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ABSTRACT

PHYSICAL PROPERTIES OF ANATASE TiO, ALTERED BY
LANTHANIDE ATOMS

Vural, Kiviletm Bagak
Ph.D., Department of Physics
Supervisor : Prof. Dr. Sinasi Ellialtioglu
Co-Supervisor : Assist. Prof. Dr. Daniele Toffoli

September 2015, [95] pages

In this thesis, the structural, electronic and optical properties of adsorption of
single lanthanide atoms (Pr, Gd, Er, and Lu) in anatase TiOy (101) substrate
have been investigated by using the first-principles calculations based on Hub-
bard U corrected term density functional theory (DFT+U). Here, among the
lanthanides, we have primarily concentrated on Pr atom. TiOs has attracted a
material in various technological applications due to its chemical stability. In
most of the technological applications such as photocatalytic TiO, have been
used to relate to its physical properties. Lanthanides (Ln) have drawn the at-
tention as good dopants because of the improved features of TiO,. The strong
correlations are arising from the localized Ti 3d and lanthanide (Ln) 4f orbitals.

This indicates that the doping process do occur easily.

The adsorption energies of Pr atom are found high in all binding models, so

Pr is effective atom for adsorption process. The result of interaction between



Ln and the surface, impurity states occur into the band gap, this provide the
optical activity of the TiOy (101) surface with improving both the UV-visible
and the near-IR range. Also, we have studied adsorbate-dopant interaction using
prototypical dye molecules such as benzoic acid and Coumarin 153. Molecular
adsorption energies and the optical properties are improved by the presence of
Ln. In addition, considering the interaction between Coumarin 153 (C153) and

reduced (O-vacancy) surfaces, it seems to be an effective method as much as.

Keywords: Photocatalysis, anatase, TiO,, lanthanides, Coumarin 153, DFT+U
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Y/

LANTANITLER TARAFINDAN ANATAZ TiO, NIN FIZIKSEL
OZELLIKLERININ DEGISIMI

Vural, Kivileim Bagak
Doktora, Fizik Boliimii
Tez Yoneticisi : Prof. Dr. Sinasi Ellialtioglu
Ortak Tez Yoneticisi : Yrd. Do¢. Dr. Daniele Toffoli

Eyliil 2015 , [95] sayfa

Bu ¢ahigmada, anataz TiO, (101) tabanlh yiizeye tek lantanit atomlarmin (Pr,
Gd, Er, and Lu) tutunmasimin yapisal, elektronik ve optik 6zellikleri Hubbard
U diizeltilmis yogunluk fonksiyonu kuramina (DFT+U) dayal ilk prensipler
hesaplar1 kullanilarak incelendi. Burada, lantanit atomlar1 arasinda, oncelikle
Pr atom iizerinde yogunlagmigtir. TiO, ise nedeniyle kimyasal kararhhga sahip
olmasi nedeniyle cesitli teknolojik uygulamalarda ceken bir malzemedir. Fo-
tokatalitik gibi teknolojik uygulamalarin ¢ogu TiOy yapisinin fiziksel 6zellik-
leri ile iligkilidir. Lantanitler (Ln) TiOy’nin 6zelliklerini gelistirmesi nedeniyle
iyi dopantlar olarak dikkati ¢cekmigtir. Giiclii korelasyon lokalize Ti 3d ve lan-
tanide (Ln) 4f orbitallerinin kaynaklanmaktadir. Bu katkilama igleminin kolayca

meydana geldigini gosterir.

Pr atomun adsorpsiyon enerjileri tiim baglanma modellerinde yiiksek bulun-

mustur, yani Pr adsorpsiyon siireci icin etkili atomdur. Ln ve yiizey arasin-
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daki etkilesiminin sonucu, bant araliginda kirlilik durumlar1 meydana gelir, TiO4
yiizeyinin optik aktivitesini saglayarak, hem UV-goriiniir hem de yakin-IR ar-
aliginda iyilegtirir. Ayrica, benzoik asit ve kumarin 153 prototip boya molekiil-
lerini kullamilarak adsorbate-takviye etkilesimini inceledik. Molekiiler adsorp-
siyon enerjisi ve optik oOzellikleri Ln varligi ile geligtildi. Buna ek olarak, ku-
marin 153 (C153) ve indirgenmig (O-bosg) yiizeyleri arasindaki etkilesim goz

oniine alindiginda, etkili bir yontem olarak gériinmektedir.

Anahtar Kelimeler: Fotokataliz, anataz, TiOs, lanthanitler, Kumarin 153, DET+U
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CHAPTER 1

INTRODUCTION

Semiconductor photocatalysis relies on semiconductors that are able to accel-
erate chemical reactions through light absorption. This process has been in-
vestigated by scholars from various disciplines of science and engineering, and
has been applied in various industrial areas such as environmental remedia-
tion [IL 2, B], green energy production [5] 6] [7] and medical therapy [8]. Consid-
ering the gradual increase in the energy consumption of the world’s population

and the limited fossil energy resources the popularity of this topic is not a suprise.

In principle, in photocatalysis process, photon energy should be larger than or
equal to the band gap energy of the semiconductor material in order to excite
an electron in the conduction band to the valence band. The excited electron
leaves behind a hole in the valence band and thus an electron-hole pair is created.
This electron-hole pair may travel to the surface of the photocatalyst and react
adsorbetes on the surface. The performance of photocatalysis depends on several
factors including reduction and oxidation rate of the surface by electrons and
holes, light absorption spectrum and coefficient, and the recombination rate of
the electron-hole pair. Although a complete list would involve many more, most

of the studies on the topic refer to these three factors [9, 10, 1T 12]

Many semiconductor materials have been used for these photocatalytic applica-
tions, such as TiOq, Zn0, NiO, Fe,O3, CdS, and ZnS [13] 14, 15]. Among these
materials, titania (TiO2) has undoubtedly drawn the greates attention due to its
high stability, low cost and low environmental impact [16, 17, 18, 19]. In 1972,
photocatalytic splitting of water on a TiO, electrode under ultraviolet (UV)



light was discovered by Fujishima and Honda |20, 21]. Later, in 1977, Frank
and Bard demonstrated that cyanide in water could be treated by electrolytic
decomposition of TiO, upon lighting [22] leading to the wide use of photocatal-
ysis for purifying water. In addition, dye-sensitized solar cells (DSSC) based on
TiO2 was improved by Gratzél et al [23]. Schematic diagram of it is as shown in
the Fig[I.I] DSSC research has been rather active due to ease of production and
more modest cost than silicon based photovoltaic devices. As a result, TiO, has
become a good candidate for the studies carried out on environmentally friendly
energy sources opreration. Principle of the DSSC can be described as follows:
the light is absorbed by dye-molecules stored on the semiconductor surface. Elec-
trons excited by photons are injected into the semiconductor conduction band.
The electrons pass through an external circuit, then a redox process takes place
in an electrolyte. Finally, the electrons get through the oxidized dye molecules

to restart the procedure [25].

In nature, TiO, is present in three main polymorphs namely anatase, rutile, and
brookite. Among them, brookite is not favored in the applications because of
its complex structure, which causes difficulties during the crystal growth pro-
cess [26]. In practise, anatase and rutile are the most widely used variations of
titania. Thermodynamically, the rutile phase is more stable than anatase; par-
ticulary its (110) surface has been widely used in surface science applications.
But this suitability actually depends on the particle size. For instance, anatase
is the most thermodynamically stable phase compared to rutile and brookite,
if the diameter of the particles of the three phases are equal to each other and
they are below 14 nm [27, 28]. On the other hand, the anatase form of titania
especially its (101) and (100) facets [29] is generally favored in photocatalytic
applications owing to its relatively higher photocatalytic activity [30} [31].

In spite of these favorable properties, anatase illustrates some problems in ap-
plication. Because anatase has lower stability compared to rutile for its bulk
phase, preparation of large single anatase crystal has traditionally been diffi-
cult [32]. Having limited information on the anatase structure for a quite a time
was the reason for this difficulty. Fortunately, this difficulty has been overcome

thanks to the developments in the sample preparation techniques. Anatase ap-
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Figure 1.1: Schematic diagram of photovoltaic device by Gratzél [24]. Photon
adsorption causes the electron excitation from ground state S° to excited state
S#. Electron travels (ballistically) from S to the conducting surface layer and
over the potential barrier, into the semiconductor, reaching to the ohmic back

conduct, after reduction of the oxide holes.

plications have become more visible in the literature thereafter. However, there
are still limiting factors in photocatalysis applications of anatase, caused by its
wide band gap (3.2 eV). The large band gap leads to excitations corresponding
only to a small portion of the solar energy, namely, the UV region (only 3%
of the total emission). This draw back reduces the efficiency of solar energy
conversion. Several methods have been developed in order to overcome this
shortcoming, all focusing on tailoring the band gap to achieve visible range ac-
tivity of TiOo. This reduction of the band gap has been realized in many studies
by ion doping [33], 34} 5], metal deposition on the anatase surface [36], 37, 38],
and surface adsorption of dye molecules [39, 40]. Here, TiOy provides an im-
portant advantage in the process of electron-transfer between the semiconductor

and the adsorbed molecule. Among these techniques, ion doping [41] and dye

3



molecule adsorption are generally accepted to be the most direct and effective
methods. Several types of ions have been used as dopans, such as n-type doping,
p-type doping and cation-anion co-doping. Recently, transition and rare earth
metals have emerged as a neww generation class of dopant[42]. Similar including
dye molecule adsorption on TiO, have become an active area in photocatalytic

research [43], [44].

Doping with some lanthanide ions, such as La, Ce, Eu, and Gd, have been
examined widely in the literature as photocatalytic applications [45 46]. Al-
though some previous studies had reported on TiOy modified by gas phase of
the RE oxides (LngO,), the mixtures of TiOy with three RE oxides indicating
higher photoactivity compared with pure TiOy was first introduced in 1998 by
Yu et al. [47]. The adsorption process or metal deposition (La, Nd and Pr) on
the surface is known as a key issue to cause change in photocatalytic activity,
the importance of which was reported by Parida and Sahu in their work [48].
Lanthanide ions are able to from complexes with various Lewis bases, such as
amines, aldehydes, alcohols, carboxylic acid, owing to the interaction between
these functional groups and the f-orbital of the lanthanides. Accordingly, adding
lanthanide ions into any TiOs structure could enable concentration of the or-
ganic pollutant at the semiconductor surface and consequently increases the
photocatalytic activity of the catalyst [49]. Praseodymium (Pr) is one of these
RE metals. Liang et al. [50] claimed that Pr-doped anatase TiOy enhanced
the photocatalytic activity under visible light in the degradation of an azo dye.
However, application of any single lanthanide ion adsorption on surfaces is rare
in the literature. To our knowledge, no studies have been conducted on the Pr3*
ion adsorbed on the anatase TiOq surface based on the DEF'T+ U approach, de-
spite the importance of the adsorption process in understanding photocatalytic
activity. The aim of large part of this thesis is to investigate the effects on the

band structure of Pr®™ adsorption on the anatase (101) surface.

As indicated by many theoretical studies, the adsorbed dye molecules can absorb
light in the visible region and readily inject the excited electron into the TiO,
conduction band. In other words, they can act as sensitizers. Regarding the

adsorption of molecules, a large number of organic molecules are used in practice.



Anchoring groups, being important components of the dye molecules are the
parts that are responsible for the interaction with the surface. For various dye
molecules, the adsorption of common anchoring groups, such as carboxylic acid,
phosphonic acid, and hydroxyl groups, have been investigated in many studies.
Carboxylic acid is one of the most common anchoring groups in several studies.
As for the benzoic acid, it is the simplest aromatic carboxylic acid [51], 52,
53|. There were many studies concerned with the adsorption of benzoic acid
(BZA) on TiO, surfaces [54, 55]. Lunell et al. [56] showed that the spectra for
TiO4 remained the same and any states are not available in the band gap, after
benzoic acid adsorption. Q. Guo et al. [57] demonstrated that the two oxygen
atoms of dissociative benzoic acid can be adsorbed on the fivefold coordinated
surface Ti atom at room temperature. Moreover, it is known that the strong
interaction between the Pr atom with BZA can be realized [58,59]. We discussed
in the previous paragraph that the relationship of lanthanide ions with carboxylic
acid is the influence on the photocatalytic activity. However to the best of our
knowledge, there have been no studies in the literature on BZA adsorbed on the
surface in the presence of lanthanide atoms in this work. We also investigate
nondissociated and dissociated benzoic acid (BA) adsorbed on the Pr-added
TiO5(101) surface.

The dyes which are present on the TiO, surface are important for the absorp-
tion of as much light as possible. The most successful sensitizers use derivatives
of ruthenium complexes, which have been extensively studied for dye-sensitized
solar cells applications [60] 61, [62]. However, the use of ruthenium in the ap-
plication leads to an increase in cost due to its rare presence in nature. As a
consequence, studies towards alternative dye molecule synthesis to be used in
applications have increased recently. Among these molecules, organic dyes have
been considered as an alternative to Ru complex sensitizers indicating many
advantages for the applications. These advantages can be roughly considered
as follows [63] 64]: Molecular structures of organic dyes in various form can be
easily synthesized, organic dyes are highly low cost and much environmentally
friendly compared to noble metal complexes and, organic dyes have shown a

higher efficiency than some dyes based on Ru complexes in DSSCs.



Up to now, hundreds of organic dye molecules are synthesized, many of them
have been examined in many applications [52]. Coumarin, which is one of al-
ternative dyes, can be classified as a member of benzopyrone, which consists of
fused benzene and pyrone rings. It is a substance naturally present in many
plants and essential oils. Here, the fused benzene means a structure where
benzene rings is the basic unit of larger polycyclic aromatic. Pyrone is de-
scribed as including a ketone functional group and an unsaturated ring having
one oxygen atom. Various coumarins are used in a wide range of many applica-
tions in both industrial and clinical areas, such as blue-green laser dyes, optical
bleaching agents, and cancer therapy. In addition, coumarin and its compounds
are successfully applied in organic dye-sensitized solar cells, since the electron
injection process actualizes very fast with strong coupling of the dye and semi-
conductor, especially in the case of Coumarin 343 with TiOs [65]. Therefore,
Coumarin—343 dye used as organic dye photosensitizer has been obtained highly
efficient DSSCs [66]. Similarly, formation of a strong coupling between TiOy and
Coumarin 153 (C153) [67] was observed. But the claim that this involves strong
coupling needs to be further examined. These types of molecules do not have
any carboxyl groups, in contrast to many other organic dye molecules. There-
fore, we have investigated interaction between C153 and anatase surface in this

thesis.

In this thesis, we have investigated the structural, electronic and optical prop-
erties of TiOy (101) anatase surface with impurity atoms or molecules by using
Hubbard-corrected Density Functional Theory (DFT+U). The chapters of this
thesis are organized as follows: After the Introduction part, the second chapter
begins with a brief overview of the standard DFT techniques and approxima-
tions, thereafter we elaborate on the specifics of the Hubbard correction term.
Finally, we discuss how to calculate the dielectric constant by using DFT-+U
and how to obtain the absorbance value from these results. Here, we only have
discussed the main points about this theory and its relation to this thesis, as it
is used in the calculations. In chapter 3, the modification of electronic, struc-
tural and optical properties of the anatase surface with adsorption of Pr are

investigated. In addition, we examine the adsorption behavior of the Pr atom



by changing the value of U. In chapter 4, we study the behavior of adsorption
of dissociative and nondissociative benzoic acid on both the TiOq (101) surface
and the surface with a Pr impurity. In chapter 5, we examine the TiO, surface
and the surface doped with a Pr atom and their interaction with Coumarin 153
dye molecule. Also, the physical properties of interaction of Coumarin 153 with
a surface reduced by an oxygen vacancy are analyzed. In chapter 6, the inter-
action of other lanthanide atoms such as Gd Er and Lu with the surface and
benzoic acid are studied. In chapter 7, namely Conclusion part, the obtained

results are shortly outlined.






CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, the theoretical approximations and approaches used in Density

Functional Theory (DFT) based methods will be presented [68], [69).

2.1 The problem of structure of matter

It is a complex problem to describe the physical and chemical properties of
matter at the microscopic scale. In general, we handle a collection of interacting
atoms, which may also be affected by some external field. This ensemble of
particles may be in the gas phase (molecules and clusters) or in a condensed
phase (solids, surface, wires). However, in any case the system can be described
as a set of atomic nuclei and electrons interacting via Coulomb forces. Therefore,

the Hamiltonian of such a system can be written in the following general form:
[:[ = [:[el + Hnucl (21)

where

N h2
Hel:_;%

2 2 P N

D3 Sy Rl e
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P h? P P Z[ZJ
Hpyer = 2.3
a 2M smolzlgf IR; — R/ (2:3)

where r;, (i =1,...,N) is a set of N electron coordinates and R, (I =1, ..., P)
is a set of P nuclear coordinates. The factor of % has been included in order to

avoid double counting of terms in the series representation.
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In principles, all the properties can be derived by solving the time independent

many-body Schrédinger equation;

HVY,(R,r) =¢,¥,(R,r) (2.4)

where ¢,, are energy eigenvalues and ¥, (R, r) are the corresponding eigenstates
or wave functions, which must be antisymmetric with respect to exchange of
electronic coordinates in r, since electrons are fermions. Nuclei of the same
species also obey the same rule because of their nuclear spin, so that eigenstate
or wave function must be symmetric or antisymmetric with respect to exchange

of nuclear variables in R.

2.2 Pre—Density Functional Theory

2.2.1 Hartree and Hartree—Fock approximation

The main problem in the structure of matter is to solve the Schrédinger equation
of a many-particle system in the external Coulombic field created by a collection
of atomic nuclei. In order to achieve this, approximations are in order. The first
approximation to solve the many-body problem was proposed by Hartree [70],
which is a variational wave function based approach. The basic assumption of it
is a simple product of single-particle orbitals. In the Hartree approximation, the
electrons are considered as occupying single particle orbitals which are determine
the wave function. Each electron feels the electrostatic field which is due to the
central potential of the nucleus together with the field created by the other

electrons. In this case, the approximate wave function can be written as

D (x1,Xg,...,Xn) = ¢1(x1)p2(x2) ... On(XN) (2.5)

and the one-particle Schrédinger equation proposed by Hartree is,

10
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(g7t VenRor) + [ 22 Y ) =) (20
where the third term on the left hand side is the classical electrostatic potential
due to the charge distribution of all the other electrons. Therefore the third
term is called the Hartree potential. Sum of the second and third terms is
the effective potential. In the Hartree formulation makes the electron—electron

interaction counted twice. The correct energy expression is

EH =3¢, / Pi®)Pi) 1 g 2.
2 |r,—rj| Tty (2.7)

i:l

where p;(r) = |¢;(r)]*>. The problem of Hartree approximation is such that
it does take the electrons as distinguishable particles, However electrons are
indistinguishable spin—% particles and the obey Pauli exclusion principle. If two
electrons are exchange, the wave function must change sign. Thus, a Slater
determinant is formed from the one—particle orbitals in order to achieve the

correct antisymmetric wavefunction [71],

¢1(1)  @2(1) -+ on(1)

(DHF(%MWM):L qbl:(z) ¢2:<2) qﬁN:(z) 2.8)

¢1(N) ¢a(N) -+ on(N)

1 a P(z .
Oyp = W Z bin X1)¢z2(x2) ¢2N(XN) (2~9)

! =1

This wave function allows particle exchange in the correct manner. The approx-
imation consists of the wave function in the form (2.14) is called Hartree-Fock
(HF) or self consistent field (SCF) model. HF equation provides good description

of inter-atomic bonding but many-body correlations are completely ignored.
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2.2.2 Thomas—Fermi Theory

Thomas and Fermi, independently of each other, gave a perspective for con-
structing the total energy in terms of the electronic density without using to
one-electron orbitals [72]. They proposed the expression for the kinetic, ex-
change, and correlation energies of the homogenous electron gas to construct
the same quantities for the inhomogenous system as; E,[p] = [ p(r)ea[p(r)]dr
where ,[p(r)] is the energy, (a functional of density) of a homogenous electron
gas corresponding with p(r). This idea was the first time that the local density
functional approximation (LDA) was used. The relationship between the Fermi

energy and density for homogenous electron gas is given by;
1 2m 3/2 3/2
p=gm ) (2.10)

and the kinetic energy of the homogenous gas is T' = 3pep/5. When it is used
with electron density formula, the kinetic energy density formulation can be
derived in a similar manner. Finally, total energy expression without exchange

and correlation can be obtain in Thomas—Fermi theory as,

Errlp] = Ck/p(r)5/3dr+/p(r)vem(r)dr+;//Wdrdr’ (2.11)

where C, = 3(37%)%2/10 = 2.871 in atomic units. Thomas—Fermi theory does
not have the exchange and correlation effects and Hartree equation described
the ground states even better than that. However, it contains the fundamental

ideas necessary for the development Density Functional Theory.

2.3 Modern Density Functional Theory

2.3.1 Hohenberg—Kohn Theory

Two main theorems were proposed by Hohenberg-Kohn (HK) in 1964 [73] that
forms the foundation of density functional theory (DFT)

12



1. For any system of interacting particles the ground state energy is a unique
functional of the particle density, Ey = E|[p(r)]. There cannot be two different
external potentials v(r) # v/(r) that correspond to the same electronic density

for the ground state.

2. The minimum value of the functional E = E[p(r)] for the energy can be

define by variations dp(r) of the particle density at equilibrium density po(r),

E = Elpo(r)] = min{ E[p(r)]} (2.12)

2.3.2 Self-consistent Kohn—Sham equations

The Hartree term refers to the classical electrostatic energy, which is known
exactly for the electron-electron problem. However, the kinetic energy T =
(®|T|®) cannot be expressed directly in terms of the density. Kohn and Sham

introduced an auxiliary system with the same density as the real system,

Exslp] = Tr[p] +/p(r)vm(r)dr+ ;//’mdrdr’+ Exclp] (2.13)

where the density is the writtena as p(r) = ¥;|¢:(r)|* in terms of unspecified
sing-particle orbitals, and Exc[p] is the exchange-correlation functional. The
energy functional has been expressed in terms of the KS orbitals (N,) by this
formula, which minimizes the non-interacting electronic kinetic energy under the
fixed number of electrons constraint. Although Kohn—-Sham orbitals do not have
a clear meaning by themselves, they have been proven to describe the density

of states fairly correctly.

2.4 Functionals for Exchange and Correlation

The exchange energy (Ex), and correlation energy terms (E¢) are not known
in explicit form. Several approximations have been developed to best represent

these terms.
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2.4.1 The Local Density Approximation (LDA)

The local density approximation [74] or spin polarized systems local spin den-
sity approximation (LSDA) is one of the most widely used approximations to
calculate the exchange—correlation energy. The main idea is to assume gener-
ally an electronic system as locally homogenous, for which to use the exchange—
correlation hole corresponding to the homogenous gas. In practice, the exchange—
correlation terms local in the density is an integral over all space with the

exchange—correlation energy density at each point in the volume.

E52 0] = [ plr)ek2 p(r)dr (2.14)

where,e4P4is exchange-correlation energy density of the system and its value is

in terms of the exchange—correlation hole,

1 pLDA I',I'/
eXPALp] = 5 )I(fjr’l )dr’. (2.15)

L(S)DA works the best for solids where the electron density is close to homo-
geneous gas. However, it can be used that of if the following points are kept in

mind.
1. It fovours more homogenous systems.
2. It gives overestimated binding energies for molecules and solids.

3. The geometries of systems involving strong bonds (covalent, ionic, and metal-
lic) are described well within the LDA. But, the description of systems involving
weak bonds (hydrogen or van der Walls) are failed within the LDA

5. Chemical trends such as ionization potential are usually correct.

Although L(S)DA is a very successful approximation, it is known to fail to

reproduce some properties. Some important ones are;

i) Electronic densities of atoms in the core region are poor because LDA fails to

cancel the self-interaction.
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ii) Non-local correlation effects are not taken into account inherently by the

LDA.
iii) The energy band gap within LDA is smaller than the true band gap.

iv) Strongly correlated systems such as transition metal oxides are poorly char-

acterized by LDA.

2.4.2 Generalized Gradient Approximation (GGA)

The matter of electronic density of inhomogenous systems are carried out with
an expansion of the density in terms of the gradient and higher other derivatives.

In general, the exchange—correlation energy in the basic form can be written as;

Exclo) = [ plw)exclp)ldr + [ Fclpr), Vo(x), V2p(x),.. Jdr  (216)

where the function Fx¢, modifies the LDA expression relative to the variation of
the density. Naturally, all the formal properties cannot be enforced at the same
time. Numerous forms for Fyc have been proposed by Langreth—Mehl, Becke—
Lee-Yang-Parr (BLYP), Perdew-Wang (PW91), and Perdew-Burke-Enzerhof
(PBE). We only explain here our choice in this thesis, namely the PBE functional

in the calculations.

2.4.2.1 PBE functional

Perdew, Burke, and Enzerhof (PBE) functional approximation can propose to
solve one problem in the GGAs. It is originated from that the reduced to the
second order gradient expansion for density variations are small. The result
of this case, the linear response of a uniform gas is described with GGAs less

satisfactory than L(S)DA [75].

The general trends of GGAs concerning improvements over the LDA are follow-

ing:
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1. They enhance binding and atomic energies.
2. They improve bond lengths and angles.

3. They improve energetics, geometries, and dynamical properties of water,
ice, and water clusters. Especially, BLYP and PBE show best agreement with
experimental results in terms of these. In general, although, they are not clear
the description of F-H bond, this improves for the case of hydrogen-bounded

systems.

4. Semiconductors are marginally better described within the LDA than in

GGA, except for the binding energies.

5. For the 4d-5d transition metals the improvement of the GGA over the LDA

is not clear.

6. Lattice constant of noble metals (Au, Ag, Pt) are overestimated in GGA,

while they are closer to the experimental results in LDA.

2.5 Pseudopotentials

The concept of "pseudopotential" in electronic structure is related to the re-
placement of the strong Coulomb potential due to the nucleus, on the effects of
the tightly bound core electrons, by an effective ionic potential acting on the
valence electron. In other words, a pseudopotential is used to compute prop-
erties of valence electron due to unchanged core electron states into different
chemical environments and considered the valence wave functions orthogonality
to the core states. The pseudopotential process to be reproduced starts within
independent-particle approximation, just like in the Kohn-Sham density func-
tional approach. The valence states are seen to oscillate rapidly in the region
occupied by the core electrons because of the strong ionic potential in this region.
These oscillations sustain the orthogonality between the core and valence states
due to Pauli exclusion principle. The valence state generated from pseudopo-
tential construction leads to smoother pseudo-function because the resulting

potential is a much weaker one than the original potential.
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Pseudopotential calculations are based upon "ab initio" norm-conserving po-
tentials in the most modern applications. Pseudopotentials require "norm-
conserving" property in order to provide accurate and transferable potential,
which provides that although the valence properties are defined in different en-
vironments such as atoms, molecules, and ions, they can be rightly described
by pseudopotential constructed in one environment. We presented two of many
different types of approximations in order to create smooth, transferrable, and

accurate pseudofunctions in this subsection.

2.5.1 Ultrasoft Pseudopotential

One approach is known as "ultrasoft pseudopotentials" [76] which provides ac-
curate calculations by transformation that rewrites the non-local potential in a
form involving a smooth and an auxiliary function around each ion core having
the rapidly varying part of the densities. Thus, the smaller the planewave cut-
off, the smaller the number of planewaves that is required by this way. Smooth
functions that represent each atomic state are the solution of the generalized

eigenvalue problem.

2.5.2 Projector Augmented Waves

The projector augmented wave (PAW) [77] method is a general approach to a
solution of electronic problem that reformulates the formal simplicity of the tra-
ditional plane-wave pseudopotential approach, adapting it to modern techniques
for calculation of the total energy, forces, and stress. It introduces projectors
and auxiliary localized functions similar to the ultrasoft pseudopotential method.
Also, the total energy is described a functional in the PAW approach and it uses
advanced algorithms for efficient solutions of the generalized eigenvalue problem.
However, calculations in the PAW approach based on all-electron wavefunctions,
so it recovers the wavefunction with the core region of atoms as well. Hence, this
method can be incorporated into existing pseudopotential codes with relatively

minor additional effort.
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2.6 Numerical Calculations

We have used Vienna Ab-initio Simulation Package (VASP) for our ab initio
calculations. VASP allows the electronic structure of the system with periodic
boundary conditions to be calculated using ultrasoft Vanderbilt pseudopoten-
tials, or the Projected Augmented Wave method, and a plane wave basis set.

All calculations are performed within the DFT formalism.

2.7 Hubbard corrected density functional theory (DFT-+U)

Description of strongly correlated systems (such as transition metal or rare earth
oxides) is a significant challenge for Density Functional Theory (DFT). Although
DFT is a successful method in order to identify magnetic and structural prop-
erties of these systems, the electronic properties of them cannot accurately be

predicted with the help of the method.

Over the years many ideas were developed to overcome these challenges. Among
them, the most recognized are self-interaction-correction local spin density ap-
proximation (SIC-LSDA), hybrid functionals, and LDA+U. The LDA+U (or
GGA+U), Hubbard-modeled corrections, is particularly useful as the simplest
and the most effective method. The Hubbard formula is derived from an ap-
proximation to the more general Hamiltonian. The Hubbard Hamiltonian Hpy

can be written as follows;

HH = _tZCZ,UCjU + UZTL”\TZN( (217)

ijo i

where ¢ is over lattice sites and j is over the neighbors of 7. Also, CZU, Cjos

and n;, = c;,cw represent creation, annihilation and number operators for the
electron of spin ¢ on site ¢, respectively. This presentation is known as the single-
band Hubbard formulation. In here, the hopping is restricted to the nearest
neighboring sites for one band (amplitude ¢ represents single-particle terms of the

electronic energy) and the parameter U represents the strength of the Coulomb
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interaction for between electrons on the same atom. The main idea of LDA+U
(or GGA+U) is to add into DFT by a correction term that obviously accounts
for "on-site" electron-electron interactions. The formulation of LDA+U total

energy functional of a system is generally represented as;

ELDA+U = ELDA + EU = ELDA + EHub — Edc (218)

In this formulation, E7p4 is the energy term used in DF'T calculations, and Ey.,;
contains electron-electron interactions as modeled in the Hubbard Hamiltonian.
This means that the formulation contains only interaction term of Hubbard
Hamiltonian (U Y_; niyn;y) for localized d or f electrons. Ey. is a mean-field
approximation to the correction "on-side" correlation functional (Fp.p), which
models the electron correlation contained in Erp4. This term is subtracted from
the total energy to avoid double counting of the interactions contained in E.
The double counting term is UN (N —1)/2, where N = Y, n;. Therefore, a basic

formulation of the total energy can be written as,

U U
ELDA+U:ELDA+§Zninj_§N(N_1) (219)
oy

When we take the interaction term of Hubbard Hamiltonian,

Eguw=U Z nipng| = Z ZUnmn’m’CyTLo—cjmgl Cn' 0'Cm/ o (220)
7 nn/mm’ o,0’
/
If 0 # o', then
f _ i I —
O Ct —oCrt g = Chy g Cot o Ch g =m0 (2.21)

and the matrix element representation is;

Uit = %fdrdr’z/;;fl(r)z/}jl,(r’)‘/(r — 1) (1) (1)
(2.22)

=1 <nm|V|n'm/ >
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If 0 = o', we have two possibilities;

o
nm

CIL,Ucm/,chn,acn',U = n ’n:rm’
CIL,UCJLn,UCTL',Ucm',U = (223)

_ o 0
_CIL,ocn/,chn,acm/,U = TN My

Eyuw and Ey. can be given general expression;

Egw = 35 Ynme < nm|Ve|m'n' >ng n. 7
(2.24)
+ (< nm|Veem'n' > — < nm|Vee|n'm’ >)ng, n .,
Eq = gN(N —1)— g(NT(NT —1) + N*(N* = 1)) (2.25)

where U and J are screened Coulomb and exchange parameters. The V. inte-
grals in eq. (8) describe the Coulomb interaction among d electrons sitting on

the same site.

If we want to write the relation between U and V.. or Jand V... Before the

integral representation of < nm|V,.|m'n’ > in the spherical coordinate is get;

< nm|Vie|m'n' >= / drdr' RE (£)Y;: Ry (1) Y5,V (x — ¥)RE, (2) Y, Ry (Y)Y,

(2.26)
then, the Coulomb potential is written in terms of spherical harmonics
11 1 dr b
Vir—-1t)=-——— — = = Yim *(r 2.27
(r=) €|r—r| e;%—l—lrl;lm;l im(r¥i(7) ( )

and

l
4 r.

l
—— < ln|Yl/k|lm’ >< lm|Y,* |ln' > Fl,
20 +1 rl>+1 Z Uk

p=—l

< nm|Vee|m'n' >= Y
=0
(2.28)
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where, 0 < I’ < 21, [ is the angular moment of Hubbard electrons. The FV
coefficients, that in Hartree-Fock (HF) theory are the radial Slater integrals
representing the bare electron-electron interaction, in the formulation of the
LDA-+U functional are treated as parameters that represent screened electronic

couplings. For d electrons only F°, F2, and F* are necessary

U= e Zaw < [Veelnn' >= F°
(2.29)

= Ery Woln/n >= F2F*
J = 20(21+1) Dontnt g < NN [Veeln'n >= &

2.8 Dielectric Matrix

In our optical absorption calculations, we make use of post processin tool using
the KS orbitals. The frequency dependent dielectric matrix is calculated. The

imaginary part is defined by a summation over empty states using the equation:

(2) 471'262 1
gaﬁ( ) = 0O (1]1_13(1) D) Z 2&)1(5 Eck — €k — w) X <uck + Caq|uvk> <uck+c[3q|uvk>
c,vk

(2.30)

here the indices ¢ and v refer to conduction and valence band states respectively,
and wu.y is the cell periodic part of the orbitals at the k-point k. The real part of

the dielectric tensor ¢! is obtained by the usual Kramers-Kronig transformation
1) /
W) =1+ P/ ,Lwﬂ+mm) (2.31)

where P denotes the principle value.The corresponding absorption spectrum was

estimated by the following equation;

1) = 20 ((g%w + W)t - a(@) : (232)
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where [ is the optical absorption coefficient, w is the angular frequency (F =

hw) [101].
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CHAPTER 3

PR ADSORBED ON (101) ANATASE SURFACE

In this chapter, we methodically study Pr impurities on the TiO, anatase (101)
surface. We present our band structure calculations as a function of the empirical

parameter U in an attemp to quantify its effect on materials properties.

3.1 Computational Method

First principle total energy calculations weren performed within DFT+U by
means of plane-wave basis sets and the projector augmented wave (PAW) poten-
tial [77]. The Perdew—Burke—Ernzerhof (PBE) [75] functional of the generalized
gradient approximation (GGA) [78] has been used to calculate the exchange-
correlation effects. The valence atomic configurations used for the PAW poten-
tials are 3d® 4s! for Ti, 2s? 2p* for O, and 5s? 5p® 4f3 6s2 for Pr. The charge
analysis was done using the Bader method [80, 81]. The cut off energy was 500
eV. Hubbard U is calculated using Dudarev’s approximation with a combined
U-J term acting on Ti 3d and Pr 4f states [79]. The Brillouin zone integrations
have been carried out using the Monkhorst-Pack scheme. With, 8 x 8 x 8 and
11 x 11 x 11 k-point meshes for our TiOy and Pr,O3 bulk structures calcula-
tions, respectively. 4 x 4 x 1 k-point mesh were used for our TiO, (101) surface
calculations. A three-layer slab model was used to describe (101) surface, as
shown Fig. (a). The 2 x 1 unit in the surface plane comprised of 7.82 A x
10.36 A x 25.04 A dimensions with a vacuum space of nearly 15 A to prevent

from any interactions between periodic structures.
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3.2 Result and Discussions

3.2.1 Hubbard Correction Term

The issue surrounding the correct choice of the emperical U can be adressed
by examining changes in the physical properties of system as a function of this
parameter. In our calculations, in order to determine the U.fr = U — J (setting
J = 0) for Ti atom, our calculated values in terms of lattice constant, and band
gap for TiO5 bulk has been compared with the available experimental data. Lat-
tice constants were calculated the as to following way. First we constructed a
periodic boundary lattice using the known positions of atoms. A starting lattice
constant was chosen close to the experimental one. After a curve identifying
the relationship between these varying lattice constants and energy was drawn.
The final lattice constant corresponding to the lowest energy was chosen. This
calculation was repeated for each U. The band structures were calculated for
each the lattice constants. The band structure are shown in Figure [3.1| for U=5
eV. Here, the critical issue is that the lattice constants increase with respect to
their values in plain DF'T, while the theoretical value of the band gap approaches
the experimental value. Therefore, with increased U value, we can obtain the
correct band gap of the system, but begin to disrupt its atomic structure. Ta-
ble displays the lattice constants and band gaps of a wide range of U values.
For small U values, the lattice constants are closer to experimental values while
the band gaps are inconsistent. For example, a U value of 2 eV yields a band
gap of 2.14 eV which is very different from the experimental value of 3.2 eV [87]
while the lattice constants are estimated to within 2.5%. In terms of table
the value of U can be fixed 8 eV for obtain the correct band gap. However, this
value causes large distortions in anatase bulk with up to 4% error in the lattice
constants. The value of U = 5 eV is a fair compromise leading to the optimal a
band gap of 2.65 eV for the bulk and 2.89 for surface anatase. In recent studies
on TiO, , Selloni et al. [82], Pacchioni et al. [83], and Dompablo et al. [84]
used the U parameters in the range of 2 to 4.5, 4, and 5 eV, respectively. In a
different comparative study with experien. U was calculted in the range of 4 to

5 [85]. We have performed our calculations as U parameter for 4 and 6 values
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Figure 3.1: (a) Front views of the slab modeling the anatase bulk. (b) The

electronic band structure are represented.

and analyzed the changes in the band structure. For each calculation, we have

used the lattice parameters that compatible with the U value in question.

When the 4f states of a single Pr atom are considered, a similar assessment
is more challenging. In the literature, a definitive value of U for Pr has not
been settled upon. Tran [86] et al. reported to be U =6 eV for Pr in the
their study on bulk PrO,. In another study on PrO; 5 eV was used [88]. In
several applications ons rare earth titanate oxides, doped anatase bulk, and RE-
perovskite crystal structures, appropriate value of U were found as to 5.5, 6.0
and 6.05 eV [89, 90, O1]. Unlike these studies, Spadavecchia et al. fixed 2 eV for
4f Pr electrons U value [92].

Our calculation results for Pr,O3 were listed Table According to the Table,
there is no linear relationship between the increase of the U value with the
lattice constant. More irregular changes are observed. For example, while the

lattice constant was found as 3.898 A in case the U value of 2 éV, the constant
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Table3.1: Unit cell parameters (A) and band gaps for TiO, anatase bulk ob-
tained after complete structural optimization with PBE+U compared to exper-

imental data.

E,(eV) a(A) c(A) c/a
exp [87] 3.20 378 951 251
U=0 1.91 3.83 9.65 2.51
U=1 2.03 3.85 9.66 2.51
U=2 2.14 3.87 9.65 2.49
U=3 2.32 3.88 9.71 2.50
U=4 2.48 3.89 9.74 2.50
U=H 2.65 3.91 9.77 2.50
U=6 2.82 3.93 9.78 2.49
U=7 3.02 3.94 9.82 2.49
U=8 3.22 3.96 9.85 2.48
U=9 3.12 3.98 9.87 2.48
U=10 3.04 3.99 9.91 2.48

can fall to 3.883 A in the case the U value of 3 éV. Here, although the nearest
value for the experimental lattice constant a seems to be for U value of 1 eV. the
accuracy of band gap value is unclear due to contradicting experimental results.
While Pourovskii et al. found as 3.90 eV [93], Kimura et al. found as 3.50
eV [94]. When we look at these theoretical results, our calculation for U value
of 5 eV seem to be closer to these results. In these calculations, it is assumed
that the f—orbitals as core orbitals in these theoretical calculations. However,
in our calculations the f—orbitals were considered as valence. Taking reference
to the band structure in our calculation, impurity states originating f—orbitals
do not appear in the band gap for the U values of 4 €V or larger. Eventually,
this value is consistent with other studies that used as of the Pr atoms, U value

was chosen 5 eV for Pr 4f states.
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Table3.2: Unit cell parameters (A) and band gaps for Pr,Os bulk structure
obtained after complete structural optimization with PBE+U compared to ex-

perimental data.

a(A) ¢(A) Ey(eV)
exp 3.85[96]  6.01 [96]  3.90 [93].3.5 [94]
theo 389 [95]  6.12 95 3.17 [97)
Pr:U=0 3.820 5.986 2.56
Pr:U=1 3.848 6.010 3.34
Pr:U=2 3.898 6.025 2.57
Pr:U=3 3.883 6.037 3.61
Pr:U=4 3.892 6.049 3.03
Pr:U=5 3.891 6.072 3.15
Pr:U=6 3.878 6.095 3.67
Pr:U=7 3.870 6.161 3.75

3.2.2 Adsorptional Case

Before presenting our results on the Pr-doped TiO, anatase (101) surface, we
first refer to the relaxed structure of the clean surface, as shown Fig[3.2] Accord-
ing to previous theoretical studies, the surface energies are expected to change
as the function of the number of atomic layers [98]. In adition the terrace con-
struction of anatase (101) surface augments the strength of adsorption of metal
atoms on the surface [99]. Therefore, three TiO; layers have been chosen in the
slab for forming the surface. A 2x1 surface unit has four two-fold oxygen atoms
(O2¢) causing the edges of the terrace-like part, while six-fold coordinated Ti
atoms (Tig.) lie along the troughs. Also, four three-fold oxygen atoms (O3¢) and
four five-fold titanium atoms (Ti5¢) along the flat part. The surface electronic
band structure is shown in the rightmost panel of the atomic structure in Fig[3.2]
After the adsorption processes, the difference between (CB) and (VB) decrease
by 0.06 — 0.14 €V in comparison with the band gap of bare TiOy (101) surface
calculated with U = 5 eV (2.89 ¢V). The minimum of conduction band at I" and
the highest filled band (surface state) is along the T'J direction. According to
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Figure 3.2: The geometric and electronic structures of TiOq (101) surface. Oxy-
gen, and titanium atoms are indicated red, and gray balls. Energy bands and

DOS structures are represented rightmost panel of atomic structure figures.

the projected (local) density of state analysis, O atom states are more populated
in the valance band which is mainly composed of Ti and O states (represented
by the blue and red lines in PDOS, respectively). O2c¢ atoms are more active
at upper part of valence band. Moreover, Ti 3d states are predominantly at the
conduction band and Tibc atoms are more active at low of there. As a result,
it can be said that terrace-like part of surface ia more reactive than the flat-like

part of it for adsoption process.

For our initial Pr adsorption calculations, three stable adsorption configurations
are idendified for a U value of 5 eV for both Pr 4f and Ti 3d. These adsorption
geometries are as shown in Figure In the first geometry the Pr adsorption
site is between O3¢ and Ti5¢ atoms, denoted as Pr(a—1); in the second between
two edge O2¢ and Ti5c atoms, denoted as Pr(a—2); and in the third between
O2c¢ and Ti6e atoms located on the step-like surface construction, and also
represented as Pr(a-3). Here, we focus on two adsorption forms. In the first, Pr
atom directly interact with Ti atoms and significant degradation was observed

on the surface, referred as the Pr(a—1) model. In the second, the most favorable
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Table3.3: Adsorption energies (eV), magnetic moments (up), and interatomic
distances (A) of the three Pr adsorption configurations shown in Fig. [3.3, Up;
and Up, are both 5 eV.

1 Eads Distances
Ti-Ti Ti-O1 Ti-O2 Pr-Ti Pr-O1 Pr-0O2
TiO2(101) 3.12 1.88 2.03

Pr(a-1) 5.00 3.06 295 235 2.21 2.81 2.21
Pr(a-2) 3.00 6.92 3.02  2.10 2.11 3.23 2.19 2.40
Pr(a-3) 5.00 4.04 299  2.09 2.15 3.32 2.28 2.22

adsorption structure of Pr was referred as Pr(a-2). In the following sections,
we will especially elaborate on these configurations. But we now return to the

main topic of this part, namely the properties of these geometries.

The strength of the Pr—surface interaction can be described via the adsorption

energy( E®*). This energy can be calculated used formula as

B = (Etio, + Epr — ETi0,4pr) (3.1)

where Erio,, Epr, and Erio,pr represent the total energy of the relaxed TiO,
clean slab, the energy of one isolated Pr atom, and the total energy of the
(slab+Pr) structure, respectively. The adsorption energies and relevant opti-
mized structural values of Pr in all three configurations were in listed table 3.3
The adsorption energies for all cases have been found as 3.09 eV for Pr(a-1),
6.95 eV for Pr(a—2), and 4.07 eV for Pr(a—3). The average Pr-Ti, Pr-O1 and
Pr-O2 distances are found as 3.23 A, 2.19 A, and 2.40 A, respectively. The angle
value of Ti-Pr-O1 is found as 40.1° to be. For Pr(a—1), both bond lengths of
Pr-Ti and Pr-O are found as 2.81 A and 2.21 A, also the angle of O1-Pr-Ti
is 54.2°. For Pr(a-3) case, both bond lengths of Pr-Ti and Pr-O are found
as 3.32 A and 2.22 A, and O1 Pr-O2 and Ti Pr-O angles are 78.2° and 39.8°,
respectively. The increase in the bond lengths between Ti and O1 is observed

in Pr(a-1), where Ti atom has been shifted down from surface about 0.5 A.

The electronic features of these geometries were studied via spin-polarized band
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Table3.4: Bader charge of Pr adsorbed on the surface in three different config-
uration. In Hubbard U value used in the different for the Ur; and Up, are fixed
as o ev.

Charges
Til Ti3 o1 02 03 Pr
TiO4(101) +2.04 +2.03 -0.91 -1.08 -0.91
Pr(a-1) +1.87 -1.32 +1.44
Pr(a-2) +1.81 +1.81 -1.34 -1.45 -1.19 +1.96
Pr(a-3) +2.05 -1.14 -1.24 +1.52

structure and density of states graphs, indicated in rightmost panel of Figure (3.2
The CB minimum is along the JT direction and the highest filled band (surface
state) is at J' for all band structures of forms. When evaluated together with
the band and the PDOS graphs, for Pr(a—1), two full occupied impurity states is
located below the Fermi energy and in the band gap. The Fermi energy resides
in the CB region. The Ti6¢ atom (Ti2) contributes more to the lower parts of
the conduction band region. For the Pr(a—3), two full occupied impurtiy states
is in the middle of band gap similar to Pr(a—1). However, O and Pr interaction
is more reactive in these states. One occupied state originated form Ti (Tis.)
and Pr interaction resides near the CB region. The Fermi energy stands in
the CB region. As for the band structure of Pr(a—2), in contrast to the other
configurations, the Fermi level is situated in the middle of the band gap. Again,
different from the others, both occupied and unoccupied impurity states are
located in the band gap. While occupied states are originated from Pr-Ti and
Pr-O interactions, orbitals of Pr are dominant in the unoccupied states placed
up above the Fermi level. f-orbitals have a larger contribution for these states,

although the effect of d-orbitals are present.

Bader analysis method is used for calculating partrial atomic changes in this
thesis. For U =0 value, the ions of bulk anatase are calculated to have changes
QTi = +2.64e, and Qo = —1.32¢ in this work. These results compare well with
the work of Mete et al. where they found Q1; = +2.66e, and Qo = —1.33¢
[100]. Also charge values for different bindig geometries are as shown Table

When the results of calculations for the bare surface with adsorption results
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are compared, the highest change in the charge of Pr atom is in the Pr(a—
2) configuration, which is found as Qp, = +1.96e. This large charge transfer
correlates with the large bindig energy. When considering the Pr(a—1) model,
the highest change in the charge of Ti atom is seen easily. The poorest interaction
between the titanium with Pr appeares in the Pr(a—3) structure. In this model,
the modest charge exchange between the atoms is an expected result because of

Pr interaction with saturated Ti (Tig.) atom.

The group of lanthanide elements show a strongly magnetic susceptibilities.
Hence, Pr:TiO, structure gains magnetic property, after adsorption. The mag-
netic moments of all adsorpion geometries considered here are listed in Table[3.3
In all cases, the magnetic moment takes on two different values 3 and 5 5. Mag-
netization arises from interaction between Ti d and the Prf orbitals. One Ti
has remarkably large orbital magnetic moment of 1.6 up for Pr(a-1), while each

of the three Ti atoms bond with Pr has magnetic moment of 0.9 pp for Pr(a-2).

The optical absorbance spectra of the systems studied are as shown in Fig.
The spectrum was investigated in two parts the ultraviolet-visible (UV-vis,
A=100-800 nm) and the near to far infrared (IR, A=800-14000 nm) for bet-
ter resolution. A large peak in the UV range (between 150-400 nm), is seen for
Ti0,(101) shown in Fig. 3.4(a). TiO5(101) can only respond to ultraviolet-light
(UV) and shows no absorption response in the visible-light region, which is con-
sistent with the literature [I0I]. The performance of all three Pr-doped surfaces
in the early UV range (100-200 nm) is better than the undoped surface while in
the 200 and 400 nm, it is somewhat smaller. The visible part of the spectrum
also displays an obvious gain in the absorption for all three doped structures
over the bare surface (inset of Fig[3.4[(a)). The geometry of Pr(a-3) that shows
the best performance in the region after 500 nm is closely followed by Pr(a-2).
Here, the electron transition from impurity states to the conduction band (CB)
would lead to an obvious reduction of absorption energy and induce visible-light
absorption. On the other hand, this result is slightly larger than experimental
value [102]. In the near-IR region shown in Fig. [3.4|b), the bare surface exposes
no absorption performance at all while Pr(a-2) and Pr(a-3) models remain ac-

tive. In fact, Pr(a-2) shows a large peak at around 4000 nm. Conversely, Pr(a-3)
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quickly loses activity just beyond the near-IR edge.

3.2.3 Varying of U parameter

In this section, two adsorption structures examined in the previous section have
been taken as reference models and their behaviours were investigated for var-
ious U values. The effect of the U term on the structures were investigated
by some studies, when Pr is replaced by Ti atoms in the TiOs bulk [106] T07].
However, there is not evidence of any studies related to the adsorption process.
As metioned before, in this part of our study, we concentrate on Pr(a-1) and
Pr(a—2) geometries. The U values for the Pr 4f orbitals atom were first chosen
in the 5-8 eV for adsorptional process, while U = 5 eV taken for the surface Ti
atoms. The defect states located in the band gap indicate a few differences be-
tween different U values. They are nearly converted to flat structures depending
on increase value of U for Pr. Then, we investigated the structures for values of
U chosen in the 5-8 eV for Pr atoms adsorbed on a newly formed surface with

U = 6, 4 eV for Ti 3d orbitals. Our result are summarized in Table [3.5]

With increasing the value of U for Pr atom, although both Pr(a-1) and Pr(a—2)
models do not exhibit visible changes in their adsorptional geometry, they show
a declining trend in the adsorption energy. While this decrease is very large,
for Pr(a-2), the energy drop between the Pr:U=5 eV and the Pr:U=6 eV states
is found to be extremely high compared to others around 0.59 eV. In terms of
the bond lengths in Pr:U=5 eV structure, Pr distance to the other atoms are
less than the distance found for higher U values. For instance, the distance
between Pr and O1 in the structure of Pr:U=5 ¢V is found as 2.19 A, while the
same distance in the Pr:U=>5 €V structure is found as 2.29 A. There is a 0.10 A
difference between them. On the other hand, it is found as 2.31 A for Pr:U=7
eV and Pr:U=8 eV. The difference between Pr:U=6 eV and Pr:U=7 eV is 0.03
A. For all cases, the magnetic moment takes on three different values 1, 3 and
5 pp. All structures are quite similar to the situation in the previous section
in terms of magnetic moment, except in the case Pr:U=7 eV for Pr(a-2). Here,

while magnetic moment of praseodymium atom is rather low, that for each of
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Table3.5: Calculated parameters: adsorption energy and average bond lengths
of Pr adsorbed on the surface in two different configuration. In Hubbard U value
used in the different for the Pr 4f orbital and fixed as 5 eV for the Ti 3d orbital.

Up, Fads 1B Atomic Distance (A)
(V) Ti-Ti Ti-O1 Ti02 Pr-Ti Pr-Ol Pr-02

Pr(a-1)

pure 3.12 1.88 2.03

6 3.01 2.99 2.94 2.34 2.22 2.81 2.25

7 2.96 5.04 2.94 2.34 2.21 2.83 2.25

8 2.87 5.00 2.96 2.29 2.19 2.85 2.23
Pr(a-2)

6 5.36 5.03 3.11 2.11 2.10 3.30 2.29 2.56

7 5.32 1.00 3.09 1.92 2.04 3.38 2.31 2.61

8 9.2 4.96 3.10 2.11 2.10 3.30 2.31 2.57

the three Ti atoms was found as nearly 0.9 up.

According to the electronic band structures of Pr(a-1) which are as shown in
Figure |5.3| on the leftmost panel, there are two dispersionless impurity states
which are in the middle of the gap. These states are positioned under the Fermi
energy level located in the conduction band and they are completely filled. Pr is
more dominant with a little mixing of Ti in these impurity bands. The occupied
energy states are degenerate along the JK direction for Pr:U = 6,7 while they are
non degenerate along the same direction for Pr:U = 8. As for Pr(a-2) models for
different U values, the electronic band structure is very different from Pr:U=5
eV. The band gap is populated with more impurity states and Fermi level resides
in the middle of the band gap. However, for U of 6 ¢V and higher values for Pr
atom, which are as shown in Figure [5.3| on the rightmost panel, there are two
impurity states located in the middle of the gap as it is Pr(a—1). For Pr:U=7
eV, these occupied energy state are degenerate along the I'J and J'K directions.
In terms of PDOS, Pr is more dominant with a little mixing of Ti and O in these

impurity bands.

The computational Bader charge analysis of these adsorption geometries are

listed in the Table[3.6] The highest change in the charge of Pr:U=6 eV is as in the
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Table3.6: Bader charge of Pr adsorbed on the surface in two different configu-
ration. In Hubbard U value used in the different for the Pr 4f orbital and fixed
as 5 eV for the Ti 3d orbital.

Up, Bader Charges
Til Ti3 01 02 03 Pr

Pr(a-1)

pure +2.04 +2.04 -0.91 -1.08 -0.91

6 +1.50 -1.11 -1.19 +1.48

7 +1.50 -1.11 -1.18 +1.47

8 +1.50 -1.11 -1.18 +1.42
Pr(a-2)

6 +1.80 +1.80 -1.16 -1.24 -1.10 +1.60

7 +2.00 +1.82 -1.16 -1.21 -1.11 +1.53

8 +1.80 +1.80 -1.16 -1.24 -1.16 +1.51

Pr(a—2) configuration, which is found as Qp, = +1.60e. In same configuration,
for larger U values for compared to Pr, there is a slight downward trend in these
values. The difference in terms of charge transfer is less, when also considering
the binding energies, we can assume that adsorption strength of Pr atom is not
much has changed with the increase of the U value. In addition, the Bader
charge values for the Ti atoms are much lower, and for O atoms a bit higher,
their bare surface values. On the basis of these results, we can consider that the
Pr-O interaction is stronger than Pr—T1i interaction, also compatible with our
adsorption structures. Pr(a—1) structure that is less stable than Pr(a—2), as Pr
atoms seem to have less of a charge difference for all U values. The charge values
for the Ti atoms are higher compared with their bare surface values. Since the

Pr-Ti interaction is more dominant in these cases, this result is expected.

While adsorptional geometries are represented in the Figure U =6 eV for
Ti, and also related structural parameters and adsorption energies are listed
in Table With increasing U for the Pr atom, the results do not indicate
any trends in terms of the adsorption energy. Especially, the energy of Pr(a—1)
for Pr:U=8 eV state is found as extremely rather high value compared to other
Pr(a—1) structures. In this case we observed a change in the adsorption structure

becoming similar to the more stable structure such as Pr(a—2). In accordance
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Table3.7: Adsorption energy (eV), magnetic moment (up), and average bond
lengths (A) two Pr adsorption geometries on the TiOy Up,=5-8 eV and Up;=6
eV.

Up, Eads 1 Distances
Ti-Ti Ti-O1 Ti-O2 Pr-Ti Pr-O1 Pr-O2
Pr(a-1)

pure 3.14 1.89 2.04

5 3.42 5.00 3.00 231 2.28 2.82 2.24 2.70
6 2.52 1.00 2.97 240 2.28 2.84 2.22 2.66
7 2.43 4.99 2.96  2.35 2.25 2.84 2.20 2.84
8 4.81 5.00 3.09 222 2.25 3.29 2.28 2.56

Pr(a-2)
7.68 5.00 3.10 2.09 2.15 3.24 2.12 2.41
7.75 5.04 3.17 2.07 2.20 3.25 2.20 2.37
7.33 5.00 3.09 1.95 2.01 3.45 2.31 2.80
6.92 1.00 3.12 2.08 2.15 3.26 2.14 2.41

o~ & Ot

with the geometry of the more stable adsorption the binding energy is higher
relatively. Considering the bond lengths in Pr(a-1) for Pr:U = 8 structure, Pr
distance to be Ti atom are more than the distance for the other Pr(a—1) for
different value of U structures. For instance, the distance between Pr and Ti
in the structure of Pr:U=5 eV is found as 2.82 A, while the same distance in
Pr:U=8 éV structure is found as 3.29 A. This is consistent with the change of the
adsorption geometry. When the Pr(a—2) results are investigated, the adsorption
energy of Pr:U=6 eV is seen to have the highest value (7.75 eV). For all strucures,

the magnetic moment gets on three different values to be 1, 3 and 5 pp.

In relation to the electronic band structures and DOS of Pr(a-1) which are as
displayed in Figure [4.1] on the leftmost panel, there are two impurity states
which are located in the middle of the gap and they are also evident from
the corresponding PDOS plots for all value of U. These states are positioned
below the Fermi energy level located in the conduction band so that they are
completely filled. Interaction between Pr and Ti atoms is more dominant in
this impurity state. The occupied energy states are degenerate along the JK
direction for Pr:U=6. For Pr(a—2) models for varied U value, the electronic

band structure is very different from Pr(a—1) models. The band gap is populated
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Table3.8: Bader charges (|e|) of two Pr adsorption geometries on the TiOy Up,.
In Hubbard U value used in the different for the Pr 4f orbital and fixed as 6 eV
for the Ti 3d orbital. eV.

Up, Charges
Til Ti3 01 02 03 Pr

Pr(a-1)

pure +2.06 +2.06 -0.93 -1.11 -0.93

5 +1.50 -1.14 -1.19 +1.47

6 +1.45 -1.12 -1.19 +1.48

7 +1.50 -1.13 -1.20 +1.46

8 +1.57 -1.20 -1.15 +1.86
Pr(a-2)

5) +1.84 +1.85 -1.21 -1.27 -1.16 +1.96

6 +1.84 +1.85 -1.17 -1.23 -1.16 +1.99

7 +1.85 +1.87 -1.18 -1.24 -1.16 +2.00

8 +1.84 +1.84 -1.21 -1.28 -1.17 +1.98

with impurity states under the Fermi level resided in the middle of the band gap.
Two unoccupied states were located above of the Fermi level, except Pr:U = 7.
The contribution of the Pr atom is more dominant in these unoccupied states,
according to the PDOS graph. There are no empty states in the band gap for
the Pr:U=7 eV structure. In addition, the conduction band minimum is at the

K point.

The Bader charge analysis of these structures are given in Table[3.8] The highest
change for the partial charge Pr is U value of 8 eV in the Pr(a—1) configuration,
which is found as Qp, = +1.86e. Here, the bonding geometry of this structure
changes and resembles Pr(a—1) models and therefor this relatively hig charge
transfer is to be expected. For the other U values for Pr(a—1), the changes
for Pr charge are close to each other. Similar to Ur;=5 eV, the Bader charge
values for the Ti atoms are much lower, for the O atoms are higher for Pr(a-2).

However, Pr atoms seem to display a larger charge difference for all U values for

UTi:5 eV.
Adsorption geometries for U = 4 eV are displayed in the Figure [3.7] and relevant
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structural terms and adsorption energies are detailed in Table 3.9 In terms of
the adsorption energy, any trend related to increasing U for the Pr atom are not
appeared, similar to U = 6 V. Particularly, the energy of Pr(a—1) for Pr:U=6 eV
state was found to be extremely high value compared to other Pr(a—1) structures
such as 6.18 eV. Because adsorption geometry changed and has formed with
similar to the most stable structure like Pr(a—2). The energy of Pr(a—2) for
Pr:U=6 eV state was calculated to be 6.17 at a high level. The geometry of
the all cases are accordance with adsorption energy, relatively. For instance, the
distance between Pr and Ti the structure of Pr:U=7 eV is found as 3.34 A, while
the same distance in Pr:U=8 eV structure is found as 3.35 A, for Pr(a-2). Their
binding energy differences was found as 0.12 eV in a relatively small value. For

all cases, the magnetic moment gets on three different values to be 1, 3 and 5
HB-

Table3.9: Adsorption energy (eV), magnetic moment (up), and average bond
lengths (A) of two Pr adsorption geometries on the TiO, for Up,=5-8 eV and
UTi:4 eV.

Up, Fads ! Distances

Ti-Ti Ti-O1 Ti-O2 Pr-Ti Pr-O1 Pr-O2

Pr(a-1)

pure 3.12 1.88 2.01
5 2.67 4.99 2.86  2.26 2.13 2.81 2.24 2.53
6 6.18 5.00 3.02 207 2.00 3.23 2.20 2.35
7 1.88 3.00 3.02 207 2.08 2.81 2.16 -
8 2.77 5.00 3.01 2.17 2.13 2.78 2.29 -

Pr(a-2)
5.98 5.00 3.09 2.05 2.15 3.22 2.14 2.39
6.17 5.00 3.12 1.93 2.04 3.25 2.21 2.33
4.51 1.00 3.08 1.96 2.01 3.34 2.32 2.59
4.63 5.00 3.08 1.90 2.04 3.35 2.31 2.57

o~ O Ot

In relation to the electronic band structures of Pr(a—1) which are displayed in
Figure [3.7] there are several impurity states located under the Fermi level. The
band structure includes many more impurity states, the Fermi level is approach-
ing the valence band, while Up, increases. For Pr(a—2), the number of impurity

states are the same as in Pr(a—1).
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Table3.10: Bader charges (|e|) of two Pr adsorption geometries on the TiOs for
Up,—5-8 ¢V and Up;—4 eV.

Up, Charges
Til Ti3 01 02 03 Pr

Pr(a-1)

pure +2.00 +2.00 -0.91 -1.08 -0.91

5) +1.53 -1.11 -1.16 +1.46

6 +1.79 -1.15 -1.22 +1.99

7 +1.76 -1.19 - +1.46

8 +1.74 -1.12 - +1.49
Pr(a-2)

5 +1.79 +1.78 -1.18 -1.24 -1.13 +1.96

6 +1.99 +1.79 -1.13 -1.23 -1.14 +1.99

7 +1.98 +1.79 -1.12 -1.20 -1.21 +1.53

8 +1.97 +1.78 -1.15 -1.22 -1.16 +1.53

The Bader charge analysis of the adsorption geometries are in Table [3.10} The
highest change for Pr appears for the U= 6eV in the Pr(a—1) configuration,
which is found to be Qp, = +1.99¢. Here, the bonding geometry of this structure
resembles Pr(a—1), and its binding energy was found to be significantly higher.
The results obtained for other U values are chosen to each other. The binding
energies in these structures were found to be relatively low, so these results
are consistent with each other. These two structures were bound on surface

relatively weak.

Finally, It appears from our study that the importanr characteristics of Pr ad-
sorption on the (101) anatse surface does not change appreciably with different
Hubbard U values. In the remaingng chapters of the thesis both Ur; and Up,
will be fixed at 5 eV.
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CHAPTER 4

BENZOIC ACID (BZA) ADSORPTION ON THE
SURFACE

As many molecular adsorption applications in the field of photocatalytic activ-
ity of materials have commonly centered on the adsorption of anchoring groups
(carboxylic acid, phosphonic acid, and hydroxyl groups). The most frequently
used anchoring group is the carboxylic acid (-COOH) |51, 2] (3]. Tt provides
strong binding of the dye structures on the surface and encourages the charge
transfer between the dye and the surface. Various stable binding configurations
between surface and COOH are encountered in the literature [54] [55], while the
configurations of RCOOH are not as available. There are very few examples
focused on the adsorption of larger carboxylic acid molecules, such as benzoic
acid, which possibly give more information about the carboxylic acid-surface
interaction. Moreover, surface dopants such as Pr are known to provide an-
choring sites for adsorbed molecules. It is therefore informative to investigae
adsorption, electronic and structural properties of BZA molecules adsorbed on
the bare and Pr-doped TiOy (101) surfaces. In this chapter, we first present
our results the gaz-phase properties of the BZA molecules and later move on to

adsorbed geometries.

4.0.4 Benzoic acid (BZA)

The geometric parameters of BZA such as bond lengths and angles as well as

energy were calculated using DFT. The structures were compared with experi-
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Table4.1: Average bond lengths of of benzoic acid experimental and calculated
by DFT

Bonds between atoms Distances(A)
Exp. [103] Theo. [105] Our Work

C1-C2 1.48 1.49
C2-C3 1.39 1.39 1.40
C3-C4 1.41 1.40 1.40
C4-Cb 1.37 1.40 1.40
C5-C6 1.36 1.39 1.40
C6-C7 1.42 1.39 1.39
C7-C2 1.39 1.40
01-C1 1.29 1.32 1.37
02=C2 1.24 1.23 1.22
O1-H 1.00 1.09

mental and another theoretical work (DFT/B3LYP) [103] 105]. The calculated
values for benzoic acid are listed in Table in accordance with the atom
numbering scheme shown in Fig [4.1}(a). Our calculation results indicate that
almost all C—C bond lenghts of the benzene ring have similar lenghts, average
of 1.40 A. Distance between atoms C1-O1 in the carboxyl group is longer than
C1=02. Taking into account the experimental data the difference between the
two bonds is 0.08 A for C1-O1 and 0.02 A for C1=02. In the experiment, the
02=C1-01, C2-C1-01, and C2-C1=02 angles were found as 122°, 118°, and
122°, respectively. In our study, these values were found as 122°, 113°, and 125°,

respectively. Also, the angle value of C—-O—H was found as 105°.

Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of BZA are very useful quantitative descriptions of bonding.
These orbitals determine the reactivity of the molecules and the process of in-
teraction with others. The energy difference between the HOMO and LUMO is
referred to as the HOMO-LUMO gap. It is used to explain the possible charge
transfer within the molecule when interacting with other species. For the benzoic
acid molecule, the HOMO and LUMO gap is 4.00 €V, as shown in Fig[4.1}(b). A
small HOMO-LUMO gap indicates low stability for the molecule, which means

higher reactivity in chemical reactions.
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(a) (b)

HOMO LUMO

-

Figure 4.1: (a) The relaxed benzoic acid with atomic labels, (b) HOMO and
LUMO charge densities

4.0.5 Benzoic acid adsorbed on Bare Surface

After the absorption process, three stable configurations were identified for the
BZA molecule interaction with the TiOs anatase (101) surface, as shown in
Figure In two of these configurations, the molecule is upright forming one
Ti-O covalent bond, (Cy(a—-1) and Cy(a—2)). In the third BZA interacts with
the surface atoms in the horizontal position, Cy(a-3). The adsorption energies of
BZA and relevant structural parameters are listed in Table [4.2] and also atomic

band structures and density of states are indicated in the rightmost panel of

Figure

The highest adsorption energy has been found as 0.88 eV for the Cy(a—1) geom-
etry. This value is consistent with the adsorption energy values in the range of
0.8 eV to 1.0 eV found by Martsinovich et al.. [54] and also the value of 0.92 eV
found by Vittadini et al. [55] for the COOH acid. The bond length of Ti-O2 is
1.87 A 02-C1-0O1 and C1-O1-H angles are 124° and 110°, respectively. It is
observed that small changes of angular values were calculated as compared to
the gas phase of the BZA molecule. Also, the angle between the molecular plane
and the surface (C1-O1-Ti) was found to be 90°. For C,(a-2), BZA adsorbed
on the surface has binding energy of 0.83 eV. The average Ti-O2 distance is 1.88
A. The angle values of O2-C1-0O1 and C1-O1-H are 122° and 104°, respectively,
while C1-O1-Ti is 82°. These results are closer to the values of the gas phase
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Table4.2: Average bond lengths (A) and adsorption energies (eV) of BZA and
BZ adsorbed on TiOy and Pr/TiO,.

Eods Atomic Distance

Ti-Ti Ti-Os1  Ti-O42  Ti-01,, Ti-02,, C-Op,

Cp(a-1)  0.88 3.13 1.87 2.02 2.42 1.25
Cy(a-2)  0.83 3.17 1.88 2.08 2.34 1.26
Cp(a-3) 013  3.11 1.88 2.02 3.19 1.23
Cp(d-1) 2.43 3.15 1.88 2.14 2.24 1.29
Cp(d-2) 1.76 3.21 1.87 2.24 2.25 1.29

Ti-O,1 Ti-O,2 Pr-Ti Pr-O,1 Pr-0,2 Pr-O1,, C-0O,,
C(a-1) 1.02 2.10 2.07 3.45 2.20 2.84 2.36 1.25
C(a-2) 0.94 2.14 2.11 3.24 2.26 2.42 2.42 1.25
C(a-3) 0.76 2.10 2.11 3.24 2.23 2.44 2.50 1.26
C(d-1) 3.87 1.95 3.26 2.23 2.49 2.32 1.31
C(d-2) 2.54 2.08 3.28 2.17 2.69 2.31 1.34

of molecule as compared to C,(a—1). Here, we conclude that the molecule is
influenced less by the interaction with the surface in terms of atomic structure.
For Cy(a-3), bonding is achieved via weak forces and a covalent bond is absent.
Accordingly, the binding energy is only 0.13 eV. For this configuration, an incli-
nation is observed towards the surface which results from interaction between

oxygen atoms on the surface and carbon atoms in the molecule.

Regarding the electronic properties, first, we compared the band gaps of anatase
bare and adsorption of BZA surfaces, gain insight on the effect of adsorption
on the electronic structure of the anatase. The values of band gaps of both
adsorption models are very similar to those of the bare surface, as shown in
the rightmost panel of Figure The band gaps are reduced by only about
0.1 eV upon adsorption (Table . This suggests little effect of adsorption
on the electronic structure of anatase slabs. Energy levels originating from the
BZA molecule are not located in the gap. There are two energy states near
the valence band edge. On the other hand, for the Cy(a—3) geometry, impurity

states originating from the molecular interaction can be seen clearly located close
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to the valance band region. As a result of these states a band gap narrowing
in the range of about 0.6 eV can be observed. The DOS for the surface with
adsorbate is very similar to that of the bare surface. For all BZA binding on
the bare surface forms, there are only small changes due to the presence of the

adsorption.

4.0.6 Benzoic Acid Adsorbed on Pr/TiO, Surface

In this part, BZA was adsorbed on the surface on which a Pr impurity atom
was already incorporated. Since the Pr(a-2) geometry is the most stable are, it
was used as the base for our BZA adsorption studies. Three different structures
were considered for BZA adsorption: two vertical positions of BZA on Pr, C(a—
1) and C(a-2); one horizontal position on Pr, C(a-3). The adsorption energies
and relevant structural values of BZA in for these configurations were listed in
table and band structures and density of states are indicated in Figure [4.2
Here, U values were taken to be 5 eV both for Ti and Pr atoms. All the relevant

atomic and electronic properties were discussed in the previous chapter.

The highest adsorption energy for BZA was found as 1.02 eV in the C(a—1) case.
The formation energy was calculated to be 7.06 eV. The total adsorption energies
of Pr(a-1) and C(a-1) were found 7.06 ¢V. These results are same. For the most
stable position, atomic distances of Ti-O2 is found 2.07 A, also the angles of
02-C1-01 and C1-O1-H are found to be 122° and 112°, respectively. These
values are very similar to gas phase of the BZA molecule. The angle between the
molecules and the surface atom (C1-O1-Ti) was found to be 91°. For C(a-2),
which is the other vertical adsorption configuration of BZA on Pr, the adsorption
energy is calculated as 0.94 eV. The length of the Ti-O2 bond is found as 2.11
A, slightly longer than the value for the of C(a~1) model. The 02-C1-O1 and
C1-O1-H angles are found to be 123° and 115°, respectively. In the C(a—3)
structure, which is the horizontal geometry. The adsorption energy is found
to be 0.76 €V. The length of Ti-02 is 2.11 A. Tt is similar to C(a-2) structure,
slightly longer than that of C(a—1) model. The angles of 02-C1-O1 and C1-O1-

H are found to be 121° and 108°, respectively. As seen to in the previous section,
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the molecule horizontally adsorbed on the surface the adsorption structures of
surface without Pr atom. Tt is seen here that the ability of molecule adsorption

of the surface can be increased by Pr impurity of the surface.

We compared the band structures of the anatase surface with a Pr atom (Fig-
ure and adsorption of BZA on Pr-doped surface, to detect the effect of
adsorption on the electronic structure of the anatase. The number of states
originating from Pr impurity atom located in the band gap decreased after ben-
zoic acid adsorbed on the surface. The band gap is found to be 1.1 eV and this
value is same for three combinations. This value is approprite for absorption
in the visible range. In terms of PDOS graph, while between Ti, O and Pr
interaction is more dominant in the defect states locating under the Fermi level.
Pr is more active in unoccupied states at structure of Pr(a—2). Pr and BZA

interaction is more predominant in this case.

4.0.7 Dissociated Benzoic Acid on Surface

In this subsection, the benzoate anion (BZ) adsorbed on the anatase (101) sur-
face has been investigated. Two different stable geometries with were found;
both are shown in Figure |4.3| and relevant structural values sre listed table
In structure C;(d-1), two O molecule atoms bond with unsaturated Ti5c surface
atoms. The Ti-O1 and Ti-O2 bond lenghts are 2.14 A and 2.24 A, respectively.
The O2-C1-0O1 angle was found to be 125°. This value has increased as com-
pared with its gas phase value. In the geometry labeled C,(d-2), two O molecule
atoms tend to bond with an unsaturated Ti5c surface atom. The Ti-O1 and
Ti-02 distances are calculated to be 2.24 A and 2.25 A, respectively. The 02—
C1-01 angle was found to be 116°, which is once again smaller than the gas
phase. The O2-Ti-O1 angle was found to 58°. When these structures are com-
pared to their adsorption energies, we can say that the C,(d—1) structure to be

more stable with its 2.43 eV value.

As seen in the band structure plots, defect states originating from molecule and
surface interaction are located near the VB for both geometries. This defect

states appear flat and they corresponds to the p orbitals. This indicates a larger
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effect of oxygen on these cases. The values of band gaps for both adsorbation
models are very similar to those of the bare surface. Band gap narrow were
very small in the range of about 0.2 eV for Cy(d-1) and 0.12 eV for C,(d-2).
Both CBs appear more crowded in therms of gap states compared to the band

structures of BZ geometries.

4.0.8 Dissociated Benzoic Acid on the Pr/TiO, Surface

In this part, we have investigated the benzoate anion (BZ) adsorbed on the
surface with a Pr impurity atom. Two different combinations were found. In
the first, two O molecule atoms bond with unsaturated Pr surface, (C(d-1)). In
the second only one O atom is bound to Pr, (C(d-2)). Both of them are shown
in Figure and relevant structural values were listed table In the C(d-1)
structure, the Pr-O1 and Pr-02 bond lenghts are found to be 2.32 A and 2.69
A, respectively. The value of Pr-O1 is shorter than nondissociated BZA. The
02-C1-01 angle was found to be 120°. This value has decreased as compared
with the gas phase. The O2-Pr-O1 angle was found to 52°. In the C(d-2)
structure, Pr-O1 bond lenght is calculated as 2.31 A. This value is very close to
its value of C(d-1). The O2-C1-O1 angle was found to be 123°, a value that is
greter than the gas phase. When the adsorption energies of these structures are
compared, the C(d-1) structure to be more stable with its 3.87 eV. As a result,
it can be said that the molecule is able to bind more strongly to the surface

owing to the presence of Pr impurity atom.

The electronic properties of these forms have been examined from spin-polarized
band structure and density of states graphs and are shown in the rightmost panel
of atomic structure in Figure As displayed in the band structures of C(d-1),
two fully occupied impurity states are located below the Fermi energy and in
the band gap while the other states reside very close to the valence band. The
number of these states in the C(d-1) is less than C(d-2). According to the PDOS
graph, Ti, O and Pr contributions dominate in the energy states originating from
molecule-surface interaction. As for the band structure of C(d-2), in contrast to

the C(d-1) strucure, the number of impurity states within the band gap appears
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to be larger. Once again, Ti, O and Pr contributions dominate although the Pr
contribution is smaller. The band gap of both of band structures is found to be

1.4 eV. This value corresponds to the visible range.

Table4.3: Bader charge values of BZA and BZ adsorbed on TiOs and Pr:TiOs.

E, Bader Charges
Ti o1 02 Pr Ol, 02, O(H) C, Ty H

BZA —1.12  —1.09 4139 —0.02  +0.59
BZ —0.82 —0.83 +1.42  —0.05

Cpla-1) | 2.80 | +2.09 —0.91 —1.07 116 —1.39 +1.37 4015  +0.16
Cp(a-2) | 284 | +2.09 —0.91 —1.12 ~1.13  —1.19 151 —0.11  +0.30
Cla-1) | 1.14 | +1.81 —1.14 —128 +2.09 —1.18 —1.24 —1.00 +1.43 —0.01 40.07
C(a-2) | 113 | 4169 —1.14 —131 4209 —1.17 —077 —1.04 4140 +0.06 +0.75
C(a-3) | 1.19 | +1.80 —1.15 —1.26 +2.01 —1.17 —1.15 144 —0.13  40.33
Cp(d-1) | 270 | +2.09 —0.91 —1.00 —1.09 —1.12 —125 +143 40.03 +0.30
Cp(d-2) | 277 | +2.08 —0.90 —1.03 ~1.07 —1.10 —1.19 +1.46 +0.06 +0.34
C(d-1) | 1.86 | +2.02 —1.09 —121 4207 —1.17 —1.16 —1.31 +1.45 +0.03 +0.26
C(d-2) | 174 | +1.81 —1.12 —123 4210 —120 —1.14 —1.25 4149 +0.03 +0.30

The Bader charges of C, O,, and H atoms in the benzoic acid molecule, Ti and
O surface atoms and Pr based are listed in Table [4.3l BZA is adsorbed more
strongly on the Pr/TiOs as seen from the high charge values of O,,, compared
to the bare surface. Here, more charge transfer is realized in these structures.
In the geometries, the charge transfer is realized between the O2,, and the H
atom, not the surface atoms. The highest change in the charge of O2,, atoms is
observed in the C(d-1) configuration. This result is consistent with the results

of adsorption energy results.

4.0.9 Optical Properties

The absorption spectrum of the pure and decorated TiO, surfaces are calculated
and shown in Fig. When BZA is adsorbed on the surface, absorption
response is obtained in the UV-region. It is known that benzoic acid can show
absorption performance in the UV-region, which is similar to the TiO,, so these

results do not surprise for us. (fig. [£.4(a)). However absorption is seen around

52



only 400 nm in the visible-range for C;(a—3) model. This is thought to be related
to impurity states located near the valence band. At Fig. [4.4[(b), in a similar
manner, dissolved benzoic acid adsorbed on surface models show an absorption
behavior near 400 nm. The band gaps of these models have impurity states

located very closed to the valence band, as well.

After BZA has been adsorbed on the surface with a Pr impurity atom, the
adsoption profile is seen to be similar to Pr/TiO,, as shown in Fig. As
mentioned in the previous section, Pr adsorbed shifts the absorption band edge
of the TiO5 to 465 nm and 552 nm, as shown with red line in the figures. For the
Pr adsorption system, it has exhibited the better optical absorption behavior in
the visible-light region. Because Pr/TiO; has an impurity state originating from
Pr in the band gap, it leads to a higher optical absorption performance than pure
anatase TiO, in the long wavelength range. The enhanced absorption of the BZA
added on Pr/TiO, surface in the whole visible region can be attributed to the
presence of Pr atom. When the C(a-1) structure is considered, its absorption
performance around the 500 nm is seen to decline below the performance of
the Pr(a-2) structure. In the 630-780 nm range, C(a-2) shows the greatest
performance. All structures display same the absorption behaviour at the 780
nm. Fig. [4.5(b) shows the absorption spectra of BZA adsorbed on Pr/TiO, at
the infrared range. BZA adsorbed on the bare surface shows no absorption in the
IR-region, so we consider only Pr adsorption TiO, systems. TiO, surface having
Pr impurity atom can indicate absorption feature in the IR-region. Absorption
performance of BZA added structures was found higher than Pr(a-2) in the

infrared region.

The absorption spectrum of the two combinations of benzoate anion adsorbed
on Pr/TiO, can be seen in Fig. [4.6{a). When these two structures are compared
in the visible-light region, the most significant differences in the absorption spec-
trum is the fact that the absorption performance of C(d-2) is better than the
C(d-1), even if it is at the same level with the performance of the structure
Pr(a-2) between 700 nm-800 nm. While C(d-2) shows the same behavior with
BZA applications in this interval, C(d-1) is different. Unlike BZA, absorption

performance of benzoate anion adsorbed surface was found lower than Pr(a-2) in
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the infrared region, as shown in Fig. [£.6](b). All combinations show a large peak
at around 2000 nm, comparable to the absorbance performance in the visible

range. Beyond this point, the absorbance performance decreases rapidly.
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Figure 4.2: The geometric and electronic structures of adsorption of BZA on the
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are represented rightmost panel of atomic structure figures
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Figure 4.5: The optical absorption spectra of benzoic acid (BZA) adsorbed on
Pr/TiO2 models at (a)visible range, (b) infrared range.
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CHAPTER 5

COUMARIN 153 (C153) ADSORPTION ON THE TiO,
SURFACE

5.1 Computational Method

In this chapter, first principle total energy calculations were performed within
DFT-+U as in the our previous chapters. The valance atomic configurations
used for the PAW potentials are 3d® 4s! for Ti and 2s? 2p* for O, 5s? 5p° 4f2
5dt 6s? for Pr, 2s? 2p? for C, 2s% 2p3 for N, 2s? 2p° for F and 1s' 2p? for H,
respectively. The cut off energy was 500 eV. The Hubbard U correction was used
for Ti 3d and Pr 4f states. A U value of 5 eV was used for both atomic species.
A 4 x 4 x 1 k-point mesh was considered sufficient for our TiO, (101) surface
calculations. A two-layer slab model was used to describe the (101) surface, as
shown Fig. 3 X 1 unit in the surface plane was comprised of 11.74 x 10.36

x 28.95 A3 dimensions with a vacuum space of nearly 20 A.

5.2 Result and Discussions

5.2.1 Coumarin 153

Before the interaction of C153 with the TiO, anatase surface, we first present
benchmark resuls for the C153 molecule in the gas phase. The geometric param-
eters such as bond lengths and angles as well as energy were calculated using

DFT. The highest occupied (HOMO) and lowest unoccupied (LUMO) molecu-
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lar orbitals are shown in Figure [5.I] The HOMO-LUMO gap is equal to 2.17
eV and compress reasonably well to the experimental value (2.94 ¢V) [108]. As
seen in Figure [5.1, HOMO is localized in the carbonyl group of the C153 but
extends also over the whole molecule. However, LUMO is more localized near
the carbonyl group. When the atomic distances were compared with another
theoretical work (TDDFT/B3LYP) [109], only differences were found. The bond
length for C1=01 in isolated C153 is 1.22 A in our study (1.20 A in the reference
study). The lengths of the C1-C2, C1-02, and C2-H bonds were calculated to
be 1.44 (1.45) A, 1.41 (1.39) A, and 1.09 (1.08)A, respectively. Figures shown

in parentheses are taken from the results of the reference study [109].

e

Figure 5.1: HOMO-LUMO of isolated Coumarin 153 is represented

5.2.2 TiO, Anatase Surface

The anatase surface considered in this study, as shown in Fig[5.2((a). It has six
two-fold coordinated oxygen atoms (Os.) on step-like while three 6-fold coor-
dinated Ti atoms are located along troughs (Tig.). The terraces lying between
the hills and the troughs expose six 5-fold coordinated Ti atoms (Tis.) and
three 3-fold coordinated O atoms (Os.). The band structure of the surface was

calculated DFT+U framework with U = 5 and an indirect band gap of 3.16 eV.

An O-vacancy (V}) was created on the surface by removing one oxygen, as shown
in Fig [5.2(b) and (c). O-vacancy is one of the major point defect on anatase

(101) surface and impacts the physical and chemical properties of metal oxide
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surfaces significantly [110, 1TT]. Two excess electrons have appeared in the band
gap because of oxygen reduction from the surface. The removal of a surface
2-fold Oy, results in leaves behind one 5-fold coordinated along the trough Tis,.
and one 4-fold Tiy. along the terrace between the hills (V4;). Removal of a
terrace-like oxygen instead yielded, one 5-fold coordinated along the trough Tis,
cations and two 4-fold Tiy. occured along the terrace (Vg2). The oxygen atom

available at the tip of the molecule was placed on these defect sites.

O-vacancy formation energies (Ff,.,) were calculated using from following the

equation [112]

Erorn(Va) = Brog(de ) — Fuog (node f) + ;u(og (5.1)

where 11(Os) is the total energy of an Oy molecule, and Fi(def) and Ei(nodef)
are the total energies of the TiO, surface with and without defects, respectively.
The resulting formation energies for the first surface (V41), and the second sur-
face (Vig) sites are 3.93 eV, and 5.41 eV, respectively. Selloni et al. reported
the structural properties of oxygen vacancies in anatase TiO, (101) surface cal-
culated using a DFT+ U approach. Their results indicate that the formation
energies of (Vp;) were found to be 4.15 eV for a slab containing 108 atoms and
4.25 eV for a slab containing 216 atoms. The energy of V» was found to be 5.40
eV for the 216 atoms slab. These results point towards the sensitivsty of the
formation energies to the system size. The formation of energy for our system
having 72 atoms cannot be compared to these results. On the other hand, the
calculated energy of (Vi) in our study is the consistent with Selloni’s study.
These results show that terrace-vacancy is more energetic than step-oxygen va-

cancy site

It need to give information about these electronic structures to explain localized
band gap states. After O-vacancy process, free electrons in the defective geom-
etry are taken instead of the (1) vacancy states in the crystal lattice. These
electrons have a direct effect on the electronic structure of TiOy by forming
defect states below the conduction band, as shown in Fig [5.2(b) and (c). As

seen in the TiOy(Vp;) band structure, while two occupied defect states appear
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Figure 5.2: The atomic and electronic structures of (a) TiOq, (b) TiOy(Vo1),
and (c) TiO2(Vpo) surfaces. PDOS graphics is shown rightmost panel by band
structure, therein, Ti4., Tis. and O are represented by the blue, gree(orange),

are red colours, respectively

under the Fermi level, unoccupied defect states are localized closed to conduc-
tion band. The band gap was calculated to be 1.16 eV. According to PDOS,
these states originated from Tis. and Tis. atoms having extra unsaturated bond
from the formation of oxygen vacancy. For the TiO4(V{2) band structure, while
two occupied defect degenerate states appear under the Fermi level, unsaturated
defect states are localized in the conduction band. the band gap was found as
1.08 eV. At PDOS, these states originated from Tis. and Tis. atoms from the

formation of oxygen vacancy.

5.2.3 Adsorption of Coumarin 153

5.2.3.1 Adsorption on TiO,

In this part, we examined the adsorption of C153 molecule on perfect and O-
vacancy 3x1 anatase (101) surface. The binding geometries and band structures

are shown in Figure |5.3] The relevant atomic geometries are listed in Table
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Table5.1: Average bond lengths, electronic bang gap, and adsorption energies of
C153 adsorbed on both the anatase surface and the surface having O-vacancies.

Eads E, Atomic Distance (A)
(V) (eV) Til-0,, Ti2-0,  Til-O0, Ti2-0, C-O,,
C153/TiO2 0.77 195 2.36 2.03 2.06 1.24
C153/TiO2(Vo11) 1.24 1.16 2.31 2.39 2.04 1.93 1.27
C153/TiO2(Vo2) 1.78 1.08 2.34 2.50 2.06 1.98 1.29
Til-0O,, Ti2-F Ti3-F F-C C-O,,
C153/Ti02(Vo12) 2.45 1.98 2.32 2.76 2.33 1.43 1.24
Til-Pr O,1-Pr 0,2-Pr Pr-O,, C-0,,
Pr/TiO2 6.92 2.15 3.29 2.20 2.44
C153/Pr/TiO2 1.16 0.55 3.33 2.22 2.57 2.38 1.25

Only one stable adsorption geometry was idendified for C153 on the perfect
surface, denoted by C153/TiOy. Three different geometries were which will
refer to as C153/Ti05(Vp11), C153/Ti0O9(Vp12) and C153/TiO9(Vog). All four
geometries and their band strucures are shown in Figure Here, the edge
oxygen atom of the molecule (O,,) is in touch with the vacancy site for both
C153/TiO2(Vi1) and C153/TiO9(Vp2). As for C153/TiO9(Vp12), while the F
atom of molecule setted on the V(; side, the edge atom adsorbed on surface of

Ti atom.

In the C153/TiO, geometry the initial geometry is chosen almost vertical to the
surface. After the relaxation process, one O atom at edge of molecule formed a
fivefold coordinated surface Tis. atom. The adsorption energy is calculated to be
0.77 eV. The distance between molecule O,,, atom and surface Tis. atom is about
2.36 A. On the defective surface, on the other hand no other binding geometries
were idendified. C153 causes two states to appear in the band gap below the
Fermi level. This causes, a narrowing of the electronic band gap of formed a
bond with was found 1.95 eV. As seen from the PDOS analysis displayed next
to the band structure to be molecule atoms C, N, O are more localized in the
impurity band under the Fermi level, which are shown as green, violet and red
peaks in the PDOS plot. However, states from O atoms in the molecule are

predominantly localized in the lowest gap state.
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Figure 5.3: The geometric and electronic structures of three adsorptional cases
for C153:TiO9 and C153/Pr/TiO, system. While the first column (a) represents
the atomic structure case, the second and third columns; (b), (c) represent

energy bands and DOS structures.

The adsorption energy C153/TiOy(V11), was calculated 1.24 eV. For the most
stable position, the distance between the oxygen atom of the molecule and the
surface Tis, atom (Til-O,,) was found to be 2.31 A. For C153/TiO5(V5,2) the
highest adsorption energy was found to be 2.45 eV. The F-C bond increases
slightly in length from 1.36 A to 1.43 A upon the formation of adsorption.
For C153/TiOy(Vpe), the adsorptional energy was calculated as 1.78 eV. This
is higher than the value of C153/TiO5(Vp11). On the reduced surfaces, terrace-

vacancy is more reactive than step-oxygen vacancy site.

According to the electronic band structure of C153/TiO5(Vp11), the four impu-

rity states originating from the C153 molecule adsorption are higher in energy in

64



the band structure. The Fermi energy resides between conduction and valance
bands with three impurity states below. An additional impurity state is seen
above the Fermi level. As seen in the PDOS analysis, the energy level originating
from Ti 3d orbital is 0.3 €V under Fermi level. Other states originating from the
C153-surface interaction are located close to valance band. States of the C153
atoms are more dominant in the empty state located above the Fermi level. The
band gap is calculated to be 1.16 eV. In the band structure of C153/TiOs(Voe),
four defect states are located under the Fermi level. Two unoccupied degenerate
states are above the level. In the PDOS analysis, the two defect states located
the closest to Fermi level originate from the Ti 3d orbital. The band gap is 1.08
eV. For C153/TiO4(V(12), the occupied states under Fermi level are very close
to each other as unlike other band structures. One unoccupied state is located
closed to conduction band. Between Ti and atoms of molecule interaction is
more reactive in these occupied states. The un occupied state is originated from
surface and molecule atom interaction. The band gap is calculated to be 1.98

eV. This value is quite high compared to the previous one.

Our results indicate weak interaction between the C153 molecule and the surface.
The adsorption energy increases in the presence of vacancies and the structures

becomes magnetic.

5.2.3.2 Adsorption on Pr/TiO,

In this subsection, we investigate the physical behaviour C153 adsorbed on the
surface with a Pr impurity atom. The most stable location for the Pr atom
was identified and chosen as the anchor site with an adsorption energy of 6.92
eV. On this site, a single C153 adsorption geometry was considered, where the
molecule is vertical to the surface. The adsorption energy and relevant structural
parameters of C153 is listed table[5.1)and also atomic band structure and density
of states are indicated in the Figure Here, U values were taken 5 eV for Pr

atoms.

The C153 adsorption geomerty, one O atom at the edge of the molecule is

bounded to the Pr atom located on the surface. The adsorption energy was
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Table5.2: Bader charge analysis results for C153/TiO2(101) anatase systems.
For labeling refer to Fig

Model UB Til Ti2 Ti3 O(s1) O(s2) O(ml) O(m2)
bare +2.04 +2.05 +2.06 -1.08 —-1.07

C153 —-1.09 —1.04
C153/TiOx +2.09 -1.07 -1.06 -1.10 —0.99
TiO(Vo1) 1.99  +1.72  +1.77 4204 —1.09 —1.12

C153/TiO2(Vor1)  2.00  +1.85  +2.05 -1.07 -112 -1.16 —1.01
C153/Ti02(Vo12) 2.00 +1.81 +1.83  +2.05 —1.12 —1.13 —1.05 —1.01
TiO2 (Vo) 0.00 +1.77 4173 +1.83 —1.11 —0.94

C153/TiO2(Vo2) 200 +1.83 +4+1.82 +2.05 —1.12 —0.93 —1.15 —0.98
Pr/TiO2 5.00 +2.00 +4+2.05 +1.81 —-1.14 —-1.24

C153/Pr/TiO2 5.00 +2.00 +1.81 +1.84 —-1.14 —1.22 —1.22 —1.03

C1 C2 N F H Pr

C153 +1.38 —0.02 —1.13 —0.61 —0.14

C153/TiO2 +1.25 +0.08 —-1.15 —-0.60 +40.19

C153/Ti02(Vo11) +1.16 +0.07 —-1.17 —-0.60 +0.21

C153/TiO2(V012) +131 +0.05 -1.16 —-0.63 +0.12

C153/TiO2(Voz) +1.17  —0.02 —1.22 —0.57 —0.29

C153/Pr/TiO2 +1.99
C153/Pr/TiO2 +132 +0.02 -1.05 -0.56 +4+0.22 +42.05

calculated to be 1.16 eV. This is a medium value when compared to other models.
The lenght of the Pr-0,, bound 2.38 A. A value very close to the BZA adsorption
geometries on TiOs (101). Considering the binding energy as an indicator of the
degree of interaction between C153 and the surface, we can conclude that this

adsorption structure is less strong than vacancy applications.

The band gap of this system is seen to decrease until 0.55 eV. The Fermi energy
appeared between conduction and valance bands. While three occupied defect
states appear under the Fermi level, one unoccupied defect state is located 1.50
eV below the conduction band. According to the PDOS graph, while between
Ti, O and Pr contribution is more dominant in the occupied defect states, the
defect state located under the conduction band originates from Pr and C153
interaction. This unoccupied state is closer to the Fermi energy level as com-
pared to benzoic acid application. The band gaps of all C153 in applications of

adsorption seems appropriate for the visible region.

66



C153/TiOy(vacl)1

1 =
% it
@ O——-1---—1 it et -——— A . Ti2
:c: [ 3 i i o(m1)
| o “ o(m2)
= = ] 2 | |
J— I =1
| | |
4 i c2
2 I i N
r J K N r K min max 2 N e o !
nergy(eV)
bt Il el iy
s J‘v M R Lllmm
3L | - .
E‘ g & o [ ofm)1
LR I I I R | g e ' o(m2
a I
o
Al [ o
L ] [ N
E
2 \ \ | \
r J K J r K min max 2 -l 0 1 2 3
Energy(eV)
= ]
II | diprsd] Ti1
| | | .
2 I , o2
= | | | |
] I |
g 0 || - . A
[= e o {
& P i s
g | o(m2)
-1 I c1
'1
c2
P
) ] N
| | |
1 0 1
r J K J r K min max Energy(eV)

(a) (b) ()
Figure 5.4: The geometric and electronic structures of three adsorptional cases
for C153/TiOy(Vo11), C153/TiO2(V12) and C153/TiOo(Vy2) systems. While
the first column (a) represents the atomic structure case, the second and third

columuns; (b), (c¢) represent energy bands and DOS structures.
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Bader charge analysis results comprise for the C, O,,, N, F and H atoms in
the C153 molecule; Ti and O surface atoms; and the Pr atom reported in ta-
ble As expected, the maximum change in charge for Ti atoms is seen at the
C153/Ti0y(Voe) structure, since, one oxygen atom O(ml) located at the edge of
the molecule interacts with of three unsaturated Ti atoms. Charge differences
in surface oxygen atoms (O(s)) are rather low, they are appreciable only in the
model the C153/Pr/TiOy. The highest charge transfer is observed for O(ml)
for C153/Pr/TiOy whereas almost no charge is seen for C153/TiOs. For the C1,
O(m1) atom, the charge transfer is highest in the C153/TiO5(Vp;) and TiO(Vy2)
structures. This shows that the charge interchange is strong between the atoms

of molecule.

5.2.4 Optical Properties

The optical absorbance spectra of the systems are considered as shown in the
visible range Fig. left-hand panel (a, ¢, e), and in the near infrared range
Fig. on the right-hand panel (b, d, f). Here, the two ranges are determined
as ultraviolet-visible (UV-vis, A=100-800 nm) and the near to far infrared (IR,
A=800-14000 nm). As in the previous sections, the bare TiO5(101)-3x1 sur-
face shows a large peak in the UV range (between 150-400 nm). Other struc-
tures display similar performance in this range. In the visible part of the spec-
trum, while absorption for perfect surface shows no absorption, absorption lines
of O-vacancies and Pr-doped systems indicate an improvement. Particularly,
TiO2(Vo2) system shows the best absorption performance. After the adsorption
of C153 molecule, while C153:TiOy shows a very similar performance to the
bare surface in the visible range (Fig. [5.5|c)), absorption lines of C153/Pr/TiO,
system indicates an improvement with the good absorbance performance after
the region 600 nm. Indeed, C153/TiO4(Vp11) indicates the best absorption per-
formance, when it is compared to other C153 adasorption systems (Fig. [5.5]e)).
In the near-IR region shown in Fig. on the right-hand panels, while the
bare surface and C153/TiO, demonstrate no signal at all while other config-
urations remain active, O-vacancies systems indicate absorption performance.

In C153/Ti05(Vp11), the absorbance maximum appears around 2600 nm, then
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Figure 5.5: The optical absorbance of bare, O-vacancies and Pr-doped
TiO2(101)-3x 1 surfaces (a, b), cases for C153:TiO, and C153/Pr/TiO, system
(c, d) and cases for C153/TiOy(Vp11), C153/TiO2(Vp12) and C153/TiOy(Vos)
systems (e, f). The graphs on the left-hand panel (a, c, e) refer to the visible
range and those on the right-hand panel (b, d, f) to the infrared region.

it rapidly loses activity. C153/Pr/TiO, displays good activity between visible
and the near-IR edge. Although the peak of C153/TiOy(Voe) appears around
4000 nm, it is lower than that of C153/TiOs(Vp11). C153/TiO9(Vp11) shows
absorbance at longer range with its performance reaching zero around 8000 nm.

Although C153/TiO9(V:12) is structure with the strongest molecular adsorption
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on the surface, it does not show very effective performance at the both visible

and infrared regions.
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CHAPTER 6

BEYOND PR

In this section, we explore the performance of the other lanthanides in place of
Pr and the compare performances. Lanthanides are usually known with similar
physical properties, so it might be interesting to see how they would behave
from optical performance point of view. The lanthanides investigated here were
chosen according to the occupancy rate of the f — orbitals of atoms. Consider-
ing Pr atom has the two electron f — orbitals, investigation of the absorption
behavior for f —orbital electrons of lanthanides with more is interesting. There-
fore, three types lanthanide adatoms, Gd, Er, and Lu on TiO, surface have been
studied. Gadolinium (Gd) has a set of 7 electrons in half-field 4f orbitals and
is frequently used in photocatalytic applications [113]. Erbium (Er) has a set
of 11 electrons filled 4f orbital and it is appropiate for photocatalytic applica-
tion [42]. Lutetium (Lu) has a completely filled 4f orbital. Also, while the Ti*"
ionic radius is only 0.68 A, lanthanide ions have much larger radii (Gd**+(0.944),
Er®*(0.88A), and Lu®t(0.854)).

6.1 Computational Method

First principle total energy calculations have been performed within DFT+U as
in the previous chapters. The valence atomic configurations used for the PAW
potentials are 3d3 4s' for Ti and 2s? 2p* for O, also 5s? 5p® 4f” 5d! 6s2 for Gd,
5s2 5p® 4ftt 5d! 6s2 for Er, and 5s? 5p® 4f'* 5d' 6s? for Lu, respectively. The
charge analysis was done by using the Bader method. The cut off energy was

500 eV. Hubbard Terms (U) were chosen to be, U-J = 6.00 5.80 3.88 eV for Gd,

71



Table6.1: Adsorption energy and average bond lengths of Ln adsorbed on the
surface.
Eeds | g Atomic Distance (A)
(eV) Ti(1)-Ti(2) Ti(1)-O(1)  Ti(1)-0(2) Ln-Ti(1) In-O(1) Ln-O(2)
pure 3.12 1.88 2.03
ad:Tios | 4.20 | -6.00 3.15 2.13 2.14 3.10 2.08 2.18
Er:Tio, | 7.35 | 2.00 3.14 2.07 2.19 3.13 2.18 2.33
Lu:Tioe | 7.74 | 3.00 3.13 2.12 2.19 3.03 1.96 2.04

Er, Lu, respectively as literature [114), 1T5].

6.2 Result and Discussions

6.2.1 Adsorptional Cases for a Single Lanthanides

The energetically most favorable adsorption site was chosen for all calculations in
this part, where two Oq. atoms lie along a row on an elevated portion of the (101)
surface. Pr(a—2) adsoption model defined previously Chapter 3. Adsorption
structure and its band structure had been considered to be stable state for a
single lanthanide atoms (Gd, Er, Lu) on the surface, as shown in Figure [6.1a).
Adsorption energies and related structural parameters for the four RE metals
adsorption on TiO5 obtained from our calculations are summarized in Table
We found that the adsorption energies of Er and Lu adsorbed on the surface are
large, 7.35 eV and 7.74 eV, respectively, while that of Gd is relatively smaller
with a value of 4.20 eV. When the structures are examined in terms of their bond
lengths, Lu bond length between the surface atoms are less than the length of
the other adsorbed structures. For example, the distance between Lu and O(1)
was found to be 1.96 A, while the same distance in Er adsorption structure is
2.18 A. There is 0.22 A difference between them. For all cases, the magnetic
moment has three different values, such as 6.00 for Gd, 2.00 for Er and 3.00 for

Lu pp.
In relation to the electronic band structures and PDOS of Ln adatom TiOs
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which are shown as Figures [6.1[(b) on the leftmost panel, for Gd:TiO,, three full
occupied impurtiy states are located below the Fermi energy. Similarly, Gd, Ti
and also O atoms interactions is more dominant in these states. As for Er:TiOs,
the electronic band structure of this case is very different from Gd:TiO,. The
impurity states under the Fermi level resides closer to the conduction band.
These new impurity states are induced by forbitals so Er is more dominant.
The states which are located closed to the Fermi level are dispersionless. For
Lu:TiOg, three impurity states are in the middle of the gap and under the Fermi
level. Interaction between impurity and surface atoms is more dominant in these
impurity band state. Two occupied energy states are nearly degenerate along
the JK direction. Two dispersionless impurity states are originate from the Lu

atom are located in the conduction band.

According to Bader charge analysis of adsorptional structures studied here listed
in the Table The highest change in the charge of the Ln ion is realized in
the Lu:TiOs structure, with Qr, = +1.96e. Also, in same structure, the charge
changes for O atoms are the highest a compared with other structures. For
Gd:TiOs,, these charge values have the lowest value. These results are consistent
with that obtained from adsorption energies. The charge values for the Ti atoms
are slightly different from each other for these structures. On the basis of these
results, we can consider that the Ln-O interaction is the stronger than Ln-Ti
interaction. Considering the band gap of these structures, while the band gap
is 2.01 eV for Gd:TiOy and 1.91 eV for Lu:TiO,, which are close to each other,
it is quite small from the other values with 0.91 eV for Er:TiOs.

Table6.2: Bader charges (|e|) and band gap of Ln (Gd, Er, Lu) adsorption

geometries on the TiO,.

E, Charges
(eV) Til Ti3 01 02 03 Ln
pure 2.89 +2.04 +2.04 -0.91 -1.08 -0.91

Gd:TiO4 | 2.01 +1.81 +1.81 -1.12 -1.17 -1.14 +1.27
Er:TiOy | 0.91 +1.81 +1.85 -1.16 -1.22 -1.16 +1.51
Lu:TiOy | 1.91 +1.80 +1.80 -1.23 -1.26 -1.20 +1.96
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The optical absorbance spectra of TiOg, Gd/TiO,, Er/TiO2, and Lu/TiOs sam-
ples are considered as shown in for visible range Fig.[6.2|(a) and for near infrared
range Fig. [6.2(b). The bare TiO5(101) surface displays a large peak in the UV
range (between 150-400 nm), also other structures having lanthanide impurity
atom show similar performance in this range. While the absorbance rapidly
decreases and approaches zero around wavelength of 400 nm for bare TiOq sur-
face, declining absorbance curves remain above zero for the doped structures.
In the visible part of the spectrum, Gd/TiO, shows the best performance in
the region until 650 nm, and also Gd/TiOs and Lu/TiO, indicate similar ac-
tivity at the 500-550 nm range. After than, the curve of Lu/TiO; is seen slight
decline. In the near-IR region, the best absorbance performance maximum ap-
peares for Gd/TiO4 around 4000 nm. After 6000 nm, Er/TiO, shows the largest

absorbance activity.

6.2.2 Benzoic Acid Adsorbed on Ln/TiO, Surface

In this section, BZA adsorbed on the Ln-enriched surface was investigated. Here,
we have taken one adsorption structure for each Ln. This structure was chosen to
be the energetically most favorable adsorption site for BZA, as known previous
section. Adsorption structures and its band structures had been considered to
be stable state for a BZA on the Ln/TiO, surface, as shown in Figure. and
relevant geometrical properties are listed in Table [6.3] The BZA adsorption
energies in the presence of Gd structure are greater than that of Er and Lu.
Ln-0,, distances are found to be 2.57 A for Gd, 2.51 A for Er, and 2.49 A for
Lu.

For this adsorptional geometry, a comparison of the band structures and density
of states of adsorbed BZA on Ln-doped surface is shown in Figures Overall,
for BZA /Er:TiOy structure, the number of impurity states that originate from
Er impurity are atom located in the band gap decreased after benzoic acid
adsorbed on the surface. For BZA /Gd:TiOy and BZA /Lu:TiO, structures, the
number of impurity states located under the Fermi level remains same after

the benzoic acid adsorption. As can be seen from PDOS analysis, interaction
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Table6.3: Average bond lengths (A) and adsorption energies (eV) of benzoic acid
adsorbed on TiOs and Ln/TiO,.

E®s | up Atomic Distance (A)

(eV) Ti-Ti TiFO1 Ti-02 ILnTi LnOs1 Ln-0s2 LnOp
BZA/Gd:TiO2 | 3.23 | 4.00 | 3.16 213 215 3.14 2.12 2.22 2.57
BZA/Er:TiO2 1.20 4.00 | 3.16 2.06 220 3.13 2.13 2.15 2.51
BZA /Lu:TiO2 1.35 3.00 | 3.09 210 219 3.08 1.98 2.08 2.49

between impurity and surface atoms plays a dominant role in these states. As
for these three structure, flat empty states appear above the Fermi energy level.
In these states, interaction between molecules impurity atoms located on the
surface is the dominant. Clearly appearing BZA /Er:TiO, some flat empty states
appear originating from Er. Two occupied energy states are nearly degenerate

along the JK direction.

Bader charge analysis of BZA adsorptional structures, as shown in the Table [6.4
indicated that the highest change in the charge for the Ln atoms are realized
in the BZA/Gd:TiOy structure, which increases from @, = +1.27¢ (as seen
from Table to Qry = +2.00e. Similarly, the charge changes for O (O1 and
02) atoms of surface has the highest value in this structure, when compared
with other structures. This result is consistent with the high binding energy on
Gd. The charge values for the Ti atoms are almost unchanged for all structures.
Considering the band gap of these structures, the band gap have found as 0.96
eV for BZA/Gd:TiOy and 1.00 eV for BZA/Lu:TiOq, which are close to each
other. Here, after adsoption of BZA, the band gaps decrease for these structure.
However, band gap increases from 0.91 eV to 1.50 eV after BZA adsorbed on
Er-doped TiO4 surface. These band gap values for all structures are consistent

for absorbance in the visible region.

After, BZA has been adsorbed on the surface on which has lanthanite impu-
rity atoms, the absorption spectrum both VR- and IR- were shown in Fig.
When these three structures are compared in the visible-light region, the most
significant differences in the absorption spectrum is the fact that the absorption

performance of BZA/Gd:TiOg is the best. In the near-IR region, BZA /Gd:TiOy
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Table6.4: Bader charge and band gap values of BZA adsorbed on Ln:TiO,.

E, Bader Charges
(eV) | m o1 02 Lo Ol 02 Ca G H
BZA 112 —1.09  +1.39  —0.02 +0.59

BZA/Gd:TiO2 0.96 +181 -1.19 -—-1.27 4200 -1.19 -1.11 +1.37 —-0.14 +0.65
BZA /Er:TiO2 1.50 +1.82 -—-1.16 —1.25 4205 -1.20 -—-1.11 +1.37 —0.03 +0.65

BZA /Lu:TiO2 1.00 +1.81 —-1.24 -1.27 +2.02 -1.16 —1.18 +1.42 +0.11 +0.73

system indicate the maximum absorption performance around 2000 nm, then it
rapidly loses activity. After 4000 nm, BZA /Gd:TiOy and BZA /Lu:TiO, systems
display same absorbance performance. In BZA/Er:TiO,, the best absorbance

performance appears around 6000 nm .
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Figure 6.1: The geometric and electronic structures of adsorptional cases for
Gd:TiO4 systems, Er:TiO,, and Lu:TiO, systems, respectively. While the first

column (a) represents the atomic structure case, the second and third columns;

(b) represent energy bands and DOS structures.
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Figure 6.2: The optical absorption spectra of Ln (Gd, Er, Lu) adsorbed on TiO,

models at (a) visible and (b) infrared ranges.
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Figure 6.3: The optical absorption spectra of BZA adsorbed on Ln(Gd, Er,
Lu)/TiO2 models at (a) visible and (b) infrared ranges.
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CHAPTER 7

CONCLUSION

TiO, supported with atoms or molecules is generally used as an active system for
photocatalytic applications. Rare-earth metals are considered highly appropri-
ate dopants due to the enhanced photocatalytic activity of TiO,. The absolute
value of U for d-orbitals of Ti atom has not yet been reported in the literature. In
chapter 3, we filled this gap by recalculating the band gap and lattice constants
of the bulk anatase TiO, for varied U values. Based on these calculation results,
we obtained a fitting U value. In order to calculate the U value for f-orbitals
of Pr atom, we used Pr-oxide bulk structure (PryOsz). Although the existing
literature had reported a number of specific values of U, we could not find a
trend among these reported values. Therefore, we have considered the varying
U values both for d—orbitals of Ti and f—orbitals of Pr atoms and the adsorp-
tion processes were recalculated. These calculations have shown that there are
no structural and electronical change is conditional on the different U values for
Pr atom. The differences which occur at the band gaps, on the other hand, stem
from the different U values for Ti atom. For adsorptional proceses, we have ex-
amined the structural, electronic and optic properties of the interaction between
Pr atom and anatase (101) reconstructed surface are investigated. The stable
geometries for each metal and surface atom have been obtained by relaxation to
minimum total energy. According to our results, since interaction between Pr
and the surface atoms is strong and the actual radius of Pr is more than the sur-
face of the atoms, changing of the positions of the surface atoms with presence
of Pr was appeared. This change can be seen most clearly for the interaction

between Ti and Pr atoms. Furthermore, a strong binding geometry is obtained
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from Pr interaction between both Ti and O atoms. Bader charge analysis has
supported this result depending on the higher charge transfer between atoms.
Finally, after the adsorption process, the structure gained magnetic properties.
When evaluated in terms of optical properties, the adsorption of Pr is also a
good method for increasing the absorbance both in the visible and the infrared
range. When evaluated in terms of optical properties, we demonstrated that the
adsorption of Pr is also a useful method to increase the absorbance performance

of TiO4 both in the visible and the infrared range.

Pr shows high performance as an anchor for dye molecules. The adsorbance of
benzoic acid is strong, providing that the presence of Pr impurity atoms on the
surface that otherwise weakly interact with the surface. Again, due to the pres-
ence the Pr atom, the band structures of the adsorptional systems have become
as convenient for visible region. As a result of this, they have exhibited the
better optical absorption behavior in the visible-light region. While adsorption
of benzoic acid on the bare surface structures showed no absorbance properties
in the infrared region, the Pr-doped surface indicated impressive performance
in this region. Adsorptional structures having Pr-doped substrate have gained

magnetic property.

We have studied the inteaction Coumarin 153 (C153) and clean, Pr-doped and
reduced (O-vacancy) surface. The first, the O-vacancy proceses have been inves-
tigated. After O-vacancies process, the surface of the band gap was narrowing
due to grow number of unsaturated atoms on the surface. Interaction between
C153 molecule and the clean nanowire was realized weaker interaction when
considering the binding energy. However, C153 binds to Pr-doped or reduced
nanowire structures more strongly. The strongest binding model was obtained
from the adsorption of two ends of the C153 molecule on O-vacancy nanowire.
In terms of the strength of the adsorption, the creation of O-vacancy seems to
be a more effective method than the Pr-doped. But, when considering their per-
formance of absorbance, two methods give similar results at the visible range.
Adsorptional structures having both the O-vacancy and Pr-doped substrates

gain magnetic properties.
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We have examined the adsorption behavior three lanthanide atoms chosen based
on 4f-orbital occupancy rate, such as half-filled for Gd, high-filled for Er, and
full-filled for Lu. The adsorbance of Lu on the surface is the strongest as com-
pared with others in terms of the bindig energy. Bader charge analysis has
supported this result. When considering the band structures, for adsorption of
both Gd and Lu, similar results have obtained. Whereas, after the adsorption
of Er, band structure were obtained a quite different from these structures. It
is considered that this result is due to the rate of occupancy in f-orbitals of
Er atom. As indicated in the absorbance curves, absorbance activities of these
structures are close to each other at visible range. In the infrared region, up
to 6000 nm, the absorbance performance of the structure having Gd atom is
more highly than others. Considering lanthanide atoms to have similar physical
properties, this may be regarded as a distinctive feature. If we discuss based
on the calculation result of benzoic acid adsorbed on Ln-doped substrate. The
absorbances of benzoic acid on Ln-doped substrates are strong like Pr-doped.
The strongest binding model was obtained from the adsorption of benzoic acid
on Gd-doped substrate. When considering the band structures, the number of
impurity states originated from Er impurity atom located in the band gap de-
creased and similar results have obtained. According to the absorbance curves,
absorbance performance of these structures are near each other at visible range.
In the infrared region the absorbance activity of Er-doped substrate is more

highly than others.

In this thesis, our results have presented that using dyes together with rare
earth elements as surface dopants on TiOs substrates could be a controllable and
efficient approach for bettering their optical activity. Consequently, investigation
of rare-earth metals and more complex dye molecules for solar application idea

would obviously important.
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