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Abstract

Rutile transition metals have lately been reported to exhibit outstanding catalytic activity.
Whereas the Oxygen Evolution Reaction (OER) has been intensively studied on these catalysts,
only very few mentions exist of these materials catalyzing the CO2 Reduction Reaction. It is in
the scope of this work to investigate both electrocatalytic reactions at low potential on IrO2 and
RuO2 slabs.

Ab initio computations implementing Density Functional Theory (DFT) are used to calculate
the total energy of structures with adsorbates. Stability analyses are performed using relative
stability diagrams to screen for interesting reaction intermediates in a wide potential range.
Free energy diagrams are constructed to identify potential limiting steps in the studied reaction
mechanisms. To the extent possible, results are systematically confronted to reference work.

The critical influence of Zero Point Energy (ZPE) and van der Waals (vdW) corrections on the
simulations are exposed.
RuO2 is found to display increased affinity with OER intermediates as compared to IrO2. A
hydrogen-covered surface reconstruction (Ir2O) on a IrO2 slab is shown to exhibit competing
stability with conventional IrO2 surface intermediates at potentials below −0.52V .

Within the thermodynamic limits of this work, IrO2 displays better affinity with carbon adsor-
bates and better performances in the CO2 Reduction Reaction to methane than RuO2. The
CO2 Reduction Reaction is shown to become favorable as from potentials as low as −0.22V on
an IrO2 catalyst, in contrast to −0.47V on RuO2. At last, CO2 reduction through a COH∗
intermediate on an IrO2 catalyst appears to be an interesting lead.

Keywords: electrocatalysis, oxygen evolution reaction, CO2 reduction reaction, density func-
tional theory, IrO2, RuO2, methane synthesis
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Chapter 1

Introduction

Context

This year, on August 2nd 2017, we have used up all the resources from nature that our planet
can renew in a whole year [42]. Worse still, every year the Earth Overshoot Day occurs a few
days earlier. Although this is not the only cause, our dependence on fossil fuels and the resulting
CO2 emissions account for a major part in this issue. Fortunately, little by little renewable
energy resources are gaining contribution in the global energy mix. However, these emerging
technologies face major challenges towards a full transition to renewable energies. Wind and
solar energies are intermittent sources and lack efficient storage means. Fuel cells, on the other
hand, rely mainly on hydrogen, which is currently polluting to produce.

In this context, electrocatalysis offers a promising approach. Indeed, the water-splitting reaction
enables to produce hydrogen from electricity. Other novel catalytic reactions enable to reduce
CO2 into hydrocarbon fuels. On the one hand, mastering this reaction would give humans
the ability to control the CO2 content in the atmosphere. On the other hand, because the
hydrocarbon fuels would be produced from CO2, the consumption of these fuels would release
nothing more than the originally captured CO2. As such, the generated fuels would have no
additional CO2 footprint when consumed.
In this work, we will mainly focus on two catalytic reactions. First, we investigate the oxygen
evolution reaction, which is one of the half-reactions of the water-splitting reaction. Second,
among the multiple hydrocarbons that can be generated from CO2 reduction, it was chosen to
focus on the CO2 reduction to methane (CH4).

However, these promising catalytic reactions still face major issues. A catalyst material needs to
meet three important conditions to sustain a cost-effective process: (1) high selectivity towards
desired products (2) high activity for the formation of the desired products and (3) high stability
under reaction conditions [27]. To this date, no catalyst material satisfies these criteria to a
sufficient extent. Indeed, both water-splitting and CO2 reduction reactions require potentials
over 1V on currently studied materials [49,54,55]. However, it has been shown that transition
metal oxides exhibit interesting catalytic performances [8, 27,55,57].
Nonetheless, limited research has been preformed on these catalysts. It is in the scope of this work
to further investigate rutile transition metal catalysts. More specifically, we focus on two specific
materials: IrO2 and RuO2. Their performances and characteristics are confronted throughout
this work.

Objectives

The objectives of the present thesis are twofold: on the one hand, investigate new intermediates
which may play a role at low potential in the oxygen evolution reaction on both IrO2 and RuO2.
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On the other hand, the feasibility of the CO2 reduction reaction to methane is studied on these
catalysts.

Towards this goal, we proceed through a step-by-step approach. First of all, two major parts can
be distinguished: we start by giving a literature review before presenting the major simulation
results.
In chapter 2, we establish the required theoretical background to understand computational
material simulation. First, the Schrödinger equation and the Born-Oppenheimer approximation
are introduced. The Hartree-Fock theory and the Density Functional Theory are built on this
foundation. The chapter is closed with considerations on how to practically implement the
Density Functional Theory in materials science simulation.
Chapter 3 follows with an overview of some basic concepts in electrocatalysis.
Next, in chapters 4 & 5 a literature review is given on the Oxygen Evolution Reaction and on
the CO2 Reduction Reaction respectively. Both catalyst materials (IrO2 & RuO2) and reaction
mechanisms are discussed.

With this background, one should be able to interpret simulation results with a proper perspective.
Chapter 7 reviews the simulations performed in the frame of the Oxygen Evolution Reaction.
Therefore, standard results are first reproduced before extending the discussion to an analysis of
other possible intermediates involved in this reaction, with a focus on low potentials.
Likewise, in chapter 8, major simulation results concerning the CO2 Reduction Reaction are
presented. Again, we first reproduce reference work before analyzing the full reaction pathway
towards methane production. Both the IrO2 and RuO2 catalysts are confronted and different
reaction mechanisms are compared.
Finally, chapter 9 provides the global conclusions of this thesis.
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Chapter 2

Theoretical background

Since the last few decades, materials science researchers have had a growing interest in computa-
tional methods. Indeed, as scales became smaller and smaller, experimental research became
more complex and more expensive. Today, computational methods have become complementary
to experimental research, enabling the prediction of a variety of physical and chemical properties.

In materials science, different types of computational methods can be distinguished. On the one
hand, interatomic interactions can be described using classical force fields, such as Molecular
Dynamics (MD), among others. On the other hand, interatomic interactions can be computed
at the quantum mechanical level by solving Schrödinger’s equation. The latter offers a much
more accurate description, but at a much higher computational cost, which limits the number of
atoms to be simulated. Among quantum mechanical methods, semi-empirical methods should
be distinguished from first-principle methods. Whereas first-principle methods are based solely
on quantum mechanics ("ab initio": from the beginning), semi-empirical methods rely partly on
empirical data, for simplification purposes. Among the first-principle methods, different theories
have been developed, such as the Densitiy Functional Theory (DFT), methods based on quantum
chemistry (Hartree-Fock and post Hartree-Fock techniques) or the many-body perturbation
theory.

In this chapter, an overview of the theoretical concepts required to understand DFT will be
given. Therefore, we will first review the Schrödinger equation and the Born-Oppenheimer
approximation. Next, the Hartree-Fock theory and the Density Functional Theory will be
introduced to simplify the all-electron Schrödinger equation. At last, we will see how DFT can
be practically implemented by reducing the amount of wavefunctions and electrons to treat.

All expressions given in this chapter are expressed in atomic units.

2.1 The Schrödinger equation
This section is mainly inspired from references [3, 4, 10,15,38].
A quantum mechanical system consisting of Ne electrons and NN nuclei is completely described
by its wavefunction Ψ:

Ψ = Ψ(r1, r2, ..., rNe ,R1,R2, ...,RNN ) (2.1)

where ri(i = 1, ..., Ne) and Rα(α = 1, ..., NN ) are the coordinates of the electrons and the nuclei
respectively. The quantity |Ψ|2 gives the probability density to find a certain configuration
of electrons and nuclei. The purpose of quantum mechanical modelling is to determine this
wavefunction as precisely as possible. This requires solving the Schrödinger equation:

ĤΨ = EΨ (2.2)
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where E is the energy and the Hamiltonian Ĥ is given by:

Ĥ = T̂e + T̂N + V̂ee + V̂eN + V̂NN (2.3)

with:

T̂e =
Ne∑
i=1
−1

2∇
2
ri electronic kinetic energy

T̂N =
NN∑
α=1
− 1

2Mα
∇2

Rα
nuclear kinetic energy

V̂ee =
Ne,Ne∑
i,j
i<j

1
|ri − rj |

electron-electron Coulomb interaction

V̂eN =
Ne∑
i=1

NN∑
α=1

−Zα
|ri −Rβ|

electron-nucleus Coulomb interaction

V̂NN =
NN ,NN∑
α,β
α<β

ZαZβ
|Rα −Rβ|

nucleus-nucleus Coulomb interaction

where Mα and Zα are the mass and the atomic number of nucleus α respectively.

2.2 The Born-Oppenheimer approximation
This section was inspired from references [3, 4].

The Born-Oppenheimer approximation is based on the observation that nuclei are much heavier
than electrons (Mα >> 1). Therefore, the electrons virtually instantaneously adapt their
position to any movement of the nuclei. Based on this consideration, the Born-Oppenheimer
approximation states that the dynamics of the electrons and nuclei can be decoupled. Hence, the
wavefunction (equation 2.1) can be expressed as a function of its electronic (ψ) and nuclear (ψN )
components:

Ψ = ψ(r1, r2, ..., rNe)× ψN (R1,R2, ...,RNN ) (2.4)
In practice, the nuclei are considered as fixed when studying the electrons. Therefore, the system
can be simplified to Ne interacting electrons in an external potential Vext(r) generated by the
nuclei.
Hence, the wavefunction Ψ simplifies to:

ψ = ψ(r1, r2, ..., rNe) (2.5)

and the Hamiltonian to:

Ĥ = T̂e + V̂eN + V̂ee (2.6)
Thus, the Schrödinger equation simplifies to:

Ĥψ =
∑
i

−1
2∇

2
i + Vext(ri) +

∑
i<j

1
ri − rj

ψ = Eψ (2.7)

However, even this simplified Schrödinger equation is impossible to solve analytically for systems
with more than two electrons. This is the so-called many-body problem. Numerous methods
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were developed to circumvent this problem and solve the equation by approximating the electron
interactions. Among others, we can cite the Hartree-Fock theory (HF) and the Density Functional
Theory (DFT), which will be discussed in the next sections.

2.3 Hartree-Fock theory
This section is mainly based on references [3, 4, 38]. First, Hartree developed a theory to
approximate the Schrödinger equation (section 2.3.1). Then this theory was further refined to
include the Pauli exclusion principle, giving rise to the Hartree-Fock theory (section 2.3.2).

2.3.1 Hartree method

In order to simplify equation 2.7, Hartree proposed to replace the electron-electron interactions by
an averaged potential. As such, instead of dealing with a numerous amount of electron-electron
interactions, only interactions between each electron and an averaged field must be taken into
account. Equation 2.7 then simplifies to:

Ĥψ =
∑
i

(
−1

2∇
2
i + Vext(ri) + VH(ri)

)
ψ = Eψ (2.8)

where Vext represents the interaction between electrons and nuclei and VH is the Hartree potential,
expressing a repulsive Coulomb interaction between electrons and an averaged field. It can be
shown that this Hartree potential is given by [4]:

VH(r) =
∫

n(r′)
|r− r′|dr′ (2.9)

where n(r) =
∑
n

|φn(r)|2 is defined as the electronic density.

Due to the form of equation 2.8, the electrons can be treated independently. The Ne-electron
wavefunction can then be replaced by the product of Ne 1-electron wavefunctions:

ψ(r1, r2, ..., rNe) = φ1(r1)φ2(r2)...φNe(rNe) (2.10)

With this description, Hartree introduced the so-called Self-Consistent Field method (SCF).
Indeed, to obtain the Hartree potential VH(r), the electronic density n(r) and hence all the
wavefunctions φi(r) must be known. However, to obtain the wavefunctions φi(r), the Hartree
potential VH(r) is needed. Therefore, one starts from a trial electronic density and iterates until
self-consistency is reached. The procedure is depicted in figure 2.1.

Figure 2.1: Self-Consistent Field (SCF) method [4].

However, this method is a rough approximation because it does not take into account Pauli’s
exclusion principle and the description of electron interaction is quite poor. Therefore, the
Hartree method was refined into the Hartree-Fock method.
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2.3.2 Hartree-Fock method

In order to satisfy the Pauli exclusion principle, Fock developed the wavefunction expression
ψ as a linear combination of non-interacting one-electron wavefunctions φ, represented as the
so-called Slater determinant given by:

ψ(r1, r2, ..., rNe) = 1√
!Ne

∣∣∣∣∣∣∣∣∣∣
φ1(r1) φ2(r1) · · · φNe(r1)
φ1(r2) φ2(r2) · · · φNe(r2)

...
... . . . ...

φ1(rNe) φ2(rNe) · · · φNe(rNe)

∣∣∣∣∣∣∣∣∣∣
(2.11)

In order to fulfill the antisymmetry principle, two electrons must satisfy the following relation:

ψ(r1, r2) = −ψ(r2, r1)

In an Ne-electron system, this condition is exactly expressed by the Slater determinant. Indeed,
when two rows or columns are exchanged, the determinant sign will change too. Moreover, any
determinant which has two identical rows or columns will be equal to zero. This expresses the
fact that a wavefunction where two electrons occupy the same spin cannot exist, which is exactly
what Pauli’s exclusion principle states.
There only exists one minimal ground-state energy in a system without degenerated states.
Therefore, the variational principle states that by minimizing the system energy with respect to
the wavefunction, one will eventually reach the ground-state energy. Without entering into too
many details, it can be shown that the 1-electron Schrödinger equation can be rewritten as:−1

2∇
2 + Vext(r) +

∑
j 6=i

(Ĵj − K̂j)

φi(r) = εHFi φi(r) (2.12)

where Ĵj is the Coulomb operator :

Ĵjφi(r) =
∫ φ∗j (r′)φj(r′)

|r− r′| dr′φi(r),

K̂j is the exchange operator :

K̂jφi(r) =
∫ φ∗j (r′)φi(r′)

|r− r′| dr′φj(r)

and εHFi are the electronic eigenenergies.
Finally, it can be shown that equation 2.12 is identical to:[

−1
2∇

2 + Vext(r) + VH(r) + V̂x

]
φi(r) = εHFi φi(r) (2.13)

with V̂x the exchange potential given by:

V̂xφi(r) =
∑
j

{∫ φ∗j (r′)φi(r′)
|r− r′| dr′

}
φj(r)

Here also the Schrödinger equation should be solved with the Self-Consistent Field procedure
described above.
Using the orthonormalization constraint, the energy of the system can be expressed as:

E = 〈ψ|Ĥ|ψ〉 =
∑
i,j

∫
ψ∗i (r)

[
−1

2∇
2 + Vext(r) + VH(r) + V̂x

]
ψi(r)dr (2.14)
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Although the Hartree-Fock method shows significant improvement compared to the Hartree
method, the above described procedure still has some shortcomings. Indeed, including the Slater
determinant fulfilled the antisymmetry requirement, according to which same-spin electrons repel
each other (exchange interaction). However, opposite-spin electrons also have a tendency to stay
away from each other because they bear the same charge. This effect is called correlation and is
not accounted for in the Hartree-Fock method. Therefore, the band gaps often appear too wide
and the band widths too narrow.
To compensate for these shortcomings, post Hartree-Fock methods were developed, which try
to include correlation. However, the real breakthrough was only achieved with the Density
Functional Theory (DFT), described in the next section.

2.4 Density Functional Theory
This section is mainly based on references [4, 10,15,38].

In an attempt to enhance the Hartree-Fock method for computing wavefunctions, Hohenberg,
Kohn and Sham placed the foundations of the Density Functional Theory. In this approach, the
focus is not placed directly on the wavefunction, like it is the case for the HF method, but instead
on the electron density. First, Hohenberg and Kohn demonstrated how the electron density could
be linked back to the wavefunction. They established an expression for a universal functional of
the density. Next, Kohn and Sham developed a methodology to compute this density functional.

2.4.1 Hohenberg-Kohn theorems

Let us recall the simplified Schrödinger equation for Ne electrons (equation 2.7):

Ĥψ =
∑
i

−1
2∇

2
i + Vext(ri) +

∑
i<j

1
ri − rj

ψ = Eψ (2.15)

1st Hohenberg-Kohn theorem: There is a unique external potential Vext(r) (modulo a global
constant) determined solely by the ground-state electron density, given by:

n(r) = Ne

∫
[ψ(r, r2, ..., rNe)]∗ψ(r, r2, ..., rNe)dr2...rNe (2.16)

More specifically, it can be proven that the external potential is a functional of the ground-state
density.

2nd Hohenberg-Kohn theorem: At a given external potential Vext(r), minimizing the system
energy by varying the electron density will eventually lead to the ground-state energy. This
second theorem is introducing a variational principle for DFT, although it restricts the theory to
ground states.

By combining these theorems, it is possible to gain insight about the energy functional:

E = min
φ

{
〈φ|Ĥ|φ〉

}
= min

n

{
min
φ→n

{
〈φ|Ĥ|φ〉

}}
(2.17)

= min
n

{
min
φ→n

{
〈φ|T̂e + V̂ee +

Ne∑
i=1

Vext(ri)|φ〉
}}

(2.18)

= min
n

{
min
φ→n

{
〈φ|T̂e + V̂ee|φ〉

}
+
∫
n(r)Vext(r)dr

}
(2.19)

= min
n

{
F [n] +

∫
n(r)Vext(r)dr

}
(2.20)
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where F [n] = min
φ→n

{
〈φ|T̂e + V̂ee|φ〉

}
is a universal functional of the density, but is not known

explicitly. This functional represents an important part of the total electronic energy and it
is thus crucial to make a reasonable approximation for it. For the first time, Kohn and Sham
managed to propose an accurate description for this functional, which will be presented in the
next section.

2.4.2 Kohn-Sham equation

At this point, let us first recall the expression of the energy as given by the HF theory (equation
2.14), which we will simplify to:

E[n] = Ekin[n] + Eext[n] + EH [n] + Ex[n] (2.21)

with:
Ekin[n] : kinetic energy of the electrons
Eext[n] : interaction energy between electrons and an external potential generated by the

nuclei
EH [n] : Hartree energy, interaction between single electrons and an averaged electron field
Ex[n] : exchange potential accounting for same-spin electron repulsion (Pauli’s principle)

To determine the density functional F [n], Kohn and Sham first assumed that the electrons are
non-interacting. Then, the Ne-electron system was substituted by a system of Ne non-interacting
1-electrons, subjected to the external potential. This was implemented through the definition of
a so-called exchange-correlation energy functional Exc[n]:

Exc[n] = F [n]− T0[n]− EH [n] (2.22)

where T0[n] = min
φ→i

{
〈φ|T̂e|φ〉

}
is a known kinetic energy functional of the non-interacting

electrons.
As its name suggests, the exchange-correlation energy functional Exc[n] contains an exchange term
(repulsion of same-spin electrons) and a correlation term (repulsion of opposite-spin electrons).
Nonetheless, it also contains the difference between the kinetic energy of the fictitiously non-
interacting electron gas (T0[n]) and the real one. Substituting equation 2.22 in equation 2.20
gives:

E[n] = min
n

{
F [n] +

∫
n(r)Vext(r)dr

}
(2.23)

= min
n

{
T0[n] +

∫
n(r)Vext(r)dr + EH [n] + Exc[n]

}
(2.24)

= min
n

{
T0[n] +

∫
n(r)Vext(r)dr + 1

2

∫
n(r)n(r′)
|r− r′| drdr′ + Exc[n]

}
(2.25)

Under the constraint of a fixed number of electrons, and by introducing the Lagrange multipliers,
it can be shown that this energy is equivalent to that a system of non-interacting electrons with
the same electronic density in an external potential, called the Kohn-Sham potential:

VKS(r) = Vext(r) + VH(r) + Vxc(r) (2.26)

with Vxc(r) the exchange-correlation potential. This Kohn-Sham potential corresponds to a
fictitious system of non-interacting electrons, but will generate the same density as a system of
interacting electrons.
The wavefunction can be found by solving the following 1-electron Schrödinger equation (also
called KS equation) self-consistently:

ĤKSφ
KS
i (r) = εKSi φKSi (r) (2.27)[

−1
2∇

2 + VKS(r)
]
φKSi (r) = εKSi φKSi (r) (2.28)
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with the electronic density defined as n(r) =
N∑
i=1
|φKSn (r)|2.

Although this corresponds to solving a fictitious system, over time the 1-electron reformulation
has proven to approximate reality very accurately.

2.4.3 Exchange-correlation functionals

So far, it has been assumed that the exchange-correlation energy functional Exc[n] was known.
However, the problem of correctly approximating this functional still remains. Two approaches
for doing this will be presented here: the Local Density Approximation and the Generalized
Gradients Approximation. At last, dispersion corrections will be discussed.

Local Density Approximation

The Local Density Approximation (LDA) [28] relies on the assumption that an electron is subjected
to a local electron density which is similar to the global electron density. The exchange-correlation
energy can then be expressed as:

Exc[n] =
∫
n(r)εxc(r, n)dr (2.29)

where εxc(r, n) is the local exchange-correlation energy per electron. Then, the overall system is
divided into several subsystems, each with a different constant local electron density. In LDA,
this local electron density is equal to that of a homogeneous electron gas with the same density
(in a neutralizing background called "the jellium"):

εLDAxc (r, n) = εhomxc (n(r)) (2.30)

The exchange component εx can be calculated analytically using the HF method:

εLDAx (r, n) = − 3
4π [3π2n((r)]1/3 (2.31)

The correlation component εc, on the other hand, is obtained numerically from quantum Monte
Carlo simulations.
The LDA generally gives an accurate approximation for systems where the charge density varies
relatively slowly, such as in covalent systems and simple metals. However, LDA overestimates
adsorption energies and is not adequate for strongly correlated systems, such as transition metals
(strong electron localization with narrow d- and f- bands). These are better described by the
Generalized Gradients Approximation, which will be described in the next section.

Generalized Gradient Approximation

The fundamental idea behind the Generalized Gradient Approximation (GGA) [47] is identical to
LDA in the sense that the global electron density is approximated by a local density. However,
GGA tries to push further by including a dependence on the gradient of the local density:

EGGAxc [n] =
∫
n(r)εGGAxc [n(r), |∇n(r)|]dr (2.32)

Different variants of GGA were developed such as PW91 [47] , PBE [46], revised PBE (RPBE) [17]
etc. PBE has now become one of the most used functionals. The revised version of PBE uses a
simpler mathematical form for the exchange energy component εxc.

Finally let us note that although DFT generally accurately approximates experimental data, the
band gap energy remains a prominent exception as it is systematically underestimated in both
LDA and GGA.
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Van der Waals interactions

A contribution both LDA and GGA functionals are missing are the van der Waals (vdW)
interactions, resulting from dynamical correlations between fluctuating charge distributions. To
fulfill this shortcoming, a dispersion correction term can be added to the conventional Kohn-Sham
DFT energy EKS−DFT [34]:

EDFT−disp = EKS−DFT + Edisp (2.33)

There exist multiple methods to compute the correction term Edisp.

The DFT-D2 method developed by Grimme [11] expressed Edisp as follows:

Edisp = −1
2

Nat∑
i=1

Nat∑
j=1

∑
L

′C6ij
r6
ij,L

fd,6(rij , L) (2.34)

where summations are over all atoms Nat and all translations of the unit cell L = (l1, l2, l3). The
prime indicates that i 6= j for L = 0, C6ij is the dispersion coefficient for atom pair ij and rij,L
is the distance between atoms i and j in unit cell L. f(rij) is the damping function given by [11]:

fd,6(rij) = s6

1 + e−d(rij/(sRR0ij)−1) (2.35)

where s6 and sR are parameters optimized for different DFT functionals. This damping function
scales the force fields in order to minimize contributions from interactions within typical bonding
distances and thus determines the short-range behaviour of the dispersion correction [13,34]. In
practice, interactions over distances larger than a chosen cutoff radius can be ignored. C6ij and
R0ij are computed using the following combination rules:

C6ij =
√
C6iiC6jj (2.36)

R0ij = R0i +R0j (2.37)

The greatest shortcoming of the DFT-D2 scheme is that the dispersion coefficients are computed
for each pair of atoms and are thus insensitive to an atom’s chemical environment. In contrast,
in the DFT-D3 method [12], the dispersion coefficients C6ij are geometry-dependent. They are
adjusted based on the local geometry (coordination number) around atoms i and j.

The correction term Edisp for the DFT-D3 method is expressed as [12]:

Edisp = −1
2

Nat∑
i=1

Nat∑
j=1

∑
L

′
(
fd,6(rij , L)C6ij

r6
ij,L

+ fd,8(rij , L)C8ij
r8
ij,L

)
(2.38)

Finally, the DFT-TS (Tkatchenko-Scheffler) method [58] is based on the DFT-D2 method, but
includes a charge-density dependency. This enables to take into account variations in vdW
contributions according to atoms’ chemical environments. In this method, polarizability (αi),
dispersion coefficients (C6ii) and atomic radii of atoms (R0i) are computed from their free energy
values using the following relationships:

αi = νiα
free
i (2.39)

C6ii = ν2
i C

free
6ii (2.40)

R0i =
(

αi

αfreei

) 1
3

Rfree0i (2.41)
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νi are the free atomic volumes computed using the Hirschfeld partitioning of the all-electron
density:

νi =
∫
r3wi(r)n(r)d3r∫
r3nfreei (r)d3r

(2.42)

with n(r) the total electron density, nfreei (r) the spherically averaged electron density of the
neutral free atomic species i and wi(r) the Hirshfeld weight defined by free atomic densities as:

wi(r) = nfreei (r)∑Nat
j=1 n

free
j (r)

(2.43)

The combination rules to compute C6ij and R0ij using the DFT-TS method are given by:

C6ij = 2C6iiC6jj
αj
αi
C6ii + αi

αj
C6jj

(2.44)

R0ij = R0i +R0j (2.45)

2.5 Practical implementation
This section is based on references [3, 4, 38].

Although DFT is a considerable step forward towards materials science simulation, the amount
of data to be treated is still tremendous. In this section, we will see how the properties of solids
can be exploited to significantly reduce the computational load.

2.5.1 Plane-wave basis set

In this section, we will see how wavefunctions can be described using plane waves.

The smallest subset in a lattice structure allowing to fully reconstruct a solid is called a unit cell
or primitive cell. The full crystal structure can be recovered by periodic repetition of this unit
cell along a vector R = ua1 + va2 + wa3 with a1, a2, a3 the primitive vectors of the real lattice
and u, v, w integers. On the other hand, the reciprocal lattice is defined such that the plane waves
with wave vector G have the same periodicity as the real lattice, where G = ub1 + vb2 + wb3
with b1, b2, b3 the primitive vectors of the reciprocal lattice and u, v, w integers. Both lattices
are represented conceptually in figure 2.2 and their lattice vectors are related by:

eiG ·R = 1 (2.46)

The real and reciprocal lattice volumes are given by: Ω = a1 · (a2 × a3) and Ω∗ = b1 · (b2 × b3)
respectively. Their volumes are related by: Ω∗ = (2π)3/Ω. The primitive vectors in the real and
reciprocal space are linked by:

b1 = 2π
Ω (a2 × a3) b2 = 2π

Ω (a3 × a1) b3 = 2π
Ω (a1 × a2)

Because the lattice points of the reciprocal lattice define the allowed wave vectors, this reciprocal
lattice is more convenient for representing wave functions. Notice that the magnitude of real and
reciprocal lattice primitive vectors are inversed.

According to Bloch’s theorem, a wavefunction φnk with wave vector k and band index n, in a
system with a periodic potential V (r) = V (r + R) can be represented as:

φnk(r) = eik · runk(r) (2.47)
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Figure 2.2: Representation of a real and reciprocal lattice. A real lattice vector R and a reciprocal
lattice vector G are also shown [38].

where:

unk(r + R) = unk(r) (2.48)
φnk(r + R) = eik · rφnk(r) (2.49)

As such, Bloch represents wavefunctions as a superposition of a plane wave eik · r and a periodical
potential unk(r). This is represented schematically in figure 2.3.

Figure 2.3: Representation of wavefunctions φk(r) as a superposition of a plane wave eik · r and
a periodical potential unk(r) according to Bloch’s theorem [4].

By using the following Fourrier transforms:

unk(G) = 1
Ω

∫
Ω
unk(r)e−iG · rdr (2.50)

φnk(r) =
∑
G

unk(G)ei(k+G) · r (2.51)

the periodic potential unk(r) can be rewritten as:

unk(r) =
∑
G

unk(G)eiG · r (2.52)

Finally, the wavefunctions can be rewritten as:

φnk(r) = 1√
NΩ

∑
G

unk(G)ei(k+G) · r (2.53)
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where N is the number of unit cells repeated in the Born-von Karman periodic box.

In principle, this basis set for the expansion to represent a wavefunction is infinite. However, in
numerical simulations it is impossible to take into account an infinite number of plane waves.
Fortunately, the higher an electron’s kinetic energy, the lower its contribution to total energy of
the system. Therefore, we can introduce an upper limit to the kinetic energy of plane waves to
be taken into account in the computation of the wave function. This upper limit is called the
cutoff energy Ecut defined as:

Ecut ≥
1
2(k + G)2 (2.54)

Plane waves represent a very convenient basis set for expansion of Kohn-Sham orbitals. Indeed,
the Fourrier transform significantly facilitates computations in the reciprocal space. However,
despite introducing a cutoff energy, this approach requires a large amount of plane waves per
atom. In the next two sections, we will see how we can further reduce the amount of plane waves
to compute.

2.5.2 Brillouin zone sampling

In this section, we will see how the periodicity of solids make it possible to drastically reduce the
quantity of atoms to handle without compromising the accuracy of the simulation.

First, a supercell is selected, consisting in a number of unit cells. A supercell is used instead
of a unit cell in order to be able to represent defects, adsorbates etc. at any desired repetition
throughout the material. Its size is critical when it comes to reducing interaction between
particles or defects. This supercell can then be replicated periodically in all dimensions by using
the periodic boundary conditions to represent a bulk material. The supercell approach can be
extended to represent slabs or clusters.

The first Brillouin zone (BZ) is a uniquely defined primitive cell in reciprocal space. It corresponds
to the volume defined by the three primitive reciprocal vectors Ω∗. Symmetry operations such as
rotations and inversions can further reduce the first Brillouin zone to the Irreducible Brillouin zone
(IBZ). In practice, for many properties integrals over the whole IBZ are necessary. This requires
to evaluate the wavefunction for an infinite number of k-points, which is impossible. Fortunately,
in most cases the k-points vary smoothly over the IBZ. Therefore, the integral is replaced by a
sum over a restricted set of well-chosen k-points. This is called the k-points sampling. It is a
crucial step as it should contain as few k-points as possible in order to reduce calculation size,
but still enough k-points to adequately represent the system. The Monkhorst-Pack method [45]
was developed to efficiently perform k-point sampling. It generates an evenly spaced k-point grid
within the IBZ. The Γ-Point method is a specific case of this method where the k-point grid is
concentrated around one, high-weighted and non-shifted point: the Γ-point (k=0). Using high
symmetry around this point enables to further reduce computation time.
Figure 2.4 gives a schematic overview of the methods described above to scale down the simulation
size of a bulk material from thousands of atoms to just a handful of k-points.

2.5.3 Pseudopotential approach

In this section, we will show how pseudopotentials enable to reduce the amount of electrons to
be treated and therefore the amount of plane waves. Unlike valence electrons that participate to
bonding, core electrons are highly localized and have only little influence on the overall material
properties of a solid. In this perspective, the frozen-core approximation consists in smoothing out
the "core" of an atom (nucleus & core electrons) and considering it as a constant non-polarizable
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Figure 2.4: Overview of approaches used for scaling down calculation load when treating
solids [38].

ion core. As such, only the valence electrons need to be considered. The pseudopotential (PP)
approach goes further by pseudizing the valence electrons, which is the parameterization of
the pseudopotential from a reference state. More specifically, an all-electron (AE) calculation
is performed for an atom at a reference energy. Then, a cutoff radius rc is set such that the
pseudo- and all-electron valence eigenstates have the same energies and amplitude (and thus
density) outside rc [66]. This pseudization procedure also enables to soften out the wiggles of
wavefunctions in the core region. These wiggles result from the orthogonality criterion and are
depicted in figure 2.5. From there, a simplified pseudo-wavefunction is constructed. Hence, the
system can be reduced to a restricted amount of pseudo-wavefunctions describing the valence
electrons inside a pseudopotential approximating the atomic core. This approach provides
numerous benefits such as the reduction of the amount of plane-waves required or the reduction
of computational load.
According to this formalism, the KS equation can be rewritten as:[

−1
2∇

2 + VPP (r)
]
φPPi (r) = εPPi φPPi (r) (2.55)

with the electronic density n(r) =
N∑
i=1
|φPPn (r)|2.

There exist different types of pseudopotentials among which we can name norm-conserving and
ultrasoft pseudopotentials.
Norm-conserving pseudopotentials (NC-PP) [16,59] are constructed such that the norm of each
pseudo-wavefunction inside the cut-off radius is equal to its corresponding all-electron (AE)
wavefunction. ∫ rc

0
|φPPi (r)|2dr =

∫ rc

0
|φAEi (r)|2dr

This condition states that the charge within the cut-off radius rc is fixed.
Ultrasoft pseudopotentials (US-PP) [61] relax the NC-PP condition to further reduce the required
basis set. This is done by splitting the pseudo wavefunctions into two parts: an ultrasoft
valence wavefunction that does not fulfill the norm conservation criterion (φUSi (r)) plus a core
augmentation charge (to fill in the charge deficit in the core region).
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Figure 2.5: Schematic of a pseudo- and all-electron wavefunction with their corresponding pseudo-
and all-electron potentials. At r ≤ rc the pseudo- and all-electron wavefunctions coincide [38].

The Projector-augmented wave method (PAW) [30] is strictly speaking not a pseudopotential
approach. It is a generalization of the pseudopotential and linear-augmented-wave methods [65].
By combining parts of both core wavefunctions and valence wavefunctions, it aims to reconstruct
the AE wavefunction. More specifically, this technique manages to transform the rapid oscillations
near the ion core (see figure 2.5) into computational-friendly smooth wavefunctions.

2.6 Conclusion
In this chapter, we have laid the foundations for understanding DFT and as a consequence modern
computational materials science. First, we have seen that solving the Schrödinger equation enables
to completely determine a quantum mechanical system. Next, we used the Born-Oppenheimer
approximation to decouple the dynamics of electrons and nuclei. Then, we have reviewed two
theories to simplify the all-electron Schrödinger equation: the Hartree-Fock theory and the
Density Functional Theory. Hartree established the basis of the HF theory by replacing the
electron-electron interactions by an averaged potential, which enabled to express the Ne-electron
wavefunctions as a product of Ne 1-electron wavefunctions. Fock completed the theory by
introducing a Slater determinant to take into account Pauli’s exclusion principle. Next, we have
seen that the The Density Functional Theory uses another approach to simplify Schrödinger’s
equation. Indeed, the Hohenberg-Kohn theorems enabled to re-express the Schrödinger equation
as the minimization of an energy functional, depending on a density functional. The Kohn-
Sham equations then established a framework to compute this density functional by defining an
equivalent fictitious system. We finished the description of DFT by introducing GGA and LDA
and by describing how dispersion corrections can be included. At last, we have seen how DFT
can be practically implemented. Whereas the Brillouin zone sampling drastically reduces the
amount of wavefunctions, the use of pseudopotentials restricts the number of electrons to treat.
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Chapter 3

Electrocatalysis

In this chapter, we will review the basic notions of electrocatalysis. Electrocatalysis is catalysis
taking place in electrochemical reactions. The catalyst tunes the reaction rate without being
consumed during the reaction. The catalyst material is most often present at the electrode surface,
or even fully composes the electrode material [64]. Hence, electrocatalysis is the science exploring
the rates of electrochemical reactions as a function of the electrode surface properties [35].

3.1 Electron transfer process

The electron transfer processes of electrochemical reactions are commonly called redox (oxidation-
reduction) reactions. These reactions involve a change of oxidation state of the species composing
the reaction constituents. The oxidation reaction is defined as the reaction in which a species
loses electrons and increases its oxidation state. On the other hand, the reduction reaction is
defined as the reaction in which a species gains electrons and reduces its oxidation state [1].
An electrochemical cell is composed of two electrodes dipped into an electrolyte. If the electrolytes
of each electrode are different, the two compartments can be joined by a so-called salt bridge or
separated by a diaphragm. The electrodes where the oxidation and reduction reactions occur
are called the anode and cathode respectively. The electrolyte is an ion conductor but does
not allow electrons to pass through. Electron transfers take place at the electrode/electrolyte
interface. The currents associated to the oxidation and reduction reactions are called the partial
anodic current and partial cathodic current respectively. Two types of electrochemical cells can
be distinguished: galvanic cells and electrolytic cells. Both type of cells are depicted in figure
3.1. In galvanic cells electrochemical reactions occur spontaneously at the electrodes when they
are connected externally by a conductor. In electrolytic cells an energy barrier refrains the

(a) (b)

Figure 3.1: Schematic representation of (a) a galvanic cell and (b) an electrolytic cell [35].
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redox reaction from happening spontaneously. This energy barrier can be reduced by applying
a potential between both electrodes. When the equilibrium potential Eeq is applied between
the two electrodes, partial anodic and cathodic currents are equal so that the total current is
zero [35]. The cell potential is defined as the potential of the cathode minus the potential of the
anode: E = φcathode − φanode.

3.2 Overpotential

In reality, a higher or lower potential than the equilibrium potential needs to be applied to drive
a redox reaction to account for kinetic barriers at the cathode and anode, as well as resistance
losses within the device [7]. The overpotential is the extent to which the reaction is driven beyond
the equilibrium potential and is defined as:

η = E − Eeq (3.1)

where E is the actual applied potential required to drive the reaction and Eeq is the theoretical
required equilibrium potential. The expression for the applied potential E is given by the Nernst
equation:

E = E0 + RT

nF
ln CO
CR

(3.2)

In this equation, E0 is the cell potential at standard conditions, T is the temperature, R is the
universal gas constant, F is the Faraday constant, n is the number of electrons transferred and
CO and CR are the concentrations of the oxidized and reduced reactants respectively [57]. Be
aware that this relation is only valid at equilibrium conditions.
The Butler-Volmer equation expresses the fundamental relationship between current and potential
in an electrochemical cell, assuming both oxidation and reduction take place on the same
electrode [35]:

j = j0

{
exp

((1− α)nFη
RT

)
− exp

(−αnFη
RT

)}
(3.3)

In this equation, the first exponential term accounts for partial anodic current, whereas the
second exponential term accounts for partial cathodic current. Also, j0 is the exchange current
density, α is the symmetry factor, and η is the overpotential defined above.
It is important to note here that the overpotential varies with current density. Therefore, the
overpotential is often referenced to a corresponding exchange current density j0 = 10 mA · cm−2

[57].

3.3 Tafel slope

In the limiting case where high overpotential is applied, the Tafel equation can be derived [35]:

η = a± b log j (3.4)

At high anodic overpotential, the partial cathodic current can be neglected, suppressing the
second exponential term in equation 3.3 and leading to a plus–sign in equation 3.4. On the other
hand, at high cathodic overpotential, the partial anodic current can be neglected, suppressing
the first exponential term in equation 3.3 and leading to a minus–sign in equation 3.4. A typical
Tafel plot is depicted in figure 3.2.
The Tafel slope is of significant interest in electrocatalysis. Indeed, the slope is an indicator of
the number of electrons exchanged during catalysis and can thus provide valuable information
regarding the reaction mechanism, but also the rate-determining step [35].
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Figure 3.2: Tafel plot [35].

3.4 Volcano plots

A volcano plot is a very interesting tool to study an electrocatalyst’s activity. It shows the
reaction rate plotted as a function of a descriptor of the adsorption, which is often represented
as bond strength of one or more species for different materials. The Sabbatier principle states
that the interaction between catalyst and adsorbed species should neither be too strong nor too
weak. Indeed, if the interaction is too weak, the species will not adsorb, but if the interaction
is too strong, the species will not be able to desorb. Yet a good catalyst must be able to both
adsorb and desorb the reactive species. Based on this principle, Volcano plots show a maximum
corresponding to optimal activity [35]. The illustration of a conceptual volcano plot is given in
figure 3.3.

Figure 3.3: Conceptual schematic of a volcano plot. B is the rate determining step, θB is the
coverage associated to the species involved in B and ∆Ga is the descriptor [35].

3.5 Conclusion

In this chapter, we have briefly reviewed fundamental concepts and tools in electrocatalysis. First,
we discussed redox reactions. The oxidation and reduction reactions were defined as well as the
major components of an electrochemical cell. Next, we introduced the concept of overpotential
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(η), which was defined as the difference between the actual potential required to drive the reaction
(E) and the theoretical required potential (Eeq). In this context, the Nernst equation and the
Butler-Volmer equation enabled to relate current and potential in an electrochemical cell. At last,
two convenient tools were presented: Tafel slopes to visualize the current-potential relationship
and volcano plots to represent the activity of a catalyst.

22



Chapter 4

Oxygen Evolution Reaction

The Oxygen Evolution Reaction (OER) is probably one of the most studied electrocatalytic
reactions today. Indeed, its understanding and mastering is of capital importance for diverse
novel technologies such as fuel cells, hydrogen production, metal-air batteries... The main reason
that puts this reaction under considerable research interest is because reducing its overpotential
may largely enhance the associated technologies.

In this chapter, we will first analyze the global reaction and reaction mechanisms before reviewing
the major catalyst materials reported in literature.

4.1 Reaction & reaction mechanisms

The overall reaction can be written as:

2H2O(l) → 2H2(g) +O2(g) (4.1)

This reaction can be split into two half reactions.

In acidic conditions, we have [57]:
Cathode:

4H+ + 4e− → 2H2(g) E◦ = 0V (4.2)

Anode:
2H2O(l) → O2(g) + 4H+ + 4e− E◦ = +1.23V (4.3)

The first and second reactions are commonly called the Hydrogen Evolution Reaction (HER) and
Oxygen Evolution Reaction (OER) respectively. As can be seen in equations 4.2 and 4.3, the
HER requires a 2-electron transfer (per mole of hydrogen created), whereas the OER requires a
4-electron transfer [57]. It has been reported that it is unlikely to have more than one electron
transferred simultaneously [14]. Therefore, many-electron transfer processes require additional
intermediate reaction steps and are thus more likely to be associated to higher overpotentials.
Hence in the following we will only concentrate on the OER, which often happens more sluggishly
than the HER.

It is important to note here that potentials are given according to the Standard Hydrogen
Electrode (SHE). In this convention, the HER is referenced to occur at zero potential in acidic
solution, at all temperatures and at 1 bar [67]. The drawback of this reference is that the
potential is dependent on pH, which is not convenient for experimental benchmarking. The
Reversible Hydrogen Electrode (RHE) tackles this shortcoming. This reference is very similar
to the SHE, except here the acidic concentration corresponds to the electrolyte concentration,

23



CHAPTER 4. OXYGEN EVOLUTION REACTION

making the potential stable at variable pH [35].

A reaction mechanism was proposed by Rossmeisl et al. and is now commonly accepted [18,54,55]:

2H2O(l) → OH∗ +H2O +H+ + e− ∆G1

→ O∗ +H2O(l) + 2H+ + 2e− ∆G2

→ OOH∗ + 3H+ + 3e− ∆G3

→ O2(g) + 4H+ + 4e− ∆G4

(4.4)

Notice that an asterisk (∗) indicates an active site, or an adsorbed species when written next to
a compound. The reaction mechanism is schematically depicted in figure 4.1.

Figure 4.1: Schematic of the reaction mechanism of the OER. Black components are adsorbates,
whereas red components are reactants or products in solution.

In alkaline conditions, the reaction can be rewritten as [57]:
Cathode:

2H2O(l) + 2e− → 2OH− +H2(g) E◦ = −0.83V (4.5)

Anode:
4OH− → 2H2(g) + 2H2O(l) + 4e− E◦ = −0.40V (4.6)

The associated reaction mechanism proposed by Rossmeisl et al. is given by [18,54,55]:

4OH− → OH∗ + 3OH− + e− ∆G1

→ O∗ +H2O(l) + 2OH− + 2e− ∆G2

→ OOH∗ +H2O(l) +OH− + 3e− ∆G3

→ O2(g) + 2H2O(l) + 4e− ∆G4

(4.7)

The same intermediates are present in both acidic and alkaline environment. Moreover, both
descriptions are equivalent because they are both referenced to water (H2O 
 OH− +H+). In
the following, we will always focus on the acidic environment.

Free energy diagrams
A free energy differential is associated to each of the four steps in reaction 4.4: ∆G◦

1−4. For
an ideal catalyst, each of these reaction steps would have ∆G◦ = 1.23 eV . However, for real
catalysts this is not the case. Therefore, a potential determining step GOER is determined as
follows:

GOER = max[∆G◦
1,∆G

◦
2,∆G

◦
3,∆G

◦
4] (4.8)

This is the energy required for all steps to become downhill in energy. The overpotential is then
given by:

ηOER = (GOER/e)− 1.23V (4.9)

Theoretically, at this overpotential the reaction given in equation 4.4 should be possible [40].
The effect of a finite potential U on all states involving n electrons in the electrode is included
by shifting the energy of this state by −neU [44]. A free energy diagram of an ideal and a real
catalyst is given in figure 4.2.
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Figure 4.2: Free energy diagrams for the OER at pH=0 and T=298K. On the left: ideal catalyst.
On the right: LaMnO3 catalyst [40].

Notice that each successive step requires an additional proton-electron pair transfer. Therefore,
when a potential is applied, the first step is shifted by −eU , the second step by −2eU etc. For
the ideal catalyst, all reactions have the same free energy and the reaction becomes possible
at U = 1.23V . However, for a real catalyst, some steps have higher free energy. Therefore,
higher potential is needed to make all steps downhill in energy. The potential determining step
is defined as the step requiring the largest positive energy input to overcome the energy barrier
between two successive steps at U = 0V . For instance, in figure 4.2 for the LaMnO3 catalyst,
step 3 (formation of OOH∗) is potential determining.

Free energy diagrams are a simple and powerful tool to study electrocatalytic reactions. Yet,
this framework clearly has certain limits. Indeed, as will be seen later, energies are computed
in vacuum. However, in reality the solvent (water) affects the energy of adsorbates. Moreover,
the discussion is limited to a single, chosen reaction mechanisms, whereas experimentally other
reaction mechanisms might be taking place in parallel. The effects of electric fields and surface
charges are also not included. At last, proton transfer barriers are not taken into account [55].
Indeed, our framework only studies the energy of successive intermediates. However, in reality,
an activation energy barrier is associated to the transition from one intermediate to the other.
This activation barrier can be qualitatively assessed by the Evans-Polanyi principle, which states
that there exists a linear relationship between the activation energy and the difference in energy
between two successive intermediates [63].
All these effects discussed above may affect the experimentally required potential to drive a
reaction.

4.2 Catalysts

In the last few decades, extensive research has been performed on OER catalysts. At first, metal
catalysts were studied [54]. Then, it was discovered that metal oxides were interesting candidates
from a thermodynamic point of view [55]. We will focus here on pioneering experimental work led
by Rossmeisl et al., before briefly reviewing novel catalyst materials and experimental research.

4.2.1 Metals

Rossmeisl et al. constructed a free energy diagram for OER on a Pt(111) surface with DFT,
depicted in figure 4.3.
The first step in the reaction mechanism is the adsorption of a water molecule, forming an OH∗
adsorbate and a proton. Next, the OH∗ adsorbate loses a proton and another water molecule
adsorbs, forming OOH∗. Finally, another proton is lost and an oxygen molecule desorbs, restoring
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Figure 4.3: Free energy diagram for OER at different potentials on Pt(111) [54].

the original surface. This mechanism was also shown schematically in figure 4.1. Looking at
figure 4.3, it can be seen that the potential limiting step for OER on Pt(111) is the formation of
the OOH∗ intermediate. At an applied potential U = 2.55V this step, and as a consequence
all the other steps, become downhill in energy. However, for potentials above 0.78V , water
splitting occurs (formation of OH∗ and O∗), whereas adsorption of OOH∗ requires a much
higher potential. This means that the oxygen coverage will build up on the surface until it
becomes more favorable for a water molecule to adsorb dissociatively on an adsorbed oxygen
atom rather than on a free surface atom. With this observation it became clear that oxides could
be better catalysts for OER because no supplementary potential is needed to first oxidize the
surface. Rossmeisl et al. calculated that when the potential is increased gradually, the critical
oxygen coverage required in order to make the formation of OOH∗ possible is 2/3 on a Pt(111)
surface and 1/3 on a Au(111) surface [54]. The corresponding potentials for OER at these oxygen
coverages are 1.90V and 1.84V on a Pt(111) and a Au(111) surface respectively. The potential
for the gold surface is slightly better because the required oxygen coverage is lower. Therefore
more room is available for water to stabilize OOH∗ and OH∗ adsorbates.

4.2.2 Oxides

Following the investigation on metals, Rossmeisl et al. studied oxide catalysts for the OER.
More specifically, RuO2, IrO2 and TiO2 were studied [55]. The resulting free energy diagram
for RuO2 computed with DFT is depicted in figure 4.4.
The studied surface for this energy diagram is an O∗-covered RuO2 surface. Adsorption occurs
on an oxygen vacancy. The reaction mechanism on this surface is identical to what has been
described in the previous section and is depicted in figure 4.1.
As can be seen in figure 4.4, the third step is the potential determining step, requiring 1.60V .
This potential is substantially lower compared to the 1.90V and 1.84V required for the OER on
the Pt and Au surfaces respectively.
On IrO2 a similar mechanism occurs, but the required potential (1.79V ) is slightly higher than
on RuO2.

4.2.3 Scaling relations and activity volcano

Rossmeisl et al. demonstrated that there is a linear relationship between the adsorption energies
of OH∗ and O∗, and OOH∗ and O∗, on different catalyst surfaces [40, 53–55]. More specifically,
intermediates that bind to the surface through a same type of atom tend to scale linearly. The
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Figure 4.4: Free energy diagram for OER at different potentials on an O∗-covered RuO2
surface [55].

slope attributed to an intermediate is an indicator for the number of bonds to the surface. OH∗
and OOH∗ bind to the surface through one bond, whereas O∗ binds to the surface through a
double bond. Therefore, plotting the OH∗ and OOH∗ bonding energies ∆EOH∗ and ∆EOOH∗

versus the O∗ bonding energies ∆EO∗ gives approximately the same slope. This is represented
conceptually in figure 4.5. The slope has a value of approximately 0.5 on metal surfaces and
about 0.6 on oxide surfaces. This means that the difference between ∆EOH∗ and ∆EOOH∗ is
constant. This difference was calculated to be about 3.2 eV on metals and about 2.9 eV on oxide
catalysts [55].

Figure 4.5: Conceptual representation of the scaling relations on metal and oxide catalysts.

This constant difference defines a lower limit for the overpotential of the OER. Indeed, we
know that for an ideal catalyst the difference between two successive steps is 1.23 eV . Because
there is a double proton-electron transfer between these two intermediates, the overpoten-
tial between the OH∗ and OOH∗ intermediates should optimally be 2 × 1.23 eV = 2.46 eV .
However, due to the constant difference between the OH∗ and OOH∗ intermediates binding
energies, there exists a minimal overpotential of (3.2 eV − 2.46 eV )/2e = 0.37V on metals and
(2.9 eV − 2.46 eV )/2e = 0.22V on oxides, even if we could develop an optimal catalyst with
∆EO∗ just between ∆EOH∗ and ∆EOOH∗ . An additional challenge towards finding the opti-
mal catalyst for OER thus consists in breaking the scaling between OH∗ and OOH∗ intermediates.

Given the constant difference between ∆EOH∗ and ∆EOOH∗ , the variation in overpotential from
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one intermediate to the other is determined by ∆EO∗ . As such, either step 2 (∆G2) or step 3
(∆G3) is the potential determining step. We can show ∆G2 can be used as a universal descriptor
for the OER activity [53]:

∆GOER = max[∆G2,∆G3] = max[(∆GOH∗ −∆GO∗), (∆GOOH∗ −∆GO∗)] (4.10)
= max[(∆GOH∗ −∆GO∗), δ − (∆GOH∗ −∆GO∗)] (4.11)

The associated overpotential is then given by:

ηOER = max[(∆GOH∗ −∆GO∗), δ − (∆GOH∗ −∆GO∗)]/e− 1.23V (4.12)

with δ ≈ 3.2 eV for metals and δ ≈ 2.9 eV for oxides.
Rossmeisl et al. plotted the catalyst activity as a function of oxygen binding energy for both
metal and oxide catalysts (see figure 4.6) [55].

Figure 4.6: Activity as a function of oxygen binding energies for oxide catalysts (on the left)
and metal catalysts (on the right). The resulting volcano is indicated by the hatched area. The
horizontal dashed lines indicate the theoretical optimal overpotential of 1.23V [55].

The negative of the free energy −∆G is used as a measure of the reaction rate and is called
activity. The lowest rate is the upper bound for the total rate. Therefore, as can be seen
in figure 4.6, the formation energies of the O∗ and OOH∗ intermediates monitor the overall
reaction rate. This confirms what has been described above. Still, we are looking for the optimal
reaction rate, thus the top of the volcano corresponds to the optimal catalysts. On the left of the
volcano maximum, the formation of OOH∗ (3rd step) is the rate determining step, whereas on
the right, the formation of O∗ (2nd step) is rate-determining [55]. The volcano-shape translates
the Sabbatier principle (see section 3.4): on the left side of the volcano maximum, adsorption is
too strong, whereas on the right side adsorption is too weak [35]. As can be seen in figure 4.6, in
this analysis RuO2 is the best oxide catalyst, binding oxygen a little too weakly. IrO2 requires a
slightly higher overpotential and binds oxygen too strongly.

4.2.4 Other catalyst materials & future perspectives

The universal trends described in the previous section were confirmed by later studies led by
Rossmeisl et al. [40]. A multitude of other oxide catalysts were studied such as perovskite, spinel,
rock salt and bixbyite and also exhibited the universal scaling relationship between the binding
energy of HOO∗ and HO∗. These oxide materials can be composed of diverse combinations
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of transition metals, which results in tunable OER properties. Other promising candidates for
OER catalysis include layer structure type materials. These are typically composed of transition
metals surrounded by octahedron oxygen structures in a layered structure separated by protons.
Recent developments in oxide catalyst investigations reported promising behaviour by doping
oxide systems (typically spinel and layered structures) with Fe, Co or Ni [8, 57].
On the other hand, metal catalysts have lately exhibited interesting properties. More specifically,
metal chalcogenides, metal pnictides and organometallics have shown excellent OER catalytic
activities [57].
Finally, even non-metal structures have lately shown promising behaviours, like carbon nanotubes
and other nanostructures [57].
Despite the large range of materials that has so far been studied, the perfect catalyst for OER was
certainly not discovered yet. However, towards this goal, the thorough understanding of reaction
mechanisms remains of paramount importance. In this scope, DFT computations become a very
interesting tool.

4.3 Conclusion
In this chapter, we started by studying the reaction and reaction mechanisms of OER, before
reviewing major catalyst materials reported in literature. We have studied the work of Rossmeisl
et al. on both metal and oxide catalysts. It was demonstrated theoretically that oxides were
better candidates for OER than metals. Moreover, it was shown that adsorbates that bind to the
surface through the same type of atom tend to scale linearly. Therefore, it was shown that there
exists a constant difference between ∆EOH∗ and ∆EOOH∗ . As a consequence, we have concluded
that ∆EO∗ can be used as a descriptor of the OER activity and that either the adsorption of
OH∗ or OOH∗ will be the potential determining step. At last, a brief review of other catalyst
materials was given.
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Chapter 5

CO2 Reduction Reaction

At a time where society is facing climate change and the shrinking of fossil fuel reserves, the
reduction of carbon dioxide represents a huge stake. However, CO2 electro-reduction faces several
scientific challenges. Indeed, the conversion to e.g. methane is an 8-electron transfer process,
which is likely to be a kinetically complex mechanism, requiring transition through unfavorable
intermediates [35]. Moreover, hydrogen evolution becomes favorable at 0V vs RHE. Therefore,
water reduction to hydrogen is in strong competition with CO2 reduction [39], which happens at
negative potentials. Finally, CO2 reduction currently generates a wide range of products such as
formic acid, carbon monoxide, ethylene and hydrogen. The separation of these products is costly
and impractical. Therefore, the selectivity towards the generation of specific products remains
an important issue.

In this chapter, reaction mechanisms and catalysts for CO2 reduction will be discussed in parallel.
First, the experimental and computational research on metals will be reviewed. Next, we will
briefly discuss CO2 reduction on oxides, which is a novel domain.

5.1 Experimental research

Hori et al. performed pioneering experimental research on CO2 reduction [23,24]. They concluded
that of all pure metal catalysts, copper was the most selective, able to produce hydrocarbons
with highest energy density at highest Faradaic efficiency. The Faradaic efficiency is defined as
the the efficiency at which electrons are transferred to promote an electrochemical reaction [39].
In this context, the Faradaic yield can be seen as the generated fraction of a specific product on
the overall generated products. An overview of the main products and their respective Faradaic
yields of CO2 reduction on a copper catalyst is given in figure 5.1.
As can be seen in figure 5.1, different products are generated, including methane, ethylene, formic
acid, carbon monoxide, hydrogen, and others. Let us focus on the production of methane. In
order to get a significant Faradaic yield, an overpotential of ∼ 1V is required. This is very large
compared to the overpotential required for the oxygen evolution reaction, which is usually the
reaction occurring at the counter-electrode for CO2 reduction. This ∼ 1V overpotential is also
highly ineffective compared to the theoretical thermodynamic required potential:

CO2(g) + 8H+ + 8e− → CH4(g) + 2H2O(l) E0 = 0.169 V vs RHE (5.1)

However, the Faradaic yield for hydrocarbons on copper is reported to be 72.3 % while the yield
for H2 is 20.5 % [23,24].
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Figure 5.1: Faradaic yield plots as a function of applied potential in the electrochemical reduction
of CO2 at a copper electrode in 0.1M KHCO3 (pH 6.8) at 18.5 ◦C, as measured by Hori et
al. [24].

5.2 Computational research

Following the study of Hori et al., Peterson et al. performed computational studies using DFT
to gain insight into the reaction mechanism [48, 49]. The proposed mechanism for methane
production is given as:

Figure 5.2: Reaction pathway for the reduction of CO2 to CH4 on copper as proposed by
Peterson et al. through a CHO∗ intermediate. Black components are adsorbates, whereas red
components are reactants or products in solution. Figure reproduced from reference [29].

The reaction intermediates along with free energy diagrams for the production of hydrogen,
formic acid, carbon monoxide and methane on copper are given in figure 5.3.
This reaction pathway for the production of methane on a copper catalyst is commonly accepted
in literature [49]. As can be seen in figure 5.3, the formation of CHO∗ represents the potential
limiting step, requiring −0.74V [49]. In a later publication, Peterson et al. performed a more
thorough research on the CO2 reduction reaction, where the stability of all adsorbates is referenced
to the CO∗ bonding energy [48]. From this study, it became clear that the formation of CHO∗
remains potential expensive for all transition metal oxides. Therefore, Peterson proposed another
reaction pathway given in figure 5.4, which is believed to be kinetically more accessible [43,50,62].
In this case, the potential limiting step is the protonation of CH∗ to CH∗2 [48]. This alternative
route for CO2 reduction was shown to be more likely on catalysts with low CO∗ bonding energy.
However, at low CO∗ bonding energy, the production of gaseous CO is likely to predominate,
before other crucial intermediates for the formation of hydrocarbons can be formed. On the other
hand, at high CO∗ bonding energy, the catalyst is likely to be largely covered by CO∗, leading
to a reduced affinity for the formation of downstream intermediates. In this case, the production
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Figure 5.3: Reaction pathways and free energy diagrams for the reduction of CO2 into (a) H2,
(b) HCOOH, (c) CO, (d) CH4. On the insets, the color of the spheres indicate different atoms:
red: O, grey: C, white: H, gold: Cu [49].

Figure 5.4: Alternative reaction pathway for the reduction of CO2 to CH4 on copper as proposed
by Peterson et al. through a COH∗ intermediate. Black components are adsorbates, whereas
red components are reactants or products in solution. Figure reproduced from reference [29].

of hydrogen will be the prominent product. The reason why copper is such a good catalyst for
CO2 reduction is because it has an intermediate CO∗ bonding strength. On the contrary, Au,
Ag, and Zn bind CO∗ too weakly, whereas Ni, Pt, and Fe bind CO∗ too strongly [25,36].
However, even at optimal CO∗ bonding energy, the theoretical overpotential still adds up to
±0.7V . Further reducing this overpotential would require a surface capable of breaking the scaling
relationship between the bonding energies of key intermediates, such as CO∗ and CHO∗ [25].

5.3 Oxide catalysts

As it becomes clear now, research is far from having found the ideal catalyst for CO2 electro-
reduction into hydrocarbon fuels. Indeed, the required overpotentials are too large and selectivity
towards specific products is very poor. Moreover, due to the competing hydrogen evolution reac-
tion, efficiency towards hydrocarbons remains low. Since the work of Peterson et al., considerable
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effort has been made in order to develop better electrocatalysts. Lately, bifunctional alloys have
been under considerable research [20,25].
To the best of our knowledge however, only one paper has studied RuO2 as a catalyst for CO2
reduction, and no research has been done regarding IrO2. It will be in the scope of this work to
explore these catalysts in the framework of CO2 electro-reduction.

Karamad et al. motivated their research towards RuO2 catalysts based on the fact that CO2
electro-reduction has been reported on RuO2 at overpotentials less than 0.4V RHE [56]. RuO2
was reported to remain stable at reducing potentials [2, 52]. Karamad et al. claim that the
RuO2 surface is partially reduced at negative potentials [27]. They also claim that CO∗ covered
surfaces exhibit high thermodynamic stability [27]. This hypothesis is supported by the high
desorption energies and very low Faradaic efficiency experimentally observed for CO production
on RuO2 [56]. However, the question remains whether these structures are kinetically accessible.
Indeed, the formation of a CO∗ adsorbate from CO2 adsorption is largely accepted to occur
through the formation of a rather bulky COOH∗ intermediate:

∗ + CO2(g) + (H+ + e−)→ COOH∗ (5.2)
COOH∗ + (H+ + e−)→ CO∗ +H2O (5.3)

This mechanism was reported to take place on copper and gold [22,49].
However, the most notable conclusion of the work of Karamad et al. is the formulation of a new
reaction mechanism for the production of methane:

CO2(g)→ OCHO∗ → HCOOH∗ → H2COOH
∗ → CH3O

∗ +OH∗(cu)→
CH4(g) +O∗(cu) +OH∗(br)→ +O∗(br) +H2O → +OH∗(br)→ H2O (5.4)

At this stage, note that "cu" and "br" denote two different active adsorption sites. These will be
discussed in more detail in section 6.

5.4 Conclusion
In this chapter, we unraveled reaction pathways and catalyst materials for CO2 reduction. It is
noteworthy to realize CO2 reduction into hydrocarbon fuels is often a complex process requiring
many-electron processes. As a consequence, selectivity towards specific products is often low.
On metals, CO2 reduction to methane is a well documented reaction, both experimentally
and computationally. Two reaction mechanisms are commonly accepted: through a CHO∗
intermediate or through a COH∗ intermediate. For the first reaction mechanism, the protonation
of CO∗ to CHO∗ represents the potential limiting step, whereas for the second reaction pathway,
the protonation of CH∗ to CH∗2 is potential limiting. Karamad et al. have studied the reduction
of CO2 on RuO2 and suggest another reaction pathway through an OCHO∗ intermediate.
Moreover, Karamad et al. claim the RuO2 surface is reduced and covered with CO∗.
In this work, we will verify the hypotheses of Karamad et al. Moreover, we will investigate the
reaction pathway. Next to RuO2, the same aspects will also be studied on IrO2.
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Chapter 6

Materials & Methods

In the present work, two materials are studied: IrO2 and RuO2. These compounds have lately
been under thorough investigation in the scope of OER and are now used as benchmark elec-
trocatalysts owing to their high catalytic activities. However, the high cost and scarcity of
these precious metal oxides currently refrains them from being used in large-scale industrial
applications. As was depicted in figure 4.6, RuO2 exhibits slightly better OER activity than
IrO2. However, RuO2 was reported to dissolve faster than IrO2 under anodic potentials (OER).
Under cathodic potentials (HER, CO2 reduction), both oxides were reported to remain stable [5].
The catalytic activities of IrO2 and RuO2 can widely vary as a function of their structure,
composition or preparation process [8, 57]. Here, IrO2 and RuO2 slabs will be investigated.

In this chapter, the computational description of IrO2 and RuO2 is presented. Moreover, we
introduce a framework to describe the stability of intermediates as a function of applied potential.

6.1 Materials

Both IrO2 and RuO2 adopt a rutile structure. In this structure, each Ir/Ru atom has a
coordination of 6, meaning it is surrounded by an octahedron of 6 oxygen atoms. On the other
hand, each oxygen atom is bound to 3 Ir/Ru atoms. Along this work, we will study 4-layer (2×1)
periodic slabs. Figure 6.1 depicts a typical supercell used for the simulation of IrO2. RuO2 slabs
have similar structure. For all computations, a minimum vacuum distance of 10 Å was ensured
between slabs to avoid interaction. The adsorption of intermediates is only studied on the upper
(110) facet. Bottom active sites are terminated with hydrogen atoms to refrain free electrons
from perturbing relaxation.
The supercell dimensions are a = 6.50 Å, b = 6.38 Å and c = 25 Å for IrO2 slabs and a =
6.43 Å, b = 6.27 Å and c = 25 Å for RuO2 slabs. Dimensions in the c-direction are given as
a minimum, because the relaxation of certain structures sometimes required a larger vacuum
distance. The initial relaxed supercell structures as depicted in figure 6.1 were recovered from
reference [37]. In these structures, the two bottom layers are fixed into bulk positions, whereas
the two upper layers are allowed to relax.
The slab surface has coordinately unsaturated (CUS) sites and bridge-sites. Both type of sites
are represented in figure 6.2.
Take note that each slab has two CUS-sites and two bridge-sites. Other apparent sites are
repeated atoms due to the supercell structure. In the following, an active CUS-site will denote a
position on top of the CUS Ir/Ru atom, whereas an active bridge-site will denote the position
replacing the bridge oxygen atoms. Active sites are denoted with an asterisk (∗). Species adsorbed
on an active site are followed by an asterisk.
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Figure 6.1: Supercell used for the simulation of IrO2 slabs. The structure is similar for RuO2
slabs. Colors denote oxygen (red), hydrogen (white) and iridium (blue) atoms.

Figure 6.2: Representation of CUS- and bridge-sites. Light blue and orange atoms respectively
represent Ir-CUS and O-bridge sites.

6.2 Computational details

All simulations were run using VASP (Vienna Ab initio Simulation Package) [31–33], implementing
DFT with the PAW (Projector-Augmented Wave) method [30]. An RPBE (Revised Perdew-
Burke-Erzenhof) exchange-correlation functional [17] was used for all simulations, in accordance
with reference work simulating rutile oxides [27,37,55]. K-point sampling was done using a 8×4×1
Monkhorst-Pack [45] k-point grid. Because the unit cell is replicated twice in the b-direction,
the k-point sampling can be halved in this direction. Moreover, the c-direction is much bigger
than the a- and b-directions, therefore, only one k-point is sufficient. Van der Waals corrections
were applied using the Tkatchenko-Scheffler method [58], in accordance with reference work [37].
The cutoff energy was set to 400 eV . For theoretical background about these parameters, the
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reader is redirected to chapter 2. Dipole corrections were also applied. Finally, symmetry was
turned off and all computations were spin polarized.

Smearing

Because IrO2 and RuO2 are metallic systems, they exhibit a sharp drop in occupation around
the Fermi level. This triggers a discontinuity in the integration over the Brillouin zone, resulting
in a significant increase in computational cost. To overcome this problem, the step function
of occupancies is replaced by a smoother, "smeared" function. There exist different smearing
schemes such as Gaussian smearing, Fermi smearing or Methfessel-Paxton smearing [41], which
is used here. More specifically, a second order Methfessel-Paxton smearing is implemented,
which uses a step function expanded into polynomials and Gaussian functions. Smearing is often
characterized with a parameter, namely σ = kBT . This parameter corresponds to a fictional
temperature which tunes the broadening of the occupation function. In this case, σ = 0.2 eV .

Relaxation scheme

Two types of relaxations can be distinguished. On the one hand, the electronic relaxation
implements the SCF method (see figure 2.1 on page 7) to find the ground state energy at fixed
atomic positions. On the other hand, the ionic relaxation aims to relax the ionic positions and/or
unit cell shape/size. These two relaxation types are implemented in a double nested loop. In the
inner loop, electronic relaxation is performed and the final energy and forces acting on each ion
are computed. Next, the ionic positions are updated towards more favorable positions and the
outer loop (ionic relaxation) progresses one step. Then, an electronic relaxation is performed
again followed by an ionic relaxation step, etc., until the convergence criterion is met.
For both electronic and ionic relaxation, different schemes are implemented in VASP. The
electronic relaxation requires diagonalization of the Ĥ matrix. This can happen either by direct
diagonalization or with iterative methods (conjugate gradient and Car-Parinello algorithms). In
this work, iterative methods are used. A Davidson [6] scheme is used for the initial phase (here
set to 5 electronic steps) and the RMM-DIIS [51,68] method for the rest of the relaxation. The
electronic convergence criterion is set to 1E-6 eV maximum. This means electronic convergence is
reached once the difference between to electronic steps is smaller than 1E-6 eV . If this criterion
is not met, VASP will break the self-consistent loop after 200 electronic steps.
The ionic relaxation can also happen according to different algorithms. However, first, the forces
acting on the atoms are calculated with the Hellman-Feynman theorem [9, 21], which can easily
account for forces from both atomic and electronic origin. The theorem states that if an exact
Hamiltonian Ĥ and the corresponding wavefunctions φi are calculated, the force on an atom is
the expectation value of the partial derivative of Ĥ with respect to atomic position rI .

FI = − dE
drI

= −
〈
φi

∣∣∣∣∣∂Ĥ∂ri

∣∣∣∣∣φi
〉

= −∂VIJ
∂rI

−
∫
∂Vext
∂rI

n(r)dr (6.1)

Once the forces are calculated, the new atomic positions can be determined using different
algorithms. In this case, the conjugate-gradient algorithm is implemented. In the first step, ions
are moved in the direction of steepest descent (i.e. direction of calculated forces & stress tensor).
A line minimization is then performed in several steps:

(i) a trial step into the search direction.

(ii) the approximate minimum of the total energy is calculated using quadratic or cubic
interpolation and a corrector step towards the approximate minimal energy is performed.

(iii) energy and forces are recalculated and minimization is continued if stopping criterion is
not reached.
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Ions are allowed to fully relax, whereas cell shape and volume are kept fixed. The ionic relaxation
criterion was set to 1E-2 eV/Å.

ZPE Computation

Zero Point Energy (ZPE) corrections have been applied in certain computations. These correc-
tions were approximated by calculating the vibrational frequencies of the considered system,
which are calculated from the Hessian matrix (matrix of the second derivatives of the energy
with respect to the atomic positions). This matrix is determined using finite differences: each
ion is displaced in each direction of space. The Hessian matrix can then be deducted from the
computation of the forces at each step [34]. 4 steps were performed in each direction of space:
±δ and ±2δ, where δ sets the size of each step. In this case: δ = 0.015 Å.

The choice of computational parameterization described in this section is consistent with the
work of other groups on the same materials [27,37].

6.3 Computational Hydrogen Electrode

The systems studied in this work are open systems, where a slab composed of IrO2 or RuO2
interacts with a water reservoir. The energy of the system can be defined by a grand canonical
potential Φ:

Φ = GDFT − nOµO − nHµH (6.2)

where nO, nH and µO, µH are respectively the amount of oxygen and hydrogen atoms and the
chemical potentials of an oxygen and a hydrogen atom. Moreover, GDFT is the Gibbs free energy
computed in the DFT framework. Before we get to this concept, let us first define the classical
definition of the Gibbs free energy:

G(T, p) = H(T, p)− TS(T, p) (6.3)

However, in DFT, temperature is at T = 0K. To take into account the effect of temperature,
Zero Point Energies (ZPE) and entropy corrections are applied. Hence, in the framework of DFT,
the Gibbs free energy is expressed as:

GDFT = EDFT + ZPE − TS (6.4)

where EDFT is the total energy as obtained from DFT computations, ZPE is the Zero Point
Energy and S is the entropy. In this work, the standard entropy was only taken into account for
molecules and adsorbates and has been neglected for slabs.

Coming back to equation 6.2, µO and µH are defined in the framework of the Computational
Hydrogen Electrode (CHE), developed by Nørskov et al. [44]. This model enables to take into
account the effect of an applied potential on the system energy. The formulation is based on
the Reversible Hydrogen Electrode (RHE), where the Hydrogen Evolution Reaction (HER) is
defined to be in equilibrium at zero potential, at pH = 0, at T = 298K, and with H2 at 1 atm:

H+ + e− 

1
2H2 (6.5)

The CHE model relates the chemical potential of a proton-electron pair (which we will denote
for simplicity as µH) to 1/2 of that of a hydrogen molecule, at 0V . The effect of an applied
potential is taken into account by the standard relation between chemical and electrical potential:
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∆G = −eU , where e is the positive elementary charge of an electron and U is the applied
potential. Altogether, this gives:

µH = 1
2G

DFT
H2(g)

− eU (6.6)

The oxygen molecule is known to be badly modeled by DFT [55]. Therefore, to avoid known
errors of DFT, the chemical potential of oxygen is computed as:

µO = GDFTH2O(l)
− 2µH (6.7)

Introducing equations 6.6 and 6.7 in equation 6.2 gives:

Φ(U) = GDFT − nO
[
GDFTH2O(l)

− 2
(1

2G
DFT
H2(g)

− eU
)]
− nH

[1
2G

DFT
H2(g)

− eU
]

(6.8)

= GDFT − nOGDFTH2O(l)
+ nOG

DFT
H2(g)

− 2nOeU −
1
2nHG

DFT
H2(g)

+ nHeU (6.9)

As such, we have established an expression of the energy as a function of potential. Notice that
the dependence on applied potential is linear and that the addition of hydrogen atoms tends to
make the slope more positive, whereas the addition of oxygen atoms tends to make the slope
more negative.
In a similar manner, we can extend this framework to include carbon atoms. The grand canonical
potential then becomes:

Φ = GDFT − nOµO − nHµH − nCµC (6.10)

where µC is referenced to CO2(g):

µC = GDFTCO2(g)
− 2µO (6.11)

By introducing equations 6.6, 6.7 and 6.11 in equation 6.10, we can derive an expression for the
energy depending on potential (Φ(U)) similar to equation 6.9.
Finally, notice that these are not the only possibilities to define µO and µC . For instance, µC
could have been defined with respect to CH4(g). This choice does indeed make a small difference,
but the current definitions were established in accordance with reference work [27].

Relative stability diagrams

In order to be able to conveniently compare the stability of different structures at different
applied potentials, the energy of structures can be plotted in a relative stability diagram [19]. In
these diagrams, the energy of a system as defined by equation6.9 is plotted versus the applied
potential U . More specifically, the energy of a reference structure is subtracted from the energy
of each represented structure (Φ − Φref ). Because the amount of Ir/Ru atoms in our slabs is
fixed, the subtraction cancels out the contribution of these atoms in the expression for the total
energy. In figure 6.3, a conceptual relative stability diagram is represented.
In figure 6.3, ’R’ denotes a reference structure, ’R−H’ denotes the reference structure with an
adsorbed hydrogen atom and ’R−OH’ denotes the reference structure with an adsorbed OH
group. The colored areas indicate the most stable structures – corresponding to lowest relative
energy – in the whole potential range.
Towards negative potentials, the surface is reduced. In our case, this corresponds to adding
hydrogen or removing oxygen atoms. On the other hand, towards positive potentials, the surface
is oxidized. This corresponds to removing hydrogen or adding oxygen atoms.
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Figure 6.3: Conceptual representation of a relative stability diagram. ’R’ denotes a reference
structure, ’R−H’ denotes the reference structure with an adsorbed hydrogen atom and ’R−OH’
denotes the reference structure with an adsorbed OH group. The colored areas indicate the most
stable structures (lowest relative energy) in the whole potential range.

6.4 Conclusion
In this chapter, we developed how IrO2 and RuO2 slabs can be described computationally using
VASP. The basic slab structures were presented and the adsorption sites (CUS- and bridge-sites)
were defined. Moreover, methods for describing ZPE and vdW corrections were discussed. After
reviewing computational parameters, we introduced the Computational Hydrogen Electrode
(CHE). In this framework, the chemical potential of a hydrogen atom is linked to free energy
of a hydrogen molecule and the effect of an applied potential is taken into account. Finally,
relative stability diagrams were presented as a tool to investigate structures at different applied
potentials.
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Chapter 7

Oxygen Evolution Reaction

In this chapter, the Oxygen Evolution Reaction on IrO2 & RuO2 is studied. This reaction is
usually studied at high potential. However, in this case we will investigate low potentials as a
preliminary study towards the CO2 reduction reaction, which also takes place at low potential.
First, we will study the classic reaction as it was reported in many previous studies. Second, we
will explore other possible intermediates which may intervene in the OER at low potential.

7.1 Free energy diagrams

In this section, we will reproduce the work of Karamad et al. published in reference [55]. The
four reaction steps are reminded here:

∗ +H2O(l) → OH∗ +H+ + e− ∆G1 (7.1)
OH∗ → O∗ +H+ + e− ∆G2 (7.2)

O∗ +H2O(l) → OOH∗ +H+ + e− ∆G3 (7.3)
OOH∗ →∗ +O2 +H+ + e− ∆G4 (7.4)

The asterisks (∗) denote actives sites, the components followed by an asterisk being the adsorbed
components. The corresponding reaction free energies are given below to illustrate the concept
of CHE:

∆G1 = GOH∗ +G(H++e−) −G∗ −GH2O(l) (7.5)

= GOH∗ + 1
2GH2 −G∗ −GH2O(l) − eU (7.6)

∆G2 = GO∗ +G(H++e−) −GOH∗ (7.7)

= GO∗ + 1
2GH2(g) −GOH∗ − eU (7.8)

∆G3 = GOOH∗ +G(H++e−) −GO∗ −GH2O(l) (7.9)

= GOOH∗ + 1
2GH2(g) −GO∗ −GH2O(l) − eU (7.10)

∆G4 = G∗ +GO2(g) +G(H++e−) −GOOH∗ (7.11)

= G∗ +GO2(g) + 1
2GH2(g) −GOOH∗ − eU (7.12)

The successive intermediates adsorbed on an IrO2 surface are depicted in figure 7.1. Both
bridge-sites and one CUS-site are occupied with oxygen atoms. Notice that this is not our usual
reference (see figure 6.1). An oxygen atom is added on one CUS-site to be consistent with work
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Figure 7.1: Successive steps for OER on IrO2. Intermediates adsorbed on RuO2 have similar
structure. Numbers in the upper left corners indicate reaction coordinates. Colors denote iridium
(blue), oxygen (red), and hydrogen (white) atoms.
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Figure 7.2: Free energy diagrams for the OER on IrO2 with (a) computational parameters
described in section 6.2 and (b) without van der Waals correction.
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Figure 7.3: Free energy diagrams for the OER on RuO2 with (a) computational parameters
described in section 6.2 and (b) without van der Waals correction.

from Karamad et al. [55] so a comparison can be made. Intermediates adsorb on the remaining
CUS-site.
Figures 7.2 & 7.3 show the free energies of reaction intermediates involved in OER, depicted
in figure 7.1. The three different applied potentials correspond to no potential (U = 0V ), the
thermodynamical required potential (U = 1.23V ) and the minimal required potential in order to
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make all steps downhill in free energy. The overpotential is defined as the latter potential minus
1.23V . All simulations were corrected with ZPE energies. The last reaction step was fixed to
4.92V in order to avoid the calculation of EDFT for O2, which is known to be inaccurate [55]
and to be consistent with other reference work. Figures 7.2 (a) & 7.3 (a) show the free energy
diagrams for IrO2 and RuO2 respectively with van der Waals corrections and computational
details described in section 6.2. Figures 7.2 (b) & 7.3 (b), again show the free energy diagrams for
IrO2 and RuO2 respectively, but this time without van der Waals corrections. Clearly, the van
der Waals correction makes a very significant difference. Without the van der Waals correction,
this model correctly predicts the rate determining step (∆G3) and the overall appearance is
similar to results from Karamad et al. (see figure 4.4). However, the predicted overpotential is
divergent from Karamad et al.’s calculations (0.56V for IrO2 and 0.37V for RuO2) [55]. With
the van der Waals corrections, on the other hand, the last step is rate determining (∆G4). The
most plausible explanation for the divergence with Karamad et al.’s work is the disparity in
computational parameters and corrections. More specifically, there is no mention of van der
Waals and dipole corrections. Moreover, Karamad et al. specified using US-PP whereas we use
the PAW method.

7.2 Low potential analysis

In this section, we will investigate the stability of intermediates which may play a role at low
potential in the Oxgyen Evolution Reaction (OER).

7.2.1 Comparison to reference & influence of ZPE

To make sure we are doing things right, we will first reproduce data from Karamad et al.’s work
(2015) [27]. In this work, the stability of surface structures of RuO2 is studied in an aqueous
solution. The investigated surfaces are depicted in the insets above figure 7.4. Relative stability
diagrams for these surfaces are plotted just below, in figure 7.4. These diagrams were introduced
in section 6.3 on page 41 and are used to make comparative stability analyses at a wide range of
potentials. At any potential, the line appearing lowest in the diagram corresponds to optimal
thermodynamic stability. Whenever applicable, the frames of the pictures depicting structures
were given the same color as their corresponding line in the relative stability diagrams.
As can be seen in figure 7.4, the general trend and slopes clearly match. However, crossings are a
bit off due to a slight offset. In particular, the hydrogenated structures (b−H & H −H) make
a very good fit, whereas structures containing oxygen (b−OH, b−O & O −O) are shifted 0.5
to 1 eV down in figure 7.4 (a) as compared to the reference in figure 7.4 (b). This is probably
due to a different computational parameterization in Karamad et al.’s work. It was namely
specified that dipole and polarization corrections have been neglected [27]. On the other hand,
in Karamad et al.’s work solvation corrections are accounted for.
To assess the influence of ZPE on the computations, the same stability analysis as in figure 7.4
was performed, but this time without including ZPE corrections. First, table 7.1 shows ZPE
values for intermediates used in figure 7.4, both on bridge- and CUS-sites, and compared to
reference values [27].
Computed ZPE values correlate very well to reference values [26]. Furthermore, it can be
observed that ZPE corrections computed for the same intermediates on CUS- and bridge sites
are equivalent. The ZPE energy appears to increase linearly with the addition of an oxygen
atom. However, this correlation is not verified with the addition of a hydrogen atom. Figure 7.5
depicts the influence of ZPE on the previously performed analysis (see figure 7.4).
The ZPE correction has obviously a significant impact. However, both with and without including
ZPE, the model makes the same prediction on the most stable intermediates. More specifically,
both with and without ZPE correction, intermediates O−O, b−OH and H −H are successively
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Figure 7.4: Relative stability diagram of surface structures of RuO2 in aqueous solution. Results
in (a) are compared to results from Karamad et al. (b) [27]. Computations include ZPE
corrections. Stability is referenced to reduced RuO2 depicted in the outer left inset (Ru: purple,
O: red, H: white). The legend in figure (a) gives the adsorbates on both bridge-sites. A lowercase
’b’ denotes a bare bridge-site.

bridge-site CUS-site Karamad et al. [26]
H-b 0.19 / /
H-H 0.32 / /
O-b 0.07 0.07 0.08
O-O 0.15 0.14 /

OH-b 0.35 0.35 0.35
OOH-b / 0.43 0.4

Table 7.1: Overview of ZPE corrections computed for given intermediates on bridge- and CUS-
sites as compared to a reference value [26]. A ’/’ indicates the calculation was not performed or
the data was not available. All values are given in eV .

most stable in a certain potential range from −1 to 1V . For this reason and due to the
important additionally required computational cost, ZPE energies will only be included in free
energy diagrams, where accuracy is crucial for proper interpretation, but not in relative stability
diagrams.

7.2.2 Adsorbates inventory study

Following the reproduction of Karamad et al.’s structures, other intermediates possibly intervening
in the OER were listed and computed. First, two categories were distinguished: structures with
bare CUS-sites and structures with water on both CUS-sites. On the bridge-sites, different
combinations of H∗, O∗ and OH∗ adsorbates were listed. Both IrO2- and RuO2 slabs were
investigated. In figure 7.6, for the sake of clarity, only the most stable structures were represented
in the relative stability diagrams. An overview of the entire batch of simulated structures can be
found in appendix A.1. In the following plots "cu:" denotes adsorbates present on both CUS-sites
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Figure 7.5: Analysis on the influence of ZPE on the stability of RuO2 intermediates in aqueous
solution.

and "br:" denotes adsorbates on both bridge-sites. A lowercase "b" denotes a bare site.
Comparing IrO2 to RuO2 (figures 7.6 (a) and (b) respectively to figures 7.6 (c) and (d)), one can
see the same succession of structures are most stable (from right to left the order of successive
lowest structures is identical). However, crossings are slightly shifted and adsorbates appear
more stable on RuO2 than on IrO2 (∼ 1 eV ). On the other hand, when comparing structures
with bare CUS-sites to structures with water-covered CUS-sites, one can conclude all slopes and
crossings are very similar, but water-covered sites (figures 7.6 (b) and 7.6 (d)) are shifted down
2 to 3 eV and thus exhibit increased stability with respect to structures with bare CUS-sites
(figures 7.6 (a) and 7.6 (c)).
From figure 7.6, we can select a subset of structures which exhibit enhanced thermodynamic
stability and thus increased probability to play a role during OER or RHE. Indeed, in all four
plots, the surface shifts from oxygen-covered bridge sites at higher potentials towards hydrogen-
covered bridge sites at lower potentials, while transiting through intermediate structures (namely
br:OH −O, br:OH −OH, br:OH −H).
Based on this ascertainment, a second batch of structures was listed, restricted to the intermediates
cited above. This time however, these same selected adsorbates were not only positioned on
bridge-sites, but also on CUS-sites, in an attempt to find even more stable structures. An
additional twenty structures were constructed, both on IrO2 and RuO2. The relative stability
diagrams of all these structures can be found in appendix A.2. However, for the sake of clarity,
it was chosen to represent only the most stable intermediates, depicted in figure 7.7.
Both on IrO2 and RuO2 the same intermediates are thermodynamically most stable, with the
exception of structure 1, which only appears as a minimum on RuO2. Moreover, on IrO2 the
fully hydrogenated surface (structure 4) becomes predominant much faster than on RuO2, where
water on the CUS-site (structures 1,2,3) seems to be stable up to lower potentials.
The same trend comes out both in figure 7.6 and 7.7. Indeed, towards negative potentials, the
surface is reduced. This goes along with the adsorption of hydrogen and the desoprtion of oxygen.
On the other hand, towards positive potentials, the surface is oxidized. This happens through
the desoprtion of hydrogen and the adsorption of oxygen.

7.2.3 Other structures

H2O on bridge-sites

In an attempt to identify stable structures of IrO2 and RuO2 in aqueous solutions, the stability
of water on bridge-sites was investigated. Also here, a consistent batch of structures was selected
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(a) IrO2 - cu:b-b (b) IrO2 - cu:H2O-H2O

(c) RuO2 - cu:b-b (d) RuO2 - cu:H2O-H2O

Figure 7.6: Relative stability diagrams for a first selection of most stable OER intermediates on
IrO2 (a-b) and RuO2 (c-d) slabs. In figure (a) and (c) both CUS-sites are left bare, whereas in
figure (b) and (d) both CUS-sites are occupied by water. Occupation on bridge sites is mentioned
in the common legend above the figures. In all figures, the reference is cu:H2O-H2O – br:O-O
on an IrO2 or RuO2 slab respectively.

and simulated. We can distinguish structures with bare CUS-sites and structures with water
on both CUS-sites. Bridge sites were either both covered with water molecules, or one of them
was left bare. Structures with one bridge occupied with water and one with hydrogen were
also simulated. This was originally to avoid a water molecule to dissociate on a bridge site left
bare. However, in the end it appeared water molecules could adsorb on bridge sites without
dissociating.
The overall conclusion is that the adsorption of water on bridge sites is difficult, but nonetheless
possible. To illustrate this statement, simulation results are presented in table 7.2.
From table 7.2, it appears that H2O is too bulky to adsorb on the bridge site when water is
already adsorbed on the CUS-sites or when both bridge sites are occupied with water. However,
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(b) RuO2

Figure 7.7: Relative stability diagrams for a second selection of most stable OER intermediates
on (a) IrO2 and (b) RuO2 slabs. Both legends are identical.

br:H2O-b br:H2O-H br:H2O-H2O
cu:b-b 3 3 7

cu:H2O-H2O 7 IrO2 : 7 – RuO2 : 3 7

Table 7.2: Overview of simulated structures with water on bridge sites. A 3 denotes the water
molecule(s) has adsorbed, whereas a 7 denotes the water molecule(s) did not adsorb. If not
specified, the result is valid both for IrO2- and RuO2 slabs.

when water manages to adsorb on a bridge-site, it turns out to be a relatively stable structure,
as can be seen in figure 7.8.

Figure 7.8: Relative stability diagram comparing the stability of water-covered bridge-sites to
the selection of most stable OER intermediates on RuO2.
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Screening of new adsorption sites

(a) Interposed hydrogen on bridge-site
As shown in figure 7.9, it was attempted to interpose a hydrogen atom in between two
bridge oxygen atoms. In this configuration, the interposed hydrogen atoms are positioned
right on top of an Ir/Ru atom. In figure 7.9, the upper row depicts the initial structures,
whereas the lower row shows the structures after relaxation. In most cases, the structures
relaxed to form OH∗ adsorbates or water. However, in one case (3b) a new equilibrium
position emerged. Indeed, the hydrogen atoms relaxed not in their original position, but
were shifted towards the CUS-sites while remaining in between two bridge sites. The
stability of this structure is shown in figure 7.11 in the same color as its frame and with
circular markers, as compared to previously described intermediates. Clearly this new
system does not exhibit interesting stability.

Figure 7.9: IrO2 (1-3) and RuO2 slabs (2-4) with interposed hydrogen atoms on the bridge-sites.
The upper row show initial structures, whereas the lower row shows relaxed structures. Colors
denote iridium (blue), ruthenium (purple), oxygen (red) and hydrogen (white) atoms.

(b) Shifted oxygen on bridge-site
Let us investigate a structure with shifted bridge oxygen atoms. This time, we are not
interposing additional atoms as in the previous paragraph, but the existing bridge oxygen
atoms are simply shifted on top of Ir/Ru atoms. Four slabs were constructed: both with
bare and with water-covered CUS-sites and both with only one or two shifted oxygen
atoms. These four structures were also constructed on RuO2 slabs. The relaxed structures
are depicted in figure 7.10. Only IrO2 slabs are depicted because relaxation on RuO2
slabs resulted in the exact same structures. As opposed to the interposed hydrogen atoms,
this time the oxygen atoms remain stable in their shifted position. The stability of the
color-framed structure is compared to previously studied intermediates in figure 7.11 (yellow
circular markers). Again this new structure does not show interesting stability.

(c) Shifted hydrogen on bridge-site
Finally, when discovering that hydrogen-covered surfaces become very stable at low poten-
tials, it was attempted to shift bridge-hydrogen atoms on top of Ir/Ru atoms. The structure
is depicted in figure 7.12 (a). However, when relaxing this structure, the bridge-hydrogen
atoms recover their original position, as depicted in figure 7.12 (b). The same result is
obtained on RuO2 slabs.
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Figure 7.10: IrO2 slabs with shifted bridge-oxygen atoms. Full configuration is indicated above
each image. An apostrophe denotes a shifted atom.

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
−10

−8

−6

−4

−2

0

2

4

Potential [V vs RHE]

R
e
la

ti
v
e
 s

ta
b
ili

ty
 [
e
V

]

 

 

cu:H2O−H2O−−br:O−O

cu:H2O−H2O−−br:H−H

cu:H2O−H2O−−br:OH−H
cu:H2O−H2O−−br:OH−OH

cu:H−H−−br:H−H

cu:OH−OH−−br:O−O
cu:O−O−−br:O−O

cu:H2O−H2O−−br:O−H’−O−H’

cu:H2O−H2O−−br:O’−O’

Figure 7.11: Relative stability diagram for OER intermediates on an IrO2 slab. The two bottom
structures in the legend correspond to structures from figures 7.9 and 7.10 and are indicated
with circular markers. Atoms shifted from their usual position are denoted with an apostrophe.
Colors denote iridium (blue), oxygen (red) and hydrogen (white) atoms.

Figure 7.12: Hydrogen-covered IrO2 slabs with shifted bridge-hydrogen atoms. An apostrophe
denotes a shifted atom. Both initial (a) and relaxed structures (b) are depicted.

Ir2O & Ir2O3 surface reconstructions

At last, the stability of the OER intermediates is compared to surface reconstructions. The
structures in this section are inspired from the work of Ünal [60] et al., where TiO and Ti2O3
reconstructions are investigated on TiO2 slabs, which have the same rutile structure as IrO2.
These structures were reproduced on IrO2 slabs and are denoted as Ir2O and Ir2O3. Notice
these notations only refer to the surface of the slab. The bulk of the material still consists of
IrO2. Due to the geometry of these reconstructions, new supercells have been used for simulation.
The supercell is twice as big in the a-direction. Therefore, the k-point grid was halved in this
direction. Other computational parameters are identical to what has been done before. Each
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supercell has now 4 CUS-sites and 4 bridge sites. These structures are depicted in figure 7.13.

Figure 7.13: IrO2 surface reconstructions.

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
−6

−4

−2

0

2

4

6

Potential [V vs RHE]

R
e
la

ti
v
e
 s

ta
b
ili

ty
 [
e
V

]

 

 

IrO
2
:cu:H2O−H2O−−br:O−O

Ir
2
O:cu:H

2
O−H

2
O

Ir
2
O

3
:cu:H

2
O−H

2
O

IrO
2
:cu:b−b−−br:O−O

Ir
2
O:cu:b−b

Ir
2
O

3
:cu:b−b

Ir
2
O:cuH

2
O−H

2
O−cu:H−H

Ir
2
O:hydrogenated

Figure 7.14: Relative stability diagram of surface reconstructions on IrO2. Structures are
depicted in the insets (Ir: blue, O: red, H: white). Solid lines indicate water on CUS-sites,
whereas dashed lines denote bare CUS-sites. Lines with circular markers do not belong to any
category.

For both types of surface reconstructions (Ir2O & Ir2O3), computations were performed both
with and without water on CUS-sites. Moreover, due to the increased stability of hydrogenated
surfaces (as can be seen in figure 7.11), hydrogen-covered surfaces were also computed (lower
structures in figure 7.13). Finally, a fully-hydrogenated Ir2O3 structure was simulated (with
hydrogen atoms on upper oxygen atoms), but this configuration turned out to be unstable and
did not relax until convergence. An attempt to adsorb more water on the top iridium atoms
of the Ir2O surface also failed. As can be seen in figure 7.14, at zero applied potential, the
surface reconstructions (blue & green lines) are not favorable compared to IrO2 (black lines).
Nonetheless, the Ir2O reconstruction is more stable than the Ir2O3 reconstruction in the negative
potential range. The Ir2O reconstructed surfaces only become favorable at roughly −0.25V
with bare CUS-sites and −0.5V with water on CUS-sites compared to the their respective IrO2
reference slab. However, the hydrogenated Ir2O surface exhibits interesting stability at relatively
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low applied potential. In figure 7.15, the stability of this structure is compared to the selection
of the so far most stable structures.
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Figure 7.15: Relative stability diagram of the most stable reconstructed surfaces (hydrogenated
Ir2O) (line with circular marker) compared to the most stable intermediates on IrO2 (no marker).

As can be seen in figure 7.15, at −0.52V , the reconstructed Ir2O surface becomes slightly more
stable than the fully hydrogenated IrO2 surface.

7.3 Discussion

In this chapter, we have proceeded through a twofold analysis. First, standard free energy
diagrams for the OER were reproduced both on IrO2 and RuO2. At this point, we have shown
the importance of corrections such as the vdW and ZPE energies for the analysis of free energy
diagrams and for the estimation of overpotentials.
Second, possible OER intermediates were investigated at low potential. First we started with
classic OER intermediates such as H∗, O∗ and OH∗, positioned on the conventional adsorption
sites. This enabled to identify a first selection of structures exhibiting optimal stability (see
figure 7.7). Next, we tried to adsorb water on bridge-sites, which did not reveal notable stability.
Then, it was attempted to shift adsorbates from their usual position and to interpose protons
between bridge-oxygen atoms. These structures did not reveal interesting stability either. At
last, we investigated surface reconstructions such as Ir2O and Ir2O3. In the negative potential
range, the hydrogenated Ir2O surface exhibited competing stability with a hydrogenated IrO2
surface.

The last step of the analysis consists in interpreting our computational observations in the
light of the experimental measurements. It is important to realize that our computations and
the relative stability diagrams only reflect the thermodynamic stability of a certain structure.
However, before a surface can actually take form, many other aspects must be considered. Let
us have a look at figure 7.15 to illustrate this point. The analysis is done on IrO2 to include
surface reconstructions. However, similar intermediates are involved on RuO2 and therefore this
discussion is fully applicable to RuO2 slabs. First, remember theoretically at 0V and below the
hydrogen evolution becomes thermodynamically favorable. Therefore, if experimentally the HER
takes place, the formation of hydrogen-covered surfaces such as structures 3 and 6 in figure 7.15
might be compromised. Second, although two structures are thermodynamically stable and form
a crossing does not mean it is kinetically possible for the surface to transit from one configuration
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to the other. For example, consider structures 3 and 1 in figure 7.15. The oxidation reaction
going from Ir2O-cu:H-H − br:H-H (3) to Ir2O-cu:H2O-H2O − br:OH-H (1) is given as:

(3) + 3H2O → (1) + 4H+ + 4e− (7.13)

This reaction requires a 4-electron process, which is quite complex to be achieved. This gives
an indication of the complexity of the reaction which must underlie the transfer from IrO2
to a surface reconstruction such as hydrogenated Ir2O (structure 6). However, it is worth
noting that each step in the successive oxidation from structure 1 to structure 5 (reaction
(1)→ (2)→ (0)→ (4)→ (5)) requires a two electron transfer.
With this analysis it has become clear that our relative stability diagrams should be interpreted
with care. Many considerations should be taken into account before we can conclude a stable
surface might be intervening experimentally.
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Chapter 8

CO2 Reduction Reaction

The content of this chapter largely emanates as a reflection on Karamad et al.’s work [27]. In
their article entitled "Mechanistic Pathway in the Electrochemical Reduction of CO2 on RuO2",
also discussed in chapter 5, Karamad et al. explore reaction intermediates and pathways to
reduce CO2 on RuO2. In this chapter, we will verify Karamad et al.’s hypotheses and extend
the discussion to IrO2 slabs.

8.1 Comparison to reference & influence of ZPE

Let us start by comparing some standard results to Karamad et al.’s work. In this scope, a
couple of intermediates depicted in the insets of figure 8.1 were simulated. Relative stability
diagrams are depicted in figure 8.1 (a), as opposed to Karamad et al.’s results in figure 8.1 (b).
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Figure 8.1: Relative stability diagram of carbonated surface structures on RuO2. Results in (a)
are compared to results from Karamad et al. (b) [27]. Computations include ZPE corrections
retrieved from Karamad et al. [26]. Stability is referenced to reduced RuO2 depicted in the outer
left inset (Ru: purple, O: red, H: white, C: brown).

From figure 8.1, one can conclude that slopes correctly correlate. Whereas 0.25 OCHO∗ almost
exactly fits Karamad et al.’s result, all other slopes seem to be shifted approximately half an
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eV upwards. Again, this discrepancy may arise from different computational parameterization,
as was discussed in section 7.2.1. Indeed, in his work, no dipole or polarization corrections
are applied, but solvation corrections were accounted for. He also mentions to apply a 0.45 eV
correction on CO2(g) to account for the bad description of the OCO backbone in RPBE, which
may affect future results.

Let us now assess the influence of the ZPE corrections. As opposed to results discussed in
chapter 7, in this case ZPE corrections were not computed, but simply retaken from Karamad et
al. [26]. Indeed, following the discussion from section 7.2.1, it can be concluded that our ZPE
computations sufficiently correlate with Karamad et al.’s data to use them consistently. Figure
8.2 depicts the stability of the same structures as in figure 8.1, but this time computed both
with (dashed line) and without (solid line) ZPE correction.
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Figure 8.2: Analysis on the influence of ZPE on the stability of carbonated RuO2 intermediates.

Obviously, the ZPE correction again has a significant impact. Notice the generated shift is much
larger for bulky intermediates (OCHO∗, COOH∗) than for small intermediates (CO∗).

8.2 CO* coverage analysis
In their work [27], Karamad et al. claim that the first step in the reduction mechanism of CO2
on RuO2 is the formation of a CO∗ adsorbate. This is a 2-step reaction reminded below:

∗ + CO2 + (H+ + e−)→ COOH∗ ∆G1

COOH∗ + (H+ + e−)→ CO∗ +H2O ∆G2
(8.1)

Notice that this requires the formation of a COOH∗ adsorbate, which might not be kinetically
accessible. Karamad et al. suggest CO∗ will build up on the reduced RuO2 surface under CO2
reduction. This hypothesis is supported by the high desorption energies and very low Faradaic
efficiency experimentally observed for CO production on RuO2 [56]. To estimate the CO∗
coverage, the formation of COOH∗ was taken into account. It was reported that the COOH∗
intermediate becomes thermodynamically favorable at potentials below −0.02V on the reduced
RuO2 surface and at −0.41V on the 0.25 CO∗ covered surface. Therefore, it was concluded
that within this potential range, the CO∗ coverage is expected to be somewhere in between
0.25 and 0.5. Based on this statement, Karamad et al. selected two limiting starting structures
to further investigate CO2 reduction. These are the 0.25 CO∗ and 0.5 CO∗ coverage on the
reduced RuO2 surface. Both structures are depicted in the insets of figure 8.1. In this section,
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we will investigate this hypothesis by a comparative analysis of the stability of Karamad et al.’s
structures with other competing structures.
Before going on, it is important to realize that CO2 cannot adsorb directly on an IrO2 or RuO2
surface. It must first be reduced to another intermediate before adsorption is possible. Moreover,
the CO∗ adsorbate binds to the surface through the carbon atom and not the oxygen atom.
These statements were verified with computations.

8.2.1 CO* intermediates: stability analysis

In the first place, we will only focus on the stability of carbonated intermediates. A full analysis
with comparison to other structures will follow later. An overview of the complete set of selected
structures can be found in appendix A.3. The results for a selection of the most interesting
structures are given in figure 8.3 for IrO2 (a) and RuO2 (b).

(a) IrO2 (b) RuO2

Figure 8.3: Relative stability diagrams of most interesting CO∗-covered structures on (a) IrO2
and (b) RuO2 slabs. Legends are identical in both figures.

In this figure, structures 7 & 8 represent Karamad et al.’s 0.25 CO∗ & 0.5 CO∗ coverages
respectively. Obviously, these structures are far from being the most stable ones, requiring a
minimum of −0.4V potential to overtake the stability of structure 0, here defined to be the
reference state. But most astonishing, one can see these coverages never become more favorable
than other computed structures. Moreover, when looking at the most stable structures (0, 1, 2,
3, 4), it becomes obvious that water remains very stable on the adsorption sites. Indeed, it takes
up to −0.59V on IrO2 slabs and −0.75V on RuO2 slabs to completely replace water by CO∗
(these are the potentials at which structure 4 becomes most favorable). More specifically, when
considering structures 0, 5 and 6, one can conclude it requires a significant potential to replace
water by CO∗ on CUS-sites. On the other hand, when considering structures 0 and 1, it seems
to be thermodynamically not very expensive to have CO∗ on bridge-sites instead of O∗.
At last, one can notice the significant increased stability of structure 2 on RuO2 compared to
IrO2.
To sum up, Karamad et al.’s hypothesis to consider 0.25 CO∗ and 0.5 CO∗ (see insets figure
8.1) coverages for CO2 reduction does not seem to be very realistic when considering an aqueous
medium.
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8.2.2 CO* vs aqueous intermediates: stability analysis

Figure 8.4 depicts the most stable intermediates, from both OER and CO∗ coverage analyses.
Panel (a) depicts results for IrO2 and panel (b) for RuO2.

(a) IrO2 (b) RuO2

Figure 8.4: Relative stability diagrams of most stable intermediates from both OER and CO∗
coverage analysis. Legends are identical in both figures.

As can be seen in this figure, there exists a turnover potential, at which CO∗ adsorbates
(structures 5 - 8) become more stable than OER adsorbates (structures 0 - 4). This potential
is −0.30V for IrO2 and −0.42V for RuO2. When decreasing potential further, we can see for
IrO2, it is more favorable to have H2O

∗ on CUS-sites, and CO∗ on bridge-sites (structure 5),
whereas RuO2 prefers alternating H2O

∗ and CO∗ on bridge- and CUS-sites (structure 6). At
last, the fully CO∗ covered surface becomes stable at less negative potentials on IrO2 (−0.59V )
than on RuO2 (−0.75V ).
From these observations, we can conclude CO∗ adsorbs more easily on IrO2 than on RuO2. Vice
versa, at decreasing potentials, H2O

∗ sticks for longer on RuO2 than on IrO2.

8.3 Formation of CO* intermediate
Now that we have studied the overall stability of CO∗ covered surfaces, we will here investigate
the reaction free energies associated to the formation of the CO∗ adsorbate. The overall reaction
is given by equation 8.1. The procedure to obtain the reaction free energies is similar to what
has been done in section 7.1. When considering successive reaction steps, ZPE corrections have a
drastic impact. Therefore, in this section, ZPE corrections from Karamad et al. were included [26].

Figures 8.5 and 8.6 depict free energy diagrams for the formation of CO∗ on RuO2 and IrO2
respectively at U = 0V (RHE). The insets of figure 8.5 show the structures represented in the
diagrams. The first row of insets show the starting structures. Rows below depict successive
reaction steps. The limiting potential required to make all steps exergonic is given in the figure
legend. If no value is given, the reaction is already exergonic at U = 0V .
Comparing figures 8.5 (a) and (b), one can see the general tendency is similar, but an offset
shifts our results from Karamad et al.’s results. The COOH∗ adsorbate on the reduced surface
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Figure 8.5: Free energy diagrams for the formation of CO∗ on RuO2 at U = 0V (RHE). Results
in figure (a) are confronted to results from Karamad et al. in figure (b) [26]. Four different
coverages are investigated, all depicted in the first row of the insets (Ru: purple, O: red, H: white,
C: brown). Rows below depict the surface at successive reaction steps. In the legend of figure
(a), LP indicates the limiting potential required to obtain successive downhill reaction steps.
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Figure 8.6: Free energy diagram for the formation of CO∗ on IrO2 at U = 0V (RHE). Structures
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are identical on IrO2 slabs.

(black) is shifted 0.4 eV upwards in figure (a) as compared to figure (b). The exact same offset
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was observed in figure 8.1. The COOH∗ intermediate on other coverages shows a slightly smaller
offset. Finally the shift experienced on the last reaction step is slightly larger than for the first
reaction step and is in a range of 0.55 to 0.8 eV depending on coverage. As mentioned earlier,
this difference is most probably due to a different computational parameterization. Again, it
was specified that dipole and polarization corrections have been neglected [27]. On the other
hand, in Karamad et al.’s work solvation corrections are accounted for. The formation of CO∗
has been computed on an additional reference structure. It was indeed observed in previous
computations that keeping the bridge-sites occupied with oxygen atoms is thermodynamically
more favorable and probably more realistic in an aqueous environment, as compared to a fully
reduced surface. In this case, the COOH∗ intermediate adsorbs on two CUS-sites. However,
on RuO2, the oxygenated bridge surface requires higher potential than the other investigated
structures.
The picture is drastically different when considering an IrO2 slab (see figure 8.6). Indeed, the
formation of CO∗ requires a maximal potential of −0.04V on the studied surfaces, as opposed
to a minimal potential of −0.39V on RuO2. Even more remarkable, the CO∗ formation on the
0.5 CO∗ and br:O −O IrO2 structures are exergonic at U = 0V .
All in all, the formation of CO∗ appears to be much more favorable on IrO2 than on RuO2.
This is in accordance with what is observed in figure 8.4. Moreover, whereas the presence of
oxygen atoms on the bridge-sites seems to stabilize the adsorption of COOH∗ on IrO2, it is all
the contrary for RuO2.

8.4 Formation of HCOOH* intermediate
The formation of HCOOH∗ is an important step in the reduction of CO2 to CH4. Indeed, as
will be seen later, this step is potential limiting on a RuO2 catalyst. Therefore, we will here
investigate the most favorable way to produce this intermediate. Two reaction pathways can
be distinguished for the formation of HCOOH∗. Indeed, this reaction can proceed through a
COOH∗ or an OCHO∗ intermediate. Both reaction pathways are detailed below:

∗ + CO2(g) + (H+ + e−)→ COOH∗

COOH∗ + (H+ + e−)→ HCOOH∗
(8.2)

∗ + CO2(g) + (H+ + e−)→ OCHO∗

OCHO∗ + (H+ + e−)→ HCOOH∗
(8.3)

Notice that reaction pathway 8.2 requires the protonation of COOH∗ at a carbon atom, whereas
the reaction pathway 8.3 requires the protonation of OCHO∗ at an oxygen atom. The expressions
for the reaction free energies in the framework of CHE are similar to what has been done before
and are therefore not detailed here. The different intermediates are depicted in figure 8.7 on 0.25
CO∗ RuO2 slabs. Intermediates for other coverages and on IrO2 slabs are similar.

Figure 8.7: Intermediates for the formation of CHOOH∗ on 0.25 CO∗ RuO2. Numbers in the
upper left corners indicate the reaction coordinate. Colors denote ruthenium (purple), oxygen
(red), hydrogen (white) and carbon (brown) atoms.
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(a) IrO2 (b) RuO2

Figure 8.8: Free energy diagrams for the formation of HCOOH∗ on IrO2 (a) and RuO2 (b) at
U = 0V (RHE). Two different coverages are investigated: 0.25 CO∗ (blue) and 0.50 CO∗ (red).
Solid and dashed lines show the COOH∗ and OCHO∗ reaction paths respectively. LP indicates
the limiting potential required to obtain successive downhill reaction steps.

As can be seen in figure 8.8, the formation of HCOOH∗ on RuO2 is more favorable through
an OCHO∗ intermediate. This explains the choice of Karamad et al. to proceed through this
intermediate for the synthesis of CH4 [27]. On the other hand, on IrO2 (figure 8.8 (a)) the
choice for the OCHO∗ intermediate is less straightforward. Indeed, both reaction paths require
no or very little potential to become exergonic. Moreover, although at the first step the OCHO∗
intermediate is more stable, the second step becomes limiting with the OCHO∗ intermediate
(on 0.25 CO∗) coverage. All in all, on IrO2, both reaction pathways seem to be competing for
the formation of HCOOH∗.

8.5 Synthesis of CH4(g)

Now that we have studied subsequent reactions required for the reduction of CO2 to CH4, we can
study the overall reaction process. It was chosen to investigate the reaction pathway selected by
Karamad et al. [27]. The reaction is studied on two different initial structures, namely the 0.25
CO∗ and 0.5 CO∗ coverages, which were already discussed in previous sections. The successive
reaction intermediates are depicted in figure 8.9 for RuO2. Be aware that, unlike previous
structure renderings, in this case the full supercell has been depicted for clarity purposes, which
means atoms are repeated on every border of the supercell. On IrO2, the reaction intermediates
are very similar. The numbers in the upper left corner of each structure indicate the reaction
coordinate in the free energy diagrams in figures 8.10, 8.11 and 8.12. Figures 8.10 and 8.12 depict
the computed free energy diagrams for RuO2 and IrO2 respectively. The upper plots are at
zero potential, whereas lower plots are at the potentials required to make the reaction exergonic.
Figure 8.11 depicts the same diagram extracted from Karamad et al.’s work for comparison [27].
When comparing the upper panel in figure 8.10 to figure 8.11, one can see the first four reaction
steps have very similar differential free energies. However, reaction steps 5, 6 and 7 are significantly
lower in energy in Karamad et al.’s plot compared to our computations. Nonetheless, a similar
shift is generated by the difference in coverage (blue line vs red line) in our computations and in
Karamad et al.’s work.
When looking at figure 8.10 (b), one can see the potential limiting step is the protonation of
OCHO∗ to HCOOH∗, at both 0.25 CO∗ and 0.5 CO∗ coverages. Karamad et al. reports
the same potential limiting step on 0.25 CO∗ coverage, but claims on 0.5 CO∗ coverage the
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Figure 8.9: Successive intermediates for the reduction of CH4 on 0.25 CO∗ RuO2. Numbers in
the upper left corner of each image indicate the reaction coordinate. Colors denote ruthenium
(purple), oxygen (red), hydrogen (white) and carbon (brown) atoms.
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Figure 8.10: Free energy diagrams of CO2 reduction on RuO2 at zero potential applied (upper
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(a) 0.25 CO∗ (b) 0.5 CO∗

Figure 8.11: Free energy diagrams for CO2 reduction on RuO2 at U = 0V (RHE) at 0.25 CO∗
(a) and 0.5 CO∗ coverage (b) extracted from Karamad et al. for comparison [27].
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Figure 8.12: Free energy diagrams of CO2 reduction on IrO2 at zero potential applied (upper
figure) and limiting potential applied (lower figure) at 0.25 CO∗ (blue line) and 0.5 CO∗ coverage
(red line).

protonation of HCOOH∗ to H2COOH
∗ is potential limiting. Moreover, he observed a limiting

potential of −0.43V and −0.28V on 0.25 CO∗ and 0.5 CO∗ respectively, as opposed to −0.8V
and −0.47V according to our computations.
On IrO2 (figure 8.12), the reduction of CO2 to CH4 requires significantly lower limiting potentials
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(−0.22V and−0.23V on 0.25 CO∗ and 0.5 CO∗ respectively). Therefore, from a thermodynamical
point of view, one could conclude IrO2 should be a better catalyst than RuO2 for this reaction.
Notice in this case the protonation of OH∗ to recover the original surface is the potential limiting
step on both CO∗ coverages. Another noteworthy difference with RuO2 is the lower dependence
on CO∗ coverage. Indeed, on average, blue and red lines tend to remain closer to each other in
figure 8.12 than in figure 8.10.

8.6 Other reaction pathways
So far, we have studied the reaction pathway proposed by Karamad et al. for the reduction of
CO2 into CH4(g). However, as we have seen in chapter 5, on copper this reaction is known to
proceed through a different mechanism. In this section, we will investigate whether the reaction
proposed by Karamad et al. (see figures 8.10 & 8.12) is indeed more favorable than the reaction
mechanism on copper proposed by Peterson et al. [49]. The full reaction pathways were given in
figure 5.2 on page 32 through the CHO∗ intermediate and in figure 5.4 on page 33 through the
COH∗ intermediate. Both reaction mechanisms will be investigated here.

Figure 8.13: CHO∗ and COH∗ intermediates structures on 0.25 CO∗ coverage.
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Figure 8.14: Free energy diagrams for the reduction of CO2 leading to the structures depicted in
figure 8.13, on IrO2 and RuO2 (a) and a free energy diagram for the same reaction pathway
extracted from the work of Karamad et al. on RuO2 and Cu(211) (b). Limiting potentials (LP)
in figure (a) are given for the last reaction step.

The relaxed structures are depicted in figure 8.13. Note that the structures are different on
IrO2 and RuO2 slabs. Indeed, the CHO∗ intermediate is oriented differently on both catalysts.
Moreover, on IrO2, the hydrogen atom from the COH∗ intermediate has shifted from its original
position on the CUS-site to the CO∗ adsorbate on the bridge-site. This did not happen on RuO2,
where the hydrogen atom remained on its original adsorbate.
Figure 8.14 depicts the free energy diagrams constructed from results (a) and a plot extracted
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from the work of Karamad et al. for comparison on RuO2 and Cu(211) (b).
Let us first compare RuO2 in figures (a) (in red) and (b) (in blue). All in all, the the diagrams
do not agree very well. However, in both cases, the protonation of CO∗ is the limiting potential
step. In the reaction pathway proposed by Karamad et al. (see figure 8.10), the protonation
of OCHO∗ to HCOOH∗ was the potential limiting step and required −0.8V on 0.25 CO∗
RuO2. In contrast, the formation of the COH∗ and CHO∗ intermediates require −1.63V and
−0.98V respectively. This reaction pathway is thus not favorable as compared to Karamad
et al.’s pathway. However, the picture is different for IrO2. Indeed, whereas the formation of
the CHO∗ intermediate requires similar potential than on RuO2, the formation of COH∗ is
exergonic on IrO2. However, in the reaction pathway proceeding through COH∗ on copper,
the limiting reaction step is known to be the protonation of CH∗ to CH∗2 . Therefore, before
being able to draw any conclusions regarding this reaction pathway on IrO2, the whole reaction
mechanism should be investigated. Still, this result opens up new possibilities regarding CO2
reduction on IrO2.

8.7 Discussion

In this chapter, we have investigated the CO2 reduction reaction on IrO2 and RuO2 catalysts.
First, we started by reproducing results from the work of Karamad et al. Although our results
matched relatively well, this result benchmarked the margin of error that can be expected in our
computations. Also the impact of corrections have proven to be determining, in accordance with
what has been demonstrated in chapter 7.
Next, we performed a stability analysis on the CO∗ coverage in aqueous medium. Remember
Karamad et al. study the reduction of CO2 on 0.25 and 0.5 CO∗ covered RuO2 surfaces (see
insets in figure 8.1). We have shown that water-covered surfaces exhibit increased stability as
compared to Karamad et al.’s coverages. Moreover, our results indicate that CO∗ has increased
affinity on IrO2 as compared to RuO2, whereas H2O is more stable on RuO2 as compared to
IrO2. Additionally, we observed that bridge-sites adsorb CO∗ more easily than CUS-sites.
After studying the stability of CO∗, we investigated the reaction pathway for the formation
of this adsorbate. Here, we have identified the formation of the COOH∗ intermediate to be a
crucial step. Whereas the formation of this intermediate required significant potential to be
formed on a RuO2 surface, on IrO2 the formation of CO∗ appeared to require very little to
no additional potential. This observation is in good accordance with the previously performed
stability analysis, where we pointed out that IrO2 exhibits increased affinity for adsorbed CO∗
compared to RuO2.
After having identified the stability and mechanisms required for the formation of CO∗, we
investigated the reaction pathway for the formation of HCOOH∗ on 0.25 and 0.5 CO∗ surfaces.
Karamad et al. report this is an important intermediate in the reduction reaction of CO2 to
CH4 because its formation is potential limiting on the 0.25 CO∗ surface. We investigated two
different reaction pathways: through an OCHO∗ and a COOH∗ intermediate. On RuO2, the
OCHO∗ pathway turned out to be more favorable, which confirmed Karamad et al.’s choice for
this intermediate. On IrO2 however, both reaction pathways seemed to be in close competition.
In either case, the overall HCOOH∗ formation process turned out to be much more favorable
on IrO2 than on RuO2.
Having investigated crucial steps in the CO2 reduction process, we finally studied the overall
reaction up to the formation of CH4, both on 0.25 and 0.5 CO∗ coverages. On RuO2, we
established a good fit with Karamad et al.’s result. We calculated limiting potentials of −0.8 and
−0.47V on the 0.25 and 0.5 CO∗ coverages respectively. Our limiting potentials overestimated
Karamad et al.’s findings by 0.37 and 0.19V on the 0.25 and 0.5 CO∗ coverages respectively.
Whereas Karamad et al. report a different potential determining step on the 0.5 CO∗ coverage,
we observed the formation of HCOOH∗ to be potential determining on both coverages. In the
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continuity of our previous findings, also here IrO2 showed better performances, with limiting
potentials as low as −0.22 and −0.23V on the 0.25 and 0.5 CO∗ coverages respectively.
At last, we investigated the reaction pathways reported on copper for CO2 reduction. We studied
both COH∗ and CHO∗ intermediates. On RuO2, these alternative reaction pathways appeared
to be less favorable than the mechanism proposed by Karamad et al. which was studied before.
However, on IrO2, the COH∗ intermediate exhibited astonishing stability.
Table 8.1 summarizes the above discussed results on the 0.25 CO∗ and 0.5 CO∗ coverages for
both IrO2 and RuO2. The table clearly highlights the superior activity of the IrO2 catalyst
over RuO2.

IrO2 - 0.25 CO∗ IrO2 - 0.5 CO∗ RuO2 - 0.25 CO∗ RuO2 - 0.5 CO∗
CO∗ −0.01 − −0.68 −1.01
HCOOH∗OCHO∗ −0.01 − −0.8 −0.47
HCOOH∗COOH∗ − − −0.68 −1.01
CH4(g) −0.22 −0.23 −0.8 −0.47
CHO∗ −1.02 / −0.98 /
COH∗ − / −1.63 /

Table 8.1: Required potentials for the formation of the indicated adsorbates/products on the
given surfaces. ’−’ denotes the reaction is spontaneous. A ’/’ indicates the simulation was
not performed. Intermediates given as subscript in the first column indicate the intermediate
characterizing the reaction mechanism. All values are given in V .

To go further, the entire reaction pathway through the COH∗ intermediate on IrO2 should be
computed, before any conclusions can be drawn regarding its potential interest. Additionally,
let us not forget we identified the COOH∗ intermediate to be an interesting candidate for the
formation of the HCOOH∗ adsorbate. This might also be investigated further in the future.
Moreover, for the sake of comparability, we have studied the same surfaces as Karamad et al. for
the CO2 reduction reaction, namely the 0.25 and 0.5 CO∗ coverages. A posteriori, this seems like
a poor choice given the fact that we have precisely proven these surfaces to exhibit unfavorable
stability in aqueous medium. It would have been interesting to investigate the feasibility of this
reaction on other surface coverages.

It is important to put the observations we have made throughout this chapter in their due
perspective. Indeed, let us not forget that below 0V , the HER becomes favorable, which may
compromise the numerous protonation reactions we proposed in this potential range. Moreover,
the surfaces we have studied for the CO2 reduction reaction possess empty active sites. This is a
strong hypothesis, as we have demonstrated in this chapter that these sites will likely be covered
with water molecules in aqueous medium. However, without the required adsorption sites, the
reaction is compromised. Especially as we have seen certain bulky adsorbates may require two
adjacent adsorption sites. Also keep in mind that our discussion is limited to the generation of a
single product: methane. However, in practice, many other products may be formed during the
reduction process, among which we can cite methanol, formic acid, carbon monoxide, ethylene
and hydrogen, as was mentioned earlier. Furthermore, the analysis we have performed is limited
to thermodynamical considerations. However, experimentally many other aspects are involved,
such as the kinetic feasibility of the proposed reactions.
Moreover, notice we assumed gaseous CO2 would protonate to from COOH∗ or OCHO∗.
However, in practice the gaseous CO2 will dissolve in water, forming compounds like CO2−

3 or
HCO−3 .
At last, it is worth pointing out that comparisons with Karamad et al. should be regarded
with proper perspective, as errors and inconsistencies have been discovered during the thorough
analysis of their article [27].
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Conclusion

The development of new catalyst materials plays a major role in the development of diverse
technologies, many of which may contribute to to solving the climate crisis. In this scope,
computational materials simulation is a fundamental tool.
In this work, we have studied IrO2 and RuO2 catalysts using ab initio simulations implemented
by VASP. In particular, two distinct reactions were studied on these catalysts: the Oxygen
Evolution Reaction (OER) and the CO2 Reduction Reaction to CH4.

First, a literature review concerning these two reactions was provided in chapters 4 and 5.
Concerning the OER, the reaction mechanism involving the basic intermediates (OH∗, O∗ and
OOH∗) was first presented. Next, it was reported that the OER on oxide catalysts requires
lower potentials than on metal catalysts [54,55]. At last, it was demonstrated that the formation
of either the O∗ or OOH∗ intermediate is potential limiting.
Concerning the CO2 Reduction Reaction, we came to the major conclusion that this reaction
is complex and requires many-electron transfers. As a result, the experimental overpotential is
large (∼ 1V ) and the selectivity towards specific products is low. Different reaction pathways
were identified for investigation, both on metals and on a RuO2 catalyst.

The major simulation results were presented in chapters 7 and 8. Because the CO2 Reduction
Reaction occurs at reducing (low) potentials, first a preliminary study was performed to investi-
gate possibly intervening OER intermediates at low potentials.
First, standard free energy diagrams of the OER were reproduced. On the one hand, these com-
putations exposed the critical importance of applied corrections such as vdW or ZPE corrections
and benchmarked the margin of error to be expected. On the other hand, they validated our
computational implementation.
Next, a large inventory of possible OER intermediates (including H2O

∗, OH∗, O∗ and H∗

adsorbates) was listed and simulated. Structures exhibiting outstanding stability were identified
at different applied potentials using relative stability diagrams. Attempts to move adsorbates
from their standard positions on the catalysts did not lead to concluding results. However, a
hydrogen-covered surface reconstruction (Ir2O) exhibited competing stability with the conven-
tional hydrogen-covered surface (IrO2) in the negative potential range.
Comparing IrO2 to RuO2, all in all the selection of intermediates showing optimal stability was
similar. However, in general the studied adsorbates appeared to be approximately 1 eV more
stable on RuO2 than on IrO2.

In chapter 8, the simulation results regarding the CO2 Reduction Reaction were presented. Our
analysis was initiated in the same way as for the OER, namely with the reproduction of reference
work. Again, these results validated our implementation, but pointed out the importance of
applied corrections.
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Next, a CO∗ coverage stability analysis was performed on both IrO2 and RuO2. Here, it was
demonstrated that the hypothesis of Karamad et al. [27] to leave unoccupied active sites in an
aqueous medium is rather unrealistic. Moreover, these results indicated an increased affinity for
CO∗ on IrO2 (as compared to RuO2) on the one hand, and an increased affinity for H2O on
RuO2 (as compared to IrO2) on the other hand. Additionally, the CO∗ adsorbate was shown to
adsorb with increased facility on bridge-sites as compared to CUS-sites.
Next, reaction intermediates and pathways for the reduction of CO2 to CH4 were investigated
using free energy diagrams. First, we have shown that the formation of the CO∗ intermediate is
more favorable on IrO2 as compared to RuO2. Next, two different pathways for the formation of
HCOOH∗ were investigated: through a COOH∗ or OCHO∗ intermediate. Whereas on RuO2
the OCHO∗ intermediate clearly required lower energy, on IrO2 both reaction pathways seemed
to be in competition. After these preliminary studies, the full reaction pathway of CO2 reduction
to CH4 was studied on both IrO2 and RuO2, according to the reaction mechanism and the
catalyst surface suggested by Karamad et al. On RuO2, a good fit was established with reference
work: our overpotentials overestimated the results of Karamad et al. by 0.37 and 0.19V on both
studied surfaces. On IrO2 the reduction of CO2 to CH4 required astonishingly low potential as
compared to RuO2. At last, we investigated the reaction pathways commonly accepted on copper.
Whereas on RuO2 the investigated mechanism did not depict interesting energetic stability, on
IrO2 a promising reaction pathway was identified through a COH∗ intermediate. However, full
simulation of this reaction pathway would be required to validate this assertion.

In the introduction, it was established that a good catalyst should meet three important require-
ments: high selectivity towards required products, high activity for the formation of the desired
products and high stability under reaction conditions. In this work, one of these aspects was
investigated, namely the activity for the formation of the desired products. Possible surface
configurations were identified using relative stability diagrams and the activity of the IrO2 and
RuO2 catalysts was assessed through a qualitative analysis by means of free energy diagrams.
However, along the discussion of the presented simulations, awareness was raised to a proper
interpretation of the given results. Indeed, our study solely accounts for thermodynamical fac-
tors. However, in practice, the HER and kinetic barriers will largely affect the discussed reactions.

In essence, the simulations performed throughout this work have pointed out a tendency towards
increased catalytic activity of IrO2 compared to RuO2 regarding the CO2 reduction reaction to
methane.
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Appendix A

Additional relative stability diagrams

The major purpose of this appendix is not to investigate the stability of intermediates but to
give an overview of the complete set of simulated structures.
(see next page)
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APPENDIX A. ADDITIONAL RELATIVE STABILITY DIAGRAMS

A.1 OER adsorbates inventory study: preliminary selection

Ref: cu:H2O-H2O – br:O-O – IrO2

(a) cu:b-b

Ref: cu:H2O-H2O – br:O-O – IrO2

(b) cu:H2O-H2O

Figure A.1: Overview of the stability of OER intermediates on IrO2 slabs. In figure (a) both
CUS-sites are left bare, in figure (b) both CUS-sites are occupied by water.

Ref: cu:H2O-H2O – br:O-O – RuO2

(a) cu:b-b

Ref: cu:H2O-H2O – br:O-O – RuO2

(b) cu:H2O-H2O

Figure A.2: Overview of the stability of OER intermediates on RuO2 slabs. In figure (a) both
CUS-sites are left bare, in figure (b) both CUS-sites are occupied by water.
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APPENDIX A. ADDITIONAL RELATIVE STABILITY DIAGRAMS

A.2 OER adsorbates inventory study: full overview
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Figure A.3: Overview of all attempted intermediates for OER on IrO2 plotted in a relative
stability diagram
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Figure A.4: Overview of all attempted intermediates for OER on RuO2 plotted in a relative
stability diagram
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APPENDIX A. ADDITIONAL RELATIVE STABILITY DIAGRAMS

A.3 CO* coverage analysis
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Figure A.5: Overview of the stability of all selected structures for the investigation of CO∗
coverage on IrO2 plotted in a Pourbaix diagram
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Figure A.6: Overview of the stability of all selected structures for the investigation of CO∗
coverage on RuO2 plotted in a Pourbaix diagram
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