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Abstract

Photocatalytic surface sites on SO,4>~/TiO, were investigated by pyridine adsorption and in situ Fourier transform infrared (FT-IR) spectroscopy.
Results revealed that the sulfate-modification not only increased the number of strong Lewis acidic sites, but also induced a large amount of strong
Brgnsted acidic sites on the surface of TiO,. Pyridine molecules were chemically captured on Brgnsted and Lewis acidic sites on the SO,42~/TiO,
surface. These pyridine molecules were progressively decomposed to final products of CO, and H,O under actual photocatalytic conditions. The
high photocatalytic performance of SO4>~/TiO, can be explained by the improved surface acidities that favor the adsorption of both oxygen
and pyridine molecules. Moreover, the Lewis acidic sites could react with H,O and was then converted to Brgnsted acidic sites, leading to the
activation of the water. This conversion promoted the formation of hydroxyl groups on the catalyst surface, which could also contribute to the high

photocatalytic reactivity of SO42~/TiO,.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Photochemical reactions on the surface of light-activated
semiconductors (e.g. TiO») are attracting considerable academic
and industrial interest because of their promising applications in
solar cells, water splitting, and environmental purification [1].
The efficiencies of these photo-assisted reactions are strongly
dependent on the crystal phase, size, and pore-wall structure as
well as the surface chemistry, particularly surface acidity, of the
TiO, photocatalyst [2]. This knowledge, together with novel
approach to material synthesis, is contributing to the design
and development of new TiO,-based photocatalysts with high
activity and stability for commercial applications such as air
purification.

Solid acids are green catalysts widely used in a number
of industrially important reactions including isomerizations,
alkylations, catalytic reforming of alkanes, and cracking [3].
Recently, TiO,-based solid acids have been introduced into the
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photocatalysis field as efficient photocatalysts for the elimina-
tion of volatile organic compounds (VOCs) in air [4]. It was
found that the solid acid photocatalysts possessed higher activ-
ity than pure TiO; for the photocatalytic oxidation (PCO) of
CH3Br, CyHy, and CgHg. For example, the photocatalytic con-
version of CH3Br over SO4%2~/TiO, was six times higher than
that over TiO,. Moreover, SO4%2~/TiO,was much more stable
than pure TiO;; after PCO for 6h, S042/TiO, was not deac-
tivated, whereas for TiO; the conversion decreased from 88
to 29% for C¢Hg and from 60 to 12% for CH3Br [4]. These
improvements have previously been attributed to high specific
surface area and large fraction of anatase—TiO; on S04 /TiO,
[4]. However, this explanation based simply on bulk character-
izations is inadequate as the reactivity of a photocatalyst is also
strongly dependent on its surface properties. Therefore, it is of
significant interest from a fundamental viewpoint to study the
surface photochemical processes, particularly the role of surface
acidities, on SO42~/TiO, at the molecular level, which, to the
best of our knowledge, is not yet available.

It is known that surface acidities play an important role
on photocatalytic processes. One of the cost-effective ways to
improve the photocatalyst performance is to increase the number
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and the strength of surface acidic sites because the photocatalytic
activity has been shown to increase with photocatalyst surface
acidity. For example, doping TiO, with metal oxides such as
NbyOs [5a], WOs3 [5b], MoO3 [5b], ZrO; [5c], and SiO; [5c]
was reported to increase the surface acidity and photocatalytic
activity of TiO;. The sulfated metal oxides are strong acids that
are classified as solid superacids. Sulfated TiO; can be readily
synthesized by the reaction of amorphous TiO, with a source
of sulfur compounds (e.g. HySO4, (NH4)2SO4, SO») at high
temperatures. The solid acids are recently employed as photo-
catalysts [4,5d]. Indeed, little work has been done to study the
photocatalytic properties of SO4>~/TiO,, especially the probing
of nature of surface acidic structure under real photocatalytic
conditions.

In situ characterization of surface species and surface active
sites during heterogeneous catalytic/photocatalytic processes is
one of the most important approaches to investigate a reac-
tion mechanism. A number of spectroscopic techniques (e.g.
NMR [6], ESR [7], and FT-IR [8]) or thermally programmed
methods [9] have been employed to study directly photocat-
alytic reactions on the surface of TiO>. Among these, FT-IR
is probably the best method for in situ photocatalytic studies
because it is inexpensive, sensitive, of good resolution, and
capable of determining chemical species [10]. Most notably,
FT-IR measurements can be carried out at atmospheric pressure
and room temperature. These ambient conditions are identi-
cal to those in which the photocatalytic reactions usually take
place. The in situ FT-IR technique has been used in study-
ing the photocatalytic decomposition of acetic acid [8c], gly-
oxylic acid [8b], dichloromethane [6d], ethanol [8d,e], and
acetone [8d]. However, the methods reported in the litera-
ture tell us very little about the nature of photocatalytic active
sites.

The nature of the surface active sites in solid acids is defined
by the presence of protons, generating Brgnsted acidic sites,
and by co-ordinately unsaturated cationic centers giving Lewis
acidity [3]. The adsorption of base molecules (e.g. pyridine
or ammonia) combined with vibrational spectroscopic tech-
niques, is well known for characterizing these surface active
sites [10c,d]. The narrow-band widths of pyridine adsorbed on
acidic sites make this a particular favorite for infrared spec-
troscopic studies, giving good resolution of ring vibrational
modes to distinguish between Brgnsted (~1540cm™') and
Lewis (~1450cm™!) adsorbed forms [3]. Moreover, pyridine
is a commonly found hazardous substance with stable aromatic
structure [11]. The choice of this representative organic pollu-
tant as a molecular probe for studying photocatalytic surface
chemistry is desirable.

In the current paper we report an in situ FT-IR method for
investigating photocatalytic surface sites on SO4>~/TiO, solid
acids using pyridine as a target molecule. Pyridine serves two
functions, namely (1) as a model volatile organic pollutant and
(2) as a molecular probe for determining surface structure and
reaction mechanism of the solid acid photocatalysts. The find-
ings in this study help in explaining the high activity and stability
of the SO4%~/TiO, photocatalyst toward the decomposition of
VOCs.

2. Experimental
2.1. Catalyst preparation

The SO42~/TiO; solid acids were synthesized by reacting
amorphous TiO, with H,SOy4 at high temperatures. The amor-
phous TiO;, xerogel was firstly prepared by a sol-gel method
[12]. This TiO, xerogel was then submerged in a 1| M H,SO4
solution (1 g TiOz:1 mL HSO4). The mixture was sonicated
under reduced pressure for 2 min. This effectively removed the
air trapped in the porous TiO; and drove the HySOy4 into the
pore networks, leading to a homogeneous adsorption of SO42~
on the surface of TiO; [13]. After that, the mixture was dried at
80°C for 24 h to remove water. The resulting solids were sin-
tered at 450°C for 3h to obtain the SO42_/Ti02 solid acids.
For comparison, pure TiO, was also prepared by sintering the
amorphous TiO, at 300 °C. In terms of the Hammett acidity
parameter, Hy, the acid strength of S042~/TiO, was found to be
more negative than —12.44. This was much stronger than pure
TiOy (Hp > —3.0).

2.2. Characterization

X-ray photoelectron spectroscopy (XPS) measurements were
carried out by using a VG Scientific ESCA Lab Mark II spec-
trometer equipped with two ultra-high vacuum (UHV) cham-
bers. All binding energies were referenced to the Cig peak
at 284.8eV of the surface adventitious carbon. IR spectra on
KBr pellets of the samples were recorded on a Nicolet 410
FT-IR spectrometer at a resolution of 4cm™!. The concentra-
tion of sample in KBr was kept around 0.3%. The nitrogen
adsorption—desorption isotherms at 77 K were measured using
a Micrometerics ASAP2010 system after the samples were
vacuum-dried at 180°C overnight. X-ray diffraction (XRD)
measurements were performed on a Bruker D8 Advance X-ray
diffractometer with Cu Ko radiation. The crystal size was cal-
culated from the full width at half maximum (fwhm) of anatase
(101) using Sherrer equation. Temperature programmed des-
orption (TPD) of oxygen molecules was carried out by using
a Micrometerics TPD/R2910 chemisorbed instrument. Sample
(0.4 g) was pre-treated at 150 °C under Ar gas for 1 h. The sample
was then cooled down to room temperature. Continuous pluses
of oxygen were subsequently injected over the catalyst until
the sample reached the adsorption equilibrium. After this, the
sample was heated from 30 to 600 °C at a rate of 10°C min~!
using Ar as carrier gas (flow rate: 10 mL min~!). The desorption
of oxygen molecules was monitored by a thermal conductivity
detector. The amount of adsorbed oxygen was calculated accord-
ing to the area of O;-desorption peaks.

2.3. Photocatalytic activity

The measurement of photocatalytic activity was carried out
in a fixed bed tubular quartz reactor operated in a single-pass
mode. The reactor was surrounded with four 8 W UV bulbs
(365 nm). The weight of the catalyst was kept constant at 0.25 g.
Bromomethane diluted with zero air was used to afford a reac-
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tant stream. The initial concentrations of CH3Br and CO; in the
stream were 300 and O ppm, respectively. The flow rate of reac-
tant stream was kept at 20 mL min~!. Analysis of the reactor
effluent was conducted with a gas chromatograph (Hewlett-
Packard 6890) equipped with a flame ionization detector, a
thermal conductivity detector, and a Porapak R column. As a
comparison, the photocatalytic activity of commercial Degussa
P25, a reference titania catalyst, was also tested.

2.4. In situ FT-IR study

In situ investigation of photocatalytic surface reactions on
S042~/TiO; was performed on a Nicolet 410 FT-IR spectrom-
eter. The experiments were carried out in a special IR cell
(supporting materials, Fig. S1). The UV-transparent quartz cell
contained two CaF, windows that were transparent in the IR
region. Inside the cell, there was a rotational sample holder
that was attached to a heater and a K-type thermocouple. These
devices, in conjunction with a water-cooling system and a vac-
uum system, provided accurate temperature control (&1 K) and
high vacuum (<l x 10~* Torr). The detailed experimental pro-
cedures were as follows. The sample (ca.12mg/cm™2) was
pressed into a self-supporting thin wafer and then put into the
sample holder. The wafer was degassed in dynamic vacuum
(1 x 10~* Torr) at 393K for 3 h, and then the background spec-
tra were recorded. After equilibration of adsorption of pyridine
vapor for 15 min, the spectra were recorded after degassing the
wafer under vacuum at 393 K and 1 x 10~ Torr for 1 h. In order
for the in situ FT-IR observation of photocatalytic reaction on
S04~ /TiO; under actual photocatalytic conditions, the air and
UV light were then introduced into the cell loaded with pyridine-
adsorbed wafer to begin the experiments. The UV illumination
of the wafer was provided by an 8 W 365 nm UV bulb. The inci-
dent intensity of UV light at the position of the wafer surface was
approximately 2 mW/cm?. Since the background carbon diox-
ide level in the atmosphere was too high, it was difficult to detect
the CO» evolved from the photo-oxidation of pyridine given the
tiny amount of catalyst (~12 mg) involved. In order to solve this
problem, a 10 cm long 2.4 mm diameter tube-like quartz reac-
tor loaded with 2 g catalyst was specially designed for detecting
CO; produced from the reaction. The tube-like quartz reactor
was coupled to the gas chromatograph for analyzing CO,.

3. Results and discussion
3.1. Rule out the effect of bulk properties

It was noted that both bulk properties (e.g. surface area, crys-
tal phase, and crystal size) and surface properties considerably
affect the photocatalytic activity of TiO;. In our previous studies
[4], we only compared the photocatalytic activities of sulfated
TiO, and pure TiO, with a calcination temperature of 450 °C. At
this temperature, SO42~/TiO, possesses larger specific surface
area and higher surface acidity than pure TiO;. So, the improved
photocatalytic performance of SO42~/TiO; might be attributed
to the increased specific surface area. In order to exclude the
effect of surface area, in this study, the sol-gel-derived pure
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Fig. 1. Na-sorption isotherms (inset) and corresponding BJH pore size distribu-

tion curves for the TiO, and SO42~/TiO» samples.

TiO; was calcined at 300 °C whereas sulfated TiO, at 450 °C.
As a result, the two samples possessed similar specific surface
area and crystal size. As shown in Figs. 1 and 2 and Table 1,
both specific surface area (~150 m? g~!) and anatase crystal size
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Fig. 2. X-ray diffraction (XRD) patterns of pure TiO, and SO42~/TiO, samples.
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Table 1

Physical and chemical properties of the SO4>~/TiO5 and synthesized TiO, photocatalysts

Sample SggT (M2 g~ 1) VP (cm3 g~ 1P Dgjy (nm)© Crystal phase Crystal size (nm)? Adsorbed oxygen (mmol g~ 1)°
S0427/TiO, 153 0.21 44 Anatase 5.6 0.54
TiO, 152 0.22 4.6 Anatase 53 0.31

% BET surface area calculated from the linear part of the BET plot (P/Py=0.1-0.2).

b Total pore volume, taken from the volume of N, adsorbed at P/Py =0.995.

¢ Average pore diameter, estimated using the desorption branch of the isotherm and the Barrett-Joyner—Halenda (BJH) formula.

4" Average crystal size of anatase—TiO,, estimated using Scherrer equation.
¢ The amount of adsorbed oxygen was obtained from O,-TPD results.

(~6nm) for S0427/TiO; and pure TiO, were virtually identical.
The photocatalytic activity of SO042~/TiO», pure TiO, and refer-
ence titania (Degussa P25) was shown in Fig. 3. The SO4%~/TiO,
showed higher photocatalytic conversion of CH3Br (55%) than
that of pure TiO> (12%) and Degussa P25 (11%). The concen-
tration of produced CO, (164 ppm) from S042/TiO, was also
higher than those from pure TiO; (66 ppm) and P25 (60 ppm).
In addition, the SO42~/TiO, sample was stable during the whole
reaction, while serious deactivation was observed for both pure
TiO, and Degussa P25. Obviously, the enhanced photocatalytic
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Fig. 3. Photocatalytic conversion of CH3Br over pure TiO; and S042~/TiO,.
As a comparison, the photocatalytic activity of Degussa P25 titania was also
tested.

performance of SO42~/TiO, in our study was mainly due to the
changes of surface properties by sulfate-modification of TiO5.

3.2. Surface sulfur species

The structure of sulfur complexes on the surface of TiO»
was examined by XPS and IR measurements. Fig. 4a showed
the XPS spectrum in the Sy, binding energy (BE) region for

(a) TIOSO4

164 166 168 170 172 174
Binding energy (eV)

450 455 460 465 470 475
Binding energy (eV)

Fig. 4. XPS spectra of TiO, S042/TiO, and TiOSO,4 samples in (a) Spp and
(b) Tipp binding energy regions.
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Fig. 5. Infrared spectra of pure TiO, and SO4%~/TiO; catalysts. The broad peak
at ~3400 cm™~! corresponds to the O—H stretch region [30], whereas the peak at
~1630cm™! results from the O-H bending of adsorbed water molecules [31].

TiO,, SO4%2~/TiO,, and TiOSO4. There was no sulfur signal
on pure TiO;, whereas for the S0427/TiO, catalyst the BE of
Sap3/2 was observed at 168.4 eV. The BE of 168.4 eV suggested
that the sulfur in SO4%~/TiO, existed in a six-oxidation state
(S®*) [14]. This was confirmed by the XPS measurement of
TiOSOy, in which the sulfur exists typically in the form of S®*
and possesses a BE of 168.4eV (Fig. 4a). Fig. 5 showed the
IR spectra of SO4%/TiO, and pure TiO,. Several absorption
peaks in the 900—1300 cm ™! region were observed on the spectra
for SO42~/TiO, but absent on the one for the pure TiO;. The
peaksat 1219, 1135, 1048, and 976 cm~! were the characteristic
frequencies of a bidentate SO4%~ co-ordinated to metals such
as Ti** (Scheme 1) [14a,15]. It was noted that such a bridge
bidentate structure could strongly withdraw electrons from the
neighboring Ti cations, resulting in an up-shifting of BE of the
Ti cations. As shown in Fig. 4b, Tizp32 BE of 458.8eV was
observed for pure TiO3, while the Tizp3/2 BE of the S04%7/TiO,
sample shifted to a higher value of 459.9 eV, indicating a very
strong interaction between the sulfate anion and titanium cation.
Such an interaction has also been reported by Anderson and
co-workers [12], and is believed to be a driving force in the
generation of a large amount of surface acidic sites on solid
acids of sulfated metal oxides [16].

3.3. Adsorption of pyridine vapor on SO/~ /TiO;

Before photocatalytic reaction, in order to obtain a relatively
clean surface, the SO4%>~/TiO, catalyst was pre-treated at 393 K
under vacuum for 3 h. Pyridine was then adsorbed onto the sur-
face of SO4%~/TiO,. The sample was subsequently degassed
at 393K for 1h to remove physically adsorbed pyridine. The
chemisorptive states of the pyridine molecules were examined
by FT-IR. As shown in Fig. 6b, the spectrum contained sev-
eral significant peaks at 1445, 1489, 1540, 1607 and 1639 cm L,
These peaks could be assigned to the chemisorption of molecular
pyridine at different type of surface acidic sites [17]. The peaks
at 1445 and 1607 cm~! were due to the interaction of pyridine

'e) 0 O O 0]
O\'!'i . ‘I"i/o\'l‘" O J'I/O\Tli/o
O/ \O/ \O/ '-\O/ \O/ \O

heat | —H,O
QO s-

e '/O\L O\L/ ©

o~ o7 o~ '\o/ ~o” o
‘ X
&

J S

> O, 0
5+.NO \S/

H =

5 (o (N, 05
O\‘Li s 'Il'i/o\'!" - " O\L/ =
O/ \.O/ \O/ '\O/ﬁf\o/ \O

= =

‘ - O A O | =

0 \/ .I\é 8+
<?+H S s+H H

| / N | &

0] (0] @) O 0°
NEIEN PN
O/ \O/ I\O/ '\O/ '\O/ I\O

Scheme 1. Probing of surface active sites on the SO42_/T 10, solid acid using
pyridine as an adsorption molecule.

with Lewis acidic sites (exposed Ti** cations), while the peaks
at 1540 and 1639 cm™! came from the protonation of pyridine
molecule by the Brgnsted acid sites (surface-bound hydroxyl
groups) [17]. The peak at 1489 cm~! was due to the vibration of
pyridine adsorbed on Brgnsted acidic sites and on Lewis acidic
sites [17]. It should be noted that only small peaks correspond-
ing to pyridine adsorbed on Lewis acidic sites were observed
for pure TiO; (Fig. 6a). This suggested that the surface acidities
of pure TiO, were too weak to react with pyridine molecules.
Evidently, sulfate-modification not only increased the number
of strong Lewis acidic sites, but also induced a large amount
of strong Brgnsted acidic sites on the surface of TiO (Fig. 6b).
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Lewis acid site (L)
Bronsted acid site (B)

B+L

1400 1450 1500 1550 1600 1650 1700
Wavenumber (cm™)

Fig. 6. Infrared spectra of pyridine molecules adsorbed on (a) TiO, and (b)
S0427/TiO; catalysts under vacuum. The spectrum of (c) is corresponded to (b)
upon contact with atmosphere (humidity 80%).

These strong Brgnsted and Lewis acidic sites may provide better
adsorption centers for reactant molecules. Although the role of
such surface acidities on acid-catalyzed reactions have been well
studied in the field of conventional catalysis, the photochemi-
cal behaviors of these strong acidic sites during heterogeneous
photocatalysis is still less reported.

3.4. Photocatalytic oxidation of the adsorbed pyridine

As photocatalytic reactions generally take place at ambient
conditions, the pyridine-adsorbed SO4%~/TiO; was exposed to
the atmosphere (80% humidity). Upon exposure to the atmo-
sphere, the Lewis acidic sites reacted with HyO molecules and
were converted to Brgnsted acidic sites (Fig. 6¢). This conver-
sion was proved by the disappearance of the peak at 1445 cm™!
and the enhancement in the peak area of pyridine adsorbed at
the Brgnsted acidic sites (1540cm™') from original 3.184 to
4.629 after adsorption of water. As the Lewis acidic sites were
converted to Brgnsted acidic sites after reacting with H>O, at
this moment, the peak at 1489 cm™! was ascribed to one of
the vibration modes of pyridine adsorbed on Brgnsted acidic
sites [17]. Fig. 7 showed the evolution of the spectral changes
of pyridine-adsorbed sample over 600 min UV-irradiation. A
gradual degradation of pyridine was observed, as evident by
the progressive decrease in the intensities of peaks at 1489
and 1540cm™! for the adsorbed pyridine. After reaction for
600 min, the peaks completely disappeared. This indicated that
the pyridine molecules adsorbed on the Brgnsted acidic sites
were completely decomposed. Fig. 8 showed the evolution of
CO; from the photocatalytic oxidation of pyridine. This further
confirmed that the disappearance of the pyridine-adsorbed peaks
upon UV-irradiation was due to the photocatalytic conversion
of pyridine to final product CO3, instead of photo-desorption of
pyridine molecule from the Brgnsted acidic sites. It was noted
that when the TiO; sample was exposed to humid atmosphere,
the pyridine absorption peak at 1445cm™! was almost com-
pletely disappeared without accompanying by the formation

n
1400 1450 1500 1550 1600

Wave number (cm”)

Fig. 7. Infrared spectra recorded during 365 nm UV illumination of pyridine on
S0427/TiO, in actual photocatalytic conditions. Background spectrum was that
of SO42/TiO; catalyst without adsorbing pyridine. Spectra were obtained from
data collections initiated (a) O min, (b) 5 min, (c) 10 min, (d) 30 min, (e) 60 min,
(f) 90 min, (g) 120 min, (h) 150 min, (i) 210 min, (j) 260 min, (k) 310 min, (1),
360 min, (m) 420 min, and (n) 600 min after irradiation began. Each spectrum
was scanned 64 times with a resolution of 4cm™!.

0 1 2 3 4 5 6
Reaction time (h)

~
o]
[(=}

Fig. 8. The amount of carbon dioxide produced from the pyridine photodecom-
position on the SO4%~/TiO, photocatalyst as function of reaction time.

of a new peak at 1540cm~!. This revealed that no Lewis-
to-Brgnsted acidic site conversion occurred on the pure TiO»
sample. The disappearing of peak at 1445 cm™! was due to the
desorption of pyridine molecules from TiO, surface with weak
acidity.

4. Discussion

Due to the strong electron-inducing effect of the surface
sulfur complex, a large number of Brgnsted and Lewis acidic
sites were created on the surface TiO;. These acidic sites could
provide more surface chemisorption centers for reactants. The
formation of chemisorbed species on the surface sites upon pyri-
dine adsorption could be summarized in Scheme 1. When the
pyridine-adsorbed sample was exposed to real photocatalytic
atmosphere, the Lewis acidic sites were converted to Brgnsted
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Fig. 9. TPD spectra for O, adsorbed on TiO, and SO42_/T 10, samples.

acidic sites by the dissociation of water. The Brgnsted acidic sites
generally take the form of surface-bounded hydroxyl groups. It
has been indicated by previous investigators that the surface
hydroxyl groups play an important role in photocatalytic degra-
dation of organic compounds [2e—g]. The high density of surface
hydroxyl groups could improve the chemisorption capability of
TiO, surfaces toward reactant molecules. In fact, our experi-
mental results have also confirmed the improved chemisorp-
tion capability, as revealed by O,-TPD measurements in Fig. 9
and Table 1. For the pure TiO;, the adsorption amount of Oy
was 0.31mmolg_1, whereas for the SO42~/TiO; it signifi-
cantly increased to 0.54 mmol g~!. It is commonly held that
the adsorbed oxygen molecules are of vital importance for both
liquid- and gas-phase heterogeneous photocatalysis. Among
various primary photocatalytic processes on TiO», the interfa-
cial transfer of photo-induced electron is the slowest step, and
therefore, it is a rate-determining step [1d]. As the O, scav-
enge the photoexcited electrons from the conduction band of
TiO,, the increase in the oxygen adsorption is favorable for
the interfacial transfer of photoexcited electrons. Although the
importance of surface hydroxyl groups in adsorption on TiOy
surfaces and in promoting interfacial transfer of electron has
been discussed in the literature [1,18a,19], this is the first report
that describes the similar results for the SO42~/TiO, solid acid
photocatalysts.

Moreover, the surface hydroxyl groups may also have sig-
nificantly effect on the chemical behaviors of photoexcited
holes. The reaction mechanism for photogenerated holes at the
TiO, surfaces is a recent hot topic [20], and has not yet been
definitively established [1e]. There generally exist two proposed
reaction mechanisms for the photogenerated holes on TiO» pho-
tocatalyst: (1) the holes react with surface hydroxyl groups to
produce highly active hydroxyl radials which initiate photo-
oxidation reactions [1d,21]; (2) the holes are directly trapped
by chemisorbed organic molecules [22-26]. Despite the dis-
agreements on the reaction pathways of photogenerated holes,
we believed that the high density of surface hydroxyl groups
was helpful for both *OH-driven and direct hole oxidation path-
ways. In the *OH-driven pathway, the large amount of surface

hydroxyl groups effectively trapped the holes, generating a large
amount of reactive hydroxyl radicals [1d]; whereas in the case
of direct hole oxidation mechanism, the high density of sur-
face hydroxyl groups provided more surface sites for adsorbing
organic molecules that also efficiently captured the photogener-
ated holes. This, together with the stabilization of photo-induced
electrons by oxygen molecules, greatly prohibited the undesir-
able electron—hole pair recombination, improving the photocat-
alytic quantum efficiency.

Furthermore, H>O was one of the final products in a pho-
tocatalytic reaction. This H,O as well as water in atmosphere
can easily adsorb onto the surface of TiO; due to the superhy-
drophilic nature of UV-excited TiO, surface [27]. The adsorbed
water located in the outmost layer of TiO; surface would pre-
vent the reactant molecules from adsorbing onto the inner active
sites [28]. This was believed to be one of the main reasons
that accounted for the gradual deactivation of TiO, during pho-
tocatalytic reactions [29]. However, for the sulfate-promoted
TiO,, the water molecule could be converted firstly to surface
hydroxyl groups by dissociating on strong Lewis acidic sites.
These hydroxyl groups subsequently captured photogenerated
holes on SO427/TiO, and thereafter, producing highly reactive
surface hydroxyl radicals. As a result, the water produced from
photocatalytic reactions could be activated and enter into the
reactions again. This might also contribute to the high catalytic
performance of SO42~/TiO; photocatalyst.

Additionally, the sulfated TiO, was known as a super-strong
solid acid catalyst. Even in dark, the strong acidic sites were
conceived to carry out catalytic reaction of a large number of
organic compounds. Particularly, large and stable organics can
easily be activated and cracked by superacid catalysts [3]. Mean-
while, the strong acidic sites might also attack the stable surface
intermediates of photocatalytic reactions, inhibiting the buildup
of surface species. The coupling of superacid catalysis with
photocatalysis could remarkably change the pathways of photo-
catalytic reactions and facilitate the reactions that are difficult to
take place on pure TiO,. Study of this coupling effect is still in
progress.

5. Conclusions

In situ FT-IR was shown to be useful in investigating photo-
initiated surface reactions. This simple approach could precisely
identify the surface species and the structure of active sites
with the aid of a proper probing molecule. The sulfation of
TiO, photocatalyst induced Brgnsted acidic sites and increased
Lewis acidic sites on the TiO;, surface. The strong acidities
imparted a high reactivity on TiO, surface toward adsorbing
reactant and oxygen molecules. These, along with the stabi-
lization of photogenerated charge carriers, led to the high pho-
tocatalytic efficiency. Moreover, deactivation caused by water
adsorption could be avoided. This partly explained the high
photocatalytic performance of SO4>~/TiO,. Furthermore, the
combination of superacid-catalyzed with photo-catalyzed pro-
cesses was believed to alter the reaction routes, which might
also favor the photodecomposition of organics, particularly sta-
ble aromatic compounds.
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