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Abstract

An important issue with photocatalysts in producing renewable energy such as
hydrogen is the low efficiency in harvesting solar energy. Fortunately, the
deposition of small metal clusters such as silver (Ags) could enhance the
photocatalysts’ absorption range to match visible light. In this thesis, | simulated
different photocatalysts formed from Ags atomic quantum clusters (AQCs) on
anatase TiO2 (101), rutile TiO2 (110), and CeO2 (111). Using the Vienna ab initio
simulation package (VASP), I employed the generalised gradient approximation
(GGA) and a hybrid functional combined with Hartree Fock (HF) theory to
systematically study their geometric and electronic structures. The Hubbard term
(U) is considered for all the calculations to account for the strongly interacted and

localised d and felectrons.

The first focus of this thesis is to elucidate the photocatalytic activities of rutile and
anatase TiO2 surfaces. An in-depth investigation of stoichiometric and reduced
rutile TiO2 (110) and anatase TiO2 (101) decorated with bipyramidal and
trapezoidal Ags atomic quantum clusters (AQCs) is carried out. It is found that the
silver AQCs donate electrons to both stoichiometric and reduced TiO2 surfaces
resulting in the formation of a single polaron at either a five-fold coordinated (Tisc)
atom or a six-fold coordinated (Tisc) atom, indicating improved surface activity.
Furthermore, depositing Ags AQCs on both TiO2 surfaces can produce mid-gap
states within the band gap of the bulk, thereby improving the optical response of
the composite in the visible and infrared. As expected, the number of mid-gap

energy states increases further when a single oxygen vacancy is introduced into



the studied surfaces, which reveals that Ags AQCs and oxygen vacancies can
reinforce each other, leading to higher efficiency photocatalytic activity. We also
find that upon adsorption of Ags AQCs on an anatase TiO2 (101) surface, the energy
required to form an oxygen vacancy is lower than that of rutile TiO2 (110).
Moreover, the adsorption of both bipyramidal and trapezoidal Ags AQCs on both
TiO2 surfaces generally leads to significant distortion of the clusters, which
accounts for the significant reduction in the total energy compared to the pristine
TiOz and gas phase AQCs. This detailed investigation provides insight into new
mechanisms for enhancing the photocatalytic efficiency of both rutile TiO2 (110)

and anatase TiO2 (101) surfaces.

The second focus of this thesis is to examine the influence of trapezoidal and
bipyramidal Ags AQCs on the photocatalytic activity of stoichiometric and
defective CeOz (111). In addition, the interaction of silicate (Si032-) with AQCs is
considered, which is introduced experimentally when purifying the AQCs, and its
effect on the electronic structures of ceria is investigated. It is demonstrated that
there exist small gap states in the mid-gap after adsorbing these AQCs, which are
attributed to charge transfer from these AQCs to the ceria. Furthermore, more gap
states are observed when an oxygen vacancy is created, leading to improved
photocatalytic activity. Importantly, the energy needed to form this oxygen
vacancy is significantly lowered by the presence of AQCs. Finally, we noted that the
silicate does not only contribute to purifying the AQCs, but also could play a crucial

role in further increasing the photocatalytic activity.
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Introduction

1 Introduction

1.1 Photocatalysis

Titanium dioxide (TiO, titania) has attracted considerable attention from
scientists and engineers due to its high chemical and thermal stability, non-
toxicity, and relatively low cost [1][2][3]. These facts make it usable in
applications, such as solar cells [4], catalyst support [5], waste-water treatment
[6], water splitting [7][8][9][10], biomedication [11], micro-organism inactivation
(such as viruses and bacteria) [12], reduction of carbon dioxide [13] and batteries
[14]. TiO2 has various polymorphs that naturally crystallise and some that could
be synthetically produced [15]. Rutile, anatase, and brookite (see Fig. 1-1) are the
three most abundant natural polymorphs. Out of those phases, only rutile and

anatase are the used for photochemical applications [16][17]. However, the
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following drawbacks hinder the utilisation of TiO2 in photocatalytic applications,
[17]: (i) the band gap energy (Eg) of TiO2 is approximately 3.2 eV, which only
allows it to absorb ultraviolet light (UV) (~4% of the solar radiation energy) and
severely limits its ability to use visible light (~50% of the solar radiation energy)
for hydrogen generation; (ii) TiO2 has a high rate of charge recombination of
photogenerated electrons in the conduction band (CB) with photogenerated holes

in the valance band (VB).

Fig. 1-1 Three different phases of titania. (a) rutile, (b) anatase and (c)
brookite. The blue spheres denote Ti atoms, and the red spheres denote O

atoms.

To overcome the disadvantages mentioned above and improve the photocatalytic
activities by extending the visible light response of TiOz for solar photocatalysis of
hydrogen generation, numerous techniques have been implemented, such as

combining other semiconductor materials with TiOz [18][19], dye sensitisation
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[20], doping with metal [21] and non-metallic ions [22], and the deposition of
noble metals [23]. Noble metals have Fermi energy levels lower than titania; thus,
they are frequently utilised as cocatalysts. Furthermore, it has been proved that
adsorbing micro- and nanoparticles noble metals, such as palladium (Pd),
platinum (Pt), gold (Au), and silver (Ag) on TiO2 surfaces can considerably enhance

photocatalytic activities [24][25][26][27][28][29][30][31].

Rutile TiO2 has been the focus of most surface science studies as it is the most
abundant and readily available phase. Faces have a crucial role in determining
nanomaterials properties and are also important for understanding the reactivity
of materials. It has been reported by DFT and ab initio calculations that among
periodic TiO2 slabs of the (001), (100), (110), and (011) face, the (110) surface of
rutile possesses the lowest surface energy, indicating that it is the most stable
surface [32][33]. Therefore, rutile TiO2 (110) is one of the slab models investigated
in this thesis. In addition anatase is very frequent and stable in nanoparticles
[34][35],yields high photocatalytic activity and thus is used in photocatalytic and
photovoltaic cells [36]. There have been intensive theoretical studies on the
reactivity and structure of anatase faces, concentrating on the faces (001), (100),
and (101). These are the crystal surfaces that are most commonly exposed in
anatase nanomaterials. It was found that among these faces, the (101) is the most
stable face that dominates the material surface [37]. For this reason, the TiO2 (101)

anatase surface is chosen and modelled in this thesis.
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Cerium dioxide (ceria) has been extensively studied due to its several applications
related to its unique catalytic properties. It can be used for chemical-mechanical
surface polishing, such as eye-glass lenses, electronic displays, and other optical
applications [38][39]. In addition, most of the research focus on ceria in many
catalytic applications such as oxygen storage in three-way catalysts [40][41][42],
low temperature water gas shift (WGS) reaction [43][44], CO oxidation [45][46],
and generation of hydrogen [47][48] due to its ability for the redox cycle between
Ce#* and Ce3* states [49][50][51]. More recently, ceria has been promising for the
electrocatalytic water splitting reaction (WSR) in solid oxide electrolysis cells
(SOECs) owing to the fast mobility of oxygen ions and the highly enhanced

efficiency for sustainable hydrogen generation [51].

In many of the above applications, different morphologies of ceria have been
utilised, because the attributes are morphology-dependent. As a single crystal,
ceria has three primary morphologies, e.g.,, rod, cube, and octahedron. Each
morphology has certain surfaces, which are represented as follows: rod
morphology with (100) and (110) faces, cube morphology with (100) faces, and
truncated octahedra morphology with (100) and (111) faces. The differences in
the exposed faces result in different functions in corresponding applications, due
to the different physio-chemical attributes of each face. The stability of ceria has
been examined by ab initio and DFT studies, and it was found that the (111)
surface is the most thermodynamically stable among other surfaces, i.e., (100) and

(110) [52][53]. Ceria, in its bulk state, has a large band gap (O (2p)- Ce (5d)
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orbitals) that is roughly 6 eV [54]. Yet, the existance of empty 4f states related to
Ce** leads to a narrower band gap of approximately 3.2 eV [55][56]. A single unit
cell of CeOz is illustrated in Fig. 1-2. The CeO2 (111) surface is chosen and studied

in this thesis.

Fig. 1-2 Unit cell of ceria. The green spheres denote Ce atoms, and the red

spheres denote O atoms.

The conversion of water (H20) into hydrogen and oxygen using sunlight addresses
the earth's climate-change challenges: production of renewable hydrogen energy
and reduction of the atmospheric carbon dioxide (COz) levels. The COz levels in the

atmosphere have significantly increased, mainly due to energy consumption (over
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80% of energy usage), which is mainly generated by fossil fuels [57].
Consequently, producing sustainable fuels by harvesting abundant solar energy
reduces the dependence on fossil fuels and contributes to decarbonising the
transport sector. Furthermore, hydrogen produced by water splitting with
sunlight is a promising candidate for an environmentally friendly energy carrier
owing to (i) its cost, which is expected to be less expensive compared to the current
cost of conventional energy, (ii) its use of a raw material (i.e., water), which is a

safe resource, and (iii) the ready access across the globe to sunlight.

There are three main steps involved in the photocatalytic process of water
splitting, namely: (i) the absorption of an incident photon energy, which must be
equal to or greater than the oxide band gap to generate an electron (in the
conduction band) and hole (in the valence band), (ii) separation of the
photogenerated charges, and (iii) the reduction/oxidation (redox) reaction of
water, which ultimately leads to water splitting. Various oxides have been used in
the photocatalytic reduction of H20 [58]; however, one challenge is the absorption
of the photon energy in the visible light spectrum due to the oxide’s large band gap.
Another challenge is the rapid recombination rate of the photogenerated charges.
Therefore, the deposition of Ags AQCs on the oxide surface is one approach, which
promotes the absorption of sunlight photons and lowers the recombination rate

of the photogenerated electrons and holes.
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Silver AQCs consisting of five atoms (~0.5 nm in size) are promising candidates for
novel catalysts due to their unique and size-specific properties, which do not
appear on the corresponding nanoparticles and bulk Ag [59]. For instance, Ags
AQCs exhibit new chemical, electrical and optical attributes, which differ
drastically from the nanoparticles and bulk materials. Furthermore, Ags AQCs
possess discrete electronic energy levels and show “molecule-like” optical
characteristics, producing a bridge between the single atoms and the large metal
nanoparticles [60]. Therefore, doping semiconductor materials with these Ags
AQCs as co-catalysts can enhance their optical response in the visible light
spectrum. These desirable properties have driven this Ph.D. thesis to conduct
investigations on the Ags AQCs-based photocatalysts towards renewable

hydrogen energy production.

1.2 Thesis Outline

The main title of this thesis is the study of critical metal oxide catalysts utilised in
various clean energy applications. By investigating the electronic structures of the
catalysis surfaces, we can better understand the processes that can take place,

which in turn can lead to the development of efficient catalytic processes.

This thesis consists of six chapters.
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The present chapter summarised the choice of DFT for the study of electronic
structure calculations. This was followed by a brief introduction to titania and
ceria catalysts and their different types and applications. Chapter 2 provides an
insight into the history of theories that underpin the computational calculations

used in this thesis especially the development of DFT.

Chapter 3 details the theoretical considerations of the methodology used in work
presented here. An overview of the use of VASP software using a plane wave basis
set is provided. Finally, the geometries optimisation procedure is briefly
described, and some calculated quantities are explained to understand better the

work presented in the following chapters.

Chapter 4 focuses on the effect of the deposition of small trapezoidal and
bipyramidal silver AQCs on the photocatalytic activity of perfect and defective
anatase (101) and rutile (110) TiO2 surfaces. It is found that these silver AQCs are
oxidised, donating their electrons to the substrates resulting in the formation of a
surface polaron within the band gap of the bulk. In addition, further gap states are
observed by introducing a single-point defect, i.e., an oxygen vacancy. These gap
states are critical in improving the photocatalytic activity of the metal oxides. In
Chapter 4, it is also shown that upon adsorption of these tiny silver AQCs on
anatase (101) TiOz, the amount of energy required to form an oxygen vacancy is

lower compared to the rutile (110) TiO2z surface.
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Chapter 5 presents the deposition effect of trapezoidal and bipyramidal Ags AQCs
on electronic structures of a perfect and reduced CeO2 (111) surface and the
adsorption effect of Ag2SiOs on electronic structures of Ags@Ce0Oz (111) systems.
Both Ags AQCs are found to donate their unpaired charges to the support, forming
polaronic states within the band gap of the semiconductor. Interestingly, a
dramatic reduction in the formation energy of an oxygen vacancy is observed upon
the deposition of these AQCs compared to the pristine substrate. Furthermore, the
deposit of Ag2Si03 increases the number of gap states, forms more polarons on the
surface of the support, decreases the oxygen vacancy formation energy further,
and improves the overall photocatalytic efficiency of both the perfect and defective

CeO2 (111) surface.
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2 Theoretical
Background

This chapter provides insight into the fundamental theory underlying all
modelling techniques utilised in this thesis. Density functional theory (DFT) has
been an indispensable theoretical tool for studying electronic structures in solid-
state physics. The activity of chemical reactions on a catalyst could be predicted by
the electronic structures of the catalyst acquired by implementing DFT. Therefore,
DFT has recently been applied in catalysis-related investigations to provide insight
into the mechanism of chemical reactions on catalysts [61][62][63][64]. The DFT
technique is implemented in all calculations in this thesis to understand the
chemical reactions of silver atomic quantum clusters (AQCs) and purification
processes using a silicate on multiple hydrogen-producing metal oxide catalysts

i.e., titanium dioxide (TiOz2) and cerium dioxide (Ce0Oz2).

2.1 Bra-Ket Notation

In this chapter, the bra-ket notation is utilised to express the quantum states using

the following forms,

10
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< fl=f*(x) (‘bra) 2.1

lf >= f(x) (‘ket’) 2.2

where f*(x) is the complex conjugate (‘bra’) of f(x) (‘ket’). The combination of

(‘bra’) and (‘ket’) expresses the superposition of states; for instance,

YY) = [P (0)¥(x) dx 2.3

2.2 The Schrodinger Equation

The time-independent Schrédinger equation must be solved in order to obtain
information on the wave function of a given system. The Hamiltonian operator, H,
determines the system, which corresponds to the total energy of the system and is

given in the following equation,

Ay =y =(T+ V¥ 2.4

where ¥ and E are the wave function and energy of the system, respectively and

T and V are the kinetic and potential energies of the system, respectively.

11
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The Schrédinger equation can be solved to calculate the electronic structure of a
simple system consisting of a single electron, i.e., a hydrogen atom [65]. However,
for many body systems, such as a condensed matter or a large organic molecule, it
becomes impossible to analytically solve the Schrodinger equation due to the
rapidly increasing complexity of electron-electron interactions and the increase in
computational cost. Thus, it is essential to use approximations to solve the
Schrodinger equation to determine the system's electronic wave function. The
Hartree-Fock and DFT techniques are two examples that can be used to
approximate the solution to the Schrodinger equation. The Hartree-Fock and DFT

methods will be presented and discussed in detail in the following sections.

2.3 The Hamiltonian
In 1 dimension, the Hamiltonian operator of a system is given as,

h? [ 0°
H=T+V=—|—|+V 2.5
+ 2m <6x2> V()

where #f is Planck’s constant over 21 and m is the mass of an electron. In a 3-

dimensional system, the formula can be written as,

hz
H= —o—Vi+V(r) 2.6

where the Laplacian operator is given as,

12
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> 9% 0°
V2= —_ 2.7
" Ox? + dy? * 07>

and the potential energy of a charged system is given as,

ZiZjeZ 1
V(r)= ( ) 2.8

i>] AT |ri B le

where i denotes the operator only acts on ith electron, € is the permittivity of free

space, and e is the elementary charge.

The Hamiltonian of a many-body system that contains nuclei and electrons can be

written as,

2.9

where my, is the nucleus mass, Z, and Z are the charges on the nucleus A and B,

r, and r; are the distances from nucleus A and electron i

2.4 The Born-Oppenheimer Approximation

13
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Born and Oppenheimer [66] in 1927 assumed that the electron mass is

e N h2
insignificant compared to the nucleus mass; therefore, the kinetic energy (% V,Z,)

of the electron is significantly greater than that of the nucleus. Thus, the basic
premise of the Born-Oppenheimer approximation is that in the Hamiltonian of
Equation 2.9, the nuclei kinetic energy can be considered a negligible parameter.
This allows the motion of the electrons and nuclei in a system to be separated due
to the massive mass difference. The Born-Oppenheimer approximation states that
the system's wave function can be broken down into nuclear and electronic parts.
The nuclear contributions involve in the equation only as constant terms, and the
Hamiltonian of Equation 2.9 is solved with zero nuclear kinetic energy. Thus,
Equation 2.9 leads to the Schrodinger equation for the many-body system and is

given as

n? 1 e2
{_2_111121 Vlz - Zi,l Vext(ri) + E Zi>j _|rl-—rj|} an = Enl[/n 2.10

where V,,;(r;) involves the impact of the external magnetic/electric field and the

nuclei on electrons.

2.5 The Variational Theorem

The variational theorem indicates that the energy of ¥’ has to be higher than or

equal to the exact wave function, ¥,. This theorem leads to approximations of a

14
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system's ground state or lowest energy. It chooses a trial wave function that
includes variational terms. These terms are slightly altered until the energy is
minimised. The expectation of the wave function can determine the energy of the

trial wave function, and it is given as,

(w]H|%")
§ = — 2.11
E‘I’ (lylllyl>

The exact energy, E,, of a system by the trial wave function based on the

variational theorem is given as,

(#'|A]%)

g i 2.12
(P'¥)

This formula forms the basis for convergence in optimisation procedures.

2.6 The Hartree Approach

Although the Born-Oppenheimer approximation helps to simplify the Schréodinger
equation, it still fails to account successfully for more complicated systems that are
common in real life. Hartree [67], in 1928, for example, successfully proposed a
wave function technique for a single electron to solve the time-independent

Schrodinger equation for the many-body problem. As a result, the wave function

15
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of the many-body system can be approximated by the Hartree or orbital technique
utilising the product of n one-electron orbitals, and it is called the Hartree product,

which is given as [68],

where N is the spatial coordinates and spin of one electron in spin orbitals ¥,
the first electron occupies the molecular orbital ¥, with spin up («), and the
second electron occupies the molecular orbital ¥, with spin down () etc. The
limitation of this approach is that the electron-electron interactions are neglected,
and the electrons are not treated as fermions, i.e., two electrons cannot be found
in the same quantum state shown by Pauli’s antisymmetric principle. Therefore,
in this Pauli’s principle, the system's wave function has to be antisymmetric

regarding the exchange of whichever two of the fermions.

2.7 The Hartree-Fock Approach

The limitations of the Hartree product were overcome by Slater [69], Pauli [70],
and Fock [71]. For example, in 1930, the Hartree-Fock (HF) approach was released
after considering Pauli’s antisymmetric principle. This approach is composed of a
method to obtain iteratively the lowest energy of a ground state, in which the wave
function of N-electron can be approximated using a single Slater determinant that

consists of occupied spin orbitals as,

16
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Y9 (1) Wip(l) - ¥rp(l)

_ 1 v P - WD

' il : : 2.14
llula(N) llulﬁ(N) llunﬂ(N)

The iterative method, which is also referred to as ‘Self-Consistent Field’ (SCF), is
applied to solve the system and is considered for the convergence, where there is
no change between the field produced by the electronic states and that utilised to
predict the electronic states. The HF approach completely neglects the electron
correlations and can produce inconsistent results with experimental
measurements. The HF approach overestimates the band gap of insulators and
semiconductors due to the strong correlation in solid materials. To overcome this
issue, the electron correlations were introduced in the Fock operator, which can
enhance the accuracy of electronic calculations. Yet, the increase in computational
cost makes it challenging, especially in simulating large systems. The HF can
account for approximately 99% of the system's total energy, while the remaining
1% is fundamental for the exact description of the chemical attributes of molecules
[72]. The correlation energy (ESr), is defined as the difference between the HF
energy (Eyr), and the exact energy (E,) of the system, which is always greater, and

is given as,

ESr = E, — Eyr 2.15
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2.8 Density Functional Theory

An alternative technique to the HF approach that is widely implemented to solve
the many-body problem is density functional theory (DFT), which is a quantum
mechanical theory applied to introduce the effects of correlation to investigate the
ground states of large many-body systems. DFT is a popular and versatile
approach compared to post-HF approaches, and the main reason for its popularity
is that it is computationally much less expensive. The fundamental parameter in
DFT is that it chooses the single particle electron density, p(r), instead of the

many-body wavefunctions, which is given as,

p(r) =N [d3r, [ d3rs ... [ Bry P (r, 1y . 1)¥ (15 .. Ty) 2.16

The HF approach is used to calculate a molecular wave function. Yet, the wave
function is not a measurable parameter of an atom or a molecule. In contrast, DFT
focusses on the the electron density, p(r), commonly referred to as the electron

probability density, rather than being based on the wave function.

18
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2.8.1 Early Approximations

The roots of DFT are based on the approach developed by Thomas-Fermi [73][74]
in 1927, which is the first attempt to implement the electron density rather than
the wave function. The total electronic energy in the Thomas-Fermi formula is

given as,

Eqlpl = [ p(Mealp)]dr 2.17

where ¢, is the contribution of kinetic and correlation/exchange energies. This
approach was only based on considering the kinetic energy as a quantum
statistical model of a non-interacting, uniform, spin-unpolarised N-electron
density, p(r), while the contributions of electron-electron and nuclear-electron
were treated purely in a classical way. Although the Thomas-Fermi approach
roughly provides correct energies with errors of approximately 10% for many
systems [75], it does not account for most attributes of interest, such as the binding
of molecules [76]. Yet, mapping the electron density to the energy is provided for

the first time without any other information needed.

2.8.2 The Hoenberg-Kohn Theorems
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The origin of modern DFT relies on the two lemmas developed by Hoenberg-Kohn
(HK) in 1964 [77]. The first HK lemma reveals that the ground-state electronic
attributes of a many-body system are determined uniquely by the ground-state
electron density, p, (7). Alternatively stated, the ground-state wave function, ¥, is

a unique functional of p, (r) and is given as,

Yo = ¥ [po] 2.18

The second HK lemma demonstrates that when the variational approach is

!

employed to any trial electron density, p’, of a system, it will result in molecular
energy that is higher than or equal to the exact ground-state energy. The second

HK lemma is provided as [68],

Elp'] = E,[po] 2.19

The HK theorems demonstrate that there is a one-to-one correspondence between
any external potential, V,,.(r), and the electronic density, p(r), consequently, the
total energy functional of the electron density of the ground-state corresponding

to the external potential is given as,
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Eo [po] = FHK[.DO] + fpo(r)Vext(r)dr 2.20

where Fyklpo] = Tlpo] + Eintlpo] is known as the HK universal functional and
involves all internal energies, potential and kinetic of the interacting electron
system. The fundamental issue of the HK approach is that there is no exact

expression for the functional Fyk[p,] and hence, approximations must be applied.

2.8.3 The Kohn-Sham Theory

At this stage, it has been recognised that for all practical aims, the wave function
term does not appear in DFT. That is to say, although the exact ground state energy
or electron density can be determined, there is no way to go back to the exact wave
function in practice. However, this section will present a strategy for the possibility
of building fictitious orbitals. Therefore, a fictitious wave function can be
calculated without interaction between particles. Furthermore, this strategy will

assist in approximating the ground state energy of the system.

Shortly after the HK approaches, in 1965, Kohn and Sham (KS) [78] proposed
independent-particle formulations for a non-interacting electrons system for the
solution of the original many-body system, leading to more precise DFT
calculations as the kinetic energy of non-interacting electrons is expressed in

terms of orbitals. The KS DFT total energy, Exs, can now be expressed as,
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Exslp(M)] = Tyilp()] + Vaelo(M] + o] + Exclp()] 2.21

where V. [p(r)] is the interaction functional between nuclei and electrons.

The Kinetic energy functional for the non-interacting system, Ty;[p(r)], and the
classical Coulomb interaction energy, J/[p(r)], of the electron density interacting

with itself are expressed as,

N
1
Talp@)] = =3 ) (¥K5[v2|wf) 2.22
i=1
[p(r)] = f”(lrr“’r(rl)d dr’ 2.23

where N is the total number of electrons in the system, r and r’' denote the

coordinates of two electrons.

The exchange-correlation energy, Ex-[p(r)], consists of two portions: the
exchange-correlation interactions between electrons and the remaining kinetic

energy resulting from the particles' interaction. This term can be written as,
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Exclp(r)] = Tlp(M] = Tnilp(M] + Veelp(m] = JIp(r)] 2.24

By solving the single-particle Schrodinger equation, the single electron orbitals

can be calculated as,
1 2
(—EV + VKS(r)) Y, (r) = g¥;(r) 2.25

There is a direct relationship between KS and HF approaches in which self-
consistent formulae must be solved for a number of independent electrons in a
number of orbitals. In contrast, the primary difference in the DFT technique is that
the external potential, Vg, is defined using the electron density, p(r). This resulted
from the total of the moduli of the squared of KS electron molecular orbitals, 'PiKS,

which equals to the total electron density, p(r), and is given as,

p(r) = Z|‘PiKS(r)|2 2.26

Yet, the analytical form of Ey is unknown except for a free electron gas. Therefore,

approximate functionals that are associated with the electron spin density p, and
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pg, must be included to describe this term. The approximate functionals

implemented by modern DFT techniques are on the basis of these KS self-

consistent formulae.

2.8.4 Exchange-correlation Functionals

So far, it has been demonstrated that the exchange-correlation functionals
Exc[p(r)] play a key role in DFT approximations, where accurate results can be
obtained. Exc[p(r)] is the only remaining term that is required to be
approximated, in order to increase the chemical accuracy of molecules, atoms and
solids in their ground states [79]. Over the years, many various exchange-
correlation functionals have been proposed and developed. They are categorised
into three main types: local density approximation (LDA), generalised gradient

approximation (GGA), and/or hybrid functionals.

2.8.4.1 The Local Density Approximation

DFT is a powerful tool that enables us to utilise the exchange-correlation energy
functional to evaluate the total energy of a system. The simplest approximation
exchange-correlation functional in DFT is the LDA that also provides good results

in most attributes such as bond length, shape, and reaction heat. In this
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approximation, the electron density, p(r), is locally treated as a uniform electron

gas, and the approximation exchange-correlation functional is given as,

ER4[p(r)] = f p(Mexclp(Mdr 2.27

where &y is the exchange-correlation energy per electron.

Although the LDA is a simple approximation and has been commonly employed to
save computing resources, it still has some limitations. For example, the binding
energies of molecules are often overestimated, and the total energy of the system
is underestimated [72]. Furthermore, the band gap of semiconductor materials

can also be underestimated.

2.8.4.2 The Generalised Gradient Approximation

In order to overcome the limitations of LDA, a more accurate generalised gradient
approximation (GGA) was developed. In this approximation, the exchange-
correlation functional depends on both the electron density, p(r), and the gradient

of electron density, Vp, given at the same point r, which can be written as,
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ESEA[p(r)] = f P exclp(PIVp(P)]dr 2.28

Based on this idea, various GGA functionals have been incorporated and widely
used, such as the Perdew-Burke-Ernzerhof (PBE) [80][81] and the PW91 form
[82]. Generally, the GGA provides enhanced bond energies, angles, and lengths. For
example, the hydrogen bond strengths between closed systems are significantly
superior compared to the LDA results. Nevertheless, the GGA itself insufficiently
describes various electronic properties of systems of interest, such as the band

gaps and charge transfer between species [83].

2.8.4.3 Hybrid HF /DFT Functionals

As mentioned above, the band gap of semiconductor and insulator materials is
underestimated in LDA and GGA techniques, and electronic states are delocalised.
In contrast, the band gap is overestimated in the HF technique and makes over
localisation of electronic states. Thus, in order to obtain the correct band gap value
and localisation of electronic states, a careful mixing between HF and LDA/GGA is
needed. This procedure is known as the hybrid functional method that is based on
the adiabatic connection approach [84]. The well-known hybrid functional is the

PBEO, which was proposed by Adamo and Barone [85], and it can be written as,
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EFEE° = aEJF + (1 — a)EFPF + EEPE 2.29

where a is the mixing fraction of HF exchange.

Even though hybrid functionals provide improved quality of DFT calculations, they
work with an increase in computational cost compared to other techniques where
the exchange is completely treated non-locally. Therefore, Heyd, Scuseria, and
Ernzerhof (HSE) [86] developed a technique to accelerate the exact exchange
computation. In this technique, a screened Coulomb potential is employed in the

exchange interaction in order to screen the HF long-range part as,

E¥SE = qEJF + (1 — Q)ESPP" + ERPPY + ERPE 2.30

where EJF*"is the short-range HF functional, Ex>**" and E;®*" are the short-

range and long-range terms of the PBE exchange, and a = 0.25 is the mixing

fraction of HF exchange.

2.8.5 The Hubbard-U Correction

One of the limitations of the standard LDA and GGA in DFT is that they fail to
describe the strongly correlated materials with strongly interacting and localised

d and f electrons. A technique that includes the effective Coulomb correction, i.e.,
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LDA+U/GGA+U, derived from the Hubbard model, can solve this issue [87]. In the
LDA and GGA, the electrons are split into two types: delocalised electrons located
in the s and p orbitals and localised electrons located in the d and f orbitals. The

exchange-correlation functional in the GGA+U framework is written as [88],

Ecearu = Egga +

Uess
SN (S)-(Somor )| 2
o i i,j

and the effective Coulomb correction is given as,
Uepr =U—] 2.32

where U and ] represent the strength of the interactions of the Coulomb and
exchange terms, respectively, and pj; is the on-site density matrix of the d and f

orbitals.

Introducing the effective Coulomb correction parameter forces the orbital
occupancy of delocalised electrons to become localised electrons. This technique
has been widely implemented to successfully study strongly correlated materials
such as transition metal oxides and rare earth elements. However, the

determination of U and J is generally obtained empirically [89].

28



Theoretical Background

2.8.6 Dispersion Forces

One of the underlying issues with the standard LDA-/GGA-type DFT is that the
dispersion forces or van der Waals forces, which describe the charge density
response to density fluctuations in other positions of space, are not considered
within its basic formula [90]. DFT or HF itself insufficiently describes materials
with significant dispersion interactions. Therefore, Grimme [91] formalised an
empirical approach to calculate the weak attractive intermolecular forces that are
caused by the dispersion (pairwise) interaction. The total energy of the dispersion

corrected, Eppr—p, can be written as,

Eprr—p = Eprr + Episp 2.33

where Eppr is the total energy of the chosen density function and Ep;q, is the

dispersion interaction energy.

The coefficients in a D2 dispersion are obtained empirically, and an attractive

semi-empirical pair potential produces the D2 dispersion correction as,

N-1 N

Co,ij
Ep, = —Se Ffdmp(Rij) 2.34

i=1 j>i U
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where N is the number of atoms, i and j are the number of interacting atoms, Sy is
a scaling factor, Cg;; and (R;;) are the dispersion coefficient and interatomic

distance of atom pair i and j, respectively. fym,(R;;) is a damping function and is

written as,

fdmp (Rij) =

. e_d(Rij Rr—l) 2.35

where R, is the summation of van der Waals radii.

Later, the initial dispersion correction, including DFT-D3, was developed by
Grimme et al. [92] where, Ep;s,, is just the summation of two and three body-term

which is given as,

ED3 = EZ + E3 236

where E, = Ep, thatis given in Eq. 2.33 and Ej is written as TABC

E; = Z fa,3)(Fapc) EAPC 2.37

ABC

where the sum is over all atom triples ABC, 745 is used as a damping factor.
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To summarise the DFT technique used in this thesis, the spin-polarised PBE
combined with the Becke-Johnson (B]) damping function in Grimme’s technique is
carried out in order in include van der Waals (vdW) corrections due its ability to
predict accurate adsorption and binding energies of metal oxides materials. It is
found that the inclusion of vdW interactions can modify the order of stability of
various isomers and lead to significant corrections to the adsorption energies.
Furthermore, the adsorption properties will impact the diffusion and reaction
properties of the adsorbates on AQC/oxide surfaces. Due to the self-interaction
error resulting in artificial electron delocalization in the standard DFT
methodologies, the generalised-gradient approximation (GGA) plus Hubbard term
(U-term) is employed, in order to predict the accurate polaronic states and band
gap values of TiOz. The U value implemented to titanium (3d) orbital is 4.2 eV and

to cerium (4f) orbital is 6.3 eV.
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3 Computational
Methodology

In this chapter, I will discuss ab initio techniques or first-principle simulation,
which is the most common simulation technique based on quantum mechanics.
The ab initio technique is purely based on the information of the atomic type and
position in the system without any fitting or empirical parameters. This chapter
provides further details of the modelling parameters used in this thesis. The
techniques described in this chapter are implemented via the computational
package VASP code, which is used for all the calculations described in the following

chapters.

3.1 Implementation of Density Functional Theory in

VASP

Several computational software packages apply theoretical physics and chemistry
techniques to evaluate the properties and structures of molecules, atoms, and
solids. In particular, Kresse et al. [93][94][95][96] developed computer software
called the Vienna ab initio Simulation Package (VASP) for atomic scale materials

modelling, such as electronic structure calculations and quantum-mechanical
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molecular dynamics. VASP is also used to study interactions in and on metal oxide
materials. It uses plane waves in a periodic system with projector-augmented
wave pseudopotentials (PAW-PP) [97][98]. VASP is the principal DFT code used

throughout the work described in this thesis.

PAW-PP includes the valence electron's wave function and the wave function
nodes for the core electrons, where the core electrons remain fixed during the
optimisation process. This method limits the number of plane waves needed to
simulate the system. The cut-off energy for the plane waves is set to 500 eV for all
modelled systems in this thesis. VASP applies efficient matrix diagonalization and
a Broyden [99] mixing technique to solve the KS ground-states equations self-
consistently. This mixing is employed to obtain convergence in DFT calculations.
The GGA-type DFT is implemented with the PBE functional. The self-consistency
procedure is a three-stage procedure. The Hamiltonian is set up in the first stage
by using the charge density. In the second stage, the wavefunctions are iteratively
calculated until a closer value of the exact wavefunctions of the Hamiltonian is
obtained. A new charge density is obtained in the third stage from the optimized
wavefunctions. Using the Broyden mixing technique, the new charge density is
combined with the input-charge density. The self-consistent procedure used in

this thesis is presented in Fig. 3-1.
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Fig. 3-1 Self-consistent procedure used in this thesis.

3.2 Geometry Optimisation

Geometry optimisation is defined as the process in which the local energy
minimum on the potential energy surface is found as the energy of the system is

minimised; following this, the most stable configuration of a given system is
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obtained. Some material properties such as, defect thermodynamics or electronic
structures can significantly be altered if geometry optimisation is not conducted.
In order to optimise modelled systems and to check the ions movement and
update, a conjugate-gradient algorithm (CGA) [100][101] is implemented by
specifying the tag (IBRION=2) in the input file for VASP in this thesis. The CGA is
done by evaluating the steepest descent in a three-stage procedure (Initial, trial,
and corrector stages). In the first stage, the steepest descent is assessed from the
calculated energies and forces, and the positions of ions are altered accordingly.
The process is repeated in the second and third stages until a minimum energy
configuration is obtained or within the specified cut-off. A new gradient is

evaluated after the first stage and subsequent stages.

A Gaussian spreading value is used by setting (ISMEAR=0) tag for band occupation
due to the large supercell used in the tetrahedron technique along with a small
value of smearing width by specifying the (SIGMA=0.05 eV) tag. For the self-
consistent minimisation, a convergence threshold value is fixed by using
(EDIFF=10-#* eV) tag, and all modelled structures are allowed to relax with a
threshold force value of (EDIFFG=0.02 eV/A) tag. A k-point mesh was sampled
based on the Monkhorst-Pack scheme [102][103] in which all the simulations are
made using a single value of k-point (i.e., a I'-centred mesh). This is because all the
simulated systems presented in this thesis are large enough leading to a small
reciprocal space. Therefore, a small k-point mesh is enough to evaluate the change
across the Brillouin zone accurately. The use of a single value of k-point describes

acceptable electronic structures of insulators/semiconductors.
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TiO2 and CeO2z behave like most transition metal oxides in which they have errors
in DFT calculations, which are triggered by being strongly correlated systems. As
previously described in section 2.8.5, it is necessary to include the U-term in the
calculations in order to yield accurate electronic structure results. For the case of
TiOz, the U value implemented to Ti 3d orbital in this thesis is 4.2 eV, which was
reported initially by the work done by Morgan and Watson [104][105][106]. At
this value, the band gap values are closely comparable to the experimentally
measured values for both rutile and anatase TiO2 [107]. For the case of CeOz, the U
value implemented to Ce 4f orbital must be large enough in order to accurately
describe the localisation of the 4f electron of Ce3*. Therefore, | performed GGA+U
calculations using the PBE functional on the CeOz bulk structure with a U value of
6.3 eV [108][109][110]. At this value, a band gap value of 3 eV is obtained, which

is in excellent agreement with the experiment [111][112].

3.3 Pseudopotentials and Projected Augmented Wave

Techniques

One of the primary drawbacks of employing plane-waves in DFT is the increased
number of the plane-waves (more than 10000 planewaves) required to describe
the rapid fluctuations of the wave functions in the core region, thus significantly

increasing the computational cost. It is worth mentioning that most
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physical/chemical properties of molecules and solids merely depend on their

valence electrons, while the contribution of the core electrons can be negligible.

Consequently, to make a significant acceleration in the calculations, the all-
electron problem can be treated as a valence-electron problem, including weaker
nuclear potentials known as pseudopotentials (PSPs). This is the advantage of the
pseudopotential technique [113][114][115][116], where a pseudopotential
replaces the strong core potential. In other words, actual complicated wave
functions can be replaced by more straightforward wave functions using
pseudopotentials, while retaining the crucial properties of the system with a
reduction in computational cost [117]. It should be noted that the Ti (3s, 4s, 3p,
3d), Ce (4f, 5d), O (2s, 2p), Si (3s, 3p), and Ag (4d, 5s) atomic orbitals are explicitly
treated as valence electrons. A comparison between the core-wavefunction and

pseudo-wavefunction is displayed in Fig. 3-2.
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Lppseudcr

il

Fig. 3-2 Schematic illustrations of the real wavefunction (¥,), pseudo-
wavefunction (¥pseud0), and their corresponding potential and
pseudopotential [115]. r. is the radius where the core-wavefunction and

pseudo-wavefunction meet.

An alternative method to PSPs is the projector augmented wave (PAW) developed
by Blochl [98], which produces even smoother wave functions near atomic
centres. The PAW method involves auxiliary localised functions like the ‘ultrasoft’
pseudopotential technique, meaning that many parts of the calculations are
identical to pseudopotential calculations. The transformation of the rapidly
fluctuating valence wave functions ¥ of single-particle near the nucleus, with ¥
being a number of smooth auxiliary functions, is the central characteristic of PAW

formalism,
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Y =T9, T=I1+T, 3.1

where T in Eq. 2.37 takes the form,

R

where R is non-overlapping spheres positioned around the atoms. To obtain the
real wave function formula, the real and auxiliary wave functions are expanded as

linear combinations of plane waves within the spheres R as [98],

|¥) = |P)+ ZCm{(‘I’ml — %)} 3.3

The combination of the real all-electron valence wave functions appeared in Eq.
2.39, and the transformation that appeared in Eq. 2.37 can be written by inserting

projector functions |p,,), as [98],

)= 1P+ ) (¥l = %)) (pn]?) 34

m

T=1+ Z((Wml — %)) (Pl 3.5

m

Then, expectation values of operators are calculated as,
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W=D Cnnl Al¥) = > ((Fy| TAT |7,,)) 36

Finally, the expression for the energy can be given as,
E=FE+ ) (Fh— E3) 3.7
R

To conclude this section, it can be stated that the PAW method improves upon the
PSPs technique, with respect to the transferability of the PSPs, and yields more
accurate results for evaluating electronic structures of systems. Therefore, this
thesis has routinely utilized the PAW method to study the surface interactions of

the modelled metal oxides and their electronic structures.

3.4 Periodic Supercell and Implementing Plane Waves

Basis Set

In order to model a solid-state system, it is unavoidable to handle a perfect crystal
that includes infinite electrons. Moreover, an infinite number of wave functions
and an infinite basis set are needed to describe the electronic behaviour of such a
system. Consequently, a supercell, a finite unit cell that can be periodically

repeated throughout 3-dimensional spaces, is built, as presented in Fig. 3-3 [118].
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Fig. 3-3 Schematic illustrations of a periodic supercell of the slab model

[118].

It has been argued that the most appropriate basis sets implemented are plane
waves of the form e due to their efficient translation into a periodic formalism
[119]. The periodic wave function also referred to as the Bloch wave, can be
obtained from Bloch’s theorem, which states that the wave function of an electron
in a periodic system can be extended as the product of a wave and periodic part

as,

Y(r) = ey, (r) 3.8
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where u;; (1) function corresponds to the periodic part and e ®™ corresponds to
the wave part, k is the crystal wave vector describing the reciprocal lattice in the

first Brillouin zone.

U can be expanded to the periodic function applying a plane wave basis set as,

U (1) = Z Cice'er 3.9
C

where C; is the expansion coefficient and G is the reciprocal lattice vector.
Therefore, the wave function can now be written as a linear combination of plane

waves das,
Y(r) = Z C;gellG+oT] 3.10
G

Eg. 3.10 includes an infinite, but discrete number of plane waves, which thus

makes it feasible to select an appropriate set of waves to be involved in the
expansion by opting for a pre-defined cut-off energy % |k + G|?. This choice may

cause errors in the calculations; however, these errors can be removed by
increasing the value of the cut-off energy in a step-by-step process until the total

energy is converged. Following this, the cut-off energy value remains fixed for the
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following part of the calculations. In other words, the precision of the basis set is
controlled by the cut-off energy, which is unknown in advance; therefore, the total

energy must be converged to obtain a successful calculation.

3.5 Calculated Parameters

3.5.1 Density of States

The electronic density of states (DOS) is an essential quantity used to analyse a
simulated system's electronic structures in VASP. The DOS is defined in terms of
the number of available states with energies below the Fermi energy level, known
as the highest occupied molecular orbitals (HOMO), and with energies above the
Fermi energy level, known as the lowest unoccupied molecular orbitals (LUMO).

For bulk systems, the DOS per unit volume at energy can be written as,

D 1 N(E,E + AE)—N(E)_ 1 dN
7 AE T V'dE
3.11
For a free electron gas, this becomes
D= 1 dNg 1 <2me) E% 312
TV dE  2m?\ B2 '
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where V is the volume of the cell, E is the energy of the system, Ny denotes the
. h . )
number of states, m is the electron mass and A% = P where h is Planck’s constant.

The total DOS can be defined as the sum of the band contributions at a certain
eigenvalue. The DOS is disintegrated into the projected DOS (pDOS) based on the
individual contributions of atoms included in the system. As an illustrative
example, the pDOS for the pristine surface of rutile TiO2 (110) is shown in Fig. 3-4.
It is worth mentioning that the Femi energy level is automatically shifted to zero
eV when the calculations performed by Vaspkit software for all presented DOS

figures.

EDOS (a.u.)

Energy (eV)

Fig. 3-4 Projected DOS of pristine rutile TiOz (110) surface calculated by
VASP using the spin polarised GGA+U/HSE06 technique. The vertical dashed

line represents the Fermi energy level which is setat 0 eV. The Green and red
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curves represent the contribution of the atom and oxygen orbitals,

respectively.

Generally, a comparison can be made between the DOS and experimental methods
such as Hard X-ray Photoelectron Spectroscopy (HAXPES) or Valence-Band X-ray
Photoelectron Spectroscopy (VB-XPS). “While I am writing this paragraph, my
first baby girl is born (April, 2022)”. This comparison can be fulfilled by
implementing both Lorentzian and Gaussian broadenings and by weighting the
DOS with atomic orbital photo-ionisation cross sections reported by Scofield [120]
or Yeh and Lindau [121]. This approach has been successfully used in various
works to accurately describe the electronic states that are generated by the XPS

measurements [122][123][124][125][126][127].

3.5.2 Energy Calculations

The stability of the catalysts during chemical reactions is one of the most critical
problems for practical uses. Therefore, the adsorption energy, E, 45, is usually

computed to evaluate the adsorption stability based on the following formula,

Eaas = Etotar — Esiab — Em 3.13
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where E;,;q; is the total energy of slab/catalyst and adsorbate in the same cell,
Egqap is the total energy of the slab/catalyst and E,, is the total energy of the
isolated adsorbate. By the definition of adsorption energy, a negative value

represents a stable adsorption mechanism.

In order to obtain a reduced/defective system, one of the oxygen atoms of the bulk

system is removed. Then, the formation energy of an oxygen vacancy, Ey,, can be

computed as,

1
Ev, = Esurf+vo + EEOZ = Esurs 3.14

where Eg,,r.v, is the total energy of the reduced/defective slab, Ey,is the total
energy of free oxygen in the gas phase and Eg,, is the total energy of the

perfect/stoichiometric slab. It is worth mentioning that both adsorption and

formation energies are evaluated at the GGA+U levels.

3.5.3 Bader Charge Analysis

Calculations in this thesis implement DFT to compute charge density. The concept
of an atomic charge is usually used to explain and investigate reactivity and

structural differences. Bader devised one of the most rigorous strategies for
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calculating charges on individual atoms [128][129]. In this strategy, the electron
density, which is a function of three spatial coordinates, p(x,y,z), of a system
produced by the calculations of planewaves can be analysed. Nuclei behave as
point attractors located in a cloud of electrons. For instance, a maximum of the
charge density function is obtained at the position of the nuclei and decays

significantly away from these points.

Henkelman etal. [130][131][132] developed an algorithmic technique thatis a fast
grid-based way for the Bader decomposition of electron density. Steepest descent
trajectories are used in this technique; however, these are confined to the grid
points and utilised to show the Bader region. In the near-grid method, (i, j, k)
defines a grid point, and from this point, the trajectory of the steepest ascent is
made in the direction that increases the charge density gradient, Vp, which can be

calculated along the direction # as,

A
Vo(i,j, k). #(di, dj, dk) = ﬁ 3.15

where Ap and |A7| include the components of the charge density in the x,y, and z

directions and are given as

3.16

Ay — p(i+1,j,k)— p(i—1,j,k)
P = G+ 1),k - 7 =1, k)|
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Ap, =

YU RGj + L,k) — 7(i,j — 1, k)|

Ap, =

PG gk + 1) — F(j ki — 1)

3.17

3.18

Implementing the PAW pseudopotentials method in VASP calculations, the charge

density information is obtained in output CHGCAR files which only include the

valence charge density. In order to obtain the core charge in the PAW calculations,

it is necessary to use the (LAECHG=. TRUE.) tag in a VASP calculation input file.

Then, the sum of both the valence and core charge densities can be computed and

analysed by implementing the Bader code devised by Henkelman et al

[130][131][132]. As an illustrative example, Table 3- 1 presents the Bader charge

analysis for a single unit cell of bulk TiO2 calculated using PBE.

Table 3- 1 Bader charge analysis for a single unit cell of bulk TiO:z calculated

using PBE.
Element Bader charge (e) Minimum Atomic volume
distance (A)
Tix 9.566123 0.924626 6.843542
Ti2 9.566123 0.924626 6.843542

48



Computational Methodology

01 7.216263 0.891349 12.647875
02 7.217614 0.891349 12.654570
O3 7.217643 0.891349 12.655599
04 7.216234 0.891349 12.646847

3.6 Software Packages

The simulations presented in this thesis use the software packages given below.

VASP (https://www.vasp.at/)

VASP [93] is a plane-wave all-electron code implementing either the PAW or
Vanderbilt pseudopotentials technique to describe the interaction of the electron
core. VASP implements DFT as well as post-DFT corrections, e.g., hybrid
functionals combining DFT with the Hartree-Fock exchange functional such as
PBEO [133], B3LYP [134], and HSE [135]. In the VASP code, fast iteration methods
for the diagonalization of the DFT Hamiltonian are used, and the performance of
total-energy calculations as well as structural optimisations for materials with
thousands of atoms, are allowed. All DFT calculations in this thesis were carried

out using VASP.
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VESTA (http://jp-minerals.org/vesta/en/)

Visualisation for electronic and structural analysis (VESTA) [136] is a 3D
visualisation system for crystallographic examinations and electronic structure
calculations. VESTA has several features, including the construction of crystal
structures, visualisation of crystal morphologies, estimations of nuclear and
electron densities from structure parameters, simulations of the powder
diffraction pattern, manipulation of structural models and crystal faces,
visualisation of isosurfaces with several levels, etc. It can also generate a VASP
input file (i.e, POSCAR) that contains all atomic coordinates. All the presented

structures are constructed and visualised in this thesis work using VESTA.

MATLAB (https://ch.mathworks.com/products/matlab.html)

MATrix LABoratory (MATLAB) [137] is a multi-functional programming language
and computing environment that can manipulate enormous amounts of data.
These data can then be analysed through prewritten scripts or the graphical

interface. All the figures shown in this thesis are plotted using MATLAB code.
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Ag5 Deposited on Anatase (101) and Rutile (110) TiO2 Surfaces

4 Ags Deposited on
Anatase (101) and Rutile
(110) TiO2 Surfaces

This chapter summarises the study of the interaction between subnanometer
metal clusters and the oxides to shed light on the enhancement of photocatalytic
activity. Geometric and electronic structures of Ags AQCs adsorbed on both pure
and reduced anatase (101) and rutile (110) TiO2 surfaces are investigated using
DFT+U calculations. Adsorption mechanisms that characterise deposited Ags AQCs
on the substrates surfaces in terms of the highest stability are examined.
Formation energies of a single oxygen vacancy with and without the presence of
Ags AQCs on the oxide surfaces are explored. Sub-bandgaps that are induced by
both the oxygen vacancy and adsorbed Ags AQCs are investigated in terms of their

formation and positions.

4.1 Introduction

Titania is one of the most studied metal oxides due to its unique attributes
particularly as a photocatalyst material. However, as mentioned in Chapter 1, its

large band gap prevents it to absorb visible light photons. Therefore, there have
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been a tremendous number of studies attempting to improve its optical response
in the visible light region, one of which is the fabrication of noble metals on top of
a TiO2 surface. For example, Rusinque et al. [138] used a sol-gel approach to
fabricate mesoporous TiO2 decorated with Pd to study photocatalytic
performance. Among the different amounts of doped Pd cocatalysts (i.e., 0.25-5
wt%), 0.25 wt% Pd@TiO2 yielded the highest activity in the presence of ethanol as
a hole scavenger under visible light. Yu et al. [139] synthesised Pt fabricated on
TiO02 nanosheets with exposed (001) facets using a simple hydrothermal process.
Their study used an ethanol solution as a sacrificial reagent for trapping holes. It
was found that loading with 2 wt% of Pt nanoparticles exhibited the highest
photocatalytic performance, and this can be attributed to the efficient charge

separation caused by loading Pt nanoparticles.

A more recent study was conducted by Gogoi et al. [140]. In their study, a simple
chemical reaction technique was implemented for synthesising an Ag-modified
TiO2 photocatalyst. It was found that among different amounts of Ag deposited on
TiO2, 1.5Ag@TiO2 yielded the highest photoactivity for hydrogen generation in the
presence of sacrificial agents (i.e. a mixture of Na2S0s3, NazS and ethanol). This
could be explained by the presence of oxygen vacancies, efficient charge
separation, and surface plasmonic resonance (SPR), resulting in the minimisation
of the band gap energy. Another recent work was reported by Ren et al. [141]. In
their work, density functional theory (DFT) was employed to systematically study
the influence of deposited 4d transition metals (TM) on photocatalytic activities of

an anatase TiO2 (101) surface. It was concluded that among the different studied
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4d TM atoms, the deposition of both Ag and yttrium (Y) could effectively enhance

the visible-light response of the anatase TiO2 (101) surface.

Lopez-Caballero et al. [142] theoretically studied the effect of the small Ags atomic
quantum clusters (AQCs) on perfect and reduced rutile TiO2 (110) surfaces and
the mechanism of improved photocatalytic activity via first-principles modelling.
It was predicted that Ags AQCs induce the formation of surface polarons by
donating unpaired electrons to TiOz, which tailor the band gap of titania and
therefore, boosts its photocatalytic activity. These studies demonstrate that Ags
atomic clusters on both perfect and reduced rutile TiO2 (110) surfaces improve the
optical response of the substrate by enlarging its absorption range toward the
visible light region. Moreover, Lopez-Caballero et al. [29] carried out X-ray
absorption spectroscopy (XAS) and diffuse reflectance spectroscopy (DRS)
measurements to investigate the properties of Ags@TiO2. These were
accompanied by DFT calculations of their electronic and optical properties. It was
pointed out that large photogenerated polarons are formed at the interface of Ags-
modified TiO2. Their results also indicated that Ags@TiO: are visible-light photo-

active materials and show potential for CO2 reduction.

The aim of this chapter is to investigate the geometries and electronic structures
of Ags AQCs on perfect and reduced anatase (101) and rutile (110) TiO2 surfaces
using a mixture of DFT/HF. Photocatalytic activity of both titania surfaces is

boosted upon adsorption of silver AQCs. This could be attributed to charge transfer
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from the metal to the substrate. We also note the formation of a single polaron
either on the top layer or the sub layer of the substrate. Based on density of states
calculations, we observe states within the band gap, which are the result of
depositing Ags AQCs. The number of these gap states is further increased by
releasing an oxygen atom from the metal oxide. These gap states can match the
solar radiation and absorb its photons. Upon deposition of Ags AQCs, the energy
needed to form an oxygen vacancy on the top layer of both surfaces are higher than

the pristine surfaces.

4.2 Results and Discussion

4.2.1 Geometrical and Electronic Properties of Ags Cluster

The optimised structures of both bipyramidal and trapezoidal Ags AQCs in the gas
phase are presented in Fig. 4-1 (a) and (b). Both structures shown in Fig. 4-1 are
obtained for the doublet state. These calculations reveal that in the gas phase, the
trapezoidal shape (Fig. 4-1 (b)) is more stable than the bipyramidal shape (Fig. 4-1
(a)) by 0.49 eV in energy. The bipyramidal Ags cluster shown in Fig. 4-1 (b) is not

precisely of D3h symmetry and is composed of equatorial Ag atoms (a triangular
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ring) with axial Ag atoms (top sites) above and below the ring. The three equatorial
atoms are not all equivalent, since the three bonds shaping the triangle i.e., r1 are
equal to 2.67 A, whereas the remaining bond i.e., rs is 3.04 A. The bonds rzand r3
formed by axial Ag with the three equatorial sites are equal to 2.69 A and 2.75 A
respectively (see details in Table 4- 1). The single unpaired electron of the Ags
(doublet with S = 12) (see Fig. 4-1 (c)) is mainly situated on the two axial Ag atoms,

and is similar to the charge distribution of Cus [143] and Cu7 cluster [144].

An unrestricted spin scheme utilising VASP.5.4.4 was implemented to
appropriately treat the spin-polarisation of Ags clusters. The bipyramidal
configuration has energy gaps of 0.95 eV and 1.35 eV for spin up and spin down,
respectively, which are smaller than those of the trapezoidal Ags (spin up: 1.85 eV,
spin down: 1.8 eV). The singly occupied molecular orbital (SOMO)-lowest unoccupied
molecular orbital (LUMO) gaps of both structures were also estimated (0.95 eV for
bipyramidal and 1.85 eV for trapezoidal configurations) from the DOS figures (see

Fig. 4-1 (c) and (d)).
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Fig. 4-1 Bipyramidal (a) and trapezoidal (b) Ags isomers in the gas phase.
Red numbers represent the net Bader charge distribution on each atom. ri-
rs+ show the Ag-Ag bond lengths. The corresponding values are shown in
Table 1. (c) Density of states and frontier molecular orbitals of bipyramidal
Ags. (d) Density of states and frontier molecular orbitals of trapezoidal Ags.
SOMO: singly occupied molecular orbital. The yellow and blue reference
colours of isosurfaces represent the positive and negative phases of wave
functions (Note: the same reference colours are defined for all the
wavefunction plots in subsequent figures.) and the isosurface value is
3.42x10-? (a.u.). The vertical dashed line represents the Fermi energy level,

which is set at a reference energy of 0 eV.
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Table 4- 1 Bond lengths of bipyramidal and trapezoidal Ags isomers obtained

using the hybrid functional HSE06.

Bond length (A) Bipyramidal Ags Trapezoidal Ags
ri 2.67 2.68
rz 2.75 2.69
rs 2.80 2.75
rs 3.04 2.73

After the investigation of isolated Ags, in order to gain further insights into the
geometrical stability and electronic states when Ags AQCs are deposited on TiO2
surfaces, we first simulated the pristine TiO2 (Fig. 4-2) as a benchmark.
Specifically, a four-layer slab of rutile TiOz (110) and a three-layer slab of anatase
TiO2 (101) were constructed as shown in Fig. 4-2. As expected, the projected
density of states presented in the right panels in Fig. 4-2 reveal that the valence
band is mainly dominated by O (2p) orbitals, whereas the conduction band is
mainly associated with Ti (3d) orbitals. The calculated band gap using the hybrid
functional for rutile TiO2 (110) is approximately 3.2 eV, which is in good
agreement with experiment [145] and with previous DFT studies [146] and for
anatase TiO2 (101) is around 3.6 eV, which is close to measured values [147][148].

Starting from these structures, defective (Fig. 4-3, Fig. 4-4, Fig. 4-5 and Fig. 4-6)
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TiO2 surfaces are studied in Section 4.2.2. and simulations of AQCs on these

different surfaces are presented in Section 4.2.3 and Section 4.2.4.

EDOS (a.u.)

EDOS (a.u.)

Fig. 4-2 Side view of optimised structures of pristine anatase TiOz (101) and
pristine rutile TiOz (110). In the left panels, the blue spheres denote Ti
atoms, and red spheres denote O atoms (the colour scheme is used in the
following figures). Ozc denotes the two-fold coordinated oxygen atom while
Osc represents the three-fold coordinated oxygen atom. Tisc stands for the
five-fold coordinated titanium atom while Tiec is for the six-fold coordinated
titanium atom. In the right panels, green and red curves depict the projected
density of states on titanium and oxygen atoms, respectively, while the black

vertical dashed-line represents the Fermi energy level.
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4.2.2 Oxygen Vacancies at Surface and Subsurface Sites of

Anatase TiO: (101) and Rutile TiO: (110)

4.2.2.1 Reduced Anatase TiOz (101)

As a benchmark test, simulations of the relative energetics of surface and
subsurface oxygen vacancies are carried out. According to the results obtained for
the different oxygen vacancy sites i.e., surface and subsurface (see Fig. 4-3), it is
found that the lowest formation energy is 4.26 eV when a two-fold coordinated
oxygen atom (Oz2c) is removed from the top layer of the slab as shown in Fig. 4-4.
While the formation energy of an oxygen vacancy in the sublayer of the slab is a
0.43 eV higher in energy (see Fig. 4-3). Our findings are in good agreement with
DFT+U calculations for a higher U values i.e., > 3.5 eV conducted by Cheng and

Selloni [149].
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Fig. 4-3 Creation of an oxygen vacancy at surface and subsurface sites of
rutile TiOz2 (110). The black circles indicate the oxygen vacancy site, the
values in the first line represent the formation energy of oxygen vacancy,

while the values in the second line represent the total energy of the system.

Cheng and Selloni [149] studied the formation energy of oxygen vacancy on an

anatase TiO2z (101) surface as a function of the U value and found that the
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formation energy is extremely sensitive to the choice of U. In particular, the
formation energy of the sublayer is higher than the top layer, when U lies between
3.5 and 4.5 eV. Whereas the formation energy of the top layer becomes lower as
compared to the sublayer, when the U value ranges between 2.5 eV and 3.0 eV. To
illustrate the electronic structures of the reduced anatase TiO2 (101) surface, Fig.
4-4 shows its optimised configuration. Two excess electrons localise at a five-fold
coordinated titanium atom (Tisc) and a six-fold coordinated titanium atom (Tisc)
creating polaronic states (pink peak at —0.23 eV and cyan peak at -0.60 eV) which
are 1.16 eVand 1.53 eV bellow the conduction band edge, respectively. These sates
are also called hybrid states because the electron is located on and shared by two

titanium atoms simultaneously (see the wavefunction plots in Fig. 4.4).
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Fig. 4-4 Wavefunction and density of states of reduced anatase TiOz (101)
surface. The green, red and blue show the states located on titanium, oxygen
and silver atoms, while the pink and cyan peaks between -1- 0 eV represent
the polaronic states located on titanium atoms. SOMO-1: the second singly
occupied molecular orbital and the isosurface value is 9.59x10-°? (a.u.). The

vertical dashed line represents the Fermi energy level which is set at 0 eV.

4.2.2.2 Reduced Rutile TiOz (110)
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To compare the results with the reduced anatase TiOz (101) surface, we
investigated the relative energetics of the top layer and sublayer oxygen vacancies
of rutile TiO2 (110) surface, which are extensively investigated both
experimentally and theoretically. Our DFT+U calculations are carried out for an
O2c vacancy at the top layer of the slab (see Fig. 4-6) using a U value of 4.2 eV
[104][105][106]. At the DFT-GGA level, the formation energies of oxygen
vacancies at the top layer of the slab (see Fig. 4-6) are lower than those at the
sublayer (see Fig. 4-5) approximately by 0.6 eV, which is in good agreement with

previous theoretical calculations [149][150][151][152].
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Fig. 4-5 Creation of an oxygen vacancy at surface and subsurface sites of
anatase TiOz (101). The black circles indicate the oxygen vacancy site, the
values in the first line represent the formation energy of oxygen vacancy,

while the values in the second line represent the total energy of the system.
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In all studied cases, the O2c vacancy in the top layer creates two polaronic states
localised at two Tisc in the top layer of the slab (see Fig. 4-6). As shown in the
density of states in Fig. 4-6, the oxygen vacancy energy levels lie at 0.87 and 1.22
eV below the bottom of the conduction band. The energies of these gap states are
in excellent agreement with electron energy loss spectroscopy (EELS)
measurements [153]. To conclude, the formation of oxygen vacancy of the bridging

oxygen (Oz2c) at the top layer of the slab is favoured for rutile TiO2 (110) surface.

Polaron state (SOMO-1) Polaron state (SOMO)

90 o .
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Ti
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Energy (eV)

Fig. 4-6 Wavefunction and density of states of reduced rutile TiOz (110)
surface. The green, red and blue show the states located on titanium, oxygen

and silver atoms, while the pink and cyan peaks between -0.6- 0 eV
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represent the polaronic states located on titanium atoms. The isosurface
value is 9.83x10-8 (a.u.). The vertical dashed line represents the Fermi

energy level which is set at 0 eV.

4.2.3 The Deposition of Trapezoidal and Bipyramidal Ags on

Anatase TiO2(101)

4.2.3.1 On Pristine Anatase TiO2(101)

Trapezoidal (see Fig. 4-7(a)) and bipyramidal (see Fig. 4-7(b)) Ags clusters are
deposited on anatase TiO2 (101) surface with the corresponding wavefunctions as
shown in Fig. Fig. 4-7. After geometrical optimisation, both silver clusters relax to
a lying-down trapezoidal Ags, which is completely attached to the substrate
surface. The trapezoidal Ags cluster transfers 0.91 e~ to Ti atoms creating a
delocalised state located just at the bottom of the conduction band edge. This
higher energy level state is active and could play a key role in photocatalytical
processes. In order to confirm this delocalised state, we performed a DFT + U
calculation using a value of U = 2.5 eV (see Fig. 4-8). Similarly, the bipyramidal Ags
cluster transfers 0.89 e~ to a Ti3* (3d) in the surface of anatase TiO2 (101) leading
to the formation of a polaron at 0.9 eV bellow the conduction band edge (see the
pink peak at -0.23 eV). The polaronic state can be clearly seen by the wavefunction

SOMO in Fig. 4-7, which is located just underneath the silver cluster. The
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adsorption energy of Ags cluster for the former is -2.88 eV and for the latter is

-3.54 V.
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Fig. 4-7 Wavefunction and density of states of trapezoidal (a) and
bipyramidal (b) Ags clusters deposited on anatase TiO2 (101) surface. The
green, red and blue show the states located on titanium, oxygen and silver
atoms, while the pink peak between -1- 0 eV represents the polaronic states
located on a titanium atom. The isosurface value of (a) is 8.00x10-8 (a.u.),
and (b) is 8.00x10-° (a.u.)._The vertical dashed line represents the Fermi

energy level which is set at 0 eV.

The highest occupied molecular orbital (HOMO) of the Ags cluster on an anatase TiO>
(101) surface mixes stronger with Ti3+* (3d) states than the bridging oxygen atoms
at—1.23 eV for the trapezoidal shape and at -0.63 eV for the bipyramidal shape. In
contrast, the overlap of the second highest occupied molecular orbital (HOMO-1) of the
Ags cluster is stronger with O (2p) states of the bridging oxygen atoms than that the
Ti*® (3d) states at —2.6 eV for the trapezoidal shape and at —1.84 eV for the bipyramidal
shape. Furthermore, fewer gap states are found in the mid-gap range between -3.0
eV and 0 eV unlike the gap states formed by a Cus cluster reported in a previous
DFT study [143]. These gap states can improve the photocatalytic efficiency of
rutile and anatase TiO2 material [154]. Based on the projected density of states,
the Ags cluster becomes nonmagnetic after donating an electron, while the support
gains the electron and becomes paramagnetic with one unpaired electron (see Fig.
4-7(b)). This phenomenon was also observed for a Cus cluster when deposited on

arutile TiO2 (110) surface [143].
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Fig. 4-8 Wavefunction and density of states of trapezoidal Ags cluster
deposited on anatase TiO2z (101) surface using U = 2.5 eV. The green, red and

blue show the states located on titanium, oxygen and silver atoms.

4.2.3.2 On Reduced Anatase TiOz (101)

Having analysed the electronic structure of Ags clusters deposited on a pristine
anatase TiOz (101) surface in the ground electronic state, we further investigated
the electronic structure of Ags clusters deposited on a reduced anatase TiOz (101)
surface. Upon adsorption of an Ags cluster, Ags and an oxygen vacancy are able to
induce three surface polarons demonstrated in Fig. 4-9. The trapezoidal Ags cluster
transfers 0.87 e~ to anatase TiO2 (101) surface which is a 0.02 e~ lower charge

transfer than the stoichiometric anatase TiO2 (101) surface. The formation energy
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of an oxygen vacancy in anatase Ags@TiOz (101) is 4.31 eV, which slightly

increases by a factor of 0.05 eV as compared to the pristine anatase TiO2 (101).

Thus, it is concluded that the deposition of the Ags cluster on anatase TiO2 (101)
does not affect the process in which an oxygen vacancy can occur. Further optimal

configurations using different sites of oxygen vacancy can be found in Fig. 4-10

Polaron state

Hybrid state
(SOMO)

Hybrid state
(SOMO-1)
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EDOS (a.u.)

2 -1
Energy (eV)

Fig. 4-9 Wavefunction and density of states of trapezoidal Ags deposited on
reduced anatase TiO2 (101) surface. The green, red and blue show the states
located on titanium, oxygen and silver atoms, while the pink, cyan and purple

peaks between —1- 0 eV represent the polaronic states located on titanium atoms.
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The isosurface value is 8.00x10-8 (a.u.). The vertical dashed line represents

the Fermi energy level which is set at 0 eV.

Ey= 437eV Ey = 4.31eV Ep=4.57eV E, = -1171.09 ¢V
E, = -1171.23 eV Epym= 4.71 eV

Ep= 513eV Ep= 445eV Ep= 4.92eV Ep= 516V
E, = -1170.67 eV Ep= -1170.35 eV Ep= -1170.88 ¢V E,= -1170.64 eV ~ Eix= -1170.63 eV

Fig. 4-10 Creation of an oxygen vacancy at surface and subsurface sites of
anatase Ags@TiO:z (101). The black circles indicate the oxygen vacancy site,
the values in the first line represent the formation energy of oxygen vacancy,

while the values in the second line represent the total energy of the complex.

4.2.4 The Deposition of Trapezoidal and Bipyramidal Ags on

Rutile Ti02(110)

4.2.4.1 On Pristine Rutile TiO2z (110)

Three adsorption configurations of Ags clusters deposited on the rutile TiO2 (110)
surface are evaluated: the upstanding trapezoidal, tilted trapezoidal and

bipyramidal Ags clusters. The corresponding density of states and most relevant
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frontier molecular are shown in Fig. 4-11. From Fig. 4-11(a), we can see that the
trapezoidal shape of Ags persists. However, when the trapezoidal Ags cluster is
tilted towards the TiO2 surface (see Fig. 4-11(b)), it is drastically deformed to a
new planar shape, which is more stable compared to the upstanding configuration
by a 1.24 eV lower energy. In contrast, as clearly seen in Fig. 4-11(c), upon
adsorption, the bipyramidal Ags cluster is deformed to a new pyramidal
configuration, which becomes the most stable structure differing by a 1.81 eV

compared to the upstanding trapezoidal Ags (see Fig. 4-11(a)).

As depicted in the projected density of states in Fig. 4-11, one polaron state
forming the singly occupied molecular orbital (referred to as SOMO) is located on
a Ti3* (3d) in the sublayer of the substrate for the trapezoidal configurations and
located on a Ti3* (3d) in the top layer of the substrate for the bipyramidal
configuration (represented by the pink peaks next to the wavefunction SOMO in
Fig. 4-11). The SOMO shown in Fig. 4-11(a) has a lower energy level than the
HOMO, and this has been also found in ref. [142] [29] [155] [156] [143]. Owing to
the fact that the states formed by silver align mainly with the valence band, the
existence of the polaronic state is crucial for absorbing photons in the visible light
region [157]. Based on Bader charge analysis, the trapezoidal Ags clusters shown
in Fig. 4-11(a) and Fig. 4-11(b) are positively charged and transfer about 0.74 e-
and 0.94 e~ to the substrate, respectively. Additionally, the bipyramidal Ags cluster
presented in Fig. 4-11(c) is positively charged and donates approximately 0.89 e~
to the substrate creating the polaron at -0.3 eV, which is approximately 1.2 eV

below the edge of the conduction band. The same value was obtained by Di
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Valentin et al. for a Tisc (3d) state in reduced and hydroxylated rutile TiO2 (110)

[158].
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Fig. 4-11 Wavefunction and density of states of up-standing trapezoidal (a),
tilted trapezoidal (b) and bipyramidal (c) Ags clusters deposited on rutile
TiOz (110) surface. The green, red and blue show the states located on
titanium, oxygen and silver atoms, while the pink peaks between -1- 0 eV
represent the polaronic states located on a titanium atom. The isosurface
value is 4.61x10-8 (a.u.)._The vertical dashed line represents the Fermi

energy level which is set at 0 eV.

4.2.4.2 On Reduced Rutile TiOz (110)

Based upon the optimised configurations illustrated in Fig. 4-11, we now study the
effect of the presence of one oxygen vacancy. A similar trend to the reduced
anatase TiO2 (101) surface is observed for the reduced rutile TiO2 (101), where
both Ags and an oxygen vacancy are able to induce three surface polarons as can
be seen in Fig. 4-12 and Fig. 4-13. The deposition of an Ags cluster and the presence
of an oxygen vacancy reinforce each other and lead to the formation of three
polaronic states, in which one is formed due to the charge transfer from Ags cluster
to the support and the other two are formed due to the presence of the oxygen
vacancy for both cases. In particular, in the corresponding projected density of
states, the localised Ti3* (3d) orbitals (occupying the SOMOs) lie between 0.78 eV
and 1.03 eV below the conduction band edge for the upstanding trapezoidal shape
and between 0.92 eV and 1.13 eV below the conduction band edge for the new

planar shape. These states will affect the dynamics of the photogenerated charges
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[159] as well as decelerating the electron-hole pairs recombination resulting in

improved catalytic activity.

Polaron state Hybrid state Hybrid state
(SOMO-2) (SOMO-1) (SOMO)
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Energy (eV)

Fig. 4-12 Wavefunction and density of states of trapezoidal Ags deposited on
reduced rutile TiOz (110) surface. The green, red and blue show the states
located on titanium, oxygen and silver atoms, while the pink, brown and

purple peaks between —-1- 0 eV represent the polaronic states located on
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titanium atoms. The isosurface value is 1.00x10-7 (a.u.). The vertical dashed

line represents the Fermi energy level which is set at 0 eV.
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Fig. 4-13 Wavefunction and density of states of new planar Ags deposited on
reduced rutile TiO2 (110) surface. The green, red and blue show the states
located on titanium, oxygen and silver atoms, while the pink, brown and
purple peaks between -1- 0 eV represent the polaronic states located on

titanium atoms. The isosurface value is 1.00x10-7 (a.u.). The vertical dashed

line represents the Fermi energy level which is set at 0 eV.

In addition, it is found that the amount of charge transfer from the Ags cluster to

the support is slightly less, as compared to the stoichiometric rutile TiO2 (110)
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surface. For example, the up-standing trapezoidal Ags cluster donates 0.73 e~ to
the reduced rutile TiO2 (110) surface, which is a 0.01 e~ less charge transfer than
the stoichiometric surface. This could be attributed to the presence of the oxygen
vacancy, where the charge distributes to a lesser extent than on defective TiO2
surfaces [142]. The formation energy of an oxygen vacancy in rutile Ags-TiO2 (110)
is 4.44 eV for the upstanding configuration (see Fig. 4-12) and is 4.47 eV for the
new planar configuration (see Fig. 4-13). It is worth mentioning that upon the
deposition of the Ags cluster on rutile TiO2 (110), the formation energy of an
oxygen vacancy in the case of the upstanding configuration increases
approximately 0.38 eV and in the case of the new planar configuration raises 0.41
eV as compared to pristine rutile TiO2 (110). This indicates that depositing small
silver AQCs can further stabilise the rutile TiO2 (110) surface. Further optimal
configurations using different sites of oxygen vacancy can be found in Fig. 4-14 and

Fig. 4-15.

Eyp= 455eV Eyp= 4.44 eV Ep=549eV Ep=535eV
E,.= -1567.43 eV E,.= -1566.90 eV E, = -1567.54 eV Ey = -1566.48 eV E,,= -1566.63 eV

Fig. 4-14 Creation of an oxygen vacancy at surface and subsurface sites of
rutile Ags(trapezoidal)-TiOz (110). The black circles indicate the oxygen

vacancy site, the values in the first line represent the formation energy of
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oxygen vacancy, while the values in the second line represent the total

energy of the complex.

Eformation: 4.47 eV Eformation: 4.86 eV Eforman'on: 5.07 eV
Ey = -1568.74 eV E = -1568.735 eV Ep = -1568.14 eV

Efarmation = 4.88eV Eformatian =520eV
E,,= -1568.33 eV E,.= -1568.01 eV

Fig. 4-15 Creation of an oxygen vacancy at surface and subsurface sites of
rutile Ags(new planar)-TiOz (110). The black circles indicate the oxygen
vacancy site, the values in the first line represent the formation energy of
oxygen vacancy, while the values in the second line represent the total

energy of the complex.

4.3 Conclusion

We have systematically studied the stability of trapezoidal and bipyramidal Ags
AQCs in the gas phase and demonstrated that the trapezoidal Ags AQC is more
stable than the bipyramidal Ags AQC. We have also studied the electronic
structures of Ags AQCs deposited on both anatase TiO2 (101) and rutile TiO2 (110)

surfaces with and without the presence of an oxygen vacancy and have shown that
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mid-gap states are formed due to the adsorption of Ags AQCs and the presence of
oxygen vacancies. Both the trapezoidal and bipyramidal Ags AQCs create only one
polaronic state in both TiOz surfaces either on the top layer or on the first sublayer.
Two more polaronic states are created, when introducing an oxygen vacancy into
Ags@TiO2 complex of both surfaces. Importantly, the polarons and other gap
states persist, which reveals that Ags and oxygen vacancies can reinforce each
other. Moreover, the creation of an oxygen vacancy requires less energy for the
Ags@ anatase TiO2 (101) complex as compared to the Ags@ rutile TiOz (110)
complex. Distortion of Ags AQCs have been clearly demonstrated when adsorbed
on both TiOz2 surfaces. Upon surface adsorption, both bipyramidal and trapezoidal
Ags AQCs are oxidised, donating their electrons to the substrates of all the
modelled structures. The highest net charge is correlated with the highest
adsorption energies obtained. It has also been demonstrated that deposited Ags
AQCs and the created oxygen vacancy on photocatalyst surface of both titania
surfaces can efficiently separate the electron-hole pairs and therefore, could
enhance their photocatalytic activity. The theoretical findings presented in this
chapter shed light on new strategies for improving the photocatalytic efficiency of

such systems.
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5 Ags Deposited on CeO:
(111) surface

This chapter presents the investigations of Ags AQCs adsorbed on a perfect and
reduced CeO:z (111) surface to gain an understanding of cluster-based
photocatalysts toward water splitting. It also presents the effect of the purification
process using Agz/Si03 on electronic structures of Ags@CeO2 modelled systems
using DFT+U calculations. The trapezoidal Ags@CeO2 (111) system is found to be
more stable than the bipyramidal Ags@CeO2 (111) system. Furthermore, the
formation energy of an oxygen vacancy is significantly reduced by introducing Ags
AQC. With respect to the purification process, it is found that the presence of
silicate (SiOs32-) affected the gap states of CeO2. However, they are physically

located away from its surface.

5.1 Introduction

Ceria has been widely investigated, because of its desirable properties, especially
in photocatalytic applications. Most studies have concentrated on the adsorption
of a single atom and metal clusters on ceria (111) surface or on the interactions of

the water molecule with the ceria (111). For instance, the interaction of single
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atoms like Pt [160], Sn [161], Au [162][163], and Ag [164][165][166] on a perfect
and reduced ceria (111) has been studied experimentally and theoretically.
Generally, it has been found that the adsorption of these metal atoms on the ceria
(111) surface leads to charge transfer from the metal atoms to the oxide surface,
resulting in the reduction of Ce** ions on the surface to Ce3* ions. For example,
Bruix et al. [160] implemented DFT+U calculations using both LDA and GGA
correlation functionals to study the adsorption of Pt on a perfect ceria (111)
surface. It was revealed that Pt is oxidised to Pt* and a Ce** ion is reduced to Ce3*
and becomes the most energetically favourable configuration. It was also shown
that the most favourable geometry correlated to the adsorption of Pt on the

bridging oxygen atoms at the oxide surface.

Furthermore, Farmer et al. [167] used microcalorimetry to study the adsorption
of silver on ceria (111). It is found that the metal is adsorbed more strongly on the
reduced ceria (111) surface due to the presence of oxygen vacancies.
Saravanakumar et al. [168] successfully synthesised Ag@CeO2 nanocomposite
photocatalysts using a hydrothermal technique. It is found that the photocatalytic
activity of Ag@CeOz2 is improved as compared to pristine CeOz due to lower charge
carriers’ recombination. This photocatalytic enhancement can be ascribed to the
surface plasmon resonance effect of silver nanoparticles. Furthermore, Preda et al.
[166] computationally studied the role of the silver cluster in modifying the
properties of a pure and defective CeOz (111) by applying a DFT+U using both LDA

and GGA correlation functionals. It is found that the silver atoms are oxidised,
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donating their valence electrons to the substrate, which results in the formation of

reduced Ce3* ions.

This chapter aims to investigate the geometries and electronic structures of Ags
AQCson aperfectand reduced CeO2z (111) surface. In addition, the effect of Ag2Si0O3
adsorption on the stability of the perfect and reduced Ags@CeO2 (111) is also
investigated to obtain a clear understanding of the purification process of Ags
AQCs. The most energetically and geometrically favourable configurations of Ags
AQCs and Ag2Si0O3@Ags on a perfect and reduced CeOz (111) surface are computed
using the GGA+U followed by calculations of electronic structures using HSE06

exchange-correlation functionals.

5.2 Results and Discussion

5.2.1 Perfect and Reduced Ce0O: (111)

To gain insights into the electronic structure of a perfect CeO2 (111) surface and
localisation of excess electrons in a reduced CeO2 (111), we first built a three-layer
slab model as a benchmark, which can be seen in Fig. 5-1(a) and Fig. 5-1(b). As
deduced from the corresponding density of states of the perfect CeO2 (111) (see

Fig. 5-1(c)), the valence band is predominantly composed of O (2p) orbitals, and it
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is isolated by a band gap (using the hybrid functionals HSE06) of approximately 3
eV from the conduction band that arises from the Ce (4f) levels. This band gap

value is consistent with the measured value reported by Wuilloud et al. [54].
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Fig. 5-1 Side view of optimised structures of perfect (a) and reduced (b) CeO:
(111) surfaces. Green and red balls represent cerium and oxygen atoms,
respectively. The density of states shown in (c) corresponds to the perfect
CeO2 (111), while the density of states and wavefunction presented in (d)
correspond to the reduced CeO:z (111). The green, red, pink, and cyan show
the states located on cerium and oxygen, while the pink and cyan peaks

between -0.2- 0 eV represent the polaronic states located on Ce3+ ions.

The formation of a single oxygen vacancy leads to a reduction in the CeO2 system.

Therefore, two excess electrons are found in localised Ce (4f) orbitals located on
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two Ce ions, resulting in a modification in their atomic configurations from Ce**
(4/%) to Ce3* (4f1) [54]. This alteration in the atomic configurations is associated
with the existence of the gap states of the reduced Ce3* ions. To get further insight
into the changes in the electronic structure of the reduced CeO: (111), its
corresponding density of states and wavefunction plots are depicted in Fig. 5-1(d).
It can be clearly seen that two peaks are located just below the Fermi energy level
(indicated by pink and cyan colour) which are approximately 1.7 eV above the
valence band. The wavefunction plot, for example, represents an unpaired electron
on two certain Ce atoms, where both (Ce20) and (Ce36) are located on the top
layer and are next to the oxygen vacancy. Different sites of an oxygen vacancy
formed in CeO2 (111) are presented in Fig. 5-2. The formation energy of an oxygen
vacancy in the surface of CeO2z (111) (see Fig. 5-2(a)) is slightly higher of
approximately 0.09 eV in energy, than that of the subsurface (see Fig. 5-2(b)). The
structure shown in Fig. 5-2(c) has high formation energy (Evo = 2.71 eV) as
compared to those shown in Fig. 5-2(a) and Fig. 5-2(b) when an oxygen atom is

removed from the third row of oxygen atoms in CeO2.
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(a) vo (b)

Et, -17.3V m:-114.48 e | Ep= -1146.65 eV
Ey,= 1.966 eV Eyp= 1.881eV Eyp=271eV
Fig. 5-2 Formation of an oxygen vacancy at surface and subsurface sites of
Ce02 (111). The green and red balls represent cerium and oxygen atoms,
respectively. The black circles indicate the oxygen vacancy site, the values in
the first line represent the total energy of the system, while the values in the

second line represent the formation energy of oxygen vacancy.

5.2.2 The Deposition of Trapezoidal and Bipyramidal Ags on

Ce02(111) Surface

5.2.2.1 On Perfect CeOz (111)

Two model systems are considered, i.e., trapezoidal and bipyramidal Ags AQCs, to
investigate their interactions with the perfect and reduced CeO2 (111). The study
of these model systems could provide information on the role of the Ags@CeO2
interface in promoting photocatalytic activity for water splitting. Fig. 5-3
illustrates the most stable (Fig. 5-3(b)) and the meta-stable state (Fig. 5-3(d)) of
bipyramidal Ags deposited on CeO2 (111). The deformation of the Ags cluster (Fig.

5-3(b)) can be clearly observed, where one of the equatorial Ag atoms in the
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cluster moves toward the oxide surface and creates a bond with an oxygen atom.
This distortion leads to a reduction in the total energy as compared to the
undeformed Ags cluster (Fig. 5-3(d)), where it retains its initial structure (Fig.
5-3(c)) with an energy difference of approximately 0.14 eV. Table 5- 1 presents the
total, adsorption energies and the total charge Ags AQCs after depositing on the

support surface.
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Fig. 5-3 (a) Initial and (b) optimised structures of the most stable

>

bipyramidal Ags deposited on CeO:z (111), (c) and (d) Initial and optimised
structures of the meta stable structures of bipyramidal Ags deposited on
Ce02 (111). The green, red, and grey balls represent cerium, oxygen, and

silver atoms, respectively.
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Table 5- 1 Total, adsorption energies and cluster total charge of the most

stable and metastable bipyramidal Ags@CeO2.

Configuration Total energy | Adsorption energy | Qags
(eV) (eV) (e)

-1166.11 -4.66 0.59

-1165.97 -4.52 0.54

Based on Bader charge distributions, both Ags AQCs are oxidised and transfer
approximately ~0.5 e~ to the support, thereby reducing it. This charge transfer is
demonstrated by the Bader charge analysis and the wavefunction plots shown in
Fig. 5-4(a) and Fig. 5-4(b), where an unpaired electron is localised on the 4f
orbitals of a specific Ce ion. This result is in line with previous studies; for example,
experiments and theories have revealed that the deposition of silver particles on
the CeO2 (111) surface reduces the oxide, and this is due to the charge transfer
from the silver atoms to the support [169][170][171][165]. Similar situations have
also been reported upon the adsorption of Pt, Au, and Pd particles on CeOz2

[172][173][174][175]. Fig. 5-4(a) and Fig. 5-4(b) display the wavefunctions and
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density of states of the most stable (i.e., deformed cluster) and metastable (i.e.,
undeformed cluster) Ags@Ce0O2. Comparable results are obtained for both cases,
where a single surface polaron is formed due to the loss of charge of the Ags cluster,
which is gained by the support. In particular, the polaronic states represented by
the pink peaks in Fig. 5-4(a) and Fig. 5-4(b), as well as by the wavefunctions
(SOMOs) are located at ~0.8 eV below the edge of the conduction band. These
peaks could contribute to the absorption of sunlight. Again the SOMOs shown in
Fig. 5-4(a) and Fig. 5-4(b) have lower energy levels than the HOMOs, and this has

been also found in ref. [142] [29] [155] [156] [143].
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Fig. 5-4 Wavefunction and density of states of the stable (a) and meta stable
(b) Ags clusters deposited on CeO:z (111) surface. The green, red and blue
show the states located on cerium, oxygen and silver atoms, while the pink

peak between —-1- 0 eV represents the polaronic states located on a Ce ion.
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After analysing the bipyramidal Ags@CeOz, we now study the interaction of
trapezoidal Ags AQCs with the ceria (111) surface and how it may improve the
photocatalytic process. Herein we simulate two model systems of trapezoidal Ags
AQCs deposited on the CeO2 (111) surface. For example, the cluster shown in Fig.
5-5(a) is initially titled towards the oxide surface, and then after geometrical
optimisation (Fig. 5-5(b)), it moves slightly backward and becomes nearly
perpendicular to the oxide surface. On the contrary, the cluster presented in Fig.
5-5(c) is initially deposited parallel to the oxide surface, and then after geometrical
optimisation (Fig. 5-5(d)), all cluster atoms bond to oxygen atoms on the surface,
making the cluster highly adsorbed on the oxide surface with an adsorption energy
of —4.68 eV., whereas the adsorption energy of the upstanding cluster is —3.29 eV.
When the adsorption of both clusters takes place, no significant deformation is
observed. Table 5-2 represents the total, adsorption energies and cluster total

charge of configurations shown in Fig. 5-5(b) and Fig. 5-5(d).
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Fig. 5-5 (a) and (b) Initial and optimised structures of upstanding Ags
deposited on Ce02z (111), (c) and (d) Initial and optimised structures of the
most stable structures of lying-down trapezoidal Ags deposited on CeO:

(111).

Table 5-2 Total, adsorption energies and cluster total charge of the

upstanding and lying-down trapezoidal Ags@CeO2.

Configuration Total energy | Adsorption energy | Qags
(eV) (eV) (e’)
()g" -1165.23 -3.29 0.51

<TTLIIA
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T2 e iy
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-1166.62 -4.68 1.00

Now, the electronic structures of both configurations shown in Fig. 5-5 are
analysed via their density of states and wavefunctions, as depicted in Fig. 5-6.
According to the analysis of the Bader charge distribution, the upstanding cluster
transfers approximately 0.51 e~ to the support leading to the formation of a single
polaron, which is gained by a Ce ion located at the lowest layer of the support (see
the wavefunction SOMO in Fig. 5-6(a)). It is interesting to indicate that this polaron
has a high energy level, which is located just 0.1 eV below the conduction band
edge (indicated by the pink peak in Fig. 5-6(a)). This specific gap state is crucial in
absorbing photons at low energy. On the other hand, the lying-down cluster
transfers a double charge of the upstanding cluster, forming two polarons located
on the top layer of the support (see SOMO and SOMO-1 in Fig. 5-6(b)). These
polarons are also critical in improving the photocatalytic activity of the ceria (111)

surface.
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Fig. 5-6 Wavefunction and density of states of the upstanding (a) and lying-
down (b) trapezoidal Ags clusters deposited on CeOz (111) surface. The
green, red, and blue show the states located on cerium, oxygen and silver
atoms, while the pink and cyan peaks between -1- 0 eV represent the

polaronic states located on Ce ions.

In addition to this, we also notice another interesting feature for the lying-down
configuration, that is the appearance of a tiny peak (indicated by the wavefunction
SUMO in Fig. 5-6(b)) at ~0.14 eV below the bottom of the conduction band, which
is shared by silver and cerium atoms. Similar results were also reported when Ag1o
clusters were deposited on a CeOz (111) surface [176], as well as when Cu/02 was
deposited on a rutile TiO2 (110) surface [143]. This small state can further improve
the photocatalytic efficiency of the oxide. To conclude this section and based on
our hybrid calculations, it is worth mentioning that the adsorption of the lying-
down trapezoidal Ags AQC on CeO2 (111) is an energetically favourable process

compared to the bipyramidal isomer. In contrast, bipyramidal clusters are more

94



Ag5 Deposited on Ce02 (111) surface

thermodynamically stable than trapezoidal clusters when adsorbed on a rutile

TiO2 (110) surface.

5.2.2.2 On Reduced CeO2 (111)

In the previous section, we systematically studied the adsorption mechanism of
both types of Ags clusters on CeO2 (111). We now investigate the effect of the
deposition of the most stable bipyramidal and trapezoidal Ags AQCs (presented in
Section 5.2.2.1) on electronic structures of defective CeOz (111). Fig. 5-7 shows
the wavefunctions and density of states of a single surface oxygen vacancy
modelled on the deformed bipyramidal Ags@reduced CeO2. It is found that upon
adsorption of Ags cluster, the formation energy of an oxygen vacancy is
significantly reduced to 1.01 eV compared with pristine CeOz (111). It can be
clearly seen from Fig. 5-7 that there exists a total of four Ce3* ions; two ions are
due to charge transfer from the Ags AQC, and the other two ions are correlated to
the formation of an oxygen vacancy. Indeed, this is confirmed by the Bader charge
distribution of the Ags AQC (1.02 e-). This is indeed a double charge transfer as
compared to the bipyramidal Ags AQC when deposited on the perfect CeO2 (111).
It can also be observed that a small state appears below the conduction band edge.
This state, besides the polarons, could support the material to absorb photons in
the visible light region. Other optimal structures using different sites of oxygen

vacancy are presented in Fig. 5-8.
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Fig. 5-7 Wavefunction and density of states of the most stable bipyramidal
Ags cluster deposited on the reduced CeO:z (111) surface. The green, red, and
blue show the states located on the cerium, oxygen, and silver atoms, while
the pink, cyan, brown, and purple peaks between -1- 0 eV represent the

polaronic states located on the cerium ions.
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E, = -1160.14 eV  E,= -1159.86 ¢V  E,,= -1159.89 eV
Ep= 1.01eV Ep= 130eV Ep= 113 eV

Ey= -116022 eV E,,= -1159.95 eV E, = -1159.39 eV
Ep= 0.80eV Ep= 121eV Ep= 176eV

Fig. 5-8 Creation of an oxygen vacancy at surface and subsurface sites of
deformed bipyramidal Ags@CeO: (111). The black circles indicate the
oxygen vacancy site, the values in the first line represent the total energy of
the complex, while the values in the second line represent the energy of

oxygen vacancy.

After investigating the defective ceria (111) when the bipyramidal Ags cluster is
deposited on its surface, we now analyse the adsorption of trapezoidal Ags AQC on
the defective ceria (111). An oxygen atom is removed from the top layer of the
oxide which is located just beside the adsorbed cluster as can be seen in Fig. 5-9.
Based on the density of states results, further gap states are produced within the
band gap of the bulk compared with the perfect Ags@CeO2 (111). For example,
there exists a total of five Ce3* ions (see the wavefunctions SOMOs in Fig. 5-9);

three are caused by charge transfer from the Ags AQC, which are confirmed by the
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Bader charge analysis on the Ags AQC (1.3 e-). The other two ions are due to the
presence of oxygen vacancy. The oxygen vacancy formation energy is 1.01 eV,
which is dramatically lower than the bare oxide. Table 5- 3 summarises the total,
formation energies and total cluster charge of configurations shown in Fig. 5-7 and
Fig. 5-9. In summary and based on our hybrid calculations, it is found that both
types of Ags AQCs deposited on defective ceria are further oxidised and donate
more charge to the support compared with stoichiometric ceria. Therefore, they
indeed reduce the oxygen formation energy. Other optimal structures using

different sites of oxygen vacancy are presented in Fig. 5-10.

Hybrid state Hybrid state Polaron state
(SOMO -4) (SOMO -3) (SOMO -2)
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Fig. 5-9 Wavefunction and density of states of the most stable trapezoidal Ags

cluster deposited on a reduced CeO:z (111) surface. The green, red, and blue
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show the states located on the cerium, oxygen, and silver atoms, while the

pink, cyan, dark green, brown, and purple peaks between -1- 0 eV represent

the polaronic states located on the cerium ions.

Table 5- 3 Total, formation energies and total charge of the most stable

(deformed) bipyramidal and lying-down trapezoidal Ags clusters on reduced

CeOz (111).
Configuration Total energy (eV) Formation energy | Qags
(eV) (e)
-1160.14 1.01 1.02
-1160.65 1.02 1.31
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Fig. 5-10 Creation of an oxygen vacancy at the surface and subsurface sites of
the trapezoidal Ags@CeO:z (111). The black circles indicate the oxygen
vacancy site, the values in the first line represent the total energy of the
complex, while the values in the second line represent the energy of oxygen

vacancy.

5.2.3 Gas Phase Calculations of Ag>SiO3 Adsorbed on

Bipyramidal and Trapezoidal Ags Clusters

In order to understand the effect of the purification process with silicate (SiO3%-)
[177] to extract Ags AQCs from water solutions in the experiment, the adsorption

of Ag2SiOs on isolated bipyramidal and trapezoidal Ags AQCs is investigated. Two
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Ag ions are taken into consideration in the simulation, because of two factors. On
the one hand, when the Ags cluster is synthesised in water solutions, there exist
Ag* ions, which might affect the photocatalytic properties. On the other hand, Ag*
acts as counterions to neutralise silicate (SiO32-). After testing different adsorption
positions of Ag2SiO3 on both Ags AQCs, it is found that structures shown in Fig.
5-11(a) and Fig. 5-11(b) are the most thermodynamically stable with an
adsorption energy of —2.2 eV for both configurations. It is worth mentioning that
the Ags clusters are kept isolated from the two Ag* ions in which there is no
interaction between them, so that the systems are still considered to be
Ag2Si03@Ags rather than being SiO32-@Agy7. Information on the Ag-0 and Si-O bond

lengths is presented in Table 5- 4.
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Fig. 5-11 Optimised Agz/SiO3 adsorbed on bipyramidal (a) and trapezoidal

(b) Ags isomers in the gas phase. ri-r7 show the Ag-0 and Si-O bond lengths.
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The corresponding values are shown in Table 5-4. Blue, red, and grey balls
represent silicon, oxygen, and silver atoms. (c) The density of states and
frontier molecular orbitals of bipyramidal configuration. (d) The density of
states and frontier molecular orbitals of trapezoidal configuration. SOMO:
singly occupied molecular orbital. The blue, red, and yellow represent the

states located on silver, oxygen, and silicon atoms.

Table 5- 4 Bond lengths of configurations shown in Fig. 5-11 obtained using

the hybrid functional HSE06.

Bond length | r1() | rz(A) | rs(A) | r«(A) | rs(A) | rs(R) | rr(A)

Structure 2.20 2.60 1.60 1.61 2.30 - -
(a)

Structure | 215 | 2.56 | 265 | 1.60 | 161 | 231 | 2.8
(b)

To compare the electronic structures of these modelled systems, with the bare
clusters shown in Fig. 4-1, there exists a further gap state at -2.92 eV for both
structures (see the density of states and wavefunctions in Fig. 5-11(c) and Fig.
5-11(d)). This gap state appears due to charge transfer from the Ags clusters, the
adsorbed Ag*ions, and the silicon atom to oxygen atoms being negatively charged.
This is also confirmed by the Bader charge distribution as can be illustrated in

Table 5- 5. Furthermore, based on Bader's charge information, it can be clearly

102



Ag5 Deposited on Ce02 (111) surface

observed that atoms labelled Ag5 and Ag7 in structure (a) are negatively charged
because they are not bonded to the adsorbed silicate. The same is found for atoms
labelled Ag3 and Ag5 in structure (b). As expected, there is an effect of the
adsorption of silicate on the band gap of both Ags AQCs, as clearly seen in the

density of states (see peaks at -2.2 eV in Fig. 5-11(c) and Fig. 5-11(d)).

Table 5- 5 Bader charges of configurations shown in Fig. 5-11 obtained using
the hybrid functional HSE06. Red colour labelling the Ag atoms represents

the atoms of the clusters.

Atom label Structure (a) Structure (b)
Agl (e) 0.34 0.38

Ag2 (e) 0.37 0.38

Ag3 (e7) 0.10 -0.04

Ag4 (e7) 0.31 0.10

Ag5 (e) -0.14 -0.05

Agb6 (e7) 0.37 0.29

Ag7 (e7) -0.12 0.27

01 (e) -1.28 -1.39
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02 (e) ~1.32 ~1.34
03 (e) -15 ~1.38
Si () 2.91 2.85

5.2.4 The Adsorption of Ag:SiO3 on Bipyramidal and

Trapezoidal Ags@CeO: (111)

5.2.4.1 On Perfect Ce0O:z (111)

In Section 5.2.2.1, we studied the effect of both the bipyramidal and trapezoidal
Ags AQCs on electronic structures of CeO2 (111) surface. We now investigate the
effect of deposition of Ag2SiO3@Ags, that are shown in Fig. 5-11(a) and Fig. 5-11(b)
on the substrate. This study is conducted to evaluate the effect of the purification
process that takes place in water solution and to report its impact on the
photocatalytic activity of a perfect ceria. Therefore, we deposit both bipyramidal
and trapezoidal Ag2SiO3@Ags AQCs on the ceria surface as can be seen in Fig. 5-12.
For example, for the optimised bipyramidal configuration (see Fig. 5-12(b)), it is
clearly observed that the Ags cluster deforms significantly upon adsorption of the
perfect ceria surface, losing approximately 1.13 e-, which is a double charge
transfer as compared to the structure without the deposition of Ag2SiOs (i.e., see

structure shown in Fig. 5-3(b)). A portion of this transferred charge is localised on
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a Ce3*ion, creating a polaron located on the substrate's surface. Furthermore, the
optimised trapezoidal configuration is shown in Fig. 5-12(d). The cluster transfers
approximately 1.18 e-, which is ~0.18 e- more charge transfer than the trapezoidal
Ags@CeO2 without the adsorption of Ag2SiOs3 (i.e., see structure shown in Fig.
5-5(d)). To compare both structures shown in Fig. 5-12 in terms of their stability,
the configuration presented in Fig. 5-12(d) shows higher stability than that of the

configuration presented in Fig. 5-12(b) of ~3.2 eV in energy.
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Fig. 5-12 (a) and (b) Initial and optimised structures of Agz/SiOs deposited

on bipyramidal Ags@Ce0O2 (111), (c) and (d) Initial and optimised structures
of Ag2/SiOs deposited on trapezoidal Ags@CeO2z (111). The green, red, blue,

and grey balls represent cerium, oxygen, silicon, and silver atoms.
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Moving to the analysis of electronic structures of both configurations, the density
of states and wavefunctions are provided in Fig. 5-13. To make a comparison
between the density of states for both configurations with the density of states of
the same configurations, but without the deposition of Ag2SiOs (see Fig. 5-6(a) and
Fig. 5-6(b)), it is clearly seen that the number of polaronic states is the same. For
instance, the bipyramidal structure retains its single polaronic state, and the
trapezoidal structure also keeps its double polaronic states (see Fig. 5-13(a) and
Fig. 5-13(b)). However, the number of gap states increases in both structures. This
means that the adsorption of Ag2Si03 on both Ags@CeO2 systems contributes to a
further charge transfer, which therefore creates additional gap states. These gap
states have low energy and are located away from the surface of ceria.
Experimentally, it has been observed that the photocatalytic activity of a TiO2
surface was decreased upon the adsorption of SiO32- [177]. This decrease in the
photocatalytic activity of TiO2 could be recovered by flushing the experimental
tools with distilled water. To conclude this section, silicate deposition purifies the
Ags AQCs in a water solution. One should mention that the doping of Ag2SiOs does
not reduce the band gap of CeO2 (111) of both structures. Table 5- 6 illustrates the
charges distribution of the adsorbed Ag:/SiO3 and Ags clusters of both
configurations based on Bader charge analysis to get deeper information on the

charge transfer.
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Fig. 5-13 Wavefunction and density of states of (a) Ag2SiO3 deposited on
bipyramidal Ags@CeO: (111), (b) Ag2SiOs deposited on trapezoidal
Ags@CeO2 (111). The green, red, and blue show the states located on cerium,
oxygen, and silver atoms, while the pink and cyan peaks between -1- 0 eV

represent the polaronic states located on Ce ions.

Table 5- 6 Bader charges of configurations shown in Fig. 5-12 obtained using
the hybrid functional HSE06. Red colour labelling the Ag atoms represents

the atoms of the clusters.

Atom label Structure (a) Structure (b)
Agl (e) 0.56 0.62
Ag?2 (e7) 0.68 0.55
Ag3 () 0.20 0.22
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Ag4 (e7) 0.21 0.07
Ag5 (e7) 0.17 0.22
Agb (e) 0.34 0.35
Ag7 (e) 0.21 0.33
01 (e) -0.47 -0.47
02 (e) -0.44 -0.40
03 (e) -0.43 -0.46
Si (e7) 3.01 3.15

5.2.4.2 On Reduced CeO2 (111)

In the previous section, we investigated the effect of Ag2Si03 on Ags deposited on
a perfect CeO2 (111). We now present the calculations for Ags@reduced CeOz2
(111) doped with Ag2SiOs. For example, Fig. 5-14 shows the density of states and
wavefunctions of the deformed bipyramidal configuration. An oxygen atom is
eliminated from the top layer of CeOz2, which is close to the deposited cluster. A
significant charge transfer is found of approximately 1.60 e~ from the cluster to the
support, resulting in the formation of three polarons, which are all located on the

top layer of the support, while two polarons are formed due to the existence of an
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oxygen vacancy (see wavefunctions SOMO, SOMO-1, SOMO-2, SOMO-3, and SOMO-
4 in Fig. 5-14). The deposition of Ag2SiO3 reduces the formation energy of the
oxygen vacancy by approximately 0.18 eV compared to the formation energy of

the oxygen vacancy without depositing Ag2SiOs (see Fig. 5-7).
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Fig. 5-14 Wavefunction and density of states of Ag:z/SiOs deposited on
(deformed) bipyramidal Ags@CeOz (111). The green, red, and blue show the
states located on cerium, oxygen, and silver atoms, while the pink, cyan,
purple, brown, and dark green peaks between -0.5- 0 eV represent the

polaronic states located on Ce ions.
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After studying the Ag2SiOs deposited on the bipyramidal Ags@reduced CeOz (111)
system, we now investigate the trapezoidal configuration as depicted in Fig. 5-15,
and its density of states coupled with its wavefunctions are also shown. As can be
clearly seen that there are five polarons located on the top layer of the supports,
which are formed due to the deposition of the cluster and the presence of an
oxygen vacancy. A slight reduction in the formation energy of an oxygen vacancy
is obtained of approximately 0.1 eV compared with the structure without the
deposition of Ag2SiO3 (see Fig. 5-9). To make a comparison in terms of charge
transfer with the system shown in Fig. 5-13(b), a significant charge transfer from
the cluster to the support, which is around 1.6 e~ higher in charge transfer,
resulting in further gap states. This significant charge transfer can be attributed to
the formation of an oxygen vacancy. The gap states shown by the density of states
in Fig. 5-15 play a crucial role in boosting the photocatalytic activity of the oxide.
To sum up, doping Ags@defective CeO2 (111) with Ag2SiO3 suggests that the
energy required to release an oxygen atom from the oxide surface is further
lowered and accompanied by improvement in its photocatalytic activity. To get
further information on the charge transfer of the structures shown in Fig. 5-14 and
Fig. 5-15, Table 5- 7 illustrates the charges distribution of the adsorbed Ag2SiO3

and Ags clusters of both configurations based on Bader charge analysis.
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Polaron state (SOMO 4)

EDOS (a.u.)

/%C?&%

Hybrid state (SOMO)

Polaron state (SOMO-3)

Hybrld state (SOMO-2)

Polaron state (SOMO-1)

Fig. 5-15 Wavefunction and density of states of Ag:SiO3 deposited on

trapezoidal Ags@CeOz (111). The green, red, and blue show the states

located on cerium, oxygen, and silver atoms, while the pink, cyan, purple,

brown, and dark green peaks between -1- 0 eV represent the polaronic

states located on Ce ions.

Table 5- 7 Bader charges of configurations shown in Fig. 5-14 and Fig. 5-15

obtained using the hybrid functional HSE06. Red colour labelling the Ag

atoms represents the atoms of the clusters

Atom label Structure (a) Structure (b)
Agl (e7) 0.53 0.62
Ag2 (e) 0.67 0.55
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Ag3 (e) 0.26 0.37
Ag4a (e) 0.21 0.08
Ag5 (e) 0.31 0.38
Agb (e) 0.38 0.40
Ag7 (e7) 0.41 0.40
01 (e) -0.47 -0.47
02 (e) -0.44 -0.40
03 (e) -0.44 -0.46
Si (e7) 3.01 3.14

5.3 Conclusion

In this chapter, we aimed to obtain a deep insight into the reactivity of Ags AQCs
adsorbed on a perfect and reduced CeO:z (111) towards water splitting by
investigating the modifications in electronic structures occurring on the oxide
surface. Trapezoidal and bipyramidal Ags AQCs deposited on perfect and reduced
CeO2 (111) with and without the adsorption of Ag2Si03 have been computationally
studied using periodic spin-polarised hybrid DFT calculations. The adsorption

energy of Ags AQC and the formation energy of an oxygen vacancy have been
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considered. It has been found that depositing Ags can extend the absorption range
to the visible light region. As expected, the adsorbed Ags AQCs inject charges to the
oxide, leading to the reduction of Ce#* ions to Ce3* ions. The concentration of these
Ce3* ions can be enhanced by forming an oxygen vacancy on the oxide. Our
calculations also show that the formation energy of this oxygen vacancy on the

support is reduced dramatically by simple contact with Ags AQCs.

Furthermore, with respect to the purification process, when Ags@CeOz (111)
systems are doped with Ag2SiOs, the photocatalytic activity of CeO2 (111) is not
affected. However, there is a further charge transfer from Ags AQC as well as from
the silicate to the support. It is also observed that the adsorption of Ag2SiOs leads
to a further reduction in the formation energy of an oxygen vacancy of all modelled
systems. The results presented in this chapter pave a new technique to design
plasmonic photocatalysts for enhancing the photocatalytic activity of CeO2 (111)

surface using abundant solar radiation.
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6 Summary and Future
Work

This thesis aims to improve the photocatalytic activity of different metal oxides
using Ags AQCs towards hydrogen production. This thesis used DFT mixed with
HF techniques implemented in VASP software. These theoretical techniques
provided a new way to investigate interactions that takes place at the interface of
the Ags AQCs and photocatalysts. In Chapter 4, we investigated the effect of
trapezoidal and bipyramidal Ags AQCs on both anatase (101) and rutile (110) TiO2
surfaces. We noted that small gaps are created in the mid-gap due to the injection
of electrons from these AQCs into the photocatalysts. These gap states could

absorb photons at lower energy.

Further gap states are observed due to the formation of an oxygen vacancy on the
oxides. This means that the photocatalytic efficiency of the materials is further
boosted. In Chapter 5, we systematically studied the adsorption of Ags AQCs on a
CeO2 (111) surface. We also observed a few gap states appear in the band gap. The
number of these gap states was also increased by forming an oxygen vacancy.
While doping the surface of ceria with Ags AQCs, the formation energy of this
oxygen vacancy is significantly reduced. Furthermore, the presence of silicate
shows a good impact on improving the photocatalytic activity of ceria in terms of

photo absorption.
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A few research directions should be considered based on the developments and
findings shown in Chapter 4 and Chapter 5, which this thesis has not explored.
First, further investigations can be carried out on bimetallic AQCs such as Ags and
Cus in order to improve the photocatalytic activity of the modelled oxides. Second,
combining titania with ceria considering Ags AQCs can also be investigated to
further push the absorption range into the visible light region. Third, carbon
nitride (C3N4) has shown improved photocatalytic activity in the visible light range
when its surface has been modified. Therefore, Ags AQCs could be used to decorate
a C3N4 surface, which may boost its ability to use the solar spectrum at even lower
energy. Fourth, there is also an opportunity to study the adsorption of other metal
clusters, such as Pt, molybdenum (Mo), ruthenium (Ru), etc., relevant to
photocatalytic processes. Finally, since basic models have been investigated, the
energetics and kinetics of water splitting process on surfaces such as Ags@tiania
and Ags@ceria could be performed. Simultaneously, a more realistic analysis of
Ags on titania and ceria surfaces could be performed using ab initio molecular
dynamics (AIMD) to explore the effect of thermodynamics of water splitting on the

surface of photocatalysts.
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