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bstract

Sn4+ doped and undoped nano-TiO2 particles easily dispersed in water were synthesized without using organic solvent by hydrothermal process.
anostructure-TiO2 based thin films were prepared on flyswatter substrate, made with stainless steel, by dip-coating technique. The structure,

urface and optical properties of the particles and thin films were characterized by element analysis and XRD, BET, SEM and UV/vis/NIR
echniques. The photocatalytic performance of the films were tested for degradation of Malachite Green dye in solution under UV and vis-lights.
he results showed that the coated flyswatter has a very high photocatalytic performance for the photodegradation of Malachite Green irradiated
ith UV and vis-lights. The results also proved that the hydrothermally synthesized nano-TiO2 particles are fully anatase crystalline form and
re easily dispersed in water, the coated surfaces are hydrophilic, and the doping of transition metal ion efficiently improved the degradation
erformance of TiO2-coated flyswatter. The photocatalytic performances determined at both irradiation conditions were very good and were almost
imilar to each other for Sn4+ doped TiO2-coated flyswatter and it can be repeatedly used with increasing photocatalytic activity compared to
ndoped TiO2-coated flyswatter.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Malachite Green is one of the carcinogen organic molecules
MG), the triarylaminnethane dye, is still illegally used in aqua-
ulture as a fungicide on larvae and juvenile fish, parasiticide and
n food, textile and other industries for one or the other purposes.

G is rapidly adsorbed, metabolized to its reduced derivative
eucobase leucomalachite green (LMG) and then excreted. How-
ver, it has now become a highly controversial compound due to
he risks, it poses to the consumers of treated fish [1] including its
ffects on the immune system, reproductive system and its geno-
oxic and carcinogenic properties [2]. Though the use of this dye

as been banned in several countries and not approved by US
ood and Drug Administration [3], it is still being used in many
arts of the world due to its low cost, availability and efficacy [4].

∗ Corresponding author at: Nano-TiO2 Synthesis and Application Laboratory,
nönü University, Turkey. Tel.: +90 422 341 0010; fax: +90 422 341 0042.
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considerable amount of research is being devoted to work out
he wide spectrum of biological effects that it exerts on different
nimals and mankind. The US Food and Drug Administration
as nominated MG as a priority chemical for carcinogenicity
esting. There is concern about the fate of MG and reduced form,
MG, in aquatic and terrestrial ecosystems, since they occur as
ontaminants and are potential human health hazards.

The toxicity and mass production of MG, LMG or the other
yes lead to the necessity of treatment. Usually, the conven-
ional biological treatment processes do not readily remove dyes
rom textile wastewater, because of their resistance to biologi-
al degradation [5,6]. Various chemical, physical and biological
rocesses are currently used such as flocculation, ultrafiltration,
dsorption, ozonation and chlorination [7]. These processes are
ot efficient because they appear in solid wastes, thus creat-
ng other environmental problems requiring further treatment.

herefore, it is necessary to find an effective method of wastew-
ter treatment in order to remove hazardous dyes and organics
rom industry effluents [6]. One of the new methods of wastewa-
er treatment containing dyes is their photocatalytic degradation

mailto:hsayilkan@inonu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.03.036
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n solutions illuminated with UV irradiation, which contains a
uitable photocatalyst. Semiconductor photocatalysis, SPC, has
een the subject of extensive research over the past two decades
s a possible route to providing clean water, air and surfaces
8–10]. Invariably the semiconductor is anatase titanium diox-
de, because of its chemical and biological inertness, mechanical
oughness, excellent photocatalytic activity, low cost and easi-
ess of deposition [11,12]. Extensive research into SPC using
iO2 has shown that TiO2 photocatalyst films are self-cleaning

n that most of the organic pollutants including many pesticides,
urfactants, and carcinogens [13,14] that go to make up the
irt and grime that deposit on window glasses, ceramics and
etal surfaces are readily mineralised by oxygen via the pho-

ocatalytic process. In addition, titania along with some other
emiconductors, has the additional feature of photo-induced
uperhydrophilicity, PSH, in which the surface of the photo-
atalyst becomes much more wettable, i.e. more hydrophilic,
pon irradiation with ultra-bandgap light [15,16]. As a con-
equence, many commercial products have emerged in recent
ears, including water and air purification systems and self-
leaning, antifogging and sterilizing tiles and glasses [17]. The
atter in particular have met with significant commercial suc-
ess and are now sold worldwide by most of the major glass
anufacturers throughout the world [18,19].
When exposed to UV light, organic compounds can be bro-

en down with TiO2 films and enable water to spread evenly
n their super hydrophilic surface to easily realize surface self-
leaning. Many researchers have focused on this subject [20,21].
n order to synthesize TiO2, different processes have been
eported, such as sol–gel process [22], non-hydrolytic sol–gel
oute [23], ultrasonic technique [24], chemical vapor deposi-
ion [25], microemulsion or reverse micelles and hydrothermal
rocess [26–29]. A multitude of polar, non-polar, aqueous or
rgano-aqueous solvents have been used in these processes.
igh calcination temperature above 450 ◦C is usually required

o form regular crystal structure in these processes, except for
he hydrothermal process. However, in the meantime, the high
emperature treatment can decline the surface area and surface
ydroxyl or alkoxide groups on the surface of TiO2, which pro-
ide easy dispersion in different solvent system, are lost. As
ar as the authors of this study are concerned there is no method
mployed without calcination to produce anatase TiO2 particles,
xcept for the hydrothermal process. Thus, the hydrothermal
rocess was applied to synthesize mesopore Sn4+ doped nano-
ized TiO2 particles at low temperatures without using organic
olvent, which seems to be really attractive to further improve
he photocatalytic activity of TiO2. It is important to note that
ydrothermally obtained powders are produced with different
icrostructure, morphology and phase composition by varying

arameters such as temperature, pressure, duration of process,
oncentration of chemical species, solution concentration and
H [30–32]. Compared with the other TiO2 powders, TiO2
anoparticles synthesized by hydrothermal process in this work

ave important advantages, such as being in anatase crystalline
orm, having fine particle size with more uniform distribution
nd high-dispersion ability either in polar or non-polar solvents
nd easy coating on different supporting material. In this work,
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s Materials 148 (2007) 735–744

hotocatalytic activity of Sn-doped TiO2 and undoped TiO2 thin
lms supported on flyswatter were examined for degradation
f Malachite Green (MG) in aqueous solutions under UV and
is-lights and the results were compared.

. Experimental

.1. Chemicals and apparatus

As starting precursors, the following reagents were
mployed: titanium (IV)-n-butoxide, [Ti(OBun)4, 97%, Fluka],
s TiO2 source; tin(IV) chloride (Alpha, 98%) as dopant;
eionized water as hydrolysis agent; 3-glycidoxypropyl-
rimethoxysilane (GLYMO, Aldrich, 98%) and tetraethy-
orthosilicate (TEOS, Aldrich, 98%) as binder reagents;
ydrochloride acid (Merck, 37%) as catalyst; 2-butoxyethanol
2-BuOEtOH, Aldrich, 99%) and ethyl alcohol (EtOH, 96%) as
olvents. Malachite Green (MG) which was used as a model pol-
utant and purchased from a local textile factory was of analytical
eagent grade.

Berghoff model hydrothermal unit interfaced with a tem-
erature (up to 240 ◦C) and time controller unit was used for
ynthesizing nano-TiO2 photocatalysts. Phase characterization
f the hydrothermally synthesized powders were studied by
RD technique. XRD patterns were recorded in the 2θ range
f 10–70◦ with an automated X-ray diffractometer (Model
/MAX-B, Rigaku Co., Tokyo, Japan) using Cu K� radiation

λ = 1.5418 Å) in the step scanning mode, with tube voltage of
5 kV and tube current of 30 mA. The 2θ step size was 0.04 and
scanning rate of 1.5. min−1 was used.

Average crystallite sizes of the nano-TiO2 particles were also
stimated from the broadening of corresponding X-ray spectral
eak by Scherrer equation:

=
[

kλ

dh k l cos(θ)

]

here λ is the wavelength of X-rays, θ the Bragg angle, dh k l the
verage crystallite size, and β is the full width at half maximum
ntensity of the peak observed at 2θ = 25.12 (converted to radian)
nd k is a constant usually applied as ∼0.9.

The BET surface area, average pore diameter and micropore
olume of the nanosized-TiO2 particle was calculated from the
2 adsorption isotherm using ASAP 2000 model BET analyzer

t liquid N2 temperature. During the BET analysis, sample was
egassed at 130 ◦C for 4 h before N2 adsorption. Pore size distri-
ution of nano-TiO2 was computed by the DFT plus method. C
nd H elements in the hydrothermally synthesized TiO2 particle
ere analyzed by using element analyzer (LECO 932 Model).
l was analyzed by means of potential measurement using Orion
6-17B Model Cl electrode. The amount of Sn (mol/mol, %) in
n-doped TiO2 was determined by AAS analysis (Perkin-Elmer,
nalyst 800 model). Contact angles of the coatings with water
ere measured by using a goniometer (RAME HART 100-00

odel). Film thickness on the stainless steel plate (2 cm × 2 cm)

urface, prepared at the same coating conditions for coating
f the flyswatter, was measured by Perthometer (MAHR-M1
odel).
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Dye concentration in the aqueous solution after irradiation
as measured by a Varian Carry 5000 model UV–vis–NIR

pectrophotometer. Coated flyswatter/dye solution was irradi-
ted with/without 400 nm cut-off filter without shaking and Solar
ox 1500 model (Erichsen, Germany) radiation unit with Xe-

amp (690 W m−2) and a controller for timing and power input
390–1100 W m−2).

.2. Nanosized-TiO2 photocatalyst synthesis

TiO2 photocatalysts were synthesized using a hydrothermal
nit similar to that described by Akarsu, Arpaç and co-workers
33,34]. In a typical preparation procedure, Ti(OBun)4 was

ooled in an ice-bath, then HCl was added into cooled solu-
ion by drop using a burette. After stirring a few minutes at
mbient temperature, required amount of tin(IV) chloride was
uddenly added. The last solution was stirred until it formed a
lear and homogeneous solution at ambient temperature. Then,
he water was added into the last solution dropwise by burette.
Cl/Ti(OBun)4, SnCl4/Ti(OBun)4 and H2O/Ti(OBun)4 ratios

mol/mol) were 0.296, 0.05 and 2.06, respectively. The gela-
ion occurred after adding water. The reaction was allowed for
few hours, then the viscose solution was obtained. The teflon

rucible of 250 ml capacity was filled with sol-solution up to
0% of the total volume, then left in a pre-heated (200 ◦C)
tainless steel autoclave device. The reaction was allowed at
00 ◦C for 1 h. After this time, autoclave was removed from the
ydrothermal unit and cooled to room temperature, naturally.
s-obtained powders were separated by decantation and dried

sing a rotary evaporator at 25 mbar and 40 ◦C for 5 h. Thus,
anosized promrise yellow TiO2 crystallites were obtained. The
ndoped nano-TiO2 with a white color particle was synthesized
ithout using dopant with the same procedure described above.

G
fi
a
i

s Materials 148 (2007) 735–744 737

.3. The preparation of TiO2 sol

The transparent TiO2 sol prepared in water (or organic
olvent) is important for preparing the high photocatalytic coat-
ng solution [33,34]. The TiO2 particles should be included
o polar groups, such as alkoxide or hydroxyl, on their sur-
aces for obtaining transparent TiO2 sol in water and/or
ther polar solvents. It is important note that, in this case,
he hydrothermal TiO2 synthesis conditions are very impor-
ant for obtaining the transparent TiO2 sol in polar and/or
on-polar solvents. The controlled hydrolysis-condensation
eactions of Ti-alkoxides are realized with this process as shown
elow:

TiO2 sol was prepared by ultrasonically dispersing the TiO2
n deionized water without using dispersant. The water and TiO2
articles were treatment in ultrasonic bath for a few minutes.
inally, the transparent TiO2 sol occurred. A schematic repre-
entation of the transparent TiO2 sol formation in polar solvent
ystem is shown in Scheme 1.

.4. The preparation of coating solution

The coating solution was prepared at room temperature
ased on the same procedure described by Arpaç and co-
orkers [34]. For preparing coating solution, (mol/mol ratios
f each component were presented in parantheses), GLYMO
as first reacted with TEOS for 10 min (GLYMO/TEOS:
), then EtOH was added to this mixture (EtOH/GLYMO:
0.5) and stirred for 10 min. HCl was allowed to react with

LYMO/TEOS/EtOH for 10 min (HCl/GLYMO: 0.05) and
nally H2O was added to GLYMO/TEOS/EtOH/HCl and
llowed to react for 10 min (H2O/GLYMO: 6.3). Thus, the coat-
ng solution was prepared. TiO2 sol (10 g) was added into the
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Scheme 1. Transparent TiO2 sol formation in polar solvent system.

oating solution (10 g) and the mixture was stirred for 15 min
efore adding 2-BuOEtOH (8 g) stirring for 40 h. Finally, trans-
arent and colorless solution was obtained. Two sides of the
yswatter, which has pores with 0.2 cm × 0.2 cm, surfaces were
oated with this solution using dip-coating technique (draw-
ng and dipping rate are 3.2 cm/min), and the pores of the
yswatter was opened by using an air blower. Since it is nec-
ssary to filter the water either in industrial applications or
n swimming pools before the remediation or the removal of
ontaminants and provided this type of filters can remedi-
te or clean the contaminants directly by catalytic effect, an
mportant difficulty will be in situ eliminated, flyswatter gained
hotocatalytic activity was found applicable and used in this
tudy.

For curing, the coated surface was treated at 100 ◦C for

0 min. For obtaining hydrophilic surface, the coated surfaces
ere irradiated under UV lamp operating at 8 W for 60 min.
he amount of TiO2 in coatings prepared doped and undoped

t
f
r

cheme 2. Photoreactor system. (A) UV irradiation applied without filter, (B) vis irr
(a) Solar Box irradiation unit, (b) Sn doped TiO2-coated glass plate, (c) dye solution
lter).
s Materials 148 (2007) 735–744

iO2 was 52.63 wt%, as calculated by taking consideration the
mount of SiO2 originating from GLYMO and TEOS and TiO2
rom TiO2 sol.

.5. Photocatalytic degradation of Malachite Green

Malachite Green (MG) is a common chemical that is used
xtensively in a variety of industrial applications. Therefore,
t is chosen to be as a model pollutant. The photocatalytic
egradation intermediates of MG were not determined in this
tudy. The coated flyswatter (2.5 cm × 5 cm) was immersed into
5 ml aqueous MG solution with a concentration of 5 mg/l in a
olystyrene reaction cell, which has six separate sample com-
artments and one cover. The cell was immediately located in the
olar Box ready for UV-irradiation inducing the photochemical
eaction to proceed. The coated flyswatter/dye solution was irra-
iated in the vertical direction without shaking and the distance
etween the UV lamp and flyswatter/dye solution system was
ept within 20 cm. The change of MG concentration with respect
o irradiation time was measured using a UV/vis/NIR spec-
rophotometer. The photocatalytic performance of the coated
yswatter was determined without cut-off filter for UV irra-
iation, and with 400 nm cut-off filter for vis irradiation. The
hotocatalytic reactor system used for testing the photocatalytic
erformance of undoped and Sn doped TiO2-coated surfaces is
hown in Scheme 2.

.6. Catalyst re-use studies

Flyswatters coated with undoped and Sn-doped TiO2 were
he first use, so-used flyswatter was again employed to degrade a
resh MG solution under the same conditions. The process was
epeated for three times. Before using repeatedly, the coated

adiation applied with UV cut-off filter, (C) UV measurement after irradiation.
, (d) control unit of the Solar Box, (e) UV lamp, (f) UV lights and (g) glass UV
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Table 1
Some physicochemical characteristics of the synthesized undoped and Sn-doped
TiO2 and the films

Undoped 16TiO2 Sn-doped TiO2

Particle property
Crystalline type Anatase Anatase
Crystallite size (nm) 9.96 9.24
BET surface area (m2 g−1) 40.84 97.83
Micropore area (m2 g−1) 39.31 19.87
Micropore volume (cm3 g−1) 0.022 0.011
Adsorption average pore diameter

(Å)
13.12 21.16

Film property
Film thickness (�m)a 15 21
Contact angles with water

(before/after irradiation)a
60◦/25◦ 69◦/8◦
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yswatters was stored in the dark at room temperature for a
ight.

. Results and discussion

The XRD of hydrothermally synthesized TiO2 samples, as
resented in Fig. 1, indicates that the TiO2 particles in the anatase
rystalline form corresponds well with the PDF#21-1272 data
les. It was found that all peaks were observed at 25.16◦, 37.91◦,
8.19◦, 55.01◦ (for undoped TiO2) and 25.12◦, 37.88◦, 48.07◦
nd 54.52◦ (for Sn-doped TiO2). 2θ values are consistent with
natase (1 0 1), (0 0 4), (2 0 0) and (2 1 1) spacing. The other crys-
alline forms of TiO2, i.e. rutile and brookite, have not been
etected, as reported in our previous works [34]. The present and
revious works show that Sn-doped and undoped TiO2 photocat-
lysts which have same crystallite structure can be synthesized
y the different crystallization routes from different precursor
33,34]. In addition, no Sn phase, as examined according to the
ensitivity of XRD method, was found in XRD pattern. Based
n the main chemical state of Sn4+, it can be concluded that Sn
ons completely dissolved among the anatase crystallite in the
tudied composition [35]. In the region of 10–70◦, the shape of
iffractive peaks of the crystal planes of Sn-doped TiO2 (curve b)
s almost similar to that of undoped TiO2 (curve a), however the
osition of the diffraction peaks between of Sn-doped TiO2 and
ndoped TiO2 are slightly shifts to smaller diffraction angles. It
s known that there are two kinds of doping modes; interstitial
nd substitutional, for doped metal ions in oxides, depending
rimarily on the electronegativity and ionic radius of the doping
etal ions. If the electronegativity and ionic radius of the doping
etal ions match those of the lattice metal ion in oxides, the dop-

ng metal ion will substitute itself for the lattice in the doping
eactive process (substitutional mode). If the electronegativity
f the doping metal ion approaches that of the lattice metal ion
nd its ionic radius is smaller than that of the lattice metal ion,
he oxide lattice spacing will be larger than the ionic radius of
he lattice metal ions, which will enter into the crystal cell of the
xide (interstitial mode) [21,36]. Since the electronegativity and
he ionic radius of Sn4+ ion (1.8, 69 pm) approach those of Ti4+

4+
on (1.5, 53 pm) in TiO2 [24], it is expected that Sn ions will
eplace lattice Ti4+ ions and thus occupy lattice Ti4+ positions
n the doping reactive process. The ionic radius of the doping
n4+ ion is larger than that of the lattice and increment the lattice

Fig. 1. XRD patterns of nano-TiO2 particles.
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a These measurements were performed for the coated stainless steel plate
5 cm × 5 cm).

arameters and cell volume of Sn-doped TiO2 compared with
hose of TiO2. As a result, the position of all the diffraction peaks
f Sn-doped TiO2 should slightly lower diffraction angles.

According to Sn analysis carried out by AAS in the cen-
rifuged solution obtained after the hydrothermal treatment, the
oping ratio was obtained as 4.92 [Sn4+/Ti(OBun)4; mol/mol,
]. This result shows that, the Sn4+ ions was almost doped into

iO2 lattice. The other elements (C, H and Cl) in undoped TiO2
article were 10.49% C, 2.52% H and 2.90% Cl, which means
hat purity of the undoped TiO2 is 84.09%, and in Sn doped TiO2
article were 10.05% C, 2.57% H and 2.97% Cl, which means
hat purity of the Sn-doped TiO2 is 82.18%.

Some of the physicochemical properties of the synthesized
n doped and undoped TiO2 particles and the films are shown

n Table 1.
As can be seen from the table, while the BET surface area

nd adsorption average pore diameter of the undoped TiO2 are
maller, micropore area, crystallite size and micropore volume
re bigger than Sn doped TiO2. From these properties, especially
urface area affects the photocatalytic properties of these pho-
ocatalysts. According to the result of DFT plus method [37],

icroporosity (percentage of micropore to total pore volume,
mi/Vtot) dominated and distributed very little in the range of
4–20 Å for undoped TiO2. Whereas, mesoporosity (percentage
f mesopore to total pore volume, Vms/Vtot) dominated and dis-
ributed large area in the range of 12–32 Å for Sn-doped TiO2.
otal pore volume was estimated from nitrogen adsorption at
relative pressure of 0.995. The microporosity and the meso-

orosity were 98.6% and 1.4%, respectively, for undoped TiO2.
he mesoporosity and microporosity for Sn-doped TiO2 were
9% and 21%, respectively. On the other hand, the TiO2 parti-
les have just a little bit macroporosity in the 50.5–100.5 Å as
ess than 0.1%.

UV/vis absorption spectra of TiO2 particles synthesized in
his work are identical to the spectra reported in a previous work

34]. The doping Sn4+ results in a sharp increase in the absorp-
ion of TiO2 photocatalyst in visible region, leaving unaffected
ntrinsic band gap of anatase TiO2. The band edge absorption at
380 nm is accompanied by a broad and continuously decreas-
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ng absorption in the range 380–560 nm. The greatly red-shift
380–560 nm) can be attributed to the electron transfer transi-
ions between conduction band (CB) and/or valance band (VB)
f SnO2 and conduction band (CB) and/or valance band (VB)
f TiO2. The extended absorbance of Sn doped TiO2 photocat-
lyst in the visible region provides a possibility for enhancing
he photocatalytic performance of TiO2.

While SnO2 and TiO2 are quite similar in spectral responses
s both are large bandgap semiconductors, SnO2 has a wide band
ap energy than TiO2 (Eg, bandgap energy, for SnO2 = 3.8 eV
hile Eg for TiO2 = 3.2 eV) [38]. Though the band gap of SnO2 is
ider than that of TiO2, its conduction band is at a lower energy

evel than that of TiO2 as shown in Scheme 2. The electrical con-
uctivity of SnO2 is better than that of TiO2. Hence, in a mixture
f TiO2 and SnO2, it could be expected that the photogenerated
lectrons from TiO2 is transferred easily into the SnO2 under-
ayer, [(TiO2)e−

CB → (SnO2)e−
CB], and holes oppositely flow

nto the TiO2 overlayer, [(SnO2)h+
VB → (TiO2)h+

VB] [39,40].
onsequently, more holes reach the TiO2 surface to oxidation

hereat in surface. The electrons would be accumulated in the
nO2 underlayer. In addition, as the molar ratio of SnO2 is lower

han that of TiO2, each SnO2 particle is surrounded more by
iO2 particles, the photogenerated electron from TiO2 conduc-

ion band may be passed to the SnO2 conduction band or the
lectrons from the SnO2 valence band may be excited to its con-
uction band by illumination. However, since SnO2 particle is
urrounded by many TiO2, to which it cannot transfer the pho-
ogenerated electron, the electrons cannot further travel to the
uter circuit and so on. It can be concluded that this phenomenon
lays important role in the photocatalytic performances of these
ype of semiconductors.

Typical SEM images of Sn-doped and undoped TiO2 particles
re shown in Fig. 2. Fig. 2a and b indicates that shape of the
articles are quite similar to each other and likely to become
pherical in general. In the SEM images seen that the some
iO2 particles are agglomerates. The agglomeration may result
rom the hydrothermal treatment conditions. However the size
istribution of the powder was not determined, the size of the
articles varies in the range of 1.02–8.25 �m for Sn-doped TiO2
nd of 1.07–11.72 �m for undoped TiO2, as measured using the
EM images. Introduction of Sn4+ ion decreased the size of the
owder and gained more spherical shapes.
One interesting result obtained in this work is that the crys-
allite size and the particle size (Table 1 and Fig. 2) of the Sn4+

oped TiO2 were smaller than that of undoped TiO2, which can
ignify that the presence of Sn4+ in the reactional media might

m
S
f
w

able 2
dentification of the N-de-methylation intermediates of the MG dye by HPLC–ESI–M

-de-methylation intermediates

is(p-dimethylaminophenyl)phenylmethylium
p-Dimethylaminophenyl)(p-methylaminophenyl)phenylmethylium
p-Methylaminophenyl)(p-methylaminophenyl)phenylmethylium
p-Dimethylaminophenyl)(p-aminophenyl)phenylmethylium
p-Methylaminophenyl)(p-aminophenyl)phenylmethylium
is(p-aminophenyl)phenylmethylium
ig. 2. Typical SEM microphotograph of: (a) undoped TiO2 particle and (b)
n-doped TiO2 particle.

e used to control the particle and crystallite sizes of the oxides.
liviera et al. [41] reported that the particle size of (Ti,Sn)O2
ixed oxides prepared by the sol–gel process lower than the pure
iO2. Leite et al. [42] also reported a novel approach to control
article size of Nb2O5 doped (5 mol%) SnO2 prepared by the
olymeric precursors method. They observed that Nb2O5–SnO2

ixed oxide is formed with lower crystallite size than the pure
nO2, with an Nb2O5–SnO2 solid solution restricted to the sur-
ace of particles. The lower crystallite size of doped particles
as attributed to this surface effect, with the Nb2O5 preventing

S

ESI–MS peaks (m/z) Absorption maximum (nm)

329.26 620.1
315.18 607.9
301.22 598.1
301.22 599.0
287.08 589.6
NA NA
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he formation of necks between particles and the process of coa-
escence. The similar effect can be occurring in Sn4+ doped TiO2
article synthesized in our work. There are important differences
etween the oxide of this present study and their oxides. For
xample, Sn4+ doped and undoped TiO2 particles were synthe-
ized by the hydrothermal process at low temperature (200 ◦C)
nd very low reaction time (1 h), organic solvent is not used
uring the synthesis reaction, the obtained particles were fully
natase crystalline form and easily dispersed in water without
sing dispersant.

As can be also seen from Table 1, the film thickness was
easured as 15 and 21 �m for Sn4+ doped and undoped TiO2-

oated surfaces, respectively. In addition, the contact angles of
he irradiated surfaces with water were found to be 8◦ and 25◦ for
n4+ doped and undoped TiO2 (not shown here)-coated stainless
teel plate surfaces. These results reveal that the contact angle
ecreases during the irradiation. For example, while the contact
ngle was 8◦ and 25◦ on the irradiated surfaces, they were 60◦
nd 69◦ on the unirradiated surface. The decrease in the contact
ngle can be attributed to the reaction of produced electrons and
oles in a different way. According to Fujishima et al. [20], the
lectrons tend to reduce the Ti(IV) cations to the Ti(III) state
nd the holes oxidize the O2− anions. In this process oxygen
toms are rejected, creating oxygen vacancies. Water molecules
an then occupy these oxygen vacancies, producing adsorbed
H groups, which tend to make the surface hydrophilic. There-

ore, we can conclude that the irradiated surface has hydrophilic
roperty. This property has an important role for photocatalytic
roperties. As can be seen from Fig. 3, water drop spreads as
thin film on the irradiated stainless steel plate surfaces coated
ith Sn4+ doped TiO2.

The photocatalytic activity results for Sn-doped and

ndoped TiO2-coated flyswatters exposed for the photodegra-
ation of MG under both UV and vis-lights are shown in
ig. 4a–d.

T
i
u
u

Fig. 4. Photodegradation of MG with Sn4+ doped (a and b) and undoped TiO
Fig. 3. Hydrophilic surface image on the stainless steel plate.

As shown in Fig. 4, the photocatalytic performance of Sn-
oped TiO2 film for the degradation of MG is higher than that of
he undoped TiO2 thin film under UV and vis-lights. According
o results of repeated usage experiments performed under UV
nd vis-lights, doping of Sn4+ ion improves the photocatalytic
ctivity. After the third use, the photocatalytic performance of
n-doped TiO2 thin film was almost similar to first, second
nd third use under UV and vis-lights (Fig. 4a and b), whereas
he undoped-TiO2 thin film showed a decreased photocatalytic
ctivity from first to third use (Fig. 4c and d). After irradiation for
30 min, the MG (5 mg/l) was degraded as 96%, 94% and 93%
fter first, second and third use under UV irradiation, and was
egraded as 94%, 94% and 93% under vis irradiation, respec-
ively, with Sn4+ doped TiO2 thin film. On the other hand, the MG
as degraded as 89%, 87% and 84% after first, second and third
se under UV irradiation, and was degraded as 74%, 68% and
2% under vis irradiation with undoped TiO2 thin film, respec-
ively. It is known that the photocatalytic activity of anatase

iO2 is very high under UV irradiation. Doping of Sn4+ ion also

mproves the photocatalytic activity of flyswatter more evidently
nder both UV and vis irradiation. In our previous work, the
ndoped TiO2-coated glass surface showed a decreased the pho-

2 (c and d) coated surfaces under UV (a and c) and vis-lights (b and d).
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ocatalytic performance from first to third or second use under
V and vis irradiation [34]. According to the results of repeated
sage experiments performed under both irradiation conditions,
he Sn4+ doped TiO2-coated surface showed higher photocat-
lytic performance than undoped TiO2-coated surface and its
hotocatalytic performance almost similar each other under UV
nd vis-lights from first to third use. In this study, degradation
roducts of MG were not characterized. Nevertheless, a vari-
ty of studies where either commercial Degussa P-25 TiO2 or
ol–gel synthesized TiO2 was used as catalyst endeavored to
stablish the degradation end-products. Some researchers have
eported that, most oxidative N-de-alkylation processes are pre-
eded by the formation of a nitrogen centered radical [43–45],
ut the destruction of the dye chromophore structures is pre-
eded by the generation of a carbon-centered radical [46–48]
ccording to this statement, the degradation of MG must occur
ia two different photooxidation pathways (destruction of the
hromophore structure and N-de-methylation) due to the forma-
ion of the different radicals (either carbon-centered or nitrogen
entered radicals). There is no doubt that electron injection from
he dye to the positive holes of TiO2 yields the dye cationic radi-
al (Dye+). After this stage, Dye+ can undergo hydrolysis and/or
eprotonation pathways of the dye cationic radicals, which in
urn are determined by the different adsorption modes of MG
n the particles surface [49]. When the MG dye molecules are
ocated near the TiO2 surface due to the dimethylamine group,
he N-de-methylation process predominates during the initial
tages. Destruction of the chromophore ring structure occurs
ostly only after full N-de-methylation of the dye occurs. As
hen et al. [50] have reported, end-products arising until the
G reaches total mineralization, which were determined by
PLC–ESI–MS are listed in Table 2. The same results were
btained by the other works [51,52]. Accordingly, the degrada-
ion of MG dye in solution containing Sn4+ doped or undoped
iO2 under UV and vis-lights is expected to occur by means of
-de-methylation.

There are various reasons for the increase photocatalytic per-
ormance:

a) High photocatalytic activity of Sn-doped TiO2 film may
be related to high surface area of the nano-Sn4+ doped
TiO2 particles as well as their mesoporous structure. It is
well known that, as the particle size decreases, the surface
area increases, and as the process is adsorption dependent,
the photocatalytic degradation rate also increases. Thus,
Sn4+-doped TiO2-coated surface, which has a surface area
of 97.83 m2 g−1, showed that higher photocatalytic perfor-
mance than undoped-TiO2, which has a surface area of
40.84 m2 g−1. Dagan and Tomkiewicz [53] and Tomkiewicz
et al. [54] also showed that TiO2 with a surface area
of 600 m2 g−1 showed greater activity than commercial
Degussa P-25 which has a surface area of 55 m2 g−1.
b) Dopant Sn4+ improves electron transfer efficiency from the
LUMO band of MG to the conduction band of Sn-doped
TiO2, subsequently increasing the amount of radicals as
shown in Scheme 3.
cheme 3. Schematic representation of electron transfer from MG (LUMO) to
iO2 (CB).

c) It has been presumed that the high photocatalytic perfor-
mance can be ascribed to the Sn ions located in the TiO2
lattice. In this case, some of the lattice Ti in TiO2 is sub-
stituted by Sn4+ ions, the cell volume increases and lattice
distortion and deformation are induced. This will result in
the formation of more surface defects including coordina-
tively unsaturated surface cations such as Ti4+ and Sn4+

on the film surface. During the photocatalytic reaction, dye
molecules can be captured by the surface defects on the
Sn-doped TiO2 film and are immediately oxidized by photo-
generated holes from the valence band of the catalyst [55]. At
the same time, these surface defects can efficiently capture
O2 molecules to form O2

− active species for further photo-
catalytic degradation of dye molecules. The photogenerated
electrons on the conduction band of TiO2 must experience
energy leaping over a potential barrier to reach the sur-
face and be captured by the surface adsorbed O2 molecules.
At the same time, accumulated photogenerated electrons
at the bottom of the bent conduction band [(SnO2)e−

CB]
will increase the probability of electron–hole recombina-
tion during the photocatalytic reaction. After Sn-doping,
since the conduction band energy level of SnO2 is lower
than that of TiO2, photogenerated electrons on the particle
surface generated by visible light at the conduction band of
SnO2 can be captured directly by the efficiently adsorbed
O2 molecules on the Sn doped TiO2 surface. In case of
UV light, the photogenerated electrons at the conduction
band can be transferred to the conduction band of SnO2 and
can then be captured by adsorbed O2 molecules on the Sn
doped TiO2 surface. This will accelerate the separation of
the holes and electrons, prohibiting their recombination. As
a result, more photogenerated electrons and holes contribute
to the photocatalytic reaction, improving the photocatalytic
performance activities under both UV and vis-lights. More-
over, Sn ions might be in the substitution sites of Ti, forming
a solid-state compound like Ti1−xSnxO2, [56]. Ti1−xSnxO2
may have a high photocatalytic performance causing a high

tendency to degrade the MG. Besides, the Sn-doped TiO2
particle has strong UV-light absorption ability, denoting that
it can effectively be utilized for photocatalytic applications
under vis-irradiation. At the same time, it is seen that the Sn-
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doped TiO2 particle has strong UV-light absorption ability.
This also denotes that the Sn-doped TiO2 particle can effec-
tively be utilized under vis-irradiation for photocatalytic
applications.

d) All the nano-TiO2 particles in coating can be transferred
onto the Sn-doped TiO2-coated surface during the irradia-
tion resulting in a high photocatalytic performance.

e) The high photocatalytic performance of the coated plate can
also be related to its surface, which has hydrophilic property.

These reasons (d and e) are consistent with the results
btained by Schmidt et al. [57].

. Conclusion

Nano-sized Sn-doped and undoped TiO2 particles were syn-
hesized by hydrothermal process at low temperature and very
ransparent and smooth thin films on flyswatter substrate, made
ith stainless steel, were prepared by dip-coating technique.

t was found that the synthesized nano-TiO2-coated surfaces
ave hydrophilic property. These particles synthesised in our
ork have much advantages than that the TiO2 particles syn-

hesised by the other process, for example, these particles were
ynthesised without using organic solvent such as alcohols, they
ere fully anatase crystal form, easily dispersed in polar and/or

polar solvent system (amphiphilic property) and they can be
asily used to obtained of thin or thick film on different sur-
aces. Doping of the Sn4+ ion decreases the particle size but
t increases the surface area. The photocatalytic performance
f Sn-doped TiO2 thin film for the photodegradation of MG is
ery high than the uncoated surface both under UV and vis-
ights. Active sites on the coated surface are increased since
he flyswatter has a high surface are, hence, the photodegrada-
ion performance of the catalyst increased. It can be suggested
hat, this coated surfaces prepared in our experiments can be
sed for cleaning of the pool water, deodorizing the interior
f room air and preparing self-cleaning and/or antibacterial
urfaces.
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