CHALMERS

UNIVERSITY OF TECHNOLOGY

Computational Modeling of Layered Struc-
tures of IrO> and IrOOH

Master’s thesis in Condensed Matter and Materials
theory

Saraswat Nikhil

DEPARTMENT OF PHYSICS

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2024
www.chalmers.se


www.chalmers.se




CHALMERS UNIVERSITY OF TECHNOLOGY

TIFX05 MASTER THESIS IN PHYSICS

Computational Modeling of Layered
Structure of IrO, and IrOOH

Author: Nikhil Saraswat

Supervisor : Mehmet Baskurt
Examiner : Dr Julia Wiktor

Date: 24 October 2024

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Physics
Division of Condensed Matter and Materials Theory
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2024



Computational Modeling of Layered Structure of IrOy and IrOOH
Saraswat Nikhil

© Saraswat Nikhil, 2024.

Supervisor: Mehmet Baskurt, Department Physics
Examiner: Dr Julia Wiktor, Department Physics

Master’s Thesis 2024
Department of Physics
Division of Condensed Matter and Materials Theory

Chalmers University of Technology

SE-412 96 Gothenburg
Telephone +46 31 772 3257

Cover: Crystal structure of layered IrO, and IrOOH

Typeset in BKTEX
Printed by Chalmers Reproservice

Gothenburg, Sweden 2024

v



Abstract

The increasing demand for clean energy has intensified research into materials that
can enhance the efficiency of electrochemical processes such as water electrolysis.
Layered transition metals oxides and oxyhydroxides have drawn interest because of
their versatility as an electrocatalyst. Iridium-based catalysts have gained particular
interest for their multivalent state among these electrocatalysts. Here, we examine
the electronic and structural characteristics of layered IrO, and IrOOH. This the-
sis presents a comprehensive computational study of the structural, electronic, and
vibrational properties of IrOy and IrOOH, using Density Functional Theory (DFT)
with van der Waals (vdW) corrections to investigate and model the structures.
Using functionals such as PBE+rVV10L and SCAN+rVV10, various stacking ar-
rangements (AA, AB, AA’, and AB’) for IrO, were investigated, with AA stacking
consistently predicted as the lowest energetically configuration. The minimal en-
ergy differences between AA and AB’ stackings suggest the potential for stacking
faults. Additionally, the impact of structural distortions on the dynamical stability
and electronic properties of IrOy was explored, revealing that distortions can induce
a transition from metallic to semiconducting behavior. IrOOH is modeled by hy-
drogenating the IrO, structure, and both pristine and distorted configurations were
analyzed. The electronic band structure predicts that IrOOH behaves as a semi-
conductor, where the distorted structure reverts to pristine-like. This work deepens
our understanding of the structural and electronic properties that contribute to
modeling the layered structures of IrO, and IrOOH. Such insights are expected to
be crucial for future theoretical and experimental efforts to optimize the materials
for green energy technologies, including water splitting and other electrochemical
applications.

Keywords: Layered material, transition metals, oxides, hydroxides, IrOs, IrOOH,
density functional theory, Dynamic stability,
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1

Introduction

Since the beginning of the industrial revolution, new inventions and technologies
have been continuously making human life more convenient. The world has grown
dependent on the excessive usage of non-renewable energy resources such as coal,
natural gas, and petroleum to sustain human activities. With the global population
rising, energy demand continues to increase, and it is predicted to double in the
next 15 years. This raises energy and environmental concerns, motivating many
researchers to develop green and sustainable energy systems for long-term devel-
opment. The promising idea is to store renewable energy in the form of fuels and
produce high-value chemicals to drive the goal of attaining clean and green energy
through energy conversion or storage systems [1, 2, 3, 4]. Among the variety of
energy conversion processes, water electrolysis is a promising pathway for storing
renewable energy in chemical fuels, and its catalyst will play a pivotal role in ad-
vanced energy conversion technologies [2, 4]. Since Troostwijk and Diemann first
observed the phenomenon of water electrolysis in 1789 [5], it has been the subject
of extensive research over the past years.

I | -
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Figure 1.1: Water Electrolysis



1. Introduction

1.1 Water Electrolysis

Water electrolysis has become increasingly important in the past decade due to its
crucial role in energy conversion technologies such as water-splitting, rechargeable
metal-air batteries, and fuel cells [3, 4]. The blueprint design of these systems
may seem complex, but the core ideas are relatively easy to comprehend. It is a
two-electrode system and a combination of two fundamental half reactions [2, 4],
as shown in the Figure 1.1, where the energy from a renewable energy source like
sunlight can drive the Hydrogen Evolution Reaction (HER) at the cathode and the
Oxygen Evolution Reaction (OER) at the anode simultaneously [6]. Theoretically, a
potential difference of 1.23 V between the anode and cathode is required to drive the
overall reaction [7]. However, in a practical water electrolyzer much higher voltage
is needed [8].

HER is a two-electron transport process involving electrochemical H* adsorption
and desorption of Ha, requiring an overpotential (7.) to proceed. In contrast, OER
is an inherently more complex process. It has sluggish oxygen evolution kinetics
since it needs to transfer four electrons through multi-step reactions with single-
electron transfer at each step [9], where water molecules oxidize into four protons
(H') and oxygen molecules (O) in acidic conditions, and hydroxyl groups (OH™)
are oxidized and transformed into HoO and O in the primary environment [4].
The cathodic and anodic half reactions under acidic and alkaline conditions are as
follows.

Total Water oxidation reaction/water splitting reaction:
QHQO — 2H2 + OQ
Acidic Conditions:
Cathode Reaction : 4H™ 4 4e~ — 2H,
Anode Reaction : 2H,0O — Oy + 4H' + 4e™

Alkaline Conditions:

Cathode Reaction : 2H,O + 4e~ — 2H, + 40OH™

Anode Reaction : 4OH™ — 2H, + 2H,O + 4e™
The water oxidation reaction creates an oxygen double bond (O=0) by removing
four protons from the water molecule [10], and the low activity of water oxidation at
low potential is a significant obstacle for water splitting [11]. Thus, OER becomes
a bottleneck reaction in the overall water electrolytic process as the energy accumu-
lates at a multi-step transfer process of electrons and protons, leading to sluggish

kinetic due to high overpotential (7,), which is required to overcome the kinetic
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1. Introduction

barrier of OER to occur [12, 13, 14] as shown in Figure 1.2. The overpotential is the
extra voltage required beyond the thermodynamic potential to drive a reaction at
a rate that is fast enough to be practical for real-world applications. It arises from
various sources of resistance and kinetic barriers within the electrochemical cell.
Hence, developing effective and stable OER electrocatalysts by improving oxygen
electro-kinetics can significantly improve energy-conversion efficiency [8].

Energy

E, (uncat)

2H,0 2H, + 0,

Reaction Progress

Figure 1.2: The energy barrier with and without catalyst

1.2 Catalyst

To improve OER kinetics, it is crucial to reduce the overpotential and ensure high
catalyst stability to withstand harsh conditions and maintain long-term perfor-
mance. This is a key focus in advanced catalyst development. Noble metals and
oxides are the most studied catalysts because of their high stability in all pH val-
ues [12]. Currently, Ir/Ru-based compounds are considered benchmark catalysts
for OER because of their relatively low potential and high stability, outperforming
platinum (Pt) and Palladium (Pd) [15, 16]. As for oxides, iridium oxide (IrO3) and
ruthenium oxide (RuOj) are regarded as the state-of-the-art OER catalysts [17].
These two metal oxides have a rutile structure, with Ru and Ir in the center of the
octahedral site and oxygen at the corners. It is reported that, with high anodic
potential, RuO,; and IrO, undergo further oxidation to form RuO, and IrOg, re-
spectively, and subsequent dissolution in the solution. However, IrO, has the edge
over RuO, as it is more stable and can sustain at the higher anodic potential in
both acidic and alkaline conditions [18, 19]. Researchers comprehensively compared
Ru, RuOa, Ir, and IrO, as thin film electrodes in both acidic and basic solutions.
Cherevko et al. reported that the activity decreases in the order of Ru > Ir &~ RuO,
> IrO9, while the dissolution of the catalyst increases in the order of IrOy < RuO,
< Ir < Ru [18].
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Transition metal electrocatalysts are another class of materials that have attracted
significant interest due to their affordability, abundance of resources, and superior
corrosion resistance. Studies show that these materials can even outperform the
noble-metal-based electrocatalysts in alkaline conditions [20, 21]. The ability to ex-
ist in a multi-valent oxidation state, as it is proved that the M12/#3/+4 gtates are
the active sites for OER, making them tuneable for OER applications [22]. The
OER activities of these materials are highly dependent on the structure, compo-
sition, oxidation state, and enthalpy for the lower to higher oxide transition [23].
Researchers have extensively studied the OER activity of metal oxide catalysts con-
taining transition metals. This includes exploring various metal oxide families, such
as perovskite, spinel, and layered (oxy)hydroxides, which have been confirmed to
exhibit remarkable OER activity.

Figure 1.3: Electrocatalyst of different materials

1.3 Background: Iridium oxides-based catalyst

Given the potential of IrOs as an electrocatalyst, it is interesting to explore the
properties of iridium-based catalysts, mainly IrOs and IrOOH. Iridium’s electronic
structure as a 5d transition metal is one of the reasons for its remarkable catalytic
characteristics for the oxygen evolution reaction (OER). Iridium’s 5d orbitals can
better overlap with oxygen’s p orbitals because they are more spatially stretched
than lighter transition metals’ 3d and 4d orbitals. This increases the reaction’s ef-
ficiency by making it easier for bonds to form and break during the catalytic cycle
[24, 25]. Moreover, the strong spin-orbit coupling in 5d transition metals like irid-
ium is crucial in stabilizing various oxidation states, essential for catalytic activity.
As any transition metal, iridium can exist in multiple oxidation states (primarily
Ir+3/+4) [26]. IrOOH is not much researched yet, but so far, it is reported that
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it resembles layered hydroxides and is typically synthesized through ion-exchange
processes, transforming precursors like Kg 75Nag 25IrO5 into IrOOH by reacting with
hydrochloric acid [26]. The resulting material retains a layered structure similar to
brucite (Mg(OH),) but with distinctive iridium-based layers [27]. Several studies
have carried out its catalytic activity, which demonstrates large current densities
at relatively low overpotential, and its remarkable stability makes it acceptable for
long-term use in proton exchange membrane (PEM) electrolyzers [28, 29]. Reactive
oxygen species within its structure are crucial for enhancing its catalytic perfor-
mance due to its efficiency in facilitating multiple proton-coupled electron transfer
(PCET) steps. Moreover, the dynamic nature of the iridium framework enables it
to cycle through various oxidation states (Ir™ and Ir™*), which is essential for the
OER mechanism.

1.4 Aim

Given the limited computational studies on layered IrOs and IrOOH, this thesis
uses theoretical modeling techniques, such as density functional theory (DFT) cal-
culations, to accurately model Ir-based oxides and oxyhydroxides to predict the
structural, electronic, and vibrational properties that can provide insights into their
catalytic mechanism. Previous DFT studies of IrO, have been limited to the lo-
cal density approximation (LDA) and generalized gradient approximations (GGA),
e.g., PBE or PBEsol [25, 27, 30] and hybrid functionals (B3PW91 and PBEO) [25].
Different structures of IrOy are reported with no theoretical evidence to prove its
dynamical stability. This prompted us to investigate the dynamical stability of IrO,
and IrOOH by employing various computational techniques, including different hy-
brid functionals, van-der Waals corrections, and spin-orbit coupling, and it is found
that the system exhibits imaginary modes in the phonon dispersion relation, which
correspond to phonon instabilities in the materials. In this thesis, we aim to ad-
dress the challenges associated with computational modeling of the layered IrO,
and IrOOH structures. We examine different computational setups for accurately
modeling these materials and determine their structural, vibrational, and electronic
properties. We believe these insights will contribute to future research on the design
and prediction of the properties of layered Ir-based materials for OER applications.
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2

Theory

Using theoretical and computational techniques to understand material behavior at
an atomistic level has resulted in the development of computational modeling as
a vital tool for comprehending and predicting material properties. In condensed
matter physics and materials research, computational modeling, particularly den-
sity functional theory (DFT), allows researchers to investigate electronic structures,
geometric optimizations, and phonon dispersions. The principles of quantum me-
chanics have provided the fundamental framework for understanding the behavior
of electrons in atoms, molecules, and solids. Therefore, material theory has been
increasingly influenced by computer simulations that use a quantum-mechanical ap-
proach.

The first step in computational modeling is to solve the many-body Schrodinger
equation, which describes the quantum mechanical behavior of a system. However,
solving the Schrodinger equation exactly is computationally intractable for inter-
acting many-body systems because of their complexity in accounting for all particle
interaction. Early attempts to solve the many-body Schrédinger equation began in
1928 with D.R. Hartree [31], who introduced the self-consistent field (SCF) method,
in which one solves the equation numerically for each electron moving in a central
potential due to the nucleus and other electrons [32]. This method assumes that
each electron is distinguishable from the others and moves independently in an aver-
aged field created by all other electrons, simplifying calculations. However, electrons
are indistinguishable spin-1/2 particles, or fermions, and the approach ignores the
Pauli exclusion principle, that two fermions cannot occupy the same quantum state
because the many-fermion wave function must be antisymmetric during particle
exchange. Vladimir Fock improved on this in 1930 [33] by introducing a Slater de-
terminant to antisymmetrize the wave function, resulting in the Hartree-Fock (HF)
approach. However, the HF approach ignores electron correlations while excluding
magnetic interactions and relativistic effects, resulting in inaccurate total energy and
electron distributions. Additionally, it is computationally costly when large systems
are investigated.

Thomas [34] and Fermi [35] independently proposed an alternative approach in
1927 and 1928, respectively, to address the limitations of the HF method. Their
approximation treated the kinetic energy as an explicit function of the electron
density, while considering the nuclear-electron and electron-electron interactions in
a purely classical manner. This model treated electrons as noninteracting particles
in a homogeneous gas with a density equal to the local electron density at any given

7



2. Theory

point, resulting in a more computationally feasible framework for modeling electronic
behavior. This motivated Hohenberg and Kohn [36] to formulate the Hohenberg-
Kohn (HK) theorems in 1964, which provided a solid theoretical foundation for
Density Functional Theory (DFT). They proved that all one needs is the electron
density, a variable earlier introduced by Thomas and Fermi, which contains all the
information about the ground state properties of a system. Building on this, Walter
Kohn and Lu Jeu Sham [37] 1965 developed practical equations that made DFT
a valuable tool. Their approach simplified the problem by modeling a system of
non-interacting particles with the same electron density as the real system, making
it much easier to study complex materials.

In this thesis, we use DFT to investigate the structural properties of IrO, and
IrOOH. IrO,, or iridium oxide, is known for its excellent catalytic properties and
stability, making it a candidate for various industrial applications. IrOOH, a hydrox-
ylated form of IrO,, is modeled by adding hydrogen atoms to the optimized structure
of IrO,. This research focuses on studying their geometrical optimization, electronic
properties, and phonon dispersion using different exchange-correlation functionals.
By using DFT, this work aims to provide valuable insights into the structure of IrO,
and [rOOH, potentially guiding future experimental and theoretical studies.

2.1 Many-Body Schrodinger Equation

Let us envision a scenario where we wish to outline the properties of some well-
defined collection of atoms. The basic idea is to know their energy and how their
energy changes when we move the atoms around. At the atomic level, matter is
defined as a collection of nuclei and electrons that interact via electrostatic forces
[38]. In principle, the features of a collection of interacting, non-relativistic particles
are entirely characterized by their many-body state |¥(¢)), determined as a solution
to the time-dependent Schrodinger equation [39].

.0
ih () = HIT (1)), (2.1)

Where H is the system’s Hamilton operator, it describes the evolution of the wave
function ¥ for a particle in time and space. The time-independent Schrodinger
equation determines the Hamilton operator

H|U) = E|D), (2.2)

correspond to allowed energies E of the system [39]. In principle, all properties of
such a system can be derived from the quantum mechanical wavefunction of the full
system W(ry, 79, ..., Ry, Ry, ...;t), where r; and R; denotes coordinates of the electron
and nuclei in the system respectively [38].

8
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Cores

Electrons

Figure 2.1: Complex many body problem

In a system with N electrons and M atomic nuclei, the position-space representation
of the Hamilton operator in Hartree nuclear units (h = e =m, = 4re = 1) is

I:Itot = 7A—1N + Te + I/i/NN + I/T/ee + WN@ (23)
H _ Z h V . h2 Z Z]ZJ€2
T oM, B Ao R; — R/
i# (2.4)

Z |RI |

"3 Z |rz - r]|
%#J

To obtain solutions to the above equation, we must convert the problem from a

many-body system to a one-body system. The intention is to reduce the complexity

of the system by introducing approximations. Suppose one gives rise to a certain

approach where the resulting equations are free of adjustable parameters. In that

case, this method is commonly called ab initio or first principles method [39].

2.1.1 Born-Oppenheimer Approximation

The task at hand to solve Eq.(2.3) for the Hamilton operator in Eq.(2.4) is impos-
sible if no approximations are considered. The common starting point in solving
and simplifying many-body problems is to treat the electrons and ionic degree of
freedoms separately [38]. Electron and lattice dynamics can be decoupled due to
the much larger mass of lattice ions, which implies that the dynamics of the heavy
nuclei are much slower than those of the electrons. Thus, the nuclei kinetic energy
term is treated as a perturbation, and ion-ion repulsion is simply a continuous shift
of the Hamilton operator [39]. This treatment is known as the Born-Oppenheimer
Approximation.
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The approximation simplifies the electronic Hamilton operator as

H e — —; Z VZQ + Z ]rir|
i izg 1Ti — L)
Similarly, a distinct Schrodinger equation can be derived for the nuclei, describing
ionic motion in a homogeneous electron sea. A full-fledged quantum mechanical
treatment is often unnecessary, as the nuclei can be approximated as classical parti-
cles evolving through the potential derived from the electronic Hamiltonian operator
[39].

+ ‘/ext . (25)

HWe ({ri}; {Rr}) = BV, ({ri} s {Rs}) (2.6)
Although the Born-Oppenheimer approximation simplifies the many-body
Schrodinger equation by treating electron’s and nuclei’s motion separately, the chal-
lenge remains unsolved. The complexity arises from the Coulombic interactions
between electrons, which create a many-body problem that cannot be easily simpli-
fied without further approximations.

2.1.2 Hartree-Fock Approximation

In quantum chemistry and condensed matter physics, the HF approximation is an
essential approach for solving the many-electron Schrédinger equation. It assumes
that a single Slater determinant can approximate the many-electron wavefunction,
ensuring the antisymmetry needed to satisfy the Pauli exclusion principle. The HF
approach approximates the complex interactions between electrons by treating each
one as if traveling through an average field produced by all the other electrons. As
a result, the problem is reduced to resolving a number of orbital self-consistent field
(SCF) equations.

Mathematically, the total electronic wavefunction W(ry,ry,...,ry) in the HF ap-
proximation is represented as a Slater determinant:

Yi(r1)  ta(ri) ... Yn(r1)
U(ry, o, .. 1y) = \/% %(}I‘z) 2/12(51'2) ¢N5(r2> .
Yi(rn) Pa(ry) ... Yn(ry)

The energy minimization of this wavefunction leads to the Hartree-Fock equations:

(=577 o Verl0) + Vi) + Vi) ) () = i),

with P )
n(r

Valr) = ——=+ | =

= F T

Where Vi(r) is the Hartree potential representing the Coulomb interaction, and
Vx(r) is the exchange potential arising from the antisymmetry of the wavefunc-
tion. Though powerful, the HF method neglects electron correlation effects, limit-

ing its accuracy for systems with significant correlation. Post-Hartree-Fock methods,

dr. (3.20)

10



2. Theory

such as Configuration Interaction (CI) and Coupled-Cluster (CC) theory, or Density
Functional Theory (DFT), are often employed to account for these correlations and
improve upon the HF approximation [40, 41].

2.1.3 Thomas-Fermi Model

The limitations of the HF approach prompted Thomas and Fermi to seek an alter-
native method for solving many-body problems. They developed an early approx-
imation for the kinetic and internal potential energies based on the concept of a
uniform electron gas, a hypothetical system with constant electron density. Their
approach focused primarily on the kinetic energy while treating the nucleus-electron
and electron-electron interactions in a fully classical manner.

T|V] ~ Trg[n] = CF/n5/3(7") dr (2.7)

where CF is a constant determined by the calculation and n(r) is the electron density.
We can also make the simple approximation of the internal potential energy, U by
using the expression for a classically repulsive gas (i.e., completely ignoring electron

combining the classical expression for the nuclear-electron attractive potential and
the electron-electron repulsive potential, we have the famous Thomas-Fermi expres-
sion for the energy of an atom,

Erp[n(f)] = 130(37r )2/3/ 503 (7 Z/ n(r) .- 2// \7’1—7”2| ) ar L diy (2.9)

The importance of this equation lies not in its ability to describe an atom’s energy
accurately but in the fact that the power is wholly expressed in terms of electron
density. In other words, the equation specifies how to transfer a density onto an en-
ergy E with no more information needed. Consequently, establishing the framework
for Density Functional Theory (DFT) [42, 43].

2.2 Density Functional Theory

The Schrodinger equation describes how electrons behave in atoms, molecules, and
solids. The computational complexity of solving the many-body Schrodinger equa-
tion makes it difficult to create a strong numerical technique for determining the
electronic structure. In 1964, Walter Kohn and Pierre Hohenberg formulated two
theorems based on electron density and energy functionals, marking a pivotal mo-
ment in developing Density Functional Theory (DFT). However, Thomas-Fermi and
Hartree—Fock (HF) can be regarded as forerunners of modern DFT [44]. DFT,
employs electron density n(r) as a fundamental variable [45] (a function of three

11



2. Theory

coordinate variables, n(x,y,z)) which drastically reduces the computational cost by
converting a 3N-dimensional equation (e.g., a description of 10 electrons requires 30
dimensions) to n separate 3-dimensional ones with the use of electron density [44].

Density Functional Theory

Electron Density

Figure 2.2: Schematic representation of Density Functional Theory (DFT)

2.2.1 Hohenberg-Kohn theorem

The Thomas—Fermi approach was developed to express energy exclusively in terms of
electronic density [46]. However, the idea was intuitive then, but proof that this was
the case had to wait more than thirty years when Hohenberg and Kohn (1964) [37]
formulated and proved a theorem that put the former ideas on solid mathematical
grounds. The theorem is divided into two parts, where the essential variable is the
electron density n(r) rather than the many-body wave function. Since the electron
density only depends on three coordinate variables, it is much more tractable than
the many-body wave function, independent of the number of electrons. This tactic
is supported by Ref. [47], the first assertion of the theorem is that the ground-state
electron density and the external potential correspond one to one. Therefore, the
external potential can only be computed once the ground-state electron density is
known [48]. To prove this, let us assume there exist two different external potentials
Vext (7) and vl () which both yield the same ground state density no(7). These two
potentials result in different Hamiltonians H and H' which yield different ground
states |Wo) and |¥(). The corresponding ground state energies for these two systems
are obtained via Fy = (Vo|H|V,) and E| = (V,|H'|¥}). By taking |¥() as the trial
ground state for the Hamiltonian H, one obtains the following inequality by the
variational principle in quantum mechanics:

Eo < (WolH|Wg) = (Vo H'|Wo)+(Wo| H—H'|Wp) = E6+/ & 19(F) (Vext (F) = Vi (7))
(2.10)

Equivalently, one can take |¥) as the trial ground state ket for the Hamiltonian H’
to obtain another inequality:

Bl < By — / &2 110(7) (Vext (F) — Vs (7)) (2.11)

Adding the last two equations yields the following statement, which is the desired
contradiction:
Ey + E| < Ey + Ej. (2.12)
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This is a contradiction; therefore, we conclude that the assumption that the den-
sities are the same, which is incorrect. This proves that the ground state density
uniquely determines the external potential vey(7) within an additive constant. So,
we conclude that the ground state wave function can be considered as a functional
of the ground state density

W (71,72, .oy T ) = W[ng(r)] (2.13)
and the total energy of the system is a functional of the ground state electron density
Eln] = Fln] + V[n] = (Y[n]| H|¥[n]), (2.14)

where F[n] = (U[n)|T + V..|¥[n])

The second part of the Hohenberg-Kohn theorem, also known as the variational
principle, states that the ground state energy of a many-electron system can be
obtained by minimizing a functional of the electron density. Mathematically, if
E[n] is the energy functional that depends on the electron density n(7), the correct
ground state density ng(7) is the one that minimizes this functional:

Ey = mln En(r). (2.15)

This implies that the exact ground state energy FEj can be found by varying the
electron density without solving the many-body Schrédinger equation directly. The
proof of the second theorem is also simple. According to theorem 1, a system
with ground state density ng(7) uniquely determines its external potentlal V(7) and
ground state wave function Wy:

Elng(7)] = (Wol A Wo) = Flng(7)] + [V (Fno(7) d7.

Now, let us consider any other density n/(7), which necessarily corresponds to a
different wave function ¥’. This would lead to

E,[n'(7)] = (V|H|Y) = +/V 7)di > (o H|Wo) = E[no(7)]

Thus, the energy given by the equation 2.15 in terms of the Hohenberg-Kohn func-
tional evaluated for the correct ground state density ng(7) is indeed lower than the
value of this expression for any other density n/(7) [49]. The inequality follows
Rayleigh—Ritz’s variational principle for the wave function but is applied to the
electronic density. Therefore, the variational principle states that

5 {EvIn] — i (n(F) dr — N)} =0,

Which leads to a generalization of the Thomas—Fermi equation:
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The knowledge of F[n] implies the knowledge of the solution of the full many-body
Schrodinger equation. It has to be remarked that F[n] is a universal functional,
which does not depend explicitly on the external potential. It depends only on
the electronic density. In the Hohenberg-Kohn formulation, F[n] = (U|T" + V| ¥),
where W is the ground state many-body wave function. These two theorems form
the mathematical basis of density functional theory or DFT [46].

2.2.2 Kohn and Sham Approach

In the Hohnberg-Kohn theorem, it is stated that the ground state energy of a many-
electron system is a unique functional of the electron density n(7)

Ey = min En(r))]. (2.16)
n(r)

The major problem is that the exact form of the functional T'(n(7)) is not known
analytically as it contains the interaction between the electrons. Thus, one has
to approximate somehow the functional T'(n(7)) to achieve reliable results for the
ground state energy of the system [50]. The most desirable way to counter is finding
a solution that allows iterations [51]. The earliest known efforts of an iterative
approach are the self-consistent single-particle Hartree-Fock equations [52]. The HF
method is fundamentally based on the wavefunction, approximating the complex
many-electron wavefunction as a single Slater determinant. This approach allows HF
to treat exchange interactions exactly but neglects the electron correlation, leading
to limitations in accuracy.

2.2.2.1 Kohn-Sham System

Kohn and Sham, taking inspiration from the Hohnberg-Kohn theorem and SCF
method of the Hartree-Fock approach, introduced "orbitals" as a way to approxi-
mate the kinetic energy functional by mapping the system of interacting particles
onto a system of non-interacting particles with the same density [53]. This was done
by constructing an effective external potential v/$°(7), which accounts for the inter-
action between the electrons. This potential is Constructed such that the density
n(7) of the non-interacting system matches that of the interacting system. The KS
equations are derived from minimizing the energy functional under the constraint
that the total number of electrons is fixed [46, 43, 49]. The total energy functional
E[n] is expressed as:

)
E[n] = T[n] + /vext Fn(7) dF + ~ // F)”f; 77 + Byeln]
Here:
o Ty[n] is the kinetic energy of the non-interacting system.
o Ve (7) is the external potential, typically due to the nuclei.
o The second integral represents the Hartree energy, describing the classical
electrostatic repulsion between electrons.
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o FE..[n] is the exchange-correlation energy functional, which accounts for the
many-body effects not captured by the other terms.

2.2.2.2 Kohn-Sham Equations

The Kohn-Sham (KS) equations are derived by minimizing the total energy func-
tional with respect to the electron density, subject to the normalization constraint:

N
> [loirPar =N
i=1
This leads to a set of self-consistent equations for the single-particle orbitals ¢;(7):
1, . .
=5V + ()] 60() = a7
where the effective Kohn-Sham potential vkg() is defined as:

dEyc[n]
on(r)

is(7) = v (7) + [

) g
=7
In this formulation:
o Ve (T) represents the external potential, typically due to the nuclei.
o The second term is the Hartree potential, describing the classical electrostatic
interaction between electrons.
o The last term involves the exchange-correlation potential, which accounts for
the many-body effects beyond the classical description.

The orbitals obtained, ¢;, will be called KS-orbitals, their corresponding energies.
¢; will be called KS-orbital energies.

2.2.2.3 Self-Consistent Field Procedure

The Kohn-Sham equations are typically solved iteratively through a self-consistent
field (SCF) procedure:
1. Initial Guess: Start with an initial guess for the electron density n(r).
2. Solve KS Equations: Solve the KS equations to obtain the orbitals ¢;(7).
3. Update Density: Compute a new electron density from the obtained or-
bitals:

n(r) = ; |i(7)?

4. Check Convergence: Compare the new density with the previous one. If
they are sufficiently close, the procedure is converged. Otherwise, update the
density and repeat.
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Initial density
v

| From density, work out
| Effective potential

|
Solve the independents K.S.

=>wave functions
v

Deduce new density from w.f.

New density '=
input density ??

Figure 2.3: Flow chart of self-consistent field

Once the self-consistent electron density is obtained, the total energy of the system
can be calculated using the energy functional:

n(r)n( 7:; Lo B dEyc[n] .
E[n] _¢:1 € 2// T H d'rdr + Eie[n] 50 () n(r) dr.

\

In theory, all many-body effects are covered if we know the precise E,. and V.
(= 55’1‘(@7%1] ). The ability to find an approximation for the functional E,. and determine
if it is sufficiently accurate and simple are the only requirements for the practical

development of DFT [54].

2.2.2.4 Exchange-correlation Functional

The exchange-correlation functional (E,.) is not precisely known [54], and without
it, the Kohn-Sham equations are unsolvable. Despite the lack of an exact XC energy
functional E,.[n(r)], effective approximations have been developed that are both sim-
ple and successful. These approximations reasonably predict many system properties
and significantly lower computational costs, leading to the widespread use of DFT
for electronic structure calculations [55]. Over the years, many approximations have
been developed for the exchange-correlation function. Exchange-correlation (XC)
functionals are broadly classified into several categories. These include local and
semi-local functionals and functionals that incorporate non-local exchange. Some
functionals are constructed to account for van der Waals (vdW) interactions. Ad-
ditionally, doubly hybrid functionals combine density functional theory (DFT) with

16



2. Theory

elements from molecular mechanics and wavefunction-based methods.

2.2.2.5 Local and Semi-Local Functional

The earliest and simplest approximation is the Local Density Approximation
(LDA), which is extensively employed and can be described as an approximation
method that relies on estimating the exchange-correlation energy (E,.) at a given
point in a system by considering the electron density only at that specific location,
i.e. it can be seen as local and assumes that the density is regarded homogeneous
everywhere [56].

ELPA[n(r)] = / drn(r)em(n(r))) , (2.17)

where €, is the energy density per electron at a point r. Because of the homogeneous
density assumption, LDA tends to overestimate binding energies and underestimate
ionization and ground state energies of atoms [55]. A density gradient can be used
to offset the mistake brought about by the non-homogeneity of the actual electronic
density. GGA, or the Generalized Gradient Approximation functionals gen-
erally lead to improved molecular geometries [56], accuracy in total energies [57],
atomization energies [57, 58, 59], energy barriers, and structural energy differences
[60, 61, 62] compared to LDA [63].

ES%4n(r)] = /drn(r)An(r)em(n(r)). (2.18)

Two of the most widely used GGA functionals are Perdew-Burke-Ernzerhof
(PBE)[63] and Perdew-Wang (PW91) [64] functional. However, several additional
things could be improved, such as underestimating the band gap and overestimat-
ing the lattice constant for the heavier elements [56]. Meta-GGA functionals are
a natural advancement from the GGA (generalized gradient approximation) func-
tionals and may offer greater accuracy. In contrast to GGA, which only contains
the density and its first derivative in the exchange-correlation potential, the original
form of the meta-GGA DFT functional includes the second derivative of the electron
density (the Laplacian) [65]. Some popular meta-GGAs include Becke95 correlation
functional [66], TPSS [67], SCAN [68], and revMO06-L [69].

2.2.2.6 Functionals with Non-Local and van der Waals Corrections

Functionals with non-local and van der Waals (vdW) corrections are used to precisely
represent dispersion forces, which are important for explaining weak intermolecular
interactions and other long-range phenomena. Unlike standard local or semi-local
functionals, non-local vdW functionals, such as vdW-DF or VV10, include explicit
terms to capture the long-range correlation energy resulting from dispersion inter-
actions. These approaches make use of non-local correlation kernels, which allow
for the seamless integration of vdW forces into the DFT framework without the
need for empirical parameters. These non-local vdW-corrected functionals, when
combined with robust exchange functionals derived from the Generalized Gradient
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Approximation (GGA), provide a more physically grounded description of systems
such as layered materials, molecular crystals, and surface adsorption. Their predic-
tive power considerably boosts DFT’s utility for applications where van der Waals
forces dominate.

Nonlocal van der Waals (vdW) interactions, crucial for accurately describing non-
covalent interactions, are challenging for local functionals and HF theory. High-level
wavefunction-based methods like quantum Monte Carlo and CCSD(T) are accurate
but computationally expensive. To address this, vdW correlations are added to
density functionals, leading to vdW-DF functionals. These include a nonlocal cor-
relation term:

1 -
g =5 [[ draitn(@@ ()

where ®(7,17) is the nonlocal correlation kernel. The VV10 functional, for example,
uses an analytic form for ®(7, 7 ) that incorporates parameters fitted to benchmark
vdW coefficients [70]. Popular vdW-DFs with nonlocal correlations include the
Rutgers-Chalmers vdW-DF family, BEEF (GGA+nonlocal correlation) [71], and
SCAN+rVV10. These functionals offer a practical balance between computational
cost and accuracy for modeling complex interactions in chemical systems.

2.2.2.7 Empirical dispersion corrections (DFT-D)

Functionals with molecular mechanics dispersion (often abbreviated as DFT-D) are
a class of density functional theory (DFT) methods that incorporate dispersion
corrections. These corrections are vital for accurately describing van der Waals
interactions, weak but significant forces between atoms and molecules that are not
adequately captured by standard DFT functionals. Dispersion-corrected functionals
add an empirical dispersion term to the conventional DFT energy expression. The
total energy in DFT-D methods can be expressed as:

Eprr.p = Eprr + Eaisp (2.19)

Where:
e Eppr is the standard DF'T energy,
o Lyisp is the dispersion correction term.

The dispersion correction Egp is typically modeled using the form:

Edisp —S6 Z fdamp ) (220)
z<]
Where:
« CF is the dispersion coefficient for the atom pair 7 and 7,
e RR;j is the distance between atoms 7 and 7,
e sg is a scaling factor that depends on the specific DFT functional used,
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o faamp(Ri;) is a damping function that avoids unphysical behavior at short
distances.

An example of such a function is the DFT-D3 method, developed by Grimme et
al. [72], which uses environment-dependent dispersion coefficients C’éj to improve
accuracy across different chemical environments. DFT-D3 has significantly improved
the accuracy of DFT calculations for systems involving weak interactions, such as
molecular complexes, layered materials, and biomolecules. These functionals are
essential for applications in fields where van der Waals forces play a crucial role,
such as in studying adsorption phenomena, molecular crystals, and biomolecular
interactions.

2.2.2.8 Jacob’s Ladder

Perdew proposed a “Jacob’s ladder” for density functional approximations [73],
which is a ladder from the Earth (Hartree world) to Heaven (chemical accuracy)
(Figure 1). according to the complexity of the exchange-correlation functionals.
The first rung of the ladder is completed by the LSDA, which only depends on spin
densities. GGAs and NGAs complete the second rung, adding the local spin density
gradients to their constructions. The meta-GGAs are on the third rung, and spin ki-
netic energy densities and the Laplacians of densities are added to the constructions
[74]. The fourth rung is more complex and completed by the hybrid density function-
als, which contain a fraction of HF exchange. Doubly hybrid functionals complete
the fifth rung, which employs the virtual orbitals for the exchange-correlation energy
calculations (e.g., MP2 correlation energy).

DOUBLE-HYBRID

HYBRID

META-GGA

GGA

LDA

Figure 2.4: Schematic diagram of "Jacob’s ladder" of exchange-correlation func-
tionals proposed by J. P. Perdew.
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2.3 Phonons

Phonons are quantized vibrations of atoms in a crystal lattice and play a central role
in understanding the properties of materials. In solid-state physics, phonons arise
from the collective oscillations of atoms around their equilibrium positions, and they
can be thought of as the quantum mechanical version of classical vibrations. The
dynamics of these vibrations can be captured using the equation of motion for the
atoms in a lattice as

d?u,,
m
dt?
where m is the mass of the atom and w is the displacement of the corresponding
atom. This equation of motion may be solved by assuming a wave solution,

= —C(up — Up_1) + C(tups1 — uy), (2.21)

Uy (t) = uetkan=et), (2.22)
w(k) optical
acoustic
-nt/a 0 kK— rt/a’

Figure 2.5: Phonon dispersion curves in linear diatomic chain

This wave is only defined in the lattice sites and has the frequency w and the wave
vector k. a corresponds to the distance between two neighboring atoms, and n is, as
mentioned earlier, the number of atoms under consideration. Equation 2.21 can be
solved by insertion of Equation 2.22; and from the solution, the phonon dispersion

relation is extracted,
k
sin (;)‘ . (2.23)

dispersion relations, which describe how the phonon frequency (omega) varies with
the wave-vector (K'). This relationship is essential for predicting lattice stability and
detecting phonon instabilities, manifesting as imaginary frequencies in the phonon
dispersion curves. These instabilities can indicate structural changes or phase tran-
sitions in materials.

w(k) =2 g

m
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2.4 Computational Details

The present thesis employs an electronic structure computation package based on
DFT called Vienna ab-initio simulation package (VASP), created by Kresse et al. [75,
76, 77, 78, 79]. VASP uses a plane-wave basis-set code for ab initio density-functional
calculations. Additionally, we used VASPKIT [80], which is an open-source command-
line tool, that provides a reliable and user-friendly interface for conducting high-
throughput analysis of various material characteristics using raw data generated by
the VASP code. Plotting and analysis of ab initio solid-state calculation is carried
out by open-source Python library PYMATGEN [81] and python toolkit SUMO [82].
PHONOPY package is used for the phonon calculations [83, 84].

Using (VASP), first-principle simulations within density functional theory are car-
ried out to explore the structural and electrical characteristics of Iridium oxide and
oxyhydroxide. The potentials employed are plane wave projector-augmented wave
(PAW)[85], rVV10 van der Waals (vdW) correction is consistently applied to the
exchange-correlation functional GGA Perdew—Burke—Ernzerhof (PBE) functional
[86] and meta-GGA functional Strongly Constrained and Appropriately Normed
Junctional (SCAN) [68]. The energy cutoff of 520 eV is chosen for the plane-waves
basis set. 107% eV is used as the convergence criterion between the subsequent
electronic steps. All our calculations in the thesis are spin-polarized. In addition,
spin-orbit coupling calculations are performed to examine its impact on the struc-
tural and electronic properties of the layered IrO; and IrOOH. For the phonon
calculations, the kinetic energy cutoff is set to 600 eV.
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Results and Discussion

IrO, crystallizes in a hexagonal primitive lattice (hP) with space group P-3m1 (num-
ber 164), characteristic of the trigonal crystal system. The unit cell is characterized
by lattice parameters a ~ b and c.

e

Figure 3.1: The structure of IrO, and it’s Crystallographic

Most studies on IrO, have focused on the conventional rutile structure, which has
been extensively characterized experimentally and computationally. In recent stud-
ies, layered IrOs structures have gained interest due to improved catalytic properties
thanks to a high surface-to-body ratio. Here, we investigate layered IrOs structures
that belong to the trigonal crystal system. These alternative structures can present
distinct characteristics in terms of their stacking arrangement and lattice parame-
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ters. Such variations could impact the material’s electronic and structural proper-
ties. The IrO, structure we investigate here is composed of 1T-IrO, layers where a
central Ir atom in a hexagonal unit cell that is coordinated with six oxygen atoms,
resulting in a layered octahedral configuration. The layers are stacked perpendicu-
lar to the c-axis with weak interlayer interactions. The crystal structure of IrO, is
shown in Figure 3.1

3.1 Structural Optimization

The optimized structure of materials can differ depending on various factors. The
selection of exchange-correlation functional is one of these factors that could affect
the accuracy and the efficiency. While a widely-used semi-local functional, PBE, is
computationally inexpensive, often overestimates the structural parameters, leading
to underestimated band gaps. For more accurate predictions without a significant
increase in the computational cost, meta-generalized gradient approximation (meta-
GGA) can be used. Moreover, the accuracy can be improved by better accounting
of the dispersion forces. Here, we perform the geometrical optimization of layered
IrO4 structures using DFT with various exchange-correlation functionals, including
PBE, PBE+D2, PBE+D3, PBE4+rVV10L, and SCAN+rVV10.

Recent advances in van der Waals (vdW) corrections to semilocal density func-
tional approximations, such as the revised Vydrov—van Voorhis nonlocal correlation
functional (rVV10) [87], have attracted significant attention for studying layered
transition metal oxides. SCAN+rVV10, which combines the strongly constrained
and appropriately normed (SCAN) meta-GGA for short- and intermediate-range in-
teractions with the long-range vdW interaction from rVV10, has proven particularly
effective. This functional is constructed for general geometries, delivering excellent
performance across various systems, including molecular complexes, solids, benzene
adsorption on metal surfaces, and layered materials. It is reported to perform rela-
tively better than the currently available methods but at a fraction of the computa-
tional cost [88]. This makes it highly suitable for computational studies of layered
materials.

Another exchange functional of focus in this study is PBE4+rVV10L, where the "L"
denotes its optimization for layered materials. PBE+4+rVV10L has been reported
to provide excellent accuracy for various properties in theoretical studies of lay-
ered materials. Although PBE4+rVV10L may not be as versatile as SCAN+rVV10,
it achieves comparable accuracy for crucial properties, such as lattice constants,
bulk modulus, and cohesive energy, in strongly bound and hexagonal layered solids.
Additionally, PBE+rVV10L is cheaper in computation and numerically more sta-
ble thanks to the much simpler mathematical form of PBE. While SCAN+rVV10
is more sophisticated and slightly more accurate, PBE+rVV10L remains a high-
efficiency alternative that delivers reliable results, especially when computational
resources are limited. Both functionals have been implemented in widely used ab
initio codes, offering convenient and effective solutions for studying layered materials
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Ir-Ir (a~ b)(A) Ir-O (A) c (A)

Functionals

WO-S0C | SOC WO-S0C | SOC WO-S0C | SOC
PBE 3.164 | 3.165 2.030 | 2.035 | 4.858 | 4.803
PBE+D2 3.174 | 3.178 2.022 | 2.027 | 3.735 | 3.746
PBE+D3 3.152 | 3.153 2.024 | 2.029 | 4.210 | 4.184
PBE+rVV10L | 3.140 | 3.141 2.019 | 2.029 | 3.898 | 3.909
SCAN+rVV10 | 3.128 | 3.129 2.008 | 2.029 | 4.073 | 4.074

Table 3.1: Lattice parameters of IrO, with and without SOC using various func-
tionals.

[89).

The lattice parameters of IrOy with and without spin-orbit coupling (SOC) using
various functionals as shown in Table 3.1 compares the distance between Iridium
atoms in the a”b plane (tetragonal lattice), the bond length between Iridium and
Oxygen atoms, and The lattice parameter along the c-axis. The Ir-Ir distance (a
~ b) shows negligible changes between SOC and wo-SOC cases, with differences
typically on the order of 0.001 A for all functionals. Similarly, the Ir-O bond length
shows minor variations, with differences ranging from 0.005 A to 0.021 A. The ¢ lat-
tice parameter exhibits slightly larger changes but remains within 0.011 A to 0.055
A across the functionals. Overall, the inclusion of SOC has a negligible impact on
the structural parameters, indicating that SOC does not significantly affect the lat-
tice structure of IrO, for these functionals, at the same time, SOC may have a more
pronounced influence on other properties, such as electronic or vibrational behav-
ior. In contrast, different functionals affect the lattice parameters of the structure,
highlighting different electron-electrons treatment with vdW-corrections.

o .
& s 15{” 4 j :ﬁ}' -
\( *0 2389 (31338
x( '{ -( {{{){. ®r ®©p m

Figure 3.2: (a) Model of 1T-IrO5 (b) Schematic of layered 1T-IrO,

The structure as shown in Figure 3.2 corresponds to the 1T phase of IrO, in the
Dang, Qian et al. (2021) [90]. The 1T phase differs significantly from the more
common rutile phase of IrOy, which has a tetragonal structure. The optimized
IrOy structure, mainly using SCAN+rVV10 and PBE+rVV10L, aligns closely with
the basal plane dimensions 1T-IrOy. The Ir—O bond lengths are consistent with
experimental expectations of 2 A.
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3.2 Stacking Investigation

In layered materials, various arrangements of different stackings can greatly influence
their properties and behaviors. Therefore, we conduct a throughout computational
investigation and examine various possible stackings to achieve a complete picture.
The different stacking as shown in Figure 3.3, in a 1x1x2 supercell of optimized
2T-1IrO,, where the structure is arranged in a fashion where each layer is shifted
relative to the adjacent layers by a translation vector as shown in Figure 3.3.

Figure 3.3: Illustration of AA, AB, AA’, and AB’ stacking configurations for IrO,
and IrOOH structures. The top views (upper panels) show the relative positions
of atoms in different layers, while the side views (lower panels) highlight the stack-
ing along the c-axis. In AA stacking, atoms align directly on top of each other,
maintaining symmetry. AB stacking introduces a lateral shift between alternating
layers, changing interlayer interactions. AA’ stacking involves a slight distortion in
one layer, breaking the perfect alignment while maintaining some symmetry. AB’
stacking features a mirror shift between alternating layers, further modifying inter-
layer interactions and symmetry

The Table 3.2 presents the results of energy optimization for various IrOy stack-
ing configurations (AA, AB, AA’, AB’) using two functionals: PBE+rVV10L and
SCAN+1rVV10, both with and without SOC. The results consistently indicate that
AA stacking is the lowest energy configuration for both functionals. Given the
small magnitude of the energy difference between AA and AB’ stackings suggests
that both stackings are competitive structures and could coexist under certain con-
ditions. Thus, within the relative energy tolerance, both stackings are nearly degen-
erate. In the context of IrO,, as shown in Table 3.2, the AA stacking configuration
is the reference point with the lowest energy, set to AE = 0 meV /atom.

The minimal energy differences, particularly between AA and AB’ stacking, which
exhibit an energy difference as small as AE = +2 meV/atom for PBE4+rVV10L
(without SOC) and nearly zero for SCAN+rVV10 (with SOC), suggest that IrO,
might exhibit a low-energy barrier for transitioning between the AA and AB’ stack-
ing arrangements. This observation implies the potential for the formation of stack-
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PBE+4+rVV10L SCAN+rVV10
Stacking (meV /atoms) (meV /atoms)
WO-S0C soc WO-S0C soc
i [AE=0 [ AE=0 [ AB=0 | AE=0 |
AB AE =427 | AE=+26 | AE=+24 | AFE = +16
AA’ AE =447 | AE =448 | AE =437 | AE = +34
AB’ AE=42 | AE=+4 | AE=49 | AE =402

Table 3.2: Energy optimization of IrO2 stackings

ing faults, which occur when there is a disruption in the ideal stacking order of
atomic layers. Stacking faults are known to arise when the energy barrier between
different stacking sequences is small, allowing for a spontaneous shift in the relative
positioning of layers. In our system, the close energy proximity between the AA
and AB’ stackings could result in structural defects in the form of stacking faults.
This could indicate that the material could switch between these stackings without
a significant energy penalty, potentially leading to structural or dynamic changes
in the material. Observing such slight energy differences reinforces the importance
of considering stacking faults in modeling IrO,. Understanding these faults could
provide insight into the dynamic stability and structural flexibility of IrOs under
operational conditions and their potential impact on the performance of Ir-based
catalysts.

3.3 Comparison of band gap with and without
Spin-Orbit Coupling (SOC)

The comparison of band structures with and without spin-orbit coupling (SOC)
for IrOy reveals that introducing SOC leads to band splitting particularly in
SCAN+rVV10 near the Fermi level, though not as evident in PBE+rVV10L SOC
lifts the degeneracy between spin-up and spin-down states, which means energy lev-
els that were previously identical are now split apart. Additionally, SOC causes
energy level shifts, slightly altering the position of the electronic bands. These
changes are especially pronounced in functional SCAN+rVV10, underscoring the
importance of including SOC in systems with heavy elements such as Iridium. It
indicates its suitability for systems where both strong correlation effects and rel-
ativistic interactions are significant, and without accounting for SOC, the band
structure might show degenerate (unsplit) states. Despite the inclusion of SOC, all
functionals consistently predict that [rO, maintains its metallic nature, with bands
crossing the Fermi level as shown in Figure 3.4.
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(a) PBE+rVV10L - wo/soc (b) SCAN+rVV10 - wo/soc

PBE+rvw10L - nosoc SCAN+rvv10 - nosoc
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(c) PBE4+rVV10L - soc (d) SCAN+rVV10 - so
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Figure 3.4: Comparison of band structures with and without SOC

3.4 Structure Stability - Phonon Dispersion

Phonon calculations are critical for understanding the dynamic stability of crystal
structures, especially at low temperatures (0 K), as they provide insights into the vi-
brational modes of a material. These calculations are essential for assessing whether
a structure is dynamically stable or unstable by examining the presence or absence
of imaginary modes in the phonon dispersion. In this thesis, phonon dispersion anal-
ysis is particularly important to evaluate the dynamic stability of IrOy structures
optimized using different exchange-correlation functionals.

The phonon dispersion calculations in our study revealed distinct differences in
terms of the dynamical stability of the IrO5 structures between the two functionals
used. For SCAN-+rVV10, the phonon dispersion shows several imaginary modes,
particularly near the I', K, and A points in the Brillouin zone, indicating that the
structure is dynamically unstable. Conversely, the phonon dispersion obtained using
PBE+rVVI10L shows no imaginary frequencies along the k-path, indicating that
the structure is dynamically stable at 0 K across all regions of the Brillouin zone.
Several strategies can be explored to address the presence of imaginary modes in the
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Figure 3.5: Comparison of phonon dispersion between PBE+rVV10L and
SCAN+1VV10 with SOC

SCAN+1rVV10 phonon dispersion. One approach is applying random displacements
to atomic positions in a supercell to better sample the potential energy surface.
Another possibility is to displace atoms based on the imaginary phonon modes.

3.5 Distorted IrO, structure

Here, to uncover a new structural configuration that achieves dynamical stability, we
applied random displacements on the atomic coordinates in a 2x2x2 IrO, supercell
and optimized structures with SCAN+rVV10 and PBE+rVV10L. As a result, we
discovered a distorted IrO, phase, as shown in Figure 3.6. The distorted IrO,
structure adopts a triclinic Bravais lattice (aP) with space group PI (number 1),
which indicates the absence of any symmetry elements such as inversion, rotation,
or reflection.

In contrast, the first IrO4 structure exhibits a hexagonal Bravais lattice (hP) with a
space group P-3m1 (number 164), characterized by much higher symmetry. The key
difference between the two structures lies in their symmetry and the resulting atomic
arrangement. While the hexagonal structure is more uniform, the distorted triclinic
structure exhibits a broader range of bond lengths and angles, indicating greater
structural flexibility. This flexibility may make the distorted structure more prone
to rearrangements by accommodating shifts in atomic positions, and also allow it
to stabilize under certain conditions, such as at different pressures or temperatures.
Next, to check its dynamical stability, we carry out phonon calculations on the dis-
torted structure. Phonon dispersions with both PBE4+rVV10L and SCAN+rVV10
show no imaginary modes (see in Figure 3.7), confirming that introducing the dis-
tortions to the pristine structure makes the new distorted structure dynamically
stable.
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Figure 3.6: The distorted structure of IrO,

Parameter Value
6.291 A
5.596 A
4.291 A
87.443
86.530
116.102
Unit Cell Volume | 135.020 A3
Space Group P-1 (No. 1)

N DL oo

Table 3.3: Lattice parameters, bond length, and unit cell volume of the distorted
II'OQ.

3.6 Comparative Analysis of Distorted and Pris-
tine IrO, Structures

Confirming that the distorted IrOy structure is dynamically stable for both func-
tionals, we now analyze the different stacking of the distorted IrO, layers. In the
energy analysis of the IrO, stacking configurations, as depicted in the Table 3.4, it
is evident that the stability of the structures varies significantly depending on both
the stacking order and the exchange-correlation functional employed. A comparison
of PBE+rVV10L and SCAN+rVV10 functionals highlights important differences in
how structural distortions influence the total energy.

In comparing the stability of different IrO, stacking configurations using the
PBE+rVVI10L and SCAN+rVV10 functionals, we find that both functionals con-
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Stacking PBE+rVV10L SCAN+rVV10
(meV /atoms) (meV /atoms)
pristine distorted | pristine | distorted
SERwEN 0 VR
AB AE=31 | AE=6 | AE=16 | AE=9.5
AA’ AE=53 |AE=11| AE=34 | AE=15
AB’ AE=900| AE=5 | AE=02| AEF=92

Table 3.4: Total DFT energy comparison between pristine and distorted IrO,
structure with SOC

sistently predict the AA stacking as the most energetically favorable configuration.
However, they differ slightly in their preference for whether the pristine or distorted
form is more energetically favorable. In PBE+rVV10L, the distorted AA stacking is
the lowest energy state, followed closely by the pristine AA stacking (5 meV /atom)
and the distorted AB stacking (6 meV /atom). On the other hand, SCAN+rVV10
predicts the pristine AA stacking as an energetically favorable state, while the dis-
torted AA stacking has a relative energy of 7 meV /atom. Interestingly, the pristine
AB’ stacking in SCAN+rVV10 is almost as stable as AA stacking, with only a 0.2
meV /atom difference. In contrast, AA” and AB’ stackings are highly unstable when
distorted in PBE4+rVV10L, showing massive energy penalties over 31 meV /atom and
53 meV /atom respectively, while SCAN+rVV10 shows more flexibility with distor-
tions, leading to much more minor energy penalties. Overall, both functionals agree
that AA stacking is the most energetically favorable structure with PBE4+rVV10L
favoring the distorted form, whereas SCAN+rVV10 favors the pristine form.

(a) PBE+rVVI10L - soc

Frequency (THz)

Figure 3.7: Comparison of phonon dispersion between PBE+rVVI10L and

SCAN-+rVV10 with SOC for distorted structure

As for phonons dispersion comparison, for PBE4+rVV10L, both the pristine and dis-
torted structures exhibit no imaginary phonon modes, suggesting dynamic stability
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for both structures. However, in the case of SCAN+rVV10, the pristine structure
shows significant instability, with imaginary phonon modes observed near the I'-
point, suggesting it could be a local minimum rather than a global minimum. In
contrast, the distorted structure eliminates these imaginary modes, indicating that
the distortion stabilizes the structure dynamically. This could imply that the distor-
tion dynamically stabilizes the structure, but it also suggests that SCAN+rVV10
may not accurately calculate forces, resulting in the absence of imaginary modes
in the distorted structure. This creates a discrepancy between the energy and dy-
namic stability predicted by the SCAN+rVV10 functional where dynamic stability
and energy minimization do not align.
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Figure 3.8: Comparison of band structure between PBE+rVV10L and
SCAN+1rVV10 with and without SOC for distorted structure

Compared to the pristine structure, the band structure of the distorted IrOs shows
significant changes. The pristine IrO,, using PBE4rVV10L and SCAN+rVV10,
behaves as a metal, with bands crossing the Fermi level and no band gap opening.
In contrast, the distorted structure is a semiconductor, as presented in the electronic
band structures in Figure 3.8, with a band gap of 156 meV with PBE+rVV10L,
and 371 meV with SCAN+rVV10 (with SOC). This suggests that the distortion
introduces a localization effect, changing the electronic environment and reducing
the overlap between the valence and conduction bands. Additionally, SOC has a
stronger effect on the distorted structure than the pristine, where the gap is more
noticeably narrowed. This comparison highlights how structural distortions in IrO,
significantly alter its electronic properties, transforming the material from metallic
in its pristine form to semiconducting in the distorted form, with the exact band
gap size dependent on the functional and the inclusion of SOC.

3.7 Modeling of IrOOH

The results of IrO, lay the groundwork for the transition to IrOOH, where hydro-
genation of IrOy will be investigated to determine how the introduction of hydrogen
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affects both the structural and electronic properties and whether similar stability
trends emerge. In the investigation of IrOOH, we have chosen to continue with both
the pristine and distorted structures using the same functionals, PBE4+rVV10L and
SCAN+rVV10. Hydrogen incorporation could introduce subtle changes to the inter-
layer interactions; exploring how both functionals perform across the two structural
phases is essential. This approach will also help us determine which structure (pris-
tine or distorted) and functional offers a better description of IrOOH’s electronic,
structural, and vibrational properties.

AA AB AA’ AB’
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Figure 3.9: Initial structures of IrOOH of pristine structure

To investigate the structural and electronic properties of IrOOH, we divided the
study into two key 'OH’ configurations, cis and trans, across both the pristine and
distorted IrOs-based structures. The ’cis’ configuration positions ’‘OH’ groups on the
same side of Iridium atoms within each layer. In contrast, the trans’ configuration
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places OH groups on opposite sides of the Iridium atoms affect the overall symmetry
and alter interlayer interactions. we employed a 2x2x1 supercell for both structures’
stacking arrangements to better capture layer interactions. we explored each config-
uration of various OH placements in pristine and distorted structures to scan all the
possible configurations of [rOOH. The decision to include both structures stems from
the observation that while the pristine structure maintains crystallographic symme-
try, the distorted structure has shown stability in IrO; and may extend to IrOOH.
Testing different OH configurations allows us to scan various IrOOH configurations
across both structures. The supercell setup further allowed for detailed interaction
analysis within a single layer (in-plane) and between different layers (out-of-plane),
which are crucial for the computational modeling of a layered structure like IrOOH.
Based on the geometric optimization of various IrOOH configurations with differ-
ent stackings, we observed that many configurations converged to energetically and
structurally similar states. This eliminated redundant or similar structures, stream-
lining the analysis to focus on three distinct cases based on their total DFT energy.

The basic blueprint in modeling [rOOH structure remains same for both pristine
and distorted IrOOH as shown in Figure 3.9 and Figure 3.10. In analyzing the
IrOOH system across different stackings (AA, AB, AA’, and AB’), we observe dis-
tinct trends in atomic displacements, shear angles, and energies that help understand
the structure. The cis configurations generally exhibit smaller atomic displacements
and minimal shearing, indicating that the atomic layers remain largely aligned. In
contrast, the trans configurations show significantly larger atomic displacements,
particularly for H and O atoms, as well as greater shear angles. During the opti-
mization process to obtain a lower energy state, these features show notable layer
shifts and in-plane reorganization. Such shifts suggest that the initial stacking is
prompted to undergo structural adjustments driven by the interlayer interactions,
particularly hydrogen bonding. This can be attributed to the structural feature
where hydrogen atoms are sandwiched between oxygen atoms, facilitating interlayer
bonding and stabilization of the sheared structure. Finally, the layer shifting rep-
resents a preference for more energetically favorable stackings, with the optimized
structure minimizing energy via hydrogen bonding and layer flexibility.

3.8 Comparsion between pristine and distorted
IrOOH structure

The initial distorted IrOOH structures post-optimization revert to a pristine-like
IrOOH configuration suggests that the distortions introduced were energetically not
optimal. This reversion indicates that the material inherently favors a more undis-
torted configuration, likely due to the strong bonding preferences between atoms.
The hydrogen atoms, in particular, continue to position themselves between two
oxygen atoms, a structural feature observed across distorted and pristine structures,
highlighting the material’s tendency to maintain this favorable arrangement. An-
other key observation is that IrOOH in both pristine and distorted prefers mirrored
AA’ stacking, which differs from IrOs with most favorable stacking AA.

34



3. Results and Discussion

AA AB AA’ AB’

Figure 3.10: Initial structures of IrOOH of distorted structure

When comparing the pristine and distorted IrOOH structures, several key differ-
ences emerge. In the distorted structures, atomic displacements for Ir, O, and H are
significantly larger, whereas the trans configurations are energetically more favor-
able. Overall, while the pristine IrOOH structure shows less distortion, the distorted
structures demonstrate significant flexibility, especially in the trans configurations,
with hydrogen’s adaptability playing a crucial role in maintaining stability under
distortion as shown in Figure 3.11.

Falling and other suggested [47] suggests that IrOOH adopts a 2H heterogeneity
structure characterized by AB stacking, which closely aligns with the AA’ stacking
configuration we have investigated. Both configurations break the perfect symmetry
of AA stacking, resulting in altered local interactions. It describes the 2H hetero-
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geneity model as belonging to the hexagonal space group P63/mme, a common
feature in layered materials like IrOOH. This structural similarity supports the rel-
evance of the lowest energetically AA’ stacking model, as it captures key aspects of
the 2H heterogeneity phase mentioned in the literature.

IrOOH - Prlstlne IrOOH Dlstorted (relaxed)

‘i dadadade o

S

Figure 3.11: Lowest energy IrOOH configuration for pristine and distorted struc-
ture

The energy comparison between the two IrOOH structures as shown in Table 3.5
predicts the pristine IrOOH structure is the lowest energy configuration for both
functionals, suggesting that the system prefers to remain in its undistorted form un-
der these simulations. This indicates the high stability of pristine IrOOH compared
to the distorted configurations. The fact that both functionals agree on this sug-
gests a level of robustness in the calculations. The energy penalty for the distorted
structure is relatively small (7-8 meV/atom), but it still indicates that inducing
distortions in the IrOOH structure is energetically unfavorable. PBE4+rVV10L and
SCAN+1rVV10 predict nearly the same energy trend, but SCAN+rVV10 predicts a
slightly higher energy penalty for the distorted structure. This is consistent with the
fact that SCAN is known for capturing more accurate descriptions of intermediate-
range van der Waals interactions and may be more sensitive to structural changes.

Additionally, the band structure as shown in Figure 3.12 reveals a direct band gap of
1.752 eV for IrOOH, which is close to the experimental band gap of 1.9 eV reported
by Falling et al. [47] and predicts to be a semiconductor as reported by Weber et
al. [30]. While it also reports that DFT calculations typically underestimate the
band gap (reporting a value of 1.3 eV), the band gap results between the compu-
tational and experimental values, indicating improved accuracy. This suggests that
the functionals or corrections used (e.g., SCAN+rVV10 or PBE4+rVV10L) effectively
capture the electronic properties of IrOOH. The agreement between the calculated
gap and experimental findings further validates our structural and electronic models
of pristine IrOOH calculated using SCAN+rVV10 functional.
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PBE+4+rVV10L SCAN4rVV10
(meV /atoms) (meV /atoms)
Pristine | Distorted | Pristine | Distorted

AE =17 AFE =8

Table 3.5: Energy comparison between the lowest energy IrOOH configuration of
pristine and distorted IrOOH respectively

IrOOH - Pristine

Energy (eV)

Figure 3.12: Band structure of pristine IrOOH

To compare the optimized structure with the experiment (orange) [26], we have per-
formed theoretical (blue) XRD patterns for IrOOH which reveals a close match as
shown in Figure 3.13, indicating that the theoretical model accurately captures the
structural features of the material. Both patterns show sharp, well-defined peaks,
with the strongest reflection around 10°, corresponding to the (001) plane, con-
firming the layered, hexagonal structure of IrOOH. The additional peaks in both
patterns, such as (100), (101), and (102), further validate the well-ordered stacking
along the c-axis. Minor shifts in peak positions and intensity between the two pat-
terns are likely due to experimental factors, such as lattice strain, defects, or impu-
rities, which are not fully accounted for in the theoretical model. The experimental
XRD also shows a small impurity peak, absent in the theoretical pattern, suggesting
a minor secondary phase that could arise from unreacted precursor material. Over-
all, the agreement between the theoretical and experimental results highlights the
reliability of our theoretical model in predicting the crystalline structure of IrOOH,
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Figure 3.13: XRD comparison between experimental XRD and simulated theoret-
ical XRD of IrOOH

while acknowledging small discrepancies due to real-world imperfections.

38



4

Conclusion

The computational study of IrO, and IrOOH reveals that the structural and elec-
tronic properties of IrOq are susceptible to both the choice of exchange-correlation
functional and the presence of structural distortions. Across all calculations, the AA
stacking configuration emerges as the lowest-energy arrangement, irrespective of the
structure’s functional or pristine or distorted nature. This suggests that AA stacking
represents a robust structural configuration for IrO,, while the minor energy differ-
ences between AA and AB’ stackings imply that stacking faults are likely, which
may influence the material’s catalytic performance. The comparison between func-
tionals highlights essential differences in their treatment of stability. PBE+rVV10L
provides a dynamically stable description of IrOy with and without the need for
structural distortions, making it a more computationally efficient and consistent
choice for studying layered materials like IrO,. In contrast, SCAN+rVV10, al-
though more sophisticated and potentially more accurate, requires the introduction
of distortions to maintain dynamic stability, particularly when investigating the
material’s vibrational properties through phonon calculations.

In terms of electronic properties, spin-orbit coupling (SOC) is crucial for accurately
describing IrOs’s band structure, especially near the Fermi level, where SOC causes
significant band splitting. This splitting is important for accurately modeling charge
transport and catalytic activity for future research on Ir-based layered materials. In-
terestingly, structural distortions in IrOy can induce a transition from metallic to
semiconducting behavior. In the case of IrOOH, semiconducting behavior is ob-
served in both pristine and distorted structures. Meanwhile, distorted IrOOH re-
verts to a pristine-like structure, suggesting distortions in the IrOOH structure are
energetically unfavorable, with the pristine structure being energetically favored.
The X-ray diffraction (XRD) comparison between experimental and simulated re-
sults further validates the structural predictions made in this study, demonstrating
strong agreement for layered IrOOH structures. This confirms the accuracy of the
computational methods used and provides experimental support for the stability of
the IrOOH under different stacking arrangements.

The computational framework we have selected in this thesis offers valuable insights
into these materials’ stability and electronic properties, laying the groundwork for
future experimental validation and optimization. The potential for stacking faults,
the role of SOC, and the transition to semiconducting properties through structural
distortions highlight the versatility of IrO, and IrOOH as catalysts, providing a
pathway toward improving their efficiency in green energy technologies.
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