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bstract

Sn-doped and undoped nano-TiO2 particles have been synthesized by hydrotermal process without solvent at 200 ◦C in 1 h. Nanostructure-TiO2

ased thin films have been prepared on glass substrate by spin-coating technique. The structure, surface morphology and optical properties of the
hin films and the particles have been investigated by element analysis and XRD, SEM, BET and UV–vis–NIR techniques. The photocatalytic
erformance of the films were tested for degradation of Malachite Green dye in solution under UV and vis-lights. The results showed that (a)

ydrothermally synthesized nano-TiO2 particles are fully anatase crystalline form and are easily dispersed in water, (b) the coated surfaces have
early super-hydrophilic properties and, (c) the doping of transition metal ion efficiently improved the photocatalytic performance of the TiO2 thin
lm.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, TiO2 has proved to be one of the most suit-
ble photocatalysts for widespread environmental application
1–3]. Many organic compounds can be decomposed in aque-
us solution in the presence of TiO2 powders, sols or coatings
lluminated with UV or vis-light [4–6]. The excited electrons
n the conduction band of the semiconductor, along with corre-
ponding positive holes in the valence band, can be produced
y the absorption of light of equal or higher energy relative to
he band gap (3.2 eV). The holes react with water molecules or
ith the hydroxyl ions, thus forming hydroxyl radicals, which

re strong oxidants toward organic molecules. The photocat-
lytic effect of TiO2 as a photo semiconductor is not new as, for
xample, shown by Hermann. This effect depends on the lattice

efects of TiO2 and can be quenched considerably by lattice
oping [7]. Due to the band gap energy of about 3.2 eV, the light
bsorption of TiO2, especially of anatase TiO2, takes place in

∗ Corresponding author. Fax: +90 422 341 0042.
E-mail address: hsayilkan@inonu.edu.tr (H. Sayılkan).
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he UV. For this reason, much research is going on at present in
rder to develop of photocatalytic performance of TiO2 under
isible light because there is much more energy produced by
he sunlight in the visible lights regime compared to the UV.
he first positive results have been demonstrated by Kisch and
o-workers [8–10] with carbon doped photocatalysts [11] and
y Taga from Toyota with nitrogen doped catalysts. Sn-doped
itania also shows enhanced day-light activity [12]. Due to the
arge number of possible variations; it is rather difficult to find
ut the appropriate compositions and concentrations of dopants,
specially if lattice doping should be avoided. For these reasons,
t is likely that investigations will continue for many years to find
uitable and efficient photocatalysts to function under daylight
onditions.

In order to synthesize of TiO2, different processes have been
eported, such as sol–gel process [13], hydrolysis of inorganic
alts [14], ultrasonic technique [15], microemulsion or reverse
icelles and hydrothermal process [16–18]. A multitude of
olar or non-polar solvents have been used in these processes.
n these processes, high calcination temperature above 450 ◦C
s usually required to form regular crystal structure, except
or the hydrothermal process. However, in the meantime, the
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into the solution (2.5 g) and the mixture was stirred for 30 min.
0 E. Arpaç et al. / Journal of Haz

igh temperature treatment can decline the surface area and
urface hydroxyl or alkoxide groups on the surface of TiO2,
hich provide easy dispersion, are lost. Thus, in this work,

he hydrothermal process was selected to synthesize nanosized
iO2 particles at low temperatures, which seems to be really
ttractive to further improve the photocatalytic activity of
iO2. Compared with the other TiO2 powders, these TiO2
anoparticles have several advantages, such as being in fully
ure anatase crystalline form, having fine particle size with
ore uniform distribution and high-dispersion ability either in

olar or non-polar solvents, stronger interfacial adsorption and
asy coating on different supporting material. Moreover, the
ydrothermal process employing aqueous solvents as reaction
edium is environmentally friendly since the reactions are

arried out in a closed system, and the contents can be recovered
nd reused after cooling down to room temperature. In this work,
hotocatalytic activity of Sn-doped and undoped TiO2 thin films
ere examined for degradation of Malachite Green (MG) in

queous solutions under UV and vis-lights and the results were
ompared.

. Experimental

.1. Chemicals and apparatus

The reagents employed were titanium(IV)-n-butoxide
Ti(OBun)4, 97%, Fluka], as TiO2 source; hydrochloride
cid (Merck, 37%) as catalyst; tin(IV) chloride (Alpha,
8%) as dopant; deionized water as hydrolysis agent; 3-
lycidoxypropyltrimethoxysilane (GLYMO, Aldrich, 98%) and
etraethylorthosilicate (TEOS, Aldrich, 98%) as binder reagents;
-butoxyethanol (2-BuOEtOH, Aldrich, 99%) and ethyl alcohol
EtOH, 96%) as solvents.

Nano-TiO2 photocatalyst was synthesized by Berghoff model
ydrothermal unit interfaced with a temperature (up to 240 ◦C)
nd time controller unit. In order to determine the crystal
hase, Rigaku Geigerflex D Max/B model X-ray diffractome-
er (XRD) with Cu K� radiation (λ = 0.15418 nm) in the region
θ = 10−70◦ with a step size of 0.04◦ was used. The average
rystallite size of TiO2 nanoparticles were estimated according
o the following Scherrer’s equation:

h k l = kλ

β cos(2θ)

here dh k l is the average crystallite size (nm), λ the wavelength
f the Cu K� radiation applied (λ = 0.154056 nm), θ the Bragg’s
ngle of diffraction, β the full-width at half maximum intensity
f the peak observed at 2θ = 25.24 (converted to radian) and k
s a constant usually applied as ∼0.9. The BET surface area,
verage pore diameter and micropore volume of the nanosized-
iO2 particle was calculated from the N2 adsorption isotherm
sing ASAP 2000 model BET analyzer at liquid N2 tempera-
ure. During the BET analysis, sample was degassed at 130 ◦C

or 4 h before N2 adsorption. Pore size distribution of nano-
iO2 was computed by DFT plus method. C and H elements in

he hydrothermally synthesized TiO2 particle were analyzed by
sing element analyzer (LECO 932 Model). Cl was analyzed
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y means of potential measurement using Orion 96-17B Model
l electrode. Surface morphologies of particles and coated sur-

aces were investigated by scanning electron microscopy (SEM,
EO EVO 40 Model). Contact angles of coatings with water
ere measured by using a goniometer (RAME HART 100-00
odel). Film thickness of coated surfaces were measured by

erthometer (MAHR-M1 Model).
Dye concentration in the aqueous solution after irradiation

as measured by a Varian Carry 5000 model UV–vis-NIR spec-
rophotometer. Coated glass/dye solution was irradiated with
olar Box 1500 model (Erichsen, Germany) radiation unit with
e-lamp (690 W m−2) and a controller to change the irradia-

ion time and power input from 390 to 1100 W m−2 for different
ime without cut-off filter and with 400 nm cut-off filter without
haking.

.2. TiO2 powder synthesis

Ti(OBun)4 was cooled in an ice-bath, then HCl was added
ithin 15 min into cooled solution by drop using a burette.
fter stirring a few minute at ambient temperature, required

mount of tin(IV) chloride was added suddenly. The last
olution was stirred until it formed a clear and homoge-
eous solution at ambient temperature. Then, required amount
f water was added within 10 min into the last solution
ropwise by burette. HCl/Ti(OBun)4, SnCl4/Ti(OBun)4 and
2O/Ti(OBun)4 mol/mol ratios were 0.296, 0.05 and 2.06. The
elation occured after adding water. The reaction was allowed
or 2 h, then the viscose solution was obtained. Sol-solution was
hen transferred into a 250 ml Teflon crucible, then left in a pre-
eated (200 ◦C) stainless steel autoclave device. The reaction
llowed at 200 ◦C for 1 h. After this time, autoclave was removed
rom the hydrothermal unit and cooled to room temperature. The
s-obtained powders were separated throught centrifuging and
ried in a vacuum sterilizer. Thus, nanosized TiO2 crystallite
as obtained. The undoped TiO2 was synthesized described as

bove without using dopant.

.3. The preparation of coating solution

Before preparing the coating solution, the TiO2 sol was
repared. For this purpose, required amount of TiO2 was dis-
ersed ultrasonically in deionized water without using disper-
ant. For preparing coating solution, GLYMO was first reacted
ith TEOS for 10 min, then EtOH was added to this mix-

ure and stirred for 10 min. HCl was allowed to react with
LYMO/TEOS/EtOH for 10 min and finally H2O was added

o GLYMO/TEOS/EtOH and allowed to react for 10 min. This
oating solution was prepared at room temperature. Molar com-
osition of each item in the coating solution is given in Table 1.

For preparing the coating solution, TiO2 sol (2.5 g) was added
hen, the 2-BuOEtOH (2 g) was added into the prepared mix-
ure and stirred for 40 h. The glass surfaces were coated with
his solution using spin-coating technique (1000 rpm, 10 s). The
olid ratio of TiO2 in coating was 52.63%.
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Table 1
The composition of the contents of coating solution and experimental conditions

Content Solution composition Molar ratio (mol/mol)

TiO2 H2O/Ti(OBun)4 2.06
HCl/Ti(OBun) 0.296
Sn4+/Ti(OBun) 5 (mol/mol, %)

Coating solution GLYMO/TEOS 1
H2O/GLYMO 3
H2O/TEOS 3.3
HCl/GLYMO 0.0263
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sharp increase in the absorption of TiO2 photocatalyst in vis-
ible region, leaving unaffected intrinsic band gap of anatase
TiO2. The greatly red-shift (380–560 nm) can be attributed to
the charge–transfer transitions between doped Sn4+ electrons

Table 2
Some physicochemical characteristics of the synthesized undoped and Sn-doped
TiO2

Property Undoped TiO2 Sn-doped TiO2

Crystalline type Anatase Anatase
Crystallite size (nm) 9.76 9.24
HCl/TEOS 0.0294
EtOH/GLYMO 5.3
EtOH/TEOS 5

.4. Photocatalytic degradation of Malachite Green

The photocatalytic performance of the films was determined
y the degradation of Malachite Green (MG) dye solution. The
oated glass (5 cm × 5 cm) was immersed into 25 ml aqueous
G solution with a concentration of 20 mg/l in a polystyrene

eaction cell which has six separate sample compartments and
ne cover. The cell was immediately located in the Solar Box
eady for UV-irradiation inducing the photochemical reaction to
roceed. The coated glass/dye solution was irradiated in the hor-
zontal direction and the distance between the UV lamp and the
hin film coated glass/dye solution was kept within 20 cm. The
hange of MG concentration in accordance with the irradiation
ime was measured by UV–vis–NIR spectrophotometer under
V and vis-irradiation.

.5. Catalyst reuse studies

Photocatalytic nano-TiO2 thin films were repetitively used to
egrade MG solution under UV-light. After the first use, so-used
atalyst was employed to degrade a fresh MG solution under the
ame conditions. The process was repeated for three times under
V-light.

. Results and discussion

.1. Characterization

The crystalline phase of hydrothermally synthesized TiO2
amples were analyzed by XRD, and their XRD patterns are
hown in Fig. 1. When the XRD patterns were compared with
DF #21–1272 data files it was found that all peaks observed at
5.16◦, 37.91◦, 48.19◦, 55.01◦ (for undoped TiO2) and 25.12,
7.88, 48.07 and 54.52 (for Sn-doped TiO2) 2θ values in the
RD pattern are consistent with anatase (1 0 1), (0 0 4), (2 0 0)

nd (2 1 1) spacing [19]. The other crystalline forms of TiO2,
utile and brookite, have not been detected in our characteri-
ations. In addition, no Sn phase, 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
n ions uniformly dispersed among the anatase crystallite. In

he region of 10–80◦, the shape of diffractive peaks of the crys-
al planes of Sn-doped TiO2 (curve b) is quite similar to that

B
M
M
A

ig. 1. XRD patterns of nano-TiO2 particles: (a) undoped TiO2 and (b) Sn-doped
iO2.

f undoped TiO2 (curve a). However, the positions of all the
iffraction peaks of the Sn-doped TiO2 sample was shifted to
ower diffraction angles compared with those of TiO2. Accord-
ng to element analyses, it was determined that the TiO2 contains
0.49% C, 2.52% H and 2.9% Cl, which means that purity of
he TiO2 is 84.09%.

Some physicochemical characteristics of the synthesized
ndoped and Sn-doped TiO2 particles are shown in Table 2.

As can be seen from Table 2, 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. These properties affect the pho-
ocatalytic properties of these photocatalysts. According to the
esult of DFT plus method, microporosity dominated and dis-
ributed very little in the range of 14–20 Å for undoped TiO2.

hereas, mesoporosity dominated and distributed large area in
he range of 12–32 Å for Sn-doped TiO2. The microporosity
percentage of micropore to total pore volume, Vmi/Vtot) was
btained almost as 98.6%. Total pore volume was estimated
rom nitrogen adsorption at a relative pressure of 0.995. The
esoporosity (percentage of mesopore to total pore volume,
ms/Vtot) was obtained almost as 1.4%. The mesoporosity and
icroporosity for Sn-doped TiO2 were obtained as 79 and 21%,

espectively.
UV–vis absorption spectra of Sn-doped and undoped TiO2

articles are presented in Fig. 2. The doping Sn4+ results in a
ET surface area (m2 g−1) 40.84 97.83
icropore area (m2 g−1) 39.3095 19.87
icropore volume (cm3 g−1) 0.022 0.011
dsorption average pore diameter (Å) 13.12 21.16
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Table 3
The results of EDX analysis in three selected points on the undoped and Sn-
doped TiO2 particles

Selected point Element wt.%

Undoped TiO2

1 Ti/C/Cl 87.85/6.30/5.85
2 Ti/C/Cl 82.87/10.37/6.76
3 Ti/C/Cl 84.76/11.17/4.07

Sn-doped TiO2

1 Ti/C/Sn/Cl 58.91/24.57/9.51/5.88

c
1
T
i

ig. 2. UV–vis absorption spectra of uncoated and Sn-doped TiO2 particles.

nd the TiO2 conduction band. The extended absorbance of Sn-
oped TiO2 photocatalyst in the visible region provides a pos-
ibility for enhancing the photocatalytic performance of TiO2.
Typical SEM images of Sn-doped and undoped TiO2 particles
re shown in Fig. 3. Shown in Fig. 3a and b indicating that shape
f the particles are quite similar to each other and likely become
pherical. However, the size distribution of the powder was not

ig. 3. Typical SEM microphotograph of (a) undoped TiO2 particle and (b)
n-doped TiO2 particle.
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2 Ti/C/Sn/Cl 66.34/14.96/11.75/5.96
3 Ti/C/Sn/Cl 66.48/20.20/7.76/4.47

alculated, the size of the particles are varies in the range of
.12–8.20 �m for Sn-doped TiO2 and of 2.70–11.72 for undoped
iO2 as measured using the SEM image. Introduction of Sn4+

on decreased the size of the powder and kept a spherical shape.
The results of element analysis (SEM-EDX) carried out

ocally on the Sn-doped and undoped TiO2 particles and in three
elected points are given in Table 3. According to the analysis
oints to be selected, the amount of Sn and other elements can
e either high or lower. This result indicated that Sn4+ ions par-
icipated on the particle surface was varied little differences.

The glass surface was coated with pre-prepared coating solu-
ion using spin-coating technique (1000 rpm, 10 s), and treated
t 80 ◦C for 40 min for curing of the surface. The coated surfaces
ere irradiated under UV lamp (8 W, UV lamp) for obtaining
ydrophilic surface.

Both typical SEM images and three selected points for ele-
ent analysis (SEM-EDX) of Sn-doped TiO2 coated glass sur-

aces are shown in Fig. 4. As can be seen in Fig. 4, the coated
urface has very smooth and transparent image. The film thick-
ess was measured as 5–7 �m. The results of element analysis
arried out locally on the Sn-doped TiO2 coated glass surface
re given in Table 4. The results in Table 4 showed that the

mounts of Si, Sn, Cl and Ti are almost equal to eachother in
hree selected points on the coated surface. In other words, these
lements in coating are almost distributed homogeneously on
he surface.

Fig. 4. SEM micrograph of coated glass surface.
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Table 4
The results of EDX analysis in three selected points on the Sn-doped TiO2 coated
glass surface

Selected point Element wt.%

1 Si/Sn/Cl/Ti 0.73/0.58/0.31/0.14
2
3

w
i
3
s
t
A
T
a
g
v
t
i
p
c
i

a
i

F

d
t
A
u

F

Si/Sn/Cl/Ti 0.81/0.56/0.42/0.13
Si/Sn/Cl/Ti 0.67/0.41/0.33/0.12

After the irradiation, the contact angle of the surface with
ater was found to be 3–5◦. The contact angle decreases dur-

ng the irradiation. For example, while the contact angle was
–5◦ on the irradiated surface, it was 60–65◦ on the unirradiated
urface. The decrease in the contact angle can be attributed to
he reaction of produced electrons and holes in a different way.
ccording to Fujishima et al. [20] the electrons tend to reduce the
i(IV) cations to the Ti(III) state and the holes oxidizes the O2−
nions. In the process oxygen atoms are rejected, creating oxy-
en vacancies. Water molecules can then occupy these oxygen
acancies, producing adsorbed OH groups, which tend to make
he surface hydrophylic. Therefore, we can conclude that the
rradiated surface has almost super-hydrophilic property. This
roperty has an important role for photocatalytic properties. As
an be seen from Fig. 5, water drop spreads as a thin film on the

rradiated surface.

Sn-doped TiO2 coated surface exhibited good photocatalytic
ctivity for the degradation of MG under both UV and vis-lights
rradiation.

a
m
a
d

ig. 6. Photodegradation of MG under UV-light: (a) Sn-doped TiO2 coated, (b) undop
ig. 5. The water drops images on the irradiated and non-irradiated surfaces.

As shown in Fig. 6, the photocatalytic performance of Sn-
oped TiO2 thin film for the degradation of MG is higher than
hat of the undoped TiO2 thin film under UV and vis-lights.
ccording to results of repeated usage experiments performed
nder UV-light, doping of Sn4+ ion improves the photocat-
lytic activity. After the third use, the photocatalytic perfor-

ance of Sn-doped TiO2 thin film was almost similar to first

nd second use, whereas the undoped TiO2 thin film showed a
ecreased photocatalytic activity from first to third use. After

ed TiO2 coated glass surfaces and (c) photodegradation of MG under vis-light.
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V-irradiation for 260 min, the MG (20 mg/l) was degraded as
7, 98 and 98% after first, second and third use with Sn-doped
iO2 thin film, respectively. On the other hand, the MG was
egraded as 96, 86 and 77% with undoped TiO2 thin film, respec-
ively. In the experiments performed under the vis-light, it was
bserved that the photocatalytic performances of both thin films
ncrease in the course of time. However, it was observed that
oping of Sn4+ ions improved the photocatalytic performance
nder visible light irradiation. The MG was degraded as 94%
ith Sn-doped TiO2 film whereas it was degraded as 73% with
ndoped TiO2 thin film under vis-irradiation.

There are various reasons in the increase photocatalytic per-
ormance. These are: (a) the high photocatalytic activity of
n-doped TiO2 film may be related to small crystal size, high
urface area as well as its mesoporous structure. (b) Dopant Sn4+

mproves electron transfer efficiency from the LUMO band of
G to the conduction band of TiO2, subsequently increasing

he amount of radicals. (c) The high photocatalytic performance,
e presume, is ascribed to the Sn ions located in the TiO2 lat-

ice. The Sn ions can be in the substitutional sites of Ti while a
olid-state compound, Ti1−xSnxO2, may be formed [21,22]. The
i1−xSnxO2 may have a higher photocatalytic performance than
ndoped TiO2 and this can result in a high efficiency to degrade
G. At the same time, it is seen that the Sn-doped TiO2 parti-

le has a stronger UV-light absorption ability than the undoped
iO2. This also denotes that the Sn-doped TiO2 particle can
ffectively be utilized under vis-irradiation for photocatalytic
pplications. (d) All the nano-TiO2 particles in coating can be
ransferred onto the Sn-doped TiO2 coated surface during the
rradiation resulting in a high photocatalytic performance.

. Conclusion

Nanosized Sn-doped and undoped TiO2 particles were syn-
hesized by hydrothermal process at low temperature. Very
ransparent and smooth TiO2 based thin films were prepared
y spin-coating technique. It was obtained that the synthesized

ano-TiO2 particles have an amfiphilic and the coated surfaces
ave almost super-hydrophilic properties. Doping of the Sn4+

on decreases the particle size. The photocatalytic performance
f Sn-doped TiO2 thin film for the photodegradation of MG is

[

[
[

s Materials 140 (2007) 69–74

igher than that of the undoped TiO2 film under UV and vis-
ights. It can be suggested that, Sn-doped TiO2 coated surfaces
an be used for preparing self-cleaning and/or antibacterial sur-
aces.
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