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Abstract

In this study, the structural characteristics of the surface modified-titanium dioxide
nanostructured thin films prepared by dc reactive sputtering technique were determined
and compared. The modifications were carried out by doping of titanium dioxide
nanostructures with metal (Ag) and non-metal (N) dopants. The structural characteristics
were introduced by the scanning electron microscopy and energy-dispersive x-ray
spectroscopy. Surface modifications are highly-required for the employment of titanium
dioxide nanostructures in efficient photocatalyst applications.
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1. Introduction

1.2 Semiconductor Photocatalyst

The primary criteria for an efficient semiconductor photocatalyst is that the redox potential of the
charge couple, i.e., e7/h*, lies within the band gap domain of the photocatalyst. The energy level at the
bottom of conduction band determines the reducing ability of photoelectrons, while the energy level at
the top of valence band determines the oxidizing ability of photogenerated holes [1]. The internal energy
scale is given on the left for comparison to normal hydrogen electrode (NHE). The positions are derived
from the flat band potentials in a contact solution of aqueous electrolyte at pH = 1. The pH of the
electrolyte solution influences the band edge positions of the various semiconductors compared to the
redox potentials for the adsorbate [2].

A semiconductor photocatalysts should also be easy to produce and use, cost effective, photostable,
nonhazardous for humans and the environment, effectively activated by solar light and able to catalyze
the reaction effectively [3]. Most of the reported photocatalysts possess limitations, e.g., GaAs, PbS,
and CdS are not sufficiently stable for catalysis in aqueous media as they readily undergo
photocorrosion and are also toxic [4]. ZnO is unstable because it readily dissolves in water to yield Zn
(OH)2 on the ZnO particle surface, which inactivates the catalyst over time [5]. Fe203, SnO2, and WO3
possess a conduction band edge at an energy level below the reversible hydrogen potential, thus
systems using these materials require application of an external electrical bias to complete the water
splitting reaction and achieve hydrogen evolution at the cathode [6,7].

TiO2 is close to be an ideal photocatalyst and the benchmark for photocatalysis performance. TiO2
is cheap, photostable in solution and nontoxic. Its holes are strongly oxidizing and redox selective. For
these reasons, several novel heterogeneous photocatalytic reactions have been reported at the
interface of illuminated TiO2 photocatalyst, and TiO2-based photocatalysis has been researched
exhaustively for environmental cleanup applications. The single drawback is that it does not absorb
visible light [8]. To overcome this problem, several methods including dye sensitization, doping, coupling
and capping of TiOz are proposed.

Titanium dioxide (TiO2) -also known as titania- is a white inorganic solid substance that is thermally
stable, insoluble in water, chemically inert, non-flammable and not classified as a hazardous substance
according to the United Nations (UN) Globally Harmonized System of Classification and Labeling of
Chemicals [9]. TiO2 is widely used in industrial applications such as catalyst support, dye-sensitized
photoelectrochemical solar cells, in consumer goods (paints, coatings, printing inks, cosmetics,
ceramics, textiles, etc.) and also in the pharmaceuticals sector. In addition, TiO2 continues to receive
much attention from researchers for its application as a photocatalyst [10]. TiO2 belongs to the family of
transition metal oxide and exists in nature in one of the three crystalline forms; rutile, anatase and
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brookite. In addition to these common polymorphs [11]. Among the three crystalline TiO2 phases,
anatase and rutile are the most researched crystalline forms with respect to photocatalysis because
they can be prepared easily in pure form by synthesizing from titanium containing compounds. Relatively
little is known about the brookite form because it occurs quite rarely, is unstable and difficult to prepare
without the presence of anatase and rutile; that is why it is not often used for experimental investigation
[12].

Rutile is the most common mineral form of TiO:z in nature. The rutile structure is not compact and its
unit cell is tetragonal: one axis is 30% shorter than the two others (a = 4.593 A, ¢ = 2.959 A). The
structure is constituted by much distorted octahedral TiOs, with oxygen ions shared with other adjacent
Tiions [13]. Every Ti ion is an octahedral surrounded by six O ions, and every O ion is surrounded by
three Ti ions at the edges of an equilateral triangle. It can be envisaged as a body center cubic lattice
of Tiions that is considerably distorted [14]. The crystallites can be present in nature as black or reddish
and also transparent when completely without impurities. The color can also be orange if the mineral is
in very thin needle form [15].

Anatase, also improperly called octahedrite, presents a tetragonal bipyramidal symmetry, with a form
similar to an elongated octahedron (a=3.785A, ¢=9.514A). The structure is based on a polyhedral chain
of TiOe. The difference from rutile is that anatase presents a more distorted structure, where every
polyhedron shares 4 edges with the adjacent one. In particular, the tetragonal elementary cell contains
4 units, instead of 2, and the cell sides are a=3.785A and c=9.514A. The anatase crystals are really
small, the natural color ranges from blue sapphire to yellow-brown [16,17]. These differences in lattice
structures cause different mass densities and electronic band structures for the two main TiO2
polymorphs. In particular, TiOz is characterized by an allowed and indirect band gap, which is equal to
3.2 and 3.0 eV, respectively, for the anatase and rutile phases [18]. This polymorph is metastable: out
of a restricted pressure and temperature interval it is converted into the two other phases.

Anatase shows better photocatalytic activity due to its higher surface area and porosity (which
provide a higher number of catalytic sites), greater number of hydroxyl groups, and optimum band gap
and exhibits lower rates of excited electron-hole pair recombination. Moreover, the electron transfer from
the conduction band to O: is energetically easier at the anatase surface because conduction band in
anatase has higher energy than that of rutile phase [19,20].

A requirement for the initiation of photocatalytic reaction is the absorption of light with energy equal
to or higher than the bang gap of the photocatalytic material. The band gap width is approximately 3.2
eV (A = 388 nm) for anatase, 3.0 eV (A= 414 nm) for rutile and 3.2 eV (A = 388 nm) for brookite [21].
Among the three polymorphs of TiOz, anatase has proved to be more effective than brookite and/or
rutile in the photocatalytic applications [22]. When this occurs, the excited electrons (e-) can move from
the valence band (composed of the 2p orbitals of oxygen) to the conduction band (3d orbitals of
titanium), with the concurrent generation of the holes (h*) in the valence band [23,24]. During the
photocatalytic reaction, two major events occur simultaneously: reduction of an electron acceptor, e.g.,
oxygen, by photoexcited electrons and oxidation of electron donor, e.g., water present, by
photogenerated holes. The resulting radicals, like Oz~ and OH-, can then further react with the target
compounds (impurities, pollutants).

One of the most active fields of research in heterogeneous photocatalysis using semiconductor
particles is the development of a system capable of using natural sunlight to degrade a large number of
organic and inorganic contaminants in wastewater [25-27]. The overall photocatalytic activity of a
particular semiconductor system for the stated purpose is measured by several factors including the
stability of the semiconductor under illumination, the efficiency of the photocatalytic process, the
selectivity of the products, and the wavelength range response. For example, small band-gap
semiconductors such as CdS are capable of receiving excitation in the visible region of the solar
spectrum, but are usually unstable and photodegrade with time [28].

Titanium dioxide is a quite stable photocatalyst, but since the band gap is large (for example
Ey=3.2eV to Anatase phase) it is only active in the ultraviolet region which is <10% of the overall solar
intensity [29].

The limitations of a particular semiconductor as a photocatalyst for a particular use can be
surmounted by modifying the surface of the semiconductor. To date, two benefits of modifications to
photocatalytic semiconductor systems: (1) inhibiting recombination by increasing the charge separation
and therefore the efficiency of the photocatalytic process; (2) increasing the wavelength response range
(i.e. excitation of wide band gap semiconductors by visible light).

Modification of TiO2 can lead to desired photocatalytic activity under visible light (400-700 nm) to
obtain more effective photocatalysts with greater activity under UV-light irradiation or to obtain
photocatalysts which may be active also under visible light irradiation [30].
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In photocatalysis, the addition of metals (such as Ag, Pd, Cr, Fe, Cu, Pt, etc.) to a semiconductor
can change the photocatalytic process by changing the semiconductor surface properties, the contact
between a semiconductor and metal generally involves a redistribution of electric charges and the
transfer of mobile charge carriers between the semiconductor and metal doped, or the trapping of charge
carriers at surface states at the interface, produces a space charge layer. The electrons will migrate
from the semiconductor to the metal, because the metal has a higher work function than the
semiconductor [31].

The surface of the metal acquires an excess negative charge while the semiconductor exhibits an
excess positive charge as a result of electron migration away from the barrier region. The barrier formed
at the metal-semiconductor interface is called the Schottky barrier, as shown in Fig. (1) [32].

Photocatalysis on TiO; Surfaces

Electron | >
Trap Barrier

Semiconductor

Fig. (1) Metal-modified semiconductor photocatalyst particle

If the depletion of the majority charge carriers extends far into the semiconductor, the Fermi level
can decrease below the level of the conduction band, as shown in Fig. (2a) [33]. After the electron
migrates to the metal, it becomes trapped and electron-hole recombination is suppressed. In addition,
the decrease in electron density within the semiconductor leads to an increase in the hydroxyl group.
This in turn affects the photocatalytic process on the semiconductor surface [61].

Most non-metal elements such as B, C, N and F have also been used as dopants in TiO2
photocatalysts [2—6]. Nitrogen-doped TiOz is by far the most intensively studied system among the other
non-metal doped materials. The N-atoms can be easily introduced to TiO: lattice due to their comparable
atomic size to oxygen, small ionization energy and high stability [9]. TiO2 doped with non-metal (N-
atoms) at oxygen sites serve as charge (electrons and holes) trapping sites to reduce electron hole
recombination rate .and allow absorption into the visible region due to the introduction of dopant impurity
level in TiO2 band gap. Thus the photocatalytic performance in enhanced compared to undoped

photocatalyst [7,21].
m

N2p

Pure TiO, Metal doped Non-metal doped
Fig. (2) Band gap narrowing of TiO, due to metal dopants (Ag) and non-metal dopants (N)

In TiOz, the 3d orbitals of Ti govern the conduction band (CB) and O 2p orbitals dominate the valance
band (VB). Non-metal doping usually produces impurity levels in the forbidden gap or resonate with the
bottom of the CB while anion doping mostly modifies the valance band due to different p orbitals in
relation to the O 2p orbitals [2]. The doping process has some advantages. First, reduction in the band
gap (either by increasing the top of valance band or lowering the bottom of conduction band) or to
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introduce intra-band gap states for the goal to achieve more visible light absorption (Fig. 2b). Second,
trapping of the photogenerated electrons and holes leads to a decrease in the recombination rate.

2. Experimental Part

Titanium (Ti) sheet of 99.9% purity, 7.5 cm diameter and 0.5 mm thickness was used as sputtering
target to prepare titanium dioxide (TiOz2). The films were deposited on transparent substrates made of
borosilicate glass. Before using these substrates in sputtering experiments, they were first cleaned with
ethanol to remove any oil layers or residuals may exist on their surfaces, washed with distilled water to
remove ethanol, and then dried completely before being kept in clean case or placed inside vacuum
chamber.

The gas mixture is allowed to flow from the gas mixing unit into the chamber throughout a needle
valve to keep the pressure of gas mixture constant inside the deposition chamber. In order to prepare
un-doped TiO:2 films, only oxygen was used as a reactive gas, while the nitrogen was added to the gas
mixture to prepare TiO:z film doped with nitrogen. The pressures of oxygen and nitrogen gases should
to be relatively low to avoid the situation of target poisoning.

Many parameters could be used to control the operation and sputtering processes in this work. These
parameters were classified into two groups; constant and variable. The constant parameters include
discharge voltage, discharge current and base pressure in the chamber. The variable parameters
include the inter-electrode distance, which could be adjusted from 0 to 8 cm, and deposition time. In
addition, the mixing ratio of process gas (Ar) and reactive gases (Oz and/or N2) plays an important role
in finalizing the deposition process and appearance of thin films, as can be seen in Fig. (2). The gas
mixing ratio (Ar:O2 or Ar:02:N2) was varied over a wide range but only the ratios presented in table (1)
were considered to prepare the optimum samples; single-phase and mixed-phase, undoped and doped
TiO2 films.

means absorbing the energy of the incident wave by the atoms of the medium
leading to their excitation (], .

The PWkﬁ #L’ms&n«m\‘am in thefinddia are d*llhed by ﬁ
nature offits componns. The medium interact with these waves/ s  who
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medium,jdue to the igcident electromagnetic radiation, is an indi of the

L
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Fig. (2) Photographs of undoped (left) and N-doped (right) TiO- films

B

Fig. (3) Photographs of some Ag-doped TiO; films prepared in this work

In order to synthesize the Ag-doped TiO:2 thin films, the co-sputtering configuration of 99.9% purity
titanium (Ti) sheet and 99.99% purity silver (Ag) was used. The two sheets were mounted with some
geometrical arrangement. The geometrical arrangement shown above was proposed according to a
numerical treatment carried out to determine the dimensions of both sheets with respect to each other
to achieve the required doping process. This geometrical arrangement was considered as soon as the
formation of Ag-doped TiO2 thin films, it can see the final prepared films in Fig. (3), was confirmed by
the x-ray diffraction (XRD) pattern. However, the Ar:O2 mixing ratio, presented in table (1), play very
important roles in determining the characteristics of the Ag-doped TiO2 samples prepared using such
geometrical arrangement.
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Table (1) Summary of the gas mixtures sued to prepare optimum TiO2 samples in this work

Ar ratio | Oz ratio | Nz ratio
Prepared samples %) (%) (%) Phase
50 50 -
67 33 - .
Without heat sink 80 20 - (aMnthighri?i?e)
83 17 -
. 87 13 -
Undoped TiO2 50 50 .
67 33 - Single-phase
With heat sink 80 20 - (agnatgse)
83 17 -
87 13 -
40 40 20 Single-phase
N-doped TiO> | With heat sink 60 30 10 (agnatgse)
76 19 5
S0 >0 - Single-phase
Ag-doped TiO2 | With heat sink 67 33 - gie-p
80 0 - (anatase)

Different measurements were carried out on the prepared un-doped and doped titanium dioxide
samples in order to characterize, classify and optimize them towards the main goal of this work. They
include thickness measurements, x-ray diffraction (XRD) pattern, atomic force microscopy (AFM),
scanning electron microscopy (SEM), and energy-dispersive x-ray spectroscopy (EDX).

The XRD is one of the most powerful techniques for qualitative analysis of crystalline compounds. In
this study, the crystalline structure of prepared thin films was examined by Bruker D2 PHASER XRD
technigue under the condition of power diffraction system with Cu-Ka x-ray tube (A = 1.54056 A). The x-
ray scans were recorded in the range of diffraction angle (26) from 20° to 80°. The overall structure of
thin film includes lattice constants and grain size identification of unknown materials. The weight fraction
of the rutile phase in mixed-phase (rutile+anatase) TiOz can be determined from XRD peak by the
following equation [3]:

1
[ = (1)

where f is the weight fraction of rutile in mixed-phase sample, and (Ir/la) is the ratio of intensity of rutile
to the intensity of anatase as determined from the x-ray pattern

The atomic force microscopy (AFM) was performed using Angstrom AA3000 instrument on the
samples prepared at the optimum conditions in order to study their nanoscale surface topography as
well as to introduce the effects of some operation conditions on the surface topography of the prepared
samples. The scanning electron microscopy (SEM) was performed on the prepared samples using a
PHENOM PURE 30000X instrument. The samples prepared at the optimum conditions were measured
in order to confirm the formation of nanostructures as well as introduce the effects of some operation
conditions on the fine structures of the prepared samples. The energy-dispersive x-ray (EDX)
spectroscopy was carried out using a PHENOM PURE 30000X instrument to identify the elemental
composition of the final sample. In this technique, the sample is bombarded by an energetic electron
beam and the collisions have a high probability to knock out the inner-shell electrons of the constituent
atoms. The created vacancy is rapidly filled by an electron from higher lying shell and this transition
results in the secondary emission of fluorescence x-rays. The wavelengths depend on the energy
difference between the two shells involved in the electronic transition, so that the energy of emitted x-
rays is uniquely characteristic of particular element. In other words, the elemental composition is directly
determined by measuring the energy of emitted x-ray [13].

Based on EDX results, the SEM/EDX mapping, which is a valuable tool to indicate the quality of the
synthesized structures. The electron beam is scanned pixel by pixel across a selected area of interest.
Generally, the brighter the color appears, the higher is the concentration of the specific element [5]. The
spatial resolution in the SEM EDX mapping is related to the interaction volume of primary electron beam
and consequently x-ray generation volume [16].
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3. Results and Discussion

Surface profile and particle size for the prepared thin films — those considered optimum to fabricate
nanophotocatalysts — were determined by scanning electron microscopy (SEM). The SEM images of
undoped and doped TiO2 films are shown in Fig. (7). The first feature can be seen in these images is
the homogeneity of particle distributions, which is one of the most important advantages of DC
magnetron sputtering technique used for synthesis of nanostructures. Another important feature can be
seen is the absence of aggregation over the scanned sample. This may be attributed to the heat sink
mechanism employed to prevent anatase phase from converting into rutile in the TiO2 samples.
However, the inter-space between nanoparticles in the anatase samples was apparently larger than that
in mixed-phase TiO2 samples. This can be interpreted as follows: in single phase structure, such as
anatase TiO2 sample prepared in this work, it is very difficult to produce intertwined nanostructures as
an anisotropic growth results from the different 9 crystal planes existing in the prepared sample. This
suggests a surface transformation from flat to quasi continuous high-index facets [19]. On the other
hand, in a multiphase structure, such as mixed-phase TiO2 samples prepared in this work, the 13 crystal
planes can form intertwined facets and hence the inter-space between nanoparticles may be minimized
and the nano-surface show much more flatness than in the single-phase situation [20].

MimAs TscANfl SEM MAG: 140 kx WO: 0.04 mm
SEMHV: 150KV 200 nm

- 15.00

Fig. (7) SEM images of undoped mixed-phase of TiO; (left), undoped anatase-phase of TiO;
(center), and N-doped of TiO> (right)

In the N-doped TiO2 samples, the inter-space between nanoparticles is comparable to that in single-
phase samples, which is an inevitable result to the presence of gas species (N) within the structure [2].
However, the N-doped TiO2 samples exhibited higher roughness (~65nm) than mixed-phase samples
(=37nm). In the Ag-doped TiO2 sample (Fig. 8), the inter-space between nanoparticles is reasonably
large when compared to other samples. This may be attributed to the tendency of Ag atoms to bond
with O atoms to form silver oxides and hence large clusters may be grown. Otherwise, Ag atoms may
replace Ti atoms in the TiO2 lattice as dopants and hence the particle size may not be increase.

Fig. (8) SEM images of Ag-doped of TiO;

According to the analysis software used to determine the particle size in the nanostructures prepared
in this work, the particle size of TiO2 nanoparticles was determined to be about 25 nm and 20 nm for
mixed-phase and single-phase undoped TiO2 samples, respectively, while the particle size for N-doped
and Ag-doped TiO2 nanostructures is about 15 nm and 8 nm, respectively.
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The energy-dispersive x-ray (EDX) spectra for the prepared samples were recorded and analyzed
as shown in figures (9), (10) and (11). The summary of elemental compositions in the final samples is
presented in the tables below these figures. With the existence of Ti and O in the final sample, the weight
ratio of Ti;:O was found to be 75.4:24.6 and 73.7:26.3 for mixed-phase and single-phase undoped TiO:
samples, respectively. For N-doped of TiO2 sample, the weight ratio of Ti:O was 27.7:72.3. These results
confirmed the stoichiometry of the TiO2 molecules as they completely agree with the chemical bonding
configuration of such compound. In case of undoped TiO2 samples, no impurities were detected as
supported by the atomic integration of Ti and O elements. This feature is highly preferred for studies
concerned to the concepts of physical and chemical characteristics and processes.

M Map Sum Spectrum
W% o

o 754 03
T 246 03

Fig. (9) EDX results of undoped mixed-phase of TiO>

W Map Sum Spectrum
Wt% o

o 737 03

T 263 03

Fig. (10) EDX results of undoped anatase phase of TiO>

I Map Sum Spectrum
W% o

o 723 03

Ti 277 03
00 00

Fig. (11) EDX results of N-doped of TiO»

4. Conclusion

In this study, the structural characteristics of the surface modified-titanium dioxide nanostructured thin
films prepared by dc reactive sputtering technique were determined and compared. The modifications
were carried out by doping of titanium dioxide nanostructures with metal (Ag) and non-metal (N)
dopants. The structural characteristics were introduced by the scanning electron microscopy and
energy-dispersive x-ray spectroscopy. Surface modifications are highly-required for the employment of
titanium dioxide nanostructures in efficient photocatalyst applications.
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