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mpregnation) Synthesis routes and nanostructure characterization

.M. Mohameda,b,∗, M.A. Al-Rayyania, E.S. Baeissaa, I.A. Mkhalida

Chemistry Department, Faculty of Science, King Abdel-Aziz University, Jeddah, Saudi Arabia
Advanced Matertials Department, Central Metallurgical R&D Institute, CMRDI, P.O. Box 87 Helwan, Cairo, Egypt

r t i c l e i n f o

rticle history:
eceived 10 January 2011

a b s t r a c t

A nano-sized Fe metal on ZnO–SiO2 was synthesized using the photo-assisted deposition (PAD) and
impregnation routes. The obtained samples were characterized by a series of techniques including X-ray
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diffraction (XRD), UV–vis diffuse reflectance spectroscopy, N2 adsorption, extended X-ray absorption
fine structure (EXAFS), and transmission electron microscopy (TEM). Photocatalytic reactivity using
Fe–ZnO–SiO2 catalysts under visible-light condition on the degradation of methylene blue dye was eval-
uated. The results of characterization reveal, a notable photocatalytic activity of PAD:Fe–ZnO–SiO2 which
was about 9 and 12 times higher than that of Img:Fe–ZnO–SiO2 and ZnO–SiO2, respectively.
isible photocatalyst
aste water treatment

. Introduction

There has been a lot of attention recently on advanced oxida-
ion processes for water and wastewater decontamination, and
eterogeneous photocatalysis is a popular technique in these pro-
esses that has been applied to produce reactive species (often the
ydroxyl radical) with the purpose of controlling aqueous organic
ollutants [1]. One way of generating hydroxyl radicals in aqueous
olution is the application of semiconductor photocatalysts which
s considered a promising technology in solving environmental pol-
ution problems.

Several semiconductors have band gap energies sufficient for
atalyzing a wide range of chemical reactions of environmental
nterest [2,3]. Among various semiconductors studied, ZnO has
een identified as a promising host material and proved to be the
ost suitable catalyst for widespread environmental applications

ecause of its high photosensitivity, excellent mechanical charac-
eristics, low cost and environmentally safe nature [4,5].

However, a major drawback of ZnO is the large band gap of
.37 eV, so wavelengths below 400 nm are necessary for excitation.

nother disadvantage of ZnO is that charge carrier recombination
f photo-generated electron/hole pairs occurs within nanosec-
nds and the photocatalytic activity is low [4,6–8]. Therefore, it
s necessary to improve its visible-light activities by extending
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its absorption threshold from the UV light region to the visible
light region and also reduce the recombination of photo-generated
electron/hole. The most promising method to increase the photo-
catalytic efficiency is the surface modification of ZnO. The surface
modification of ZnO can be achieved by metal doping into ZnO.
A wide range of metal ions, in particular transition metal ions,
have been used as dopants for ZnO because the recombination of
photogenerated electrons and holes can be hindered by increas-
ing the charge separation [9–12]. Among various transition metal
ions, ferric ion (Fe3+) is considered an interesting doping element
due to its half-filled electronic configuration. A proper concen-
tration of Fe3+ ions is not only to favor electron–hole separation,
but also to narrow its band gap [6]. Also the surface modification
of ZnO nanoparticles by preparing charge-transfer catalysts with
mixing multi-component oxides can enhance the surface chemical
and physical properties and considered as the key for the suc-
cessful photocatalytic applications of such nanoparticles. Silicon
dioxide, SiO2, has been coupled with semiconductor photocatalyst
to enhance the photocatalytic process. SiO2 has high thermal stabil-
ity, excellent mechanical strength and helps to create new catalytic
active sites due to interaction between semiconductor photocat-
alyst and SiO2. Also, at the same time SiO2 acts as the carrier of
semiconductor photocatalyst and helps to obtain a large surface
area as well as a suitable porous structure [13–17].

In order to develop the efficient and practical catalysts, a

novel strategy is desired to provide nano-sized metal with well-
controlled size and dispersability on solid support [18]. Together
with such strategy, it is also desired to manipulate the single-site
photocatalyst band gap to acquire single-site photocatalyst ability
to work under UV and/or visible light radiation. Under UV and/or
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PAD:Fe-ZnO-SiO2

Img:Fe-ZnO-SiO2

ZnO-SiO2

nanocomposite photocatalysts are displayed in TEM images as
shown in Fig. 3.

The particle size distribution obtained from the analysis of TEM
images is shown in Fig. 4. The results reveal that the nano-sized
Fe metal with a mean diameter (d) of ca. 30 nm having a nar-
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isible irradiation, these single-site photocatalysts could form a
harge transfer excited state which can show the highly active and
elective photocatalytic performance [18–20].

In the present work, Fe–ZnO–SiO2 nanoparticles with large spe-
ific surface areas have been synthesized by the application of a
hoto-assisted deposition (PAD) and impregnation (Img) methods,
nd the properties of the nanoparticles have been characterized by
RD, TEM, EXAFS, UV–vis/DRS and BET analysis. Furthermore, the
hotocatalytic reactivity of such nanoparticles has been evaluated
sing methylene blue dye as a model reaction in the photodegra-
ation process under visible light.

. Experimental

.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), ferric nitrate monohydrate
Fe(NO3)3·9H2O) and tetraethyl orthosilicate (TEOS) were purchased from Aldrich
nd selected as the source of zinc and silica, respectively. All chemicals were used
n this study used as received without further purification.

.2. Preparation of ZnO/SiO2

In a typical procedure, 20 ml TEOS was mixed with ethyl alcohol (C2H5OH),
ltra pure water (H2O) and nitric acid (HNO3) under vigorous stirring for 1 h. The
verall molar ratio of TEOS:C2H5OH:H2O:HNO3 was 1:16:12:0.04. Subsequently,
fter 60 min, an aqueous solution of Zn(NO3)2·6H2O was added in turn into the
bove solution under vigorous stirring for 30 min. After the above operations, the
amples were aged for 24 h. Finally, the obtained samples were evaporated and dried
t 80 ◦C, followed by calcination at 550 ◦C for 5 h in air.

.3. Preparation of Fe loaded on ZnO/SiO2 using PAD method

2 wt% of Fe metal was deposited on ZnO–SiO2 from aqueous solution of ferric
itrate monohydrate (Fe(NO3)3·9H2O) under UV-light irradiation. The samples were
ried at 100 ◦C and reduced by H2 (20 ml/min) at 550 ◦C for 4 h.

.4. Preparation of Fe loaded on ZnO/SiO2 using impregnation method

In a typical impregnation method, the 2 wt% of Fe metal was deposited by a
imple impregnation of ZnO–SiO2 in the absence of light with aqueous solution of
erric nitrate monohydrate. The samples were dried at 100 ◦C and reduced by H2

20 ml/min) at 550 ◦C for 4 h.

.5. Characterization techniques

To determine the crystallite sizes and identities of the Fe-loaded on ZnO/SiO2

anocomposite photocatalyst, X-ray diffraction (XRD) analysis was carried out at
oom temperature using Rigaku X-ray diffractometer with Cu K� radiation over a 2�
ollection range of 10–80◦ . The shape of the samples was tested using Hitachi H-9500
ransmission Electron Microscope (TEM), the prepared samples were prepared by
uspending the prepared samples in ethanol, followed by ultrasonication for 30 min,
hen a small amount of this solution was added onto a carbon coated copper grid
nd dried before loading the sample in the TEM. Specific surface area was calculated
rom measurements of N2-adsorption using Nova 2000 series chromatech apparatus
t 77 K. Prior to the measurements all samples were treated under vacuum at 200 ◦C
or 2 h. UV–vis diffuse reflectance spectra (UV–vis–DRS) were recorded in air at
oom temperature in the wavelength range of 200–800 nm using Shimadzu UV-
450 spectrophotometer. The extended X-ray absorption fine structure (EXAFS) was
erformed at BL-7C facility [21] of the Photon Factory at the National Laboratory for
igh Energy Physics, Tsukuba, Tokyo, Japan. A Si (1 1 1) double crystal was used

o monochromatize the X-rays from the 2.5 GeV electron storage ring. The K-edge
XAFS spectra of Fe were measured in the fluorescence mode at 25 ◦C. The Fourier
ransformed was performed on K3-weighted EXAFS oscillations in the range of 0–5 Å.

.6. Photocatalytic activity measurements

A set of photocatalytic degradation of methylene blue (50 ppm) was carried out
y cylindrical Pyrex glass photoreactor under visible light irradiation. A 150 W high-
ressure mercury lamp was used as the light source (any irradiation below 400 nm
emoved using cut off filter). The catalysts and solution were separated by filtration;
he collected samples were analyzed by UV–vis spectrophotometer (Shimadzu UV-
450). The photodegradation efficiency of methylene blue was calculated applying

he following equation:

Photodegradation efficiency = Co − C

Co
× 100

here Co is the original methylene blue content; C is the retained methylene blue
n solution.
8070605040302010

2 θθ , degrees

Fig. 1. XRD patterns of the (ZnO–SiO2, Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2).

3. Results and discussion

3.1. Phase analysis

The XRD patterns of the ZnO–SiO2 and Fe-doped ZnO–SiO2
nanoparticles prepared by (Img) and (PAD) routes are shown in
Fig. 1. It can be seen that the diffraction patterns of ZnO–SiO2 sam-
ple and all Fe-doped ZnO–SiO2, are mainly composed of ZnO phase
which still exists after applying both mentioned preparation meth-
ods. While, in the Fe-doped samples; no diffraction peaks of Fe were
observed, this is probably attributed to the low Fe doping content
(ca. 2 wt%). Moreover, it is obvious that, Fe is well dispersed within
the ZnO–SiO2 phase.

3.2. Nanostructure characterization

Fig. 2 displays the Fourier transforms of Pt LIII-edge EXAFS
spectra of the Fe-loaded catalysts. It can be noticed that, the
presence of the peak assigned to the Fe–Fe bond of Fe metal at
around 2.5 Å is an indication of the formation of nano-sized Fe
metal [22]. In addition, the intensity of the Fe–Fe peak of the
PAD:Fe–ZnO–SiO2 catalyst is smaller than that prepared by impreg-
nation route. These obtained results reveal that the size of Fe metal
particles depends on the route of preparation. Fe metal particles
formed on (PAD:Fe–ZnO–SiO2) show smaller particle size than
(Img:Fe–ZnO–SiO2).

The grain size of PAD:Fe–ZnO–SiO2 and Img:Fe–ZnO–SiO2
Distance, Å 

PAD:Fe-ZnO-SiO2 Img:Fe-ZnO-SiO2

Fig. 2. Fourier transforms of the Pt LIII-edge EXAFS spectra for Img:Fe–ZnO–SiO2

and PAD:Fe–ZnO–SiO2.
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Fig. 3. The TEM images of the Img:Fe–ZnO–SiO2 (left) and PAD:Fe–ZnO–SiO2 (right) catalysts after H2 treatment at 550 ◦C.
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instance, a threshold wavelength values of 240 nm [24], 290 nm
[25], and 360 nm [26] are found corresponding to band gaps 5.15,
4.28, and 3.45, respectively.

Fig. 5 gives UV–vis–DRS of (ZnO–SiO2, Img:Fe–ZnO–SiO2
and PAD:Fe–ZnO–SiO2). The results show that an increase in
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ig. 4. Size distribution diagrams of Fe metal obtained from the TEM images of th
50 ◦C.

ow size distribution is found on the PAD:Fe–ZnO–SiO2 catalyst,
hereas the aggregated Fe metal within various sizes is observed

n Img:Fe–ZnO–SiO2 catalyst (d = 50 nm) which is in agreement
ith the results of EXAFS measurement.

.3. Surface area analysis

The (ZnO/SiO2, PAD:Fe–ZnO–SiO2 and Img:Fe–ZnO–SiO2) pow-
rs are characterized by specific surface area SBET. The SBET is
00 m2/g pertaining to (parent ZnO–SiO2), otherwise 600 and
00 m2/g in case of (Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2)
espectively which means about 8.2% and 30.4% increase, respec-
ively SBET value compared to the parent ZnO–SiO2.

The parameters of surface area and the data calculated from
he t-plot are collected in Table 1. The obtained results from
he N2-adsorption isotherms for the parent and Fe–ZnO–SiO2
owders indicate that both are typical of mesoporous solids
ype IV (not shown here). However, an increase in the adsorp-
ion capacity of the ZnO–SiO2 was observed after introducing Fe
ons.

Furthermore, the total pore volume of Fe–ZnO–SiO2 is higher
han that of ZnO–SiO2. The values of SBET and St are generally close
n most samples indicating the presence of mesopores. The values
f Smeso are high compared to that of Smicro implying that the main
urface is mesoporous solid as represented by the isotherm. The
urface texture data are correlated with the catalytic activity as
ill be mentioned later on.
.4. UV–vis–DRS analysis

The band-gap value usually reported for pure ZnO phase is 3.37
8]. However, this value is influenced by the synthesis method,
nd it is also affected by the existence of impurities doping the
:Fe–ZnO–SiO2 (left) and PAD:Fe–ZnO–SiO2 (right) catalysts after H2 treatment at

crystalline network and also the average crystal size of the semi-
conductor. In a previous study, different methods for calculating
the Eg from the UV–vis reflectance spectra were used. For example,
some authors calculated the Eg values by a direct extrapolation of
the F(R) spectrum whereas others reported the wavelength corre-
sponding to the maximum absorption [23]. As a consequence, quite
different Eg values for ZnO samples are found in the literature. For
800700600500400300200
Wavelength, nm

ZnO-SiO2 PAD:Fe-ZnO-SiO2 Img:Fe-ZnO-SiO2

Fig. 5. Diffuse reflectance UV–vis absorption spectra of ZnO–SiO2,
Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2.
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Table 1
Texture parameters of ZnO–SiO2, Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–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)

ZnO–SiO2 500 515 420 208 430 0.588 0.088 0.500 36.00
Img:Fe–ZnO–SiO2 610 618 520 215 530 0.611 0.011 0.600 35.00
PAD:Fe–ZnO–SiO2 700 710 670 230 680 0.788 0.055 0.615 30.00

0

0.03

0.06

0.09

0.12

0.15

0.18

6.25.44.63.832.21.4

F*
R*

E1/
2

Band gap energy, eV
ZnO-SiO2 PAD:Fe-ZnO-SiO2 Img:Fe-ZnO-SiO2

Fig. 6. Band gap calculated from the DR–UV–vis spectra of ZnO–SiO2,
Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2.

Table 2
The calculated band gap energy of ZnO–SiO2, Img:Fe–ZnO–SiO2 and
PAD:Fe–ZnO–SiO2.

Sample Band gap energy (eV)

a
f
f
m
o
(
s
b
a

3

n
(

F
I

ZnO–SiO2 3.2
Img:Fe–ZnO–SiO2 2.9
PAD:Fe–ZnO–SiO2 2.7

bsorbency in the visible light region with the iron doping. There-
ore, the study of UV–vis radiation absorption is an important tool
or the evaluation of the changes in the produced semiconductor

aterials by different treatments. The value of Eg, the band gap
f the semiconductor, can be derived from the spectra by plotting
F(R)·h�)1/2 against h� as shown in Fig. 6 [27,28] and tabulated as
hown in Table 2. The results reveal that the values of calculated
and gap for (ZnO–SiO2, Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2)
re 3.2, 2.9 and 2.7 eV, respectively.
.5. Evaluation of photocatalytic activity

In order to explore the photocatalytic activity of the prepared
anoparticles in degradation of methylene blue under visible light
� < 400 nm). Fig. 7 displays the photocatalytic degradation of

ig. 7. Photocatalytic degradation of methylene blue (%) for ZnO–SiO2,
mg:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2.
Fig. 8. Effect of physical parameters of the materials on their photocatalytic activity.

methylene blue (using 50 ppm, 300 ml) pertaining to (ZnO–SiO2,
Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2).

The data demonstrate that the photocatalytic activities of the
PAD:Fe–ZnO–SiO2 are higher than that of Img:Fe–ZnO–SiO2 and
parent ZnO–SiO2. Considering that, the pure Fe oxides do not have
photocatalytic oxidation properties, such change may be explained
in terms of the differences in interaction between Fe and ZnO–SiO2
that led to several modifications in physical properties such as band
gap, particle size and surface texture. Also, one could observe that,
the catalytic activity of ZnO–SiO2 generally increased with the addi-
tion of Fe promoters. A maximum activity was obtained in case of
PAD:Fe–ZnO–SiO2.

The correlation between the photoactivity and the physical
properties such as band gap, surface area and pore volume is
depicted in Fig. 8. It is obvious that, the photocatalytic activity was

at a maximum in the case of PAD:Fe–ZnO–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
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ctivity is gradually increasing with the decrease of band gap and
he increase of the surface area and pore volume.

It is believed that the lack of electron scavengers (surface Zn2+)
nd hole traps (surface hydroxyl groups) is responsible for the rapid
ecombination rate of e−/h+, which leads to lower photocatalytic
ctivity. The results show that the photocatalytic activities of the
e-doped ZnO–SiO2 nanoparticles increased with decreasing the
and gap. This is due to the low energy to excite electron from
alance band to conduction band. Also, the PAD:Fe–ZnO–SiO2 has
he best photoactivity, since it has the lowest band gap and particle
ize and the highest surface area and pore volume.

. Summary

It is obvious that the different preparation routes may affect
n physical properties of the catalyst and this appears in different
haracteristic techniques as shown in the following remarks:

1) The nano-sized Fe metal with a mean diameter (d) of ca.
30 nm having a narrow size distribution was found on the
PAD:Fe–ZnO–SiO2 catalyst, whereas the aggregated Fe metal
with various sizes were observed on Img:Fe–ZnO–SiO2 catalyst
(d = 50 nm).

2) The calculated values of band gap for ZnO–SiO2,
PAD:Fe–ZnO–SiO2 and Img:Fe–ZnO–SiO2 are 3.2, 2.9 and
2.7, respectively.

3) The N2-adsorption isotherms for the parent and the
Fe–ZnO–SiO2 are typical of mesoporous solids, the sur-
face area changed from 500 to 610 and 700 m2/g in case of
Img:Fe–ZnO–SiO2 and PAD:Fe–ZnO–SiO2, respectively.

4) The intensity of the Fe–Fe peak of the PAD:Fe–ZnO–SiO2 cat-
alyst is smaller than the Img:Fe–ZnO–SiO2 catalyst. These

findings suggest that the size of Fe metal particles depends
on the preparation method. Fe metal particles formed on
the photo-deposited catalyst (PAD:Fe–ZnO–SiO2) show smaller
particle sizes than those obtained from the impregnated cata-
lyst (Img:Fe–ZnO–SiO2).

[
[

[
[

Compounds 509 (2011) 6824–6828

(5) Finally TEM micrographs showed the homogenous distribu-
tion of Fe over ZnO–SiO2 matrix which were prepared by PAD
method.
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