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spectrometer (FTIR).

In this study, pure nanobrookite TiO, thin films were successfully deposited on glass substrates with
the spin-coating method using titanium butoxide and acetic acid. The particle size of TiO, films was
controlled by the water:AcAc volume ratio. This study shows that it is possible to obtain single oriented
pure brookite films. The structural and optical properties of the nanobrookite TiO, thin films were char-
acterized by X-ray diffraction (XRD), atomic force microscopy (AFM), ultraviolet-visible spectroscopy
(UV-vis), scanning electron microscopy (SEM), spectrophotometer (NKD), and Fourier transform infrared

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

TiO, (titania), which is used in many researches, is a semicon-
ductor material that has a wide band gap, high refractive index
and high dielectric constant [1,2]. Nanostructured TiO, films have
a number of applications in electronic devices such as solar cells,
sensing applications, electrochromic devices, hydrogen storage and
photocatalytic systems [3,4].

Many methods have been used to prepare nanostructured TiO,
such as magnetron sputtering deposition, sol-gel deposition, and
chemical vapor deposition (CVD) [4].

TiO, has three crystalline forms: brookite, anatase and rutile.
The crystal system of brookite structures is orthorhombic. On the
other hand, rutile and anatase structures are tetragonal. These
crystal structures are composed of TiOg (octahedra) by edges and
corners. In the structure of anatase, each octahedron is linked with
8 neighbor octahedrons (four sharing an edge and four sharing a
corner) [5]. Inrutile, each octahedron linked with 10 neighbor octa-
hedrons (two sharing edge oxygen pairs and eight sharing corner
oxygen atoms) [5]. The structure of brookite is framed by shar-
ing three edges and corners of the TiOg (octahedron) [6]. Brookite
phase of TiO, is difficult to produce purely [6,7]. Many meth-
ods have been used to prepare brookite TiO, structure such as
hydrothermal method, sol-gel deposition, chemical vapor depo-
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sition (CVD), pulsed laser deposition (PLD) [7,8]. Brookite TiO,
nanostructures are produced as particles, films, nanorods and
nanoflowers [7-10]. Generally, brookite phase of nanocrystalline
TiO, are synthesized by thermohydrolysis of TiCl4 (tetrachloride)in
HCl or NaCl solutions [11,12]. Brookite phase is also obtained using
titanium tetraisopropoxide and butoxide with HCl acid [13,14]. Par-
ticle size is a very important parameter for systems, because the
smaller the particle size is, the larger surface area and bandgap
energy it generates. Sol-gel deposition process allows to control
nanostructures of thin films. Nano TiO, structures are prepared
by sol-gel method with different preparation conditions such as
heat treatment temperature and with different precursor param-
eters such as water, acid and alcohol contents in literature. The
influence of preparation conditions and precursor parameters on
particle sizes of TiO, nanostructures with anatase and rutile phases
was studied in details [15-18].

The particle size of nanostructured TiO, which was controlled
by molar ratios of water, acid and alcohol during sol-gel depo-
sition process was measured using XRD. The particle size of
nanocrystal TiO, structures with different molar ratios of alkox-
ide:alcohol:water (with a fixed alkoxide:alcohol) resulted in the
range of 8.6 and 12 nm, and the ones with different molar ratios
of water:alkoxide:acid were measured in 10 and 60nm range
[15,16]. The results indicate that particle size of nano TiO, struc-
tures decrease with the increasing water and acid quantities due to
the increasing rates of hydrolysis reaction. In another study, parti-
cle size increases as the water amount increases due to the use of
different amounts of precursors such as alkoxide, water, ethanol,
etc., and the use of different heat treatment temperature.
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The particle size of nanocrystal TiO, structures with differ-
ent molar ratios of water:alkoxide and different heat treatment
temperatures were measured in 27 and 106 nm range, and the ones
with different water contents were measured in 5.3 and 10.6 nm
range [17,18].

The results indicate that particle size of nano TiO, struc-
tures increase with the increasing amount of water due to the
agglomeration. Heat treatment causes a phase transformation from
amorphous phase to anatase, rutile or brookite phase. The parti-
cle size of nanostructured TiO, was increased with temperature
[15]. Anatase and rutile phases of TiO, which are easily obtained
in pure form are used widely in researches. Anatase structures
are efficient as photocatalyst and rutile is rarely photocatalytic
active [19]. The photocatalytic activity of titania depends on sev-
eral factors such as crystal phase, particle size, band gap and
surface area. Recently, nanostructured TiO, in brookite phase
is used for photocatalytic and solar cell applications [20-23].
Here are some examples from studies conducted on brookite
structures in literature. The brookite TiO, particles consisted
of a single crystal suggesting that the brookite TiO, particles
have high crystallinity, which is important for photocatalytic
activity [23]. Brookite-rich structures, especially films, exhibit
higher visible light photocatalytic activity than anatase and rutile
structures [24,25]. The brookite phase of TiO, is also superior
photocatalytically to other TiO, phases under UV [25]. However,
the brookite-rich TiO, film is more sensitive in photoinduced
hydrophilicity than the anatase one especially under weak UV light
irradiation [26].

We synthesized pure brookite phase of nanostructured TiO,
film, which is difficult to produce, using titanium butoxide, ethanol
and acetic acid. In this experiment, we did not study hydrophilic-
ity and photocatalytic activity. The purpose of our research is to
control the particle size of thin films. The effect of volume ratios
of water:AcAc on the particle size of nanobrookite TiO; film was
investigated. XRD analysis shows that the particle size of the film
was approximately 7.9nm. We found that particle size can be
controlled by volume ratios of water:AcAc in nanobrookite thin
films.

2. Experimental
2.1. Preparation of nanobrookite TiO, films

Nanobrookite TiO, thin films were prepared using sol-gel method. The sol
was prepared by dissolving titanium butoxide (Ti(OC4Hg)s) in ethanol. Acetic
acid (AcAc) was added dropwise in the solution under continuous stirring. Water
was added for hydrolysis and polycondensation. As a precursor solution of
Ti(OC4Hg)4:ethanol:water:AcAc a volume ratio of 0.4:4:0.1:0.2 was used. Titanium
butoxide, ethanol and acetic acid concentrations were held fixed, and particle size
was controlled only by changing the water:AcAc volume ratio, e.g., to 0.25, 0.5, 1,
and 2. These sols were mixed using magnetic stirring for 3 h at 25°C.

Nanobrookite TiO, films were deposited on Corning 2947 glass substrates with
a spin-coating technique with a spin speed of 1000 rpm in the room temperature
(21°C). After coating, TiO; films were immediately placed in an oven which was
already heated at 450°C. The films were taken out of the oven and were left at the
room temperature at the end of 1h.

These samples were heat-treated at 450 °C for 1 h. The thickness of nanobrookite
TiO, films was measured approximately 80 nm.

2.2. Sample characterization

Structures of produced films deposited on glass substrates were characterized
by X-ray diffractometer (GBC-MMA, Cu-Ka radiation). The surface morphology was
characterized by atomic force microscopy (Shimadzu scanning probe microscope
SPM-9500J3) and scanning electron microscopy (S-3100H, Hitachi Ltd.). Optical
transmittances and reflectances of films were determined by a spectrophotometer
(Aquialla Inst., nkd7000, UK) which is a device that is designed to measure trans-
mittance and reflectance. Spectroscopic analysis of TiO; films was performed using
UV visible spectrophotometer (Agilent 8453). Fourier transform infrared (FTIR)
spectrums of films in the transmission mode have been recorded in the wave
number range of 600-4000cm~" on a Perkin Elmer Spectrum FTIR Spectrome-
ter.
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Fig. 1. X-ray diffraction patterns of nanobrookite TiO, thin films for different
water:AcAc volume ratios: (a) 0.25, (b) 0.5, (¢) 1, (d), 2.

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the diffraction patterns of nano TiO, films which
were prepared with different water:AcAc volume ratios. The results
of X-ray diffraction indicate that TiO, films contain only brookite
phase peaks. The heat treatment provides the crystallization of the

The amorphous phase of the TiO, film transformed into the
brookite (orthorhombic crystal system) phase due to the heat treat-
ment. The peak of brookite is present according to JCPDF card no.
75-1582. Because of the very thin structure of the thin films, the
brookite phase of the TiO, films was demonstrated (2 1 1) asa single
peak [27,28].

The crystalline size of TiO, film is calculated with the Scherrer
equation, according to the XRD results:

kA

d= b cos(6) M

where k is a constant (shape factor, k=0.89), A is the wavelength
of the incident light, 6 (theta) is half of the diffraction angle (rad),
and b is the full width at half-maximum (FWHM) of the diffraction
line [29]. Based on the XRD results, Table 1 shows average particle
sizes of TiO, films which are prepared with different water:AcAc
volume ratios.

Table 1
Average particle sizes of nanobrookite TiO, films for different water:AcAc volume
ratios.

Data Ti(IV)(ml) Ethanol (ml) Water:acid FWHM Particle size (nm)
a 04 4 0.25 0.35 4.1
b 04 4 0.5 0.24 5.9
c 04 4 1 0.18 7.9
d 04 4 2 0.12 11.9
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Fig. 2. Particle size values for different water:AcAc volume ratios.

Fig. 2 shows that the particle sizes of nano TiO, films decrease
with the decreasing water:AcAc volume ratio [30]. The influence of
the water:AcAc volume ratio on the crystallinity of nanobrookite
film was investigated. When titanium butoxide, ethanol and acetic
acid concentrations were held fixed, particle size was decreased
by decreasing the water:AcAc volume ratio. The increase in the
amount of water promotes the crystallization of the amorphous
structure of TiO,. During sol-gel synthesis of TiO,, the hydrolysis
rates are low for less amount of water in the solution, and excess
titanium alkoxide in the solvent favors the development of Ti-O-Ti
chains through alcoxolation [30]. The increase in the amount of
water causes the agglomeration, which led to the increase in the
particle size of the obtained TiO, [17,31,42].

3.2. SEM analysis

SEM images of nanobrookite TiO, films are shown in Fig. 3. It
reveals the highly porous nature of films in which the water:AcAc
volume ratios are equal to 0.25 and 0.5.

We also observed particles as homogeneous and spherical. We
observed that the particle size decreased with the decrease in the
water:AcAc volume ratios in Fig. 3, and it is supported by XRD
results.

3.3. AFM analysis

Atomic force microscope was used to characterize the surface
morphology of the nanobrookite TiO, film.

We compared the roughness of nanobrookite TiO, films for var-
ious water:AcAc volume ratios. Surface roughness of nanobrookite
TiO, films were determined Rms: 2.25, 2.78, 3.13, 3.40 nm for 0.25,
0.5, 1, 2 water:AcAc volume ratios using afm. The Roughness of
the films decreased with an decrease in the water:AcAc volume
ratio. We observed that particle size decreased with the decrease
in water:AcAc volume ratios in Fig. 4, and it is supported by SEM
and XRD results. The Roughness also decreased with the decreasing
particle size.

3.4. FTIR analysis

FTIR spectra of nanobrookite TiO, films are shown in Fig. 5.
FTIR spectrum is used to investigate the presence of functional

Fig. 4. AFM images of nanobrookite TiO, films for different water:AcAc volume ratios: (a) 0.5, (b) 0.25.
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Fig. 5. FT-IR spectra of nanobrookite TiO, films for different water:AcAc volume
ratios: (a) 1, (b) 0.5, (c) 0.25.

groups in compounds. In this study, we compared FTIR spectra of
nanobrookite TiO, films for various water:AcAc volume ratios.

This spectra shows hydroxyl groups (OH stretching frequencies)
of nanobrookite TiO,, films around 3665 and 3675 cm~!.The IR band
around 2987 and 2977 cm~! indicates the C-H stretching vibra-
tion. The IR band of the nanobrookite TiO, films around 1057 and
1064 cm~! indicates the stretching vibration of the O-C-C bands of
the alkoxide groups.

The IR band of the nanobrookite TiO, films around 892 and
864cm~! indicates the Ti-O-Ti bond of titania films [32-36].
These results showed that when water:AcAc volume ratios were
decreased, hydroxyl groups and Ti-O-Ti bond of titania films
shifted to a smaller wavelength.

3.5. Optical properties

Absorption spectra of nanobrookite TiO, films was analyzed
using UV-vis spectrophotometer as shown in Fig. 6. The quantum
size effect of nano-particles was confirmed by the band gap energy
shift using ultraviolet-visible spectroscopy (UV-vis).
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Fig. 6. Absorption spectra of nanobrookite TiO, films for different water:AcAc vol-
ume ratios.
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Fig. 7. Transmission spectra of nanobrookite TiO, films for different water:AcAc
volume ratios.

Quantum size effects occur for TiO, particles in the order of
1-10nm in size [37-41].

The UV-vis absorption spectra shows that absorption edge shifts
to a shorter wavelength with the decreasing particle size due to
a quantum size effect. The increase in the amount of water also
produce a red shiftin the absorption spectrum of nanobrookite TiO,
films [31,42]. This has been attributed to interaction between water
and surface Ti3* centers caused by oxygen vacancy defect sites [42].
This result showed that the absorption spectrum can be sensitive
to surface characteristics of the nanobrookite TiO; films.

Transmission and reflection of the film was investigated at the
wavelength range from 300 nm to 1000 nm as shown in Figs. 7 and 8
using NKD. There are two regions in the spectrum; an increasing
region and a region of stable transmittance.

When water concentration of the nanobrookite TiO, solution
was increased, we observed that color of the solution was whiter
than before. When water:acid volume ratios of the nanobrookite
TiO, film were increased, transmittance of the film decreased. We
determined that the reflectance of the nanobrookite film decreased
with the increasing water:acid volume ratios. Interference effects
were observed in the reflectance spectra.

We determined that transmittance and reflectance of the
nanobrookite film decreased with the increasing particle size.

The optical band gap (Eg) of the TiO; thin film was determined
using Eq. (2) where « is linear portion of absorption coefficient, hv
is the photon energy and A is a constant [43].

(ahv) = A(hv — Eg)" (2)

Strong linearity was observed for different n values at n=2 (indi-
rect allowed transition) versus (cchv)!/2, which was found to give
the best fit for pure nanobrookite TiO, thin films.
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Fig. 8. Reflection spectra of nanobrookite TiO; films for different water:AcAc vol-
ume ratios.
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Fig. 9. ahv'/2-hv graphs of nanobrookite TiO, films for different water:AcAc volume ratios.
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Fig. 10. Band gap energy-average particle size (using XRD results) graphs for dif-
ferent water:AcAc volume ratios.

The graph shown in Fig. 9 shows that band gap energies of
TiO, films were determined between 3.44 and 3.51 eV for differ-
ent water:AcAc ratios respectively as an indirect transition energy.
When particle size is decreased, nanobrookite TiO, films exhibit
absorption in the shorter wavelength region, and thus the increase
in the band gap in nanobrookite films can contribute towards the
higher photocatalytic activity of the films in the UV range [44].

Particle size of TiO; thin films (Table 1) changed with the band
gap energy values as shown in Fig. 10. We observed that particle
size of pure nanobrookite TiO, films decreased with the increasing
band-gap energy.

4. Conclusions

In this study, we report on the preparation and structural char-
acterization of pure nanobrookite TiO films. This work has shown
that pure nanobrookite TiO, thin films are obtained as single ori-
entation (211) at 450°C heat treatment temperature. It is found
that particle size can be controlled by changing water:AcAc vol-
ume ratios (with a fixed Ti(OC4Hg)4:ethanol:AcAc volume ratio).
The results indicate that an increase in the water:AcAc volume
ratio leads to the increase in the particle size of TiO, films due
to the agglomeration. The roughness of pure nanobrookite TiO,
films increases with the increasing particle size. Transmittance
and reflectance values of the nanobrookite film decrease with the
increasing particle size.

It has been found that the spectrum red-shifts with increasing
water concentration. When particle size is decreased, nanobrookite
TiO, films exhibit absorption in the shorter wavelength region,

which consequently increases the band gap values of the films. As
a result of this, nanobrookite films have larger surface areas. Due
to these characteristics, single oriented pure nanobrookite TiO;
thin film which has a large surface area with a particle size of
4.1-11.9nm can be used in electronic and optical applications such
as photocatalytic, and hydrophilic applications.
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