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The photo-assisted deposition (PAD) and impregnation (img) synthesis of nano-sized Ag metal on
TiO2–SiO2 are reported. The prepared catalysts were characterized by different techniques such as
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XRD, XAFS, TEM and nitrogen adsorption analysis. Photocatalytic reactivity using Ag–TiO2–SiO2 cata-
lysts under visible-light condition on the oxidation of EDTA with O2 reaction was evaluated. The results
have shown notable photocatalytic activity of PAD-Ag–TiO2–SiO2 which was 2 and 5 times higher than
that of imp-Ag–TiO2–SiO2 and TiO2–SiO2, respectively.

© 2010 Elsevier B.V. All rights reserved.
hotocatalysis
g-doped titania–silica

. Introduction

TiO2 photocatalysis is much appreciated in recent years
or environmental improvement such as the photodegradation
nd complete mineralization of organic pollutants [1–5]. TiO2
anoparticles have large specific surface areas and high catalytic
erformance in which reactions take place on the TiO2 surface.
owever, their effective commercial applications are hindered
y three serious disadvantages. Firstly, agglomerations of ultra-
ne powders into larger particles result in an adverse effect on
atalyst performance. Secondly, the separation and recovery of
iO2 powders from wastewater are complicated [6,7]. Thirdly, the
equirements of ultraviolet (UV) radiation for TiO2 photocataly-
is performance whose energy exceeds the band gap of 3.2 eV
� = 380 nm) of the anatase crystalline phase, which in turn leads
o the utilization of only a very small fraction of sunlight.

More recently, TiO2 has attracted the attention of scientists in
he catalysis field, due to its effective utilization of visible light to
egrade organic pollutants. A considerable effort has been devoted
o develop supported titania catalysts offering high active surface
rea, while at the same time having easier separation and removal

rom wastewater [8,9].

New synthesis methods of titania–silica mixed oxides are
eeded for overcoming the present disadvantages of pure titania
owders. One of the ways is the use of charge-transfer catalysts,

∗ Corresponding author at: Chemistry Department, Faculty of Science, King Abdul
ziz University, Jeddah, Saudi Arabia. Tel.: +966 540715648.

E-mail address: redama123@yahoo.com (R.M. Mohamed).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.092
which can improve the efficiency of TiO2. This type can be obtained
by the preparation of TiO2–SiO2 catalyst with the electron trans-
fer across the solid–solid TiO2–SiO2 interface. For that reasons, in a
previous study it was reported that the TiO2–SiO2 catalyst is 3 times
more photoactive than TiO2 alone [10–12]. Another possibility is to
modify TiO2 by surface deposition of noble metals to shift the pro-
cess of photodegradation of organic pollutants into the visible-light
region [13–16].

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 [17–19]. 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.

On the other hand, Ti-containing mesoporous silica (Ti-HMS)
was used as a unique catalyst [21–27]. In Ti-HMS, the tetrahedrally
coordinated titanium oxide moieties can be included and isolated
within the framework of mesoporous silica. Such transition metal
oxides have been named as single-site photocatalysts [21,22]. The
single-site photocatalysts including, Ti, Cr, V, and Mo oxide moieties
can be incorporated and isolated in the silica matrix of zeolite and
can demonstrate the unique photocatalysts [20–30].
Under UV-light irradiation, these single-site photocatalysts gen-
erate charge-transfer excited state which can show the highly
active and selective photocatalytic performances. In previous
studies [21–31], the main focus has been made only on the photo-
catalytic reactivity but the applications of single-site photocatalyst

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:redama123@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.04.092
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Fig. 1. XRD patterns of the TiO2–SiO2 (A), P

or the synthesis of conventional catalysts such as nano-sized metal
atalyst have not been yet reported. It can be expected that the
etal precursor species can be easily deposited on the excited state

f single-site photocatalyst to form well-controlled sized metal par-
icles from the mixture of single-site photocatalyst in the aqueous
olution with metal precursor.

In the present study, Ag–TiO2–SiO2 was prepared by the
pplication of a photo-assisted deposition (PAD) and impreg-
ation methods. We focus on the photocatalytic reactivity of
g–TiO2–SiO2 for the oxidation of EDTA with O2.

. Experimental

.1. Materials

All chemicals used in this study were used as received without any further purifi-
ation. Titania–silica mixed oxides were prepared by the hydrolysis of ammonia
ater (NH3, 25%). Titanium tetrabutoxide (TBOT, ≥98%) and tetraethyl orthosili-

ate (TEOS, ≥98%) were selected as the source of titania and silica, respectively.
ere, we give a typical procedure for the preparation of titania–silica mixed oxide
ontaining 16.6 mol% silica. 17.0 ml TBOT was mixed with 5.1 ml acetylacetone and
0.0 ml anhydrous ethyl alcohol. Then, 2.25 ml TEOS was mixed with the solution
ontaining 10.8 ml bidistilled water, 23.9 ml ammonia water and 20.0 ml anhydrous
thyl alcohol under stirring. After that, Ti and Si sols were added simultaneously and
lowly into the beaker containing 10.0 ml anhydrous ethyl alcohol under stirring.
fter the above operations, the samples were aged in a beaker covered by a plastic
lm for 72 h. Finally, the samples obtained were evaporated and dried, followed by
alcination at 550 ◦C for 5 h in air.

On the other side, the Ag loaded on TiO2–SiO2 (PAD-Ag–TiO2–SiO2, 1 wt% as Ag
etal) was prepared using the PAD method: Ag metal was deposited on TiO2–SiO2

rom aqueous solution of silver nitrate under UV-light irradiation. The Ag loaded on
iO2–SiO2 (imp-Ag–TiO2–SiO2, 1 wt% as Ag metal) was prepared using the impreg-
ation method: the Ag metal was deposited by a simple impregnation of TiO2–SiO2

n the absence of light with aqueous solution of silver nitrate. The samples were
ried at 378 K and reduced by H2 (20 ml min−1) at 473 K for 2 h.

.2. Characterization techniques

The structure of the catalyst was examined by X-ray diffraction (XRD) on
Rigaku X-ray diffractometer system equipped with as RINT 2000 wide angle
oniometer using Cu K� radiation and a power of 40 kV × 30 mA. The intensity data
ere collected at 25 ◦C over a 2� range of 20–80◦ . The UV–vis diffuse reflectance

bsorption spectra were recorded with a Shimadzu UV-2450 at 295 K. The X-ray
bsorption fine structure (XAFS) analysis, X-ray absorption near edge structure
XANES) and extended X-ray absorption fine structure (EXAFS) are performed at
L-7C facility [32] of the Photon Factory at the National Laboratory for High-Energy
–TiO2–SiO2 (B) and imp-Ag–TiO2–SiO2 (C).

Physics, Tsukuba, Tokyo, Japan. A Si (1 1 1) double crystal was used to monochrom-
atize the X-rays from the 2.5 GeV electron storage ring. The K-edge XAFS spectra
of Ag were measured in the fluorescence mode at 298 K. The normalized spec-
tra were obtained by a procedure described in a previous study [33] and Fourier
transformed was performed on K3-weighted EXAFS oscillations in the range of
3–10 Å−1. N2-adsorption measurement was carried out at 77 K using Nova 2000
series, Chromatech. Prior to analysis, the samples 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 experiments

The photoactivity experiments were carried out in a cylindrical Pyrex glass reac-
tor containing 0.05 g of catalyst and 250 ml of aqueous solution of EDTA at 5 × 10−3 M
concentration at 30 ◦C for 60 min. The sample was then irradiated with a visible
light, which was generated by a 150 W high-pressure mercury lamp and an appro-
priate cut off filter was placed in the front of the reactor to remove the part of
UV radiation. The catalysts and solution were separated by filtration and then the
resulting solution (EDTA) was determined by comlexometeric titration with Zn2+

standard solution. The removal efficiency of EDTA has been calculated by applying
the following equation:

%Removal efficiency = (Co − C)/Co × 100

where Co is the original EDTA content and C is the retained EDTA in solution.
Before all photocatalytic runs, a fresh solution (250 ml) of EDTA was adjusted to

the required pH and the catalyst was suspended at 0.2 g/l concentration. Suspensions
were kept in dark and magnetically stirred at 30 ◦C for 60 min. The results indicate
that adsorption efficiency was about 15–20%.

3. Results and discussion

3.1. Evaluation and characterization of synthesized material

3.1.1. XRD analysis
XRD patterns of each parent TiO2–SiO2 and Ag-doped TiO2–SiO2

nanoparticles prepared by imp, and PAD, methods are compared in
Fig. 1. The structural characteristic of TiO2–SiO2 and all Ag-doped
TiO2–SiO2, are mainly composed of anatase phase containing a
group of lines at 2� values of 25.2◦, 37.5◦, 47.7◦, 53.3◦, 54.7◦ and 62◦
[PDF # 71-1169], which indicated that, titania anatase phase struc-
ture was maintained after the application of the photo-assisted
deposition (PAD) and impregnation methods. However, no diffrac-
tion peaks of Ag in the patterns of Ag-doped samples were observed.
This is probably attributed to the low Ag doping content (ca. 1%).
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Fig. 2. Diffuse reflectance UV–vis absorption spectra of Ti

oreover, the data may imply that, the Ag is well dispersed within
he TiO2–SiO2 phase.

.1.2. UV–vis spectroscopy
Fig. 2 depicts the diffuse reflectance UV–vis absorption spec-

ra of TiO2–SiO2, PAD-Ag–TiO2–SiO2 and imp-Ag–TiO2–SiO2. The
ubelka–Munk function, F(R), can be considered to be proportional

o the absorption of radiation [22]. On this basis, the value of Eg,
he band gap of the semiconductor, can be derived from the spec-
ra by plotting (F(R)·h�) 1/2 against h� as shown in Fig. 3 [34]. The
g values calculated for TiO2–SiO2, PAD-Ag–TiO2–SiO2 and imp-
g–TiO2–SiO2 are summarized in Table 1. The band-gap values
sually reported for pure anatase and rutile phases are 3.2 and
.03 eV, respectively [35]. However, these values are influenced by
he synthesis method, and also affected by the existence of impuri-

ies doping the crystalline network and also the average crystal size
f the semiconductor. In a previous study, different methods for cal-
ulating the Eg from the UV–vis reflectance spectra were used. For
xample, some authors calculated the Eg values by a direct extrapo-

ig. 3. Band gap calculated from the DR–UV–vis spectra of TiO2–SiO2, PAD-
g–TiO2–SiO2 and imp-Ag–TiO2–SiO2.
2 (A), PAD-Ag–TiO2–SiO2 (B) and imp-Ag–TiO2–SiO2 (C).

lation of the F(R) spectrum whereas others reported the wavelength
corresponding to the maximum absorption [36]. As a consequence,
quite different Eg values for rutile and anatase samples are found in
the literature. For instance, for anatase-based materials, the thresh-
old wavelength values of 370 nm [37], 380 nm [38], 387 nm [39],
393 nm [40] and 403 nm have been reported [41] corresponding
to a band gap range from 3.08 to 3.35 eV. In the case of rutile-
based materials, an absorption wavelength as high as 437.4 nm has
been reported (Eg = 2.84 eV) [41]. In the present study, the band
gap values calculated for TiO2–SiO2, PAD-Ag–TiO2–SiO2 and imp-
Ag–TiO2–SiO2 are 3.2, 3.02 and 2.8 eV, respectively. Therefore, the
study of UV–vis radiation absorption constitutes an important tool
for the evaluation of the changes produced in the semiconductor
materials by different treatments.

3.1.3. Specific surface area trends
The surface parameters of surface area and the data calculated

from the t-plot are given in Table 2. The N2-adsorption isotherms
(not shown here) for the parent and the Ag–TiO2–SiO2 are typical
of mesoporous solids (type IV), however, an increase in the adsorp-
tion capacity of the TiO2–SiO2 was observed after introducing Ag
ions. The surface area changed from 500 (parent TiO2–SiO2) to 541
and 652 m2/g in case of imp-Ag–TiO2–SiO2 and PAD-Ag/TiO2–SiO2,
respectively (≈8.2 and 30.4%, respectively increase of surface area
compared to the parent TiO2–SiO2). Furthermore, the total pore vol-
ume of Ag–TiO2–SiO2 is higher than that of TiO2–SiO2. The values of
SBET and St are generally close in most samples indicating the pres-

ence of mesopores. The values of Smeso are high compared to that
of Smicro implying that the main surface is mesoporous solid as rep-
resented by the isotherm. The surface texture data are correlated
with the catalytic activity as will be mentioned later on.

Table 1
The calculated band gap energy of TiO2–SiO2, imp-Ag–TiO2–SiO2 and
PAD-Ag–TiO2–SiO2.

Sample Baud gap energy (eV)

TiO2–SiO2 3.20
PAD-Ag–TiO2–SiO2 2.80
Imp-Ag–TiO2–SiO2 3.02
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Table 2
Texture parameters of TiO2–SiO2, imp-Ag–TiO2–SiO2 and PAD-Ag–TiO2–SiO2.

Sample SBET (m2/g) St (m2/g) Smicro (cm2/g) Smeso (cm2/g) Sext (cm2/g) Vp (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) r (Å)

TiO2–SiO2 500 508 398 396 0.300 0.043 0.257 31.59
Imp-Ag–TiO2–SiO2 541 552 430 107 429 0.326 0.055 0.271 30.48

N rea of
p r: me

3

A
p
i
s
s
g

PAD-Ag–TiO2–SiO2 652 653 53S 101

ote. SBET: BET-surface area; St: surface area derived from Vl−t plots; Smicro: surface a
ore volume; Vmicro: pore volume of micropores; Vmeso: pore volume of mesopores;

.1.4. EXAFS analysis
The Fourier transforms of Pt LIII-edge EXAFS spectra of the

g-loaded catalysts are shown in Fig. 4. The presence of the

eak assigned to the Ag–Ag bond of Ag metal at around 2.86 Å

ndicates the formation of nano-sized Ag metal [42]. The inten-
ity of the Ag–Ag peak of the PAD-Ag–TiO2–SiO2 catalyst is
maller than the imp-Ag–TiO2–SiO2 catalyst. These findings sug-
est that the size of Ag metal particles depends on the preparation

Fig. 4. Fourier transforms of the Pt LIII-edge EXAFS spectra

Fig. 5. The TEM images of the PAD-Ag–TiO2–SiO2 (A) and imp
546 0.381 0.052 0.329 28.38

micropores; Smeso: surface area of micropores; Sext: external surface area; Vp: total
an pore radius.

method. Ag metal particles formed on the photo-deposited cata-
lyst (PAD-Ag–TiO2–SiO2) show smaller particle size than that of
the impregnated catalyst (imp-Ag–TiO2–SiO2).
3.1.5. TEM observation
The TEM images of PAD-Ag–TiO2–SiO2 and imp-Ag–TiO2–SiO2

catalysts are shown in Fig. 5. The particle size distribution obtained
from the analysis of TEM images is also shown in Fig. 6. In agree-

for (A) img-Ag–TiO2–SiO2 and (B) PAD-Ag–TiO2–SiO2.

-Ag–TiO2–SiO2 (B) catalyst after H2 treatment at 473 K.
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the increase of the surface area and pore volume.
It is believed that the lack of electron scavengers (surface Ti4+)

and hole traps (surface hydroxyl groups) is responsible for the rapid
recombination rate of e−/h+, which leads to lower photocatalytic
activity. The results show that the photocatalytic activities of the
ig. 6. Size distribution diagrams of Ag metal obtained from the TEM images of the

ent with the results of XAFS measurement, the nano-sized Ag
etal with a mean diameter (d) of ca. 8 nm having a narrow size

istribution was found on the PAD-Ag–TiO2–SiO2 catalyst, whereas
he aggregated Ag metal within various sizes is observed on imp-
g–TiO2–SiO2 catalyst (d = 15 nm).

.2. Photocatalytic degradation of EDTA

The photocatalytic degradation of EDTA is used as a probe reac-
ion to test the catalytic activity of the prepared nanoparticles. The
ffect of TiO2–SiO2, imp-Ag–TiO2–SiO2 and PAD-Ag–TiO2–SiO2 on
hotocatalytic oxidation of EDTA after 6 h at room temperature
sing 5 × 10−3 M, 25 ml of the EDTA and 50 mg catalyst are shown in
ig. 7. The data demonstrate that the photocatalytic activities of the
AD-Ag–TiO2–SiO2 are higher than that of imp-Ag–TiO2–SiO2 and
arent TiO2–SiO2. Considering that, the pure Ag oxides do not have
hotocatalytic oxidation properties, such variation in activity must
e due to the differences in interaction between Ag and TiO2–SiO2

hat led to several modifications in physical properties such as band
ap, particle size and surface texture. Also, we can observe that, the
atalytic activity of TiO2–SiO2 generally increased with the addition
f Ag promoters. A maximum activity was obtained in case of PAD-
g–TiO2–SiO2. The correlation between the photoactivity and the

ig. 7. Photocatalytic degradation of EDTA (%) for (A) TiO2–SiO2, (B) imp-
g–TiO2–SiO2 and (C) PAD-Ag–TiO2–SiO2.
g–TiO2–SiO2 (A) and PAD-Ag–TiO2–SiO2 (B) catalyst after H2 treatment at 473 K.

physical properties such as band gap, surface area and pore volume
is depicted in Fig. 8. It is clear that, the photocatalytic activity was at
a maximum in the case of PAD-Ag–TiO2–SiO2 in which the surface
area and pore volume were maximum but band gap was minimum.
In addition, Fig. 8 shows the good correlation between the band gap,
surface area and pore volume with the catalytic activity where the
activity is gradually increasing with the decrease of band gap and
Fig. 8. Effect of physical parameters of the materials on their photocatalytic activity.
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g-doped TiO2–SiO2 nanoparticles increased with decreasing the
and gap. This is due to the low energy to exit electron from valance
and to conduction band. Also, the PAD-Ag–TiO2–SiO2 has the best
hotoactivity, since it has the lowest band gap and particle size and
he highest surface area and pore volume.

. Conclusions

It can be concluded that the nano-sized particles of
g–TiO2–SiO2 can be prepared via two methods: photo-assisted
eposition (PAD) and the conventional impregnation method. The
haracterization of such prepared catalysts by N2 adsorption, XRD,
V–vis and XAFS techniques reveals the following remarks:

1) The nano-sized Ag metal with a mean diameter (d) of ca.
8 nm having a narrow size distribution was found on the
PAD-Ag–TiO2–SiO2 catalyst, whereas the aggregated Ag metal
with various sizes are observed on imp-Ag–TiO2–SiO2 catalyst
(d = 15 nm).

2) The calculated values of band gap for TiO2–SiO2, PAD-
Ag–TiO2–SiO2 and imp-Ag–TiO2–SiO2 are 3.2, 3.02 and 2.8,
respectively.

3) The N2-adsorption isotherms for the parent and the
Ag–TiO2–SiO2 are typical of mesoporous solids, the sur-
face area changed from 500 to 541 and 652 m2/g in case of
imp-Ag–TiO2–SiO2 and PAD-Ag–TiO2–SiO2, respectively.

4) The intensity of the Ag–Ag peak of the PAD-Ag–TiO2–SiO2 cat-
alyst is smaller than the imp-Ag–TiO2–SiO2 catalyst. These
findings suggest that the size of Ag metal particles depends
on the preparation method. Ag metal particles formed on the
photo-deposited catalyst (PAD-Ag–TiO2–SiO2) show smaller
particle sizes than those obtained from the impregnated cat-
alyst (imp-Ag–TiO2–SiO2).
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