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With the rapid development of global industry, steadily
worsening environmental pollution and energy shortages
have raised awareness of a potential global crisis. So it
is urgent to develop a simple and effective method to
address these current issues. In recent years, semiconductor
photocatalysis has emerged as one of the most promising
technologies because it represents an easy way to utilize
the energy of either natural sunlight or artificial indoor
illumination and is thus abundantly available everywhere
in the world. The potential applications of photocatalysis
are found mainly in the following fields: (i) photolysis
of water to yield hydrogen fuel; (ii) photodecomposition
or photooxidization of hazardous substances; (iii) artificial
photosynthesis; (iv) photoinduced superhydrophilicity; (v)
photoelectrochemical conversion, and so forth [1].

Among various common photocatalysts, bits photocat-
alytic activity under UVTiO2 has been extensively used in
a wide range of applications (such as gas sensor, solar
cell, batteries, etc.), since the discovery of its application
in photocatalysis [2]. Since then, intense research has been
carried out on TiO2 photocatalysis, which has been focused
on understanding the fundamental principles, enhancing
the photocatalytic efficiency, and expanding the scope of
applications. Many potential uses of TiO2 photocatalysis
have been identified, such as the hydrogen fuel production,
detoxification of effluents, disinfection, superhydrophilic
self-cleaning, the elimination of inorganic/organic gaseous
pollutants, and the synthesis of organic fuels.

To further improve the photocatalytic performance, there
has been great interest in preparation of the supported
nanocatalysts, for instance, carbon nanotubes composites,
magnetic composites, graphene composites, and so forth,

because of their enhanced photocatalytic activity or magnetic
separation [3]. Nanomaterials have emerged as pioneering
photocatalysts and account for most of the current research
in this area. Nanomaterials can provide large surface areas,
diverse morphologies, abundant surface states, and easy
device modeling, all of which are properties beneficial
to photocatalysis. Significant progress has been made in
the development of novel nanomaterials in recent years.
Nevertheless, the efficiency of nanomaterials, especially in
solar photocatalysis, must be improved in order to meet
engineering requirements. For example, TiO2 exhibits pho-
tocatalytic activity under UV light (λ < 387 nm), whose
energy exceeds its band gap, resulting in its limited practical
applications [4–6]. Therefore, the exploitation of visible-
light-driven photocatalysts is indispensable for the practical
application of the photocatalytic system. Furthermore, the
stability and cost of these materials should also be carefully
considered. It is thus a challenge of great importance to
identify and design new semiconductor materials that are
efficient, stable, and abundant.

Another key issue influencing the photocatalytic capabil-
ity of a semiconductor is the nature of its surface/interface
chemistry. The surface energy and chemisorption properties
play crucial roles in the transfer of electrons and energy
between substances at the interface, in governing the selec-
tivity, rate, and overpotential of redox reactions on the pho-
tocatalyst surface, and in determining the susceptibility of the
photocatalyst toward photocorrosion [1]. In general, a higher
surface energy yields higher catalytic activity. Recently, much
interest has been focused on research into semiconductor
crystals with morphologies, such as nanorods, nanoparti-
cles, nanotubes, and micro/nanospheres, which have been
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fabricated successfully and that provide large percentages of
highly reactive facets [7–10]. Appropriate modification of the
surface is frequently necessary to facilitate photocatalysis.

Despite important insight being gained, the mechanisms
involved in photocatalysis are not yet known in detail.
Fulfilling this goal requires the help of theoretical investiga-
tions such as electronic structure calculations and molecular
dynamic simulations. Indeed, the theoretical study of photo-
catalysis has progressed rapidly alongside the experimental
work. The above computational methods require a degree
of understanding of photocatalysis. The calculation results
obtained then raise the level of this understanding and
provide guidance toward the practical improvement of
photocatalytic materials and their applications.

The papers in this special issue concern the development
of new photocatalytic nanomaterials for degradation of
organic pollutes. They concentrate on preparation of photo-
catalytic materials, with assistant of magnetic nanoparticles,
metal or nonmetal doping, annealing treatment. Novel
photocatalytic materials or special preparation process are
provided to solve limited photocatalytic activity that hin-
dered by the lack of visible absorption. The works assembled
in the present volume contribute to such development.
Hopefully, they will inspire further research along the same
lines.
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Photocatalytic activity of TiO2 was studied by doping with magnesium (Mg2+-TiO2) with varying magnesium weight percentages
ranging from 0.75–1.5 wt%. The doped and undoped samples were synthesized by sol-gel method and characterized by X-ray
diffraction (XRD), N2 adsorption-desorption (BET), X-ray photoelectron spectroscopy (XPS), UV-visible diffuse reflectance
spectroscopy (DRS), and scanning electron microscopy (SEM). The XRD data has shown that anatase crystalline phase in Mg2+-
TiO2 catalysts, indicating that Mg2+ ions did not influence the crystal patterns of TiO2. The presence of magnesium ions in
TiO2 matrix has been determined by XPS spectra. DRS spectra showed that there is a significant absorption shift towards the
visible region for doped TiO2. The SEM images and BET results showed that doped catalyst has smaller particle size and highest
surface area than undoped TiO2. The photocatalytic efficiency of the synthesized catalysts was investigated by the photocatalytic
degradation of aqueous dichlorvos (DDVP) under visible light irradiation, and it was found that the Mg2+-doped catalysts have
better catalytic activity than undoped TiO2. This can be attributed that there is a more efficient electron-hole creation in Mg2+-
TiO2 in visible light, contrary to undoped TiO2 which can be excited only in UV irradiation. The effect of dopant concentration,
pH of solution, dosage of catalysts, and initial pesticide concentration has been studied.

1. Introduction

Advanced oxidation process (AOP) is an alternative way of
treating undesirable organic pollutants, including pesticides.
According to the literature [1, 2] among AOPs, heteroge-
neous photocatalysis seems to be an attractive method
and has been successfully employed for the degradation or
transform into less harmful substances of various families of
pollutants [3–5].

The photoinduced redox reactions have received an at-
tention after the discovery of first photoelectrochemical split-
ting of water on titanium dioxide electrode by Fujishima and
Honda [6]. Later, many novel redox reactions of organic and
inorganic substrates have been induced by band-gap irradia-
tion of a variety of semiconductor particles [7, 8]. There are
a lot of different semiconductor materials which are readily
available (e.g., TiO2, ZnO, Fe2O3, CdS, and ZnS), but only
a few are suitable for sensitizing the photomineralization of
a wide range of organic pollutants. A sensitizer for reaction

must be [9, 10] (i) photoactive, (ii) able to utilize visible and/
or near the UV light, (iii) biologically and chemically inert,
and (iv) photostable.

Among various semiconductor photocatalysts available,
TiO2 has attracted a great deal of study for its high photo-
catalytic activity, nontoxic property, chemical stability, and
highest oxidation rate of many photoactive metal oxides in-
vestigated [11]. TiO2 is capable of decomposing a wide range
of organic, inorganic, and toxic pollutants [12].

Although TiO2 is superior to other semiconductors for
many practical uses, two types of defects limit its photocat-
alytic activity. Firstly, TiO2 has high bandgap energy (3.2 eV),
which is only 4-5% of the overall solar spectrum. Thus
this restricts the use of visible light. Secondly, the high rate
of electron-hole recombination at TiO2 particles results in
low photoquantum efficiency [13]. In order to overcome
these limitations of TiO2, many attempts have been made to
prepare different types of TiO2 by depositing of noble metals,
mixing metal oxides, surface derivatization, and doping
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selective metal ions into TiO2 [14, 15], and also Graphene-
based semiconductor photocatalysts are prepared [16].

The addition of low percentage of metal by doping was
often proposed to improve the photocatalytic activity of
TiO2. The advantage of doping the metal ions into TiO2 is the
temporary trapping of the photogenerated charge carriers by
the dopant and the inhibition of their recombination during
migration from the inside of the material to the surface, by
modifying the bandgap of the photocatalyst. A wide range
of metal ions have been studied for doping TiO2 and their
effects on the properties of TiO2 and on its photocatalysis
[17, 18], but reports on alkaline-earth metal ions doping into
TiO2 and their photocatalytic properties have seldom been
seen.

Sol-gel process is one of the versatile, simple, and easy
means of synthesizing nanosize materials in contrast to the
other conventional preparation methods which do not usu-
ally produce homogeneous, high-surface-area materials. The
main advantage of the sol-gel method in preparing catalytic
materials is its excellent control over the properties of the
product via a host of parameters that are accessible in all four
key processing steps: formation of a gel, aging, drying, and
heat treatment. Although titania catalysts have been exten-
sively studied, the procedure of preparing photocatalytic
metal-doped titania is still of great interest.

Waste waters generated from the agricultural application
of dichlorvos contain the residue of dichlorvos which has
been evaluated in a wide range of toxicology assays including
bioassays for carcinogenicity and mutagenicity (genotoxic-
ity) [19, 20]. It is also more likely to contaminate surface
and ground waters due to its high solubility in water. This
could have an adverse effect on the aquatic environment,
and procedure has to be found for its degradation. Electron
transfer process occurring between pesticide and semicon-
ductor, especially TiO2, has been examined and found to
have practical potential [21].

The present paper has been focused to develop a visi-
ble light response catalyst via magnesium-doped titanium
dioxide in varying percentages of metal. Characterization
has been carried out using XRD, BET, XPS, DRS, and SEM.
The photocatalytic activities of the synthesized samples have
been evaluated by the degradation of a representative model
pesticide pollutant, dichlorvos.

2. Experimental

2.1. Preparation of Photocatalysts. Titanium tetra-n-butoxide
[Ti(O-Bu)4] and magnesium nitrate were obtained from E.
Merck (Germany) and used as titanium and magnesium
sources for preparing anatase TiO2 and Mg2+-TiO2 photo
catalysts. Aqueous dichlorvos solution was used as a model
compound for degradation. All other chemicals used in this
work are of analytical grade, and doubly distilled water was
used for the solution preparation.

Mg2+-TiO2 samples were prepared by sol-gel method
in which initially a solution containing 40 mL of absolute
alcohol, 6 mL of H2O, and magnesium nitrate with required
percentages (0.75 wt.%, 1.00 wt.%, 1.25 wt.% and 1.50 wt.%)

was prepared (solution I). Another solution was prepared
by taking 21 mL of Ti(O-Bu)4 in 40 mL of absolute alcohol
with stirring for 10 minutes, and then 3 mL of HNO3 was
added dropwise under continuous stirring for 30 minutes
(solution II). Solution I was added to solution II slowly
from the burette with vigorous stirring at room temperature
until the transparent sol was obtained, and the resulting sol
was further stirred for 1 h. The gel was prepared by aging
the solution for 48 h at room temperature. The derived gel
was dried at 100◦C in an oven and ground. The catalyst
powder was calcined at 400◦C in furnace for 2 h. Undoped
TiO2 is also prepared with same procedure without metal
nitrate. The doping concentrations are expressed as weight
percentage of titanium atom. The powders are stored in black
coated air-tight glass containers.

2.2. Characterization of Photocatalysts. The crystal phase
composition of the prepared photocatalysts (TiO2, Mg2+-
TiO2) was determined by X-ray diffraction measurement
carried out at room temperature using a PANalytical,
D/Max-III A diffractometer with CuKα radiation (λ =
0.15148 nm) with a liquid nitrogen gas-cooled germanium
solid-state detector. The accelerating voltage of 35 kV and
emission current of 30 mA were used and studied in the
range of 2◦–90◦ 2θ with a step time of 2◦ min−1. The
Brunauer-Emmett-Teller (BET) surface area was determined
from the N2 adsorption-desorption isotherm at 77.3 K by
using a Quantachrome Nova 2200 E system. The sample was
outgassed for 3 h at 300◦C prior to the adsorption. The
specific surface area was determined by using the standard
BET method. To study the valence state of the photocatalysts,
X-ray photoelectron spectroscopy (XPS) was recorded with
the PHI quantum ESCA microprobe system, using the AlKα

line of a 250 W X-ray tube as a radiation source with the
energy of 1486.6 eV, 16 mA× 12.5 kV, and a working pressure
lower than 1 × 10−8 Nm−2. As an internal reference for the
absolute binding energies, the C 1s peak of hydrocarbon
contamination was used as reference to 284.8 eV. The fitting
of XPS curves was analyzed with MultiPak 6.0 A software.
The DRS were recorded with a Shimadzu 3600 UV-visible
NIR spectrophotometer equipped with an integrating sphere
diffuse reflectance accessory, using BaSO4 as reference scatter.
Powder samples were loaded into a quartz cell, and spectra
were recorded in the range of 200–900 nm. The morphology
and size of particles was characterized using SEM (JSM-6610
LV) spectrophotometer and operated at 20 kV. A Horiba
Jobin FluoroMax-4 instrument has been used for the PL,
spectral data analysis, with a PMT voltage was 150 V and with
slit set both at 2.5 nm.

2.3. Photocatalytic Activity of the Catalysts. Photocatalytic
degradation studies of DDVP were carried out in a modified
photoreactor system, in which 100 mL of reaction mixture
illuminated with 400 W high-pressure mercury vapor lamp
(Osram, India). The distance between the light source and
the reaction beaker was 20 cm. Prior to irradiation, the
solution with catalyst was stirred in the dark for 45 min to
ensure establishment of adsorption-desorption equilibrium
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of dichlorvos on catalyst surface. Aliquots of the samples
were withdrawn from the solution by using Millipore syr-
inge (0.45 μm) at certain time intervals and analyzed for
dichlorvos concentration. The quantitative determination of
DDVP was performed by measuring the absorption of phos-
phate ion formed at 465 nm with a Milton-Roy spectronic-
1201 UV-visible spectrometer. The IR (>700 nm) and UV
(<360 nm) radiations were filtered by water and UV filters,
respectively.

Previous studies have shown that the photocatalytic
degradation of pesticides by irradiating with UV light source
and using TiO2 or ZnO as catalyst leads to the formation
of H+, Cl−, PO4

3−, and CO2 as final products, and their
formation during the progress of the degradation of DDVP
was confirmed by simple qualitative analysis tests. PO4

3−

was determined calorimetrically by the molybdenum blue
method:

(CH3O)2POOCHCCl2 +
(

9
2

)
O2

−→ PO4
3− + 4CO2 + 2 Cl− + 5 H+ + H2O.

(1)

Hence, in order to study the extent of mineralization of
DDVP over illuminated Mg2+-doped TiO2, the absorbance
measurements of PO4

3− were carried out. The percentage of
degradation was calculated from the following equation:

% Phosphate ion formation =
[
At

A0

]
× 100, (2)

where A0 is calculated concentration of phosphate ion of the
corresponding concentration and At is absorbance at time t.

3. Results and Discussions

3.1. XRD Diffraction Study and BET Results. The crystalline
phases of the synthesized TiO2 and Mg2+-TiO2 were exam-
ined by XRD, and the diffractograms are given in Figure 1.
The XRD patterns of calcined (400◦C) TiO2 and the samples
of Mg2+-TiO2 (Mg/Ti = 0.75, 1.0 and 1.25 wt.%) show
only anatase form, indicating that Mg2+ ions in TiO2 did
not influence the crystal patterns of TiO2 particle. Further,
examination of XRD patterns of both pure and Mg2+-doped
TiO2 illustrates the existence of peaks at 25.3, 37.7, 47.7, and
54.2 (2θ). The intensity of anatase TiO2 peaks increased due
to doping, and peaks corresponding to MgNO3 and MgCO3

were not detected. This may be due to the well dispersion of
Mg2+ content in TiO2 particles.

Since Mg2+ is more electropositive, the electronic cloud
in each TiO2 might be loosely held, favoring the formation
of less dense anatase phase. In other words, the tight packing
arrangement required for rutile phase formation is fully
suppressed by the addition of magnesium nitrate in water
which enhances the polarity of water, thus facilitating the
formation of anatase phase exclusively. In addition, the
presence of residual alkyl groups can also reduce the rate of
crystallization of TiO2 which favored the formation of less
dense anatase phase.
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Figure 1: XRD patterns of (a) undoped TiO2, (b) 0.75 wt.% of
Mg2+-doped TiO2, (c) 1.0 wt.% of Mg2+-doped TiO2, and (d)
1.25 wt.% of Mg2+-doped TiO2.

The BET surface area results have shown that there is
a much increase in surface area of doped catalysts than
undoped one. With the incorporation of Mg2+ dopant dur-
ing the sol-gel preparation technique, there was crystal
growth suppression, favoring the formation of smaller TiO2

crystallite. This effect may be attributed to the enhanced lat-
tice strain in the doped TiO2 network and then decrease grain
growth rate.

3.2. Diffuse Reflectance Spectroscopy. The DRS of Mg2+-
doped TiO2 and undoped TiO2 samples are given in Figure 2.
The spectra of undoped TiO2 showed an absorption peak
at 388 nm in the UV region. The absorption peak of the
doped TiO2 with different percentages of Mg2+ at 0.75 wt.%,
1.0 wt.%, 1.25 wt.%, and 1.50 wt.% shows considerable shift
towards the visible region at around 400–800 nm for all the
samples. The tailing absorption peaks can be considered as
the extra tail states in the bandgap because Mg2+ was added
to the TiO2 matrix. The extension of absorption edge to
longer wavelengths for Mg2+/TiO2 indicates the existence
of good contact between TiO2 and the metal (Mg2+) ion
grain.

The UV-Vis absorption edge and bandgap energies of the
samples were determined from the reflectance [F(R)] spectra
using the Kubelka-Munk (KM) formalism and the Tauc
plot method [22]. The extrapolated lines for Mg2+-doped
TiO2 have been given in Figure 3 and used to determine
the bandgap energies for Mg2+-doped TiO2, undoped TiO2,
and Degussa P25 samples. The calculated bandgap energies
are given in Table 1. The largest reduction gap is observed
for catalyst containing 1.25 wt.% of Mg2+-doped TiO2. This
reduction bandgap may be attributed to the doping of Mg2+

as impurity into the host structure (TiO2) and create extra
energy levels situated within the bandgap [23]. The extra
energy level created within the bandgap due to shifting of the
Fermi energy level of Mg2+ towards valence band since metal
create P-type semiconductor.
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Table 1: Crystallite size, BET surface area, and bandgap energy of each catalyst.

Catalyst no.
wt.% doping of
Mg2+ in TiO2

Calcination temp.
(◦C)

Crystallite size
(nm)

BET surface area
(m2/g)

Bandgap energy
(eV)

(1) 0.75 400 15.00 85.209 2.90

(2) 1.0 400 12.11 105.987 2.85

(3) 1.25 400 11.25 107.267 2.75

(4) 1.50 400 13.26 101.820 2.95

(5) Undoped TiO2 400 11.30 79.382 3.2

(6) Degussa P25 — — 69.962 3.1
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Figure 2: The DRS-UV-Vis spectra of Degussa P25, undoped, and
doped TiO2 with different % of Mg2+.

3.3. BET Surface Areas and Pore Distribution. The BET sur-
face areas of the as-prepared Mg2+-TiO2 sample have been
given in Table 1, and nitrogen adsorption and desorption
isotherms and corresponding pore size distribution curves
(inset) are given in Figure 4. It is observed that at rela-
tively high pressures between 0.075 and 0.15 (P/Po), the
curve exhibit a hysteresis loop indicating the presence of
mesopores. The shape of the hysteresis loop is of type H3,
associated with particle giving rise to narrow slit shaped
pores [24–27]. From Figure 4 the inset figure indicated the
pore size distribution range from 20 to 35 nm. The pore
volume of the as-prepared catalyst is 0.135 m3/g. However,
the existing poresarise maybe due to removal of nitrate ion
and organic moiety from the metal precursors (magnesium
and titanium). Due tothis, organized porous structure within
the bulk sample of the catalyst may helpful in photocatalysis.

3.4. Analysis of Hydroxyl Radicals (OH•). The analysis of
hydroxyl radicals has been carried out by photoluminescence
technique [28]. 0.1 g of Mg2+-TiO2 in 10 ppm of coumarin
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Figure 3: Plots of transformed Kubelka-Munk functions
[F(R)· · ·hv]1/2 versus hv for Degussa P25, undoped TiO2, and
Mg2+-doped TiO2 samples.

solution was illuminated with visible light. The fluorescence
emission spectrum excited at 428 nm from the coumarin
solution was measured at every 15 min of illumination.
Figure 5 shows the induction of fluorescence from 10 ppm
coumarin solution. As shown in the figure, gradual increase
in the fluorescence at about 500 nm for 7-hydroxycoumarin
which is obtained due to reaction of OH radicals and
coumarin was observed by continuous illumination of visible
light on the Mg2+-TiO2 solution. The trend observed in
the figure indicated that formation of the OH radicals is
proportional to the irradiation time.

3.5. XPS Measurements. X-ray photoelectron spectroscopy
(XPS) analysis of magnesium- (II) doped sample was per-
formed, and high-resolution scans are shown in Figures
6(a), 6(b), and 6(c). The XPS observations show that only
Mg, Ti and O elements were detected from the samples in
spectrum analysis. The binding energy of Mg 2p was found
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TiO2 and 10 ppm coumarin.

to be 50.4 eV (Figure 4(a)) which is a typical of Mg2+ that
bonded to oxygen and was assigned to the compound MgO.
The binding energies of Ti 2p3/2 and Ti 2p1/2 were found
to be 458.4 and 464.0 eV, and these bands could belong to
Ti4+ (Figure 6(b)) and there was no fitting peak for Ti3+.
Hence the XPS-spectra confirmed the chemical composition
of magnesium-doped sample to be MgO and TiO2.

3.6. Scanning Electron Microscopy. The SEM images of TiO2

and metal-doped TiO2 catalysts are shown in Figures 7(a)
and 7(b). The image of samples containing 1.25 wt.% of
Mg2+ ion shows the morphological changes induced by the
addition of alkaline earth cation. The catalysts are found to
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Figure 6: (a) High resolution of Mg 2p spectrum, (b) high resol-
ution of Ti 2p spectrum, and (c) high resolution of O 1s spectrum.

contain irregular-shaped particles which are again aggregates
of tiny crystals. Figure 7(a) shows anatase (undoped TiO2)
produced with no addition of magnesium ion. The sample
appears as large blocks of coarse material of dimensions from
around 1 to 20 μm. Figure 7(b) shows sample containing
1.25 wt.% of Mg2+, with reduction in the particle size to 1–
10 μm range. This clearly illustrates the altered morphology
of the catalyst powders, which consists of a large portion of
submicron-sized particles.

3.7. FT-IR Spectral Study. FT-IR spectra of undoped TiO2

and 1.25 wt.% of Mg2+-TiO2 given in Figures 8(a) and 8(b)
have shown peaks corresponding to stretching vibrations of
O–H and bending vibrations of adsorbed water molecules
around 2322–3317 cm−1 and 1613 cm−1, respectively. The
intensity of the peaks became less in Mg2+-TiO2, indicating
the removal of large portion of adsorbed water from TiO2.

The broad band below 456.06 cm−1 of undoped TiO2

is due to Ti–O–Ti vibration. This peak has been shifted to
470.63 cm−1 in Mg-doped TiO2 which may be because of Ti–
O–Mg vibration. Hence the FT-IR spectral study along with
XPS established the substitution of Mg2+ into TiO2 lattice.
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(a)

(b)

Figure 7: SEM images of (a) undoped TiO2 and (b) 1.25 wt.% of
Mg-doped TiO2.

3.8. Photocatalytic Degradation of Dichlorvos. To understand
the photocatalytic activity of the prepared catalysts, degra-
dation of dichlorvos pesticide under the irradiation of visible
light has been carried out, in the presence and absence of cat-
alysts. The percentage of DDVP degradation is significantly
less in the absence of catalyst (0.05% for 9 hours irradiation)
when compared to that of undoped or doped titanium
dioxide. A blank experiment in the absence of irradiation
along with catalysts demonstrated that no significant change
in the DDVP concentration was observed. The efficiency
of photocatalytic degradation process depends on various
experimental parameters such as effect of dopant concen-
tration, pH, catalyst dosage, and initial concentration of
pollutant. Hence, it is essential to optimize these parameters
to achieve higher degradation efficiency of photocatalyst.

3.8.1. Effect of Mg Dopant Concentration on Photocatalytic
Degradation of DDVP. Figure 9 shows the results of the
photocatalytic degradation of DDVP by irradiation of visible
light over Degussa P25, undoped TiO2 catalyst, and Mg-
doped TiO2 photocatalyst with different doping concentra-
tions of Mg in TiO2. Among various concentrations of Mg,
1.25 wt.% of Mg-TiO2 catalyst exhibits the highest photo-
catalytic activity. This may be attributed to that increase in
dopant concentration leads to increase in number of trapped
charge carriers per particle [15, 29] and is the highest in
1.25 wt.% of Mg2+-TiO2 which is the optimum concentra-
tion showing maximum photocatalytic activity.

The results of the experiment show that the rate of
phosphate ion formation increased with increase in the
concentration of magnesium ions, and it was optimum at
1.25 wt.%. However, magnesium ions’ doping became detri-
mental when the dopant concentration was above 1.25 wt.%.
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Figure 8: FT-IR spectra of (a) undoped TiO2 and (b) 1.25 wt.%
Mg+2-TiO2.

It also demonstrates that, even though the concentration
of the doped magnesium ions is small, it still gives much
influence on the photocatalytic activity of TiO2 particles.

3.8.2. Effect of pH. The adsorption properties of catalysts
can be greatly changed at different pH values; hence, the
catalyst-assisted photodegradation of DDVP has also been
monitored by in situ measurements of pH of the aqueous
solution with irradiation time, at a fixed weight of catalyst
and DDVP pesticide concentration at different pH values.
Solution pH influences adsorption and desorption of the
substrate, catalyst surface charge, oxidation potential of the
valence band, and other physicochemical properties.

The effect of pH on the photocatalytic degradation of
DDVP is shown in Figure 10. The degradation plot for
DDVP has been plotted between rate constant and pH of the
solution. Based on the results, it is observed that the rate of
degradation decreased with increase in pH of the solution.
The optimum pH of the solution for the degradation of
DDVP is 2. Generally in acidic pH the surface of the TiO2

is in the form of TiOH2
+. The photogenerated electrons can

be captured by the adsorbed H+ to form H•
ads. At higher pH,
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the surface of catalyst has a net negative charge as TiO2
−, and

hence the degradation rate was found to be lower:

TiOH + H+ −→ TiOH2
+, pH < 6.25,

TiOH −→ TiO− + H+, pH > 6.25.
(3)

3.8.3. Effect of Catalyst Dosage. The effect of the amount of
catalyst on the photodegradation rate was investigated at a
fixed pH and initial concentration of the dichlorvos, experi-
ments were performed with varying amounts of Mg2+-TiO2
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Figure 11: The effect of catalyst dosage on the degradation of
dichlorvos by Mg2+-doped TiO2, pH = 2, [DDVP] = 150 ppm.

from 0.025 g to 0.3 g in 100 mL DDVP pesticide aqueous
solution. The degradation pattern from such experiments
has been depicted in Figure 11, which reveals that the rate of
degradation increases linearly with increase in the amount of
catalyst up to 0.1 g and then decreases. This may be explained
by two main reasons. The first one is due to the presence of
foreign metal ions (Mg2+) as dopant that helps in inhibiting
electron-hole pair recombination and enhancing interfacial
charge transfer reactions, which leads to increased catalytic
activity.

Secondly, as the amount of catalyst increases, the
number of photons absorbed and the number of DDVP
molecules adsorbed are increased leading to the increase
in DDVP degradation. At higher concentrations of catalyst,
although more surface areas are available for constant DDVP
molecules, the solution turbidity increases and it interferes
with the penetration of light. The deactivation of activated
molecules by collision with ground-state molecules may also
hinder the photocatalytic efficiency [30]. Hence, above a
certain level, additional catalyst amount is not involved in
catalysis, and thus the rate levels off.

3.8.4. Effect of Initial Pesticide Concentration. At a fixed
weight of Mg2+-TiO2 and pH, variation of initial pesticide
concentration on photo degradation was studied and shown
in Figure 12. It was noted that the degradation rate increases
with the increase of pesticide concentration up to a certain
concentration (150 ppm), and a further increase leads to a
decrease in the pesticide degradation rate. This is due to the
reduction of generation of radicals (OH•) on the catalyst
surface since the active surfaces are covered by pesticide
molecules.

3.9. Photocatalytic Mechanism. Based on the experimental
results and reports of the previous workers, the following
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Figure 12: The effect of concentration of DDVP on the degradation
of dichlorvos by Mg2+-doped TiO2, pH = 2, catalyst dosage = 0.10 g.

mechanism would be proposed for the photocatalytic reac-
tions of magnesium-doped TiO2 [31–33].

(a) Upon visible light illumination of photocatalyst, elec-
trons are ejected from the valence band to the con-
duction band leaving positive holes in the valence
band.

(b) When the metal ion doped into TiO2 lattice, it trap-
ped the ejected electrons, holding up the recombina-
tion process.

(c) The trapped electrons can be further scavenged by
molecular oxygen, which is adsorbed on the TiO2

surface to generate superoxide radical, and this in
turn produces hydrogen peroxide (H2O2), hydroper-
oxy (HO2

•), and hydroxyl (•OH) radicals.

(d) The positive holes in the valence band act as good
oxidizing agents available for degradation of pesticide
in the solution. Thus, the DDVP is attacked by the
hydroxyl radicals formed both by trapped electrons
and hole in the VB as given in the above equations,
to generate phosphate ions, organic radicals, or other
intermediates, which further undergo degradation.

4. Conclusions

The DRS analysis shows that doping of Mg2+ into TiO2 shifts
the absorbance band of TiO2 from UV to visible region, and
the bandgap energy is reduced for all doped catalysts (from
3.2 eV to 2.75 eV); the largest reduction gap was observed
for doped catalyst of 1.25 wt.% of Mg. The incorporation
of Mg2+ ions into the TiO2 was evidenced by XPS analysis.
The BET results also show that there is an increase in surface
area of the catalyst, which enhances the photocatalytic degra-
dation of DDVP in visible light. The present work imparts

the significance of magnesium ion doping into titania, in
dichlorvos degradation. It also establishes the doping of
magnesium by sol-gel as a best alternative method. The
experimental results show that the photocatalytic activity of
undoped TiO2 is lower than magnesium-doped TiO2.

Magnesium doping causes better separation of electron
and holes on the modified TiO2 surface allowing more
efficient channeling of the produced electrons into useful
redox reactions, thus enhancing the DDVP degradation in
the presence of visible light, when compared to undoped
TiO2 which can be excited only in less available UV light.
The degradation of DDVP was maximum at 150 ppm DDVP
concentration, 0.1 g of Mg2+-TiO2 catalyst, and at a pH of 2
using 1.25 wt.% of magnesium-doped titania catalyst.
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The photocatalytic decontamination of triethyl phosphate (TEP) is studied by the UV/nano-TiO2 process. The nano-TiO2

concentration and pH value for the complete oxidation of TEP were investigated in different concentrations of TEP. The kinetic
reaction was calculated for TEP as a function of initial concentration of TEP. Results of adsorptions showed that TEP was adsorbed
better in alkalinity pH, and the natural pH had the highest reaction rate for complete degradation. Also, the zero-kinetic order with
the lag time as a function of initial concentration of TEP and TiO2 was suggested for oxidation of TEP. The optimized concentration
of nano-TiO2 was 400 mg/lit which had the best conversion and the lowest lag time in the reaction.

1. Introduction

Nowadays, an important environmental constrain is the
effort to improve water quality and remove pollution from
waste water. One of the most widespread methods of water
purification is biodegradation which has a low reaction
rate [1–3]. A novel method that has become popular in
recent decades is the advanced oxidation processes (AOPs)
which are very potent in oxidization, decolorization, min-
eralization, reducing heavy metals, and degrading organic
pollutants [2–4].

Organophosphate is a very complicated contaminant
in waste water which contains insecticides, pesticides, and
detergents. These types of pollutants are found in industrial,
agricultural, and also domestic waste water. Organophos-
phate degrades to several intermediate materials; phosphate
appears as a solution when it degrades completely. The
triethyl phosphate (TEP) is an organophosphate used as an
industrial catalyst, a polymer resin modifier, a plasticizer, an
intermediate for pesticides and other chemicals, a stabilizer
for peroxides, a strengthening agent for rubbers and plastics
including vinyl polymers and unsaturated polyesters, and so
forth [4–8]. The intermediate products of TEP degradation

are diethyl phosphate and monoethyl phosphate which are
known as pollutants in wastewater. The final products of
TEP degradation are phosphate, carbon dioxide, and water.
Therefore, it can be said that phosphate can see end of TEP
degradation [9].

One of the most common AOPs methods for both
academic and industrial researches is photocatalytic process
[10, 11]. TiO2 photocatalyst was considered as one of the
most practical candidates due to its high stability and
photocatalytic efficiency [12–14]. Recently, more attention
has been paid to increasing the reaction rate and enhance
its catalytic efficiency [15–17]. Several reports have been
presented for the nano-TiO2 photocatalytic process; the
effects of important parameters such as pH values, TiO2

dosage, light intensities, dissolved oxygen levels and other
operating conditions were investigated for heavy metals and
some organic materials [17–21]. There is not any report
on optimization of effective parameters for degradation of
organophosphates which are important factors for photocat-
alytic reactor design; therefore, a study on the optimization
of effective parameters is important and promising, which is
yet to be done.
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Figure 1: Schematic diagram of the photocatalytic system.

In this research, the decontamination of organophos-
phates by the UV/nano-TiO2 process has been investigated,
and optimized conditions have been obtained. Firstly, nano-
TiO2 particles were characterized by X-ray powder diffrac-
tion (XRD), Field-Emission Scanning Electron Microscope
(FESEM), and Dynamic Light Scattering (DLS), and the best
pH for TEP adsorption was calculated in dark condition.
Then, the optimum concentration of nano-TiO2 and pH in
photocatalytic process was studied. At the end, the kinetic
reaction of TEP degradation was suggested as a function of
initial concentration of TEP, nano-TiO2 concentration and
pH.

2. Experimental

2.1. Materials. Triethyl phosphate (TEP) with purity above
99.5%, sodium hydroxide (NaOH) and nitric acid were
obtained from Merck Co. (Germany). Titanium dioxide
nanoparticle (P-25, ca. 80% anatase and 20% rutile) with an
average particle size of 20 nm and a BET surface area of 50.4
m2g−1 was supplied by Degussa, Germany.

2.2. Analysis. The phosphate concentration was measured by
a UV/visible spectrophotometer at a wavelength of 640 nm.
The samples were filtered to remove nanoparticles of nano-
TiO2 particles. The gas chromatograph (GC) was equipped
with a flame-ionization detector and a WCOT fused silica
column (50 m × 250 μm × 0.4 μm) to measure the TEP
concentration.

The X-ray diffraction (XRD) pattern was obtained using
a Philips X’Pert diffractometer (X’pert diffractometer using
CuK α radiation). The average crystal dimension was calcu-
lated using Scherrer’s equation, which was also confirmed
with DLS test. The FESEM (Hitachi, model S-4160) was
used to determine the particle size distribution of nano-TiO2

crystals.

2.3. Adsorption Measurements. The oxidation of TEP was
carried out in a glass batch reactor with six 15 W UV-C
lamps at 25.0± 0.1◦C (Figure 1). The concentration of nano-
TiO2 and TEP was changed from 100 to 1000 mg L−1 and
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Figure 2: The XRD pattern of nano-TiO2 particle.

Table 1: Adsorption of TEP on nano-TiO2 surface (nano-TiO2 =
0.4 g L−1, TEP = 30 mg L−1).

pH value 2 4 7 10 12

TEP 14.01± 0.5 22.3± 0.7 24.7± 0.7 27.2± 0.7 34.02± 0.7

from 10 to 50 mg L−1, respectively. The adsorption value
measurements were carried out with 400 mg/L nano-TiO2 in
dark condition. The pH of solution was stabled with 0.1 M
of NaOH and HNO3 solutions. For complete degradation of
TEP, the phosphate concentration was measured during the
reaction.

3. Results and Discussion

3.1. Structure and Surface Characterization of TiO2. The
XRD patterns of the nano-TiO2 in rutile and anatase phases
are shown in Figure 2. The XRD patterns exhibit strong
diffraction peaks at 27◦, 36◦, and 55◦. Ordinary peaks seen
at 25◦ and 48◦ indicate that TiO2 has been in the rutile
and the anatase phase with the ratio of approximately
20 : 80, respectively. Also, the Degussa materials were random
spherical nanomaterials 10–50 nm in size and composed of
a mixture of ∼8 : 2 anatase (JCPDS card no. 00-21-1272):
rutile (JCPDS card no. 00-21-1276). The crystallite size of
the prepared particles obtained from the width of XRD peaks
using Scherrer’s equation is 20 nm, which can be confirmed
with DLS FESEM image (Figure 3).

3.2. Adsorption of TEP and Cr(VI) Mixture on TiO2. The
effect of the pH values on adsorption behaviour of TEP
on nano-TiO2 particles was investigated. TEP adsorptions
percentages at different pH levels are shown in Table 1. At
the pH value of 12, the adsorption of TEP on nano-TiO2

particles is the highest and minimum percentage of TEP
adsorption is seen at the pH value of 2. In the acidic pH, TEP
is protonized to carry the positive charges, while the surface
of TiO2 is electropositive [8]. Therefore, the acidic pH does
not favour the adsorption of TEP on the TiO2 particles.

3.3. Photocatalytic Degradation of TEP by UV/TiO2. The
intermediate materials such as diethyl phosphate and ethanol



Advances in Materials Science and Engineering 3

0.25

0.2

0.15

0.1

0.05

0
0 50 100 150

V
ol

u
m

e 
(%

)

Particle size (nm)

(a) (b)
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Figure 4: Effect of nano-TiO2 concentration on TEP degredation
(TEP = 30 mg/li, pH = 7).

are produced from TEP photocatalytic degradation, and
subsequently monoethyl phosphate is formed from TEP and
diethyl phosphate. In the final step, TEP and intermediate
products degrade to phosphate, which is known as the end
of TEP degradation. To study the photocatalytic reduction
of TEP by UV/TiO2 process, the kinetic experiments were
carried out at different pH values, TEP and nano-TiO2

concentration by analyzing the phosphate concentration.
The effect of nano-TiO2 concentration on photocatalytic
reaction is shown in Figure 4. In the high concentration of
nano-TiO2 (1000 mg/li), the solution is very dark, which
decreases diffusion zone of UV radiation in the solution
and causes the reaction rate to decline. On the other hand,
low concentration of nano-TiO2 causes the reaction zone to
decrease. Therefore, the best concentration of nano-TiO2 is
400 mg/lit which shows the highest reaction rate.

The effect of pH values on reaction rates is shown in
Figure 5. At acidic pH values, because of proton releasing
in solution, the photocatalytic reaction rate is higher than
alkaline pH. Therefore, it hardly reaches the criteria for
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Figure 5: The effect of pH on reaction rate (TEP = 30 mg/li and
nano-TiO2 = 400 mg/li).

ready photocatalytic degradation. Also, the adsorption of
TEP over the nano-TiO2 particles is another crucial factor
in the photocatalytic reaction rate. Increasing the amount
of TEP adsorption leads to more TEP concentration in the
reaction zone which can improve the reaction rate. The
experimental results show that natural pH has the highest
reaction rate. Degradation rate of TEP at lower pH values
is lower than that of at pH value of 7.0. This can be explained
by the less adsorption amount of TEP on the TiO2 at acidic
pH compared to the pH value of 7; therefore, it can be
said that the adsorption process plays an important role in
photocatalytic reactions.

In Figure 6, the effect of TEP concentration on kinetic
degradation is shown at the pH level of 7. A little trace of
phosphate is observed at an early stage of the photocatalytic
reaction because phosphate forms after the degradation of
TEP, diethyl phosphate, and monoethyl phosphate. After
a lag time, phosphate amount suddenly increases up to
final concentration. These lags were 21.1, 35, and 47 min
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Figure 6: The kenetic rate of TEP (nano-TiO2 = 400 mg/li and
pH = 7).

for 10, 30, and 50 mg L−1 of TEP concentration in solution,
respectively.

The effects of TiO2 and TEP concentration were studied,
and the results are shown in Figure 6. The photocatalytic
reaction rate is very low in low concentration of nano-TiO2

(100 mg/li). As the concentration of nano-TiO2 increases to
400 mg/li, the reaction rate rise to the highest value. Results
show that the reaction rate is only as a function of initial TEP
concentration and TiO2 does not have any effect on it. Also,
it can be seen that total degradation of TEP has a lag time
which is as a function initial concentration of TEP and TiO2

concentration. The suggested kinetic reaction is a zero-order
equation with a lag time as a function of initial concentration
of TEP. The final equation is

dCphosphate

dt
= kred, t > tlag, (1)

where kred = 0.756C−0.29
TEP0

(hr−1) and tlag = 0.567C0.454
TiO2

C0.492
TEP0

(hr).

4. Conclusion

The optimum condition of TEP degradation in nano-TiO2

photocatalytic reaction was obtained. Also, effects of nano-
TiO2 and TEP concentration as well as pH values were
studied using a batch reactor. The results show that the
neutral pH has highest photocatalytic reaction rate while
the highest TEP adsorption is calculated at alkaline pH.
Also, increasing the concentration of nano-TiO2 declines the
photocatalytic reaction rate and rises the lag time which was
seen as TEP concentration increased. At the end, a zero-
order kinetic reaction rate with a lag time was suggested for
complete oxidation of TEP.
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Columnar nanostructured TiO2 films were prepared by sputtering Ti target in pure argon with glancing angle deposition (GLAD)
and subsequent annealing at 400◦C for different hours in air. Compared with sputtering TiO2 target directly, sputtering Ti target
can be carried out under much lower base pressure, which contributes to obtaining discrete columnar nanostructures. In the
present study, TiO2 films obtained by annealing Ti films for different hours all kept discrete columnar structures as the Ti films
deposited in GLAD regime. The longer the annealing time was, the better the phase transition accomplished from Ti to TiO2 (a
mixture of rutile and anatase), and the better it crystallized. In addition, those TiO2 films performed photocatalytic decolorization
effectively and showed a law changing over annealing time under UV light irradiation towards methyl orange, which demonstrated
the potential applications for treatment of effluent.

1. Introduction

With the development of agriculture and industry, the global
environmental problems are becoming more and more
serious and have drawn more and more attention [1, 2]. The
increasing environmental problems create a great demand
for stable and environmentally friendly materials, which
can perform efficient photocatalytic decomposition of haz-
ardous substances before their emission to the environment.
Photocatalytic degradation technique plays an important
role to solve the organic pollution problems because it
combines with solar energy and in perfect agreement with
the requirement of sustainable processes development [3–5].
This technique can degrade organic pollutants into harmless
inorganic substances such as CO2 and H2O under moderate
conditions.

As an efficient photocatalyst, extensive research has been
performed on titanium dioxide (TiO2) along with its pho-
tocatalytic applications for effluent [6, 7]. Titanium dioxide
(TiO2) is nontoxic, chemically stabile and possesses a unique
combination of optical and photochemical properties [8–
10]. The mechanism of TiO2 photocatalytic oxidation is to
offer a highly reactive, nonspecific oxidant, namely hydroxyl

radical (•OH) which is capable of destroying, wide range of
organic pollutants nonselectively and quickly in wastewater
[11–13].

A great amount of literature published for TiO2 photo-
catalytic oxidation indicates the use of TiO2 powders [14],
but the TiO2 powders have some practical problems such
as immobilization and recycling which requires costly sep-
aration procedures after used. The columnar nanostructured
TiO2 film by GLAD [15, 16] in this paper has no problem
with immobilization and recycling and has a relatively larger
surface area compared with flat film which contributes to the
photocatalytic efficiency.

This study investigated columnar nanostructured TiO2

films annealed for different hours to get the law how the
morphology, crystal structure, and photocatalytic properties
change over annealing time at 400◦C in air.

2. Experimental

Ti columnar structure was obtained by GLAD using mag-
netron sputtering and subsequently annealed under appro-
priate conditions to achieve TiO2 columnar structure. And
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Figure 1: Schematic diagram of the GLAD technique in the
magnetron sputtering system.

1 μm

(a)

1 μm

(b)

Figure 2: Cross-section and surface morphology of columnar
nanostructured Ti film by GLAD.
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Figure 3: XRD spectra for columnar nanostructured Ti film by
GLAD.

then some performance tests were carried out to get the
morphology, crystal structure, and photocatalytic properties.

The main technology used in this paper to acquire
columnar structure is glancing angle deposition (GLAD).
The columnar microstructure exhibiting a high degree of
porosity was obtained as a result of the shadow effect [17–
20]. The schematic diagram of GLAD in the magnetron
sputtering system is showed in Figure 1.

The sputtering of Ti in pure Ar was performed at low
pressure (about 0.11 Pa). The distance between the Ti target
and the Si substrate centers was about 11 cm. The purity of
the Ti target was 99.99% (diameter of 60 mm and thickness
of 3 mm). The Si substrates were 3-inchs monocrystalline
([100]) wafers with low resistivity (0.02Ωcm). The deposi-
tion angle between the substrate normal and the incident flux
was fixed at 80◦ (θ1 = 25◦and θ2 = 55◦) for all depositions in
the GLAD regime and was held constant in each experiment.
Ar gas flow was kept 10 sccm during the deposition process
which continued 90 minutes with a deposition power of
201.6 W.

Four groups of samples (columnar nanostructured Ti
films) with size of 13 mm × 10 mm were annealed at 400◦C
in air for 1, 2, 3, and 4 hours, respectively, in quartz tube
furnace to be oxidized and crystallized. Then columnar
nanostructured films of a mixture of rutile and anatase were
obtained.

Characterization was conducted using XRD, SEM, and
UV-vis spectrophotometer.

XRD measurements were performed for structural char-
acterization. The parameters of a diffractometer (U = 45 kV,
I = 200 mA) were the same for all samples. The surface mor-
phologies of the nanostructured films were observed by SEM.
The photocatalytic activities of TiO2 nanostructures were
characterized by photocatalytic decomposition of methyl
orange under UV light irradiation.
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Figure 4: Cross-sections and surface morphologies of columnar nanostructured TiO2 films after annealed at 400◦C for (a) 1 hour, (b) 2
hours, (c) 3 hours and (d) 4 hours.
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Figure 7: Degradation rates of methyl orange with TiO2 sample
annealed for different hours (1, 2, 3, and 4).

3. Results and Discussion

As shown in Figure 2, the Ti film by GLAD in the experiment
has oblique aligned columnar nanostructure with a high
degree of porosity and large surface area. XRD spectra in
Figure 3 demonstrate that there is nothing else but Ti [20].

SEM images of the TiO2 films annealed for 1, 2, 3, and 4
hours, respectively, are presented in Figure 4 (cross-sections
and surface morphologies). There are almost no differences
in discrete columnar morphologies between them [18, 21].
They all keep discrete columnar structures as the Ti films
deposited by GLAD.

The diffraction patterns of the TiO2 films show that
peaks correspond to the known diffraction maxima of the
anatase and rutile phase as marked in Figure 5. The columnar

structure accomplished the phase transition from Ti to a
mixture of rutile and anatase while keeping its discreetness
[12]. XRD shows that the longer the annealing time is, the
better it crystallizes. The average crystallite size D of rutile
was calculated by Scherrer’s equation using the full width at
half-maximum of the XRD peaks of R (110). The sizes of the
rutile grains in the TiO2 films annealed for different hours
are all about 10 nm.

Each TiO2 sample was placed in the center of a small
beaker with 5 mL diluted methyl orange (about 10 μmol/L)
in it, and one beaker without TiO2 sample but methyl orange
was prepared for comparison. The photocatalytic degrada-
tion was performed under 500 W UV lamp for two hours.
The concentration change of aqueous methyl orange is
obtained from transmittance spectrum measured by a UV-
vis spectrophotometer as shown in Figure 6.

Transmittances of methyl orange at 465 nm (a) with
sample annealed for 4 hours after 2-hour UV radiation, (b)
with sample annealed for 3 hours after 2-hour UV radiation,
(c) with sample annealed for 2 hours after 2-hour UV
radiation, (d) with sample annealed for 1 hour after 2-hour
UV radiation, (e) without sample after 2-hour UV radiation,
and (f) without sample and no UV radiation (origin methyl
orange) are 71.0%, 68.3%, 66.0%, 64.0%, 61.0%, and 55.5%,
respectively. According to Beer-Lambert law, absorbance
and concentration of an absorbing species have a linear
relationship, and the relation between A (absorbance) and
T (transmittance) is A = −log T; the degradation rates of
methyl orange (a), (b), (c), (d), and (e) are 41.9%, 35.2%,
29.4%, 24.3%, and 16.0%, respectively [12]. The degradation
rate increases from 16.0% to 41.9% due to the photocatalytic
activity of TiO2 nanostructures [13]. Furthermore, the
degradation rate increases over annealing time as showed in
Figure 7.

4. Conclusions

The columnar structure accomplished the phase transition
from Ti to a mixture of rutile and anatase while keeping
its discreteness after annealed at 400◦C in air. The longer
the annealing time is, the better the phase transition accom-
plishes from Ti to TiO2 (a mixture of rutile and anatase),
and the better it crystallizes. Those TiO2 films all perform
photocatalytic decolorization effectively and reusably under
UV light irradiation towards methyl orange. The degradation
rate increases with increasing annealing time and increases
from 16.0% to 41.9% due to the photocatalytic activity of
the obtained TiO2 nanostructures.
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A simple sol-gel method was used to prepare magnetic Fe3O4/SiO2/TiO2 composites with core-shell structure. Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and transmission
electron microscopy (TEM) have been applied to investigate the structure and morphology of the resultant composites. The
obtained composites showed excellent magnetism and higher photodegradation ability than pure TiO2. The photocatalytic
mechanism was also discussed. The magnetic composites should be extended to various potential applications, such as
photodegradation, catalysis, separation, and purification processes.

1. Introduction

Currently, there has been great interest in the preparation
of core-shell micro- and nanoparticles for their widespread
potential applications in catalysis, chromatography separa-
tion, drug delivery, chemical reactors, and protection of
environmentally sensitive materials [1–4]. Heterogeneous
photocatalysis using semiconducting oxide catalysts is an
effective way to purify wastewater or gas. TiO2-based semi-
conductors have attracted considerable attention due to their
high efficiency, good stability, availability, and nontoxicity
[5–9]. In recent years, in order to enhance the photocatalytic
activity, great efforts have been made to prepare ideal
structure of TiO2-based semiconductors [10–12].

Magnetic separation provides a very convenient ap-
proach for removing and recycling magnetic composites by
applying an added magnetic field. The incorporation of
Fe3O4 magnetic particles into TiO2 matrix may block the ag-
gregation of nanoparticles during renewal and can increase
the durability of the catalysts [13, 14]. Moreover, such cata-
lysts have a high surface area and well-defined pore size,
which enhance their photocatalytic activity [15]. However,
magnetic nanoparticles would inescapably encounter an
hindrance when applied in practice due to the fact that a

photocatalytic reaction is conducted in a suspension. It is
not allowed to use magneton to agitate the mixed solutions.
Therefore, in the experiment, Ar gas is purged so as to make
the magnetic particles suspend in the methylene blue (MB)
solution.

Many efforts have been made in the development of the
design and preparation of magnetic core-shell microspheres.
Ye et al. and Yu et al. reported the magnetic material/SiO2

/TiO2 composites with core-shell-shell structure [16, 17].
Their methods involve superparamagnetic Fe3O4 and γ-
Fe2O3 with an inner layer of SiO2 and outer layer of TiO2 [18,
19]. Their resultant samples exhibit superior photodegrada-
tion ability and can be easily recycled by applying an external
magnetic field. Zhou et al. reported the preparation of
core-shell structure of Fe3O4/SiO2 nanospheres via a modif-
ied inverse emulsion process [20]. Many methods have been
applied to prepare composites with core-shell structure.
However, it remains a great challenge to explore a feasible,
easily controllable, and repeatable method for the prepara-
tion of core-shell nanostructure composites.

Nanosize TiO2 exhibits superior photocatalytic activity
compared to the common TiO2 because of its rough surface
and larger pore volumes. Herein, we directly use the Fe3O4

nanoparticles (a mean diameter of approximately 20 nm) as
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the core of the composites, then a inner layer of SiO2 and
outer layer of TiO2 were coated via a simple sol-gel process
and a rapid combustion process. Silica coating is a necessary
step to prepare core-shell structure because the hydrophobic
Fe3O4 nanoparticles cannot be easily encapsulated in a TiO2

shell [21]. Moreover, SiO2 can be selectively etched onto
the hollow magnetic/TiO2 microspheres, allowing enough
spaces for uploading some materials that can absorb polluted
gas or wastewater. In the photocatalytic experiment, the pH
of solution effect on the photocatalytic activity of catalyst
was investigated and peroxide solution (30%) was added to
enhance the catalyst activity through promoting the forma-
tion of hydroxyl radical and the reduced rate of interfacial
electron transfer. This may open up new possibilities to
synthesize core-shell structure for other composites and ex-
tend their applications.

2. Experimental Section

2.1. Materials and Reagents. Nanoiron (II, III) oxide (spher-
ical, diameter 20 nm, 99.5%) was purchased from Shanghai
Chemical Co., Ltd., China. Ammonia solution and isopropyl
alcohol were obtained from Hangzhou High-Crystal Fine
Chemical Co., Ltd., China. Tetraethoxysilane (TEOS) and te-
trabutyltitanate (TBOT) were purchased from Tianjin Ker-
mel Chemical Reagent Co., Ltd., China. Anhydrous ethanol
was obtained from Hangzhou Changzheng Chemical Rea-
gent Co., Ltd., China. Pure TiO2 was purchased from Degus-
sa Co. Ltd. All reagents were used without further purifica-
tion. Deionized water was used in all experiments.

2.2. Preparation of Fe3O4/SiO2 Nanospheres. The Fe3O4 na-
noparticles (0.25 g) were ultrasonicated for 1 h to make them
uniformly disperse in anhydrous ethanol (40 mL). Con-
centrated ammonium hydroxide (4.5 mL) was diluted to the
above solution, and TEOS (0.8 mL) was quickly added under
vigorous stirring. The solution was left to stir for 12 h. The
product was collected by centrifugation and washed with
anhydrous ethanol three times.

2.3. Preparation of Pomegranate-Like Fe3O4/SiO2/TiO2 Com-
posite Microspheres. The resultant Fe3O4/SiO2 nanocompos-
ites were redispersed in anhydrous ethanol (40 mL). Sub-
sequently, a proper amount of TBOT (1 mL) dissolved in iso-
propyl alcohol (8 mL) was introduced to the system drop-
wise, followed by heating the solution at about 70◦C. The
whole process was under vigorous stirring. After 12 h, the red
brown precipitates were washed with deionized water and
ethanol five times and dried in a vacuum oven at 60◦C for
8 h. Finally, the products were calcined in air at 500◦C for 2 h.

2.4. Characterization. X-ray diffraction (XRD) patterns were
analyzed by X-ray diffractometer using Cu Kα radiation
source at 35 kV, with a scan rate of 0.1◦ 2θ s−1 in the 2θ
range of 10–80◦. The morphology and microstructure of
products were characterized by ULTRA-55 field-emission
scanning electron microscopy (FE-SEM) and JSM-2100
transmission electron microscopy (TEM) equipped with an

TEOS TBOT

Fe3O4 Fe3O4/SiO2 Fe3O4/SiO2/TiO2

Scheme 1: The schematic process for preparing Fe3O4/SiO2/TiO2

composites.

energy dispersive X-ray spectrum (EDS, Inca Energy-200) at
an accelerating voltage of 200 kV. Fourier transform infrared
(FT-IR) spectra were recorded on a Nicolet 5700 spectro-
photometer using KBr pellets for samples.

2.5. Photocatalytic Activity Evaluation. The photocatalytic
activity of Fe3O4/SiO2/TiO2 composites was investigated by
the photodegradation of MB aqueous solution at ambient
temperature. The photodegradation experiments were car-
ried out in a closed box, of which UV radiation source is
100 W high-pressure mercury lamp, its wavelength range
is 290−450 nm, and the peak intensity is 365 nm (Model
OCRS-I, Kaifeng Hxsei Science Instrument Factory, China).
No pure oxygen was supplied because it has enough oxygen
for oxidation photodegradation under continuously stirring
in atmosphere in previous experiment [22, 23]. The initial
MB concentration (C0) was 30 mg/L, the photocatalyst
concentration was 0.5 g/L, and the pH of the solution was
adjusted to 2, 7, and 10 with hydrochloric acid and sodium
hydroxide solution. Before switching on the mercury, we
passed Ar gas into the mixture solution of MB and photo-
catalyst in a dark condition for 30 min to achieve adsorption
balance. The concentration of MB (Ct) was analyzed through
JASCO V-570 UV/Vis/NiR spectrophotometer at λmax =
664 nm. The concentration of MB (Ct) can be obtained by
the following formula (where k is a constant):

A = k × C. (1)

Acetic acid (5 vol%, 5 mL) was also used to be photodegraded
with Fe3O4/SiO2/TiO2 composites (20 mg) and pure TiO2

using the aforementioned method. The amount of evolved
CO2 was determined by a gas chromatograph (GC, Agilent
6890).

3. Results and Discussion

The formation of Fe3O4/SiO2/TiO2 composites can be divid-
ed into two steps (Scheme 1). The first step is the hydrolyza-
tion of TEOS on the Fe3O4 nanoparticles by the classical Stö-
ber method; the silica layer can be easily coated on the surface
of Fe3O4 nanoparticles. Some Fe3O4/SiO2 nanoparticles
would be aggregated, and the hydrolyzation of TBOT on the
Fe3O4/SiO2 composites resulted in the formation of pome-
granate-like structure.
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Figure 1: XRD pattern of Fe3O4/SiO2 (A) and Fe3O4/SiO2/TiO2

composites (B).

The Fe3O4/SiO2 and Fe3O4/SiO2/TiO2 composites were
characterized by XRD. As shown in Figure 1(A), all peaks can
be indexed as the magnetite phase of Fe3O4(JCPDS 19-0629).
No characteristic peaks of SiO2 were detected, indicating that
the SiO2 was amorphous. In contrast to Figure 1(A), the
successful TiO2 coating was confirmed by the presence of
the new peaks (Figure 1(B)). The reduction of Fe3O4 peaks
also confirmed the successful TiO2 coating. The as-prepared
samples displayed good crystallinity; and the TiO2 peaks can
be ascribed to the (101), (004), (200), (105), and (211) planes
of anatase phase (JCPDS 21-1272). According to the Scherrer
equation,

D = 0.89λ(
γ cos θ

) , (2)

where D is the average crystallite size, the factor 0.89 is char-
acteristic of spherical objects, λ is the X-ray wavelength, γ and
θ are the full width at half-maximum and diffraction angle
of an observed peak, respectively. The primary crystallite size
calculated from the (101) peak of the XRD pattern was about
12.64 nm.

FT-IR was used to characterize the composition and
structure of the Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/TiO2

composites. As shown in Figure 2, the Fe3O4/SiO2/TiO2

composites possess more signals than Fe3O4. It has been
reported that the signal at the wave number around
800 cm−1 corresponds to the symmetric vibration of
Si–O–Si, 1080 cm−1 for asymmetric stretching vibration of
Si–O–Si, and 940–960 cm−1 for Si–O–Ti vibration and 500–
900 cm−1 originates from Ti–O–Ti [24, 25]. Silica presence
as an amorphous phase was confirmed by combining the
results of FT-IR and XRD. The presence of water is evidenced
by the appearance of the bending mode at 1630 cm−1 and
the stretching mode at 3370 cm−1. This surface hydrox-
ylation is advantageous for the photocatalytic activity of
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Figure 2: FT-IR spectra of Fe3O4 (A), Fe3O4/SiO2 (B), and
Fe3O4/SiO2/TiO2 composites (C).

Fe3O4/SiO2/TiO2 microspheres because it provides higher
capacity for oxygen adsorption [26].

The morphology and structure of the as-prepared sam-
ples were investigated by field emission scanning electron
microscopy (FE-SEM). Figure 3(a) shows that the Fe3O4

nanoparticles are of a diameter of 20 ± 2 nm. They prefer
to gather together due to their small size and magnetic. The
grape-like Fe3O4/SiO2 nanospheres with a diameter of 25 ±
2 nm are shown in Figure 3(b). This indicated that SiO2

was successfully coated on the Fe3O4 nanoparticles. Figures
3(c) and 3(d) present typical FE-SEM images of as-prepared
Fe3O4/SiO2/TiO2 composites. These images indicate that the
surfaces of Fe3O4/SiO2/TiO2 microspheres are rough and
porous, which favor enhancing the photocatalytic activity
[27]. A large number of Fe3O4/SiO2 nanospheres are encap-
sulated in the core of TiO2 shell, forming the pomegranate-
like structure, which can make the dyes better contact with
the catalysts so as to achieve the purpose of degradation [28].

The morphology and structure of the resultant samples
were further investigated by transmission electron micros-
copy (TEM) (Figure 4). As expected, the Fe3O4/SiO2 nano-
spheres were composed of aggregated spherical particles with
sizes around 25 nm. Moreover, a large number of nanopar-
ticles are encapsulated in the SiO2 layer (Figure 4(a)). In
contrast to the morphology of Fe3O4/SiO2 nanoparticles,
Figure 4(b) clearly displays that TiO2 was successfully coated
on Fe3O4/SiO2 nanoparticles. The EDS pattern (Figure 5)
taken from this area shows the presence of only Fe, Si, Ti,
and O elements.

Magnetic separation provides a very convenient ap-
proach for removing and recycling magnetic catalysts. The
magnetism of Fe3O4/SiO2/TiO2 composites was confirmed
by Figure 6, and the Fe3O4/SiO2/TiO2 composites were tested
in water by placing a magnet near the glass bottle. The
red brown particles can be attracted toward the magnet
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Figure 3: FE-SEM images of Fe3O4 (a) and Fe3O4/SiO2 (b) Fe3O4/SiO2/TiO2 composite microspheres (c, d).
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Figure 4: TEM images of Fe3O4/SiO2 (a) and Fe3O4/SiO2/TiO2

composite microspheres (b).
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500◦C for 2 h.

with time increasing, and the Fe3O4/SiO2/TiO2 almost totally
attracted after 5 min, leaving a clear solution. So the as-
prepared samples can be easily recycled after the achievement
of photocatalytic process.
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(a) (b)

(c) (d)

Figure 6: Digital illumination photographs of Fe3O4/SiO2/TiO2 composites separated from solution by applying an added magnet ((a)
0 min, (b) 1 min, (c) 2 min, and (d) 5 min).
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Figure 7: Photodegradation efficiency of Fe3O4/SiO2/TiO2 composite microspheres and digital illumination photographs at pH 2, 7, and 10
((a) with 1 mL H2O; (b) with 1 mL H2O2).

Figure 7 depicts the photocatalytic activity of Fe3O4/SiO2

/TiO2 composites and shows the digital illumination photo-
graphs of MB aqueous solution under UV light irradiation at
different pH values with H2O2 or without. In the experiment,
we used the deionized water as the blank, comparing with
H2O2 to ensure only a variable. Figure 7(a) shows that the
rate of photodegradation of MB was higher at the neutral

and alkaline environment. 78% photodegradation of MB
solution (pH = 10) was observed after 5 min under UV
irradiation. However, in the acidic condition, only 8.5% of
MB has been photodegraded after 30 min. As shown in the
digital illumination photographs of MB aqueous solution
under UV light irradiation at different pH values. The color
of MB solution fades gradually with irradiation time at
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pH = 7 and 10, but with no distinct change of the color at
pH = 2. This is because the pH influenced the adsorption
property of organic compounds and their dissociating state
in solution. The surface charge properties of TiO2 were also
changed with the changes in pH value due to amphoteric
behavior of semiconducting TiO2 [29]. It is interesting to
see from Figure 7(b) that photodegradation efficiency of MB
at different pH values with H2O2 can reach 60% after 5 min
under UV irradiation. H2O2 enhanced the photodegradation
ability attributed to its electron acceptor behavior, which
reacted with conduction band electrons to generate hydroxyl
radicals. The point of zero charge (pzc) for titanium dioxide
is at pH 6.5. The TiO2 surface is positively charged in acidic
solution and negatively charged in basic solution [30]. Since
MB is a cationic dye, it is conceivable that, at higher pH value,
its adsorption is favored on a negatively charged surface.

In order to demonstrate the photocatalytic activity of
Fe3O4/SiO2/TiO2 composites, acetic acid was selected as
a model organic acid. As shown in Figure 8, the amount
of CO2 evolution increases with irradiation time for
pure TiO2 and Fe3O4/SiO2/TiO2. However, in case of
Fe3O4/SiO2/TiO2, the yield rate of CO2 reaches about
1448.05 ± 6.25μmol h−1 g−1, which is higher than pure
TiO2 (1053.12 ± 7.23μmol h−1 g−1) for 2 h. The higher
CO2 evolution rate for Fe3O4/SiO2/TiO2 sample may be
attributed to rough and porous surface of Fe3O4/SiO2/TiO2

composites, which enhances the photocatalytic activity by
facilitating the access to the reactive TiO2.

The schematic illustration of the charge transfer by
Fe3O4/SiO2/TiO2 composites is summarized in Scheme 2.
Photoexcitation of the Fe3O4/SiO2/TiO2 composites likely
results in charge separation to form electrons and holes (3)
[31]. Photo-generated electrons can directly react with the
absorbed O2 molecules to form ·O2

− active species (4). Pho-
togenerated electrons also capture H2O2 molecules to pro-
duce ·OH and OH− (5). The resultant ·O2

− can react with

CB

VB

O −
2

O2

OH

OH

−

e− e−

h+ h+

•

•

Scheme 2: The scheme of photocatalytic mechanism of
Fe3O4/SiO2/TiO2 composite microspheres.

H2O2 to form ·OH and OH− (6). The obtained OH− can
react with photogenerated holes to generate the hydroxyl free
radical ·OH (7) [32]. Both ·O2

− and ·OH can photodegrade
the MB solution:

TiO2 + hν −→ TiO2 + h+ + e− (3)

O2 + e− −→ O−
2 (4)

H2O2 + e− −→ •OH + OH− (5)

H2O2 + O2
− −→ •OH + OH− (6)

OH− + h+ −→ •OH. (7)

H2O2 enhanced photodegradation ability attributed to
its electron acceptor behavior, which reacted with conduc-
tion band electrons to generate hydroxyl radicals.

4. Conclusion

In summary, the magnetic Fe3O4/SiO2/TiO2 composites have
been prepared by a simple sol-gel method. The morphology
and structure of the resultant samples were characterized
by FT-IR, XRD, FE-SEM, and TEM. The Fe3O4/SiO2/TiO2

composites show excellent magnetism and higher photocat-
alytic activity than pure TiO2 attributed to rough and porous
surface of Fe3O4/SiO2/TiO2 composites, which enhances the
photocatalytic activity by facilitating the access to the reactive
TiO2. The photocatalytic mechanism was also discussed. The
magnetic Fe3O4/SiO2/TiO2 composites should be extended
to various potential applications, such as photocatalysis,
separation, and purification processes.
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Fe-N-S-tri-doped TiO2 photocatalysts were synthesized by one step in the presence of ammonium ferrous sulfate. The resulting
materials were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and ultraviolet-visible diffuse
reflection spectrum (UV-Vis DRS). XPS analysis indicated that Fe (III) and S6+ were incorporated into the lattice of TiO2 through
substituting titanium atoms, and N might coexist in the forms of substitutional N (O-Ti-N) and interstitial N (Ti-O-N) in tridoped
TiO2. XRD results showed that tri-doping with Fe, N, and S elements could effectively retard the phase transformation of TiO2

from anatase to rutile and growth of crystallite size. DRS results revealed that the light absorbance edge of TiO2 in visible region was
greatly improved by tri-doping with Fe, N, and S elements. Further, the photocatalytic activity of the as-synthesized samples was
evaluated by the degradation of phenol under visible light irradiation. It was found that Fe-N-S-tri-doped TiO2 catalyst exhibited
higher visible light photocatalytic activity than that of pure TiO2 and P25 TiO2, which was mainly attributed to the small crystallite
size, intense light absorbance in visible region, and narrow bandgap energy.

1. Introduction

Since the compounds in wastewater were treated by photo-
catalytic oxidation in 1976 by Carey et al. [1], TiO2 nano-
material has been considered as a promising photocatalyst
in the degradation of organic or inorganic pollutants due
to its inexpensiveness, nontoxicity, photostability and strong
oxidation ability. However, TiO2 can only be excited by
UV light, which only occupies a small part of the solar
spectrum [2]. In order to improve the utilization of solar
energy, a great deal of efforts has been made, which include
dye sensitization, coupling of TiO2 with a narrow band gap
semiconductor, noble metal deposition, and doping of TiO2

with foreign ions [3–6]. Among which, doping of TiO2 with
foreign ions has been considered as an effective and feasible
approach to enhance the photoresponse and photocatalytic
activity. Very recently, it was reported that the doping of TiO2

with two or three elements could further improve the light
absorbance in visible region and photocatalytic activity [7–
12]. From then on, many attempts have been carried out.

In this study, Fe-N-S-tridoped TiO2 photocatalysts were
synthesized by one step in the presence of ammonium
ferrous sulfate. Fe (III) and S6+ were incorporated into the
lattice of TiO2 through substituting titanium atoms, and N
might coexist in the forms of substitutional N (O-Ti-N) and
interstitial N (Ti-O-N) in tridoped TiO2. Fe-N-S-tridoped
TiO2 catalyst exhibited a higher visible light photocatalytic
activity for the degradation of RhB than that of pure TiO2

and P25 TiO2.

2. Experimental

2.1. Synthesis of Materials. The Fe-N-S-tridoped TiO2 pho-
tocatalysts were synthesized through sol-gel method in the
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presence of ammonium ferrous sulfate. Firstly, 10 mL of
tetrabutyl titanate was mixed with 40 mL of absolute ethanol.
Then, the titanate-ethanol solution was added dropwise
into another solution, which consisted of 10 mL of absolute
ethanol, 12 mL of dilute nitric acid (1 : 5, volume ratio
between concentration nitric acid and deionized water) and
the desired amount of ammonium ferrous sulfate under
vigorously stirring to carry out hydrolysis. Subsequently, the
mixed solution was continuously stirred for 2 h at room
temperature. After the resulting sol was aged for 6 h and
dried for 36 h at 80◦C, the TiO2 precursor was obtained.
Finally, Fe-N-S-tridoped TiO2 catalysts were successfully
obtained by calcining the TiO2 precursor at 350◦C for 4 h in
an oven with a heating rate of 3◦C·min−1. For comparison,
pure TiO2 was synthesized under otherwise the identical
conditions in the absence of ammonium ferrous sulfate.

2.2. Characterization of Materials. X-ray powder diffraction
(XRD) patterns were performed on a Bruker D8 advance
powder X-ray diffractometer with Cu Kα radiation (λ =
0.15418 nm). X-ray photoelectron spectroscopy (XPS) con-
ducted using a PHI-5700 ESCA system was employed to
characterize the chemical states of tridoped ferrum, nitrogen,
and sulfur atoms in the as-synthesized samples. All the
binding energies were calibrated with respect to the signal
for adventitious carbon (binding energy = 284.6 eV). The
UV-visible diffuse reflectance spectra (DRS) of the samples
were recorded on a UV-2550 UV-visible spectrophotometer
with an integrating sphere attachment. The analyzed wave-
length range was 300∼700 nm, and BaSO4 was used as the
reflectance standard.

2.3. Evaluation of Photocatalytic Activity. The photodegra-
dation experiments were performed in a self-made pho-
toreactor containing 20 mL of 50 mg·L−1 phenol and 20 mg
of catalysts. A 350 W xenon arc lamp equipped with an
UV cutoff filter (λ > 420 nm) was used as the visible
light source. Prior to irradiation, the suspension was stirred
in the dark for 60 min to establish the equilibrium of
adsorption-desorption. At given time intervals, the phenol
concentration was analyzed using the colorimetric method of
4-aminoantipyrineby with an UV-visible spectrophotometer
(UV-2550) at the wavelength of 510 nm after centrifugation
and filtration.

3. Results and Discussion

3.1. XRD Analysis. Figure 1 showed the XRD patterns of the
as-synthesized TiO2 samples. It can be seen that pure TiO2

contained anatase (JCPDS, no. 21–1272), rutile (JCPDS, no.
21–1276) and brookite (JCPDS, no. 29–1360) with anatase
phase in the majority according to their peak intensities.
However, Fe-N-S-tridoped-TiO2 consisted of anatase as the
unique phase (JCPDS, no. 21–1272). Generally, brookite
is a transitional phase from anatase to rutile during the
calcinating process. Thus, it can be induced that tri-doping
with Fe, N, and S elements could effectively retard the phase
transformation of TiO2 from anatase to rutile. In addition,
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Figure 1: XRD patterns of pure and Fe-N-S-tridoped TiO2 photo-
catalysts.

no XRD peaks related to the dopants were detected. One
reason was that the concentration of the dopants was so
low that it cannot be detected by XRD. The other was
that the dopants were incorporated into the lattice of TiO2

by substituting oxygen and titanium atoms or located in
the interstitial sites. Further, the average crystallite sizes
of the as-synthesized TiO2 samples can be calculated by
applying the Debye-Scherrer formula [13] on the anatase
(101) diffraction peaks. After calculating, the crystallite sizes
were found to be 10 and 5 nm for pure and Fe-N-S-tridoped
TiO2, respectively. Thus, we can conclude that tri-doping
with Fe, N, and S elements could effectively retard the phase
transformation of TiO2 from anatase to rutile and growth of
crystallite sizes.

3.2. XPS Analysis. In order to investigate the chemical states
of dopants in Fe-N-S-tridoped TiO2 photocatalyst, high-
resolution XPS of Fe2p, N1s, and S2p were measured and
shown in Figure 2. As shown in Figure 2(a), two peaks
at 710.9 and 723.9 eV seen from the Fe2p core-level XPS
spectrum were assigned to Fe2p3/2 and Fe2p1/2 photo-
electrons [14, 15], respectively, demonstrating that Fe was
incorporated into the lattice of TiO2 through substituting
the lattice titanium atoms as the form of Fe (III). As seen
from Figure 2(b), two peaks at binding energies of 399.6 and
401.6 eV were observed. The first major peak was attributed
to the substitutional N in the O-Ti-N structure [10, 16],
indicating that some lattice O atoms were substituted by
N atoms. The latter peak was attributed to the presence of
interstitial N state as the characteristic of Ti-O-N in the
doped TiO2 sample [17, 18]. As seen from Figure 2(c), a
single S2p peak located at 168.8 eV was observed, which
was attributed to the presence of S6+, suggesting that S was
incorporated into the lattice of TiO2 through substituting
titanium atoms [19, 20].

3.3. DRS Analysis. The optical properties of as-synthesized
TiO2 samples were investigated by UV-visible diffuse
reflectance spectra and shown in Figure 3. As seen from
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Figure 3, in both pure and Fe-N-S-tridoped TiO2 samples,
the onset of absorption edge was observed at 388 nm,
corresponding to the band gap energy of 3.20 eV from

anatase TiO2. However, the absorbance edge of Fe-N-S-
tridoped TiO2 was greatly red-shifted to visible light region.
As shown in [21], the typical absorbance edge of N-doped
TiO2 was ranged from 380 to 500 nm due to the formation
of localized N2p level above the top of valence band edge.
Thus, in this study, the enlarged light absorbance in the
range of 380∼500 nm was attributed to the N doping,
while the enhanced absorbance in the range of 500∼700 nm
was possibly due to the synergistic contribution from the
tridoped species. Thus, it is reasonable that the Fe, N, and
S elements were indeed incorporated into the lattice of
TiO2, leading to the difference in the crystal and electronic
properties of the tridoped TiO2.

3.4. Photocatalytic Activity. The degradation of phenol was
used to evaluate the photocatalytic activities of the as-
synthesized TiO2 samples. The photocatalytic activity of
P25 TiO2 was conducted as a reference. The experimental
results were shown in Figure 4. Obviously, as seen from
Figure 4, Fe-N-S-tridoped TiO2 exhibited higher visible light
photocatalytic activity than that of pure TiO2 and P25 TiO2,
for which 85.9% of phenol can be degraded after 2 h of
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visible light irradiation. The enhanced photocatalytic activity
was mainly attributed to small crystallite size, intense light
absorbance in visible region and narrow band gap energy.

4. Conclusions

In summary, Fe-N-S-tridoped TiO2 photocatalyst was suc-
cessfully synthesized by one step in the presence of ammo-
nium ferrous sulfate. Fe (III) and S6+ were simultaneously
incorporated into the lattice of TiO2 through substituting
titanium atoms, and N might coexist in the forms of
substitutional N (N-O-Ti) and interstitial N (O-Ti-N) in
tridoped TiO2. In addition, tri-doping with Fe, N, and S
elements could effectively retard the phase transformation
of TiO2 from anatase to rutile and growth of crystallite size.
The light absorbance edge of TiO2 was greatly improved by
tri-codoping with Fe, N, and S elements. The as-synthesized
Fe-N-S-tridoped TiO2 presented higher visible light pho-
tocatalytic activity for the degradation of phenol than that
of pure TiO2 and P25 TiO2. The enhanced photocatalytic
activity was mainly attributed to the small crystallite size,
intense light absorbance in visible region, and narrow band
gap energy.
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