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This work describes an innovative nanosemiconductor system, based on Au-TiO; for UV photo-assisted
oxidation of nitrogen monoxide (NO). The synthesis of these materials was carried out by the sol-gel
method. Titanium(IV) isopropoxide and HAuCl, were the precursors of the photocatalyst, which was
prepared in acid conditions. The catalysts were characterized by the following techniques: BET, XRD,
UV-vis and dark-field TEM. The evaluation of the photocatalytic activity was performed in situ using an
FTIR spectrometer with high sensitivity and a UV spectrometer (365 nm) after 60 min at atmospheric
pressure and room temperature. The NO + O, mixture concentration was 150 ppm. The photocatalytic
conversion of nitrogen monoxide (NO) was studied by FTIR, which reached 85% in 60 min. The

semiconductor type materials exhibited an enhanced photoactivity when compared with our reference
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1. Introduction

Nanostructured materials offer promising opportunities for the
synthesis of new materials with improved properties. Due to the
control of the steady particle size and the crystalline phase that can
be obtained, the sol-gel method is considered as one of the most
versatile procedures in comparison with other chemical or
physicochemical methods [1-3]. TiO is an n-type semiconductor,
with a band gap of 3.2 eV, which presents three crystalline phases:
brookite, anatase and rutile [4-6]. The anatase crystalline phase
shows, in general, a photoactivity which is better than that of the
rutile phase. In order to increase the photocatalytic activity, the
TiO, surface has been modified by doping it with metallic ions such
as gold. Gold has recently become of great interest due to its good
activity in the degradation of contaminants. This improved
photocatalytic activity depends on the support, the size and
distribution of the gold nanoparticles and the properties of the
contact surface [7-12]. Nitrogen oxides (NOy) are atmospheric
pollutants due to their role concerning not only the generation of
photochemical smog and acid rain but also the promotion of the
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ozone formation [13]. The photocatalytic oxidation of NO over TiO,
and Au/TiO, under different reaction conditions has been reported
in the literature [14-18]. However, one of the most important goals
is to obtain catalysts with photocatalytic properties. Among the
applied techniques one can find: impregnation by flame spray
pyrolysis, wet-chemistry, solvated metal atom impregnation,
deposition-precipitation and sol-gel [19-23]. In this work, Au-
TiO, nanostructured photocatalysts were prepared by the sol-gel
method. The synthesis, characterization of the obtained structures,
morphology, band gap energy and gold particle sizes were
analyzed. The photoactivity was evaluated in situ by using
mixtures of NO and O, using a ultraviolet light source of 365 nm.

2. Experimental
2.1. Preparation of the Au-TiO, nanoparticles

The catalysts were prepared by the controlled sol-gel method
as follows: titanium tetraisopropoxide (Aldrich), HAuCl, (0.5, 1.0
and 3.0 wt%), was dissolved in 2-propanol (J.T. Baker 9000-03) and
distilled water. The solution was refluxed at 70 °C under constant
stirring until the gel was formed. The formation of the gels was
obtained by controlled hydrolysis-condensation reactions at 70 °C
for 24 h at pH 3. Afterwards, the solids were dried in an oven for
12 h at 80 °C. Finally, the excess solvent and water were removed
at 300 °C for 4.5 h, using a 2 °C/min heating rate. After activation,
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Table 1
Specific surface areas, band gap energy and photocatalytic activity of the studied
materials.

Catalyst BET (m?/g) Eg (eV) NO removal after 60 min (%)
TiO, 161.8 3.13 70
Au/TiO; 0.5% 129.5 2.93 85
Au/TiO; 1.0% 114 2.83 81
Au/TiO; 3.0% 100.4 2.86 78

the catalysts were reduced in hydrogen flow (100 ml/min) at
300 °C for 4 h.

2.2. Characterization of the materials

The specific surface area of the obtained materials was
determined by N, adsorption by means of a Quantachrome
sorptmeter. The specific surface area (BET) and the pore size
distribution were calculated from the N, absorption-desorption
isotherms. The crystalline phase was determined by X-ray
diffraction (XRD) with a Bruker D-8 diffractometer using Cu Ko
radiation with a 20 step of 0.03. The transmission electron
microscopy (TEM) studies were performed with a JEM-2200FS
equipment with an acceleration voltage of 200 kV. The local
chemical analysis and the chemical mapping were performed by
means of an energy-dispersion X-ray spectrometer (EDXS) NORAN
spectrometer, which is coupled to a microscope allowing the
STEM-EDX combination. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was also per-
formed. The UV-vis spectra (200-900 nm) of the materials were
obtained with an UV-vis Varian Cary 100 spectrometer (diffuse
reflectance). The band gap of the solids was calculated by
linearization of the slope with respect to the x-axis for y-axis
equal to 0.

2.3. Evaluation of the photocatalytic activity

An in situ type photoreactor was built to study photocatalytic
reactions using a variety of gases and gas mixtures. The
photoreactor, with a length of 20 cm, has potassium bromide
(KBr) windows on its opposite sides. The aforementioned
characteristics allow to place it inside the equipment chamber
to perform the reaction and obtain real-time measurements. The
system also has a vacuum system to remove the gases in the cell,
and an air purge system that creates a clean atmosphere inside the
reactor chamber. The evaluation of the photocatalytic activity was
performed by means of a Bruker IFS66 v/S spectrometer equipped
with an MCT (mercury-cadmium-tellurium) high sensitivity
detector with a resolution of 0.5cm™! and an optical step of
25 cm~!. A NO-0, mixture was admitted with a concentration of
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Fig. 2. UV-vis diffuse absorbance spectra of the semiconductors.

NO of 150 ppm, which was irradiated with an UV light of 365 nm.
The UV lamp was horizontally placed at the upper part of the
reactor, 10 cm from both ends. The evaluation was carried out by
using 100 mg of catalyst for 60 min at atmospheric pressure and
room temperature. The spectra were developed within the range
going from 4000 to 400 cm !, and monitored every 4 min.

3. Results and discussion

The specific surface areas obtained on the synthesized materials
are reported in Table 1. For the bare catalyst (TiO,), it was equal to
161.8 m?/g, whereas those of the catalysts doped with gold (0.5,
1.0 and 3.0 wt%) were 129.5, 114.0 and 100.4 m?/g, respectively.
These results show that the specific surface area of the support was
modified with gold.

The X-ray diffraction patterns of the catalysts calcined at 300 °C
are shown in Fig. 1; the spectra show the five characteristic
diffraction peaks of the titania anatase phase. Additionally, it can
also be observed at around 26 =31°, the peak assigned to the
brookite phase. The diffraction patterns show the anatase crystal-
line phase in a higher proportion with respect to that of brookite.
The presence of gold can be identified in the diffractograms at
around the 26 peaks = 44°, 64° and 78°, respectively.

The diffuse absorption spectra of the materials are shown in
Fig. 2. The diffuse reflectance measurements in the UV-vis region
enabled us to determine the band gap energy of the semiconduc-
tors by extrapolation to the energy axis of the linear interval in a
plot (ochv)2 vs hv [24]. The band gap energy values obtained in this
way for the bare and doped TiO, materials are summarized in
Table 1. The TiO, band gap appears in the 380-459 nm region; the
band widening in the 520-680 nm region can be noticed for
the catalysts doped with gold. The resonance band concerning
the gold Plasmon is associated with gold particles that are larger
than 5 nm [25].
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Fig. 1. XRD diffraction patterns of the materials. Reflections due to anatase, brookite and gold are labeled as (A), (B) and (C), respectively.
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Fig. 3. Dark-field TEM micrograph of the Au-TiO, (1.0 wt%).

Dark-field TEM imaging was used to study the particle size
distribution and morphology of the materials. In Fig. 3, the bright
spots and areas in the dark-field image indicate the presence of
gold particles and anatase nanocrystallites in the Au-TiO,
(1.0 wt%) catalyst. The EDX analyses show the presence of gold,
titanium and oxygen as part of the composition of the material. The
presence of copper in the analysis corresponds to the grid used in
the microscope (Fig. 4).

The NO in an oxygen-rich mixture shows a photocatalytic
conversion profile after 60 min, Fig. 5. It can be seen that the Au-
TiO, (0.5 wt%) catalyst shows a conversion of 85%; the Au-TiO,
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Fig. 5. Profile of the percentage of nitric oxide decomposed for 60 min under UV
irradiation.

(1.0 wt%), 81%; the Au-TiO, (3.0 wt%), 78%; and the bare TiO,,
70%.

The high photoactivity of the synthesized catalysts can be
related to the gold particles in the nanometric range. According to
the photocatalytic activity, the highest reactivity seems to be
mainly related to the pure anatase phase of the sample and it was
found that gold deposited on the titania supports notably increased
the NO conversion, N,O was the major reaction product under the
experimental oxidation conditions in this work, these two
properties have been previously pointed out as important factors
for photocatalytic reactions by other authors [26,27]. The role of
the gold particles can be attributed to a diminution of the e~/h*
pair recombination rate, which improves the photocatalytic
activity.

According to Bowering et al. [14], the reaction route could
follow the following steps:

TiOy + hv—>e~ +h" (1)
NO+e —N+0O (2)
NO + N — N,0 (3)
NO + O — NO, (4)
20 — 0, (5)
2N — N, (6)
2NO — N, +0, (7)
N0 — Ny +0 (8)

4. Conclusions

In the present work, the preparation of TiO, and Au doped
titania by the sol-gel method was performed. The obtained
catalysts, annealed at 300 °C, show specific surface areas between
100.4 and 161.8 m?/g, The Eg values of the various samples, doped
and un-doped, are similar to those reported for anatase. Such
results indicate that the doping of titania with Au exerts little effect
on the band gap in comparison with our reference preparation. It
was found that gold shifts the band gap energy to lower energy
values. The Plasmon intensity band was observed in the UV-vis
spectra for the catalysts one with an Au content of 0.5 and 1%.
Nanosized gold particles lesser than 10 nm were obtained by the
sol-gel method. By testing the catalysts in the NO reaction, it was
shown that the most efficient photocatalysts for the oxidation
were obtained when the gold nanoparticles were deposited on the
TiO, supports. The catalyst that showed the best performance was
the one with an Au content of 0.5%, and the lowest performance
was shown by the bare TiO,.
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