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ABSTRACT

ZnO-SiO, nanoparticles were synthesized by a sol-gel technique from Zn (NO;),.6H,O and
tetraethyl orthosilicate. The synthesized samples were further modified by nano-sized Ag
from silver nitrate solution through photo-assisted deposition (PAD) and impregnation (Img)
routes. The obtained samples were characterized by a series of techniques including X-ray dif-
fraction, UV-vis diffuse reflectance spectroscopy, N, adsorption, extended X-ray absorption
fine structure, and transmission electron microscopy. The nano-sized Ag metal with a mean
diameter (d) of ca. 2nm having a narrow size distribution was found on the PAD-Ag/ZnO-
Si0O, catalyst, whereas the aggregated Ag metal with various sizes were observed on Img-Ag/
ZnO-SiO; catalyst (d=12nm). The surface area of the synthesized samples was decreased
from 550 to 480 and 350m?/g with ZnO-SiO,, PAD-Ag/ZnO-SiO,, and Img-Ag/Zn0O-SiO,,
respectively. The UV-visible diffuse reflectance spectra spectra analysis confirmed the lowest
band gap of PAD-Ag/Zn0O-5iO, with a value of 2.5, compared to 2.8 and 3.2 with Img: Ag/
ZnO-Si0, and ZnO-SiO,, respectively. The photocatalytic reduction of Hg** to Hg® was per-
formed by aqueous solution containing formic acid. The obtained results revealed that the
photocatalytic activity of the prepared samples increased in the order; ZnO-5iO, <Img-Ag /
ZnO-Si0,<PAD-Ag/ZnO-SiO,. The surface area decreased from 550 to 480 and 450 m?/ g,
while the efficiency of the photocatalytic reduction Hg (II) increased from 30 to 73 and 100%,
with the ZnO-5i0,, Img-Ag/Zn0O-SiO, and PAD-Ag /ZnO-SiO, samples, respectively.
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1. Introduction

Mercury (II) is a frequent component of industrial
wastewaters and is used in agricultural products such
as pesticides, fungicides, herbicides, insecticides, and
bactericides, which are currently forbidden. Mercury

*Corresponding author.

is also used in other industries (e.g. chlorine-alkali,
paints, pharmaceuticals, electronics, cosmetics, etc.)
[1,2]. In aquatic systems, mercury is often converted
by bacteria into methyl mercury, being magnified
hundreds to thousands of times as it moves through
the aquatic food chain, posing a potential risk to
humans and wildlife that consume fish [3]. Heteroge-
neous photocatalysis is a convenient tool for mercury
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reduction because it uses inexpensive chemicals [4]
and due to the potential use of sunlight as the energy
source the catalyst can be recycled many times with-
out significant loss of activity.

Zinc Oxide (ZnO) is an n-type semiconductor with
a wide direct band gap of 3.37eV. Recently, much
effort has been devoted to study ZnO as a promising
photocatalyst for photocatalytic degradation of water
pollutants, owing to its high activity, low cost, and
environmentally friendly feature [5-8]. ZnO present as
nano-scale particles has a high surface area to volume
ratio and provides more active sites on the surface
and therefore increases the rate of reaction on its sur-
face such as for photocatalytic degradation [9]. How-
ever, a major drawback of ZnO is the large band gap
of 3.37 eV, so wavelengths below 400 nm are necessary
for excitation. Another disadvantage of ZnO is that
charge carrier recombination of photo-generated elec-
tron/hole pairs occurs within nanoseconds and the
photocatalytic activity is low [10-13]. Therefore, it is
necessary to improve its visible-light activities by
extending its absorption threshold from the UV light
region to the visible light region and also to reduce
the recombination of photo-generated electron/hole.
Different attempts were made recently to improve the
activity of ZnO catalyst. Development of core/shell
structured materials on a nanometer scale has been
receiving extensive attention [14,15]. The shell can
alter the charge, functionality, and reactivity of sur-
face, or improve the stability and dispersive ability of
the core material. Furthermore, catalytic, optical, or
magnetic functions can be imparted to the core parti-
cles by the shell material. In general, the synthesis of
core/shell structured material has the goal of obtain-
ing a new composite material having synergetic or
complementary behaviors between the core and shell
materials. Many studies on the synthesis of compos-
ites such as; NiO [16], V,Os5 [17], TiO, [18], Fe,O5 [19],
and Pt [20] coated with SiO, shells have been
reported. SiO; is a most studied shell candidate due
to its relative ease in preparation, good environmental
stability, and compatibility with other materials,
which motivated the synthesis of the core/shell-struc-
tured composite of ZnO and SiO, and expected to
achieve novel properties resulting from the synergic
interaction of these two chemical components. One of
the most promising methods to increase the photocat-
alytic efficiency is surface modification of ZnQO; this
can be achieved by metal doping into the ZnO cata-
lyst. Dopant can act as a sink to collect photogenerat-
ed electrons from the conduction band of the
semiconductor. Thus, it hinders the recombination of
photogenerated electrons and holes through increas-
ing the charge separation [21-24]. 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 success-
ful photocatalytic applications of such nanoparticles.
Several metal ions such as Fe [25] have been used as
dopants for ZnO to improve its photocatalytic activity.

In the present work, Ag/ZnO-5iO, nanoparticles
with large specific surface areas were synthesized by
the application of a photo-assisted deposition (PAD)
and impregnation (Img) methods, and the properties of
the nanoparticles were characterized by X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM),
Extended X-ray absorption fine structure (EXAFS), UV-
visible diffuse reflectance spectra (UV-vis/DRS), and
BET analysis. The photocatalytic activity of the synthe-
sized nanoparticles was evaluated by the photocatalytic
reduction of Hg (II) under visible irradiation.

2. Experimental methods
2.1. Chemicals

Zn (NO3),.6H,O, AgNO; and tetraethyl orthosili-
cate (TEOS) were purchased from Aldrich and
selected as the precursors of zinc, silver, and silica,
respectively. HgCl, (mercury (II) chloride) was pur-
chased from Merck with 99.5% purity. All chemicals
used in this work were of reagent-grade quality. The
water used was deionized water.

2.2. Preparation of ZnO-SiO,

ZnO-5i0;, nanoparticles were synthesized via a
sol-gel technique. In a typical procedure, 20ml TEOS
was mixed with ethyl alcohol (C,HsOH), ultra pure
water (H;O), and nitric acid (HNO;) under vigorous
stirring for 1h. The overall molar ratio of TEOS:
C,Hs0H: H,O: HNO; was 1: 4: 8: 0.02. An aqueous
solution of Zn(NOs),.6H,O was added into the above
solution under vigorous stirring for 60 min. The pre-
pared samples were aged for 24 h. Finally, the samples
were evaporated and dried at 80°C, followed by
calcination at 550°C for 3 h in air.

2.3. Preparation of Ag loaded on ZnO-SiO, using PAD
method

Ag metal (4 wt.%) was deposited on ZnO-5iO,
from aqueous solution of AgNO; irradiated by UV-
light irradiation (Xenon lamp) for 24 h. The samples
were dried at 100°C and reduced by H, (20ml/min)
at 350°C for 4h to confirm complete reduction of Ag
to Ag’.
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2.4. Preparation of Ag loaded on ZnO-SiO; using Img
method

In a typical Img method, the 4 wt.% of Ag metal
was deposited by a simple Img of ZnO-5iO; in the
absence of light with aqueous solution of AgNO;. The
samples were dried at 100°C and reduced by H,
(20 ml/min) at 350°C for 4 h.

2.5. Characterization techniques

To determine the crystallite sizes and identities of
the Ag-loaded on ZnO-5iO, nanocomposite photocata-
lyst, XRD analysis was carried out at room temperature
using Rigaku X-Ray diffractometer with Cu Ko
(A=1.540 A) radiation over a 20 collection range of 10-
80°. The shape of the samples were tested using Hitachi
H-9500 TEM, the prepared samples was synthesized by
suspending the samples in ethanol, followed by ultra-
sonication for 30 min, then a small amount of this solu-
tion onto a carbon-coated copper grid, and drying
before loading the sample in the TEM. Specific surface
area was calculated from measurements of
Ny-adsorption using Nova 2000 series Chromatech
apparatus at 77 K. Prior to the measurements all sam-
ples were treated under vacuum at 200°C for 2 h. Band-
gap of the samples was identified by UV—-vis-DRS in air
at room temperature in the wavelength range 200-
800nm using Shimadzu UV-2450 spectrophotometer.
The EXAFS is performed at beam line7 C facility [26] of
the Photon Factory at the National Laboratory for High
Energy Physics, Tsukuba, Tokyo, Japan.

2.6. Photocatalytic experiment
2.6.1. Photoreduction

Stock solutions of Hg (I) (120mgmL™") were pre-
pared from a Merck (99.5%) HgCl, (mercury (II) chlo-
ride) solution in water. The reaction mixture was kept
in a reactor with a cylindrical Pyrex cell of 1,000 cm?,
and 500 cm’ of a Hg (II) solution of a given concentra-
tion was added to 1g of the photocatalyst. The solu-
tion pH was adjusted to 4.0 with formic acid. The
reaction was conducted with the reactor open to air
and oxygen stream bubbled in the suspension at
0.5cm’/min. A 125-W medium pressure mercury
lamp with UV cut filter, surrounded by a quartz thim-
ble, was used for irradiation. In order to maintain the
room temperature (~20°C), the vessel was surrounded
by a water jacket with an inlet and an outlet for the
passage of cold water. The reactor contained a
magnetic stirrer to maintain the reaction mixture
homogeneous. At regular intervals, 6-cm® aliquots of

the suspension were withdrawn and filtered through
a 0.45-um Millipore filter. The concentration of mer-
cury (II) in solution was determined by a Spectra
AA—10 Plus VARIAN spectrophotometer.

The photocalytic reduction efficiency of Hg*" was
estimated by applying the following equation:

% Photocalytic reduction of Hg*" = (C, — C)/C, x 100

where C, is the initial concentration of ngﬂ and C is
the residual Hg”* concentration in solution.

2.6.2. Adsorption

In order to verify the adsorption capacity, experi-
ments without a mercury lamp were developed. The
reaction mixture was kept in a reactor with a cylindri-
cal Pyrex cell in 1,000cm® of water; 500cm® of a Hg
(II) solution of a given concentration was added to 1g
of the photocatalyst. The reactor was open and an air
and oxygen stream was bubbled in the suspension at
0.5cm>/min. The reactor contained a magnetic stirrer
to maintain the homogeneity of the reaction mixture.
At regular intervals, a 6-cm” aliquot of the suspension
was withdrawn and filtered through a 0.45-pm Milli-
pore filter. The concentration of Hg(II) in the solution
was determined by a SpecrtAA—10 Plus VARIAN
spectrophotometer, which was used for all spectro-
photometric measurements (wavelength 253.7).

The adsorption efficiency of Hg™* was estimated
by applying the following equation:

% adsorption efficiency of Hg*" = (C, — C)/C, x 100

where C, is initial concentration of Hg**, and C is the
residual Hg>* concentration in solution.

3. Results and discussion
3.1. Phase analysis

The XRD patterns of the ZnO-SiO, and Ag doped
ZnO-5i0, nanoparticles prepared by (Img) and (PAD)
routes are shown in Fig. 1. It can be seen that the dif-
fraction patterns of ZnO-SiO, sample and all Ag-
doped ZnO-SiO, are mainly composed of ZnO phase
which still exists after applying both above-mentioned
preparation methods. While, in the Ag-doped sam-
ples; no diffraction peaks of Ag were observed, this is
probably attributed to the low Ag doping content (ca.
4 wt.%). Moreover, it is obvious that, Ag is well
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Fig. 1. XRD patterns of the (ZnO-SiO,, Img-Ag/ZnO-5i0,,
and PAD-Ag/Zn0O-5i0O,).

dispersed over the ZnO-5iO, surface, which was
confirmed by TEM as mentioned in the catalyst char-
acterization part.

3.2. Catalyst characterization

The Fourier transforms of Pt Llll-edge EXAFS
spectra of the Ag-loaded catalysts are shown in
Fig. 2. The presence of the peak assigned to the

Distance/ A

Fig. 2. Fourier transforms of the Pt Ly-edge EXAFS spectra
for Img-Ag/ZnO-SiO, (A) and PAD-Ag/ZnO-SiO; (B).

Ag-Ag bond of Ag metal at around 2.86 A indicates
the formation of nano-sized Ag metal [27]. The
intensity of the Ag-Ag peak of the PAD-Ag/ZnO-
SiO, catalyst is smaller than the imp-Ag/ZnO-SiO,
catalyst. Ag metal particles formed on the
photo-deposited catalyst (PAD-Ag/ZnO-SiO,) show
smaller particle size than that of the impregnated
catalyst (imp-Ag/ZnO-SiO,). These findings suggest
that the size of Ag metal particles depends on the
preparation method.

The grain sizes of PAD-Ag/ZnO-5iO, and Img-
Ag/Zn0O-5i0, nanocomposite photocatalysts were dis-
played 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 reveals that the
nano-sized Ag metal with a mean diameter (d) of ca.
2nm having a narrow size distribution was found on
the PAD-Ag/ZnO-SiO, catalyst, whereas the aggre-
gated Ag metal within various sizes is observed on
Img-Ag/ZnO-5i0, catalyst (d=12nm) which is in
agreement with the results of EXAFS measurement.
These findings suggest that the size of Ag metal parti-
cles depends on the preparation method. Also, TEM
micrographs showed the homogenous distribution of
Ag over ZnO-SiO, matrix which were prepared by
PAD method.

3.3. Surface area analysis

Specific surface area (Sggr) of ZnO-SiO,, PAD-Ag/
ZnO-Si0,, and Img-Ag/ZnO-5i0, powder samples
were determined. The Sggr values were 550, 480, and
450 m?/ g for the ZnO-5iO,, Img-Ag/Zn0O-Si0,, and
PAD-Ag/ZnO-SiO,, respectively. The parameters of
surface area and the data calculated from the f-plot
are collected in Table 1. Furthermore, the total pore
volume of ZnO-5i0O, is higher than that of Ag-ZnO-
SiO, due to the blocking of some pore by deposition
of Ag metal. The values of Sggr and S; are generally
close in most samples indicating the presence of
mesopores.

3.4. Band-gap analysis (UV—vis—DRS)

Study of the UV-visible radiation absorption is an
important tool for evaluating the changes in the absor-
bance spectra of the prepared semiconductor materi-
als. This is expressed by the band-gap (Eg)
measurement which can be altered by different
parameters. For instance, E; value for pure ZnO phase
is usually reported 3.37 [7], however these values are
influenced by the synthesis method, and also affected
by the existence of impurities doping the crystalline
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Fig. 3. The TEM images of the Img: Ag/ZnO-SiO, (left) and PAD-Ag/ZnO-SiO, (right) catalysts.
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Fig. 4. Size distribution diagrams of Ag metal obtained
from the TEM images of the Img-Ag/ZnO-SiO, (left) and
PAD-Ag/ZnO-SiO, (right) catalysts.

network and also the average crystal size of the semi-
conductor. In a previous study, different methods for
calculating the E; from the UV-Vis reflectance spectra

were used. For example, some authors calculated the
E; values by a direct extrapolation of the F(R) spec-
trum whereas others reported the wavelength corre-
sponding to the maximum absorption [28]. As a
consequence, quite different E; values for ZnO sam-
ples are found in the literature. For instance, a thresh-
old wavelength values of 240nm [28], 290nm [29],
and 360nm [30] corresponding to band gaps 5.15,
4.28, and 3.45, respectively. Fig. 5 gives UV-vis—DRS
of (ZnO-5i0,, Img-Ag/ZnO-5i0, and PAD-Ag/ZnO-
Si0,). The results showed an increase in the absor-
bance in the visible light region with the Ag doping.
The values of E; for the synthesized semiconductors
can be derived from the spectra by plotting (F
(R) - hy)'/? against hy. The results revealed that the cal-
culated values of Eg; for (ZnO-SiO,, Img-Ag/ZnO-
Si0, and PAD-Ag/ZnO-5i0;) were 3.2, 2.8, and
2.5eV, respectively. This indicates shifting the spectra
of the PAD-Ag/ZnO-SiO, and Img-Ag/ZnO-SiO,
samples to the visible light area.

Table 1
Texture parameters of ZnO-5i0,, Img-Ag/Zn0O-5i0, and PAD-Ag/ZnO-5i0,
Sample SpET S Smicro
(m?/g) (m?/g) (m?/g)
Img-Ag/ZnO-SiO, 450 365 310
PAD-Ag/ZnO-SiO, 480 470 300
Zn0O-Si0O, 550 520 350

Sext Vp Vmicro Vmeso r (A)
(m?/g) (cm?/¢g) (em®/g) (cm®/g)

140 0.677 0.077 0.600 39.00
180 0.788 0.044 0.744 38.00
200 0.888 0.070 0.810 36.00

Notes: Sggr: BET-surface area.

S¢: surface area derived from V;_; plots.
Smic: surface area of micropores.

Sext: €xternal surface area.

V,: total pore volume.

Vmic: pore volume of micropores.

Vimes: pore volume of mesopores.

r~: mean pore radius.
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Fig. 5. Diffuse reflectance UV-Vis absorption spectra of
ZnO-Si0,, Img-Ag/ZnO-Si0,, and PAD-Ag/ZnO-5iO,.
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Fig. 6. Photocatalytic reduction of Hg>* (%) for ZnO-SiO,,
Img-Ag/ZnO-Si0,, and PAD-Ag/ZnO-SiO,.

3.5. Evaluation of photocatalytic activity

Fig. 6 displays the photocatalytic reduction of Hg**
of 120mg/1 Hg2+ pertaining to (ZnO-SiO,, Img-Ag/
ZnO-SiO, and PAD-Ag/ZnO-5i0,) at solution pH 4
for different time intervals. It can be seen that the rate
of Hg** photoreduction increased gradually with time;
reaching maximum efficiency values of 30, 73, and
100% after 1h with parent ZnO-SiO,, Img-Ag/ZnO-

Si0,, and PAD-Ag/ZnO-SiO, samples, respectively.
Considering that, the pure Ag oxides has no photocata-
lytic oxidation properties, such change in the photodeg-
radation activity may be explained in terms of the
differences in interaction between Ag and ZnO-SiO,
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-5i0O; generally increased with the addition of Ag
promoters. It was obvious that the photoreduction
activity was gradually increased with the decrease of
band gap and the increase of the active site. It is
believed that the lack of electron scavengers (surface
Zn**) and hole traps (surface hydroxyl groups) is
responsible for the rapid recombination rate of e”/h”,
which leads to lower photocatalytic activity with the
parent ZnO-5iO, sample [6-9]. The photocatalytic
activities of the Ag-doped ZnO-5iO, nanoparticles
increased due to that Ag plays two important roles;
lowering the energy of electron excitation from valance
band to conduction band, and hindering the rate of e/
h* recombination. Thus it lowered both the band gap
(as confirmed from the UV-vis—-DRS spectra analysis)
and particle size (as confirmed from the TEM analysis).

Also, the adsorption experiments reveal that the
adsorption efficiency % in the case of ZnO-SiO,, Img-
Ag/Zn0-5i0zand PAD-Ag/ZnO-5i0, is 22, 15 and
10%, respectively. Therefore, in the case of Img-Ag/
Zn0-Si0, and PAD-Ag/ZnO-SiO, % of Hg** removal
is a photocatalytic reduction not an adsorption pro-
cess. But in the case of ZnO-SiO,, % of Hg2+ removal
is adsorption not photocatalytic reduction.

4. Conclusions

Ag doping, through PAD and Img routes, can
greatly enhance the performance of ZnO-SiO, as a
photocatalyst. The nano-sized Ag metal with a mean
diameter (d) of ca. 2nm having a narrow size distribu-
tion was found on the PAD-Ag/ZnO-5iO, catalyst,
whereas the aggregated Ag metal with various sizes
are observed on Img-Ag/ZnO-Si0, catalyst
(d=12nm). The surface area of the synthesized sam-
ples was decreased from 550 to 480 and 350m*/g
with ZnO-SiO,, PAD-Ag/ZnO-5i0,, and Img-Ag/
ZnO-5i0O,, respectively. The UV-vis-DRS spectra
analysis confirmed the lowest band gap of PAD-Ag/
ZnO-5i0, with a value of 2.5, compared to 2.8 and 3.2
with Img: Ag/Zn0O-5iO, and ZnO-5i0,, respectively.
The photocatalytic reduction of Hg** was found to be
much more effective in the PAD-Ag/ZnO-5iO,. The
reduction efficiency increased from 30 to 73 and 100%,
with the ZnO/Si0,, Img-Ag/ZnO-5i0, and PAD-Ag/
ZnO-5i0, samples, respectively. The smallest particle
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size and lowest band gap of the PAD-Ag/ZnO-SiO,
sample lead to the highest photocatalytic activity with
Hg** reduction.
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