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Optical and photocatalytic properties of porous TiO,

thin films
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TiO, porous thin films were prepared using polystyrene (PS) latex particles as template in conjunction with dip coating
technique. In this work, the resulting films were produced by the infiltration of the TiO; sol particles into the voids between
the templates (templating technique). X-ray diffraction spectra (XRD) indicated that the porous TiO2/PS thin film was
anatase structure. High quality of porous structures was observed by Atomic Force Microscopy (AFM) images. The
transmittance spectrum has shown that elaborated thin films present a high transparency in the visible range. The
photodegradation of methylene blue (MB) in the presence of TiO./PS thin films was performed. We found that the fabricated
films exhibited better photocatalytic activity than the pure TiO; thin films under illumination. As a result, the porous TiO./PS

thin film would have great potential in photocatalytic devices.
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1. Introduction

Recently the synthesis of porous structures has
attracted increasing interest of researchers as their
potential applications in the field of -catalysis, ion
exchange, and adsorption [1]. Various strategies were
taken into account regarding this sphere of study. Chiefly,
templating methods include using ordered arrays of
colloidal crystals [2] which seem efficient, economical and
manageable, meanwhile could fit for large-scale
production. Subsequent to the first successful preparation
of ordered mesoporous silica [3], a significant progress has
been made in the synthesis of ordered microporous (pore
size below 2 nm), mesoporous (2-50 nm) and
macroporous (beyond 50 nm) materials [4,5,6] and [7].
The ordered mesoporous materials are the result of using
surfactants or amphiphilic block co-polymers as structure-
directing agents [8], in addition, latex spheres can be used
as templates to form ordered macroporous materials
[9,10]. From among-very interesting thin film materials
processed in this way, we list; Titanium dioxide (TiO,)
films [11]. TiO, has attracted considerable attention [12]
due to its strong photocatalytic activity, robust chemical
stability under acidic and oxidative environments, high
electrical and optical properties, low production cost and
non-toxicity. It has been used in numerous industrial
applications such as, photocatalysis [13], optoelectronics,
dye-sensitized solar cells [14], biomedical devices [15],
gas sensor [16], water purification [17] etc. Many research
groups have come forward with different synthetic routes
to prepare porous TiO, thin films using a wet chemical
route like hydrothermal, reverse micelle, anodization
technique and sol-gel method. From among them, sol—gel
method [18] seems to be the most appealing as it offers the

advantage of macroporous thin film preparation at a
comparatively low-cost. The combination of template and
sol-gel methods has the following advantages: i) the
simple preparation and size-tailoring, ii) the homogeneity
of sol-gel products with high isotropy of physical,
morphological and chemical properties, thus allowing the
production of ordered porous TiO, thin films in a single-
step.

In the present work, ordered TiO, porous thin films
were prepared by sol-gel dip-coating technique. We used
polystyrene (PS) latex spheres of 100 nm diameters as
templates. The latex sphere templates were subsequently
removed by calcination. The resulting films appear to have
a high specific surface area, which will be confirmed by
photocatalytic test.

2. Materials and methods
2.1. Preparation of TiO, sol

TiO, thin films were prepared using sol-gel dip-
coating technique onto ITO coated glass or Silicon
substrates [19]. In order to obtain a stable sol-solution, we
used, as catalyst solvent, twelve moles of methanol
(CH30H), four moles of isopropanol (CH;CH (OH)-CHy),
four moles of acetic acid (CH3COOH) and one mole of
titanium isopropoxide Ti(OCH(CHjs),), as precursor. The
obtained mixture was continuously stirred for 2 h at room
temperature.
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2.2. Preparation of porous TiO, thin films

Before using, glass and silicon substrates were
ultrasonically cleaned during 15 min with respectively
acetone and isopropanol then rinsed with deionized water
and finally dried in air at room temperature. The latex
solution of the polystyrene template was prepared at
concentration of 0.3% by diluting the polystyrene latex
solution with deionized water. Then, the polystyrene
spheres were dispersed ultrasonically in the solution. The
PS spheres were assembled onto clean ITO glass
substrates by dip-drawing method [20]. After completely
drying the suspension, the PS colloidal crystal template
was formed on the two sides of the substrate. Then, the
polystyrene film was thermoset at 90 °C for 2 h to enhance
the bonding among PS microspheres. Dip-coating
technique was used to fill TiO, sol onto the PS templates.
The PS array templates onto substrates were lowered into
the coating solution and then withdrawn at a regulated
speed of 0.6 cm s . TiO, sol particles filled the voids
between the template microspheres. After each coating,
the films were first dried at 100 °C for 15 min. The films
were then heat-treated at different temperatures ranging
from 400 to 700 °C with increasing temperature rate of 5
°C min™" for 2 h in furnace and used for characterizations.

3. Results and discussion

X-ray diffraction (XRD) spectra were recorded with
an automated Bruker D8 advance X-ray diffractometer
with CuK radiations (40 kV and 30 mA) for 20 values
over 15 — 45°. The (XRD) patterns of the TiO, thin films
templated by PS spheres and deposited on silicon
substrates at different annealing temperatures for 2 hours
are shown in Fig. 1. At 350°C, the TiO, thin film XRD has
shown no crystalline phase corresponding to the
amorphous phase of TiO,. After 400°C, PS spheres
disappeared keeping a voids network. Increasing the
annealing temperature to 550°C, as shown in Fig. 1, two
diffraction peaks located at 26 = 25.5° and 26 = 38 ° are
found, which belong to anatase (101) and (004) peaks,
respectively [21]. We also note that the peaks intensity of
the anatase phase increase with the annealing temperature.
This behavior is due to the enhancement of Ti-O bonding
of crystalline phase formation and leads to an increase of
the crystallites size at higher temperature. The PS
templates method used in this work did not change the
crystalline properties of TiO, thin films. In addition, it has
enhanced the specific surface area of thin films, which was
confirmed by AFM observations.
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Fig. 1. XRD pattern of TiO, thin porous films templated
by PS latex spheres (d=100 nm) heat treated at 350 °C
and 550°C. A = anatase

The FTIR spectra were obtained with a Fourier
transform infrared spectrometer (genesis Il DTGS). The
scanning wavelength of infrared was 4000 — 400 cm™.
Fig. 2 shows the FTIR spectra recorded in the wavelength
range 400-1800 cm' for the TiO, films, deposited on
silicon substrates at 450, 500, and 550 °C respectively.
The spectrum shows a band around 438 cm™, which is
assigned to the Ti—O-Ti stretching vibration in the anatase
phase [22]. These results are in conformity with the XRD
results obtained above.
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Fig. 2. FT-IR spectrum of TiO, thin porous films
templated by PS latex spheres (d=100 nm) heat treated
at 450 °C, 500°C and 550°C

The surface microstructure and roughness of samples
were analyzed using an atomic force microscope, AFM,
(Nanoscope 3100 Digital instrument in the tapping mode).
The size, film thickness and roughness were found with
WSxM software ver.5.0 [23]. Fig. 3 shows the surface
morphology of TiO,/PS films annealed at 350°C, 450°C
and 550°C respectively. At 350°C, AFM images indicate
that the PS spheres were not yet disappeared. At 450°C,
the shape of PS particles was almost destroyed keeping an
ordered porous structure. The ordered pore arrays had a
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pore diameter of about 90 nm. The TiO, films root mean
square (RMS) roughness is decreased from 4.48 to 1.38
nm and we have assigned this behavior to the removal of
PS spheres. RMS roughness and thickness increase
respectively from 1.38 to 2.14 nm and from 4.5 to 7 pm
when the annealing temperature increases from 450 to
550°C. The increase of roughness and thickness can be
interpreted as the phase change.
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Fig. 3. AFM surface morphology images of TiO,/PS thin

550°C

porous films corresponding to the annealing
temperatures of 100°C, 350°C, 450°C and 550°C

The optical Transmittance properties of the films were
examined using a (UV-VIS-NIR) Perkin Elmer Lambda
950 spectrophotometer in the wavelength range of 300-
1500 nm at room temperature. The transmittance T, is
provided by the Beer-Lambert Law as the ratio of the
transmitted light intensity to the incident light intensity
[24]:

T=1/1, 1)

Where 1y represents the intensity of incident light and |
represents the intensity of transmitted light. Fig. 4 shows
the transmittance (T) spectra of the TiO, porous thin films
deposited on Silicon substrates and annealed at different
temperatures ranging from 450°C to 550°C in wavelength
range between 300 and 900 nm. It can be seen from this
figure that all samples present a high transparency in the
visible region (400- 800 nm). This behaviour is due to the
wide band gap of TiO, films (Eg = 3.2 eV) [25].
Moreover, the maximum of transmittance of these films
decreases with increasing temperature. This phenomenon

could be due to an increase in the interface scattering.
From Fig. 4, we can also note that the transmittance
spectrum of all films shows a low transmittance (strong
absorption) in ultraviolet region with spectral wavelength
between 300 and 400 nm exhibiting typical transmittance
spectra of TiO, films [26, 27]. Fig. 4 shows also that with
increasing temperature, the porous films exhibit a small
red-shift compared to the pure TiO,. This phenomenon
confirms the best efficiency of temperature on the
ultraviolet light absorption of ordered TiO, porous films.
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Fig. 4. Optical transmittance spectra of TiO,/PS thin
porous films as a function of annealing temperature

The photocatalytic activity of the films was evaluated
by the photodegradation of (MB) in aqueous solution
under UV irradiation. The UV light was obtained using a
lamp (Northen Electronic. Wigan. Lancs). Typically,
25 mL of methylene blue aqueous solution (3 mgL-1)
was placed in a box and photocatalyst films (area of
2 x 2 cm?) were placed into the solution for each test (Fig.
5). Prior to irradiation, the solution was magnetically
stirred in the dark for 30 min to establish an adsorption-
desorption equilibrium among the photocatalysts, MB and
atmospheric oxygen. In this study, we did a quick test (30
minutes) of photocatalytic activity of both pure TiO, and
porous TiO,/PS photocatalysts. UV-visible absorption
spectrum, recorded on the methylene blue aqueous
solution before and after contact with both photocatalysts,
is given in Fig. 5. The concentration variation of (MB) was
evaluated by measuring the absorbance intensity using
Carry UV-Visible absorption spectroscopy.
The absorbance A, is provided by the Beer-Lambert
Law as the logarithm of the ratio of the incident light
intensity to the transmitted light intensity [24]:

A=In(lo/1) @)

Where, |, represents the intensity of incident light and |
represents intensity of transmitted light. For all samples,
calcined at 550°C, the most observed peak is at 660 nm
(Amax for MB) which is attributed to its monomer [28,29].
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As illustrated in this figure, TiO,/PS sample presents
higher intrinsic activity for the photodegradation of (MB)
than the only TiO,. This activity is demonstrated by the
considerable decrease in the absorbance, which is related
to the decrease of (MB) concentration in the solution. The
superior photocatalytic activity of the TiO,/PS film can be
explained by the ordered porous structure, high
crystallinity of anatase phase [30] and enhancement of the
specific surface [31]. In fact, the ordered porous structure
with high specific surface area can offer more active
adsorption sites and photocatalytic reaction centers. This
phenomenon can be explained by the fact that the active
sites are usually located in the pores and a high specific
surface area means a high adsorptive capacity [32]. These
conclusions were in agreement with results reported
previously by several authors and recently by our research
group [19]. In fact, Ruey-an Doong et al [20] have studied
the photodegradation of (MB) by porous TiO, films in
aqueous solution under UV irradiation. They have
demonstrated that the photodegradation efficiency of MB
by TiO; porous films was higher than that pure TiO,.
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Fig. 5. Variation of the dye absorption spectra for TiO,
thin porous films elaborated with and without PS
templated spheres on the photocatalytic activity

4. Conclusion

In this study, a porous TiO,/PS thin film was
successfully prepared by sol gel dip-coating technique
using PS templates method. X-ray diffraction and IR
spectra show that thin films obtained crystallize into
tetragonal anatase phase. Atomic Force Microscopy
(AFM) images show that these films have an ordered
porous structure. The analysis of the UV-Vis
transmittance spectra shows that TiO,/PS thin films are
transparent in the visible range and opaque in the UV
region. In comparison with TiO, thin films (prepared
without templating method), the TiO,/PS thin films
exhibited better photocatalytic — activity in the
photodegradation of (MB). This enhancement can be
correlated with the high specific surface area which means
a high adsorptive capacity. These results illustrate the

potential of the TiO, porous films as an effective material
which can be widely applied in the field of photocatalysis
to purify water and wastewater
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