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In this paper, Sn-doped TiO, photocatalyst was prepared and immobilized on a glass substrate using an
about-to-gel SiO; sol as a nanoglue. The characterization of the Sn-doped TiO, by XRD showed that 5% Sn
content is formed by anatase and rutile crystallites. Characterization of the nanoglued photocatalyst by
the BET measurement, TEM, and SEM showed that the photocatalyst was a nanoporous material with a
high-surface area. The Sn-doped TiO, was uniformly dispersed within the three-dimensional network of
the silica in the form of nanoparticles. The nanoglued photocatalyst showed high photocatalytic activity
during the degradation of penicillin under UV light. The effect of different Sn content on the amount
of hydroxyl radical was discussed by using salicylic acid as probe molecules. The results show that an
appropriate amount of Sn dopant can greatly increase the amount of hydroxyl radicals generated by TiO,
nanoparticles, which are responsible for the obvious increase of photocatalytic activity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

TiO, has been widely used as a photocatalyst in waste air
and wastewater treatment due to its relatively high photocatalytic
activity, chemical stability, nontoxicity, low cost, and resistance to
chemical pollutants [1-5]. However, the fast recombination rate of
photogenerated electron/hole pairs hinders the commercialization
of this technology. According to recent research, composite semi-
conductors could be an effective method because they may increase
the efficiency of charge separation and extend the energy range of
photoexcitation. In the past several years, there have been a number
of studies related to TiO, coupled with a metal oxide like SnO, [6,7],
WOs3 [8,9],Zn0[10], Fe,03 [11,12]. Among them, coupling TiO, with
Sn0, could remarkably increase photocatalytic activity, because the
electronic energy levels of these two substances match. However,
the recovery/reuse of the catalyst needs to be solved prior to the
application of TiO, photocatalyst. For better recovery and reuse,
TiO; can be prepared in immobilized forms. A sol-gel method was
employed by Zhang and coworkers [13,14] to prepare TiO,/glass
photocatalyst which can degrade Rhodamine B effectively. Lee et al.
[15] prepared high quality films using MOCVD. However, this kind
of method to immobilize TiO, particles cannot be widely applied
because of the complicated preparation procedure.
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In this paper, nanoglued Sn-doped TiO, was prepared using sil-
ica gel as a “nanoglue” [16,17]. The photocatalyst was dispersed
in the silica network which makes it possible for it to pos-
sess a large specific surface area and a high porosity. The SnO,
improved the charge transfer of the TiO, and the recovery prob-
lem of the catalyst was alleviated by immobilizing it onto a glass.
The photocatalytic activity was evaluated by degradation of peni-
cillin solution since penicillin was the main pollutant of antibiotic
wastewater.

2. Materials and methods
2.1. Preparation of Sn-doped TiO, nanoparticles

According to Refs. [13,14], the sol-gel method was adopted to
prepare TiO; sol. A mixture of 5 ml distilled H,0 and 10 ml ethanol
(AR) was added dropwise at room temperature to a mixture of
5ml Ti(OC4Hg)4(AR) and 15 ml ethanol. Subsequently, the yellow-
ish transparent sol was yielded after continuously stirring for 2 h.
After the sol was allowed to stand for 24 h at room temperature,
the TiO, xerogel was obtained. Finally, TiO, nanoparticles were
gained by calcining the TiO, xerogel at 450°C for 2 h and grind-
ing.

A different content of Sn-doped TiO, nanoparticles can be
obtained by repeating the same step while replacing H,O as a spec-
ified concentration solution of SnCly. The Sn content were 0, 1, 2,
3, 4, 5mol.%, and the obtained powders were labeled as SnTiO,0,
SnTiO, 1, SnTiO,2, SnTiO,3, SnTi0,4, SnTiO,5.


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:weigangmail@263.net
dx.doi.org/10.1016/j.jhazmat.2008.08.069

588 X. Liet al. / Journal of Hazardous Materials 164 (2009) 587-591

~

UV light

breaker

penicillin

solution

srrer 4;&
3
L] L] ‘

Fig. 1. Photocatalytic experimental setup for degradation of penicillin.

2.2. Preparation of nanoglued Sn-doped TiO,

The silica sol was prepared according to the following
method: tetraethoxysilane (TEOS), ethanol, and water (molar ratio
TEOS/H,0/C,H50H 1:5:10) were mixed under vigorous stirring;
aqueous ammonia (20 wt.%) were dropped into the mixed solu-
tion to make pH to 9. After stirring for 3 h, the solution became
transparent, and then, it was deposited at room temperature for
24h.

The microscope slides (made of ordinary glass) were dipped into
1 M NaOH solution for 24 h. Afterwards, each slide was rinsed using
distilled water. The nanoglued photocatalyst was immobilized by
the brushing method. A certain weight of nano-TiO, powder was
added into a 20 ml SiO;, sol. A brush was used to coat both sides of
the slide after the mixture was ultrasonically dispersed for 30 min.
After being dried using a blow dryer, the sample was heated to
150°C for 30 min in an air flow oven. The thickness of the film was
adjusted by repeating the same process.

2.3. Characterization of photocatalyst

The prepared Sn-doped TiO, nanoparticles were characterized
by X-ray diffraction (XRD, XRD-6000, Shimadzu, Japan) using a Cu
Ka radiation source (A=0.154056 nm) at 30KkV, with a scanning
rate of 5°/min. The nanoglued photocatalysts were characterized
by a scanning electronic microscope (SEM, S-4700, Hitachi, Japan)
and a high-resolution transmission electron microscope (HRTEM,
JEOL-2011). The Brunauer-Emmett-Teller (BET) surface area of the
photocatalyst was obtained from nitrogen adsorption-desorption
data (Quanta chrome Autosorb-1 system). To investigate the light
absorption properties of Sn-doped TiO,, UV-vis absorption spectra
were obtained using a UV-vis spectrophotometer (UV 2550, Shi-
madzu, Japan). Pure BaSO4 was used as a reflectance standard in
the UV-vis absorbance experiment.

2.4. Photocatalytic degradation of penicillin solution

The photocatalytic degradation of penicillin was conducted in
a quartz reactor, as shown in Fig. 1. About 0.1 g nanoglued pho-
tocatalyst was put into a beaker containing 100 ml of penicillin
solution with an initial COD of 300 mg/1. The light was provided by a
36W black light lamp without filter, which was placed about 15 cm
from the side of the reactor, its strongest emission light having the
wavelength of 365 nm. The penicillin solution was continuously
stirred with a magnetic stirrer. At a certain time interval, the COD
of the sample was measured on a Hach COD analysis apparatus. The
degradation rate of penicillin was calculated based on the following
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Fig. 2. XRD patterns of TiO, with different Sn dopant amounts of nanoparticles
calcined at 450°C.

formula:

_ (CODg — COD)

CODg M

where 7 stands for the photocatalytic degradation rate of peni-
cillin; while CODg and COD stand for the initial and final COD value,
respectively. In order to evaluate the absorbance of penicillin by
nanoglued photocatalyst, experiment was run under the same con-
dition but without UV irradiation. The degradation rate of penicillin
was calculated based on the same formula (1).

2.5. Measurement of hydroxyl radical

During the photocatalysis process, hydroxyl radicals have been
regarded as the major species for the mineralization of pollutants.
The degradation of penicillin has also been assumed to follow
the reaction mechanism of hydroxyl oxidation. According to Ref.
[18], salicylic acid was used as probe molecules to validate the
appearance of hydroxyl radicals in the photocatalytic degradation
of penicillin with our nanoglued Sn-doped TiO,. The salicylic acid
reacted with the hydroxyl radicals to form 2,3-dihydroxybenzoic
acid. After reacting 1 h, the amounts of hydroxyl radicals absorbed
by the solution at the wavelength of 510 nm were measured. A blank
experiment was run before adding the photocatalyst. There was
no change in the absorbance, which indicated that there was no
photolysis reaction in salicylic acid under UV irradiation.

3. Results and discussion
3.1. Characterization of Sn-doped TiO, nanoparticle

Fig. 2 shows XRD patterns for synthesized TiO, powders calcined
at 450°C with different Sn content. The phase composition varies
with the increasing content of Sn. The XRD peaks at 20=25.28°
(101) and 260=27.4° (110) are often taken as the characteristic
peaks of anatase and rutile crystal phase, respectively. According to
the XRD patterns, the pure TiO, sample constituted pure anatase
phase, in accordance with other TiO, photocatalysts obtained by
the same crystallization route from different precursors [4]. On the
other hand, the sample containing Sn shows a multiphase composi-
tion as the Sn content increases. The 5 mol.% Sn sample is composed
of crystallites of both anatase and rutile phase. The formation
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Fig. 3. UV-vis spectra of Sn-doped TiO, with different concentrations and calcined
at 450°C (a: 0%; b: 1%; c: 3%; d: 5%).

of crystallites of rutile phase at a low calcination temperature is
induced by the presence of Sn, as previously reported [19,20]. No
Sn0, phase is detected, which suggests the incorporation of Sn**
into the TiO, lattice [19].

UV-vis absorption spectra of Sn-doped TiO, of different Sn con-
tent are presented in Fig. 3. It can be seen that the Sn-doped
TiO, showed stronger light absorption property in the UV region
and further slightly red-shifted to the visible-light region. The red
shift can be attributed to the charge-transfer transitions between
doped Sn** electrons and the TiO, conduction band [21]. It is
known that the process for photocatalysis of semiconductors is
the direct absorption of a photon by band gap of the material
and generates electron-hole pairs in the semiconductor particles.
The extended absorbance of Sn-doped TiO, photocatalyst pro-
vides a possibility for enhancing the photocatalytic performance
OfTiOz.

3.2. Characterization of nanoglued photocatalyst

Fig. 4a and b shows the TEM images of the nanoglued photocat-
alyst. Titanium dioxide is presented as sphere particles uniformly
dispersed in the silica xerogel network. Titanium dioxide nanopar-
ticles were surrounded by amorphous silica which paved the way
for the photocatalyst to have a large specific surface area. The nitro-
gen sorption isotherm measurement shows that the nanoglued
photocatalyst has a typical type IV adsorption and a large sur-
face area of 399m?/g while the pure TiO, nanoparticles have
only 134 m?2/g. While the silica gel was being deposited, a three-
dimensional (3D) network of SiO, particles had been formed. After
the introduction of TiO,, the nanoparticles were dispersed in the
network, which made it possible for the nanoglued photocatalyst to
keep a high specific surface area and a high porosity. The resistance
to mass transfer of photocatalytic reaction is low and the reactant
easily gets in contact with the catalytic active site.

Fig. 5a and b shows the nanoglued photocatalyst on a glass. It
can be seen from Fig. 5a that the particles are highly dispersed and
that the amorphous SiO, is porous. When TiO, particles were dis-
persed in the silica gel network, the silica was able to confine the
agglomeration and motion of the particles. Meanwhile, the size and
morphology of the nanoparticles remained at the same size before
being dispersed. As can be seen in Fig. 5b, when titanium dioxide
nanoparticles in silica got in contact with the outside environment,
a high photocatalytic activity was ensured.

Fig. 4. (a and b) TEM images of nanoglued photocatalyst.

3.3. Effects of Sn content on hydroxyl radicals

When TiO, was illuminated by ultraviolet light, the following
reaction took place on the surface of the photocatalyst.

Tio, e~ + ht 2)
h* +H,0 — *OH + H* (3)
h*+0OH™ — *OH (4)
h* +e~ — N+ energy (5)

The OH~ and H,0 which were absorbed on the surface of TiO,
will be oxidized into hydroxyl radicals by photogenerated holes.
Pollutants in the water can be degradated into H,O and CO, by
hydroxyl radicals. However, at the same time, photogenerated elec-
tron and holes can be recombined quickly. Thus, the amounts of
hydroxyl radicals and the efficient charge separation directly influ-
enced the photocatalytic activity.
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Fig. 5. (a and b) SEM image film of nanoglued photocatalyst.

Fig. 6 shows the hydroxyl radical with different Sn content cal-
cined at 450°C. It can be seen that Sn-doped TiO, generated more
hydroxyl radicals than pure TiO,. This is because photoinduced
electrons easily transfer from TiO, to SnO, due to their potential dif-
ference of conduction band. According to Ref. [22], the conduction
band (CB) edges of TiO, and SnO, are situated at —0.34 and +0.07 V
versus normal hydrogen electrode (NHE) at pH 7. Thus, electron can
easily flow into SnO,, which has a more positive conduction band.
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Fig. 6. Hydroxyl radical amounts on Sn-doped TiO, with different Sn content.
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Fig. 7. Degradation rate of nanoglued TiO, and pure TiO, under dark condition.

This results into the decrease in the chance of recombination of
photoinduced carriers so that the separation rate of photoinduced
electron-hole pairs can improve, that is, the amount of hydroxyl
radicals can increase. The Sn content has a great effect on the
hydroxyl radicals of TiO,. The amount of hydroxyl radicals increases
as the Sn content increases. As can be seen in Fig. 6, the hydroxyl
radical of TiO, doped with 3 mol.% Sn is very high, indicating that
the sample has a high separation rate of photoinduced carriers.
However, the amount of hydroxyl radicals can decrease if the Sn
content is too high. There are two possible reasons for this. One
reason is that the amount of photoinduced electrons accumulat-
ing instantly at the SnO, conduction band is too much due to
excess SnO, so that some photoelectrons can indirectly recom-
bine with holes. The second is that an excess amount of Sn dopant
can produce the recombination center of photoinduced electron
and hole pairs. Therefore, it can be concluded that an appropriate
amount of Sn dopant can increase the amount of hydroxyl radi-
cals. In other words, the separation rate of photoinduced charge
carriers can be improved by doping an appropriate amount of
Sn.

3.4. Photocatalytic degradation of penicillin using nanoglued
Sn-doped TiO,

To evaluate the absorption ability of nanoglued sample, degra-
dation of penicillin solution was run under dark condition which
is graphically illustrated in Fig. 7. From the figure, it is clear that
degradation of penicillin of nanoglued sample is faster than pure
TiO, powders. This can be attributed to the high porosity of the
nanoglued sample, which correlates to a strong adsorption ability.

Fig. 8 reflects the photocatalytic activity of nanoglued photocat-
alysts with different Sn content. The experiment results indicate
that the photocatalytic activity of nanoglued photocatalyst can be
improved by doping an appropriate content of Sn. When the Sn
content is 3 mol.%, the photocatalyst exhibits higher photocatalytic
activity. If the Sn content continuously increases, the photocatalytic
activity begins to fall down inversely. Moreover, the order of the
photocatalytic activity of different nanoglued photocatalysts can
be reasonably explained by means of hydroxyl radical determina-
tion.

The photoinduced holes which generated hydroxyl radicals are
mainly used to oxidize organic pollutants during the process of
photocatalytic reaction. In general, the more positive the valence
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Fig. 8. Influence of Sn content on the photocatalytic activity of nanoglued photo-
catalysts.

band potential, the stronger the oxidation capability of photoin-
duced holes, which favors the increase of photocatalytic activity.
The higher the separation rates of photoinduced carriers, the
higher the photocatalytic activity [1,2]. Among different Sn con-
tent photocatalysts, the 3 mol.% Sn content exhibits more hydroxyl
radicals, indicating that the separation rate of photoinduced car-
riers is higher, which is responsible for the higher photocatalytic
activity.

The oxidation capability of the photoinduced holes of SnO,
is stronger than that of TiO, since the valence band position of
Sn0,, is lower than that of TiO,. However, the band gap of SnO, is
wide (Eg=3.6eV) so that only the light at a wavelength lower than
345 nm can be used to excite SnO5. In our photocatalytic degrada-
tion experiment, a black light lamp is used as the light source, and
its strongest emission light is at the wavelength of 365 nm. There-
fore, most of the photoinduced holes of nanoglued Sn-doped TiO,
sample mainly result from TiO, other than SnO,. However, doping
an appropriate amount of Sn can effectively enhance the separation
rates of photoinduced carriers of TiO,, which has been proved by
hydroxyl radical measurements. This is responsible for the increase
in the activity of photocatalysts.

4. Conclusions

A nanoglued photocatalyst was prepared using the technique of
nanogluing Sn-doped TiO, powders into a three-dimensional net-
work of silica sol. The nanoglued photocatalyst showed to have a
high-surface area and strong absorbency, which increase the con-
centration of penicillin near the TiO, sites, thus enhancing the
destruction efficiency. The effect of Sn dopant on the photoinduced
charge property was estimated by measuring hydroxyl radicals
using salicylic acid as probe molecules. The results show that dop-
ing an appropriate amount of Sn can improve the photocatalytic
activity of TiO, by enhancing the separation rate of the photoin-
duced charge carriers of TiO5.
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