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ABSTRACT

UNDERSTANDING AND PREDICTING THE CHEMICAL PROPERTIES OF
COMPLEX OXIDES USING FIRST-PRINCIPLES METHODS

Abhinav Sankara Raman

Aleksandra Vojvodic

Transition metal oxides are at the forefront of several applications in catalysis, energy
conversion and storage, and are bound to play a pivotal role in our transition to a
sustainable energy future. However, vast differences in the electronic structure among
different transition metal oxides make them highly complex materials to understand
and predict chemical properties for a given application. This thesis provides insights
into improving our understanding of these complex oxides through a first-principles
approach. Further, the goal is to leverage this understanding to improve the pre-
dictability of chemical properties of these materials as it pertains to heterogeneous
catalysis.

Through the extensive use of density-functional theory calculations, a detailed anal-
ysis of the electronic structure, and ab-initio molecular dynamics coupled with en-
hanced sampling methods, this thesis aims at better understanding perovskite and
rutile oxides for their applications as electrocatalysts in water-splitting and as cat-
alyst supports in thermal catalytic applications. Electrocatalysts for water-splitting
pose the twin issues of activity and stability in that the most active catalysts are un-
stable and the most stable are inert. To resolve this, hetero-structured oxide systems
which involve the doping of a semiconducting inert host oxide with 3d, 4d and 5d
metals were studied as candidates for electrochemical water-splitting using a compu-
tational high-throughput screening approach. It was found that certain dopants such
as Ru, and Ir improved the activity of an otherwise inert material making them viable
options as water-splitting catalysts. The introduction of dopants to a semiconduct-
ing oxide also served as a unique perturbation of their electronic structure, resulting
in the development of a physics based adsorption model and the identification of an
electronic structure descriptor that captures the adsorption trends across these doped
semiconducting oxides accurately.

Understanding the changes to a catalyst surface is also vitally important to better de-

sign these materials. Dissolution of state-of-the-art perovskite and rutile oxides used

in water splitting is a persistent problem that shortens their lifetime. Using a com-

bination of ab-initio thermodynamics, molecular dynamics and enhanced sampling

methods this thesis provides an atomistic understanding of the dissolution process,

reaching length and time-scales otherwise inaccessible to experimental techniques.
iv



The dissolution path for the (110) surface of three different rutile oxides RuO,, IrO,
and TiO, are identified using this approach. Further, the differences in surface stabil-
ity of the perovskite oxides StTRuQOs, SrlrOz and SrTiO3 are determined and discussed.

Similar to the issue of dissolution seen with electrocatalysts, supported metal cata-
lysts which form the backbone of thermal catalytic applications, as well as in energy
conversion such as solid-oxide fuel cells, pose the issue of sintering and coking, once
again reducing their operational lifetimes. Novel synthesis strategies such as the
exsolution of transition metals doped into perovskite oxide supports have been sug-
gested as ways to mitigate these problems. Although several successful metal-host
combinations have been identified successfully, there remains a lack of mechanistic
understanding of the process. In this thesis, following a similar approach used to
model dissolution, the exsolution of Pt from different perovskite titanate hosts was
modelled to gain an atomistic understanding. It was found that the diffusion of Pt
to the surface of the perovskite was dependent on the exposed facet of the host,
which may now be used towards the predictive synthesis of supported metal cata-
lysts. Taken together, through a combination of electronic structure insight and the
dynamics of the process under operating conditions, this thesis provides a compre-
hensive understanding of complex oxides, as well as a path towards their bottom-up
design.
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Chapter 1

Introduction

There is an urgent need to transition to a sustainable energy future and prevent the
accelerated rate of climate change that the world is currently witnessing. At the fore-
front of this transition is the need for catalysts (electro-and photo-catalysts) to enable
some of the key chemical transformations in a sustainable and cost-e ective manner
(1). Transition metal oxides are an important class of materials that are bound to play
a vital role in this transition due to their wide ranging applications in electro-(photo-

) catalysis, energy conversion and storage, as well as catalyst supports in thermal
catalytic applications. In this thesis, both perovskite and rutile oxides have been ex-
plored extensively for applications such as electrochemical water-splitting, solid-oxide
fuel cells (SOFC), and in supported metal catalyst systems. Owing to the incredible
increase in computational power, rst-principles methods have come to the forefront
in modelling physical and chemical processes involving complex materials such as
transition metal oxides. Density Functional Theory (DFT) (2) forms the backbone of
this thesis, and is supplemented withab-initio thermodynamics,ab-initio molecular

dynamics (3) and enhanced sampling methods (4) for di erent applications.

The main theme and motivation behind this thesis is to enable a fundamental
understanding of the chemical properties of transition metal oxides in order to ef-

fectively design them for the di erent applications. Crucial to this is developing an

1



understanding of the surface electronic structure of the transition metal oxide due
to its importance in a ecting the interaction with atoms and molecules which plays

a pivotal role in heterogeneous catalysis. Further, going beyond idealized condi-
tions and obtaining insights into the surface stability and the evolution of the surface
(and/or interface) under operating conditions is also important in enabling the transi-
tion from model systems to real-world applications. Across the di erent applications
explored, these two approaches are used to gain a mechanistic understanding of the
process at hand. As for the electronic structure analysis, the aim of this thesis is to
go beyond just the identi cation of descriptors but instead provide a physics-based
adsorption model that rationalizes the interaction between adsorbates and transition
metal oxides. This portion of the thesis takes inspiration from the Newns-Anderson
(5), d-band model (6), and concerted coupling model (7) with the aim of identifying
the most important features of the electronic density of states that in uence the re-
sulting interactions. This forms the basis of Paper-VI in this thesis, with the choice
of material system being the hetero-structured oxides conceived in Paper-l as po-
tential candidates for electrochemical water-splitting. Papers-Ill and V focus on the
stability and dissolution of transition metal oxides under water-splitting conditions
to gain a fundamental understanding of these processes at length and time-scales
currently inaccessible through experiments. Papers-Il and IV provide a mechanistic
understanding of transition metal oxides under operating conditions in thermal cat-
alytic applications, namely as catalyst supports for exsolved metal catalysts, and as

electrocatalysts in SOFC cathodes, respectively.

This thesis is organized as follows. A summary of the most important ndings and
points of discussion from all the papers is provided, with the relevant papers included
in the appendix. The thesis starts with an introduction of the di erent types of tran-
sition metal oxides considered along with the di erent applications explored. This
is followed by a discussion of the computational methods, and the electronic struc-

ture analysis. Theab-initio thermodynamics framework developed for the di erent

2



applications in this thesis is also discussed, ending with the conclusion and outlook.
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Chapter 2

Transition Metal Oxides

Transition metal oxides are one of the most diverse and interesting classes of materials
owing to the many di erent properties and structures that they exhibit. For instance,
the electronic properties of transition metal oxides can vary all the way from metallic
(e.g. RuO,, SrRu(0s) to semiconducting and even insulating €.9g. TiO,, SrTiOg,
BaTiO3). This sort of diversity is also seen in the nature of the metal-oxygen bond
which can vary from metallic to completely covalent, which in turn also has an e ect
on the resulting oxidation state varying from monoxides to ternary oxides. Based on
the oxidation state, transition metal oxides form several di erent bulk crystal struc-
tures with the most typical ones being the rocksalt structure seen with monoxides.§.
NiO), the rutile structure seen with dioxides g.g. TiO;) and the ternary perovskite
oxide structure (e.g. SrTiO3) (8). This large variation in the compaosition, structure
and properties makes them some of the most complex materials to accurately model
using rst-principles methods. In this thesis, rutile and perovskite oxides have been
studied signi cantly due to their many applications in the eld of catalysis. They are
discussed in the next section along with the concept of sub-surface alloying a host
oxide with a dopant layer resulting in hetero-structured oxides, which also feature

prominently throughout this thesis.



2.1 Rutile and Perovskite Oxides

The rutile structure is the most common and usually also the most stable polymorph
among transition metal dioxides such as Rug TiO,. Itis a tetragonal crystal system
with the metal atom having an octahedral coordination geometry and an oxidation
state of IV, with the P42/mnm space group. A typical bulk crystal structure of rutile
TiO, is shown in Figure 2.1. For heterogeneous catalysis, surfaces cleaved from the
bulk crystal structure are of importance, with the (110) facet found to be the stable

and most well-studied surface for the rutile oxides.(9)

Figure 2.1: Bulk crystal structure of rutile-TiO,. Color codes - grey: Ti, red: O.

The perovskite structure is one of the most common ternary phases formed by
transition metal oxides, with a general formula given by AB®, where A and B
are usually metals with di erent sizes. For example, A may be an alkaline earth or
lanthanide series metal, while B is a transition metal. In its ideal phase, the perovskite
structure is cubic with the B site metal in a 6-fold coordination and the A-site metal
in a 12-fold coordination. A typical cubic perovskite bulk crystal structure of SrTiQ

is show in Figure 2.2. The (001) facet of the cubic perovskite is found to be stable
6



and is one of most well studied surfaces (10) and is considered extensively in this
thesis. Finally, it should be noted that although di erent transition metal oxides
may belong to the same family in terms of their structures, they may have widely
disparate electronic properties. For example, among the rutile oxides considered in
this thesis, RuG, is metallic, whereas TiQ is semiconducting. Similarly, among the
perovskite oxides, SrRu@ is metallic whereas SrTiQ is a semiconductor. These
variations play an important role in the complexity as well as the large di erences in
chemical properties between transition metal oxides that belong to the same family

in terms of their crystal structure.

Figure 2.2: Bulk crystal structure of cubic perovskite SrTiQ. Color codes-green:
Sr, grey: Ti, red: O

2.2 Hetero-structured Oxides

One of the traditional methods of improving the activity of a material is through
the process of alloying, which has been explored extensively in the case of metals

(11; 12). In this thesis, a similar approach involving transition metal oxides resulting
7



in hetero-structured oxides is studied extensively. Typically, a hetero-structured oxide
is formed through the sub-surface alloying of a transition metal dopant layer with a

stable host oxide. In the application presented in this thesis, the purpose of the host
oxide is to improve the stability of the active component which forms the sub-surface
layer, which at the same time activates the otherwise inert host oxide to enable a
chemical transformation (13). The (001) surface of a hetero-structured oxide formed
through the sub-surface alloying of Srir@ (dopant layer) with SrTiO 3 (the host oxide)

is shown in Figure 2.3.

Figure 2.3: The (001) surface of a hetero-structured oxide (STO/SIO/STO) com-
posed of SITiQ (STO) and SrirO3 (SIO). Color codes - green: Sr, grey: Ti, blue: Ir,
red: O. The BO, terminated surface was considered for the high-throughput screen-

ing.



Chapter 3

Applications of transition metal

oxides

Transition metal oxides are important in several applications ranging from electro-
and photo-catalysts to energy conversion and storage. They also play a major role
as catalyst supports in traditional thermal catalytic applications such as automotive
exhaust and combustion systems. This thesis focuses on three main applications;
namely transition-metal oxides as electrocatalysts for water-splitting, in the electrodes
of solid-oxide fuel cells (SOFC), and as catalyst supports for coking- and sintering-

resistant catalysts.

3.1 Electrocatalytic Water-splitting

Electrocatalytic water-splitting is one of the key processes in the transition to a sus-
tainable energy future as it provides a path towards the clean production of hydrogen
especially when combined with renewable energy sources to power it (1; 14). Elec-
trocatalytic water-splitting is composed of two half-reactions: the hydrogen evolution
reaction (HER) that occurs on the cathode and the oxygen evolution reaction (OER)
on the anode. OER is found to be the bottleneck in the process due to its sluggish

kinetics necessitating the development of highly active catalysts (14; 15) to derive
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this chemistry. Despite a lot of research e orts in this area, some of the most ac-
tive catalysts still continue to be either noble metals such as Pt for HER (16) and
rare-earth oxides such as Ir@ and RuO, for OER (14; 17; 18; 19). In addition to
the cost involved in scaling up the process with these materials, highly active rutile
and perovskite oxides for the OER such as those based on Ru and Ir are known to
have poor stability, limiting their lifetime in electrolyzers (19; 20; 21). Thus, this eld
poses the twin challenge of identifying earth-abundant catalyst materials that have
similar activity as the noble or rare-earth metal based materials, while at the same

time also showing improved stability.

The design of highly active catalysts for the OER has been proposed to be con-
strained by the adsorbate scaling relations between the di erent intermediates (22)
which results in a minimum overpotential that needs to be overcome. One of the
key areas of research has therefore been ways to circumvent these scaling relations
through new design principles such as alloying, nano-structuring and con nement
(23; 24; 25; 26). This has also placed a lot of emphasis on the electronic structure of
transition metal oxides, and identifying suitable descriptors that can then be tuned to
a ect the eventual activity of the catalyst. Electronic structure features such as the
€q and ty4 orbital lling of the transition metal in perovskite oxides (27; 28) as well
as the Oy, band center of transition metal oxides (29; 30; 31) among other quantities
have been suggested as potential descriptors that correlate with the adsorption en-
ergy of the OER intermediates to some extent. However, the highly complex nature
of the electronic structure of transition metal oxides along with the large di erences
that exist between the di erent oxides has resulted in only a limited progress in this
eld. Therefore, there is a lot of scope both in gaining a fundamental understanding
of the interaction between the reaction intermediates and the surfaces of transition
metal oxides, as well as translating this understanding to the design of active cat-
alysts for the OER (and HER). This thesis explores these themes in the design of

hetero-structured oxides for electrocatalytic water-splitting.
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The stability of highly active catalysts for the OER has also been a persistent issue,
with rutile oxides such as RuQ and IrO, as well as perovskite oxides such as SrRgO
and SrirO; showing dissolution of the cations from the lattice, as well as large surface
reconstructions under operating conditions (20; 32; 33; 34; 35). With the adventiof
situ experimental techniques, several studies have shed light on the dissolution of these
oxides through the identi cation of dissolution products coupled with the observed
loss in performance (20; 32; 33; 34; 36; 37; 38; 39). However, there still remains
a very active debate in the eld on the link (or lack thereof) between the activity
and stability of transition metal oxide catalysts for the OER, with the identi cation
that several factors such as the synthesis routes, as well as the exposed facets all
said to contribute, making it a highly complex problem to disentangle (20; 40; 41).
This provides a huge opportunity for rst-principles based approaches by aiding in
the atomistic understanding of the dissolution process and more fundamentally, the
oxide-water interface which remains a hotly discussed area of research(42; 43). First-
principles understanding of the oxide-water interface is only just emerging through
fundamental studies involving idealized slab models of rutile oxides such as FiO
(44; 45; 46), RuQ and IrO, (47; 48; 49). This coupled with enhanced sampling
methods to probe the evolution of the oxide-water interface is therefore a vital area
of research in computational catalysis (50; 51). While such a fundamental approach is
needed to obtain a mechanistic understanding of the dissolution process, the advent
of high-throughput computational screening studies for the rapid identi cation of
both active and stable catalysts is also gaining in popularity, which necessitates the
development of simple thermodynamic models to evaluate the stability of transition
metal oxides. Such approaches which typically involve the bulk stability (and in some
cases the surface stability) of transition metal oxides under operating conditions,
have also been used to identify promising candidates that are both active and stable
(52; 53; 54; 9; 55). In this thesis, both these approaches are used in a complimentary

manner to obtain a detailed understanding of the dissolution process.
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3.2 Catalyst Supports

Supported metal catalysts form the back bone of chemical process industries, as
well as in important applications such as automotive exhaust systems and in energy
conversion devices such as SOFC anodes. However, one of the major issues of tradi-
tional supported metal catalysts is their coking and sintering behavior which results
in loss of performance over time, with the frequent need of replacement to allevi-
ate this loss. The exsolution of transition metals doped in host perovskite oxides
has been shown to result in supported metal catalysts with unique properties such
as improved coking and sintering resistance (56). Originally developed for automo-
tive exhaust systems with the idea that under reducing conditions, transition metals
doped in the host oxide lattice exsolved to the surface, followed by re-dispersing back
into the lattice under oxidizing conditions, these novel catalysts were also termed as
"self-regenerating”intelligent catalysts (57). Over the last couple of decades several
experimental studies have been attempted to obtain a mechanistic understanding of
this process and understand the role of the metal-host oxide combination, the role
of the exposed facets of the host oxide, the stoichiometry of the host oxide, and
the role of the thermo-physical conditions, among other factors.(58; 59; 60). While
the complete "self-regeneration” is now highly debated, it is well established that
enhanced coking and sintering resistance is indeed achieved due to the unique ex-
solved metal-host oxide interactions, making exsolution a novel synthesis method for

applications such as SOFC electrodes (61; 62; 63; 64; 65) and electrocatalysis (66; 67).

Despite several studies focusing on the applications of exsolved supported metal
catalysts, there is still a lack of fundamental understanding of both the exsolution
process as well as the origin of the unique properties (68). Only a hand-full rst-
principles based studies have been performed to gain a mechanistic understanding of
the exsolution process through simple thermodynamics based models to elucidate the
energetics (69; 70; 71; 72). In this thesis, some of the concepts developed in these

studies are taken along with a more detailed description of the di erent contributing
12



factors as well importantly the explicit dynamics of the exsolution process.

3.3 Solid-Oxide Fuel Cells

While the use of transition metal oxides as catalyst supports in SOFC electrodes is
discussed in the previous section, this section focuses on their application as eletro-
catalysts in SOFC cathodes. The oxygen reduction activity is one of the key factors
that contribute to the overall performance of SOFC's necessitating the development
of catalysts that enable this. Perovskite oxides have long been considered as suitable
materials for this, with some typical examples being Sr doped lanthanum cobalt
oxide (LSCO), lanthanum iron oxide (LSFO) and lanthanum manganate (LSMO
(73; 74; 75; 76) to name a few. Signi cant experimental e orts have been directed
towards understanding the degradation of these electrodes under SOFC operating con-
ditions primarily through the segregation of Sr to the surface (77; 78; 79). Therefore,
characterizing the surface terminations of these electrodes under operating conditions
as well as modifying their surface(s) through unique synthesis methods such as atomic
layer deposition (ALD) have garnered a lot of attention in recent years. The focus
of these studies have been on improving both the stability of the transition metal
oxides, as well as its activity for the oxygen reduction reaction (80; 81; 82; 83; 84). In
this thesis, rst-principles methods to obtain the thermodynamically stable surface
terminations coupled with experimental performance measurements through electro-
chemical impedance spectroscopy of tailored perovskite surfaces is performed to shed

further light on both the activity and stability of SOFC cathodes.
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Part |1I: Computational methods
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Chapter 4

Density Functional Theory

First-principles based methods can be classied broadly into wave-function based
methods, or through Density functional theory (DFT) methods, which serve as the
workhorse in this thesis. Wave-function based methods su er from the very high com-
putational cost posed by the 8l independent variables corresponding to the spatial
coordinates of anN electron system. On the other hand, the key quantity in DFT is
the electron charge densityn(r) which is a function of just three spatial coordinates.
This enables the modelling of realistic systems, such as surfaces and nanopatrticles
composed of 100's of atoms which are prevalent in the applications studied here
such as heterogeneous catalysis and energy conversion. This chapter provides a basic
overview of the di erent parameters used in the practical implementation of DFT

as it pertains to this thesis, as well as the most common types of calculations and

structural models of systems used in the di erent applications.(85)

4.1 The parameters

All DFT calculations in this thesis were performed using the Quantum Espresso
software package (86; 87) which uses a plane-wave basis set to expand the Kohn-Sham
wave functions. The kinetic energy cuto for the expansion was determined based on

the speci ¢ system investigated, with typical cuto values in the region of 400-500 eV.
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Spin-polarized calculations were performed for speci ¢ systems, where contributions
from magnetism are expected to be sizeable. Speci c examples of this would include
the 3d dopants used in the screening of the hetero-structured oxides in Paper-I, and
surface stability of Fe containing perovskite oxides used as SOFC cathodes in Paper-
IV. The exchange and correlation contributions were described within the generalized
gradient approximation (GGA) using either the Perdew-Burke-Ernzerhof (PBE) (88)

or Revised-PBE (RPBE) functionals (89). In addition, for specic applications in
Papers-I and 1V, higher levels of theory, speci cally the Hubbard-U correction (90)
was used to account for the errors associated with the on-site Coulomb and exchange
interactions. Ultrasoft pseudo-potentials were used to describe the core electrons
(91). The Brillouin zone was sampled using the scheme of Monkhost-Pack (92), with
the grid sizes determined by the super-cell size and the speci c type of calculation.
All calculations were setup and managed using the Atomic Simulation Environment
(ASE) (93).

4.2 Determination of bulk lattice constants

The rst-set of calculations that were usually performed involved the optimization
of the lattice constants of the bulk crystal structure of material considered in each
application. This was achieved through isotropic volume perturbations of the unit-
cell obtained from databases such as the Materials Project (94). The isotropic volume
perturbations to the cell were then t using an equation of state (EoS), from which the
optimal lattice parameter was determined. A sample EoS t is shown for illustration
in Figure 4.1. In all calculations as part of this thesis, we generally nd@% deviation

between the DFT computed and experimentally reported lattice constants.
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Figure 4.1: lllustration of an equation of state (EoS) t to determine the optimum
lattice parameter, shown here for cubic SrTi@as an example.

4.3 Geometry optimization

The largest set of calculations in this thesis, involves performing geometry optimiza-
tion to obtain the ground-state energy of a system. Since the main applications
discussed in this thesis involves heterogeneous catalysis, the typical systems encoun-
tered are surface slab models with or without an adsorbate. From the optimized bulk
crystal structure, the corresponding surface was constructed by cutting along the
speci ed Miller indices. This was then followed by constructing the required super-
cell for each application. The most typical slab models in this thesis are composed of
a 2x2x4 Kk x y x z) super-cell, with the bottom two layers xed to their bulk lattice
positions. Periodic boundary conditions were applied in all directions with a vacuum
spacing of 15A to 20 A separating the surfaces in the z-direction to prevent inter-
action between periodic images. Dipole corrections were applied along the surface
normal to account for the surface asymmetry. Geometries were considered optimized
when the maximum force on all atoms in the system was less than a threshold value.

The typical threshold used was 0.03 e\A. Since the hetero-structured perovskite
17



oxides are one of the most studied systems in this thesis (Paper-I and Paper-VI), the
corresponding slab model of SrTi@host with a sub-surface dopant layer is illustrated

in Figure 4.2.

The adsorption energy is one of the key quantities computed throughout this the-
sis. Typically, we performed geometry optimizations separately for the clean surface
and the free adsorbate, with the latter serving as the reference energy of the adsorbate
when computing the adsorption energy. The adsorbate was then placed at typical
high-symmetry points on the geometry optimized surface, followed by a geometry
optimization of the combined system. For a single adsorbate, the adsorption energy

was then computed as:

Eads Esurf;ads Esurf Eads (4-1)

where E,qgs IS the adsorption energy,Esurs.ads IS the energy of the geometry op-
timized surface with the adsorbate E, is the energy of the geometry optimized

pristine surface andE .45 is the energy of the adsorbate in its reference state.
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Figure 4.2: lllustration of a typical surface slab model of a hetero-structured per-
ovskite oxide. The (001) surface of SrTi@ doped with 3, 4d and 5d transition
metals is shown along with the top view of the surface.
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Chapter 5

Ab-initio  Molecular Dynamics and

Enhanced Sampling Methods

Ab-initio molecular dynamics (AIMD) simulations with forces obtained from DFT
have also been used extensively in this thesis to study the dynamics of processes
such as the exsolution of transition metals to the surface of the host perovskite oxide
as described in Paper-Il, as well as the dissolution of rutile transition metal oxides
investigated in Paper-V. While conventional AIMD simulations are inhibited by their
ability to capture rare events due to the simulation time constraints posed by the
computational cost, coupling them with enhanced sampling methods serves as a route
to modelling them, as used in Papers-1l and V. Therefore, in this chapter the speci cs
of a typical ab-initio molecular dynamics simulation setup will be discussed followed

by a description of the enhanced sampling methods used as part of this thesis.

5.1 Ab-initio  Molecular Dynamics

The speci c kind of AIMD simulations in this thesis are based on the Born-Oppenheimer
molecular dynamics (BOMD) approach, which involves a direct minimization of the
Kohn-Sham equations, followed by updating the nuclear positions using the computed

forces at each time step. All of the AIMD simulations in this thesis were performed
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using the Quantum-Espresso software package (86; 87). Simulations were performed
in the canonical (NVT) ensemble, where the target temperature was controlled using
a velocity-rescale thermostat as implemented in Quantum-Espresso. The time step
for the integration of forces was decided based on the system and the energy drifts
and numerical instabilities encountered during the initial equilibration of the system.
Typically, for the systems with heavier atoms such as those in Paper-ll, a 1.935 fs
time step was used. For systems that involve lighter atoms such as hydrogen (H), as
with Paper-V, a mass scaling of H to that of tritium mass was employed to enable the
use of a 1.935 fs time step. If large energy drifts were observed in the equilibration
run despite this, the time step was reduced to 0.9675 fs which was found to be stable.
In light of the higher computational costs involved with AIMD simulations, only a
sparse sampling of the Brillouin zone was performed with a (1x1x1) Monkhorst-Pack
grid. The typical simulation times for the systems investigated in this thesis was in

the order of 10's of ps, the standard simulation times encountered in AIMD.

5.2 Ab-initio  Steered Molecular Dynamics

In order to probe rare events which usually require sampling away from the local
minima as typically done in AIMD, the application of an external bias potential was
applied. This method, typically referred to asab-initio steered molecular dynamics
(AISMD) is employed in both Paper-1l and Paper-V to investigate the dynamics of
exsolution of a transition metal doped in a perovskite host, and dissolution of rutile
transition metal oxides into a solvent (water), respectively. In order to perform these
calculations, the Quantum-Espresso software package was patched with PLUMED
(95). Using the PLUMED package, moving harmonic restraints were applied along
speci ed collective variables (or reaction coordinate), that resulted in a steered tra-
jectory, driving the system out of equilibrium. While the rest of the settings were
similar as discussed in the section above on AIMD, the key parameters that need to

be speci ed are the collective variables (or reaction coordinate) to bias and the bias
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Figure 5.1: lllustration of the AISMD scheme showing the moving harmonic re-
straint applied to the distance between the Pt atom and the center of geometry of
the subsequent layer of the oxide.

potential. In general, the distances between atoms is used as a simple reaction coordi-
nate in most of the systems investigated in this thesis. Since the bias potential is given
by a harmonic potential, the spring constant of the harmonic potential needs to be
speci ed. In the calculations in this thesis, varying spring constants were used based

on the system, and the response in terms of numerical instabilities and energy drifts
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in the equilibration step to a speci ed value of the spring constant. For example, in
Paper-Il, a spring constant of 1000 kJ/moA? was used to apply a moving harmonic
restraint on the distance between a Pt atom doped in the sub-surface of a perovskite
oxide and the center of geometry of the subsequent layer in the oxide, which was
chosen as the reaction coordinate. This speci c system is shown in Figure 5.1 and
forms the basis of the results presented in Paper-Il. The obtained steered trajectory
can then be sampled along the identi ed collective variables (or reaction coordinate)
to obtain a free-energy pro le (or surface) at a given thermo-physical condition which
provides the magnitude of the barriers involved, and a direct comparison to exper-
iments. The method employed in this thesis to perform this is umbrella sampling,

which is described in the next section.

5.3 Umbrella Sampling

Figure 5.2: The potential of mean force (PMF) for the exsolution of a single Pt
atom substitutionally doped on the B-site of a) the (001)-BQ@ surface and b) the 110
surface of SrTiQ at 1000 K.

Obtaining the free-energy pro le (or surface) as a function of the chosen collective
variables (or reaction coordinate) can be done through several methods that facilitate

the sampling of the local phase-space. Umbrella sampling is one of popular methods
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that has been used to achieve this in previous studies (4). The important parame-
ters that need to be determined are the spacing of the windows along the reaction
coordinate to sample and the magnitude of the spring constant applied through a
harmonic restraint. In this thesis, the same spring constant was maintained as used
in the AISMD simulation. Unevenly spaced windows were chosen in order to have
an e ective overlap of the umbrella histograms which enables the smooth conver-
gence of the free-energy pro le. Since distances between atoms was one of the most
commonly used collective variable, umbrella windows spaced 0.1-&3apart were
employed to sample the local phase space. The corresponding free-energy pro le,
characterized by the potential of mean force (PMF) was then determined using the

Weighted Histogram Analysis method (WHAM) (96; 97) as implemented in Ref. (98).

A typical free-energy pro le showing the exsolution of a single Pt atom substitu-
tionally doped on the B-site of the (001)-BQ and (110) surfaces of SrTi@at 1000 K,
is shown in Figure 5.2, computed using the AISMD setup shown in Figure 5.1. Fig-
ure 5.2 very crucially highlights the di erences in the barriers for exsolution of Pt from
two di erent facets at the same temperature, suggesting the important role played by
the exposed facets of the host perovskite in the exsolution process. This nding forms
the crux of the discussion in Paper-1l, made possible by the use of enhanced sampling
methods such as umbrella sampling. Additionally, this also provides a path to a direct
comparison with experiments by accounting for the thermo-physical conditions such
as the temperature, which is not directly considered in simple DFT based geometry

optimizations.
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Part Ill: Electronic structure and

Adsorption models
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Chapter 6

Electronic Structure Analysis

The electronic structure of a material governs its physical and chemical properties,
thus playing a vital role in the design of materials for speci c applications. As it per-
tains to heterogeneous catalysis, the surface electronic structure plays a critical role in
the adsorption energy of the di erent atoms and molecules. Thus, the ability to tune
the electronic structure for instance by the addition of dopants can play an important
role in tuning the activity of a material, making them viable candidates for impor-
tant chemical processes such as electrochemical water-splitting. This is investigated
in Paper-l. Further, gaining an understanding of the key electronic structure features
that contribute to the adsorption, through the development of a physics-based model
and the identi cation of electronic structure descriptors, can play a signi cant role
in the bottom-up design of materials. This is the main subject of investigation in
Paper-VI. Charge density di erences, Bader charges and the electronic density of
states (DOS) are the three principal electronic structure properties that have been

used extensively in this thesis and they are described in this chapter.

6.1 Charge Density Di erences and Bader Charges

Charge density di erences (electronic) in real space are useful in obtaining vital infor-

mation about the chemical bond in adsorption such as: a) the atoms involved in the
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bond b) the mechanism of the bond formation in tandem with the DOS and Bader
charges c) the nature of the bond (i.e. covalent, ionic etc.) and d) the dipole moment
due to the adsorption which contributes to the electrostatic energy. In this thesis,

the charge density di erences due to adsorption are computed as:

N°re Nadgssuf I Nsurt F* Nags I'® (6.1)

where, Nygssurf (1) IS the charge density of the surface and the adsorbatag,(r) is
the charge density of the pristine surface and,qs(r) is the charge density of the free

adsorbate.

Figure 6.1: The charge density di erence showing the charge transfer from the dopant
layer consisting of [Ru doped in the sub-surface of SrTiQSTO); b) and d) for O
and H adsorbates, respectively, compared to the pristine STO system. Color codes -
orange: accumulation, and blue: depletion. Isosurfaces are set to 0.00B%/

This has been used extensively in both Paper-1 and Paper-VI to establish the key
features of the adsorption of atoms and molecules on the surfaces of hetero-structured
oxides which involves the addition of dopants to the sub-surface of a host oxide. One
of the key features to the adsorption is the charge transfer between the dopant layer
and the adsorbate which results in a unique tuning mechanism to improve the activ-

ity of an otherwise inert host. This is shown in Figure 6.1 with the orange and blue
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regions indicating charge accumulation and depletion, respectively. It can be seen
that the O adsorbate takes charge from the perovskite oxide (including the dopant

layer) while the H adsorbate gives charge to the oxide.

While the charge density di erences provide a good method to visualize the charge
transfer between atoms, quantifying the charge on an atom through a charge localiza-
tion scheme is also very useful when studying similar adsorbates and their interactions
with the surfaces of the catalyst. Several methods can be used to perform this, but
in this thesis the scheme proposed by Bader (99) is utilized. The basis of the scheme
involves the de nition of the zero- ux surfaces associated with the rapid decay of the
charge density away from the nuclei where it has a local maximum. In this thesis, a
grid-based decomposition scheme of the charge density is used to compute the Bader

charges associated with each atom (100).

6.2 Density of States

The electronic density of states (DOS) is one of the most important quantities used in
the description of the electronic structure of a material. It is essentially the distribu-
tion of the number of electron states within a given energy interval. While the total
density of states by itself is very useful, the atom (and orbital) projected density of
states (PDOS) are extensively used to disentangle the speci c interactions between
atoms of a system. This is an extremely important tool in surface science and hetero-
geneous catalysis as it provides a path towards deciphering the mechanism involved
in the adsorption of atoms and molecules on particular surface sites of a catalyst.
The total DOS is de ned as:

e i (6.2)

where,
iA b n\ n%‘iSne - n. (6.3)



is the PDOS, ,, correspond to the Kohn-Sham wave functions computed using DFT,

and corresponds to the energy over which the states are distributed.

As an illustration, the PDOS (averaged; Ti-8 and O-2p states) of the surface
atoms of the (001)-BQ surface of SrTiQ is shown in Figure 6.2 with the energy
scale relative to the Fermi level. The hybridization between the surface Ti and O
atoms can be seen along with the presence of a band gap highlighting the fact that
SrTiO3 is a semiconductor. While the PDOS by itself is extremely useful in analyzing
the electronic structure, changes to the PDOS can be obtained by the PDOS which
is used extensively in Paper-VI in understanding the adsorption mechanism in doped

semiconducting oxides.

Figure 6.2: PDOS of the surface atoms ((001)-B of SrTiOj3: Ti-3d (blue) and
O-2p (green). The zero in the energy scale corresponds to the Fermi level.

The PDOS can be computed by obtaining the di erence between the PDOS with
and without a perturbation to the electronic structure. For example, the addition of
an adsorbate can be thought of as a perturbation to the electronic structure of the sur-

face atoms involved in the bond formation, which can be identi ed by computing the
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corresponding PDOS, i.e. PDOS = PDOS(surface/adsorbate) - PDOS(surface).
To illustrate this, the PDOS due to the perturbation of the electronic structure by
the adsorption of O on the surface Ti atom of the (001)-B@surface of SrTiQ is
shown in Figure 6.3. The states that are shifted due to the adsorption of O form the
negative component of the PDOS with the positive component showing the states
that hybridize with the O adsorbate. This helps identify the atoms that are involved
in the bond which together with the Bader charges and charge density di erences can

be used to establish the adsorption mechanism.

Figure 6.3: PDOS of the surface atoms of the (001)-BQ surface of SrTiQ due to
the perturbation of the electronic structure by the adsorption of O on the Ti atom.
The corresponding adsorbate states are also shown.

While the perturbation of the electronic structure due to adsorption is a typical
use of the PDOS, the addition of dopants also provide an avenue for it to be uti-
lized. This forms the basis of the development of the Generalized Concerted Coupling
model in Paper-VI. The addition of dopants to the sub-surface of a semiconducting

host oxide results in a perturbation of the surface states which manifest as surface
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Figure 6.4: PDOS of the surface Ti-3d and O-2 states, as well as the dopant
states in the vicinity of the Fermi level obtained by taking the di erence between
the PDOS with and without the addition of Mo to the sub-surface of SrTiQ. The
surface resonances are also indicated (bottom).

resonances in the PDOS, along with the dopant states that dominate the vicinity of
the Fermi level, which are found to play a signi cant role in the adsorption of atoms
and molecules on the surface. The PDOS due to the addition of Mo (STMO) to the
sub-surface of SrTiQ (STO); [i.,e. PDOS = PDOS(STMO) - PDOS(STO)] along
with the identi cation of the oxygen (OSR) and Ti (HMSR) surface resonances is

shown in Figure 6.4. The interaction between the adsorbate and the surface reso-
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nances are shown to play a crucial role in the adsorption which provides the basis for

the identi ed electronic structure descriptor in Paper-VI.
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Chapter 7

Adsorption Models

Physics-based adsorption models have been used in catalysis to understand and ra-
tionalize the adsorption mechanism, as well as in identifying the key properties of the
catalyst that contribute to the adsorption energy. The canonical adsorption model

is the Newns-Anderson model(5; 101) developed in the late 1960's and early 70's to
explain the adsorption on metals primarily, although it has since been extended to
other materials such as semiconductors (102). This was followed by the development
of the very popular d-band model (6) used to rationalize the observed adsorption
trends on transition metals. Thed-band model also popularized the use of electronic
structure based descriptors such as thé-band center in the case of transition metals

as single parameters that correlate with the adsorption energy. Although theé-band
model has been extremely successful with transition metals, extending it to transi-
tion metal alloys and transition metal compounds has not been trivial. While several
adjustments to the d-band model such as the inclusion of higher order moments as
well as accounting for the shape of the-band have all been suggested, (103; 104)
they still do not completely describe the adsorption on alloys and transition metal
compounds. One of the very few successful physics-based models developed for tran-
sition metal compounds, speci cally carbides and nitrides is the Concerted Coupling
model (7; 105; 106) which is based on the identi cation of unique surface resonance

states of the surface atoms and their key role in the adsorption process. Paper-VI in

33



this thesis, discusses the development of a physics-based model called the generalized
concerted coupling model to explain the adsorption trends of doped semiconduct-
ing oxides. The development of the Generalized Concerted Coupling model is heavily
inspired by the Newns-Andersond-band and Concerted Coupling models, and there-
fore these are discussed in this chapter followed by a brief description of the ndings

from Paper-VI.

7.1 Newns-Anderson Model

The Newns-Anderson model for the chemisorption of atoms on metal surfaces was
developed by Newns (5) and Grimley (101), based on an earlier model proposed
by Anderson (107) on magnetic states in metals. At its core, it assumes a model
Hamiltonian, whose diagonalization yields the solution to the problem. The simpli ed
Hamiltonian for the system composed of the surface atoms and the adsorbate is given
by:

H Hagssut Hsuf Hads (7.1)

where Hgssurf, Hsurt @nd Hags are the Hamiltonians corresponding to the coupled
adsorbate-surface system, the pristine surface and free adsorbate respectively. As-
suming that the solution to Eq. 7.1 is given by a linear combination of the pristine
surface and free adsorbate solutions, and also considering the changes to the adsor-
bate states which alter a lot more than those of the surface atoms, the adsorbate
projected density of states can be obtained from Eq. 7.1. This is given by:

w2 — (7.2)

" 82
a oo .

~

where, * is the chemisorption function, , is the adsorbate state, and " e is

the Hilbert transform of the chemisorption function. The chemisorption function in
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practice can be approximated as:
Te V27 (7.3)

whereV 2 is the average coupling matrix element between the adsorbate and the sur-
face, and ~ « is the density of states of the pristine surface. The poles of Eq. 7.2 give

the at which the density of states of the adsorbate has a maximum.

The solutions are dependent on the shape of the surface states that interact with
the adsorbate and can be classied as the weak and strong chemisorption limits
for interaction with the sp and d bands of a transition metal, respectively. The
two limits are schematically illustrated in Figure 7.1. It can be seen that for the
weak chemisorption limit (interaction with a broad bande.g. the sp states of a
transition metal), the adsorbate state becomes a downshifted Lorentzian, resulting
in just a single solution. On the other hand, the strong chemisorption limit €.g.
interaction with a narrow band like the d states of a transition metal) results in two
solutions, with the lower energy one the bonding state, and the higher energy one
the anti-bonding state, as well as the occurrence of non-bonding states in-between.
This distinction in the interaction between the di erent surface states explains the
adsorption trends qualitatively and also provides a mechanistic understanding of the
adsorption process. The hybridization energy due to this interaction between the

adsorbate and the surface states is given by:

0
Enyb ES Arctan&E——'d n;, (7.4)

a

where the di erent terms have their usual meaning as de ned previously. It is im-
portant to note that Eg. 7.4 only accounts for the hybridization energy due to the
interaction and not the repulsion due to orbital overlap. Thus, any estimates of the
adsorption energy from the Newns-Anderson model are purely qualitative. However,
due to its simplicity, it serves the purpose of obtaining a detailed understanding of
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Figure 7.1: The solutions to the Newns-Anderson model for a) the weak chemisorp-
tion limit and b) the strong chemisorption limit.

the interaction, which is utilized in Paper-VI to establish the concerted nature of the
coupling between the adsorbate and the surface atoms in a doped semiconducting

oxide.
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7.2 The d-band Model

Building o the principles of the Newns-Anderson model, thed-band model (6) was
developed to explain the adsorption trends seen with transition metals. At its core, it
utilizes the fact that the broad sp-band of transition metals are roughly identical im-
plying that any di erences in the adsorption energy should stem from the interaction

with the metal d states. Thus, the adsorption energy can be written as:

Eads Esp Ed: (7-5)

Assuming that the adsorbate rst interacts with the sp states resulting in a similar
renormalized adsorbate state, across the di erent transition metals, the interaction
of this renormalized state with the d-band results in the observed trends in the
adsorption energy. In order to model this interaction, Hammer and N rskov utilized
an extension of the well-known tight-binding formulation for the bonding energy of a
heteronuclear molecule, resulting in the following expression:

V2
Sd aS

Ed Vv 2 Ed;hyb Ed;orthog (76)

where, 4 is the d band center, , is the renormalized adsorbate statey 2 is the cou-
pling matrix element between the adsorbate and thd-states, and and are related
to the lling of the d-states. The rst term in Eq. 7.6 is the hybridization contri-
bution and the second term is the repulsion due to orbital orthogonalization. Thus,
the key electronic structure descriptor is thed-band center whose position dictates
the eventual positions of the bonding and anti-bonding states of the adsorbate. A
completely lled d-band characterized by a4 that is lower in energy, results in lled
anti-bonding states below the Fermi level and thus a weaker bond. This qualitative
understanding of the adsorption energy trends in transition metals can therefore be

obtained from the d-band model.
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7.3 Concerted Coupling Model

While the d-band model has been extremely successful in explaining the adsorption
energy trends in transition metals, it is found that its extension to transition metal
compounds is not trivial. In order to capture the key electronic structure features
that describe the adsorption in transition metal carbides and nitrides, the Concerted
Coupling model was developed (7; 105; 106). The Concerted Coupling model was
developed based on the identi cation of the surface states that are responsible for
the adsorption through an analysis of the DOS induced by the adsorbate. These
surface states manifest as surface resonances identi ed through the DOS between
the surface and the bulk. The concerted nature of the coupling arises from the obser-
vation that both the transition metal and the X (X=C/N) surface resonances play a
role in the adsorption process. The marked di erence between tlieband model and
the concerted coupling model is the idea that not all states of the transition metal
d-band have an equal contribution to the adsorption, with the identi cation of the
speci ¢ states characterized by the resonances found to be the largest contributor.
This also led to the identi cation of an electronic structure descriptor de ned as the
center of gravity of the transition metal surface resonancesscy (7) akinto 4 in the

d-band model.

The concerted coupling model has been successful in explaining the adsorbate
scaling relations (108), as well as the existence of Bronsted-Evans-Polanyi (BEP)
relations in transition metal carbides and nitrides (7). While the Concerted Coupling
model was developed based on observations to the perturbations of the electronic
structure of transition metal carbides and nitrides its basic principles can be extended
to other materials, including transition metal oxides. Further, it should also be noted
that the surface resonances identi ed for transition metal carbides and nitrides also
exist on transition metals, implying that ccy maybe used equivalently as thd-band
model in explaining adsorption energy trends in transition metals as well (7). This

thesis takes inspiration from the Concerted Coupling model, and also utilizes the
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