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ABSTRACT

In the present work, the synthesis, characterization and photoactivity concerning the nitrogen monoxide
(NO)decomposition of sol-gel Au/TiO, photocatalysts are reported. TiO, was prepared by gelling titanium
(IV) isopropoxide, and gold nanoparticles were added by the deposition-precipitation method with urea.
The catalysts with different gold concentrations were characterized by the following techniques: BET,
XRD, UV-vis and dark-field TEM. It was found that by using this synthesis method, a high dispersion of
gold nanoparticles on TiO, was reached (4.4-6.7 nm), and the obtained structure lead to aband gap energy
that is lower than the one observed for undoped TiO,. A NO + O, mixture (150 ppm) was used to evaluate
the photocatalytic activity in situ, at room temperature, under atmospheric pressure and a UV lamp was
used as radiation source. The photocatalytic conversion of nitrogen monoxide (NO) was followed by FTIR,
which reached 96% in 60 min. The Au/TiO, materials showed an enhanced photocatalytic activity when

compared with the reference TiO..

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

TiO, has been considered as one of the most useful materials
because of its high photoactivity, excellent optical transmittance,
high refractive index, chemical inertness, stability against photo-
chemical corrosion and cost-effectiveness [1,2]. Photon adsorption
by TiO; results in the promotion of an electron from the valence
band to the conduction band; the photoinduced electrons and pos-
itive charged holes can respectively reduce and oxidize the species
adsorbed on the semiconductor surface [3]. In addition, the high
rate of electron-hole recombination on TiO, particles is the major
rate-limiting factor controlling the photocatalytic efficiency [4].
In order to increase the TiO, photocatalytic activity, the semi-
conductor has been modified by doping with transition metals
or noble metals [5-8]. Among the different preparation methods
to obtain gold nanoparticles supported on metallic oxides, the
deposition-precipitation method with urea has been reported as
one of the most efficient methods [9-10]. Au nanoparticles sup-
ported on titania in highly dispersed state exhibit a surprising
high activity for several reactions such as low-temperature oxi-
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dation of CO, partial oxidation of hydrocarbons, and degradation
of contaminants [11-14]. Nitrogen oxide gases (NOy) are harmful
air pollutants due to their role concerning not only the genera-
tion of photochemical smog and acid rain but also the promotion
of the ozone formation [15]. For the decomposition of NO, differ-
ent catalysts have been used: Cu-zeolites [16], PdO/Al,03 [17],
Rh/Al;03 [18], Rh/SiO, [19], etc. The use of TiO, and Au/TiO,
as photocatalyst for NO elimination has been scarcely studied
in spite of the dual benefit that can be obtained with this sys-
tem: the photocatalytic activity of TiO,, and the NO adsorption
on the Au nanoparticles [20,21]. The present study deals with the
preparation of nanostructured Au/TiO, photocatalysts prepared by
the deposition—-precipitation method. The morphology, band gap
energy and particle size of the obtained materials were analyzed.
The photocatalytic activity of Au/TiO, was evaluated by the photo-
catalytic decomposition of NO, using an ultraviolet light source of
365 nm.

2. Experimental
2.1. Preparation of Au/TiO, nanoparticles
The TiO; used as a support was prepared by the sol-gel method

from titanium tetraisopropoxide (Aldrich) mixed with 2-propanol
(J.T. Baker 9000-03) and distilled water. The alkoxide hydrolysis
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solution was adjusted at pH 3 by using hydrochloric acid. The solu-
tion was refluxed for 24 h at 70°C under constant stirring until
the gel was formed. Afterwards, the solids were dried in an oven
for 12 h at 80°C, using a 2 °C/min heating rate. The calcination of
the materials was performed at 300 °C for 4.5 h. The gold deposi-
tion on the support was carried out by the deposition-precipitation
method using urea, before preparation, TiO, was previously dried
in air at 100°C for at least 24 h. All of the preparations were per-
formed in the absence of light, which is known to decompose the
gold precursors. The support was mixed with a solution containing
HAuCly (4.2 x 10-3 M) (Aldrich 99.9%) and urea (0.42 M) (Aldrich
99.9%). The initial pH was ~2. The suspension was heated at 80°C
and maintained under constant stirring for 16 h, in which progres-
sive decomposition of urea in solution at temperature above 60°C
releases OH™~ ions, which gradually increase the medium pH until
it comes to a value of pH 8. This method makes possible the slow
precipitation of hydroxides onto support, and avoids a brutal and
local increase of pH, which could induce precipitation in solution.
Regarding the preparation of supported gold catalysts, we observed
that using the deposition-precipitation method with urea, almost
all the gold in solution was deposited on the TiO, support [22].
After the deposition of gold onto TiO,, the solids were separated
from the precursor solution by centrifugation and washed several
times with distilled water and dried under vacuum either at room
temperature or 100 °C. The catalysts were reduced under hydrogen
flow (100 ml/min) at 300°C for 4 h. The gold content on catalysts
was 0.3, 0.5, 0.7, 1.0 and 3.0 wt¥%, respectively.

2.2. Characterization of the catalysts

The specific surface area of the obtained materials was deter-
mined by the N, adsorption-desorption isotherms by means of a
Quantachrome Autosorb 3B sorptometer. The specific surface area
was calculated from the adsorption isotherms by the BET equa-
tion. The crystalline phase was determined by X-ray diffraction
(XRD) with a Bruker D-8 diffractometer using Cu Ka radiation with
a 260 step of 0.03. The transmission electron microscopy studies
(TEM) were performed on a JEM-2200FS equipment with an accel-
eration voltage of 200 kV. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was also per-
formed. The local chemical analysis and the chemical mapping were
performed by means of an Energy-Dispersion X-ray spectrome-
ter (EDXS) NORAN, which was coupled to a microscope allowing
the STEM-EDX combination. The UV-vis spectra (200-900 nm) of
the materials were obtained with an UV-vis Varian Cary 100 spec-
trophotometer (diffuse reflectance).

2.3. Evaluation of the photocatalytic activity

The evaluation of the photocatalytic activity was performed in
situ 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 25cm~!. The
obtained materials were placed within a photocatalytic reactor
(designed in our laboratory) with a length of 20 cm and potassium
bromide (KBr) windows on its opposite sides in order to obtain real-

Table 1

Fig. 1. Scheme of the photocatalytic reactor system.

time measurements. The UV lamp (Pen-Ray from UVP Corporation
and wavelength of 365 nm) was used for irradiation; the lamp was
horizontally placed at the upper part of the reactor, 10 cm from
both ends. Fig. 1 shows the schematic representation of the photo-
catalytic reactor system used in the evaluation of the photocatalytic
activity. The evaluation was carried out by using 100 mg of catalyst;
reaction time was 60 min and tests were made at atmospheric pres-
sure and room temperature. The system also has a vacuum system
to remove the gases from the cell before photocatalytic test, and an
air purge system that creates a clean atmosphere inside the photo-
catalytic reactor chamber. A NO-0O, mixture was admitted with a
concentration of NO of 150 ppm. The IR spectra were taken within
the range from 4000 to 400 cm~!, and monitored every 4 min.

3. Results and discussion

In Table 1 we observe the Au particle average diameter, BET,
Eg and NO removal after 60 min. As we can see, when the gold
concentration increases, the conversion diminishes, which can be
correlated with the increase of the particle size, thus as the parti-
cle size increases, the photocatalytic activity decreases. In the Au
concentration interval from 0.3 to 0.7 wt% the particle diameter
remains around 4.7 nm, then, we would not expect that an Au per-
centage of 0.2 wt% or lower could lead to a different photocatalytic
activity by this method of Au/TiO, synthesis.

The photocatalyst used as reference presented a surface area of
162 m?/g, this value is maintained almost constant the Au depo-
sition, independently of the gold content. This stability can be
explained due to the calcination treatment at 300 °C, which allows
the definition of the structure, and the process by which the gold
was deposited requires temperatures lower than 80°C. In the case
of the band gap energy, we can observe that as the amount of
gold increases on TiO;, Eg diminishes, which coincides with the
apparition of the plasmon, observed in Fig. 3.

The X-ray patterns are shown in Fig. 2. These spectra are in good
agreement with the reference patterns, of titanium dioxide and
gold (JCPDS 21-1272, 21-1276, 76-1934 and 652870) for the cat-
alysts after reduction under hydrogen flow at 300 °C. The spectra
show the characteristic diffraction peaks of titania anatase phase
and a peak assigned to the brookite phase (20 =31°). The diffraction

Au particle average diameter, specific surface areas, band gap energy and photocatalytic activity of the studied materials.

Catalyst Average Au diameter [nm] BET [m?2/g] Eg [eV] NO removal after 60 min [%]
TiO, - 161 3.13 70
Au/TiO; 0.3% 4.6 157 3.09 96
Au/TiO; 0.5% 4.6 158 3.03 95
Au/TiO; 0.7% 4.7 156 2.96 95
Au/TiO, 1.0% 5.7 161 2.95 88
Au/TiO; 3.0% 6.7 155 2.64 85
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Fig. 2. X-ray diffraction patterns of the materials. Reflections due to anatase and
brookite are labeled as (A) and (B), respectively.

patterns show the anatase crystalline phase in a higher propor-
tion with respect to that of brookite. It must be noted that the
peaks corresponding to Au® (20 =38.18,44.39, 64.57) are not clearly
observed, which suggests that gold is present as nanosized-gold
particles whose size is below 10 nm. The low Au content (0.3, 0.5,
0.7,1.0and 3.0 wt%) in addition to the small size of the gold particles
did not allow their detection by this technique [23].

The diffuse reflectance spectra for the materials are shown in
Fig. 3. The band gap energy values obtained in this way for the
bare and doped TiO, materials are summarized in Table 1. The TiO,
absorption peak appears in the 391 nm region, the band widening
in the 520-680 nm region is characteristic of the plasmon reso-

Fig. 3. Diffuse reflectance spectra of Au/TiO, photocatalysts and bare TiO, prepared
at different Au concentrations.

nance of metallic gold particles. For metal nanoparticles of Au®, Cu®,
and Ag?, the plasmon absorption arises from the collective oscilla-
tions of the free conduction band electrons that are induced by the
incident electromagnetic radiation [24].

In Fig. 4(a-c) representative images of the Au/TiO, (0.3, 0.5,
0.7 wt%) after calcination are shown. These composite nanoparti-
cles are spherical in shape. Due to the low concentration of the
metal capping, we expect that the size and distribution of the
nanocomposite particles remain ruled by the TiO, nanoparticles
characteristics. The particle diameter of gold-capped TiO, nanopar-
ticles was in the range of 4.4-6.7 nm. The gold particles can be
observed as small white spots which are in contrast with the sup-
port. The high surface area provided by TiO, particles allowed the

Fig. 4. HAADF image for: (a) Au/TiO, 0.3 wt%, (b) Au/TiO, 0.5 wt%, (c) Au/TiO, 0.7 wt%, and (d) HRTEM TiO; support.
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Fig. 5. EDX for: (a) Au/TiO; 0.3 wt%, (b) Au/TiO, 0.5 wt% and (c) Au/TiO, 0.7 wt%.

high dispersion of Au particles and by this way the restrain of Au
particle growth, since we do not see significant growth in the size
of Au nanoparticles. The small size of the gold particles implies
that a strong interaction occurs between the TiO, support and the
gold precipitate during the deposition, which leads to a high disper-
sion of metallic gold. Fig. 4(d) shows the HRTEM image of different
nanoparticles of the TiO, support with an average size of 12 nm.

The EDX patterns, Fig. 5, of the Au/TiO, particles present the
four X-ray lines that are associated with O Ko, Au Ka, Ti Ko, and
Cu Ka.. Cu Ka line corresponds to the copper grid used for the TEM
analysis. The results indicate that Ti, O and Au are the constitutive
elements of the nanoparticles.

Fig. 6. Profile of the percentage of nitric oxide decomposition by the Au/TiO, and
TiO, photocatalysts as a time function during photocatalytic activity tests.

The three nitrogen oxides: N, O (nitrous oxide), NO (nitric oxide)
and NO, (nitrogen dioxide) present IR absorption bands at 2225,
1875 and 1607 cm™!, respectively [25]. The change in the con-
centration of NO in an oxygen-rich atmosphere was recorded as
a function of time. The result of our study shows that there is an
appreciable increase in the photocatalytic activity. It can be seen
that the Au/TiO, (0.3 wt%) catalyst shows a conversion of 96%, the
Au/TiO; (1.0 wt%) 88%, the Au/TiO (3.0 wt%) 85%; and the bare TiO,
70% (Fig. 6). The analysis of the stoichiometric balance indicates
that the main reaction deals with the NO reduction to form N, and
0,; and some formation of N,O was found according to IR spectra
(Fig. 7), and the formation of NO, is not observed, the presence of
N, and O, cannot be determined by this technique. These results
are according to the reaction path proposed by Bowering et al. [26],
who considers the following reactions:

TiOp +hv— e~ +h™* (1)
NO+e - N+O 2)
NO + N — N,0 (3)
NO + O — NO; (4)
20 —» 0, (5)
2N > N, (6)
2NO — Ny +0; (7)
N0 - Np+0 (8)

Fig. 7. FTIR-spectra for NO decomposition over Au/TiO; as a function of time in a typical photocatalytic degradation test.
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In our photocatalytic tests, the reaction number (4) does not
seem to occur, and the formation of N,O, as described in reaction
number (3) seems to be prevalent.

A great number of variables can play simultaneously important
roles in the NO decomposition. According to the photocatalytic
activity, the highest reactivity seems to be mainly related to the
pure anatase phase of the sample, the specific surface area and the
gold particles in the nanometric range. The presence of Au on the
surface of TiO, improves the photocatalytic activity of TiO,. The
role of the gold particles can be in several ways associated with the
decrease of the e~ /h* pair recombination rate, which improves the
photocatalytic activity, a higher interaction of NO with the cata-
lyst surface and the displacement of the band gap to lower energy
values.

4. Conclusions

In the present work, we have prepared Au/TiO, catalysts by the
deposition-precipitation with urea. The gold loadings were differ-
ent: 0.3,0.5,0.7,1.0 and 3.0 wt% and the size of Au particles were in
the range of 4.4-6.7 nm, and highly disperse on TiO,. It was found
that gold shifts the band gap energy to lower energy values. A direct
correlation between the gold content and the plasmon intensity
band was observed in the UV-vis spectra. It was shown that more
efficient photocatalysts for the NO decomposition can be obtained
by depositing gold nanoparticles on TiO, supports. Under the reac-
tion condition of this work, the best Au content was around 0.3 wt%,
with a conversion of 96%.
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