𝑒− = 𝐺H2O(𝑙) − 𝐺H+ − 𝐺𝑒− = 𝐺H2O(𝑙) −
1

2
𝐺𝐻2 + 𝑒𝑈,        (4.6) 

where U is the potential with respect to the reversible hydrogen electrode (RHE).183 Using (4.6), 

the Gibbs free energies of reactions (4.2)-(4.5) are then given by  

∆𝐺1 = 𝐸∗OH − 𝐸∗ − 𝐸H2O +
1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1 − 𝑒𝑈,                                                      (4.7) 

∆𝐺2 = 𝐸∗O − 𝐸∗OH +
1

2
𝐸H2  + (ΔZPE –  𝑇Δ𝑆)2 − 𝑒𝑈,                                  (4.8) 

∆𝐺3 = 𝐸∗OOH − 𝐸∗O − 𝐸H2O +
1

2
𝐸H2  +  (ΔZPE –  𝑇Δ𝑆)3 − 𝑒𝑈,                                                (4.9) 

∆𝐺4 = Δ𝐺0 − ∆𝐺1 − ∆𝐺2 − ∆𝐺3 − 4𝑒𝑈,                   (4.10) 

where Δ𝐺0 = 4.92 eV is the Gibbs free energy of the overall reaction (4.1); 𝐸∗𝑋 are the DFT 

calculated total energies of the substrate with adsorbed species X, and 𝐸𝑌  are the DFT 

calculated total energies of molecule Y; ∆ZPE and T∆S are the changes in zero-point energies 

and entropy contributions related to the different adsorbed species, see the Computational 

Methods section. ZPE corrections and entropic contributions (TS) to the free energies are listed 

in Table B3. Note that in Eq. (4.10) we make use of the sum rule 

Δ𝐺0 = ∆𝐺1 + ∆𝐺2 + ∆𝐺3 + ∆𝐺4,        (4.11) 

to avoid having to calculate 𝐸O2 , which is problematic in DFT because of the open shell 

character of the O2 molecule.  

For the ideal catalyst, all four reaction steps should involve equal Gibbs free energy 

changes 

∆𝐺1 = ∆𝐺2 = ∆𝐺3 = ∆𝐺4 = ΔG0/4 = 1.23 eV,        (4.12) 

at potential 𝑈 = 0 , implying that at 𝑈 ≥ 1.23  eV reactions (4.2)-(4.5) become 

thermodynamically favorable. In reality, the four steps will not have the same reaction Gibbs 

free energy, which then leads to an overpotential to initiate the reaction step with the largest 

free energy. The overpotential is thus defined as 

𝜂 = (max[∆𝐺𝑛] − Δ𝐺0/4)/𝑒  where 𝑛 = 1,2,3,4.        (4.13) 
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4.3.3 Doping Configurations and Adsorption Sites 

The (101̅0) surface of the ZnO wurtzite, which is the most prominent surface orientation 

emerging under typical growth conditions, has a slightly corrugated structure with two 

inequivalent Zn atomic sites exposed at the surface, see Figure 4.1. To make a distinction 

between the two sites, we call the Zn atoms on the ridges surface positions, Figure 4.1(a), and 

the Zn atoms in the valleys subsurface positions, Figure 4.1(b). We consider the TM substituted 

in different positions, the substituted positions labelled by the number are shown in Figure 

4.2(a). The energy depicted is the relative energy of a TM atom substituting a Zn atom, as a 

function of position of the substituted atom, with substitution in a “bulk” position (in the middle 

of the slab) taken as zero. We observe that the TM substitutions are generally more stable at 

the surface than in the bulk, see Figure 4.2(b). The surface positions (labeled “0” in Figure 4.2) 

are 0.2-0.6 eV lower in energy than positions deeper down, whereas subsurface positions 

(labeled “1” in Figure 4.2) are 0.1-0.3 eV lower in energy for most TM substitutions. This 

would mean that dopant atoms preferentially reside at the surface, where they can be 

catalytically active. The exception is substitution by Mn, whose energy is practically 

independent of position. Positions of Zn atoms deeper down in the slab play no role, as they 

show no catalytic activity. To study catalytic activity, we substitute a surface or a subsurface 

Zn atom by a TM atom. In addition, we also consider simultaneous substitutions at both these 

positions.  

 

Figure 4.1: Top and side views of the atomic structures of (a) the TM doped ZnO surface and (b) the TM doped ZnO subsurface.  
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Figure 4.2: (a) Side view of the substituted positions of the TM in ZnO(101̅0) surface, (b) total energy in different substituted 

positions, the x axis indicates the substituted position. We assume the total energy of TM substitutes in the bulk (i.e., substituted 

position 5) as 0, negative values mean that other substitutions show lower total energy than TM substitutes in the bulk, which 

are more stable than position 5 substitution.  

 

Having established the relative stability of the TM dopant positions, their overall stability 

can be assessed through their formation free energies184   

∆𝐸form = 𝐸TM/ZnO − 𝐸ZnO slab − 𝜇TM + 𝜇Zn,        (4.14) 

where 𝐸TM/ZnO and 𝐸ZnO slab are the total energies of the ZnO slab doped with one TM atom, 

and that of the pure ZnO slab, respectively, and 𝜇TM and 𝜇Zn are the chemical potentials of the 

TM and of Zn, respectively. For 𝜇TM we use the total energy of the bulk TM in its most stable 

structure. To calculate 𝜇Zn, we assume oxygen-rich conditions, where ZnO and oxygen gas are 

in equilibrium, as is appropriate for the OER 

𝜇Zn = 𝐸ZnO bulk −
1

2
𝜇O2(𝑔),        (4.15) 

Here 𝐸ZnO bulk is the total energy per formula unit of bulk ZnO, and 𝜇O2(𝑔) is the chemical 

potential of oxygen gas at standard conditions (T = 298 K and 𝑝H2 = 1 bar), which is calculated 

as in Ref.58 A negative formation energy ∆𝐸form indicates the TM doped system is stable.  

The formation energies of TM doped ZnO, with the TM atoms in surface and subsurface 

positions are shown in Figure 4.3. It clearly shows that, although the stability of the doped 

systems decreases if one goes down the TM series from Mn to Cu, all systems are in fact stable.  
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Figure 4.3: Formation free energies, Eqs (14) and (15), of TM dopant atoms in ZnO in surface and subsurface positions. 

 

The OER intermediate species OH, O, and OOH, reactions (4.2)-(4.5) can adsorb on the 

ZnO(101̅0) surface in a variety of bonding configurations. Bridge-site adsorption involves 

bonding of the species to the TM and an adjacent surface Zn atom, see Figures 4.4(a) and (b), 

whereas top-site adsorption involves bonding to the TM atom only, see Figure B5. The OH and 

O species can be adsorbed both on bridge and top sites, if the TM dopant atom is at a Zn surface 

position and both these bonding geometries are locally stable. However, the total energies of 

these OER intermediates adsorbed on bridges site are always lower than adsorbed on top sites. 

Therefore, we only discuss bridge-site adsorption in the following, whereas top-site adsorption 

is discussed in the Appendix B. 

 
Figure 4.4: The atomic structures without and with OER intermediates are shown for (a) surface and (b) subsurface TM doping. 

The structures from left to right are in the sequence of vacant site (*), *OH, *O, and *OOH. Only the case for bridge site 

adsorption is shown. 

 

We find that for a TM dopant atom at a Zn subsurface position, OH and O only adsorb in 

a bridge configuration, and on-top adsorption is not stable. For the adsorption of the OOH 

species, we have identified three different (meta)stable bridge-site configurations, both for TM 
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dopants in the Zn surface and in the Zn subsurface positions, see Figure B6. In the following 

we will only discuss the results pertaining to the most stable bonding configurations. Results 

for other, metastable, configurations can be found in the Appendix B, see Tables B4 and B5. 

The structures shown in Figure 4.4 have the Zn atoms at the surface exposed, whereas 

under alkaline conditions they may be covered by hydroxyl (OH) groups. Figure B7 in the 

Appendix B shows a calculated Pourbaix diagram,185, 186 which demonstrates that under usual 

operating conditions (U and pH) hydroxylation is only partial, such that the OER is not 

hindered.  Hydroxylation of the TM active site is required for the first step in the OER anyway, 

see Eq. (4.2). 

 

4.3.4 Free Energies and Overpotential 

We calculate the Gibbs free energies, Eqs. (4.7)-(4.10), of the four reaction steps (4.2)-

(4.5) for the pristine and for the TM-doped ZnO(101̅0) surface. The results are shown in Figure 

4.5(a). According to the sum rule, Eq. (4.11), the Gibbs free energy difference between the 

initial plateau, marked *, and the final plateau, marked O2, is fixed at 4.92 eV.24 The 

corresponding calculated overpotentials, Eq. (4.13), are summarized in Figure 4.5(b). The 

overpotentials range from 0.43 V to 1.14 V. The potential determining step for the first half of 

the series (Mn, Fe, Co) is the formation of *O, whereas for the second half of the series (Ni, 

Cu, Zn), it is the *OOH formation. As we move from left to right through the 3d series (Mn to 

Zn), the overpotential first decreases, reaches a minimum, and then increases again. The 

overpotentials for the surface and subsurface substitutional sites are generally similar, where 

only in the Mn case there is a significant difference. 

Pristine ZnO shows large overpotentials of 1.04 V and 1.10 V for surface and subsurface 

sites, which is in agreement with the observed low activity of ZnO regarding the OER.166 The 

lowest overpotentials, 0.43 V and 0.49 V, are obtained for surface and subsurface Co 

substitution. Ni substitution is a close second, with an overpotential of 0.50 V, whereas Fe 

substation gives an overpotential that is ~0.1 V higher than that of Ni. Cu substitution leads to 

a significant overpotential of 0.76 V, and Mn substitution gives virtually no improvement over 

pristine ZnO.  

Park at al.166 have studied composites of ZnO and TM oxides for the OER, where they 

have observed that mixing ZnO with Co oxide gives an overpotential ~0.4 V, whereas mixing 

with Ni and Fe oxides gives an overpotential that is ~0.2 V higher, and mixing with Mn oxide 
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leads to an overpotential comparable to that of Fe and Ni. A direct comparison is difficult, 

however, as the TMs in their native oxides typically have an oxidation state and oxygen 

coordination that is different from our substitutional TM atoms, which likely alters their 

catalytic activity. Note that substitutional doping is aimed at maintaining the good conductive 

properties of the ZnO matrix, whereas those can be affected in a major way if one considers 

composite materials. 

 

Figure 4.5: (a) Gibbs free energy diagrams of pristine and TM doped ZnO surface and subsurface systems. The purple-shaded 

fields indicate the potential determining steps. The overpotentials are given in the legends; ηsurface and ηsubsurface represent the 

overpotentials of surface and subsurface doped systems, respectively. (b) Summary plot of the overpotential for the different 

TM dopants on surface and subsurface. The potential determining steps are represented by different colors. 
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4.3.5 Adsorption Energies of Adsorbed Species 

To interpret the trends in the calculated overpotentials, we focus on the free energies of 

the individual adsorbed intermediate species.170 The Gibbs free energies of the OER 

intermediates can be calculated from Eqs. (4.7)-(4.10) for 𝑈 = 0. 

∆𝐺∗OH = Δ𝐺1 = 𝐸∗OH  – 𝐸∗ – 𝐸H2O +
1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1, 

(4.16) 

∆𝐺∗O = Δ𝐺1 + Δ𝐺2 = 𝐸∗O  – 𝐸∗ – 𝐸H2O + 𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1+2, (4.17) 

∆𝐺∗OOH = Δ𝐺1 + Δ𝐺2 + Δ𝐺3 = 𝐸∗OOH  – 𝐸∗ – 2𝐸H2O +
3

2
𝐸H2 +

 (ΔZPE –  𝑇Δ𝑆)1+2+3, 

(4.18) 

The free energies of the OER intermediates, ΔG*OH, ΔG*O, and ΔG*OOH, are plotted in Figures 

4.6(a) and (b) for TM surface and subsurface dopants. The lower the free energy, the stronger 

the bonding of the intermediate to the active site on the substrate. All ΔG*OH, ΔG*O, and ΔG*OOH 

curves show a similar trend. We find that all free energies monotonically increase as we go 

down the 3d series from Mn to Zn, meaning that the bonding between intermediate and 

substrate becomes weaker, which is consistent with previous studies.23, 170   

The ideal values for ΔG*OH, ΔG*O, and ΔG*OOH are Δ𝐺0/4 = 1.23 eV, Δ𝐺0/2 = 2.46 eV, 

and 3Δ𝐺0/4 = 3.69 eV, respectively, as then the overpotential 𝜂 = 0 V, according to Eqs. 

(4.12), (4.13), and (4.16)-(4.18). These ideal values are indicated by horizontal dashed lines in 

Figures 4.6(a) and (b). For the TM dopant series, we find  ∆𝐺∗OH < Δ𝐺0/4 for Mn to Ni, and  

∆𝐺∗OH > Δ𝐺0/4  for Cu and Zn, where Ni and Cu are closest to the ideal value for ∆𝐺∗OH. The 

elements before Ni (i.e., Mn to Co) give too strong a bonding to OH, whereas the element after 

Cu (i.e., Zn) gives too weak a bonding. 

ΔG*O shows a similar monotonic behavior as ΔG*OH, but it has a stronger dependence on 

the TM dopant atom. Comparison to the ideal value Δ𝐺0/2 = 2.46 eV (the horizontal yellow 

dashed lines in Figures 4.6(a) and (b)) shows that Mn and Fe bind the O atom too strongly, 

with ∆𝐺∗O < 2.0  eV, and Cu and Zn bind O too weakly, with ∆𝐺∗O > 3.0  eV. From the 

perspective of ΔG*O, Co and Ni dopants are the most suitable for the OER. The ΔG*OOH curves 

are similar in shape to the ΔG*OH curves, with a similar decrease in bonding strength of the 

adsorbed species for the TM dopant series from Mn to Zn. The ΔG*OOH for Co is very close to 

the ideal value 3Δ𝐺0/4 = 3.69 eV (the horizontal green dashed lines in Figures 4.6(a) and (b)), 

making the Co dopant most optimal for the OER regarding the bonding to OOH. 

From these results one concludes that there is not a single TM dopant that gives an optimal 

bonding to all intermediate species, OH, O, and OOH, such that it leads to a zero overpotential. 
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Overall the best TM dopants are Co, which binds OH and O slightly too strongly, but is perfect 

for OOH, and Ni, which is almost perfect for OH, but binds O and OOH lightly too weakly. 

The elements before Co (i.e., Mn, Fe) tend to bind the intermediate species too strongly, and 

the elements after Ni (i.e., Cu, Zn) give too weak a bonding. 

 

Figure 4.6: Gibbs free energies of the OER intermediates on TM doped and pristine ZnO(101̅0) (a) surface and (b) subsurface. 

Adsorbed species are abbreviated as ADS and signifies *OH (blue squares), *O (yellow circles), and *OOH (green triangles). 

The blue, yellow, and green dashed horizontal lines stand for the Gibbs free energies 1.23, 2.46, and 3.69 eV, respectively. 

 

4.3.6 Analysis of Overpotential 

In Figure 4.5, we observe that for all TM dopants the overpotential is determined by one 

of the two middle steps, ∆𝐺2 or ∆𝐺3, i.e., the formation of *O from *OH, or the formation of 

*OOH from *O. In Figure 4.6, we notice that the ΔG*OH and ΔG*OOH curves run almost parallel. 

One can connect the two observations by focusing upon the Gibbs free energy difference 

between the bonding of the OH and the OOH species 

∆𝐺23 = ∆𝐺∗OOH − ∆𝐺∗OH = ∆𝐺2 + ∆𝐺3,        (4.19) 

according to Eqs. (4.16) and (4.18). To obtain a zero overpotential, ideally ∆𝐺23 = Δ𝐺0/2 =

2.46 eV, according to Eq. (4.12). It has been observed that for most TM oxides ∆𝐺23 ≈ 3.2 

eV, irrespective of the TM.22-24 In many of these cases, both the OH and OOH species are 

bonded to the active catalytic site by a single bond to the (terminal) O atom, and the relatively 

materials independent ∆𝐺23 is thought to reflect the notion that the two bonds from OH or OOH 

to any TM are very similar to one another.  

It is useful to see whether the cases we study here fall within the same scheme. At first 

sight, the bonding of the OH and OOH species to the substrate are quite different. The O atom 

of OH forms bridge bonds to the TM dopant and a Zn atom of the substrate, whereas for OOH, 

one of the O atoms binds to the TM dopant, and the other O atom binds to a substrate Zn atom, 
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see Figures 4.4(a) and (b). Nevertheless, the calculated ΔG23 are remarkably similar for the 

different TM dopants, as shown in Figure 4.7. Moreover, they are all significantly larger than 

the ideal value of 2.46 eV. In fact, the average ΔG23 for surface/subsurface TM dopants is 

3.17/3.20 eV, with a standard deviation of 0.07/0.12 eV, which is strikingly similar to the 

results obtained for pure TM oxides, such as Co3O4 and NiO.24 

 

Figure 4.7: (a) The Gibbs free energy difference ΔG23 on TM doped and pristine ZnO(101̅0) surface and subsurface; the 

dashed horizontal line indicates the ideal value of 2G0 = 2.46 eV. (b) The Gibbs free energy difference ΔΔG*O on TM doped 

and pristine ZnO(101̅0) surface and subsurface; the value larger than 0 eV indicates weak O adsorption and smaller than 0 eV 

indicates strong O adsorption; the dashed horizontal line indicates the optimal value of 0 eV. The lines between data points 

are added to guide the eye. 

 

Any excess of ΔG23 over 2.46 eV contributes to the overpotential. According to Eq. (4.12), 

the minimum overpotential resulting from Eq. (4.19) is 

𝜂23 = (∆𝐺23 − ∆𝐺0/2)/(2𝑒),        (4.20) 

Based on the data shown in Figure 4.7(a), η23 ranges between 0.30 V and 0.42 V for surface 

doping and between 0.25 V and 0.44 V for subsurface doping, which are all values that are 

relatively close to one another. For a TM surface dopant, the minimum η23 is for Co and for a 

TM subsurface dopant it is for Zn.  

The quantity η23 gives a lower bound to the overpotential in case ΔG2 = ΔG3. In case ΔG2 

≠ ΔG3, and assuming that one of these steps determines the overpotential 𝜂, Eq. (4.13), one can 

rewrite the latter as 

𝜂 = 𝜂23 + |ΔΔ𝐺∗O|/𝑒,                                     (4.21) 

where ΔΔ𝐺∗O  measures the adsorption energy of the O species relative to the average 

adsorption energy of the OH and OOH species 

ΔΔ𝐺∗O = Δ𝐺∗O −
1

2
(Δ𝐺∗OH + Δ𝐺∗OOH) =

1

2
(Δ𝐺2 − Δ𝐺3).                                              (4.22) 
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According to Eq. (4.21), ΔΔG*O should ideally be zero, and the more it deviates from zero, 

the larger the overpotential. Figure 4.7(b) shows ΔΔG*O calculated for the TM dopant series. 

It shows a monotonic behavior along the series, starting with ΔΔG*O < 0 for Mn and increasing 

to ΔΔG*O > 0. The most interesting TM dopants are Co and Ni, as there ΔΔG*O is closest to 

zero. For these dopants, the adsorption energy of O is closest to the average of the adsorption 

energies of OH and OOH. For Mn and Fe dopants, the O binding is too strong, resulting in 

ΔΔG*O < 0, and for the Cu dopant and pristine ZnO, the O binding is too weak, which gives 

ΔΔG*O > 0. The optimal TM dopants are then Co and Ni, where the overpotential 𝜂 ≈ 𝜂23. 

4.3.7 Double Transition Metal Substitutions 

If the doping concentration is increased, one will encounter more frequently a situation 

where two adjacent Zn atoms at the surface are replaced by TM atoms, see Figure 4.8. We will 

call this “double doping” in the following. As the adsorbed intermediate species of the OER 

generally form bridge bonds to the metal atoms of the substrate, they can simultaneously bind 

to two TM dopants, instead of to one TM dopant and one Zn atom, compare to Figure 4.4. It is 

instructive to investigate whether this altered bonding scheme can change the overpotential. 

Again, there are two possible configurations of interest, one where two adjacent Zn atoms at 

the surface ridges are replaced by TM atoms, and another where one such Zn atom and one 

adjacent valley Zn atom are replaced. We call these the “surface” and “subsurface” 

configurations, respectively, see Figure 4.8.  

The total energies of the ZnO slab doped with two TM atoms in adjacent surface positions, 

one in a surface position and one in an adjacent subsurface position are listed in Tables B8 and 

B9, respectively. The relative stability of double TM doped systems with respect to single TM 

doped systems is investigated by focusing on the binding energy. The net interaction between 

the dopants is in most cases ≲ 0.1 eV, see Figure B8 of the Appendix B, which means that the 

driving force for clustering is small. 

 
Figure 4.8: Side views of the double TM doped ZnO (a) surface doping; the sequence is nothing adsorbed, OH, O, and OOH 

adsorbed; after relaxation, the OOH shows two configurations, TM-OOH1 and TM-OOH2; (b) subsurface doping; the 

sequence is nothing adsorbed, OH, O and OOH adsorbed. After relaxation, the OOH shows three configurations, TM-OOH1, 

TM-OOH2, and TM-OOH3. 
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As before, the OER intermediate species can bind in several configurations, where a 

number of possibilities are shown in Figure 4.8. A full list of the calculated total energies of 

those configurations is given in Table B10 and Table B11 of the Appendix B. In the following 

we only use the configurations with the lowest total energy. 

A summary of the calculated overpotentials resulting from the double TM substitution is 

given in Figure 4.9, whereas the Gibbs free energies of all intermediate steps, Δ𝐺1−4, are shown 

in in Figure B9. Comparison to single TM substitution (refer to Figure 4.5(b)) shows that the 

overpotentials of single and double substitution are of a similar magnitude. However, the 

minimum overpotential is shifted from Co/Ni in the single substitution case to Ni/Cu in the 

double substitution, where in both cases the minimum occurs around the point where the third 

step of the OER, Eq. (4.9), takes over as the potential determining step from the second step of 

the OER, Eq. (4.8). As the O intermediate species is common in both of these steps, this is an 

indication that the bonding of the O atom to the substrate is mainly responsible for the 

difference in overpotentials between single (Figure 4.5(b)) and double (Figure 4.9) substitution. 

 

Figure 4.9: Summary plot of the overpotential for the different TM dopants in the case of double TM doping on surface and 

subsurface. The potential determining steps are represented by different colors. 

 

The individual Gibbs free energies of the OER intermediates on double TMs doped ZnO 

(101̅0) surface and subsurface can be found in the Appendix B, Figure B10. We can analyze 

the overpotential 𝜂 resulting from the double substitution in terms of Δ𝐺23 and ΔΔ𝐺∗O, as in 

the previous section, Eq. (4.21). Δ𝐺23 reflects the difference in the bonding of the OH and the 
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OOH species to the substrate, Eq. (4.19). Plotted in Figure 4.10(a), it displays a little more 

variation with the TM dopant than for the single substitution case, compare to Figure 4.7(a). 

Nevertheless, also for double TM substitution, the values of Δ𝐺23 are still significantly larger 

that the ideal value Δ𝐺0/2 = 2.46 eV, which results in a contribution to the overpotential, Eq. 

(4.20). 

The second contribution ΔΔG*O to the overpotential, Eqs. (4.21) and (4.22), reflecting the 

adsorption strength of the O species with respect to the average of the OH and OOH species, 

is plotted in Figure 4.10(b). ΔΔG*O increases monotonically going down the TM series from 

Mn to Cu, which is similar to the single TM dopant case, shown in Figure 4.7(b). However, for 

the double TM dopant case, Figure 4.10(b), the ΔΔG*O values are significantly smaller, 

indicating a bonding of the O species to the two TM dopant atoms that is much stronger than 

the bonding to a single TM dopant (and a Zn atom of the substrate).  

To obtain a low overpotential one needs ΔΔ𝐺∗O ≈ 0, Eq. (4.21), which only occurs for the 

late TM dopants Ni and Cu. So, qualitatively the difference between the overpotentials for the 

single TM dopant, Figure 4.5(b), and the double TM dopant, Figure 4.9, is due to the stronger 

bonding of the O intermediate species to the substrate.  

Alternative ways to analyze the overpotential for metal electrodes make use of scaling 

relations to, for instance, the electrochemical-step symmetry index (ESSI).187 In the present 

case the results regarding the use of the ESSI as a descriptor does not  give further insight, see 

Appendix B, Figure B11. 

 

Figure 4.10: (a) The Gibbs free energy difference ΔG23 on double TMs doped ZnO (101̅0) surface and subsurface; the dashed 

horizontal line indicates the ideal value of 2G0 = 2.46 eV. (b) The Gibbs free energy difference ΔΔG*O on double TMs doped 

ZnO (101̅0) surface and subsurface; the value larger than 0 eV indicates weak O adsorption and smaller than 0 eV indicates 

strong O adsorption; the dashed horizontal line indicates the optimal value of 0 eV. The lines between data points are added 

to guide the eye. 
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4.4 Summary 

We computationally investigate the electrochemical activity under alkaline conditions of 

the ZnO(101̅0) surface substitutionally doped with transition metals (TMs) of the 3d series. 

Varying the TM and the doping site, we find that Co doping gives the minimum calculated 

overpotential, which is between 0.43 V and 0.49 V. In addition, Ni doping also gives a low 

overpotential of 0.50 V, whereas Fe or Cu doping give smaller improvements over pure ZnO 

regarding the OER activity. Mn gives practically no improvement at all. 

TMs dopants from the second half of the 3d series are more often found to improve the 

OER performance of oxides and nitrides. For instance, Liao et al.48 have calculated that Co and 

Ni dopants lower overpotential of pure hematite (Fe2O3), and Zaffran and Toroker66 have 

concluded that Fe, Co, or Cu doping significantly lowers the overpotential of NiOOH. In our 

previous work on two-dimensional AlN and GaN,170 we found that in particular Ni doping 

lowers the overpotential. 

Liao et al.48 correlated the lowering of the overpotential of hematite upon Co and Ni doping 

with Co or Ni dopants being less positively charged than the host Fe atoms, resulting in a more 

optimal bonding to the OER intermediates. We have calculated the Bader charges of pristine 

and TM doped ZnO surfaces, see Sec 2.6, Table B7 in Appendix B, but observed no distinct 

correlation between the overpotential and these Bader charges. In our work on TM doped 2D 

AlN/GaN, we observed that the low overpotential found for Ni doping correlates with a 

transition from a high-spin to a low-spin state on the Ni atom.170 In TM doped ZnO, it turns 

out that all TM dopants remain in high-spin states, with or without adsorbed OER intermediate 

species. 

For TM oxides, it has been observed that the difference in adsorption free energy of the 

OH and OOH is fairly constant for most TM species, ∆𝐺23 = ∆𝐺∗OOH − ∆𝐺∗OH = 3.2 ± 0.2 

eV.22-24 We find that this result is also valid for TM doped ZnO, irrespective of the TM or of 

the details of the TM-OH or TM-OOH bonding configurations. This results in a minimum 

overpotential in the range 𝜂23 = 0.27-0.47 V, Eqs. (4.20) and (4.21), for all TM dopants. The 

second factor contributing to the overpotential is the adsorption free energy of the O species, 

∆Δ𝐺∗O, relative to that of the OH and OOH species, Eq. (4.22), which ideally should be zero. 

Going down the 3d TM series, ∆Δ𝐺∗O increases monotonically. For TM doped ZnO, ∆Δ𝐺∗O 

crosses zero between Co and Ni for single surface or subsurface TM dopant atoms. This is the 

parameter that can be varied most by changing the TM or the bonding configuration of the 

OER intermediates. 



 

 
 

Chapter 5: Antiferromagnetic RuO2: A 

Stable and Robust OER Catalyst over A 

Large Range of Surface Terminations 

 

 

Rutile RuO2 is a prime catalyst for the oxygen evolution reaction (OER) in water splitting. 

Whereas RuO2 is typically considered to be non-magnetic (NM), it has recently been established 

as being antiferromagnetic (AFM) at room temperature. The presence of magnetic moments on 

the Ru atoms signals an electronic configuration that is markedly different from what is 

commonly assumed, the effect of which on the OER is unknown. We use density functional 

theory (DFT) calculations within the DFT+U approach to model the OER process on NM and 

AFM RuO2(110) surfaces. In addition, we model the thermodynamic stability of possible O 

versus OH terminations of the RuO2(110) surface, and their effect on the free energies of the 

OER steps. We find that the AFM RuO2(110) surface gives a consistently low overpotential in 

the range 0.4-0.5 V, irrespective of the O versus OH coverage, with the exception of a 100% 

OH-covered surface, which is, however, unlikely to be present under typical OER conditions. 

In contrast, the NM RuO2(110) surface gives a significantly higher overpotential of ~0.7 V for 

mixed O/OH terminations. We conclude that the magnetic moments of RuO2 supplies an 

important contribution to obtaining a low overpotential, and to its insensitivity to the exact O 

versus OH coverage of the (110) surface. 
 

 

 

 

 

 

 

This chapter is submitted as: Q Liang, A Bieberle-Hütter, G Brocks, Antiferromagnetic RuO2: A stable 
and robust OER catalyst over a large range of surface terminations, submitted to Journal of Physical 
Chemistry C. 



Chapter 5: Antiferromagnetic RuO2: A Stable and Robust OER Catalyst over A Large Range of 

Surface Terminations 

70 
 

5.1 Introduction 

Efficient catalysis of the oxygen evolution reaction (OER) is important in the 

electrochemical production of fuels for storage of renewable energy. The OER, which 

constitutes a critical step in such electrochemical processes, has been the subject of many 

theoretical and experimental studies aimed at developing electrocatalysts with improved 

activity.7, 20, 69 Ruthenium dioxide (RuO2) has been widely reported to be one of the best anode 

materials for catalyzing the OER in water splitting, having an excellent electrocatalytic activity 

in both acidic and basic media.20, 150, 188-190 Despite the relatively high cost of ruthenium 

obstructing large-scale commercial applications, RuO2 continues to be an important material, 

against which future (cheaper) OER catalysts need to be benchmarked.  

RuO2 has long been considered to be a paramagnetic metal,191,192 and most theoretical 

investigations assume a non-magnetic (NM) ground state for RuO2 when investigating its OER 

performance on the atomic scale.22, 92, 93, 150, 193 A recent experimental neutron diffraction study 

on RuO2 single crystals, combined with density functional theory (DFT) calculations, has 

established that RuO2 is an antiferromagnet (AFM) at room temperature.80 Magnetism and 

magnetic ordering are not likely to influence the energetics of the OER directly, but the presence 

of substantial magnetic moments signals a preference for a local high-spin electronic 

configuration on the Ru atoms. The latter has a distribution of electrons over the energy levels 

that is different from that of the low-spin configuration assumed in calculations with a NM 

ground state. This difference in electron configurations on the Ru atoms can affect the OER 

energetics. Indeed, a DFT study on the final step in the OER, the formation of an O2 molecule 

from an adsorbed OOH species, has concluded that the formation energy on a ferromagnetic 

(FM) RuO2(110) surface is ~1 eV lower than on its NM counterpart.95 This strongly suggests 

that it is important to include the true magnetic electronic ground state to elucidate the success 

of RuO2 as a catalyst for the OER.  

RuO2 has a rutile structure, and its most prominent surface for the OER is the (110) 

surface.22, 95, 150 The unit cell of the stoichiometric (110) surface contains two differently 

coordinated Ru atoms, one that is sixfold coordinated by O atoms and one with a fivefold 

coordination. The latter, coordinatively unsaturated (CUS), surface Ru atom is exposed and 

thought to be a reaction center for the OER.194 This clean surface, with exposed Ru atoms, does 

not persist under electrochemical conditions, as it will be covered by O or OH species, or a 

mixture of the two.93, 150, 195-197 Early DFT calculations of the OER on NM RuO2 showed a 
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difference of only ~0.1 V in the overpotential between a fully O-terminated surface and a fully 

OH-terminated surface.22 Later, more refined, calculations on NM RuO2 identified a more 

advantageous reaction path, where an adsorbed OOH species transfers its H atom to a 

neighboring O site on the surface.150 Obviously, such an event can only take place if a 

neighboring O site is available, as OH sites block this transfer. This makes it necessary to revisit 

the phase diagram of O vs OH termination of the RuO2(110) surface, and its effect on the OER 

process.   

In the present paper, we study the OER on the AFM RuO2(110) surface by means of DFT 

calculations. We establish the electronic structure and the magnetic moments of the surface Ru 

atoms as a function of O/OH coverage and calculate the O/OH coverage as function of the 

applied potential and the pH (Pourbaix diagram). We investigate the entire OER, calculate the 

free energies of all reaction steps involved, and determine the overpotential, which is the prime 

parameter to judge the electrochemical activity towards OER. In addition, we explore the 

dependence of the free energies and overpotential on the OH surface coverage and surface 

phases of the RuO2(110) surface. We show that the AFM RuO2(110) surface is more active for 

the OER than a NM RuO2(110) surface. Except for the fully OH-terminated surface, the surface 

configuration has in fact little effect in determining the electrocatalytic activity of AFM RuO2 

towards the OER, explaining the versatility of this material under different pH conditions.  

 

5.2 Computational methods 

The DFT calculations are carried out with the Vienna Ab Initio Simulation Package 

(VASP), which uses the projector-augmented plane wave (PAW) technique, and a plane wave 

basis set.49-51 DFT exchange and correlation are treated at the level of the generalized gradient 

approximation (GGA), using the Perdew-Burke-Ernzerhof (PBE) functional.56 Following 

Ref.80, to better model on-site electron-electron repulsion, which is instrumental in correctly 

describing the magnetism in RuO2, we use the DFT+U approach in the form proposed by 

Dudarev et al.,57 with an on-site interaction parameter of 𝑈 − 𝐽 = 2.0 eV for Ru. As PAW 

potentials we use the Ru_pv potential, which includes p semi-core states, and standard 

potentials for O and H atoms. We employ a plane-wave kinetic energy cutoff of 500 eV and 

energy and force convergence criteria of 10−5 eV and 0.01 eV/Å, respectively. The optimized 

RuO2  bulk lattice parameters are a = 4.53 Å and c = 3.12 Å, in good agreement with the 

experimental values, a = 4.49 Å and c = 3.11 Å.198  
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To model the (110) surface, a 7-layer stoichiometric RuO2 slab is constructed with (110) 

surfaces, a 3 × 2 rectangular surface supercell (cell parameters 9.36 Å and 12.82 Å), and a 15 

Å vacuum region. A 4 × 3 × 1 Monkhorst-Pack sampling of the reciprocal cell is used.142 The 

atomic positions of the four bottom layers of the RuO2 slab are fixed, and all other atomic 

positions are relaxed to their minimum energy positions. For the AFM calculations, we transfer 

the spin arrangement found for RuO2 bulk in Ref.80 to the  7-layer RuO2(110) slab, as indicated 

by down (orange) and up (blue) arrows at the Ru sites shown in Figure 5.1. The size of the 

magnetic moments on the Ru atoms changes during the (electronic) optimization, but this AFM 

ordering persists. Convergence tests regarding the size of the slab and supercell are presented 

in the Appendix C. Tables C1-3 give the calculated magnetic moments on the Ru atoms of bulk 

RuO2 and of RuO2 slabs of varying thickness, and  Figures C1-3 show the corresponding atomic 

structures . 

 
Figure 5.1: (a) Front and (b) rotated views of the unit cell of a 7-layer RuO2(110) slab; the (fully oxygen-covered) OER active 

surface is at the top. The grey and red spheres represent Ru and oxygen atoms, respectively. AFM spin arrangements are 

indicated by down (orange) and up (blue) arrows at the Ru sites. The numbers represent the Ru atoms in Table 5.1.  

 

5.3 Results and Discussion 

5.3.1 RuO2(110) surface 

5.3.1.1 Magnetism 

Starting with bulk RuO2, we find that the AFM state is 74 meV per formula unit lower in 

energy than the (non-spin-polarized) NM state, with magnetic moments on the Ru atoms of 

±1.18 μB, which is in agreement with previous work.80 Proceeding with the surface, the slab 

used to model the (110) surface is shown in Figure 5.1. It has a fully O-terminated surface on 
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one side, which is a stable surface termination under high pH and overpotential conditions, see 

below. This surface contains two structurally different Ru atoms, indicated by the labels 7 and 

14 in Figure 5.1. We maintain the stoichiometry of RuO2 in the slab, so the surface on the other 

side (Ru atoms 1 and 8) remains clean of O atoms.  

The optimized magnetic moments of the Ru atoms in the slab are shown in Table 5.1. The 

AFM ordering persists throughout the slab, with the magnetic moments in the middle of the 

slab (Ru atoms 4 and 11) attaining values of around ±1.18 μB, which is similar to the bulk. 

Toward the surfaces of the slab the absolute magnetic moments become somewhat smaller but 

stay close to their bulk value. The exceptions are the Ru atoms 14 and 7 at the O-terminated 

surface, which have magnetic moments of 1.45 μB and −0.22 μB, respectively, signifying that 

their absolute values are 0.27 μB larger, respectively, 0.95 μB smaller than the bulk value. 

Especially the latter large change likely indicates a significant change in the electronic structure 

of the surface atom. 

 

Table 5.1: Magnetic ordering and moments on the Ru atoms in the RuO2(110) slab, see Figure 5.1. Positive/negative signs 

stand for spin-up/down. 

Ru atoms Magnetic moment (μB) 

1-7 −0.91, −0.91, −1.15, −1.17, −1.11, −1.12, −0.22 

8-14 1.18, 1.09, 1.18, 1.18, 1.16, 1.16, 1.45 

 

A Ru ion in bulk RuO2 has a nominal oxidation state 4+, corresponding to a configuration 

5s04d4.199 The partial density of states (PDOS) of Ru atom 4, which is in the middle of the slab 

and thus bulk-like, is shown in Figure 5.2(a). In the rutile structure, a Ru atom is sixfold 

coordinated by oxygen atoms in a distorted octahedral coordination with O-Ru-O angles of 78o 

and 102o. Perfect octahedral coordination gives a 𝑡2𝑔 -𝑒𝑔  splitting of the d-states, and the 

distortion splits the multiplet further, so that the energy ordering of the d-states on Ru atom 4 

(referring to the axes used in Figure 5.1) is d𝑥2−𝑦2 < d𝑥𝑧 , d𝑦𝑧 < d𝑥𝑦, d𝑧2, which corresponds to 

what is found in bulk RuO2.
80 As can be observed in Figure 5.2(a), for Ru atom 4 the d𝑥2−𝑦2 

spin-up and spin-down orbitals are fully occupied, whereas only the spin-down d𝑥𝑧 and d𝑦𝑧 

orbitals are occupied, which indeed corresponds to a d4 configuration. Note however that, 

instead of a magnetic moment of −2 𝜇𝐵, which one expects to find for a purely ionic Ru4+(O2-

)2, we find −1.17 μB, reflecting the significant hybridization of the Ru d-orbitals with their 

surroundings. 
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This basic electronic structure holds for all Ru atoms in the system, with the exception of 

the surface Ru atom 7. Its PDOS, shown in Figure 5.2(b), indicates a full occupancy of  d𝑥2−𝑦2 

spin-up and spin-down, but only a partial occupancy of spin-down d𝑥𝑧 and d𝑦𝑧, consistent with 

a configuration d≲3and oxidation state ≳5+. This increased oxidation state explains the small 

magnetic moment of −0.22 μB observed on Ru atom 7. The O atom on top is bonded only to 

this particular Ru atom, see Figure 5.1, which likely causes its increased oxidation. All other O 

atoms in the structure are bonded to two neighboring Ru atoms.  

Ru atom 7 represents an active site for the OER, implying that over the course of the OER 

(to be discussed in detail below) the O atom adsorbed on top is replaced by an OH or OOH 

species, or becomes a vacancy, thereby creating a coordinatively unsaturated (CUS) surface Ru 

atom. Interestingly, replacing the O atom by OH, OOH, or creating a vacancy restores the basic 

electronic configuration of the Ru atom. The calculated magnetic moments of CUS Ru and Ru 

with OH adsorbed on top are −1.21 μB, respectively, −1.26 μB, close to the bulk value. The 

corresponding PDOSs, Figures 5.2(c) and (d), are consistent with valency 4+, and are in fact 

very similar to that of a Ru atom in the middle of the slab, Figure 5.2(a). In conclusion, from 

the PDOS and magnetic moments analysis, we find that the electronic configuration of the CUS 

Ru atom is affected by O adsorption, but not much by OH adsorption. 

 
Figure 5.2: (a) Spin-polarized projected density of states (PDOS) of a Ru atom in the middle of the slab (Ru atom 4 in Figure 

5.1); (b) PDOS of the OER-active surface Ru atom (Ru atom 7 in Figure 5.1) with an adsorbed O atom on top, (c) with an O 

vacancy, and (d) with an adsorbed OH species on top. 
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5.3.1.2 Surface termination 

Though the RuO2(110) surface is mostly thought of as O-terminated under OER 

conditions,92, 95, 150 experiments also find a mixed O/OH surface termination under certain 

conditions.150, 195, 196 The exact coverage by O or OH depends upon the applied potential, as is 

concluded from in-situ surface X-ray scattering experiments combined with DFT 

calculations.150 Previous calculations have used a NM RuO2 substrate and considered a small 

number of fixed O/OH terminations.93 Here, we focus on AFM RuO2, consider a wide range of 

O/OH terminations, and incorporate the entropies of  the O/OH coverages to calculate their free 

energies.  

The relative stability of different terminations can be inferred from studying the adsorption 

of 𝑛 water molecules on the 𝑁 sites of an O/OH-free surface in the form of 𝑚 OH groups and 

𝑛 −𝑚 O groups, as in the reaction 

∗ +𝑛H2O(𝑙) →∗ (OH)𝑚O𝑛−𝑚 + (2𝑛 −𝑚)H
+ + (2𝑛 −𝑚)𝑒−, (5.1) 

where * indicates the O/OH-free surface, and ∗ (OH)𝑚O𝑛−𝑚  the surface with mixed O/OH 

coverage. Applying the computational hydrogen electrode (CHE) approach, one refers the 

potential of the RuO2 electrode with respect to the reversible hydrogen electrode (RHE), which 

sustains the equilibrium H+  +  𝑒− ↔½ H2 at standard conditions (𝑇 = 298 K, 𝑝H2 = 1 bar).38 

In addition, an equilibrium between liquid and gaseous water is assumed, H2O(𝑙) ↔ H2O(𝑔) 

(𝑇 = 298 K, 𝑝H2O = 0.035 bar).   

The Gibbs free energy of reaction (5.1) can then be expressed as 

𝐺(𝑛,𝑚) = 𝐸(∗ (OH)𝑚O𝑛−𝑚) + 𝑍𝑃𝐸 − 𝑇𝑆(𝑛,𝑚) + (2𝑛 −𝑚) [
1

2
𝜇H2(𝑔) −

𝑒𝑈𝑅𝐻𝐸] − 𝐸(∗) − 𝑛𝜇H2O(𝑔), 

(5.2) 

where 𝐸(∗ (OH)𝑚O𝑛−𝑚) and 𝐸(∗) are the DFT total energies of the O/OH-covered RuO2(110) 

and the O/OH-free surface, respectively; 𝑍𝑃𝐸  is the zero-point energy correction, which is 

relevant for the adsorbed species; 𝜇H2(𝑔) and 𝜇H2O(𝑔) are the chemical potentials of hydrogen 

gas and water gas, obtained from the DFT total energies and ZPEs of the molecules, and the 

tabulated properties of the gases; 𝑈𝑅𝐻𝐸 is the potential of the RuO2 electrode with respect to the 

RHE.38 The entropy 𝑆(𝑛,𝑚) is modeled as the sum of the vibrational entropy144, 145 and the 

mixing entropy.  
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We find that mixed O/OH coverages are energetically favorable only on a fully covered 

surface (𝑛 = 𝑁), and the O/OH configurations at fixed OH concentration (fixed 𝑚) differ little 

in energy (≲0.1 eV), so we use the simple expression 

𝑆mix(𝑁,𝑚) = −𝑁𝑘𝐵 [
𝑚

𝑁
ln (

𝑚

𝑁
) +

𝑁−𝑚

𝑁
ln (

𝑁−𝑚

𝑁
)], (5.3) 

Creating uncovered Ru sites on the surface (𝑛 < 𝑁), is energetically favorable only in case of 

a fully OH-covered surface (𝑛 = 𝑚), and then far more favorable CUS Ru atoms (Ru atom 7 

in Figure 5.1). So, for that particular case we use the mixing entropy 

𝑆′mix(𝑛, 𝑛) = −
1

2
𝑁𝑘𝐵 [

2𝑛−𝑁

𝑁
ln (

2𝑛−𝑁

𝑁
) +

2𝑁−2𝑛

𝑁
ln (

2𝑁−2𝑛

𝑁
)]; 𝑛 =

𝑁

2
, ⋯ , 𝑁, (5.4) 

where the factors 2 originate from the fact that only half the Ru sites on the (110) surface are 

CUS Ru atoms.  

The pH-dependence of the free energy, Eq. (5.2), can be made explicit by referring the 

RHE to the standard hydrogen electrode (SHE) (pH = 0) by the standard expression 

−𝑒𝑈𝑅𝐻𝐸 = −𝑒𝑈𝑆𝐻𝐸 + 𝑘𝐵𝑇ln𝑎H+ = −𝑒𝑈𝑆𝐻𝐸 − (pH) × 𝑘𝐵𝑇ln10, (5.5) 

The values m,n that give the minimum 𝐺(𝑛,𝑚)  represent the most stable surface O/OH 

coverage.  

Starting from the fully O covered surface, we have studied mixed O/OH/vacancy 

coverages; a number of representative structures are shown in Figure 5.3. A Pourbaix diagram 

of the most stable coverages, as function of 𝑈𝑆𝐻𝐸  and pH, is shown in Figure 5.4. A fully O 

coverage is most stable above 𝑈𝑆𝐻𝐸 ≈ 1.3 V at pH = 0, dropping linearly to above 𝑈𝑆𝐻𝐸 ≈ 0.5 

V at pH = 14. Between 𝑈𝑆𝐻𝐸 ≈ 0.4 V and to 1.1 V, a full OH coverage is most stable at pH = 

0, and that interval drops linearly to between 𝑈𝑆𝐻𝐸 ≈ −0.4 V and 0.3 V at pH = 14. In the 

intermediate voltage ranges (1.1 V ≲ 𝑈𝑆𝐻𝐸 ≲ 1.3 V at pH = 0 to 0.3 V ≲ 𝑈𝑆𝐻𝐸 ≲ 0.5 V at pH 

= 14) mixed O/OH coverages are stable. Below the line 𝑈𝑆𝐻𝐸 ≈ 0.4 V at pH = 0 to 𝑈𝑆𝐻𝐸 ≈

−0.4 V at pH = 14 it becomes increasingly advantageous to create uncovered Ru sites, but a 

surface configuration where all CUS Ru atoms are uncovered only becomes stable below the 

line 𝑈𝑆𝐻𝐸 ≈ −0.5 V at pH = 0 to 𝑈𝑆𝐻𝐸 ≈ −1.1 V at pH = 14. 

In experiments, the OER on RuO2 is typically measured in the interval  𝑈𝑅𝐻𝐸 = 0.2-1.6 V, 

which translates into the same interval for 𝑈𝑆𝐻𝐸  at pH = 0 to −0.6-0.8 V at pH = 14, see Eq. 

(5.5). The lowest part of this interval corresponds to a OH covered surface with a small number 

of uncovered CUS Ru atoms, see Figure 5.4. In the range 𝑈𝑅𝐻𝐸 = 0.4-1.1 V one has a fully OH-

covered surface, from 1.1 to 1.3 V one has mixed O/OH coverage with an increasing O 
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percentage, and above 1.3 V the fully O-covered surface is most stable. These results actually 

agree quite well with what has been found in an experimental study.150 

 

Figure 5.3: Top and side views of (110) surfaces with different O/OH terminations in a 3 × 2 supercell: (a) 100/0 %, (b) 83/17 

%, (c) 67/33 %, (d) 50/50 %, (e) 33/67% (f) 8/92 % O/OH termination. The OH groups are marked by blue O and purple H 

atoms, with dashed lines indicating hydrogen bonds. An active Ru site is singled out and highlighted in yellow.  

 
Figure 5.4: Pourbaix diagram depicting the most stable RuO2(110) surface covering as a function of pH and potential 𝑈𝑆𝐻𝐸 (V). 

The dark green, orange, and blue colors indicate regions where, respectively, 100% O-covered, 100% OH-covered, and 50/50% 

CUS/OH-covered Ru sites are thermodynamically most stable. The lighter green colors indicate a transition region where, 

starting from 100% OH-coverage, the %OH gradually decreases, and the %O increases. The lighter orange colors indicate a 

similar transition region between the 50/50% free/OH-covered and 100% OH-covered surfaces, where the % of free Ru sites 

gradually decreases.    
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5.3.2 OER Reaction 

We consider a four-electron reaction mechanism for OER under alkaline conditions.181, 183, 

200 The outcomes are easily adapted to the reaction mechanism under acidic conditions.183 The 

overall water oxidation reaction is 

4OH− → O2 (g) + 2H2O (l)+ 4𝑒−, (5.6) 

where (g) and (l) refer to the gas and liquid phases, respectively. The reaction proceeds in four 

steps183  

* + OH− → *OH + 𝑒−,                                                                                         (5.7) 

*OH + OH− → *O + H2O(𝑙) + 𝑒−, (5.8) 

*O + OH− → *OOH + 𝑒−, (5.9) 

*OOH + OH− → * + O2(𝑔) + H2O(𝑙) + 𝑒−, (5.10) 

where * represents the active site of the catalyst, in this case a CUS Ru site on the surface, and 

*OH, *O, and *OOH represent the species adsorbed on the active site. As in the previous 

section, we use the CHE approach, assuming the equilibrium H+ + 𝑒− ↔ ½ H2 at standard 

conditions (𝑇 = 298 K, 𝑝H2 = 1 bar),38 as well as equilibrium between liquid and gaseous 

water, H2O(𝑙) ↔ H2O(𝑔) (𝑇 = 298 K, 𝑝H2O = 0.035 bar). Referring the potential of the RuO2 

electrode with respect to the reversible hydrogen electrode (RHE), the Gibbs free energies, ∆𝐺𝑛, 

of reactions (5.6)-(5.10) are given by 

∆𝐺1 = 𝐸∗OH − 𝐸∗ − 𝐸H2O +
1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1 − 𝑒𝑈RHE,                                                                                        (5.11) 

∆𝐺2 = 𝐸∗O − 𝐸∗OH +
1

2
𝐸H2  + (ΔZPE –  𝑇Δ𝑆)2 − 𝑒𝑈RHE, (5.12) 

∆𝐺3 = 𝐸∗OOH − 𝐸∗O − 𝐸H2O +
1

2
𝐸H2  +  (ΔZPE –  𝑇Δ𝑆)3 − 𝑒𝑈RHE, (5.13) 

∆𝐺4 = Δ𝐺0 − ∆𝐺1 − ∆𝐺2 − ∆𝐺3 − 4𝑒𝑈RHE, (5.14) 

where Δ𝐺0 = 4.92 eV is the Gibbs free energy of the overall reaction (l); 𝐸∗, 𝐸∗OH , 𝐸∗O, 𝐸∗OOH 

are the total energies of the surface, and of surfaces with the single adsorbed species OH, O, 

and OOH, respectively, and 𝐸H2O and 𝐸H2  are the total energies of the H2O and H2 molecules, 

all obtained from DFT calculations. Note that we use Eq. (5.14) to avoid having to calculate the 

total energy of the O2 molecule, whose triplet ground state is described less accurately in the 

current approach. ΔZPE and TΔS are the changes in zero-point energies and entropy from the 

initial state to the final state, respectively, with T the temperature. In addition, 𝛥𝑆 contains the 

entropy contributions of the gas phases used in reactions (5.7)-(5.10).144, 145 
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For an ideal catalyst, the four reaction steps have an equally large ∆𝐺𝑛  

𝐺0

4
= ∆𝐺1 = ∆𝐺2 = ∆𝐺3 = ∆𝐺4 = 1.23 eV, (5.15) 

such that a single potential 𝑈0 = 1.23 V drives all reaction steps. Normally, this is not the case, 

and an additional overpotential is required to drive the step with the largest ∆𝐺𝑛 . The 

overpotential is then defined by  

𝜂 =
1

𝑒
max

𝑛=1,2,3,4
[∆𝐺𝑛] − 𝑈0.  (5.16) 

5.3.2.1 Free Energies and Overpotentials  

We start from the fully O-covered RuO2(110) surface with one active Ru site, which either 

is uncovered, or adsorbs one of the intermediate species, *OH, *O, and *OOH, according to 

reactions (5.7)-(5.10), as shown in Figure 5.5. Upon geometry optimization, the H atom of an 

adsorbed OOH species transfers spontaneously to an adjacent O-Ru site on the surface, leaving 

behind an OO species adsorbed on the active site, see Figure 5.5(d), which agrees with the 

results obtained by Rao et al.150 In fact, such a spontaneous H transfer leaving behind an OO 

species, also happens on mixed O/OH terminated surfaces, as long as there is an O-terminated 

Ru site neighboring the active Ru site. Only if such an O-terminated Ru site is not available, as 

on a fully OH-terminated surface, the OOH adsorbs without splitting off the H, see Figure C4.  

 

Figure 5.5: Top and side views of the OER reaction cycle, Eqs. (7)-(10), for a O-covered surface, (a) the active CUS (uncovered) 

Ru atom highlighted in yellow, (b) with OH, (c) O, and (d) OOH adsorbed. The dashed line between O and H in (d) indicates 

the transfer of H to a neighboring O site.  

 

Figure 5.6 shows the Gibbs free energies of reactions (5.11)-(5.14), calculated at zero 

potential (𝑈𝑅𝐻𝐸 = 0), and the calculated overpotential, Eq. (5.16), for mixed O/OH covered 

RuO2(110) surfaces, with 0-100% fractions OH coverage, and an AFM RuO2(110) substrate. 

In order to analyze the effects of magnetism on the RuO2(110) surface for the OER, we have 

repeated the calculations switching off the spin polarization, which makes the RuO2 substrate 
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NM. The fully O-terminated (0% OH) NM surface has an overpotential of 0.41 V, which agrees 

with literature results,22, 150 where the potential determining step (PDS) is the final reaction step, 

Eq. (5.10), Figure 5.6(a). Partially OH-covered surfaces display higher overpotentials between 

0.63 and 0.73 V, where the third reaction step, Eq. (5.9), is the PDS.  

For the AFM configuration, the fully O-terminated (0% OH) surface has an overpotential 

of 0.49 V, which is close to the NM configuration, but different from the latter, the PDS is the 

third reaction step, Eq. (5.9), Figure 5.6(b). In addition, the overpotential calculated for AFM 

RuO2 decreases slightly to 0.41 V, for increasingly OH-covered surfaces, the third reaction step 

remaining the PDS. Only close to a fully covered (≥ 92%) OH surface does the overpotential 

increase to 0.71 V. This higher overpotential stems from the fact that if OOH adsorbs on the 

top of the Ru active site, the proton of the OOH group transfers to an O on an adjacent Ru site, 

Figure 5.5(d), as discussed above. This route is blocked for a fully covered OH surfaces, and 

forces OOH to adsorb as one species, which increases its energy. 

Introducing magnetism in RuO2 does not affect the OER on a fully O-covered (110) surface 

much, but it considerably reduces the overpotential on mixed O/OH-covered surfaces, Figure 

5.6(c). A fully O-covered surface is maximally oxidized, resulting in very small magnetic 

moments on the CUS Ru atoms (Ru atom 7 in Figure 5.1), where the difference in the electronic 

configuration between AFM and NM states is small, Figure 5.2(b). As discussed in Sec. 

Magnetism, on mixed O/OH-covered surfaces the average oxidation state of the CUS Ru atoms 

decreases, and the increased number of electrons prefer to be in a high-spin state, as is signaled 

by the magnetic moments on the CUS Ru atoms, Figure 5.2(d). Whereas this is correctly taken 

into account in the AFM calculation, in a NM calculation, one enforces a low-spin configuration 

on these atoms, which introduces an error, as this is not the true ground state. The results 

discussed here are obtained with a in 3 × 2 surface supercell. Using a smaller 2 × 1 supercell, 

as in Ref.150, for instance, the results are qualitatively similar, but quantitatively a little different, 

as discussed in the Appendix C, see Figures C5 and C6. Using a larger supercell increases the 

accuracy of the calculations.  
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Figure 5.6: Gibbs free energies of the four reaction steps, Eqs. (11)-(14), of (a) NM and (b) AFM systems with mixed O/OH 

coverages and different OH percentages. The values of the overpotential are given in the legends. The potential determining 

steps are represented by the solid lines between the steps. (c) Summary plot of the overpotentials of the NM and AFM systems. 
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5.3.2.2 Adsorption Energies 

In order to interpret the trends in the calculated overpotentials, it is instructive to examine 

the adsorption free energies of the OER intermediates.170 These can be easily extracted from  

the Gibbs free energies of the reaction steps, Eqs. (5.11)-(5.14), setting 𝑈RHE = 0 

∆𝐺∗OH = Δ𝐺1 = 𝐸∗OH  – 𝐸∗ – 𝐸H2O +
1

2
𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1, 

(5.17) 

∆𝐺∗O = Δ𝐺1 + Δ𝐺2 = 𝐸∗O  – 𝐸∗ – 𝐸H2O + 𝐸H2 + (ΔZPE –  𝑇Δ𝑆)1+2, (5.18) 

∆𝐺∗OOH = Δ𝐺1 + Δ𝐺2 + Δ𝐺3 = 𝐸∗OOH  – 𝐸∗ – 2𝐸H2O +
3

2
𝐸H2 +

 (ΔZPE –  𝑇Δ𝑆)1+2+3. 

(5.19) 

The free energies of the OER intermediates for adsorption on pure and mixed O/OH-covered 

surfaces are shown in Figure 5.7. The lower the adsorption free energy, the stronger the bonding 

of the species to the active site. 

Starting with the OH adsorbate, we notice that ∆G∗OH  decreases with increasing OH 

coverage from 0.80 eV for a fully O-covered surface (0% OH) to nearly zero for the 92% OH-

covered surface, see the bottom panel in Figure 5.7. This is consistent with the calculated 

stability of the fully OH-covered surface under zero-potential conditions, see Figure 5.4. For 

the ideal catalyst, the ∆G∗OH should be close to the ideal value Δ𝐺0/4 = 1.23 eV, Eqs (5.15) 

and (5.17). However, all the O/OH coverages give a ∆𝐺∗OH that is significantly smaller than the 

ideal value, which means the OH binds to the surface too strongly. Because of the sum rule 

∆𝐺∗OH + ∆𝐺2 + ∆𝐺3 + ∆𝐺4 = ∆𝐺0, Eqs. (5.14) and (5.17), if ∆𝐺∗OH is too small, then one or 

more of the remaining steps, ∆𝐺𝑖; 𝑖 = 2,3,4, have to be too large. Defining the deviation from 

ideal as 𝛿1 = (
Δ𝐺0

4
− ∆G∗OH)/𝑒, the overpotential 𝜂, Eq. (5.16), must be at least is 𝛿1/3 V, as 

the best scenario is to divide this deviation because of the OH overbinding equally over the 

three remaining reaction steps.  

The next reaction step, following OH adsorption, involves an adsorbed O species. The 

middle panel in Figure 5.7 displays the adsorption free energy, ∆𝐺∗O, of the O species, Eq. 

(5.18). ∆𝐺∗O decreases from 1.97 eV to 1.45 eV upon increasing the surface OH coverage from 

0% to 92%, showing a similar trend in the increase of the O binding strength as for the OH 

species. Comparing to the ideal value ΔG0/2 = 2.46 eV, Eqs. (5.15) and (5.18), also the O atom 

is bonded too strongly. Defining a deviation from ideal by 𝛿2 = (
Δ𝐺0

2
− ∆G∗O)/𝑒, we note that 

𝛿2 ≈ 𝛿1, so the second reaction step has not compensated for the deviation of the first step at 

all. On the contrary, following a reasoning similar to that in the previous paragraph, then 
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because of the O overbinding, the overpotential must now be at least 𝛿2/2 V, if the deviation is 

divided equally over the two remaining reaction steps. 

Finally, the top panel in in Figure 5.7 shows the adsorption free energy, ∆𝐺∗OOH, of the 

OOH species, Eq. (5.19). The calculated values for ∆𝐺∗OOH decrease from 3.69 eV to 3.39 eV 

upon increasing the surface OH coverage from 0% to 92%. These values are in fact close to the 

ideal value 3ΔG0/4 = 3.69 eV, Eqs. (5.15) and (5.19), which means that the systems bind OOH 

almost perfectly. We define as before the deviation from the ideal value as 𝛿3 = (
3Δ𝐺0

4
−

∆G∗OOH)/𝑒, where we note that numerically 𝛿3 <
1

2
𝛿2. From Eqs. (5.18) and (5.19) we now 

obtain  Δ𝐺3 =
ΔG0

4
+ 𝑒(𝛿2 − 𝛿3) and Δ𝐺4 =

ΔG0

4
+ 𝑒𝛿3. We conclude that Δ𝐺3 > Δ𝐺4, so the 

third reaction step, Eq. (5.9), determines the overpotential, which is 𝜂 = 𝛿2 − 𝛿3. Notably, this 

number is fairly constant as a function of OH coverage, see Figures 5.6(b), and (c). In summary, 

the overpotential is determined by the fact that the intermediate species O and OH bind to the 

substrate too strongly. 

 

Figure 5.7: Gibbs free energies of adsorption, ΔG*ADS where ADS = OH, O, or OOH. The horizontal black dashed lines stand 

for the Gibbs free energies 1.23, 2.46, and 3.69 eV, respectively. 

 

Previous computational studies on metal oxides have found that the O versus OH 

termination of a surface can  strongly modify the overpotential of the OER.61, 75, 201, 202 For 
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example, Calle-Vallejo et al.201 have studied this for the NiO(001) surface and its hydroxylated 

modification NiOOH. Pristine NiO shows an overpotential of 0.3 V, while the overpotential 

increases to 0.6 V for the hydroxylated (NiOOH) surface, demonstrating that hydroxylation of 

the surface significantly decreases its OER activity. Sun et al.202 have investigated the OER on 

clean, O- and OH-terminated spinel Co3O4(100) surfaces. The O-terminated surface gives an 

overpotential of 0.45 V, whereas OH-terminated and clean surfaces yield much higher 

overpotentials of 0.93 V and 1.82 V, respectively.  

Our calculations show that the overpotential obtained for the OER on the RuO2(110) 

surface, is remarkably insensitive to the exact mix of O versus OH coverage. This can be traced 

to the fact that the adsorption energies of the intermediate species, OH, O, and OOH, do not 

change very much upon varying the O/OH coverage mix. The exception to this rule is a fully 

OH-covered surface, because in that case the proton transfer from an adsorbed OOH species to 

the surface is blocked, which leads to a higher overpotential. However, the Pourbaix diagram 

shows that a fully OH-covered surface is unlikely to be present under typical OER conditions. 

 

5.4 Summary 

Although rutile RuO2 is usually assumed to be non-magnetic (NM), it is in fact an 

antiferromagnetic (AFM) metal at room temperature according to the recent literature. By 

means of density functional theory (DFT) calculations, applying the DFT+U formalism, we 

model the oxygen evolution reaction (OER) on the AFM RuO2(110) surface, and contrast our 

results with those obtained for NM RuO2. Although magnetic ordering as such is not expected 

to play a role in chemical bonding, the presence of magnetic moments on the Ru atoms changes 

their electronic structure considerably, as compared the low-spin NM state, which affects their 

bonding to adsorbed species. 

The RuO2(110) surface is known to be covered by O or OH groups, or a mixture of the 

two, depending on the pH and on the applied potential. We model the thermodynamic stability 

of these possible coverages, and the effect they have on the free energies of the OER steps. We 

find that different coverages have little effect on the overpotential calculated for the OER on an 

AFM RuO2(110), with values between 0.41 and 0.49 V. The adsorption energies of the 

intermediate species involved in the OER (OH, O, and OOH) on the active Ru sites on the 

surface vary little with different O/OH coverages. This indicates that it is the local electronic 
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structure of the active Ru site which determines the reaction energies, and that this electronic 

structure does not change very much upon altering the surface coverage.  

The exception is a 100% OH-covered surface, which gives a significantly higher 

overpotential of 0.71 V. This is due to blocking the proton transfer from the adsorbed OOH 

species to the surface in this particular case. However, such a coverage is not stable at the 

potentials required to drive the OER, where (part of) the surface is converted to O-coverage, 

which allows for the proton transfer, and lowers the overpotential. 

In contrast, a NM RuO2(110) surface gives significantly higher overpotentials of 0.63-0.67 

V for mixed O/OH terminations. It demonstrates that representing the magnetic moments on 

the Ru atoms is necessary to describe their electronic structure properly and capture accurately 

the bonding to the intermediate species involved in the OER. The overpotential calculated for 

AFM RuO2(110) is not only low, but also remarkably insensitive to different surface 

terminations, which adds to the reasons why RuO2 is an excellent OER catalyst. 
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Chapter 6: First-principles Study of the 

Magnetic Exchange Forces between the 

RuO2(110) Surface and A Fe Tip 

 
Magnetic exchange force microscopy (MExFM) is an important experimental technique 

for mapping out the magnetic structure of surfaces with atomic resolution, which relies on the 

spin-dependent short-range exchange interaction between a magnetic tip and a magnetic 

surface. RuO2 has been characterized formerly as an antiferromagnetic material, and its 

magnetism has been predicted to play an important role in its catalytic properties. In the current 

study, we use density functional theory (DFT) calculations to extract the exchange force and 

energy between a ferromagnetic Fe tip interacting with an AFM RuO2(110) surface, as a 

function of tip-surface distance, and position of the tip over the surface. Mimicking the MExFM 

experiment, these data are then used to calculate the normalized frequency shift of an oscillating 

cantilever tip versus the minimum tip-surface distance, and construct corrugation height line 

profiles. The exchange interaction between tip and surface is strongest for a parallel 

configuration of spins on the tip and the surface, and weakest for an anti-parallel orientation. In 

a corrugation profile this gives rise to a sizable height difference of 25 pm between the spin-up 

and spin-down Ru atoms in the RuO2(110) surface at a normalized frequency shift 𝛾 = −10.12 

fNm1/2. The O atoms in the surface are not or hardly visible in the corrugation profile. 

 

 

 

 

 

 

 

 

 
In preparation. 
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6.1 Introduction 

Ruthenium dioxide (RuO2) is a metal that has been successfully applied in various fields, 

such as electrocatalysis,150 heterogeneous catalysis,203 Li-ion batteries,204 and 

supercapacitors.205 Its favorable properties encompass its capability for reversible redox 

reactions, a high proton conductivity, a large specific capacitance, and a high thermal and 

chemical stability.206 In many of these application, reactions and processes that take place at the 

surface of RuO2 play a decisive role. RuO2 has a rutile structure and  most of our current 

understanding of the processes and reactions at RuO2 surfaces is based on the (110) surface, 

since that is the crystal surface with minimum surface energy.206, 207 Bulk RuO2 and the 

RuO2(110) surface have long been assumed to be non-magnetic.191 Recently, bulk single-crystal 

RuO2 has been found to be anti-ferromagnetic (AFM) at room temperature.80, 81 DFT studies 

show that the antiferromagnetism persists at the (110) surface and that the spin states of the 

surface Ru atoms affect the surface’s catalytic activity, such as the oxygen evolution reaction 

(OER) of water splitting.95, 208 So far, the antiferromagnetism of the RuO2(110) surface has not 

been demonstrated experimentally.  

Magnetic exchange force microscopy (MExFM) is an extension of non-contact type atomic 

force microscopy, which aims at probing the spin-dependent short-range interaction between a 

probe tip and a surface. MExFM has allowed to map out the magnetic properties of 

nanostructures at surfaces with atomic-scale resolution.96, 97, 209, 210 MExFM is essentially an 

atomic force microscopy equipped with a magnetic tip; the strength of the short-range exchange 

interaction between tip and surface depends on whether the spins on the atoms of the surface 

are parallel to those in the tip or anti-parallel. Keeping the magnetization of the tip constant, the 

direction and strength of the magnetic moments on the surface atoms can then be mapped out 

by scanning the surface with the tip.  

MExFM is usually applied in tapping mode, with the tip attached to a cantilever oscillating 

near its resonance frequency near the sample’s surface. Using a feedback loop the minimal 

cantilever-surface distance is controlled by keeping the frequency of the oscillating cantilever 

constant, which then gives a topological magnetic image of the surface. In experiments, 

MExFM has been successfully used to resolve the atomic scale AFM structure of the NiO(001) 

surface96, 211 and a Fe monolayer on the W(001) surface, for instance.97, 209  

The corrugation amplitude of the topological image depends on the properties of the 

cantilever. In order to compare experimental results with different cantilevers and/or different 
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oscillation amplitudes and frequencies, or to link theoretical calculations with experiments, a 

normalized frequency shift 𝛾 is introduced, see the methods section for more details. For the 

case of a Fe tip and a NiO(001) surface, Kaiser et al.96 have reported a corrugation amplitude 

of 4.5 pm at a normalized frequency shift 𝛾 = −2.55 fNm1/2, and Pielmeier and Giessibl211 have 

reported a corrugation amplitude of 1.1 pm at 𝛾 = −0.25 fNm1/2, demonstrating the sensitivity 

of MExFM.  

Based upon a microscopic model of the surface and using a Fe cluster to mimic the 

ferromagnetic Fe tip, DFT calculations have been used to obtain the spin-dependent exchange 

force between tip and surface, and, based upon this, the normalized frequency shift and the 

topological magnetic image of the surface. This has been done for the Fe tip and NiO(001) 

surface system, 212-214 and for the Fe tip and Fe monolayer on W(001) surface systems, for 

instance.97, 215 For the former system Granovskij et al.212, 214 have reported a corrugation 

amplitude of 25 pm at 𝛾 = −22.0 fNm1/2.  

In this work, we use spin-polarized DFT to study the exchange interaction between a FM 

Fe tip and an AFM RuO2(110) surface. The exchange energy and force are calculated as 

function of tip-surface distance for several positions of the tip over the surface. Based upon 

these data, the normalized frequency shifts 𝛾 are calculated as a function of minimal tip-surface 

approach distance, which are then used to calculate the corrugation height profiles for different 

values of a fixed 𝛾, as one would do in a MExFM experiment. We compare our results with the 

results obtained for the NiO(001) surface. Our results offer guidelines for the experimental 

detection and understanding of magnetism of the RuO2(110) surface. 

 

6.2 Computational Methods and Models 

All calculations are performed within DFT using projector augmented waves (PAW) as 

implemented in the Vienna Ab initio Software Package (VASP).49-51 As PAW potentials we use 

the Ru_pv and Fe_pv potentials for Ru and Fe atoms, which include p semi-core states, and the 

standard PAW potential for O atoms. All plane waves up to a kinetic energy cutoff of 500 eV 

are included in the basis set. The spin-polarized generalized gradient approximation (GGA) 

functional of Perdew-Burke-Ernzerhof (PBE) is used to describe exchange and correlation.56 

We perform GGA+U  calculations, with U terms based on the scheme of Dudarev et al.57 On-

site Coulomb/exchange energy parameters of 𝑈 − 𝐽 = 2.0 eV80 and 4.3 eV59 are used for the Ru 

and Fe atoms, respectively.  
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The DFT optimized lattice constants of bulk RuO2 are a = 4.53 Å, c = 3.12 Å, which are in 

good agreement with the experimental values of a = 4.49 Å, c = 3.11 Å.198 Cutting the bulk 

RuO2 along the [110] direction, a five-layer stoichiometric slab with RuO2(110) surfaces is 

constructed, see Figure 6.1(a), which has a surface unit cell with lattice parameters a = 3.12 Å, 

b = 6.41 Å. The top surface of this slab, which has a maximum exposure of Ru atoms, is then 

used to probe the surface magnetism.  

The optimized lattice constant of bulk Fe is 2.83 Å, in good agreement with the experimental 

value of 2.87 Å.216 The Fe tip is modeled by a Fe cluster in bcc-001 orientation containing five 

Fe atoms, as shown in Figure 6.1(b). Before coupling the RuO2(110) surface and the Fe tip, we 

optimize the surface and tip separately. After optimization, we obtain a = 1.74 Å and b = 2.31 

Å for the Fe tip, see Figure 6.1(b), which is consistent with previous results.217 The magnetic 

moment of the apex Fe atom is 3.36 𝜇B, and that of the other four Fe atoms is 3.30 𝜇B, all 

significantly larger than the magnetic moment of 2.22 𝜇B in bulk.218 The total magnetic moment 

of the five-atom tip is 16.56 𝜇B.  

This tip is then brought into proximity to the surface, see Figure 6.1(c), and (d). A vacuum 

region of at least 15 Å is added above the surface to allow the tip to move away from the surface 

without interacting with the latter’s periodic image. Likewise, lateral interactions between 

periodic images are suppressed by using an in-plane 3 × 2 surface supercell, with dimensions 

9.36 ×  12.82 Å. A 4 × 3 × 1 Monkhorst-Pack sampling of the reciprocal space is used. 

Convergence tests regarding the size of the slab and the supercell can be found  in our previous 

work.208 The magnetic ordering and the magnetic moments on the Ru atoms in slab are 

presented in the Appendix D, Figure D1 and Table D1. Anti-parallel and parallel coupling 

between the magnetic moments on the tip and specific Ru atoms of the RuO2(110) surface are 

illustrated in Figures 6.1(c) and (d).  
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Figure 6.1: (a) Side view of the RuO2 slab with (110) surfaces at the top and bottom. The anti-ferromagnetic ordering of 

magnetic moments on the Ru atoms is indicated by orange and blue arrows. (b) Optimized structure of the Fe tip. Side views 

of the (c) anti-parallel (ap) coupling and (d) parallel (p) coupling of the RuO2(110) surface and the Fe tip; 𝑧 is the distance 

between the centers of the tip apex atom and the surface Ru atom underneath. Red: O, grey: Ru, brown: Fe. 

 

In order to understand the chemical and magnetic interaction between the Fe tip and the 

(110) surface, we calculate the magnetic exchange energy Eex(𝑧) and force Fex(𝑧). The exchange 

energy is obtained from the DFT total energies of the antiparallel (ap) and the parallel (p) 

configurations between tip and surface by calculating the difference between the two total 

energy curves98, 215 

𝐸ex(𝑧) = 𝐸𝑎𝑝(𝑧) − 𝐸𝑝(𝑧), (6.1) 
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Here, 𝐸𝑎𝑝(𝑧) and 𝐸𝑝(𝑧) are the total energies of the ap and the p coupling, shown in Figure 6.1, 

where 𝑧  is the distance between the centers of the tip apex atom and a surface Ru atom 

underneath without structural relaxations. Positive and negative signs for 𝐸ex(𝑧) correspond to 

preferential p and ap coupling, respectively. Similarly, the exchange force Fex is defined as98, 

215 

𝐹ex(𝑧) = 𝐹𝑎𝑝(𝑧) − 𝐹𝑝(𝑧), (6.2) 

with 𝐹𝑎𝑝(𝑧) and 𝐹𝑝(𝑧) the total forces on the tip along the 𝑧 direction of the ap and p systems, 

respectively. Positive values of 𝐹ex(𝑧) indicate a more attractive interaction for the p coupling 

than for the ap coupling. 

Calculating the exchange forces and energy only make sense if the tip cluster carries a stable 

magnetic moment. The total magnetic moment of the Fe tip cluster after coupling with the 

RuO2(110) surface, and the magnetic moment of the apex Fe atom are shown in Figure D2. For 

tip-surface distances 𝑧 > 3.2 Å , the apex atom has magnetic moment of 3.32–3.38 𝜇B and the 

tip cluster has a total magnetic moment of ~16.56 𝜇B, which is very close to those of a free-

standing Fe tip cluster. For shorter distances the surface and tip atoms start to hybridize 

appreciably, which decreases the magnetic moments on the tip, although for 2.2 < 𝑧 < 3.2 Å, 

they are still within 10% of their free-standing values.  

In experiments, a cantilever with a ferromagnetic tip and a spring constant k oscillates with 

amplitude A, and eigenfrequency 𝑓0 if it is unperturbed. If the cantilever is brought close to the 

magnetic sample, then due to the tip-sample interaction, the cantilever’s eigenfrequency shifts 

from 𝑓0 to 𝑓.96, 97, 209 Scanning the surface, while maintaining a constant frequency shift ∆𝑓 =

𝑓 − 𝑓0, then gives a topographic map of the surface. If the oscillation amplitude 𝐴 ≳ 50 Å, the 

frequency shift can be calculated with the large amplitude approximation97 

∆𝑓(𝑑) =
𝑓0

𝑘𝐴
3
2

1

√2𝜋
∫

𝐹𝑡𝑠(𝑧)

√𝑧−𝑑
𝑑𝑧

∞

𝑑
, (6.3) 

where 𝐹𝑡𝑠(𝑧) is the tip-sample force, and 𝑑 is the minimum tip-surface distance during one 

oscillation cycle. A schematic drawing of the cantilever with tip, and the distances 𝑧 and 𝑑 is 

shown in Figure 6.2(a). 

Note that the parameters of the cantilever oscillator (k, 𝑓0, and A) appear only in the prefactor 

on the righthand side of Eq. (6.3). Given this expression it makes sense to define a normalized 

frequency shift γ219, 220 

𝛾(𝑑) =
𝑘𝐴

3
2

𝑓0
∆𝑓(𝑑), (6.4) 
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which is then given by214, 221  

𝛾(𝑑) =
1

√2𝜋
∫

𝐹𝑡𝑠(𝑧)

√𝑧−𝑑
𝑑𝑧

∞

𝑑
, (6.5) 

where 𝐹𝑡𝑠(𝑧) is the force between tip and surface. 𝐹𝑡𝑠(𝑧) is the sum of short-range chemical 

terms, and long-range terms, typically van der Waals (vdW) forces 

𝐹𝑡𝑠(𝑧) = 𝐹𝑠𝑟(𝑧) + 𝐹𝑣𝑑𝑤(𝑧), (6.6) 

As the short-range terms 𝐹𝑠𝑟(𝑧) we use the forces on the Fe cluster tip, 𝐹𝑎𝑝(𝑧) or 𝐹𝑝(𝑧) , as 

obtained from the DFT calculations. 

Because the long-range terms are not critical for modeling the dependence on the magnetic 

structure, we follow Refs. 97, 214 in representing them by a simple model, i.e., as the vdW forces 

between a macroscopic parabolic tip and a planar surface 

𝐹𝑣𝑑𝑤(𝑧
′) = −

𝐴𝐻𝑅

6(𝑧+
𝑎

2
)
2 , (6.7) 

where 𝑅 = 10 nm is the radius of curvature of the tip, and 𝑎 is a height correction because of 

the Fe cluster sticking out from the tip, see Figure 6.2; 𝐴𝐻 is the Hamaker constant, for which 

we use the value 1.865 × 10−19, following Ref.214 A corrugation height profile can be obtained 

by (numerically) inverting 𝛾(𝑑) to 𝑑(𝛾), and repeating the calculations for every position 𝑥, 𝑦 

of the tip over the surface, giving a function 𝑑(𝛾, 𝑥, 𝑦), where the function at fixed 𝛾 then 

represents a corrugation height profile. Because of the heavy computational demands, we 

perform these calculations only for a restricted number of 𝑥, 𝑦 positions, namely those that 

correspond to positions of surface atoms. Using the minimum tip-surface distance above the 

Ru↓ atom 𝑑(𝛾, Ru ↓) as the reference point, we then define  

∆𝑑(𝛾, X) = 𝑑(𝛾, X) − 𝑑(𝛾, Ru↓). (6.8) 

where X marks where the tip is over the position of a surface atom, Ru↑ or O.   
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Figure 6.2: (a) Schematic drawing of an oscillating cantilever with a tip; A is the oscillation amplitude, 𝑧 is the distance between 

the tip and the surface, and d is the minimum tip–surface distance during the oscillation. (b)  Microscopic model of an Fe tip 

over a RuO2(110) surface; a is the vertical height of the Fe tip cluster. Long-range van der Waals (vdW) forces are modeled 

using a continuum parabolic tip, where 𝑧′ is the distance between tip and surface, and R is its curvature radius. 

 

6.3 Results and Discussions 

The DFT total energies and forces on the tip cluster are shown in Figures 6.3(a) and (b) for 

tip-surface distances in the range 2.2 ≤ 𝑧 ≤ 5.2 Å and three different positions 𝑥, 𝑦 of the tip 

over the surface. The labels ap and p coupling represent the positions over a Ru↓ and a Ru↑ 

atom, respectively, and O stands for the position over a surface O atom. At distances 𝑧 > 4.4 

Å the differences in total energy between these positions is small, see Figure 6.3(a), but they 

increase with decreasing 𝑧. Above the Ru↓ and Ru↑ sites the total energies reach a minimum at 

𝑧 = 2.5 Å and 2.4 Å, respectively, and then increase again, showing the hallmark of a typical 

chemical binding energy curve. The total energy of the tip above the O site also decreases as 

the tip approaches the surface and reaches a minimum at 𝑧 = 2.0 Å.  

The total force on the tip above the Ru↓ and Ru↑ sites decrease with 𝑧 decreasing from 5.2 

Å to 3.0 Å, reaches a minimum of –0.93 nN and –1.76 nN, respectively, and then increases 

again with 𝑧 decreasing from 3.0 Å to 2.2 Å, as shown in Figure 6.3(b). The total force on the 

tip above the Ru↓ and Ru↑ sites is negative for 𝑧 > 2.5 Å, indicating an attractive tip-surface 

interaction. Likewise, above the O site, the total force decreases first with decreasing tip-surface 

distance, and then increases, reaching a minimum of –2.96 nN at 𝑧  = 2.3 Å. The force is 

negative for  𝑧 > 2.0 Å, signaling an attractive interaction. The absolute values of these forces 
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are consistent with what is calculated for other systems.214, 217 In the range 2.2 < 𝑧 < 4.4 Å, the 

force for the tip above the Ru↑ atom is more attractive than that of Fe tip above the Ru↓ atom, 

see Figure 6.3(b), indicating that the p interaction is stronger than the ap interaction. The force 

for the tip above the O atom is more attractive than above the Ru atoms in the range 2.2 < 𝑧 < 

2.9 Å, while it is less attractive than above the Ru↑ atom in the range 3.2 < 𝑧 < 4.4 Å, signaling 

that the Fe-O interaction is more attractive than the Fe-Ru interaction, but it has a shorter range.  

We can compare our results with a similar calculation on an Fe tip - NiO(001) surface, which 

has a well-known AFM ordering of magnetic moments on the Ni atoms.96 For NiO(001) at tip-

surface distances 2.0 < 𝑧 < 2.7 Å the forces are attractive, their absolute value increases with 

decreasing distance, is larger for p coupling between the tip and a substrate Ni atom, and is 

largest for a tip position above an O atom.214 We find the same pattern for the RuO2(110) surface 

for tip-surface distances in the range 2.2 < 𝑧 < 2.9 Å. For NiO(001) at tip-surface distances  𝑧 

> 2.7 Å the forces for ap coupling become more attractive than for p coupling. For the 

RuO2(110) we find no such switch; at large distances, the forces for p and for ap coupling 

simply converge to the same value. 

The exchange energies 𝐸ex(𝑧) and forces 𝐹ex(𝑧), calculated from tip positions above the Ru 

atoms, see Eqs. (6.1) and (6.2), are plotted in Figures 6.3(c) and (d). The surface O atoms have 

magnetic moments close to zero, and are therefore not extremely interesting. The 

𝐸ex(𝑧) and 𝐹ex(𝑧) curves have a similar trend, the exchange interaction between the Fe tip and 

the Ru atoms increases with decreasing 𝑧. The exchange energy 𝐸ex(𝑧) reaches a maximum of 

790 meV at 𝑧 = 2.3 Å, and then drops again with further decreasing 𝑧. The exchange force 

𝐹ex(𝑧) reaches a maximum of 944 pN at 𝑧 = 2.7 Å, and then also drops with further decreasing 

𝑧. For tip-surface distances 2.4 < 𝑧 < 2.9 Å, the exchange force is in the range 908 < 𝐹ex(𝑧) < 

943 pN, much larger than for distances outside this range. The maximum size of the exchange 

force is quite comparable to the ~1100 pN found between a Fe tip and a NiO(001) surface.214 

In the latter case this maximum is located in the range 2.0-2.2 Å,214 reflecting smaller size of 

the Ni atom as compared to the Ru atom. Figures 6.3(c) and (d) show that p coupling is 

energetically more favorable than ap coupling for the Fe tip-RuO2(110) system at all distances 

𝑧 < 5.0 Å.  
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Figure 6.3: The (a) total energy of the Fe tip - RuO2(110) system and (b) total force on the tip, above the Ru atoms ap and p 

configurations, and above an O site, as a function of the tip-surface distance; (c) the exchange energy 𝐸ex(𝑧) and (d) exchange 

force 𝐹ex(𝑧) vs 𝑧.  

 

Based on the total force of Figure 6.3(b), the normalized frequency shift 𝛾(𝑑) is calculated 

according to Eq. (6.5), for different positions of the Fe tip over the surface; the results are plotted 

in Figure 6.4(a). The shapes of the two curves for positions above the Ru↓ and a Ru↑ are similar. 

Decreasing the minimal tip-surface distance d from 5.0 to 2.5 Å decreases the frequency. Note 

that this region corresponds to the region at attractive tip-surface forces, see Figure 6.3(b). 

Decreasing the distance further from 2.5 to 2.2 Å then brings the tip into the region of repulsive 

tip-surface forces, which increases the frequency again. The absolute value of the frequency 

shift of the tip position above the Ru↑ site is larger than that of the position above the Ru↑ site, 

which reflects the stronger tip-surface interaction of the former.  

The values for the frequency shift 𝛾 obtained for the tip above the O site are more negative 

than those obtained for the tip above the Ru sites in the range of distances 2.2 Å < 𝑑 < 2.9 Å, 

Figure 6.4(a). In the range of 3.0 Å < 𝑑 < 4.2 Å, the O curve is between the Ru↓ and Ru↑ 

curves, and in the range of 4.4 Å < 𝑑 < 5.0 Å it coincides with Ru↓ curve at the range of 

4.4 Å < 𝑑 < 5.0 Å, showing the same trend as the total forces, Figure 6.4(b).  
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To mimic an MExFM experiment, and extract a corrugation height line profile (CHLP), we 

have to invert 𝛾(𝑑) to 𝑑(𝛾), see Eq. (6.8). In view of Figure 6.4(a), this can be done for 

distances d ≥ 2.5 Å. We take the Ru↓ curve as reference, and calculate the height differences 

∆𝑑(𝛾, Ru ↑) and ∆𝑑(𝛾, O) according to Eq. (6.9); the results are shown in Figure 6.4(b). The 

maximum contrast in a corrugation height profile is of course obtained for maximum ∆𝑑. The 

maximum contrast between Ru and O atoms is achieved with the maximum difference between 

∆𝑑(𝛾, Ru ↑) and ∆𝑑(𝛾, O) , which is for  𝛾 = −10.12 fNm1/2 and  d = 3.65 Å in Figure 6.4(b). 

 

Figure 6.4: (a) Normalized frequency shift 𝛾 as a function of the minimal tip-surface distance d for tip positions above the Ru↓, 

Ru↑ and surface O atoms; (b) tip heights ∆𝑑(𝛾, Ru ↑) and ∆𝑑(𝛾, O), calculated by Eq. (8), for tip positions above the Ru↑ and 

surface O sites, using the Ru↓ site as reference point. 

CHLP for three representative values of 𝛾 are shown in Figure 6.5. The maximum corrugation 

decreases with decreasing 𝛾, from 56.3 pm for 𝛾 = −17.6 fNm1/2, 24.6 pm for 𝛾 = −10.12 fNm1/2, to 10.9 

pm for 𝛾  = −1.57 fNm1/2. Although the shape of the CHLP change somewhat as a function of 𝛾 , 

qualitatively the profile remains the same. The Ru↑ atoms appear as peaks in the profiles, Ru↓ atoms 

appear as valleys, and the O atoms appear somewhere on the slopes. MExFM experimental 

measurements on NiO(001) give maximum corrugations of 4.5 pm at 𝛾 = −2.55 fNm1/2 96 and 1.1 pm at 

𝛾 = −0.25 fNm1/2,211 whereas DFT calculations on the same system give 25 pm at  𝛾 = −22.0 fNm1/2.212, 

214 These values are comparable to what we find for the RuO2(110) surface, indicating that the effects 

are sufficiently large to be measured in MExFM. In contrast to the measurements on NiO(001), 

however, O atoms will not be visible directly in an MExFM image or corrugation profile. For the 

RuO2(110) surface, only the Ru atoms are visible, as they correspond to maxima or minima in the 

corrugation profile. 
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Figure 6.5: (a) Top view of the RuO2(110) surface, where orange and blue circles mark the Ru↓ (p) and Ru↑ (ap) atoms, 

respectively. Corrugation height line profiles along the [010] (b) direction at different frequency shifts (b) 𝛾 = −17.6 fNm1/2, 

(c) 𝛾 = −10.12 fNm1/2, and (d) 𝛾 = −1.57 fNm1/2. Orange, blue, and red circles correspond to tip positions above Ru↓, Ru↑, and 

O atoms, respectively. 
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6.4 Summary 

In summary, we have performed DFT calculations to study the exchange interaction between 

a magnetic Fe tip and an anti-ferromagnetic RuO2(110) surface. The exchange forces and 

energies have been studied as a function of the tip-surface distance. The coupling between tip 

and surface where the magnetic moments on the Fe tip and the surface Ru atoms are parallel is 

energetically more favorable than antiparallel coupling. This attractive chemical tip-surface 

interaction sets in if the tip is sufficiently close to a surface Ru atom, ≲ 4.5 Å. Upon decreasing 

the tip-surface distance to ≲ 2.5 Å, repulsive chemical forces start to dominate. We use the 

exchange forces to calculate a normalized frequency shift of an oscillating tip positioned over 

different sites on the surface. These frequency shifts show qualitatively the same trends as a 

function of tip position and tip-surface distance as the exchange forces. 

Finally, we construct corrugation height line profiles by fixing the frequency shift, and 

extract the points of closest approach of the oscillating tip to a surface atoms for different 

positions of the tip over the surface. Spin-up Ru atom appears as peaks and spin-down Ru atom 

appears as valleys in the corrugation height line profiles, whereas the O will not be directly 

visible as they do not correspond to maxima or minima. For a reasonable interval of frequency 

shifts we obtain corrugation height line profiles with amplitudes that are experimentally 

accessible. From a comparison to the Fe tip-NiO(001) surface case, which has been well-

characterized both experimentally and computationally, we predict that the corrugation of a 

RuO2(110) surface, as observed in a MExFM experiment, should be comparable in size to that 

of NiO(001).   
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Chapter 7: Conclusions and Outlook 

7.1 Conclusions 

Density functional theory (DFT) calculations are a powerful tool to model complex 

interactions within materials and give guidelines in designing new catalysts. In this thesis, using 

DFT calculations, TM-doped two-dimensional nitrides and wurtzite ZnO have been studied as 

catalysts for the oxygen evolution reaction (OER) of photoelectrochemical water splitting. In 

addition, the benchmark OER electrocatalyst RuO2 is investigated, focusing in particular on the 

role of its magnetic features.  

The Gibbs free energies of the individual steps of the OER are critical parameters for 

predicting electrocatalytic activity. Based on the WNA mechanism and the computational 

hydrogen electrode (CHE) model, we establish the relation between the acidic mechanism of 

the OER and the alkaline mechanism, by carefully examining the equilibria between the species 

involved in the reaction steps. Comparing the acidic and alkaline reaction mechanisms, even 

though the single reaction steps look quite different, the same equations can be used for 

calculating the Gibbs free energies, provided the reversible hydrogen electrode (RHE) is used 

as the reference electrode. 

The OER takes place at specific sites on the catalyst’s surface, the so-called active sites. 

We consider tailoring the reactivity of these active sites by transition-metal (TM) doping an 

effective method to enhance the (photo)electrocatalytic performance. In experiments, the role 

of TM dopants is often blurred due to other effects, such as clustering of dopant atoms, which 

can result in the emergence of new crystal phases, and in phase separation. It is not unusual that 

the distribution of the TM dopants inside the catalyst material, their local coordination, and their 

oxidation state are experimentally not well characterized. In DFT calculations, the role of TM 

dopants can be clearly identified by investigating their positions in the crystal lattice, their 

concentration, and their electronic properties, as well as the strength of the bonding between 

the OER intermediates and the TM dopants.  

In this dissertation, the OER activities of pure and first-row TM-doped AlN and GaN two-

dimensional monolayers have been studied, as well as the OER activities of TM-doped wurtzite 

ZnO. We find that late TM dopants, in particular Co or Ni, tend to give the best results. Co and 
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Ni have been observed to be good dopants for improving the OER performance of oxides and 

nitrides before. For different materials, different electronic properties, such as the position of 

the d-band center, or the Bader charges on the dopant atoms, have been used to explain the 

performance of these dopants. We suggest that focusing more directly on the binding strength 

to the adsorbed intermediate species that occur during the OER, can be used to explain the 

surface reactivity of different catalysts more generally. 

The bonding of the OER adsorbed intermediate species OH, O, and/or OOH to the dopant 

atoms becomes weaker going down the TM series. Early TM dopants bind the intermediates 

too strongly, which leads to a bad catalytic performance, whereas elements at the very end of 

the TM series, Cu and Zn, bind intermediates too weakly, which likewise gives a bad catalytic 

performance. Within the TM series, Co and Ni lead to the optimal binding strength for OER 

adsorbed intermediate species, and the best catalytic performance.   

Nevertheless, even these dopants lead to overpotentials of around 0.4 V. One of the main 

reasons for this overpotential is that the binding strengths of different intermediates, OH and 

OOH in particular, tend to have a fixed difference (within 3.2 ± 0.2 eV), which has been 

observed before for metal and metal oxide catalysts.24, 40 We also observe this rule for TM-

doped ZnO, despite the fact that the OH and OOH species sometimes have markedly different 

bonding configurations. The Ni dopant in TM-doped AlN and GaN breaks this rule favorably 

through stabilizing the OOH, accompanied by a switch of spin state on the Ni atom from high 

spin to low spin. Unfortunately, in this particular case, the binding to the O intermediate is 

unfavorable, which still leads to an overpotential of around 0.4 V. It again illustrates the 

shortcomings of using a single rule or descriptor to predict the overpotential. 

RuO2 is a benchmark OER catalyst and its (110) surface is the most widely studied surface. 

DFT studies calculating the OER are fixed to a fully O-covered non-magnetic (NM) (110) 

surface. It is known that the surface termination of a metal oxide, which for electrolytes based 

on water typically means (a mixture of) O and OH coverage, can affect its catalytic properties. 

Moreover, RuO2 is antiferromagnetic (AFM) at room temperature.80, 81 In this dissertation, the 

OER on the AFM RuO2(110) surface with different O/OH coverages is studied. It always shows 

a low overpotential of 0.4-0.5 V regardless of surface termination. The exception is the fully 

OH terminated surface, but that is unlikely to occur under normal operating conditions. This 

stable overpotential contributes to the reason why RuO2 is an excellent experimental OER 

catalyst under both acidic and alkaline conditions. This stability is a result of the presence of 

local magnetic moments on the Ru atoms, as our test calculations on the NM RuO2(110) surface 
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show that the overpotential would increase significantly, from 0.4 V to 0.6-0.7 V, if the surface 

termination changes from full O termination to (partial) OH termination.   

Inspired by the possibility that surface magnetism can be probed experimentally, the 

exchange interaction between a ferromagnetic Fe tip and an AFM RuO2(110) surface has been 

investigated. The exchange force indicates that the Fe tip and the AFM RuO2(110) surface 

prefer parallel coupling at tip-surface distances where this force may be measured. Besides, the 

corrugation height line profiles (CHLP) at different normalized frequency shift are calculated 

and compared with the NiO(001) surface, which is an experimental test case. Our results show 

a larger corrugation amplitude on the RuO2(110) surface, but in the same order of magnitude as 

on the NiO(001) surface. On the RuO2(110) surface, the largest height difference in the CHLP 

between surface spin-up and spin-down Ru atoms, and between Ru and O atoms can be obtained 

for a minimum tip-surface distance of 3.65 Å. Spin-up Ru atoms appear as peaks and spin-down 

Ru atoms as valleys in the CHLP (for a spin-up Fe tip), which correspond to stronger and weaker 

interactions, respectively.  

 

7.2 Outlook 

Though significant progress has been made in the past few years, it is still necessary to 

design OER photocatalysts with low cost, high activity, and high stability. There has been great 

interest in main-group and transition metal oxide and nitride materials for the OER with a 

substantial band gap, good (semi)conducting properties, good stability, low cost, non-toxicity, 

and appropriate redox potential. So far, none of the materials available has all of these properties 

to a sufficient degree.  

In this dissertation, substitution by 3d TM elements has been used to tailor the OER 

performance of monolayer Al and Ga nitrides and wurtzite ZnO, and it is found that the OER 

activity of these materials is greatly enhanced by Co or Ni dopants. We suggest considering Co 

and Ni doping when tailoring the OER performance of main-group metal nitrides and oxides 

with otherwise decent electronic and conducting properties. Our calculations on the doped 

monolayer nitrides and ZnO, as well as on RuO2, indicate that the spin state of the active site 

has considerable effect on the OER performance of the catalyst, as it signals the distribution of 

the electrons over the energy levels. One should, therefore, not only optimize the position of 

these energy levels, but also the spin state of the active site.  
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In addition to substitution by foreign elements, creating vacancies in a catalyst, applying 

strain engineering, and tailoring surface/interface structures, are also useful options to alter the 

adsorption energy of the active site–oxygen bond and thus improve the activity of the active 

site. Besides TM-doped monolayer nitrides, we suggest focusing in the future more attention 

on other two-dimensional materials, and on metal-organic frameworks (MOFs),222, 223 because 

of their advantageously large surface-to-volume ratio.  

Though the WNA mechanism has been widely accepted and used for describing catalysts 

with isolated atomic active sites, in systems where the active sites are closely spaced, other 

reaction mechanisms could be studied. The ROC mechanism is for example another possible 

mechanism, where O-O bond formation occurs through coupling of oxygen atoms on two 

adjacent active sites. The main problem of the ROC mechanism so far has been that this direct 

recombination has a large activation barrier. Alternatively, in some OER catalysts, oxides in 

particular, the LOM mechanism is proposed, which involves the direct participation of oxygen 

from the lattice as an active intermediate in the OER. A negative oxygen vacancy formation 

enthalpy indicates that release of lattice oxygen is thermodynamically feasible. Judging from 

the experience gathered so far, one concludes that the WNA mechanism leads to an 

overpotential of minimally ~0.4 V. Therefore, it is suggested to in future study alternative OER 

pathways, and compare free energies of oxygen intermediates in WMA, ROC and LOM 

mechanisms, for instance.  

All calculations in this dissertation use a simple structural model, a vacuum–surface 

interface, to investigate the energetics of elementary reactions at the electrode surface. 

Moreover, we use constant charge conditions. Our calculations neglect the influence of 

interactions between the electrode or adsorbate and the electrolyte, implicitly assuming that 

these will lead to error cancellation. We also neglect the effect of the electrode potential on the 

reactivity, other than as a simple additive factor in the free energy. In future one should look at 

these interactions with the electrolyte in more detail,224 and model the OER at constant electrode 

potential conditions.  

At present, it is difficult to compare DFT results with experimental data, as Gibbs free 

energies, which are the most important outcomes of the calculations, are not measured 

experimentally. As a consequence, the (thermodynamic) overpotential calculated by DFT and 

the experimental overpotential have different definitions. The overpotential calculated by DFT 

is an indicator of activity based on the free energy landscape at equilibrium, whereas the 

experimental overpotential is evaluated at non-zero current density and will be influenced by 
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the kinetics. Evaluating kinetic barriers within DFT is possible in principle, using transition 

state theory, for instance, but likely the interactions with the electrolyte will play a (an even 

larger) role at the transition states. 

To compare computational and experimental results more directly, it is suggested to 

combine the DFT modeling with microkinetic modeling. DFT modeling could provide 

information of the free energies and the overpotential and could also allow for estimating rate 

constants for the microkinetic modeling, as shown in Refs.35, 70 From microkinetic modeling, 

data can be obtained that can be more directly compared to experiments. This path has been 

followed for Fe2O3, as described in Refs,35, 70 and can in principle be applied also to other 

materials and other reaction mechanisms, thereby integrating the atomistic simulations 

discussed in this thesis in a multiscale model, as discussed in Refs.68, 69 

 

  



Chapter 7: Conclusions and Outlook 

106 
 

 

 



 

 
 

Appendix A 

Supplementary Information for Chapter 3 

1. Zero-point energy and entropic correction 

Zero-point energies (ZPE) and entropic corrections (TS) at T = 298 K are listed in Table 

A1 for the molecules in the gas phase (H2O, H2 and O2), and for the adsorbed species (*OH, *O 

and *OOH). The values for the H2O, H2 and O2 molecules in the gas phase are taken from Ref.38 

The ZPE and TS values of the adsorbed species are determined from the vibrational frequencies 

as discussed in the main text. The same values are used for all systems, as the vibrational 

frequencies are not very dependent on the substrate. 

 

Table A1: Zero-point energies (ZPE) and entropic corrections (TS) at T = 298 K for the molecules in the gas phase (H2O, H2 

and O2) and for the adsorbed species (*OH, *O and *OOH). The same values are used for all systems. The values for the 

molecules in the gas phase are taken from Ref.38 

Species ZPE (eV) TS (eV) 

H
2
O 0.56  0.67  

H
2
 0.27  0.41  

O2 0.10  0.64  

OH* 0.34 0.06 

O* 0.06 0.01 

OOH* 0.43 0.07 
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2. Optimized structures of TM-doped AlN and GaN 

with/without OER intermediates 

Figure A1 shows the optimized structures of (TM-doped) AlN and GaN monolayers in top 

and side views, without and with OER intermediates. Figure A1(a) shows the pristine AlN and 

GaN cases, and Figures A1(b)-(k) illustrate the TM-doped AlN and GaN systems. 
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Figure A1: Optimized structures of (TM-doped) AlN and GaN monolayers in top and side views, without and with OER 

intermediates; (a) pristine AlN and GaN; (b) Sc-doped/AlN and Sc/GaN; (c) Ti/AlN and Ti/GaN; (d) V/AlN and V/GaN; (e) 

Cr/AlN and Cr/GaN; (f) Mn/AlN and Mn/GaN; (g) Fe/AlN and Fe/GaN; (h) Co/AlN and Co/GaN; (i) Ni/AlN and Ni/GaN; (j) 

Cu/AlN and Cu/GaN; (k) Zn/AlN and Zn/GaN. The colored spheres represent, blue: Al, silver: N, red: O, white: H, green: Ga.  
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3. Gibbs free energies 

Table A2 lists the Gibbs free energies calculated for the electrochemical reaction steps 

(3.4)-(3.7) in the main text according to Eqs. (3.10)-(3.13), for pristine and TM-doped AlN and 

GaN. As the Zn dopant is totally inert, we omit it from the Table. As some intermediates do not 

adsorb (meta)stably on some dopants, those Gibbs free energies could not be calculated; we 

mark these cases with “/”. 

 

Table A2: Gibbs free energies (eV) calculated for the elementary reaction steps (3.4)-(3.7) in the main text according to Eqs. 

(3.10)-(3.13), for pristine and TM-doped AlN and GaN. / means that the intermediates do not adsorb stably or metastably on 

the dopants. The overpotential-determining reaction steps are marked in red. 
 

AlN Sc Ti V Cr Mn Fe Co Ni Cu 

ΔG1 1.54 0.64 -1.63 -1.06 -0.53 0.13 0.18 1.34 1.61 1.89 

ΔG2 1.97 2.50 1.60 -0.55 0.28 0.07 1.45 0.80 1.22 2.01 

ΔG3 1.18 0.73 1.68 / / / 2.18 2.30 1.46 0.95 

ΔG4 0.23 1.05 3.27 / / / 1.11 0.48 0.63 0.07 

 
GaN Sc Ti V Cr Mn Fe Co Ni Cu 

ΔG1 1.78 0.71 -1.53 -1.05 -0.60 0.21 0.71 1.34 1.53 2.03 

ΔG2 1.96 2.51 2.09 -0.35 0.32 0.09 1.04 0.85 1.29 1.87 

ΔG3 1.06 0.73 1.17 / / / 2.13 2.21 1.60 1.05 

ΔG4 0.12 0.97 3.19 / / / 1.04 0.52 0.50 -0.03 
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4. Spin-polarized projected density of states (PDOS) of TM-

doped AlN and GaN  

Figures A2 and A3 show the spin-polarized projected density of states (PDOS) of all TM 

doped AlN and GaN monolayers. In the case of AlN, only the p-orbital contribution is shown 

(Al has no electrons in a d orbital); for GaN, both p- and d-orbital contributions are plotted. 

Positive values indicate the PDOS for spin-up electrons, and negative values indicate PDOS for 

spin-down electrons. The Fermi energy is put at zero energy, as indicated by the vertical dotted 

line. 

 

Figure A2: PDOS of TM-doped AlN with the TM atoms (a) Sc, (b) Ti, (c) V, (d) Cr, (e) Mn, (f) Fe, (g) Co, (h) Ni, (i) Cu and 

(j) Zn. 
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Figure A3: PDOS of TM-doped GaN with the TM atoms (a) Sc, (b) Ti, (c) V, (d) Cr, (e) Mn, (f) Fe, (g) Co, (h) Ni, (i) Cu and 

(j) Zn. 
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Figure A4 and A5 show the PDOS of TM ions in TM-doped AlN and GaN monolayers, 

resolved into contributions of the individual d orbitals. In trigonal planar symmetry 

environment, the five degenerate 3d orbitals are split into one a singly degenerate state 𝑑𝑧2, and 

two doubly degenerate states 𝑑𝑥𝑧 , 𝑑𝑦𝑧 , and 𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦 , with the energy ordering 𝑑𝑧2 <

𝑑𝑥𝑧 , 𝑑𝑦𝑧 < 𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦.  

 

 

Figure A4: PDOS of the individual d orbitals of the TM-dopant atoms (a) Sc, (b) Ti, (c) V, (d) Cr, (e) Mn, (f) Fe, (g) Co, (h) 

Ni, (i) Cu and (j) Zn in AlN. 
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 Figure A5: PDOS of the individual d orbitals of the TM-dopant atoms (a) Sc, (b) Ti, (c) V, (d) Cr, (e) Mn, (f) Fe, (g) Co, (h) 

Ni, (i) Cu and (j) Zn in GaN. 

 

 

5. Spin-polarized PDOS of TM-doped AlN and GaN with 

adsorbed OH, O and OOH 

Figures A6, A7 and A8 show the PDOS of TM ions, resolved into contributions of the 

individual d orbitals, with the OH, O, or OOH species adsorbed. After adsorption of one of 

these species, the TM ion is in a trigonal pyramidal symmetry environment, see Figure A1. This 

absorption does not change the degeneracies, but the energy ordering of the d states on the TM 

ions becomes 𝑑𝑥𝑧, 𝑑𝑦𝑧 < 𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦 < 𝑑𝑧2. 
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Figure A6: PDOS of TM-dopant atoms in (a) AlN and (b) GaN monolayers, with adsorbed OH. 
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Figure A7: PDOS of TM-dopant atoms in (a) AlN and (b) GaN monolayers, with adsorbed O. 



First-Principles Study of Electrode Materials for Oxygen Evolution 

121 
 

 

Figure A8: PDOS of TM-dopant atoms in (a) AlN and (b) GaN monolayers, with adsorbed OOH. 
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6. Magnetic moments of TM-dopant ions in AlN 

Table A3 shows the magnetic moments on the TM-dopant ions in AlN. The exact values 

of course depend upon the specific procedure used by VASP to calculate the projections on the 

individual atoms. Nevertheless, comparison of the relative values, and to the values of the total 

magnetic moments given in Table 3.1 in the main text, should give an indication of how the 

magnetic moments are distributed. The magnetic moment on the TM-dopant ions in GaN are 

within a few percent of those in AlN. “/” means that the species does not adsorb stably or 

metastably. 

 

Table A3: Calculated magnetic moments of the TM-dopant ions (in μB per supercell) in AlN.  

System Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Nothing 

adsorbed  
0.00 0.71 1.69 2.64 3.36 3.72 2.66 1.64 0.76 0.02 

OH 

adsorbed 
–0.02 0.00 0.93 1.84 2.63 2.99 2.92 1.86 0.89 / 

O 

adsorbed 
–0.08 –0.02 0.00 0.94 1.74 2.22 0.00 0.48 0.88 / 

OOH 

adsorbed 
–0.02 0.00 / / / 3.00 2.86 0.97 0.83 / 
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7. High-spin versus low-spin states 

As discussed in the main text, for the O-Co/XN and O-Ni/XN systems (X = Al, Ga), the 

low-spin state is found to be more stable than the high-spin state, which is unlike adsorption on 

other TM dopants, where the high-spin state is most stable. Table A4 shows the calculated total 

magnetic moments and total energies of the high and the low-spin states of both systems, as 

well as the total energy difference, ∆E(*O), between high-spin and low-spin states. We did not 

find a stable structure for adsorption of the O species on Ni/AlN in the high-spin state, so that 

entry in the table is marked as “/”. 

 

Table A4: Calculated total magnetic moments (in μB per supercell), total energies, E(*O), (eV) for the high-spin and low-spin 

states of O-Co/AlN and O-Co/GaN, and the total energy difference, ∆E(*O), between high-spin and low-spin states. Positive 

∆E(*O) means that the energy of the high-spin state is higher than that of the low-spin state. “/” means that the adsorbed O 

structure is unstable. 

Systems  magnetic moment 

(high-spin) 

 E(*O)  

(high-spin) 

magnetic moment 

(low-spin) 

   E(*O) 

(low-spin) 

∆E(*O) 

O-Co/AlN 4 –227.11 0 –227.70 0.59 

O-Co/GaN 4 –189.18 0 –189.70 0.52 

O-Ni/AlN 5 / 1 –224.59 / 

O-Ni/GaN 5 –186.02 1 –186.64 0.62 
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8. GGA+U calculations for Co/XN and Ni/XN  

The Gibbs free energies in the main text are calculated using a standard GGA/PBE density 

functional. As the doped XN systems involve fairly localized d states on the TM dopant atoms, 

it is appropriate to look at GGA+U calculations, in particular if there is a competition between 

high-spin and low-spin states regarding which of the two is lowest in energy. Including an 

explicit on-site electron-electron repulsion U for each TM d orbital promote high-spin 

configurations, whereas standard GGA functionals have a tendency to over-promote low-spin 

situations. For most TM dopants, we find that, even with the GGA/PBE functional, the lowest 

energy configurations are high-spin, so a GGA+U calculation gives no qualitative difference. 

Exceptions are the O-Co/XN, O-Ni/XN, and HOO-Ni/XN, which are found to be low-spin with 

GGA/PBE, so we recalculate these systems with GGA+U.   

Choosing a value U = 3.8 eV (Ref.48), the calculated magnetic moments of the TM ions and 

the total magnetic moments per supercell are listed in Table A5, and the Gibbs free energies for 

each reaction step are listed in Table A6 (compare to Table A2). For the Co-dopant systems, 

the magnetic moment is zero for O-Co/XN without U (Table 3.1 in the main text), indicating a 

low-spin state, whereas the GGA+U calculation gives a high-spin state, signaled by a magnetic 

moment of 4 μB (Table A5). The overpotential also changes and goes down to a low value 𝜂 ≈

0.5 V (Table A6). But, for the Ni-doped systems, the GGA+U calculation shows no change in 

the spin state, i.e., the lowest energy structures of O-Ni/XN and HOO-Ni/XN still have low 

spin, and those of Ni/XN and HO-Ni/XN still have high spin. The GGA+U calculation increases 

the overpotential by a mere 0.1-0.2 V, up to ~0.5 V, which is still a relatively low value (Table 

A6). Therefore, we conclude that the GGA+U calculations do not change the conclusions 

expressed in the main text. 

 

Table A5: Magnetic moments (MM) of the TM ions and the total magnetic moments (TMM) per supercell (in μB) calculated 

with GGA+U, with U = 3.8 eV.48 

Systems MM of Co MM of Ni TMM Co  TMM Ni  

Nothing adsorbed 2.91 1.80 4 3 

OH adsorbed 3.12 1.90 5 4 

O adsorbed 2.56 0.58 4 1 

OOH adsorbed 3.07 1.16 5 2 
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Table A6: Gibbs free energies (eV) calculated for the elementary reaction steps, see Table A2, and the overpotential, calculated 

with GGA+U, with U = 3.8 eV.48 

 Co/AlN Co/GaN Ni/AlN Ni/GaN 

ΔG1 1.69 1.69 1.79 1.65 

ΔG2 1.75 1.68 1.49 1.61 

ΔG3 1.37 1.44 1.30 1.38 

ΔG4 0.11 0.11 0.34 0.28 

𝜼 (V) 0.52 0.46 0.56 0.42 
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Appendix B 

Supplementary Information for Chapter 4 

 

1. Electronic properties of pristine bulk and TM doped slab ZnO 

In Sec 1.1 we analyze the electronic structure of bulk ZnO and the ZnO surface, as 

calculated with DFT, using the GGA/PBE and GGA/PBE+U functionals. We conclude that 

introducing on-site Coulomb interaction through U can improve the description of the ZnO 

band gap, but a significant improvement is only achieved at the cost of worsening the lattice 

parameters.  

In Sec 1.2, we characterize the electronic structure of TM doped ZnO. We establish the 

high-spin character of the 3d TM dopant ions, having a local atomic configuration 3𝑑𝑛 and a 

valency of 2+. The high-spin character of the late TM dopants Mn, Fe, Co, Ni, and Cu is not 

affected by the incorrect DFT band gap. 

1.1  GGA and GGA+U calculations for bulk and slab ZnO 

We start by analyzing the electronic structure of the ZnO slab, terminated by (101̅0) 

surface, see Figure 4.1 of the main text. The projected densities of states (PDOS), projected on 

the Zn and O atoms, are shown in Figure B1. Calculated with the GGA/PBE functional, bulk 

ZnO is a semiconductor with a band gap of 0.8 eV, and the ZnO slab has the same calculated 

gap, demonstrating the absence of surface states in the gap region. The calculated band gap is 

much smaller than the experimental value of 3.4 eV,173, 225 but is in agreement with the band 

gap found in previous DFT studies.172 It is well known that standard GGA functionals severely 

underestimate the band gap ZnO.172, 226-228   
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Figure B1: Projected densities of states (PDOS) of the pristine ZnO slab. 

 

Following the literature,57, 177 we have explored enlarging the calculated band gap using 

the GGA+U technique within the Dudarev et al. approach.57 It is quite common to treat 3d TMs 

adding on-site coulomb and exchange parameters U and J. In addition, as both the top of the 

valence band, as well as the bottom of the conduction band of ZnO have considerable O 

character, see Figure B1, it requires the use of such on-site parameters for the O atoms, in order 

to be able to influence the size of the band gap, although this may seem somewhat unphysical. 

We have tested the PBE+U functional with two sets of 𝑈 − 𝐽 parameters on both the Zn atoms, 

as well as on the O atoms: (a) (𝑈 − 𝐽)Zn = 8 eV for Zn 3d states and (𝑈 − 𝐽)O = 10 eV for O 

2p states, according to Ref.177 and (b) (𝑈 − 𝐽)Zn = 6 eV for Zn 3d states and (𝑈 − 𝐽)O = 15 

eV for O 2p states, according to Ref.177. The calculated band structures are shown in Figure B2. 

 

Figure B2: Calculated band structures of bulk ZnO: (a) (𝑈 − 𝐽)Zn = 8 eV for Zn 3d states and (𝑈 − 𝐽)O = 10 eV for O 2p 

states; (b) (𝑈 − 𝐽)Zn = 6 eV for Zn 3d states and (𝑈 − 𝐽)O = 15 eV for O 2p states. 
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It is observed that adding  𝑈 − 𝐽 enlarges the band gap of ZnO significantly, from 0.8 eV 

to 2.4 eV, but the values obtained are still much smaller than the experimental band gap of 3.4 

eV.173, 225 Moreover, the 𝑈 − 𝐽 values used for O in particular already seem to be unphysically 

large. It is possible to approach the experimental band gap, but only at the cost of enlarging 

these values even further. Following Ref.229, we have increased the 𝑈 − 𝐽  values to 

(𝑈 − 𝐽)Zn = 13 eV for Zn 3d states and (𝑈 − 𝐽)O = 20 eV for O 2p states, which increases 

the calculated ZnO band gap to 3.2 eV, see Figure B3(a). All these calculations have been done 

using the standard VASP PAW potentials for Zn (12 valence electrons) and O (6 valence 

electrons). We have also explored the use of the GW-type PAW potentials Zn_sv_GW (20 

valence electrons) and O_GW (6 valence electrons), but that decreases the band gap again to 

2.9 eV, as shown in Figure B3(b).  

In conclusion, it is possible by using PBE+U to obtain a calculated band gap that is close 

to the experimental value. However, it also involves the use of unphysically large values of 𝑈 −

𝐽 , which has undesirable side effects in the structure of ZnO. Optimizing the ZnO lattice 

parameters with (𝑈 − 𝐽)Zn = 13 eV and (𝑈 − 𝐽)O = 20 eV gives a = 3.16 Å and c = 5.06 Å 

with standard PAW potentials, and a = 3.17 Å and c = 5.07 Å with GW-type PAW potentials. 

These values are ~3% smaller than the experimental values of a = 3.25 Å and c = 5.21 Å.177 In 

contrast, the standard PBE functional gives optimized lattice parameters 𝑎 = 3.28 Å, 𝑐 = 5.30 

Å, which are in much better agreement with experiment. 

 

Figure B3: Calculated band structures of bulk ZnO with (𝑈 − 𝐽)Zn = 13 eV for Zn 3d states and (𝑈 − 𝐽)O = 20 eV for O 2p 

states: (a) with standard Zn (12 valence electrons) and O (6 valence electrons) PAW potentials; (b) with Zn_sv_GW (20 valence 

electrons) and O_GW (6 valence electrons) PAW potentials.   
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1.2  GGA and GGA+U calculations for TM doped slab ZnO 

Doping the ZnO slab discussed in the previous section with one TM atom at the (101̅0) 

surface position, as discussed in the main text, leads to the PDOSs shown in Figure B4, 

calculated with the spin-polarized GGA/PBE functional. One observes the emergence of 

localized 3d states of the TM atoms. Going down the TM series from Sc to Cu, these 3d states 

monotonically decrease in energy. For Sc, all the 3d states are unoccupied and coincide with 

the conduction band of ZnO, giving Sc the configuration 3𝑑0. For Cu all the 3d states are 

occupied and coinciding with the ZnO valence band, except for one spin-down state that is 

empty and just above the valence band, giving Cu the configuration 3𝑑9. The elements between 

Sc and Cu then have configuration 3𝑑𝑛, where n is the number of d electrons of the neutral TM 

atom.  

Starting with a neutral TM atom with configuration 4𝑠23𝑑𝑛 , we then conclude that 

substituting one Zn atom by a TM atom, two electrons are donated by the TM 4s shell to arrive 

at a charge 2+, and, thus, the nominal charge of a TM substitutional dopant atom in the ZnO 

slab is 2+.  

 

Figure B4: Projected densities of states (PDOS) of the ZnO slab, doped with one TM atom. 
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We can test this analysis by calculating the magnetic moments of the TM doped ZnO slab. 

As a reference, the magnetic moments of isolated TM2+ ions of configuration 4𝑠03𝑑𝑛 in their 

high-spin states are given in the first row of Table B1, and the magnetic moments of the TM 

doped ZnO slab are given in the second row. It can be observed that the late TM dopant atoms, 

from Mn to Cu, all have magnetic moments equal to the high-spin state of their corresponding 

TM2+ ions 

The calculated magnetic moments of the early TM dopant atoms, Sc to Cr, are all 

significantly smaller than those of their corresponding TM2+ high-spin ions. The PDOSs of 

Figure B4 show why this is the case. The TM dopant states overlap with the ZnO conduction 

band, and transfer electrons to the conduction band, thereby losing some of their magnetic 

moment. As the ZnO band gap calculated with GGA/PBE is much too small, see the previous 

section, this electron transfer is likely an artefact, and this functional does not properly describe 

the electronic configuration of the Sc to Cr dopants.  

 

Table B1: Calculated magnetic moments of the TM doped ZnO slab (in μB per supercell), compared to the maximum magnetic 

moment of the isolated atom.  

     Dopants Sc Ti V Cr Mn Fe Co Ni Cu 

𝟑𝒅𝒏 1 2 3 4 5 6 7 8 9 

Atomic 1.00 2.00 3.00 4.00 5.00 4.00 3.00 2.00 1.00 

Calculated 0.00 0.75 2.03 3.49 5.00 4.00 3.00 2.00 1.00 

 

 

 

 

 

We test whether the PBE+U functional improves this description. The magnetic moments 

of the TM-doped ZnO slab, calculated with the PBE+U functional, using the same parameter 

settings as in Figure B2, as shown in Table B2 for the TM dopants Sc to Cr. Comparison to the 

results shown in Table B1 demonstrates that enlarging the band gap of ZnO using the PBE+U 

functional actually changes the magnetic moments very little. 
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Table B2: The calculated magnetic moment of the TM doped ZnO slab (in μB per supercell). 

 

 

2. OER on single TM doped slab ZnO 

In Sec 2.1, we discuss the zero-point energy and the entropy terms, which are required to 

calculate the Gibbs free energies of the OER steps, see Eqs. (4.7)-(4.10) in the main text.  

In the main text we have only discussed the total energies of the adsorbed species in their 

most stable structures. For all adsorbed species, there are other metastable adsorbed structures 

with a slightly higher energy. For completeness, all structures and their total energies are listed 

and discussed in Sec 2.2 and 2.3, respectively.  

In Sec 2.4, we discuss the possible influence of potential and pH on the ZnO(101̅0) surface. 

Calculated magnetic moments of the slab with the adsorbed species are discussed in Sec 

2.5, clearly showing that the TM dopant atoms remain in their high-spin state during all the 

steps of the OER. Adsorption of OH or OOH increases the nominal valency of the TM dopant 

from 2+ to 3+, whereas adsorption of O increases it to 4+.  

For completeness, calculated Bader charges of the atoms of the TM doped ZnO slab and 

of the adsorbed species of the OER intermediates are given in Sec 2.6. 

 

2.1  Zero-point energy and entropic correction 

Zero-point energies (ZPE) and entropic terms (TS) at T = 298 K are listed in Table B3 for 

the molecules in the gas phase, H2O, H2, and O2, and for the adsorbed species, *OH, *O and 

*OOH. The values for the H2O, H2, and O2 molecules in the gas phase are taken from Ref.38 

The ZPE and TS values of the adsorbed species are determined from the vibrational frequencies 

Systems With UZn_d= 8 eV, UO_p= 10 eV, 

single point calculations 

With UZn_d= 6 eV, UO_p= 15 eV, 

single point calculations  
Magnetic moment Magnetic moment 

Sc/ZnO 0.00 0.00 

Ti/ZnO 0.71 0.72 

V/ZnO 2.23 2.22 

Cr/ZnO 3.50 3.50  
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as discussed in the main text. The same values of ZPE and TS are used for all systems, as they 

are not very dependent on the details of the bonding.229 

 

Table B3: Zero-point energies (ZPE) and entropic corrections (TS) at T = 298 K for the molecules in the gas phase, H2O, H2, 

and O2, and for the adsorbed species, *OH, *O and *OOH. The values for the molecules in the gas phase are taken from Ref.38 

Species ZPE (eV) TS (eV) 

H
2
O 0.56  0.67  

H
2
 0.27  0.41  

O2 0.10  0.64  

*OH 0.37 0.07 

*O 0.06 0.05 

*OOH 0.44 0.13 

 

2.2  Structures of OER intermediates adsorbed on the ZnO(𝟏𝟎�̅�𝟎) surface 

Figure B5 shows the optimized structures of the OH and O species adsorbed at an on-top 

position on a TM doped surface. Adsorption at a bridge site position is shown in Figure 4.1 in 

the main text. Figure B6 shows the optimized structures of the OOH species adsorbed on a TM 

doped ZnO(101̅0 ) surface, with the TM in (a) a surface, and (b) a subsurface position, 

respectively. All these bonding configurations are locally stable.  

 

 
Figure B5: Side views of the atomic structures of the (a) free site, and (b) OH, (c) O and (d) OOH adsorbed at the on-top site 

of the TM doped ZnO(101̅0) surface. The color coding is as follows: grey - Zn, brown - TM, red - O, and white - H.   
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Figure B6: Side views of the atomic structures of three *OOH configurations adsorbed at bridge sites of the TM doped 

ZnO(101̅0) surface, with the TM at (a) surface and (b) subsurface positions. Configuration 2 has the lowest total energies for 

all TM dopants.  

 

2.3  Total energies of TM doped and pristine ZnO(𝟏𝟎�̅�𝟎) surface versus 

subsurface with/without OER intermediates 

Tables B4 and B5 list the total energies calculated for the TM doped and pristine ZnO 

surface with and without OER intermediates in the structures given in Figure 4.1 of the main 

text, and Figures B4 and B5 of Sec 2.2. For those OER intermediates that adsorb at a top site, 

Figure B5, all their energies are higher than for adsorption at a bridge site, Figure 4.1 main text. 

For OOH the energies of all configurations of Figure B6 are listed. For configurations that do 

not lead to a locally stable minimum, the entries are marked with “/”. 
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Table B4: The total energies (in eV) of the OH, O, and OOH species adsorbed at top sites and bridge sites of the TM doped 

ZnO(101̅0) surface, where the TM is at a surface position. 

Systems Top site Bridge 

site 

*OOH in 

configuration 1 

*OOH in 

configuration 2 

*OOH in 

configuration 3 

Mn -532.19 -532.19 
   

Mn_OH -543.46 -543.46 
   

Mn_O -538.74 -538.79 
   

Mn_OOH -547.46 
 

-543.43 -547.60 -547.27 

Fe -530.87 -530.87 
   

Fe_OH -541.84 -541.85 
   

Fe_O -536.66 -536.81 
   

Fe_OOH -545.94 
 

-545.86 -546.13 -545.71 

Co -528.89 -528.89 
   

Co_OH -539.44 -539.49 
   

Co_O -534.28 -534.34 
   

Co_OOH -543.70 
 

-543.63 -543.86 -543.46 

Ni -527.13 -527.13 
   

Ni_OH -537.20 -537.35 
   

Ni_O -531.83 -531.88 
   

Ni_OOH -541.58 
 

-541.50 -541.67 -541.46 

Cu -525.21 -525.21 
   

Cu_OH -534.66 -534.97 
   

Cu_O -529.11 -529.24 
   

Cu_OOH -539.15 
 

-539.12 -539.24 -538.99 

pristine 

ZnO 

-524.55 -524.55 
   

ZnO_OH -533.71 -534.05 
   

ZnO_O -527.63 -528.04 
   

ZnO_OOH -538.32 
 

-538.20 -538.32 -538.31 
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Table B5: The total energies (in eV) of the OH, O, and OOH species adsorbed at top sites and bridge sites of the TM doped 

ZnO(101̅0) surface, where the TM is at a subsurface position. 

Systems bridge site *OOH in 

configuration 1 

*OOH in 

configuration 2 

*OOH in 

configuration 3 

Mn -532.22 
   

Mn_OH -543.28 
   

Mn_O -538.37 
   

Mn_OOH 
 

-547.26 -547.39 -547.11 

Fe -530.79 
   

Fe_OH -541.79 
   

Fe_O -536.71 
   

Fe_OOH 
 

-545.80 -546.04 -545.77 

Co -528.74 
   

Co_OH -539.35 
   

Co_O -534.07 
   

Co_OOH 
 

-543.41 -543.53 -543.33 

Ni -526.63 
   

Ni_OH -537.01 
   

Ni_O -531.54 
   

Ni_OOH 
 

-541.07 -541.26 -541.11 

Cu -524.73 
   

Cu_OH -534.53 
   

Cu_O -528.80 
   

Cu_OOH 
 

-538.75 -538.72 -538.75 

pristine ZnO -524.55 
   

ZnO_OH -533.83 
   

ZnO_O -527.76 
   

ZnO_OOH 
 

/ / / 
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2.4 OH coverage and Pourbaix diagram 

In alkaline media, the ZnO surface will likely be partially hydroxylated. The stability of 

(partially) hydroxylated surfaces can be illustrated by a Pourbaix diagram, see Refs.185, 186, 

which depicts the most stable state of the surface as a function of the pH and of the potential U. 

We have looked specifically at the ZnO(101̅0) surface with hydroxyl (OH) groups adsorbed on 

the Zn atoms at the surface, in coverages of 1/6 ML OH, 1/3 ML OH, 1/2 ML OH, and 2/3 ML 

OH. Figure B7 shows the calculated Pourbaix diagram for these coverages. It demonstrates that 

ZnO is not covered at a low potential under all pH, and that the OH coverage increases with 

increasing potential. A large coverage, which could influence the OER mechanism, is not 

reached for realistic U/pH combinations.  

 

 

Figure B7. Pourbaix diagram, indicating the thermodynamically stable OH coverage of the ZnO(101̅0) surface as a function 

of pH and potential U. 
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2.5 Magnetic moments of TMs doped ZnO  

Table B6 lists the total magnetic moments of the TM doped ZnO slab with and without 

OER intermediates. All TM dopant atoms remain in their high-spin state.  

 

Table B6: Calculated total magnetic moments (in μB per Supercell) of TM doped ZnO. 

system Mn Fe Co Ni Cu 

Nothing adsorbed 5 4 3 2 1 

OH adsorbed 4 5 4 3 2 

O adsorbed 3 4 5 4 3 

OOH adsorbed 4 5 4 3 2 

 

2.6 Bader charges of TMs doped ZnO surface 

Table B7 shows the Bader charges of the atoms in the TM doped ZnO surface and of the 

oxygen atoms of adsorbed species for the different OER steps. For the pristine ZnO system, the 

given charge is the average of all the Zn atoms. The charges of the oxygen ions of all adsorbed 

species were calculated for all geometries.  
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Table B7: Calculated Bader charges (in μB per Supercell) of TM doped ZnO. 

Systems TM Zn HO
ads

 O
ads

 HOO
ads

-TM HOO
ads

-Zn 

Mn 1.25 1.16 
    

Mn_OH 1.51 1.22 -1.13 
   

Mn_O 1.59 1.22 
 

-0.81 
  

Mn_OOH 1.52 1.21 
  

-0.49 -0.60 

Fe 1.16 1.16 
    

Fe_OH 1.53 1.23 -1.16 
   

Fe_O 1.53 1.23 
 

-0.77 
  

Fe_OOH 1.51 1.23 
  

-0.49 -0.66 

Co 1.03 1.17 
    

Co_OH 1.36 1.23 -1.15 
   

Co_O 1.36 1.21 
 

-0.66 
  

Co_OOH 1.36 1.23 
  

-0.45 -0.67 

Ni 0.97 1.16 
    

Ni_OH 1.17 1.22 -1.07 
   

Ni_O 1.23 1.23 
 

-0.70 
  

Ni_OOH 1.23 1.22 
  

-0.40 -0.64 

Cu 0.93 1.16 
    

Cu_OH 1.15 1.23 -1.10 
   

Cu_O 1.16 1.23 
 

-0.70 
  

Cu_OOH 1.14 1.21 
  

-0.39 -0.59 

Zn 
 

1.20 
    

Zn_OH 1.25 1.24 -1.15 
   

Zn_O 1.26 1.26 
 

-0.69 
  

Zn_OOH 1.25 1.19 
  

-0.32 -0.57 
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3. OER on double TM doped ZnO  

The intermediate species involved in the OER adsorb at bridge sites on the ZnO(101̅0) 

surface. In the case of the OH and O species, the O atom binds to the TM dopant atom in the 

surface as well as to a nearby Zn atom in the surface, whereas for the OOH species, one of the 

O atoms binds to a TM dopant atom and the other one to a nearby Zn atom, see Figure 4.1 in 

the main text. This is the most common type of bonding that will be observed if the ZnO is 

doped with TM at moderate or low concentrations. At high concentrations, configurations occur 

more often where two TM dopant atoms are relatively close, so that the adsorbed species can 

form bridge bonds to two TM dopants in the surface, see Figure 4.8 in the main text.  

In Sec 3.1, we discuss possible structures of such bonding configurations, their energies 

and stability. In Sec 3.2, we show the Gibbs free energies of the OER steps, Eqs. (4.7)-(4.10) 

in the main text, and the binding energies of the OER intermediate species, Eqs. (4.16)-(4.18), 

based upon these bonding configurations. 

 

3.1  Surface and subsurface double doping sites 

To have a catalytic effect on the OER, TM dopant atoms can substitute Zn atoms in the 

( 101̅0 ) surface at ridge positions or at valley positions, which we call “surface” and 

“subsurface” positions, respectively, see Figure 4.1 in the main text. Two adjacent TM dopant 

atoms can be both at surface positions or one at a surface position and the other one at a 

subsurface position, see Figure 4.8 in the main text. Other combinations of two adjacent TM 

atoms are not catalytically active. Tables B8 and B9 give the total energies of the ZnO slab 

containing two TM dopant atoms in two surface positions, and one surface and one subsurface 

position, respectively. From these results we conclude that it is energetically more advantageous 

to have the two TM dopant atoms both in surface positions, which is consistent with what we 

have found for single, isolated TM dopant atoms, see the main text. In Figure B8, we consider 

the stability of double TM doped ZnO. In particular, we focus on the net interaction between 

the TM dopants. 
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Table B8: The total energies of the ZnO slab doped with two TM atoms in adjacent surface positions.  

Systems Total energy (eV) 

Mn -539.79 

Fe -537.12 

Co -533.16 

Ni -529.70 

Cu -525.98 

 

Table B9: The total energies of the ZnO slab doped with two TM atoms, one in a surface position, and one in an adjacent 

subsurface position. 

Systems Total energy (eV) 

Mn -539.82 

Fe -537.04 

Co -533.13 

Ni -529.38 

Cu -525.46 

 

Figure 4.3 in the main text demonstrates that substituting individual Zn atoms by TM atoms 

leads to a stable system. Whether these point substitutions tend to cluster is investigated by 

focusing on the binding energy Δ𝐸bind between substitutions A and B184 

Δ𝐸bind = 𝐸𝐴 + 𝐸𝐵 − 𝐸𝐴𝐵 − 𝐸0, 

where 𝐸𝐴, 𝐸𝐵  are the total energies of the ZnO slab containing the substitutions A and B, 

respectively, 𝐸𝐴𝐵 is the total energy of the ZnO slab containing the double substitution AB, and 

𝐸0 is the total energy of the pristine ZnO slab. The calculated results are shown in Figure B8, 

where Δ𝐸bind < 0 indicates a net repulsion between the two dopant atoms, and Δ𝐸bind > 0 

indicates a net attraction. The results show that in the majority of cases the binding energy is 

small, |Δ𝐸bind| ≲ 0.1  eV, demonstrating that there is little interaction between the dopant 

atoms. 
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Figure B8: Binding energy Δ𝐸bind between two TM atoms, substituting two neighboring Zn atoms at (101̅0) surface positions 

(labeled “surface”), or at one surface position and one subsurface position (labeled “subsurface”).  

 

We consider the OER intermediates, OH, O, and OOH, adsorbed at bridge sites between 

two adjacent TM dopant atoms. For OOH adsorbed on two adjacent surface TM dopants, there 

are two stable *OOH configurations, named TM-OOH1 and TM-OOH2 in the following. For 

OOH adsorb on one surface and one subsurface TM dopants, there are three *OOH stable 

configurations, named TM-OOH1, TM-OOH2, and TM-OOH3, see Figure 4.8 in the main text. 

The total energies of the OER intermediates adsorbed on the two TM surface dopants, and on 

one surface and one subsurface TM dopant, are listed in Tables B10 and B11, respectively. 
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Table B10: The total energies of the OH, O, and OOH adsorbed on the ZnO slab doped with two TM atoms in adjacent surface 

positions; “/” means that the OOH does not adsorb stably in this configuration. 

Systems Total energy (eV) 

Mn_OH -551.31 

Mn_O -547.23 

Mn_OOH1 -555.31 

Mn_OOH2 -555.45 

Fe_OH -548.34 

Fe_O -543.58 

Fe_OOH1 -552.35 

Fe_OOH2 -552.26 

Co_OH -544.04 

Co_O -539.27 

Co_OOH1 -548.17 

Co_OOH2 -548.05 

Ni_OH -540.18 

Ni_O -535.15 

Ni_OOH1 -544.36 

Ni_OOH2 -544.50 

Cu_OH -535.7 

Cu_O -530.28 

Cu_OOH1 -539.81 

Cu_OOH2 / 
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Table B11: The total energies of the OH, O, and OOH adsorbed on the ZnO slab doped with two TM atoms, one in a surface 

position, and one in an adjacent subsurface position; “/” means that the OOH does not adsorb stably in this configuration. 

Systems Total energy (eV) 

Mn_OH -551.12 

Mn_O -546.71 

Mn_OOH1 -555.06 

Mn_OOH2 -555.17 

Mn_OOH3 -555.23 

Fe_OH -547.98 

Fe_O -543.48 

Fe_OOH1 -552.01 

Fe_OOH2 -552.28 

Fe_OOH3 -552.25 

Co_OH -543.74 

Co_O -538.94 

Co_OOH1 -548.16 

Co_OOH2 -548.03 

Co_OOH3 -548.22 

Ni_OH -539.74 

Ni_O -534.61 

Ni_OOH1 -543.86 

Ni_OOH2 -543.93 

Ni_OOH3 -544.12 

Cu_OH -535.26 

Cu_O -529.76 

Cu_OOH1 / 

Cu_OOH2 -539.22 

Cu_OOH3 / 
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3.2  Gibbs free energies and overpotentials 

Figure B9 shows the Gibbs free energies of the four reaction steps, Eqs. (4.7)-(4.10) of the 

main text, calculated for the double TM doped ZnO(101̅0) surface for the 3d TM atoms Mn, 

Fe, Co, Ni, and Cu. The overpotentials are calculated and are given in the legend. The 

overpotentials range from 1.71 V to 0.44 V and decrease monotonically from Mn to Cu. Mn 

and Fe double substitutions lead to higher overpotentials compared to pristine ZnO, see Figure 

4.9 in the main text, whereas Ni and Cu show much lower overpotentials. 

 

 

Figure B9: Gibbs free energy diagrams of double TMs doped ZnO surface and subsurface systems. The purple-shaded fields 

indicate the potential determining steps. The overpotentials are given in the legends; 𝜂surface  and 𝜂subsurface  represent the 

overpotentials of surface and subsurface, respectively.  

 

Figures B10(a) and (b) plot the free energies of adsorption, ΔG*OH, ΔG*O, and ΔG*OOH, 

Eqs. (4.16)-(4.18) in the main text, of the OER intermediates as a function of the double TM 

dopants on surface and subsurface, respectively. The lower the free energy, the stronger the 

binding of the intermediates to the active site. The ΔG*OH, ΔG*O, and ΔG*OOH show a similar 

trend in surface and subsurface. It is found that all free energy curves increase from Mn to Cu. 

ΔG*O for Mn, Fe, and Co is closer to ΔG*OH than that of Ni and Cu; this indicates that O is 

strongly bonded to the active site in the Mn, Fe, and Co systems. 
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Figure B10: Gibbs free energies of the OER intermediates on double TMs doped ZnO(101̅0) (a) surface and (b) subsurface. 

Adsorbed species is abbreviated as ADS and signifies *OH (blue squares), *O (yellow circles), and *OOH (green triangles).  
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4. Electrochemical-step symmetry index (ESSI)  

Alternative ways to analyze the overpotential for metal electrodes make use of scaling 

relations to, for instance, the electrochemical-step symmetry index (ESSI).187 Figure B11 shows 

the calculated overpotential 𝜂 plotted against the ESSI for doped ZnO, for all TM substitutions 

in the single doped and double doped cases. The straight line 𝜂 = 1.29 ESSI + 0.14 represents 

a least square fit through the data points. Although there is definitely some trend, the scaling 

relation is a little different from the relation 𝜂 = 0.99 ESSI + 0.25 in Ref.187 Moreover, there is 

also some scatter of points around the trend line. We feel that the results regarding this scaling 

relation does not give further insight in this case.  

 

 
Figure B11: Overpotential 𝜂 (V) plotted against the ESSI (V) for doped ZnO, for all TM substitutions in the single doped and 

double doped cases. 
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Appendix C 

Supplementary Information for Chapter 5 

 

1. Bulk rutile RuO2 

The unit cell of bulk rutile RuO2 is shown in Figure C1 with the type of antiferromagnetic 

ordering in bulk rutile RuO2 indicated. The total energy per formula unit, the magnetic moments 

on the Ru atoms, the band gap, and the lattice parameters, of antiferromagnetic (AFM) and 

nonmagnetic (NM) bulk rutile RuO2, calculated with GGA+U, are listed in Table C1. The 

results agree with those of previous calculations.80 

 

Figure C1: Atomic structure of bulk rutile RuO2. 
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Table C1: Total energy per formula unit 𝐸tot , magnetic moments on Ru atoms, band gap, and lattice parameters, of the 

antiferromagnetic (AFM), and the nonmagnetic (NM) configurations, calculated with GGA+U (𝑈 − 𝐽 = 2.0  eV). The 

experimental lattice parameters are 𝑎 = 4.49 Å, 𝑐 = 3.11 Å,  
𝑐

𝑎
= 0.69.230 

  𝑬𝐭𝐨𝐭 (meV) Magnetic moment (μB) Egap (eV) Lattice parameters (Å) 

AFM 0 1.18 0 𝑎 = 4.53, 𝑐 = 3.12;  𝑐/𝑎

= 0.69 

NM 74 0 0 𝑎 = 4.51, 𝑐 = 3.12;  𝑐/𝑎

= 0.69 

 

2. Magnetism of RuO2(110) surface 

To verify convergence of the magnetic structure of the RuO2(110) slab, we have performed 

a series of calculations varying the thickness of the slab and the size of the in-plane surface cell. 

Table C2 lists the calculated magnetic moments on the Ru atoms of 5-layer, 7-layer, and 9-layer 

stoichiometric RuO2 slabs; the magnetic ordering and the atomic structure are illustrated in 

Figure C2; the top surface is the OER-active surface. The magnetic moments on the Ru atoms 

in the top two layers are converged with the 7-layer slab. 

 

 

Figure C2: Magnetic ordering and structure of (a) 5-layer, (b) 7-layer, and (c) 9-layer stoichiometric RuO2 slabs. The left side 

images in (a,b,c) are front views and the right side images are rotated views of the periodic images of the Ru atoms we just 

labeled one. AFM spin arrangements are indicated by down (orange) and up (blue) arrows at the Ru sites. 
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Table C2: Magnetic moments on the Ru atoms in the 5-, 7-, and 9-layer slabs. The atom numbers refer to the labels in Figures 

C2(a), (b), and (c). Positive/negative signs correspond to spin-up/spin-down. 

Ru atoms Magnetic moment (μB) 

5-layer 
1-5 −0.92,−0.92,−1.21,−1.16,−0.26 

6-10 1.18, 1.10, 1.19, 1.17, 1.46 

7-layer 
1-7 −0.91,−0.91,−1.15,−1.17,−1.11,−1.12,−0.22 

8-14 1.18,1.09,1.18,1,18,1.16,1.16,1.45 

9-layer 
1-9 −0.91,−0.91,−1.18,−1.18,−1.14,−1.12,−1.16,−1.13,−0.23 

10-18 1.18, 1.09, 1.19, 1.18, 1.17, 1.18, 1.17, 1.16, 1.47 

 

In modeling the OER, we enlarge the 1 × 1 (110) surface cell (cell parameters 3.12 Å and 

6.41 Å) to a 3 × 2 rectangular surface supercell (cell parameters 9.36 Å and 12.82 Å). Figure 

C3 shows the structure of a 7-layer slab with 3 × 2 rectangular surface supercell. The calculated 

magnetic moments on one cross section of Ru atoms within this slab are listed in Table C3. 

They correspond very well with the numbers listed in Table C2, so increasing the size of the 

surface supercell does not change the magnetic moments or the magnetic ordering. 

 
Figure C3: (a) top, (b) front and (c) rotated views of a 7-layer RuO2 slab with 3 × 2 (110) rectangular surface supercell. 
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Table C3: Magnetic moments on cross section of Ru atoms within a 7-layer RuO2 slab with 3 × 2 (110) rectangular surface 

supercell. The atom numbers refer to the labels in Figure C2. Positive/negative signs correspond to spin-up/spin-down. 

Ru atoms Magnetic moment (μB) 

1-7 −0.86, −0.92, −1.16, −1.21, −1.12, −1.18, −0.23 

8-14 1.16,1.11,1.11,1,14,1.08,1.12,1.30 

15-21 −0.86, −0.91, −1.17, −1.21, −1.14, −1.17, −0.26 

22-28 1.13,1.11,1.11,1.14,1.08,1.11,1.31 

 

 

 

3. The OER reaction cycle on a fully OH-terminated RuO2(110) 

surface 

On a fully OH-terminated RuO2(110) surface the OER proceeds via the same intermediate 

species, as on a (partially) O-terminated RuO2(110) surface see Figure 5.5 in the main text. 

However, the adsorbed OOH species does not transfer the H to a neighboring Ru site on the 

surface, see Figure C4(d), as that site is now blocked.  

 

 

Figure C4: Top and side views of the OER reaction cycle, Eqs. (5.7)-(5.10), for a fully OH-terminated surface, (a) the active 

CUS (uncovered) Ru atom highlighted in yellow, (b) with OH, (c) O, and (d) OOH adsorbed. The dashed lines between O and 

H in (d) indicate hydrogen bonding. 
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4. The OER in different OH terminated RuO2(110) surface 

To test the sensitivity of our results to the size of the surface supercell, we have also 

performed calculations using a smaller, 2 × 1 supercell (a = 6.24 Å, b = 6.41 Å). The RuO2(110) 

surface with different percentages of OH termination is shown in Figure C5; compare to Figure 

5.3 in the main text. 

In Figure C6, the calculated Gibbs free energies, Δ𝐺𝑛; 𝑛 = 1,⋯ ,4 , of the four OER 

reaction steps, see Eqs. (5.11)-(5.14) in the main text, are shown, as well as the overpotential η, 

Eq. (5.16) in the main text. The results for the NM systems, Figure C6(a), are quite close to 

those obtained with the 3 × 2 supercell; compare to Figure 5.3(a) in the main text. They also 

agree well with results obtained in a previous study.150 The results for the overpotentials 

calculated for the AFM system, Figure C6(b),  are ~0.1 V smaller that for the larger 3 × 2 

supercell; compare to Figure 5.3(b) in the main text. This indicates that, while qualitatively 

giving the correct results, to obtain quantitative accurate results, the 2 × 1 supercell is somewhat 

too small.  

  

 

Figure C5: Top and side views of (110) surfaces with different O/OH terminations in a 2 × 1 supercell: (a) 100/0 %, (b) 75/25 

%, (c) 50/50 %, (d) 25/75 % O/OH termination. An active Ru site is singled out and highlighted in yellow. 
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Figure C6: Gibbs free energies of the four reaction steps, Eqs. (5.11)-(5.14) in the main text, of (a) NM and (b) AFM systems 

with mixed O/OH coverages and different OH percentages, calculated with the 2 × 1 supercell.  The values of the overpotential 

are given in the legends. The potential determining steps are represented by the solid lines between the steps. 
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Magnetic moments of Ru atoms in RuO2(110) surface 

 

Figure D1: Side and rotated views of a five-layer RuO2 slab with a (110) surface at the top. Such a clean (110) surface can be 

obtained under ultra-high vacuum conditions. The AFM ordering of the magnetic moments on the Ru atoms is indicated by the 

orange and blue arrows. The atom labels correspond to those in Table D1. 

 

 

 

Table D1: Magnetic moments on the Ru atoms of the five-layer RuO2 slab shown in Figure D1. Positive/negative numbers 

correspond to spin-up/spin-down. 

Ru atoms Magnetic moment (μB) 

1-5 −0.24, −1.17, −1.20, −0.95, −0.91 

6-10 1.46, 1.14, 1.17, 1.11, 1.14 

11-15 −0.24, −1.16, −1.20, −0.94, −0.92 

16-20 1.46, 1.14, 1.16, 1.11, 1.14 
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Figure D2: The magnetic moments of (a) the Fe tip apex atom and the (b) whole Fe tip cluster with the tip positioned over 

different atoms of the RuO2(110) substrate, as a function of the tip-surface distance z. 

 



 

 
 

Summary 

First-principles study of electrode materials for oxygen evolution 

Electrochemical water splitting is regarded as a promising pathway for converting 

renewable energy into a fuel when electrical energy is provided in a sustainable manner using 

wind or solar power. During the last few decades, extensive studies have been devoted to the 

development and understanding of the oxygen evolution reaction (OER). The OER highly relies 

on the activity of the active site. To date, there are no general rules from electronic structure 

point of view to see how the electronic structure of the active site influences the OER. In this 

thesis, based on the computational hydrogen electrode (CHE) approach and the four-step 

concerted proton–electron transfer (CPET) mechanism, density functional theory (DFT) has 

been used to explore how the active site of the catalyst surface affects the OER activity. The 

OER mechanism under alkaline and acidic conditions is discussed and the OER activity is 

measured by the overpotential. 

In Chapter 1, a short introduction is given to water splitting and the OER, as well as to the 

computational modeling techniques used throughout the thesis. 

In Chapter 2, the mechanism of the OER under alkaline and acidic conditions is elucidated 

and key parameters for the OER, such as the reaction Gibbs free energy and the overpotential, 

are derived for both reaction mechanisms. The effect of using different reference electrodes, 

i.e., RHE or SHE, on the equations for the key parameters is also discussed. We derive step by 

step the theory to simulate the OER based on the acidic and alkaline reaction mechanisms. Even 

though the single reactions look quite different, the same equations can be used for calculating 

these key parameters, provided the RHE is used as a universal reference. We suggest for the 

future to use for both acidic and alkaline mechanisms the RHE as a reference electrode.  

In Chapter 3, pure and first-row transition-metal (TM) doped AlN and GaN two-

dimensional monolayers are investigated for the OER. The OER activities and the electronic 

properties of pure and TM doped AlN/GaN are linked together. The Ni-doped layers are 

singularly appealing because they lead to a low overpotential of 0.4 V. Early TM dopants are 

not suited for the OER because they bind the intermediate species OH or O too strongly. The 

late TM dopants Cu and Zn show less or no OER activity as they bind the intermediate species 
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too weakly. Although in many cases the overpotential can be traced back to an OOH 

intermediate species being adsorbed too weakly compared to an OH species, the Ni dopant 

breaks this rule by stabilizing the OOH adsorbate. The stabilization can be correlated with a 

switch from a high-spin to a low-spin state of the dopant atom. This ability to change spin states 

offers an exciting ingredient for the design of OER catalysts. 

In Chapter 4, first-row TM doped ZnO (101̅0) surfaces are investigated for the OER. The 

enhancement of the OER by TM doping is established by calculations on a substantial number 

of possible structures and bonding geometries. The undoped ZnO is inert for OER. For TM 

dopants in the 3d series from Mn to Cu, the overpotentials decrease from Mn to Co, and rise 

again to from Co to Cu. The Gibbs free energies associated with the adsorption of the 

intermediate species increase down the series from Mn to Zn, but the difference between OH 

and OOH adsorption is always in the range 3.0-3.3 eV, despite a considerable variation in 

possible bonding geometries. The bonding of the O intermediate species, which is optimal for 

Co, and to a somewhat lesser extend for Ni, then ultimately determines the overpotential of 0.4 

V for Co and 0.5 V for Ni, respectively. The results imply that both Co and Ni are promising 

dopants for increasing the activity of ZnO-based anodes for the OER.  

In Chapter 5, one of the best performing anode materials, RuO2, is investigated. RuO2 is 

commonly considered as a non-magnetic (NM) catalyst in the OER calculations. However, bulk 

RuO2 is observed to be an antiferromagnet (AFM) at room-temperature according to a recent 

combined experimental neutron diffraction and computational DFT study. In order to 

understand the effects of magnetism on RuO2 for OER, we use the DFT+U method to model 

the OER process on NM and AFM RuO2(110) surfaces and investigate the electronic properties 

of the active site with different adsorption intermediates. In addition, the stability of surface 

termination, i.e., surface mixed with OH/O termination is investigated by plotting the Pourbaix 

diagram, and the effects of different O/OH surface terminations on the OER are studied. For 

AFM RuO2, one finds a consistently low overpotential between 0.4-0.49 V for full O and mixed 

O/OH terminations. In contrast, treating RuO2 as NM, the NM RuO2(110) surface gives 

significantly higher overpotentials between 0.63-0.73 V for mixed O/OH terminations. The 

electronic properties of the active site with different adsorption intermediates are used to explain 

the low and robust overpotential of the RuO2(110) surface under both acidic and alkaline 

conditions. 

In Chapter 6, the interaction between a RuO2(110) surface and a Fe nanocluster tip is studied, 

calculating the exchange forces and energies as a function of the tip-surface distance, motivated 
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by experimental efforts to characterize the magnetism of the RuO2(110) surface with atomic 

resolution. The coupling between tip and surface where the magnetic moments on the Fe tip 

and the surface Ru atoms are parallel is energetically more favorable than antiparallel coupling. 

The exchange forces are used to calculate the normalized frequency shift of an oscillating tip 

positioned over different sites on the surface. These frequency shifts show qualitatively the 

same trends as a function of tip position and tip-surface distance as the exchange forces. Finally, 

the corrugation height line profiles (CHLP) are plotted by fixing the frequency shift, and extract 

the points of closest approach of the oscillating tip to a surface atoms for different positions of 

the tip over the surface. Spin-up Ru atom appears as peaks and spin-down Ru atom appears as 

valleys in the CHLP, whereas the O will not be directly visible as they do not correspond to 

maxima or minima.  
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