
INTRODUCTION

The widespread applications of titanium dioxide in
comparison to other semiconductor nanoparticles arise from
the high redox potential, chemical stability, inexpensiveness
and non-toxicity1,2. Among the three polymorphs of titania,
anatase phase is reported as the most photocatalytically active
because of its higher charge-carrier mobility and an increased
density of surface hydroxyls3,4. On the other hand, rutile phase
is found to be less active and photocatalytic activity, whereas
brookite phase is seldom investigated5. Besides the influence
of crystal structure, photocatalytic activity of titania depends
on various factors such as phase purity, surface area, crystallite
size, quantity and nature of dopants, method of preparation
and the anatase/rutile ratio6,7.

The most photocatalytically active anatase phase is meta-
stable and irreversibly converted to the lesser photocatalytically
active rutile at a temperature range of 600-700 ºC. This limits
the use of titania photocatalysts for the high temperature (≥
800 ºC) applications (e.g., ceramic based building materials).
Therefore, the improvement of anatase phase stability is one
of the major challenges in ceramic industries8,9.

It is known that titania has a wide band gap (3.2 eV),
which confines its application to the UV region (λ ≤ 390 nm).
This means that the conventional photocatalysts can just utilize
5 % of the solar energy10. This has a significant impact on the
commercial application of these materials. In order to utilize
sunlight or artificial room light sources more effectively, the
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development of visible light active titania is necessary. There-
fore, many modification methods, including metal doping,
nonmetal doping, co-doping and organic dye sensitization,
have been investigated. Recently a new method, H2O2 modi-
fication has been reported by several research groups11-13. Zou
et al.12, prepared H2O2-sensitizing TiO2/SiO2 composite
photocatalysts. They found the obtained composite photo-
catalyst could absorb visible light at wavelength below 550
nm, thus exhibited visible light activity. Zou et al.13 synthesized
the sulfated TiO2 sensitized with hydrogen peroxide. The
degradation of methyl orange on sulfated TiO2 under optimal
calcining conditions was significantly faster than that on P25
under visible light. Ohno et al.11 prepared visible light respon-
sive titanium peroxide by impregnating TiO2 in H2O2. The
obtained catalyst showed photocatalytic epoxidation activity
of 1-decene under visible light. To resolve the problems
mentioned above, a novel method to synthesis peroxo-titania
by H2O2 modification in situ was reported in this work. The
obtained catalyst still retained anatase phase after 800 ºC calci-
nation. The prepared peroxo-titania exhibited outstanding
photocatalytic activity and stability under visible light. The
possible mechanism was proposed.

EXPERIMENTAL

In a typical synthesis of peroxo-titania, 4 mL titanium
tetrachloride was added to 100 mL cold water (0-5 ºC) to form
titanium oxychloride. Ammonia was added to above solution
to adjust the pH value to 7. The obtained solid sample was
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washed by deionized water to remove the chloride ions (tested
by AgNO3 solution). Then, the product was added into another
solution contained 7.5 mL H2O2 and 100 mL deionized water
and stirred for 1 h to form peroxo titanate complex. This
solution was heated at 60 ºC for 2 h to undergo gelation, then
dried in oven at 80 ºC for 20 h. The obtained xerogel was
calcined at 450 ºC for 2 h (5 ºC/min). The obtained product
was denoted as P1-TiO2. P0-TiO2, P2-TiO2 and P3-TiO2 were
prepared by the same procedure above but addition of H2O2 0,
15 and 30 mL, respectively. For comparison, two more samples
P0-TiO2-800 and P2-TiO2-800 were prepared following the
same procedure as in the synthesis of P0-TiO2 and P2-TiO2

but calcined at 800 ºC.
XRD patterns of the prepared TiO2 samples were recorded

on a Rigaku D/max-2400 instrument using CuKα radiation (λ
= 1.54 Å). UV-visible spectroscopy measurement was carried
out on a Jasco V-550 spectrophotometer, using BaSO4 as the
reference sample. The Brunauer-Emmett-Teller (BET)-specific
surface areas (SBET) of the samples were determined through
nitrogen adsorption at 77 K (Micromeritics ASAP 2010). All
the samples were degassed at 393 K before the measurement.
Quantitative X-ray fluorescence analysis was performed by
using an X-ray fluorescence spectrometer (SXF-1200 analyzer).
XPS measurements were conducted on a Thermo Escalab 250
XPS system with AlKα radiation as the exciting source. The
binding energies were calibrated by referencing the C 1s peak
(284.6 eV) to reduce the sample charge effect.

Suspensions were prepared in deionised water by mixing
TiO2 catalyst with appropriate solutions of methylene blue. In
a typical procedure, 0.1 g TiO2 powders were dispersed in 100 mL
solution of methylene blue (initial concentration C0 = 50 ppm)
in an ultrasound generator for 10 min. The suspension was
transferred into a self-designed glass reactor and stirred for
0.5 h in darkness to achieve the adsorption equilibrium. The
concentration of methylene blue at this point was considered
as the absorption equilibrium concentration C0'. The adsorption
capacity of a catalyst to methylene blue was defined by the
adsorption amount of methylene blue on the photocatalyst
(C0-C0'). In the photoreaction under visible light irradiation,
the suspension was exposed to a 110-W high-pressure sodium
lamp with main emission in the range of 400-800 nm and air
was bubbled at 130 mL/min through the solution. A cutoff filter
was placed outside the water jacket to remove wavelengths
below 420 nm to ensure irradiation completely by visible light.
Additionally, irradiation at 450, 500 and 600 nm was carried out
with a series of light filters. All runs were conducted at ambient
pressure and 30 ºC. At given time intervals, 4 mL suspension
was taken and immediately centrifuged to separate the liquid
samples from the solid catalyst. The concentrations of methylene
blue before and after reaction were measured by means of a UV-
visible spectrophotometer at a wavelength of 665 nm. It is the
linear relationship between absorbance and concentration of
liquid sample in the experimental concentration range. Therefore,
the percentage of degradation D % was determined by the
absorbances of the liquid sample before and after degradation.

RESULTS AND DISCUSSION

Fig. 1 shows the FT-IR spactra of P2-TiO2 before and
after calcination. Four bands were observed in the spectra of
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Fig. 1.  FT-IR spactra of P2-TiO2 before and after calcination

both samples. The bands at around 1640 and 3400 cm-1 are
attributed to the bending and stretching vibrations of hydroxyl
groups, respectively14. The band at 500 cm-1 is attributed to
the O-Ti-O structure of TiO2. The band around 1040 cm-1

should be attributed to the O-O band15. After calcination, a
new band around 690 cm-1 was observed. According to the
previous reports, this band should be attributed to the Ti-µ-
peroxide structure (Ti-O-O-Ti)16,17. It is proposed that the calci-
nation of peroxo titanate complex will cause the release of
oxygen in situ. Such oxygen atom could insert the Ti-O lattice
and form Ti-O-O-Ti structure.

The XRD patterns of prepared TiO2 catalysts are shown
in Fig. 2. All the samples were anatase phase (Fig. 2a). There
was no observable structural difference between P0-TiO2 and
peroxo-titania. However, it is noted that the peak intensity
decreased with the increase of H2O2 amount. The particle sizes
of the samples were calculated by their XRD patterns accor-
ding to the Debye-Scherrer equation. The results showed that
the particle size decreased obviously (35, 31, 27 and 24 nm
for P0-TiO2, P1-TiO2, P2-TiO2 and P3-TiO2). In Fig. 2b, the
mix phase of anatase and rutile was observed for P0-TiO2-
800, indicating partial TiO2 sample was transferred from anatase
phase to rutile phase under high temperature. However, for
P2-TiO2-800, pure anatase phase was observed. Besides,
according to the Debye-Scherrer equation, the particle size of
P2-TiO2-800 was 28 nm, smaller than that of P0-TiO2-800
(39 nm). Therefore, it is deduced that the formation of peroxo-
titania slowed crystallite growth and restrained the phase transfer.
Generally speaking, the process of anatase to rutile phase trans-
formation involves breaking of only two of the six Ti-O bonds
in anatase18. This usually commences with oxygen vacancy
formation, which accelerates the Ti-O bond breaking and phase
transition associated with crystallite growth. Under normal
synthesis conditions, high temperature treatment of titania
always results in the formation of oxygen vacancies19-21. During
the high temperature treatment, the Ti-O-Ti network weakens
and this facilitates the Ti-O bond breaking and a consequent
structural rearrangement to a thermodynamically stable rutile
phase18. In this investigation, the thermal decomposition of
peroxo titanate complex cause the generation of oxygen in situ,
which can hinder the oxygen vacancy formation and retains
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Fig. 2. XRD patterns of prepared TiO2 samples

the strength of Ti-O-Ti network, thus stabilize the anatase phase
and slow crystallite growth. The lattice parameters of the
catalysts were measured using (1 0 1) and (2 0 0) in anatase
crystal planes by using equations21:

θ

λ
=

sin2
d )hkl( (1)

2222222
)hkl( clbkahd −−−− ++= (2)

where d(hkl) is the distance between crystal planes of (h k l), λ
is the X-ray wavelength, θ is the diffraction angle of crystal
plane (h k l), h k l is the crystal index. The a, b and c are lattice
parameters (in anatase form, a = b ≠ c). The results shown in
Table-1 indicated that the decrease in c/a ratio associated with
an increase of the lattice parameter α was identified with an
increase of H2O2 content. This is probably due to that calci-
nation of titania in an oxygen rich atmosphere could form
oxygen in situ, which bond with an O atom on the lattice site,
forming a Ti-O-O-Ti bond22. This results in the slight outward
movement of the neighbouring Ti atoms and a consequent
increase in lattice parameters. The increase of lattice para-
meters with an increase of H2O2 concentration may be due to
the formation of more oxygen in situ during the heat treat-
ment.

TABLE-1 
LATTICE PARAMETERS OF PREPRED TiO2 SAMPLES 

Catalyst a (Å) c (Å) c/a 
P0-TiO2 3.7703 9.4753 2.514 
P1-TiO2 3.7737 9.4748 2.510 
P2-TiO2 3.7769 9.4754 2.508 
P3-TiO2 3.7811 9.4755 2.506 

 
UV-visible spectra for prepared TiO2 samples are shown

in Fig. 3. It could be seen that no absorption in visible light
region for the sample of P0-TiO2 was observed. However, a
tailing absorption in the visible region 400-700 nm were
observed for prepared peroxo-titania samples. According to
the previous report, this is due to the formation of a new inter-
mediate between TiO2 and H2O2

13. This new intermediate
should be the surface complexes resulting from the interaction
between H2O2 molecule and valance-unfilled Ti(IV) of TiO2

surface. Such absorption in the visible region should be assigned
to the intramolecular ligand to metal charge-transfer transition
within the surface titanium(IV)-hydrogen peroxide complexes.
Moreover, the visible light absorption increased with increasing
the H2O2 content. This is probably due to the formation of
more surface complexes between H2O2 molecule and TiO2.
Besides, no shift of the absorption edge was observed for the
peroxo-titania samples, indicating the band gap energy was
not decreased.
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Fig. 3. UV-visible diffuse reflectance spectra of prepared TiO2 samples

Fig. 4 shows the XP spectra of P0-TiO2 and P2-TiO2 in
the region of Ti 2p (a) and O 1s (b). In the spectra of Ti 2p, the
obvious shift to higher binding energy was observed for P2-
TiO2. This is probably due to that oxygen atom insert the Ti-O
lattice to form Ti-O-O-Ti structure, which change the chemi-
cal environment of Ti. Due to the higher electronegativity of
oxygen, more electrons may be transferred from Ti to O, leading
to the decreased electron density on Ti atoms. It is known that
a increase in binding energy implies the decrease of the
electron density. Therefore, it is reasonable that the binding
energy increased for P2-TiO2. In Fig. 4b, the spectra of O 1s,
the peak position did not shift for P2-TiO2, whereas the peak
intensity increased obviously. The O/Ti ratio of prepared TiO2

sampes was calculated and shown in Table-2. Modification of
the titania precursors with H2O2 results in a significant increase
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Fig. 4. XP spectra of P0-TiO2 and P2-TiO2 in the region of Ti 2p (a), O 1s (b)

TABLE-2 
O/Ti RATIO OF PREPARED TiO2 SAMPLES 

Catalyst Ti 2p (at. %) O 1s (at. %) O/Ti 
P0-TiO2 33.22 66.78 2.01 
P1-TiO2 32.89 67.11 2.04 
P2-TiO2 32.68 67.32 2.06 
P3-TiO2 32.47 67.53 2.08 

P0-TiO2-800 33.29 66.71 2.0 
P2-TiO2-800 32,95 67.05 2.03 

 
in the oxygen content and O/Ti ratio of the titania samples.
P3-TiO2 exhibited the highest oxygen content and O/Ti ratio,
67.53 at. % and 2.08. For P2-TiO2-800, the oxygen content
and O/Ti ratio decreased compared with P2-TiO2. This is prob-
ably due to that partial Ti-O-O-Ti structure was destroyed under
such high temperature. Therefore, it is concluded from above
results (O/Ti ratio, Ti 2p and O 1s binding energies, FT-IR
and XRD results) that the peroxo-titania was formed by modifi-
cation with H2O2.

The photocatalytic activities of prepared TiO2 samples
under visible light are shown in Fig. 5. P0-TiO2 exhibited no
activity, agreeing well with the result from the UV-visible
analysis that P0-TiO2 had no response to visible light. For the
peroxo-titania samples, the photocatalytic activity increased
obviously. P2-TiO2 exhibited the highest methylene blue
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Fig. 5. Photocatalytic performances of prepared TiO2 samples in the
degradation methylene blue under visible light irradiation

conversion, over 80 % after 8 h. P3-TiO2 with the highest oxygen
content showed the much lower methylene blue conversion
compared with P2-TiO2 (60 % after 8 h). This is probably due
to the difference in adsorption capacity of methylene blue. It
is known that the SBET strongly influences the adsorption
capacity of the catalyst. In this investigation, the nitrogen
adsorption results indicated that the SBET of P0-TiO2, P1-TiO2,
P2-TiO2 and P3-TiO2 was 63, 72, 88 and 93 m2 g-1, respec-
tively. However, the adsorption capacity of methylene blue
decreased in the order: P2-TiO2 > P1-TiO2 > P0-TiO2 > P3-
TiO2, which was not consistent with the SBET result completely.
This should be due to the coverage of TiO2 surface by excess
surface complexes, leading to a decreased adsorption sites.
Therefore, the methylene blue conversion of P3-TiO2 was
lower than that of P2-TiO2.

Ohno et al.11 prepared visible light responsive titanium
peroxide by impregnating TiO2 in H2O2. However, the obtained
Ti-η2-peroxide structure is unstable. H2O2 need to be provided
continuously during the photo-reaction to form the new Ti-
η2-peroxide structure. To check the catalytic stability of prepared
peroxo-titania catalyst, the photocatalytic performances of P2-
TiO2 were investigated in four cycles (not shown here). No
decrease in activity was observed after four cycles, indicating
that the peroxo-titania is stable under visible light irradiation.

It is known that, when the TiO2 catalyst is excitated by a
photon with the energy beyond the band gap, an electron (e–)-
hole (h+) pair is generated. The e– and h+ may migrate to the
surface of the photocatalyst particle. The photogenerated
electrons in the conduction band and holes in the valence band
of TiO2 will react with O2 and OH–, respectively to generate
highly active •O2

– and •OH species. Such highly active species
are responsible for the decomposition of reactant1,2. In order
to clarify the photoreaction mechanism of peroxo-titania cata-
lyst, in this investigation, tert-butyl alcohol (TBA, 10 mM)
was added as •OH species scavenger. The result (not shown
here) indicated that no obvious decrease in the photocatalytic
activity of P2-TiO2 was observed. It is deduced that the vis-
activity should not be result from the •OH species. Therefore,
h+ should not be formed during the photoreaction.

According to above result, the possible photoreaction
mechanism should not the light excitation of TiO2 but the
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surface electron transfer from the surface complex to the TiO2

conduction band. The possible mechanism of the photoinduced
electron transfer and interface photoreaction of peroxo-
titania catalyst was as follows. The TiO2 catalyst can not be
excited by visible light directly because the band gap energy
did not decrease for the prepared peroxo-titania (Fig. 3).
However, the calcination of peroxo titanate complex will cause
the release of oxygen in situ, which insert the Ti-O crystal
lattice and form surface complexes (Ti-O-O-Ti). Such surface
complexes extend photoresponse to visible light and can be
excited by visible light. The excited surface complex injects
an electron to the conduction band of the semiconductor and
generates the conduction band electron. Such e– will react with
O2 to generate highly active •O2

–, which is responsible for the
decomposition of methylene blue.

Conclusion

The peroxo-titania was prepared by H2O2 modification in
situ. The thermal decomposition of peroxo titanate complex
cause the generation of oxygen in situ, which can hinder the
oxygen vacancy formation and retains the strength of Ti-O-Ti
network, thus stabilize the anatase phase and slow crystallite
growth. The surface complexes (Ti-O-O-Ti structure) was
formed between H2O2 molecule and valance-unfilled Ti(IV)
of TiO2 surface, which could absorb the visible light. P2-TiO2

exhibited the highest methylene blue conversion under visible
light. The possible photoreaction mechanism should be not
the light excitation of TiO2 but the surface electron transfer
from the surface complex to the TiO2 conduction band.
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