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The photo-assisted deposition (PAD) and impregnation (Img) synthesis of nano-sized Cu metal on
TiO,—SiO, are reported. The prepared catalysts were characterized by different techniques such
as XRD, EXAFS, TEM and nitrogen adsorption analysis. Photocatalytic reactivity using Cu-TiO,—
SiO, catalysts under visible-light condition on the oxidation of direct blue dye with O, reaction was
evaluated. The results have shown notable photocatalytic activity of PAD-Cu/TiO,—SiO, which was
1.6 and 10 times higher than that of Img-Cu/TiO,—SiO, and TiO,—SiO,, respectively.
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1. INTRODUCTION

TiO, photocatalysis is a much appreciated in recent years
for environmental improvement such as the photodegrada-
tion and complete mineralization of organic pollutants.'-?
TiO, nanoparticles have large specific surface areas and
high catalytic performance in which reactions take place
on the TiO, surface. However, their effective commercial
applications are hindered by three serious disadvantages.
Firstly, agglomerations of ultrafine powders into larger par-
ticles result in an adverse effect on catalyst performance.
Secondly, the separation and recovery of TiO, powders
from wastewater are complicated.>* Thirdly, the require-
ments of ultraviolet (UV) radiation for TiO, photocatalysis
performance whose energy exceeds the band gap of 3.2 eV
(A —380 nm) of the anatase crystalline phase, which in
turn led utilization only a very small fraction of sunlight.

More recently, TiO, has attracted the attention of sci-
entists in the catalysis field, due to its effective utilization
of visible light to degrade organic pollutants. A consider-
able effort has been devoted to develop supported titania
catalysts offering high active surface area, while at the
same time having easier separation and removal from
wastewater.>® New synthesis methods of titania-silica
mixed oxides are needed for overcoming the present dis-
advantages of pure titania powders. One of the ways is
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the use of charge-transfer catalysts, which can improve the
efficiency of TiO,. This type can be obtained by the
preparation of TiO,—SiO, catalyst with the electron trans-
fer across the solid—solid TiO,-SiO, interface. For that
reasons, in a previous study it was reported that the
TiO,-Si0O, catalyst is three times more photoactive than
TiO, alone.”™ Another possibility is to modify TiO,
by surface deposition of noble metals to shift the pro-
cess of photodegradation of organic pollutants into the
visible-light region.!0!3

Recently, there is much interest in a new nano-sized
catalyst such as Pd, Pt, and Au as potentially advanced
materials possessing unique electronic, optic and magnetic
properties as well as catalytic functions.!*! One of the
most important factors for controlling catalytic activity of
these metal catalysts is the particle size. The development
of convenient and useful method to prepare the nano-sized
metal loaded on support with controlled particle size and
size distribution is an essential task to design a highly
active metal catalyst.

Under UV-light irradiation, these single-site photocat-
alysts generate charge transfer excited state which can
show the highly active and selective photocatalytic perfor-
mances. In previous studies,'®’ the main focus has been
made only on the photocatalytic reactivity but the applica-
tions of single-site photocatalyst for the synthesis of con-
ventional catalysts such as nano-sized metal catalyst have
not been yet reported. It can be expected that the metal
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precursor species can be easily deposited on the excited
state of single-site photocatalyst to form well-controlled
sized metal particles from the mixture of single-site pho-
tocatalyst in the aqueous solution with metal precursor.

In the present study, Cu/TiO,-SiO, was prepared by
the application of a photo-assisted deposition (PAD) and
impregnation methods. We focus on the photocatalytic
reactivity of Cu/TiO,-SiO, under visible-light for the oxi-
dation of direct blue dye.

2. EXPERIMENTAL DETAILS
2.1. Materials

All chemicals used in this study were used as received
without any further purification. Titania—silica mixed
oxides were prepared by the hydrolysis of ammonia water
(NH;, 25%). Titanium tetrabutoxide (TBOT, >98%)/and
tetraethyl orthosilicate (TEOS, >98%) were selected as
the source of titania and silica, respectively. Here, we give
a typical procedure for the preparation of titania—silica
mixed oxide containing 16.6 mol% of silica. Firstly,
17.0 ml TBOT was mixed with 5.1 ml acetylacetone and
10.0 ml anhydrous ethyl alcohol. Secondly, 2.25 ml TEOS
was mixed with the solution containing 10.8 ml bidistilled
water, 23.9 ml ammonia water and 20.0 ml anhydrous
ethyl alcohol under stirring. At the final step, Ti and Si
sols were added simultaneously and slowly into the beaker
containing 10.0 ml anhydrous ethyl alcohol under stirring.
After the end of the above operations, the samples were
aged in the beaker covered by a plastic film for 72 h.
Finally, the samples obtained were evaporated and dried,
followed by calcination at 550 °C for 5 h in air.

On the other side, the Cu loaded on TiO,-SiO, (PAD-
Cu/Ti0,-Si0,, 3 wt% as Cu metal) was prepared using
the PAD method: Cu metal was deposited on TiO,-SiO,
from aqueous solution of Cupper nitrate under UV-light
irradiation. The Cu loaded on TiO,-SiO, (img-Cu/TiO,—
Si0,, 3 wt% as Cu metal) was prepared using impregnation
method: the Cu metal was deposited by a simple impreg-
nation of TiO,-SiO, in the absence of light with aqueous
solution of Cupper nitrate. The samples were dried at 378 K
and reduced by H, (20 ml min~') at 473 K for 2 h.

2.2. Characterization Techniques

The structure of the catalyst was examined by X-ray
diffraction (XRD) on a Rigaku X-ray diffractometer sys-
tem equipped with as RINT 2000 wide angle Goniometer
using Cu Ke radiation and a power of 40 kV x 30 mA.
The intensity data were collected at 25 °C over a 20
range of 20-80°. The UV-vis diffuse reflectance absorp-
tion spectra were recorded with a Shimadzu UV-2450
at 295 K. The X-ray absorption fine structure (XAFS)
analysis, X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS),

4976

were performed at BL-7C facility?® of the Photon Fac-
tory at the National Laboratory for High-Energy Physics,
Tsukuba, Tokyo, Japan. A Si(111) double crystal was used
to monochromatize the X-rays from the 2.5 GeV electron
storage ring. The K-edge XAFS spectra of Cu was mea-
sured in the fluorescence mode at 298 K. The normalized
spectra were obtained by a procedure described in a pre-
vious study? and Fourier transformed was performed on
k3-weighted EXAFS oscillations in the range of 1-10 A~".
N,-adsorCuion measurement was carried out at 77 K using
Nova 2000 series, Chromatech. Prior to analysis, the sam-
ples were outgased at 250 °C for 4 h. The morphology
and particle size of the prepared samples were examined
via a transmission electron microscope (Hitachi H-9500
operated at 300 kv).

2.3. Photocatalytic Reaction

The photocatalytic reactions were carried out in a quartz
cell (28 mm in diameter and 200 mm in height). The pho-
tocatalyst (50 mg) was located in a quartz cell with an
aqueous solution of direct blue dye (100 ppm, 25 ml).
Prior to exposure to a visible light, the suspension was
stirred in a flow of O, for 1 h under dark atmosphere.
The sample was then irradiated with a visible light, which
was generated by a 100 W high-pressure mercury lamp
and an appropriate cut off filter was placed in the front of
the reactor to remove the part of UV radiation. The cata-
lysts and solution were separated by filtration and then the
resulting solution was analyzed by Shimadzu UV-2450.

3. RESULTS AND DISCUSSION

3.1. Evaluation and Characterization of
Synthesized Material

3.1.1. XRD Analysis

XRD patterns of each parent TiO,-SiO, and Cu-
doped TiO,-SiO, nanoparticles prepared by Impregnation
method, and PAD, methods are compared in Figure 1.
The structural characteristic of TiO,—-SiO, and all Cu-
doped TiO,-Si0,, are mainly composed of anatase phase
containing a group of lines at 26 values of 25.2, 37.5,
47.7, 53.3, 54.7 and 62° [PDF 71-1169], which indicated
that, titania anatase phase structure was remained after
the application of the photo-assisted deposition (PAD) and
impregnation methods. However, no diffraction peaks of
copper in the patterns of Cu-doped samples were observed.
This is probably attributed to the low Cu doping content
(ca. 3%). Moreover, the data may imply that, the copper
is well dispersed within the TiO,-SiO, phase.

3.1.2. UV-Vis Spectroscopy

Figure 2 depicts the diffuse reflectance UV-vis absorp-
tion spectra of TiO,-SiO,, PAD-Cu/TiO,-SiO, and
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Fig. 1. XRD patterns of the TiO,-SiO,, PAD-Cu/TiO,-SiO, and img-
Cu/TiO,-Si0,.

imp-Cu/Ti0,-Si0,. The Kubelka—Munk function, F(R),
can be considered to be proportional to the absorption of
radiation.”® On this basis, the value of E,, the band gap
of the semiconductor, can be derived from the spectra by
plotting (F(R) - hv)'/? against hv as shown in Figure 3.%°
The band-gap values usually reported for pure anatase and
rutile phases are 3.2 and 3.03 eV, respectively.’! How-
ever, these values are influenced by the synthesis method,
and also affected by the existence of impurities doping
the crystalline network and also the average crystal size
of the semiconductor. In a previous study, different meth-
ods for calculating the E, from the UV-vis reflectance
spectra are used. For example, some authors calculate the
E, values by a direct extrapolation of the F(R) spectrum
whereas others report the wavelength corresponding to the
maximum absorption.?? As a consequence, quite differ-
ent E, values for rutile and anatase samples are found

——TiO,-Si0,
— img-Cu/Ti0,-Si0O,
——— PAD-CW/TiO,-SiO,

Absorbance, a.u.

T T T T T T T T
300 400 500 600 700
Wavelength, nm

Fig. 2. Diffuse reflectance UV-vis absorption spectra of TiO,-SiO,,
PAD-Cu/TiO,-SiO, and img-Cu/TiO,-Si0,.

J. Nanosci. Nanotechnol. 13, 4975-4980, 2013

N
=
m
i
=4
*
S

PAD-Cu/TiO,-SiO,

Img-Cu/TiO,-SiO,

TiO,-Si0,

L 1 L 1 L 1 L 1 L 1 1
5.0 45 4.0 35 3.0 25 2.0 15

Band Gab Energy / eV

Fig. 3. Band-gap calculated from the DR-UV-vis spectra.

in the literature. For instance, for anatase-based materials
the threshold wavelength values of 370 nm,** 380 nm,*
387 nm,* 393 nm* and 403 nm has been reported®’ cor-
responding to a band gap range from 3.08 to 3.35 eV
have been reported. In the case of rutile-based materi-
als, an absorption wavelength as high as 437.4 nm (E, =
2.84 V).’ In the present study (Fig. 3), the band gap
values calculated for TiO,-SiO,, PAD-Cu/TiO,-SiO, and
Img-Cu/Ti0,-SiO, are 3.19, 2.83 and 2.53 eV, respec-
tively. Therefore, the study of UV-vis radiation absorption
constitutes an important tool for the evaluation of the
changes produced in the semiconductor materials by dif-
ferent treatments.

3.1.3. Specific Surface Area Trends

The surface parameters of surface area and the data cal-
culated from the ¢-plot. The N, adsorption isotherms (not
shown here) for the parent and the Cu-TiO,-SiO, are typ-
ical of mesoporous solids (type IV), however, an increase
in the adsorption capacity of the TiO,—SiO, was observed
after introducing Cu ions. The surface area changed from
720 (parent TiO,-Si0,) to 640 and 690 m?/g in case of
img-Cu/TiO,-Si0, and PAD-Cu/ TiO,-SiO, respectively.
The surface texture data are correlated with the catalytic
activity as will be mentioned later on.

3.1.4. EXAFS Analysis

The Fourier transforms of Cu LIII-edge EXAFS spectra
of the Cu-loaded catalysts are shown in Figure 4. The
presence of the peak assigned to the Cu—Cu bond of Cu
metal at around 2.93 A indicates the formation of nano-
sized Cu metal.® The intensity of the Cu—Cu peak of
the PAD-Cu/TiO,-SiO, catalyst is smaller than the img-
Cu/TiO,-SiO, catalyst. These findings suggest that the
size of Cu metal particles depends on the preparation
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Fig. 4. Fourier transforms of the Cu LIII-edge EXAFS spectra for img-
Cu/TiO,-Si0, and PAD-Cu/TiO,-SiO,.

method. Cu metal particles formed on the photo-deposited
catalyst (PAD-Cu/TiO,-Si0,) show smaller particle size
than that of the impregnated catalyst (img-Cu/TiO,-SiO,).
In addition to that, we can control the size of the Cu par-
ticles by varying content of Ti oxide, light intensity and
light wavelength.

3.1.5. TEM Observation

The TEM images of PAD-Cu/TiO,-SiO, and imp-
Cu/TiO,-SiO, catalysts are shown in Figure 5. The par-
ticle size distribution obtained from the analysis of TEM
images are also shown in Figure 6. In agreement with the
results of EXAFS measurement, the nano-sized Cu metal
with a mean diameter (d) of ca. 4 nm having a narrow size
distribution was found on the PAD-Cu/TiO,-SiO, catalyst,
whereas the aggregated Cu metal with various sizes are
observed on img-Cu/TiO,-SiO, catalyst (d = 14 nm).

Fig. 5. The TEM images of the TiO,-SiO, (A), PAD-Cu-TiO,-SiO, (B) and img-Cu-TiO,-SiO, (C) catalyst after H, treatment at 200 °C.
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Fig. 6. Size distribution diagrams of Cu metal obtained from the TEM
images of the img-Cu/TiO,-SiO, (A) and PAD-Cu-TiO,-SiO, (B) cata-
lyst after H, treatment at 200 °C.

3.2. Photocatalytic Degradation of
Direct Blue Dye

The photocatalytic degradation of direct blue dye is used
as a probe reaction to test the catalytic activity of the
prepared nanoparticles. The effect of TiO,-SiO,, img-
Cu/TiO,-SiO, and PAD-Cu/TiO,—SiO, on photocatalytic
oxidation of direct blue dye after 60 min. at room tem-
perature using (100 ppm, 25 ml) of the direct blue dye
and 50 mg catalyst are shown in Figure 7. The data
demonstrates that the photocatalytic activities of the PAD-
Cu/TiO,-SiO, are higher than that of img-Cu/TiO,-Si0,
and parent TiO,—-SiO,. Considering that, the pure Cu
oxides don’t have photocatalytic oxidation properties, such
variation in activity must be due to the differences in
interaction between Cu and TiO,—-SiO, that led to several
modifications in physical properties such as band gap, par-
ticle size and surface texture. Also, we can observe that,
the catalytic activity of TiO,—SiO, generally increased

100 F
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70 ;
60 _
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40 |

—=— Ti0,-Si0,
—e— Img-Cu/Ti0,-Si0,
—A— PAD-Cu/TiO,-SiO,
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Photocatalytic oxidation of direct blue dye%

n n n PR R Y
5 40 45 50 55 60 65

0 y 1 PR I R N
0O 5 10 15 20 25 30 3
Reaction time/min

Fig. 7. Photocatalytic degradation of direct blue dye, % for TiO,-SiO,,
img-Cu/Ti0,-SiO, and PAD-Cu/TiO,-SiO,.
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with the addition of Cu promoters. A maximum activity
was obtained in case of PAD-Cu/TiO,-SiO,. It is clear
that, the photocatalytic activity was a maximum in the case
of PAD-Cu-TiO,-SiO, in which the surface area was the
biggest but band gap was the lowest value.

It is believed that, the lack of electron scavengers (sur-
face Ti**) and hole traps (surface hydroxyl groups) is
responsible for the rapid recombination rate of e~ /ht,
which leads to lower photocatalytic activity. The results
show that the photocatalytic activities of the Cu doped
TiO,-Si0, nanoparticles increased with decreasing the
band gap. This is due to the low energy to exit electron
from valance band to conduction band. Also, the PAD-
Cu/TiO,-SiO, has the best photoactivity, since it has the
lowest band gap and particle size and the highest surface
area and pore volume.

4. CONCLUSIONS

It can be concluded that the nano-sized particles of
Cu/Ti0,-SiO, can be prepared via two methods: photo-
assisted deposition (PAD) and the conventional impreg-
nation method. The characterization of such prepared
catalysts by N, adsorption, XRD, UV-vis and XAFS tech-
niques reveals the following remarks:

(1) The nano-sized Cu metal with a mean diameter (d) of
ca. 4 nm having a narrow size distribution was found on
the PAD-Cu/Ti0,-SiO, catalyst, whereas the aggregated
Cu metal with various sizes are observed on img-Cu/TiO,—
SiO, catalyst (d = 14 nm).

(2) The calculated values of band gap for TiO,-SiO,,
img-Cu/TiO,-SiO, and PAD-Cu/TiO,-SiO,. are 3.19,
2.83 and 2.53, respectively.

(3) The N, adsorption isotherms for the parent and the
Cu-TiO,-Si0, are typical of mesoporous solids, the sur-
face area changed from 720 to 690 and 640 m*/g in case of
Ti0,-Si0,, PAD-Cu/TiO,-SiO, and img-Cu/TiO,-SiO,
respectively.

(4) The intensity of the Cu—Cu peak of the PAD-Cu-
TiO,-Si0, catalyst is smaller than the img-Cu/TiO,—
SiO, catalyst. These findings suggest that the size of
Cu metal particles depends on the preparation method.
Cu metal particles formed on the photo-deposited
catalyst (PAD-Cu/TiO,-Si0O,) shows smaller particle
sizes than that obtained from the impregnated catalyst
(img-Cu/TiO,-Si0,).

In summary, using the PAD method and TiO,-SiO,,
nano sized Cu metal particles with a well-controlled size
and a well dispersed state can be deposited on tetra-
hedrally coordinated Ti-oxide of the support. The direct
interaction between nano-sized Cu metal and the photo-
excited tetrahedrally coordinated Ti-oxide realized by the
PAD method under UV-light irradiation have the possi-
bility to design the unique and active nano-sized metal
catalyst.
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