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a b s t r a c t

In this paper, we reported the synthesis of sulfated TiO2 sensitized with hydrogen peroxide. These pre-
pared TiO2 showed high photocatalytic activity under the visible light (� > 420 nm). X-ray diffraction
(XRD), transmission electron micrograph (TEM), UV–vis diffuse reflectance spectroscopy, Fourier trans-
form infrared spectroscopy (FT-IR), BET N2 adsorption and X-ray photoelectron spectroscopy (XPS) were
eywords:
ulfated TiO2

ydrogen peroxide
isible light

employed to characterize the properties of the synthesized TiO2. The results indicated that anatase TiO2

with strong surface acidity was obtained. The photocatalytic activity of sulfated TiO2 was compared with
that of the commercially available Degussa P25 titanium dioxide by degrading methyl orange (MO) aque-
ous solutions. The degradation of MO on sulfated TiO2 under optimal calcining conditions was significantly
faster than that on the P25. The active sulfates anchoring on the surface of TiO2, Ti ions in a tetrahedral

ng vi
ith h
urface acidity coordination and the stro
sulfated TiO2 sensitized w

. Introduction

Nanosize TiO2 particles are used widely as one of the photocat-
lysts due to their chemical stability, non-toxicity and high activity,
ut its high activity can be acquired only under ultraviolet light with
wavelength of 400 nm or less at room temperature due to its broad
and gap. Since ultraviolet (UV) light is only 3–5% part of the solar
pectrum, the photocatalytic activity of TiO2 cannot be sufficiently
ctivated under solar light irradiation, which limits its application.
herefore, extension of the photoactive wavelength region of TiO2
nto the visible region is desirable for popularizing more TiO2 pho-
ocatalysts, especially under solar light for industrial areas or poor
nterior lighting illumination in living spaces. For this purpose, pure
iO2 has been modified by various ways such as impurity doping
1,2], inorganic compound [3] and dye sensitization [4] to obtain
isible light reactivity.

The complexes formed on the surfaces of titania particles can
e used as another approach to the extension of the photoactive

bsorption region of TiO2 photocatalysts into the visible region. Kim
t al. [5] recently reported 4-chlorophenol and phenolic compounds
n aqueous suspension of pure titania could be degraded under visi-
le illumination. However, the photocatalytic degradation reaction
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s absorption may mainly contribute to the high photocatalytic activity of
ydrogen peroxide under the visible light.

© 2008 Elsevier B.V. All rights reserved.

could occur only in the presence of electron acceptors. Hydrogen
peroxide was used widely as an electron acceptor in photocatalytic
degradation reaction [6,7]. Meanwhile, it is well known that a yel-
low color appears when the TiO2 samples are treated with peroxide
hydrogen. Although neither hydrogen peroxide nor titania alone
can absorb visible light, in the presence of H2O2, the –OOH groups
of H2O2 replace –OH groups on the surface of titania forming yellow
surface complexes [8,9], which shift light absorption region to visi-
ble light region and color TiO2 [10]. The coloration of TiO2 particles
by hydrogen peroxide is thought to be related to their photocatalytic
activity under visible light. Li et al. [9] have reported that small
organic compounds such as salicylic acid were degraded in the
presence of P25 TiO2 and H2O2 under visible light, because of the
generation of OH radicals from the decomposition of H2O2 under
visible light irradiation. Ohno et al. [10] also reported rutile showed
high vis photocatalytic activity for the photocatalyzed epoxidation
of olefin in the presence of H2O2, which was consistent with the
observations made by others [11]. Besides, hydrogen peroxide can
promote formation of active oxygen species [12,13], which are gen-
erally contributed to photocatalytic reactions [14].

Recently, many researchers reported that sulfation of TiO2 could
enhance efficiently its photocatalytic activity due to the increase in
the fraction of anatase, the surface area, and especially the surface

acidity for sulfated TiO2 [15–18]. In general, the sulfated TiO2 is
obtained by calcining TiO2 soaked in H2SO4. The high calcination
temperature is required for high photocatalytic activity for sulfated
TiO2 catalysts [18], due to formation of the strong surface acid-
ity. The strong acid sites on sulfated TiO2 increase the adsorption

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:ezouj@swu.edu.cn
dx.doi.org/10.1016/j.jphotochem.2008.12.001
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powder in anatase phase was fabricated without calcination by con-
trolling the hydrolysis of TiCl4 aqueous solution. Meanwhile, the
major peak becomes sharper and more intensive as the calcination
temperature and time increase, indicating better crystallization.
J. Zou et al. / Journal of Photochemistry and

trengths and coverages of different organics, which will result in
he improved photocatalytic activity [17]. Fu et al. [19] reported the
hotocatalytic activity of sulfated TiO2 for the photodegradation of
HBr3, C6H6 and C2H4 in air was six times higher than that of TiO2.

Hence, it can be reasonably assumed that the high-vis-active
hotocatalysts may be obtained by sensitizing sulfated nanosize
itania with hydrogen peroxide. To the best of our knowledge, there
ave been no reports about sulfated TiO2 sensitized with H2O2 as
isible-light-active photocatalysts so far. In this work, we reported
simple and efficient method to synthesize sulfated TiO2 sensi-

ized with H2O2. The prepared TiO2 has high vis photocatalytic
ctivity due to large amount of acidic sites, Ti ions in tetrahedral
oordination and strong vis absorption.

. Experimental

.1. Preparation of nanosize titania particles

Titanium tetrachloride (Sinopharm Chemical Reagent Co. Ltd.,
hina) was used without any further purification. The titania pow-
ers were synthesized by refluxing the TiCl4 aqueous solution
ontaining sulfuric acid. 15 mL titanium tetrachloride was added
ropwise into mixture of water and ice, containing 4 mL 98% sulfu-
ic acid under vigorous stirring to make resulting solution 0.5 M in
iCl4. The mixture was kept stirring and boiling to reflux for 4 h and
ged for 12 h. Subsequently, the resulting precipitates were sepa-
ated from the solution by using filtration and repeatedly washed
ith deionized water to remove the residual chloride ions and its
H value was about 6. Finally, the products were dried at 80 ◦C for
h. The powders were then calcined under various temperatures
nd durations ranging from 1 to 2 h. All these samples were named
ulfated TiO2 and denoted as TiO2–T–t, where T refers to calcination
emperature and t refers to calcination time. For comparison, com-

ercial Degussa P25 powders were dispersed into deionized water
ontaining the same concentration of sulfuric acid to form the sus-
ension 0.5 M in TiO2 and boiling to reflux for 1 h and aged for 12 h.
he treated P25 suspension was filtrated and dried, and then heat-
reated in air at 400 ◦C for 1 h, and the samples were denoted as
25-S.

The sensitizing TiO2 was acquired as follows: 1 g TiO2 pow-
ers were dipped and sonicated in 10 mL 30% H2O2 for 10 min. The
esulting suspension was filtrated and dried at 50 ◦C temperature
or 6 h.

.2. Characterization

The phase constitutions of the products were character-
zed through X-ray diffraction method using Cu K� radiation
� = 0.15418 nm) in a XD-3 diffractometer (Beijing Pgeneral). Trans-

ission electron microscopy (TEM, Hitachi H7500) was performed
t an accelerating voltage of 80 kV for electrons. The BET surface
reas of samples were determined by N2 adsorption–desorption
ethod at 77 K using the 3H-2000I system (Beijing HuiHaiHong
ano-ST). For the adsorption of pyridine, the samples were first
ried at 50 ◦C in vacuum for 2 h and then saturated with pyridine
apor at room temperature for 10 min. Subsequently, the samples
ere dried at 50 ◦C in vacuum for 5 h, and the powders with absorp-

ion of pyridine were achieved. Fourier transform infrared (FT-IR,
ruker TENSOR 27 FT-IR) spectra of TiO2 powders were obtained
sing a spectrometer. The UV–vis spectra were recorded on a spec-
rophotometer with an integrating sphere (Shmadzu UV-2550);

aSO4 was used as a reference sample. XPS spectrometer (VG Sci-
ntific ESCALAB 250) equipped with two ultra-high vacuum (UHV)
hambers measurements were performed and all binding energies
ere referenced to the C1s peak at 284.6 eV of the surface adventi-

ious carbon.
biology A: Chemistry 202 (2009) 128–135 129

2.3. Measurement of photocatalytic activity and adsorption of
methyl orange

The photocatalytic activities of the samples were measured by
the degradation of methyl orange (MO, 20 mg L−1) in an aqueous
solution. An amount of 0.2 g of sulfated TiO2 photocatalyst was son-
icated with 2 mL 30% hydrogen peroxide for 10 min and suspended
in a 200 mL aqueous solution of MO. A 450 W high pressure mer-
cury lamp (Shanghai YaMin) with a filter was used as a visible-light
source (� > 420 nm). Before the photocatalytic experiment, the sus-
pension was stirred in the dark for 30 min and its concentration was
original concentration (CO) of MO. After a given irradiation time, the
samples of 5 mL volume were withdrawn, and the catalysts were
separated from the suspensions by centrifuging at 5000 r min−1.
The concentration (C) of the MO solution was monitored by mea-
suring the maximum absorbance of MO using the UV–vis spectrum.

The reduction in MO concentration due to adsorption was mea-
sured by carrying out similar experiment in dark for 30 min. After
centrifuging, the pH value of resulted 200 mL MO solution were
adjusted to 6–7 by 1 M NaOH. The maximum absorbance of all MO
solutions is 464 nm.This concentration was denoted as Ci. The con-
centration of 20 mg L−1 MO was denoted as CMO. The adsorption
rate of MO was calculated by the formula ((CMO − Ci)/CMO) × 100%.

3. Results and discussion

3.1. Crystalline structure and morphology

Fig. 1 shows the X-ray powder diffraction (XRD) patterns of the
used samples calcined at different conditions. From the XRD pat-
terns, all diffraction peaks can be assigned to the anatase phase
without any indication of other crystalline by-products such as
rutile or brookite, indicating the formation of pure anatase TiO2
nanocrystals. The major diffraction peaks of all samples are iden-
tical and appear at 2� values of 25.3◦, assigned to the (1 0 1)
diffraction planes of anatase TiO2. In addition, from the diffrac-
tion results, it is notable that even titania particles uncalcined (0 ◦C)
are crystalline to some extent. Zhang et al. [20] also reported TiO2
Fig. 1. XRD spectra of sulfated TiO2 calcined at different conditions.
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Fig. 2. TEM images of sulfated

he average crystallite size has been determined using Scherrer
quation, considering the full-width at half-maximum (FWHM) of
he maximum intensity diffraction plane (1 0 1), for all the synthe-
ized samples. The calculated crystallite size is found to vary in
he range of 6–13 nm in average from 0 to 450 ◦C. It is clear that
he crystallites sizes increase with the increase of the calcination
emperature.

The TEM micrographs of sulfated TiO2 particles are presented
n Fig. 2. The crystallites have diameters in the range of 8–13 nm
nd are aggregated in the size range of 50–300 nm, as shown in
ig. 2. This agglomeration was probably caused by vigorous stir-
ing during hydrolysis of TiCl4 aqueous solution [21]. Calcination
akes the aggregates collapse into smaller ones. It is notable that

he agglomerations of sample calcined at 350 ◦C (Fig. 2a) are big-
er than those calcined at other temperatures. In addition, some
icrospores around 3 nm (Fig. 2d) are observed in the agglomera-

ions.

.2. UV–vis spectra and BET surface areas

The UV–vis spectra of the samples treated and untreated with
2O2 are showed in Fig. 3. A new absorption band is observed in the

isible range of 400–550 nm in addition to the fundamental absorp-
ion edge of TiO2 (Fig. 3a), located in the UV region (about 400 nm).
he calcination temperature is found to have some effects on the vis
bsorption intensity. The vis absorption decreases with increasing
f calcination temperature. Fig. 3a shows that a noticeable decreas-
alcined at different conditions.

ing in vis absorption intensity happens to the sample calcined at
400 ◦C for 2 h, which demonstrates that the influence of calcination
time is much greater than that of calcination temperature. The color
of sulfated TiO2 powders changes from white to yellow after they
are sensitized with hydrogen peroxide, which is also observed from
the P25 powders (Fig. 3b). The vis absorption of the sulfated TiO2 is
more intensive than that of P25, even though the absorption of P25
is shifted to red and increased to some extent after being treated
with sulfuric acid and peroxide hydrogen. Therefore, the color of
the P25 powders treated with H2O2 show pale yellow.

Generally, the color of a solid is determined by the position
of its absorption edge. A shift of this absorption edge toward a
longer wavelength can result in absorption in the visible part of
the spectrum. Fig. 3 shows that neither sulfated TiO2 nor Degussa
P25 can absorb in the visible region, and hydrogen peroxide can-
not either. Therefore, many researchers [8–11] attributed the new
absorption band to the formation of complexes between surface
titanium(IV) and hydrogen peroxide. However, it is noticeable that
the vis absorption of sulfated TiO2 is much stronger than P25. Some
researchers think surface area [8,10] and crystal structure [8] influ-
ence the absorption, and larger surface area can absorb better.
Commonly, surface area decreases with the increase of calcina-

tion temperature and time. However, the surface areas of sulfated
TiO2 were observed to increase with the increase of calcination
temperature and time (Table 1). As shown from the TEM results
(Fig. 2), sulfated TiO2 powders are presented as some aggregated
forms, but agglomeration would break into fragments or form some
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Fig. 3. Diffusion reflection absorption of TiO2 treated with H2O2.

icrospores with the increase of calcination temperature and dura-
ion. So, it is believed that the structure change of sulfated TiO2 plays
n important role in increasing the surface area of sulfated TiO2.

Some researchers report that the absorption becomes stronger
s the surface area of TiO2 powders increases [8,10]. However, what
e found is somewhat contradicted to those observations. Fig. 3a

nd Table 1 show that the vis absorption becomes lower when the
urface area of TiO2 powders increases. What causes this? During
he process of synthesizing sulfated TiO2, sulfuric acid was added so

hat sulfate ions would be anchored on the surface of sulfated TiO2
owders. We assume that these sulfate species are one of the most

mportant factors that improve absorption in the visible part of the
pectrum. Sulfate species usually start to decompose at only above
00 ◦C [22], so little decrease of vis absorption should be observed

able 1
rystallite phase, crystallite size and surface area for sulfated TiO2 and P25.

amples Crystalline phase Crystalline size (nm) SBET (m2 g−1)

iO2–350–1 Anatase 8 55.66
iO2–400–1 Anatase 8.1 59.75
iO2–400–2 Anatase 13.3 68.71
iO2–450–1 Anatase 10.1 65.12

25 Anatase 23.7 49.29
Rutile –

25-S Anatase 22.4 43.64
Rutile –
Fig. 4. IR spectra of P25 and sulfated TiO2 particles untreated and treated with
H2O2: (a) TiO2–350–1; (b) TiO2–400–1; (c) TiO2–400–1 treated with H2O2; (d)
TiO2–450–1; (e) P25; (f) TiO2–400–2.

when sulfated TiO2 is calcined at below 400 ◦C. Sulfate species on
the surface of sulfated TiO2 will decompose quickly above 400 ◦C, so
their absorptions decrease with the increase in calcination temper-
ature and duration even though their surface areas become larger.
This is consistent with the results shown in Fig. 3a. In fact, it is also
supported by the absorption of P25-S powders as shown in Fig. 3b
and Table 1 (its absorption is red shifted and becomes stronger, even
its surface area is less).

3.3. Composition and chemical structure

Fig. 4 shows IR spectra of P25 and sulfated TiO2 powders cal-
cined at different conditions. All the samples exhibit the strong
absorptions at ∼3400 and ∼1630 cm−1, which correspond to the
surface adsorbed water and the hydroxyl groups [16,23]. Compar-
ing IR spectra of P25 and sulfated TiO2 powders, two peaks at 1130
and 1057 cm−1 are observed for sulfated TiO2 powders, but not for
the P25 powders. These peaks are the characteristic frequencies of
a bidentate SO4

2− coordinated to metals such as Ti4+ [15]. Addi-
tionally, no absorbance bands in the range from 900 to 990 cm−1

which can be attributed to the surface adsorbed sulfate ions species
[16,24] are observed. This suggests that nearly all the SO4

2− species
entered the network of TiO2 [16].

In addition, there are no differences between sulfated TiO2
treated (curve b) and untreated (curve c). Bands in the range
950–700 cm−1 assigned to different Ti-peroxo species [10] is not
found, this is maybe limited by the detection resolution of IR. It is
also noticed that the peaks at 1130 and 1057 cm−1 for the curve
d assigned to the titania calcined at 450 ◦C for 1 h are weaker than
that of curves a–c, i.e., some sulfate ions coordinate with TiO2 in the
network was decomposed during calcinations. This trend is even
more obvious when TiO2–400–2 (curve f) is checked, i.e., its peak
at 1057 cm−1 which is usually assigned to active sulfate species [25]
almost disappears completely. Therefore, the calcination at higher
temperature is shown to be able to reduce the sulfate species coor-
dinate with TiO2 in the network, which leads the vis absorption of

sulfated TiO2 decreasing with the increase of calcination tempera-
ture and duration (Fig. 3a).

Fig. 5 shows the XPS spectra of the S2p band for used samples.
The BE of 168.7 eV suggests that the sulfur in sulfated TiO2 exists
in a six-oxidation state (S6+) [15,26] as chelating bridging bidentate
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Fig. 5. XPS spectra of the S2p band of used samples.

omplex [27]. This is consistent with the result of IR spectra in Fig. 4.
or P25, no the S2p band was observed. The molar ratio between S
nd Ti for the TiO2–400–1 before and after treatment with H2O2
s 1:3.8 and 1:4.1, respectively, indicating that sulfate ions species
re partly replaced by H2O2, resulting in the decrease of S content.
owever, for P25-S, the ratio is 1:10.8, which indicates that sulfate

pecies anchored on P25-S is less than that on TiO2–400–1.
The Ti2p spectra for TiO2–400–1 before the treatment with

2O2 consists of two peaks of Ti2p3/2 and Ti2p1/2 located at 459.1
nd 464.9 eV (Fig. 6a), respectively, indicating that Ti ions are in
n octahedral environment [28,29]. The electrons can strongly be
ithdrew from the neighboring Ti cations by bidentate sulfate

ormed on the surface of TiO2, resulting in a slight increase of BE of
he Ti cations [15]. This can be explained by the increase in effec-
ive positive charge around Ti surface species [30]. Ti2p3/2 BE of the
ulfated TiO2 shifts from 458.4 eV for pure TiO2 [30] to 459.1 eV. For
iO2–400–1 sensitized with hydrogen peroxide (Fig. 6b), the band
i2p3/2 consists of two peaks at 458.7 and 460.5 eV with an atomic
atio of about 73:27, respectively, which implies the two differ-
nt chemical environments of Ti ions exist in the sensitized titania
tructure: one in an octahedral coordination with oxygen, and the
ther in a tetrahedral environment [28,29]. The tetrahedral coor-
ination for Ti ions with oxygen comes from the peroxo-titanium
omplexes due to the collaboration between peroxo groups and sul-
ate species. However, it is noticeable that nothing exists in P25 and
25-S except the Ti ions in an octahedral coordination with oxygen,
lthough they both are sensitized with H2O2 (Fig. 6c). The tetrahe-
ral environment of TiO2 ions was reported more for phosphated
iO2 [29] and SiO2/TiO2 composite [28,31]. Meanwhile, the forma-
ion of peroxo complexes can cause partial electron transformation
rom the neighboring Ti to peroxo groups and a decrease of the
lectron density on Ti, resulting in an increase of BE of the partial Ti
ations to 460.5 eV, which is much more than that of TiO2 sensitized
ith only H2O2 [31]. And then a decrease of BE of other Ti cations

ccurred from 459.1 eV for TiO2–400–1 untreated with H2O2 to
68.7 eV for the treated due to countervail of electron withdrawing
ffect from both peroxo complexes and sulfate ions, which indicates
he withdrawing electron effect is stronger for peroxo groups than
ulfate species.

Peroxo groups could not be detected in the IR spectra of sulfated
iO2 sensitized with H2O2 (Fig. 4). However, the band of peroxo

roups can be easily observed in the XPS spectra. Fig. 7a shows the
1s XPS spectrum of TiO2–400–1 before treatment with H2O2. Peak

eparation of the O1s spectrum clearly shows two kinds of oxygen
ith binding energies of 530.4, and 531.9 eV. The band at 530.4 eV

s attributed to the Ti(IV)–O bonds [28,32]. The one at 531.9 eV is
Fig. 6. XPS spectra of the Ti2p band of used samples.

assigned to hydroxyl groups [32] due to absorbed water, as well as
oxygen in sulfate [16,30], which was confirmed by IR in Fig. 4. Com-
pared with titania untreated with H2O2, O1s of treated titania can
be separated into tree peaks (Fig. 7b), located at 530.1, 531.9 and

533.7 eV, respectively, which can be attributed to Ti–OH at 531.9 eV
and Ti–O at 530.1 eV, and the new peak at 533.7 eV is assigned
to peroxo groups [10,32], with proportion contributions of 8.8%
(Table 2). And the peroxo groups also were observed for P25 and
P25-S treated with H2O2, with proportion contributions of 6.1 and
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ig. 7. XPS spectra of the O1s band of TiO2–400–1 untreated (a) and treated (b) with
2O2.

.3%, respectively (Table 2). It is obvious that the band assigned to
ydroxyl groups is stronger for the TiO2–400–1 after the treatment
ith H2O2 (Fig. 7b) than that for TiO2–400–1 untreated (Fig. 7a), as

i ions in tetrahedral coordination can provide additional surface
ydroxyl groups by adsorbed water in air [29]. Table 2 also shows
he similar results, much more hydroxyl groups existing on the sur-
ace of TiO2–400–1 with Ti ions in tetrahedral coordination than
hat on P25 and P25-S only with Ti ions in octahedral coordination.

.4. Photocatalytic activity

Photocatalytic activity tests were conducted by the degradation

f methyl orange in aqueous solution under visible light irradia-
ion. Fig. 8a shows the results of photocatalytic degradation of MO
ater solution for nanosize titania. As can be seen, the blank sam-
le, 200 mL MO solution containing 2 mL 30% H2O2, discolors MO
nly about 2% in 300 min, whereas the sample treated without H2O2

able 2
ontent for different type of oxygen atoms for used samples treated with H2O2.

amples Content for different type of oxygen atoms (%)

O–H and S–O O–O Ti–O

25 15.6 6.1 78.3
25-S 16 7.3 76.7
iO2–400–1 44.7 8.8 46.5
Fig. 8. Photocatalytic activities of sulfated TiO2 (a) and P25 (b) sensitized with H2O2

under visible light (� > 420 nm).

have about 15% discoloration. After sensitized with hydrogen per-
oxide, the samples can acquire up to 98% discoloration in 150 min
except theTiO2–400–2. The differences in calcination temperature
can lead to different results of MO degradation. The TiO2–400–1 has
a best photocatalytic behavior, and 99% discoloration was acquired
in just 120 min. Additionally, the prolongation of calcination time
can decrease the photocatalytic activity of sulfated TiO2, 2 h cal-
cining at 400 ◦C resulting only 80% degradation of MO in 180 min.
Compared the TiO2–400–1 before and after treatment with H2O2, it
is notable that the vis photocatalytic activity can be improved dra-
matically by H2O2, which is also supported by the observations in
Fig. 8b. The degradation of MO increases from about 20% for P25 to
80% for one sensitized with peroxide hydrogen in 300 min. There-
fore, it can be concluded that the degradation of MO for P25 is much
lower than the one for sulfated titania under visible light irradiation.

Similarly, the pH value also influences the photoactivity of cata-
lyst [33]. An enhancement in photoactivity was observed when P25
treated with only H2O2 were photoirradiated in a MO solution con-
taining H2SO4 having pH value of 3.2 as TiO2–400–1 suspensions
(Fig. 8b). As for the increase of MO degradation in acidic solution,
it was basically due to that acidic environment would enhance the
adsorption strengths of the reactant dye MO [33,34], which was

also supported by the observations in Fig. 9. However, according to
Figs. 8b and 9, although P25-S suspensions had much lower adsorp-
tion than that in P25 suspensions at pH 3.2, the higher photoactivity
was observed for P25-S. And an approximately 20% difference in
adsorption strength could not also explain why MO degradation
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Fig. 9. The adsorption rates of MO in used samples suspensions.

n TiO2–400–1 was nearly as two times as that on P25 at pH 3.2.
hose hinted that the adsorption of the reactant would be not solely
esponsible for the high photoactivity of sulfated TiO2.

The surface sulfur complex anchored on the TiO2 can produce
trong electron-inducing effect. So, a large number of Brønsted and
ewis acidic sites were created on the surface of TiO2 [35], indi-
ating that the presence of active sulfate species on the surface
f TiO2 increased the surface acidity of TiO2 [25,36]. The strong
urface acidity would improve photocatalytic activity of TiO2 [37],
ince photo-induced electrons could be captured by these acidic
ites [16]. Meanwhile, higher content of active sulfate species and
uitable crystallinity of TiO2 should be the prerequisites for pro-
ucing strong surface acidity [25]. Generally, sulfation of TiO2 is
arried out by calcining amorphous TiO2 at high temperature (at
east 500 ◦C) to get higher catalytic activities [18]. Unfortunately,
igh temperature may lead to the decomposition of a large amount
f active sulfate species as indicated by the IR results in Fig. 4. In our
tudy, the high temperature is dispensable because crystalline TiO2
as been produced in the hydrolysis process. Hereby, strong sur-

ace acidity for sulfated TiO2 can be obtained. In order to detect
urface acidic sites for sulfated TiO2 before and after treatment
ith H2O2, the chemisorptive states of pyridine molecules were

xamined by FT-IR in the atmosphere (Fig. 10), for photocatalytic
eactions generally occurred at ambient conditions [15]. Since the
ewis acidic sites react with H2O molecules and are converted to
rønsted acidic sites, only Brønsted acidic sites are observed for
iO2–400–1, but a weak peak corresponding to Lewis acidic sites
t 1448 cm−1 [36] is observed for TiO2–400–1 after treatment with
2O2, which indicates Lewis acidic sites can be stabilized by H2O2.

Moreover, more surface chemisorptions centers for some reac-
ants can be facilitated due to surface acidic sites [17]. We think
hese chemisorptions centers also serve hydrogen peroxide. The
ulfated TiO2 sensitized with H2O2 can adsorb more hydrogen per-
xide to form more peroxo-titanium complexes, resulting in more
ntensive vis absorption, which is the prerequisite for photocat-
lytic activity under visible light irradiation. The least active sulfate
pecies anchor on TiO2–400–2 (Fig. 4), which corresponds to the
owest vis absorption (Fig. 3a). It is also supported by the more
ntensive absorption of P25-S in the visible light region (Fig. 3b),
lthough its surface area is lower than that of P25 (Table 1). In addi-

ion, based on the XPS analysis, the stronger withdrawing effect
f peroxo groups to electrons can increase the charge of Ti sur-
ace species, which can hinder recombination of photogenerated
lectrons and holes [30].
Fig. 10. Infrared spectra of pyridine molecules adsorbed on TiO2–400–1 treated with
H2O2 (a) and untreated (b) in the atmosphere (humidity 80%).

Additionally, as discussed above based on Figs. 6 and 7, Ti ions in
tetrahedral coordination, coming from the collaboration between
sulfate species and peroxo groups, can provide additional surface
hydroxyl groups. These surface hydroxyl groups can stabilize the
photoexcited hole and electron pairs [25,38] and react with pho-
toexcited holes on the catalyst surface to produce hydroxyl radicals
proven to be powerful oxidants in degrading organics [39]. Mean-
while, Wang et al. [15] reported the high density of surface hydroxyl
groups could improve the chemisorption capability of TiO2 sur-
faces toward reactant molecules, such as O2, and the increase in the
oxygen adsorption is proportional to the interfacial transfer of pho-
toexcited electrons. Furthermore, the Lewis acidic sites for sulfated
TiO2 sensitized with H2O2 can initiate the water photooxidation
[40] and the photocatalytic oxidation of organic compounds on
TiO2 under visible light mainly proceed via reactions with surface
intermediates of water oxidation or oxygen reduction [41].

4. Conclusions

In this paper, the anatase TiO2 nanoparticles were prepared by
the sulfuric-acid-catalyzed hydrolysis of boiling TiCl4 solutions. The
high content of active sulfate species and suitable crystallinity for
sulfated TiO2 were acquired by calcining at lower temperature,
resulting in strong surface acidity. After sensitized with hydrogen
peroxide, the sulfated titania powders exhibit much higher vis pho-
tocatalytic activity relative to P25 powders. We conclude that the
outstanding vis activity of sulfated TiO2 sensitized with H2O2 is
related to the existence of large amount acidic sites due to sul-
fate ion species, Ti ions in a tetrahedral coordination and strong
vis absorption.
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