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Abstract

Titanium dioxide (TiO;) also known as titania belongs to the class of transitions
metal oxides. Titanium dioxide has become a metal oxide of fascinating significance in
the research sphere due to its numerous environmental and industrial applications. This
chapter presents an overview of the physical, crystal, structural and semiconductor
properties of TiO, while delving into direct and indirect band gaps, fermi levels in
semiconductors, density of states and carrier concentration. The environmental, phar-
maceutical, deodorization, photovoltaic and water purification applications of TiO,
were also discussed. Although TiO, clusters have become the focus of several computa-
tional studies, typical hardware has a higher processing power, giving way for the
simulations of cumbersome systems, some cluster sizes used for some studies are rela-
tively small and are not fit to handle specific problems or complex systems significant
for photovoltaic applications. First-principle density functional theory calculation using
computational software and GPAW that implements electron density represented on
real space grids and the projector-augmented wave method were utilized in this study to
investigate the optical and electronic characteristics of TiO, brookite clusters. The
results of computational investigations on the optical and electrical characteristics of
different-sized TiO, clusters and intricate systems for the purpose of simulating charge
transfer mechanisms in hybrid organic-inorganic photovoltaics and photocatalytic
obliteration of contaminants were presented in this chapter.

Keywords: titanium dioxide, photocatalysis, pharmaceutical applications, TiO,
clusters, density functional theory

1. Introduction

Titanium dioxide (TiO,), also known as titania, is a member of the transition metal
oxides family [1]. Due to its application in pigments, demonstrated capacity as a
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photocatalyst, and ability to support significant reactions, which are beneficial to the
environment, like the production of hydrogen through water splitting, contaminated
air and water treatment, and semiconductor material in dye-sensitized solar cells
(DSSCs), TiO; has attracted increasing attention [2, 3-5]. It has also been
extensively utilized in the fields of medicine, environmental protection, and renew-

able energy [6].

(a) Anatase (b) Rutile

(c) Brookite

Figure 1.
Crystallographic forms of TiO, (a) anatase (b) rutile, and (c) brookite. The color scheme used throughout the
study designates the atoms: ved balls indicate oxygen atoms and gray balls indicate titanium atoms.

2



Perspective Chapter: An Overview of Titanium Dioxide, Uses, Applications and DFT Study...
DOI: http://dx.doi.org/10.5772/intechopen.1007568

1.1 Polymorphs of TiO,

Figure 1 shows the well-known polymorphs of TiO, structural models. The structures
of the three TiO, polymorphs were imported from Dassault Systémes BIOVIA Material
Studio Accerlrys Inc. [7]. The structures of anatase, rutile, and brookite presented in
Figure 1 describe titanium atoms bonded by six oxygen atoms in a distorted octahedral
configuration. While brookite crystalline structure is basically orthorhombic with each
orthorhombic cell comprising eight formula unit. Anatase and rutile building blocks
consist of a titanium atom surrounded by six oxygen atoms arranged in an octahedral that
is distorted. The octahedral in the rutile phase forms chains that share vertices in the ab-
plane and edges along the c-direction, while in the anatase structure, each octahedron
shares four edges and forms zigzag chains along the a- and b-directions [1, 3, 8]. The two
bonds between the octahedron of the oxygen and titanium atoms are slightly longer in
each structure.

2. Applications of titanium dioxide

Titanium dioxide has so many applications ranging from deodorization, air purifi-
cation, and photocatalysis, as shown in Figure 2.

2.1 Environmental improvement applications
Due to the nontoxic nature of TiO,, it is considered safe for the environment.

Additionally, when exposed to sunlight, TiO, is a powerful photocatalyst that pro-
duces the supra-band gap photon excitation, which improves the breakdown and
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Figure 2.
Applications of titanium dioxide [9].
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removal of inorganic matter that is hazardous like SO, in the atmosphere and envi-
ronmental pollutants like NO, released into the air by exhaust gas [9].

2.2 Deodorization applications

TiO, excellent photocatalytic properties makes it suitable to be utilized in antibacterial
and antiseptic compositions, where it breaks down organic pollutants and microorgan-
isms. By breaking down the odor’ source, which is ammonia and aldehyde gas (smoke),
as shown in Figure 3, it essentially targets the source of the stench. When titanium
dioxide is exposed to sunlight, it initiates a chemical reaction that breaks down organic
poisons, smells, and other substances in the immediate vicinity [9].

2.3 Water purification applications

TiO; results in the breakdown of toxins produced by blue green algae and inhibi-
tion of other dangerous substances in water, leading to the elimination of organic
matter from water, including organic chlorine compounds, trihalomethane,
tetrachlorethylene, and methyl-tert-butyl ether trichloroethylene [10]. The following
process illustrates how chloroform decomposes.

H,0 + CHCL; + (1/2) O, — CO, + 3HCI (1)
2.4 Pharmaceutical applications

TiO, photocatalyst can to break down cell membranes, harden virus proteins, and
inhibit virus activation. In the pharmaceutical industry, it is frequently utilized to
sanitize equipment that contains viruses. According to a study, TiO, can eradicate up
to 99.97% of bacteria [11]. TiO, can eliminate mildew, suppuration fungus, green
suppuration bacillus, and golden grape coccus. The golden grape coccus and coliform
have been used to test the sterilizing process. At the start of the experiment, there
were 3.2 x 10° golden grape coccus and 3.3 x 10° coliforms, but only 10 remained
after the reaction with TiO, for 24 hours [11].

2.5 Photocatalytic application

Photons are emitted from the surface of a chemical compound that is light sensi-
tive, when light strikes the compound, a chemical reaction known as photocatalysis
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Figure 3.
Decomposition of aldehyde by titanium dioxide [9].
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Photocatalysis process
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Figure 4.
Photocatalysis of titanium dioxide [9].

occurs. Photons with energy up to or greater than their band gap energy (A < 385 nm)
are absorbed by TiO, photocatalyst when exposed to light. A valence electron will be
delocalized and excited to the semiconductor’s conduction band as a result. Through
one or more types of electron transfer processes, the photoexcited charge carriers can
initiate the decomposition of the chemical species absorbed. They can, however,
recombine radiatively or non-radiatively and release heat as a byproduct of the input
energy, as shown in Figure 4. Additives can be added to TiO, to increase its efficiency
by light illumination, thereby enabling it to become sensitive in the visible region with
a decreasing band gap [9].

TiO; thin films have been the subject of much research because of their intriguing
optical, electrical, and chemical features. TiO, nontoxicity and strong stability under
light are properties that make it suitable as a dye-sensitized solar cell semiconductor
[2, 3, 12, 13]. The most research material for DSSCs photoelectrode application is thin
films of TiO, despite the existence of metal oxides such as SnO, and ZnO semiconduc-
tors with large band gaps. This is owing to its less susceptibility to photodegradation
when exposed to sunlight. Moreover, the incident photon conversion efficiency (IPCE)
and Isc, Voc, and 1 values are high in DSSCs fabricated using TiO, electrodes [14].

3. Properties of TiO,
3.1 Physical properties of TiO,

In nature, titanium oxide is found in abundance in mixture with other elements
like iron. It can be found in trace levels in rocks that are sedimentary, igneous, and
metamorphic. Black hexagonal crystals are the form that titanium dioxide
nanoparticles exhibit. TiO, is the chemical formula for titanium dioxide, which has a
composition of 40.55% oxygen and 59.55% titanium atoms [15]. The electronic con-
figuration is displayed as follows:
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Ti — [Ar] 3d%4s>.

0, — [He] 2s°2p*.

Having a density of 4.23 g/cm?, a melting point of 1.843°C, and a boiling point of
2.972°C, it has a molar mass of 79.938 g/mol.

3.2 Crystal structural properties of TiO,

Figure 1 depicted the three well-known titanium dioxides in crystalline phase:
rutile, anatase, and brookite. Anatase and brookite are metastable, while rutile is very
stable. Table 1 shows the properties of these polymorphs and as a result of their
varying properties, their photocatalytic activities also vary [1].

The space group Pbca describes the unit cell of brookite, which has eight formula
units in the orthorhombic cell and an orthorhombic crystalline structure [8, 16, 17]. As
seen in Figure 5, the formation of brookite can be seen as the connection of three
distorted octahedral sharing edges of TiOg, each with an oxygen atom at the corners
and a titanium atom at the center. The crystal’s proper chemical composition is
provided by the octahedral’s extensive sharing of edges and corners. The oxygen
atoms are shown in two distinct places in the distorted octahedral [16]. Every titanium
and oxygen atom has a distinct bond length [17]. The architecture of DSSCs has made
extensive use of rutile and anatase polymorphs [13, 18], while brookite has received
less attention and use due to its challenging synthetic process.

3.3 Semiconductor properties of TiO,

When atoms of large groups come together to form a solid mass or molecules,
atomic contact results in changing energy levels because of the mass quantities of

Lattice parameter (A) Space group System type Energy band gap (eV)

Rutile a =459 14 Tetragonal 3.0

c=2.958 P4,/mnm-D ah
Anatase a=3.784 19 Tetragonal 3.4

- 9515 141amd—D a
Brookite a=9.166 b D 15 Orthorhombic 33

b = 5.436 A

c=5135

Table 1.
Properties of rutile, brookite, and anatase polymorphs of TiO,.

Figure 5.
(TiO,) 5 brookite nanocluster.
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Valence bands (pink), conduction bands (blue), band gaps, Fermi energy levels for insulators, semiconductors,
and conductors Eq. (1).

distinct molecular orbitals, which may be near or even entirely degenerate. Electrons
in an isolated atom have definite, defined energy levels. It is claimed that these energy
levels form continuous energy bands. The valence band (VB) is the energy band in the
highest energy molecular orbital (HOMO) that contains all of the valence electrons. It
can be filled entirely or partially. The energy band where mobile charge carriers,
either positive or negative, are present is the conduction band (CB). EV stands for the
greatest attainable valence-band energy, and EC stands for the lowest attainable
conduction-band energy. Figure 6 shows an illustration of the energy of the band gap,
also known as the band gap (EG), which is the difference in energy between the
margins of these two bands.

E; = Ec —Ey (2)

The conduction band is empty, and the valance band is full at low temperatures.
Whereas mobile charge carriers that are negative are electrons, positive mobile charge
carriers are holes. The process of conduction in semiconductor materials begins when
electrons get sufficient energy to leave a hole in the valence band and jump into the
conduction band, where they can flow freely within the crystal lattice [19].

The highest occupied energy level is located at the border between the conduction
and the valence in metals, as depicted in Figure 6. Very little energy is required by
electrons at the top of the valence band to escape into the conduction band [19]. There
is a wide energy gap between the conduction bands and valence bands in insulators. It
is typically impractical to gain enough energy to excite electrons from the valence
band to the conduction band due to the forbidden gap, which is on the order of a few
electron volts. Atomically tiny energies are produced in a material via thermal excita-
tions and typical electric circuit voltages. In insulators, the energy difference between
the valence and conduction bands cannot be filled with this amount of energy. Semi-
conductors can be made more conductive by adding tiny amounts of doping material.
As a result, the band gap between the valence and conduction bands narrows, leading
to a noticeable increase in conductivity. Charge carriers, namely electrons and holes,
define semiconductors. The charge carriers show conductivity that is halfway
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between that of insulators and conductors. They have resistivity in the range of 10°-
1072 Qcm [20]. As temperature rises, there is an increase in concentration of free
electrons and holes. Intrinsic semiconductors, such as silicon and germanium, conduct
in chemically pure states.

3.3.1 Direct and indirect band gaps

Phonons and photons interactions (holes and electrons) and energy-momentum
(E-k) relationship for carriers in a lattice where momentum and energy must be
conserved lead to the concepts of band gaps. Schrédinger equation of an
approximate one-electron problem shown in Eq. (4) is solved in order to estimate
the energy-momentum (E-k) relationship, or the band structure of a crystalline
solid [21].

32
(;ﬂ v v<R>> 0(r.k) = E(k)p(r,k) 3)

For semiconductor material to be applied in solar cells, lasers, thermoelectric
devices, and electronic devices, its band gap is essential. Direct and indirect band gaps
are the two types of band gaps seen in semiconductors. In direct-band gap semicon-
ductors, the valance band maximum and conduction band minimum are situated at
the same momentum (k) values, as shown in Figure 7. There would not be change in
momentum values when a hole at the top of the VB recombines with an electron at the
bottom of the CB. Radiative transitions are those in which energy is conserved by
means of photon emission. As seen in Figure 3, the CB minimum and VB maximum in
indirect band gap material are located at distinct k-values. Phonons are required for
conservation of momentum during the recombination of an electron and a hole in an
indirect-band gap semiconductor material [22, 23].

E E

Conduction band Conduction band

!
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% E, indirect

photon (hv)
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Figure 7.
Photon emission in direct and indirect band gap semiconductors [22].
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3.3.2 Fermi levels in semiconductors

A semiconductor material’s conduction band is made up of numerous permitted
empty energy levels. The likelihood that an electron will fill a level with energy E at
thermal equilibrium is represented by the Fermi-Dirac distribution function, or f (E).
The Fermi-Dirac distribution function f (E) can be expressed using this (Eq. (4)):

1

f(E) = 1+ exp (Ek;?)

(4)

where T is the temperature in Kelvin, Eg is the Fermi energy or Fermi level, and kg
is Boltzmann’s constant. Fermi energy is the electrochemical potential of the electrons
in a semiconductor material. It stands for the material’s average electron energy. The
chance that an electron will occupy an energy level E is represented by f(E), but the
probability that it will remain empty or that it will have an equivalent hole in the
valence band is represented by (1-f(E)) [24].

3.3.3 Density of states and carrier concentration

An energy band is a collection of discrete energy states. Every state in quantum
physics corresponds to a unique spin (up and down) and unique solution to the
Schrédinger’s wave equation for the periodic electric potential function of the semi-
conductor [22]. The number of electrons (occupied conduction-band levels) for an
intrinsic semiconductor is given by Eq. (6), which is the total number of states N(E)
multiplied by the occupancy F (E), integrated over the conduction band as presented
in (Eq. (5)).

0= JwN(E)F(E)dE 5)

None or one electron can be present in each state. The density of states, as pro-
vided by (Eq. (6)), is the number of states in a narrow range of energy AE in the
energy bands.

numberofstates € AE
D(E) =
() AE x Volume

(6)

The valence-band VB and conduction-band CB’ density of states, denoted by
Dc and Dv, respectively, are functions of E, the location of AE, according to

(Egs. (7) and (8)).

_ 8amy/2m, (E — E,)

D.(E) =

E>Ec @)

~ 8amy\/2m,(E, — E)

D,(E) = o E<E, (8)

where mn and mp are electrons and holes effective masses, respectively, averaging
over a number of orientations to account for anisotropy. Dc(E) and Dv(E) have
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dimensions of one number per cubic centimeter per electron Volt. The products Dc
(E) dE and Dv(E) dE represent the number of energy levels in the energy range
between E and E + dE per cubic centimeter of the semiconductor volume. The sepa-
ration of charge carriers in semiconductors and the photovoltaic effect are the princi-
ples that govern the production of electricity by photovoltaic technology.

TiO, performs better as a photocatalyst in nanoparticle form than in bulk struc-
ture; extensive research indicates that the charge carrier of a crystalline semiconduc-
tor particle behaves quantum mechanically like a simple particle in a box when its
diameter is lowered to a threshold radius of 10 nm [25]. Quantized semiconductor
particles are more photoactive than microcrystalline semiconductor particles,
according to Mill and Le Hunte [26]. This is because the absorption edge blue shifts as
particle size decreases, raising the redox potential of the particle’s photogenerated
holes and electrons.

4. Adsorption of dyes to TiO, surfaces and anchor group

One or more anchoring groups anchor dyes to the surface of nanocrystalline semi-
conductors. The adsorption modes that dyes append to the TiO, surface and the
electronic coupling that takes place between the dye-excited states and the unoccu-
pied states of the semiconductor are factors that determine the efficiency of DSSCs.
There are several methods in which adsorbate oxygen atoms and surface metal atoms
can bond an adsorbate to a metal oxide surface. The molecule can bind itself to the
surface metal atom via mono (1 M), bi (2 M), or tridentate (3 M) coordination. When
there are several metal-oxygen linkages, the number of metal atoms (1 M, 2 M)
involved in the adsorption process can also be utilized to differentiate between the
adsorption modes.

The most employed anchor groups for attaching sensitizers to semiconductor sur-
faces are phosphonic acid and carboxylic acid [27, 28]. Some of the potential configu-
rations for the different carboxylic acid adsorption modes are depicted in Figure 8.

Recent research on the adsorption of dyes comprising of carboxylic on TiO, sur-
faces indicates that bidentate bridging (BB), shown in Figure 8c, is the most favorable
adsorption mechanism. In this adsorption mode, one proton is transferred to a neigh-
boring surface oxygen [27, 30-32].

““~o o"’C“‘o 07 0
l \\\ ,” ' :
Ti Ti’ Ti Ti
(@) (b) (c)

Figure 8.
(a) Monodentate, (b) bidentate chelating, and (c) bidentate bridging [29].
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5. Review of related works

Studies using density functional theory on the surfaces of brookite (210) and
anatase (101) showed that the building blocks of the two surfaces are comparable. One
of the most relaxed and stable surfaces of brookite polymorphs is the brookite (210)
surface [33].

A comprehensive density functional theory study on the adsorption geometry of
Ru and YEOS5 sensitizer on TiO, substrate for DSSC application was published by
Fillipo et al. [30]. The results showed that the dyes functionalized with four carboxylic
groups and contained two bipyridine ligands absorbed onto the TiO, surface through
these carboxylic groups [30].

Density functional theory was used by Prajongtat et al. [34] to examine the elec-
tronic and structural characteristics of eight distinct azo dyes (Ar-N=N-Ar, where Ar
and Ar’ indicate the aryl group, including benzene and naphthalene skeletons) as well
as their absorption into anatase TiO,. The adsorption energies obtained show that the
adsorbed dyes preferentially adopt chelating or monodentate geometries over
bidentate bridging configurations. Additionally, the azo compounds containing two
carboxyl groups are more selectively coupled to the TiO, surface, with the carboxyl
group connecting to the benzene moiety rather than the naphthalene moiety [34].

Babara et al. used a vacuum spectrometer and vacuum-tight attenuated total
reflection infrared (ATIR-IR) to measure the impact of the anchor and backbone of
perylene dye molecules as well as the infiltration of dye molecules unto porous TiO,
film at a high degree of sensitivity. Their findings showed that dyes with anhydride
groups absorb less readily to thin films than dyes with acidic anchor groups. Overall,
the simulation findings indicate that the anchoring group has a major effect on the
rate of adsorption [35].

With the aid of computer simulations and FT-IR measurements, Chiara et al.
examined the energetically favorable TiO,-adsorption mode of acetic acid as a helpful
model for real-world organic dyes. The findings showed that a bridging bidentate
adsorption mode was the most durable binding, closely matching the Fourier Trans-
form Infrared Spectroscopy (FT-IR) frequency pattern, for real organic dyes with
cyanoacrylic anchoring groups. While the bridging bidentate mode produced a stron-
ger coupling and faster electron injection, the undissociated monodentate adsorption
mode for the rhodamine-3-acetic acid anchoring group was shown to be comparably
stable. The investigation revealed a relationship between the different electron injec-
tion/recombination properties of the oxidized dye and the structural changes caused
by the different anchoring groups [36].

Jun et al. [37] investigated alkaline earth metal Ca and N co-doped anatase TiO,
sheets with exposed (001) facets made using hydrothermal methods. It was con-
firmed by the X-ray diffractometer and X-ray photoelectron spectroscopy results that
the N monodoped TiO; is less crystallin than the Ca and N co-doped TiO,. The study
confirms that co-doping Ca and N can successfully lower the generation of recombi-
nation centers, increase the efficiency of separating photo-induced electrons and
holes, and improve TiO,’s photocatalytic activity based on the hydroxyl radicals (OH)
produced during the photocatalytic experiment [37].

In order to alter the photoelectrochemical characteristics of anatase TiO,, Xu et al.
investigated co-doped anatase TiO, with transition metals (V or C) and non-metals
(N or C). First principles plane wave ultrasoft pseudopotential calculations were used
to evaluate the stability and visible light photoactivity, formation energies of the
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dopant and electronic structures. The results of the investigation demonstrated that
co-doping with transition metals makes it easier to increase the p-type dopant con-
centration. In addition to maintaining the edge of the conduction band oxidation-
reduction potential, compensated co-doping lowers the energy gap, increases optical
absorbance, improves carrier mobility, and increases conversion efficiency [38].

Puyad et al. studied two model croconate dyes, designated CR1 and CR2, one with
an electron-donating substituent (CR1) and the other with an electron-withdrawing
group (CR2). They used the periodic density functional theory to study the adsorption
of the diketo (-COCO-) groups on the surface of stoichiometric TiO, anatase (101).
Their findings showed how strongly the acidic group (-COOH) could adhere to the
surface of TiO,. Further theoretical studies also anticipated that the binding strength
of the diketone group would be substantial and comparable to that of the -

COOH group. This causes a competitive binding of the acid groups on the TiO,
surface and the diketone groups of croconate dyes [39].

Reports on two croconate dyes, CR1 and CR2, were provided by Chitumalla et al.
The researchers used periodic density-functional theory (DFT) simulations and den-
sity functional theory to calculate the electrical and optical properties of these dyes.
They also examined the adsorption behavior of the two dyes on the TiO, (101) anatase
surface. Periodic and electronic-structure calculations show that the diketone group of
CR1 bonds to the TiO, surface more strongly than that of CR2, with a binding strength
comparable to that of a typical organic dye. The substituent has a major effect on the
croconate dyes’ adsorption, optical, and electrical properties [40].

Leonardo et al. [41] reported a periodic density study of a tertiary trimethylamine
adsorption on the three most exposed surfaces of stoichiometric anatase TiO,
nanorods. Following an investigation and characterization of the energetic, structural,
and electrical properties, it was found that trimethylamine introduced unique molec-
ular states close to the edge of the TiO, valence band [41].

Density functional theory was used by Hao Yang et al. [12] to examine the ruthe-
nium (N3) sensitizer’s adsorption behavior on the anatase TiO, (001) surface.
According to the study’s findings, N3 interacts with the (001) surface more strongly
than the (101) surface, which causes the (001) surface to have a higher dye coverage.
When the N3 sensitizer was adsorbed, its energy gap was reduced, indicating a wider
absorption spectra range than when the N3 sensitizer was separated. Furthermore, it
was discovered that the TiO, (001) surface had a greater conduction band minimum
than the TiO, (101) surface, indicating a higher open circuit voltage. The findings
provided helpful hints and insight into the excellent solar to power DSSCs conversion
efficiency including exposed surface TiO, (101) nanocrystals [12].

Monique et al. investigated the CO, interactions with the (210) surface of brookite
TiO, by means of first principle simulations on cluster and periodic slab systems.
Charge spin density tests were performed to determine the charge transfer to the CO,
molecule, and the results were compared with the charge transfer to the anatase TiO,
(101) surface. The study found that the anatase (101) surface and the brookite (210)
surface provide CO, interactions that are equal in terms of energy. The findings
suggested that increasing the amount of oxygen vacancies on the brookite surface
might enhance CO, absorption. Large levels of CO, are verified to be present in the
oxygen-deficient brookite based on diffuse reflectance-generated laboratory data and
Fourier transform infra-red spectroscopy [33].

Elegbeleye et al. investigated the electronic state energy, optical properties, and
energy level alignment of the ruthenium (N3) sensitizer adsorbed on brookite TiO,
cluster in order to comprehend the electron injection efficiency and kinetics of the
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dye/TiO, complex. The light absorption maximum red shifting to higher wavelength
was attributed to the ruthenium N3 dye’s absorption on a brookite cluster, which
resulted in the distribution and shifting of the lowest unoccupied molecular orbital
(LUMO) from the dye to the TiO, cluster. The results indicated that the dye-
stimulated state of TiO, semiconductors can benefit from favorable electron injection.
Based on their findings, TiO, brookite has the potential to become a new candidate in
the DSSC semiconductor market [42].

Many investigations on surface modification of TiO, crystals employing atoms or
sensitizing dye molecules have been carried out in order to lower the band gap and
boost the activity of TiO, crystals in the visible and near-infrared parts of the solar
spectrum. Anatase and rutile polymorphs of TiO, have been used as models in these
kinds of studies to improve photocurrent yield and light harvesting in DSSC [12, 24].
The results showed enhanced spectrum responsiveness and increased TiO,
photocatalytic capabilities. TiO, oxide basic research has made substantial use of the
surfaces of anatase and rutile polymorphs, which have been employed as a paradigm.
The rutile and anatase polymorphs of TiO,, which are widely used, have been inves-
tigated extensively, while the brookite form has gained little or no attention [13].

An investigation on TiO, brookite recently suggests that TiO, brookite might have
higher photocatalytic activity [13]. According to a previous study, brookite’s absorp-
tion edge is wide and reaches the visible region of the solar spectrum, in contrast to
the sharp edges in the visible displayed by the TiO, rutile and anatase polymorphs.
Considering the dearth of studies on brookite surfaces and their alleged enhanced
photocatalytic properties, optimizing photon current density in dye-sensitized solar
cells via investigation of dye-brookite TiO, interactions is highly desirable.

6. Optical and electronic properties of TiO, brookite clusters
6.1 Computational procedures

Using Materials Studio BIOVIA, the bulk structure of the brookite TiO,
exported from the CASTEP module was optimized to obtain the ground-state struc-
ture of the TiO, brookite semiconductor [43]. 4x7x7 and 650 eV, respectively, were
the convergence energy cut-off and k-points employed for this study. An optimal
ground state bulk structure was cleaved to obtain three brookite clusters. The modeled
clusters that were cleaved are (i) a brookite nanocluster of size 5 A in x, y,and z
directions; (ii) a cluster with a stoichiometry of (TiO;) ,,, where n = 8; and (iii) a
cluster with a stoichiometry of (TiO,) n, where n = 68. Repeating the unit cell
supercell by 2x2x 2 Ain the x, y, and z directions led to the formation of (TiO,) ,, - 63
cluster. All the structures were viewed using Avogadro software and exported to
GPAW software via the crystallographic information format (cif), for further calcu-
lations and analysis.

All DFT calculations were executed within an atomic simulation environment
(ASE) using GPAW software [44]. Avogadro was used to display the formations.
GPAW is a computer package written in Python that combines the grid space
projector-augmented wave (GPAW) with density-functional theory (DFT).

Figures 5-10 show the three TiO, brookite clusters that were considered for this
study. As mentioned in the preceding section, Figure 5 shows a (TiO,)s brookite
nanocluster made up of ten oxygen atoms and five titanium atoms that have been
cleaved from the bulk structure of brookite. The structure of brookite (TiO,)g, which
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Figure 9.
(TiO,) ¢ brookite cluster.

Figure 10.
(TiO,) ¢ brookite supercell.

is composed of eight titanium and sixteen oxygen atoms, is shown in Figure 9. The
structure was imported into the Avogadro visualizing interface using the crystallo-
graphic mode (cif) without periodicity. A periodic brookite (TiO,)eg supercell mea-
suring 2 x 2 x 2 A is shown in Figure 10. It is made of 136 oxygen atoms and 68
titanium atoms. A cluster or supercell of any size can be formed by repeating unit cells
in the x, y, and z directions, which together make up the bulk structure known as the
periodic structure.

With the PBE exchange correlation functional, GPAW was used to relax each
structure in vacuum. The structures were taken to have converged when all of the
atoms were exposed to maximal stresses of roughly 0.05 eV for the non-periodic
brookite (TiO,)s and (TiO,)g cluster models. In the relaxation process, the periodic
boundary conditions were applied to the supercell. The atoms in the cluster were
rearranged during the relaxing process until the ground state configuration was
reached, where the forces converged to a maximum of 0.05 N and the cluster was
stable. The nanocluster structures’ UV/Vis, total density of states, and partial density
of states were computed using the trajectory data obtained from the relaxed
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structures. The Total Density of States (TDOS) and Partial Density of States (PDOS)
from the GPW files were computed using the Perdew-Burke-Ernzerhof (PBE) func-
tional, and the UV/Vis was calculated in vacuum.

6.2 Optical properties of (TiO,)s and (TiO,)g brookite clusters

The absorption spectra of the (Ti0,)s and (TiO,)g brookite clusters were simulated
in vacuum using the TD-DFT method. The TD-DFT calculations were performed
while using the PBE exchange correlation functional. The absorption spectra of
(TiO,)es was not computed due to its periodicity. The UV/Vis absorption spectra of
(TiO,)s brookite nanoclusters and (TiO,)g brookite clusters are displayed in
Figures 11 and 12, respectively. The absorption spectra of (TiO;)s seen in Figure 11
were computed using the hybrid density functional theory B3LYP approximation, and
the GPAW was employed to construct the absorption spectra of the complex depicted
in Figure 11 using the PBE exchange correlation functional. The results indicate that
both (TiO,)s and (TiO,)g brookite clusters display absorption in the UV region.

2.5

— (Ti02)5

2.0

1.5

1.0

0.5

0.0

0 200 400 600 800 1000
Wavelength [nm]

Figure 11.
UV/Vis absorption spectrum for (TiO,) ; brookite cluster.

— (TiO2)8
3.0

2.5 4

2.0
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Figure 12.
UV/Vis absorption spectrum for (TiO,) g brookite cluster.
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Figure 13.
TDOS (upper) and the estimated DOS (lower) for the (TiO,) ; nanocluster, where the blue line represents the
oxygen contributions to PDOS and the red line vepresents the titanium atom contvibutions.
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Figure 14.
TDOS (upper) and the estimated DOS (lower) for the (TiO,) s nanocluster, where the blue line represents the
oxygen contributions to PDOS and the red line vepresents the titanium atom contributions.

Figure 11 shows more prominent peaks, although this might be because a different
functional was used to compute the absorption spectra. (TiO;)s and (TiO,)g brookite
clusters, both show absorption in the UV region of the solar spectrum as shown in
Figures 11 and 12. Although (TiO,)s displays a small absorption peak at 400 nm,
notable absorption peaks were mostly situated at 200 nm. An increased peak height
observed for (TiO,)g brookite absorption spectra relative to the (TiO;)s absorption
spectra indicates higher absorbance. Due to the wide band gap (3.0-3.2 eV), the
absorption spectra of (TiO;)s and (TiO,)g demonstrate that TiO, is primarily sensitive
in the UV region of the solar spectrum, which is generally consistent with findings
from literature [16].
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Figure 15.
TDOS (upper) and the estimated DOS (lower) for the (TiO,)ss nanocluster, where the blue line represents the
oxygen contributions to PDOS and the red line represents the titanium atom contributions.

6.3 Electronic properties of (TiO;) nn = 5, 8, 68 brookite clusters

The density of states and projected density of states were computed using GPAW
and PBE exchange correction functional in order to better understand the electronic
structure of the (TiO,)s, (TiO,)g, and (TiO,)eg nanoclusters. The TDOS and PDOS
shown in Figures 13-15 denote the total and partial density of states for (TiO,)s,
(TiO,)s, and (Ti0,)egs, respectively. The DOS illustrates the wide band gap that sepa-
rates the surface valence and conduction bands.

The PDOS signatures for the clusters show that the valence state contributions
emanate from the oxygen and titanium atomic orbitals. Figures 10-12 illustrates that
the oxygen 2p atomic orbitals contribute mostly to the highest occupied valence band
(VB) state, while the titanium 3d atomic orbitals predominantly contribute to the
lowest unoccupied state of the conduction band. With the exception of a tiny amount
from the titanium p atomic orbitals, the oxygen p atomic orbitals predominate the
valence band. The bulk of the titanium orbitals, especially the d and p ones, contribute
to the conduction band; the contributions of the oxygen atoms are minimal.

7. Conclusion

TiO, is suited for industrial, environmental, medicinal, deodorization, photovol-
taic, and water purification applications due to its intriguing physical, chemical,
optical, electronic, and spectrum properties. Rutile and anatase polymorphs of TiO,
have been thoroughly investigated and used in a variety of applications, particularly
for the fabrication of photoanodes for dye-sensitized solar and hybrid organic and
inorganic solar cells. As far as we are aware, not much research has been conducted on
brookite TiO,, which has limited its potential for broad use as a semiconductor in
solution-processed-based metal organic and hybrid organic-inorganic solar cell device
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architecture, as well as DSSC photoanodes. Extensive research is required to
completely comprehend TiO, brookite polymorphs’ UV-Vis absorption, electronic
excitation energies, and light harvesting efficiency, as well as the related adsorption
on dye molecules. Enhancing their optoelectrical and industrial applications will
require more knowledge about the optical and electronic properties of the dye/brook-
ite TiO, complex. These properties include their formation energies, UV-Vis absorp-
tion, HOMO-LUMO energy levels and energy gap, energy level alignment and free
energy of electron injection, density of states and projected density of states, photon
current densities, and I-V characteristics. Optimizing the optical characteristics of the
dye/brookite TiO, interface will help to increase the photon to current conversion
efficiencies and gain a better knowledge of the absorption mechanisms. This can be
accomplished by the thorough study of the TiO, brookite polymorph.
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