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a b s t r a c t

Rutile-TiO2, obtained by treatment of Degussa P25 at T = 800 ◦C in oxygen, is used as a starting mate-
rial and initially shows only marginal optical absorption and photocatalytic activity in the visible range.
Treatment at temperatures T ≥ 1000 ◦C in a hydrogen atmosphere leads to the phase transformation:
rutile-TiO2 → TinO2n−1 (n < 9). Subsequent treatment at T = 800 ◦C in oxygen restores the initial rutile struc-
ture. The reduction–reoxidation cycle, however, induces a growth of an optical absorption in the visible
range, which is accompanied by a substantial increase of TiO2 powders photoactivity in the reaction of
acetaldehyde oxidation under visible light (� = 546 nm, T = 298 K). In order to characterize the nature of the
respective defect sites, charge carrier trapping has been followed by EPR technique. At T = 77 K under high

−6 •− 3+

isible light
agnelli

inO2n−1

aman

vacuum conditions (p < 10 mbar), paramagnetic O centers (trapped holes) and Ti centers (trapped
electrons) are observed after supra-band-gap excitation (200 nm < � < 387 nm) on both the visible-light-
inactive and the visible-light-active samples. Visible light (� > 495 nm) illumination results in formation of
O•− and Ti3+ centers exclusively in visible-light-active samples, which is in line with the photocatalytic
activity tests. An analysis of Raman spectroscopy data indicates that the reduction–reoxidation cycle
results in introduction of oxygen defects in the TiO2 lattice. A possible contribution of other structural

of vi
defects to the appearance

. Introduction

Sparked by publication by Fujishima and Honda [1], heteroge-
eous photocatalytic processes have continued to attract attention
f scientific and business communities. Numerous photocatalytic
isible-light-active materials have been discovered in the last
ecade. New formulations with photocatalytic properties: CrOx [2],
oOx [3], AgBr [4,5] were shown to become photoactive as parti-
le sizes approach a nanometer range; isolated ions of Cr6+ [6,7],
5+ [8] in silica matrix as well as CaIn2O4 [9], In1−xNixTaO4 [10]
nd other compositions [11,12] have also exhibited photoactivities
nder visible light.

A great deal of research is still focused on the properties and
henomena occurring over TiO2. Indeed, low toxicity, low cost and
he high stability of titanium dioxide even in harsh environment of
adical oxidation processes make this material quite attractive for

ractical applications. On the surface of illuminated TiO2, oxidation
f many toxic organic substances can proceed at a reasonably high
peed in the presence of atmospheric concentrations of oxygen at
oom temperature and below. The regularities of the photooxida-
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sible light activity in TiO2 is discussed.
© 2010 Elsevier B.V. All rights reserved.

tion processes over TiO2 have been extensively reviewed in the
literature [13–20].

One limitation hindering practical use of TiO2-based photocat-
alytic processes is a necessity of the UV irradiation. A number of
strategies to overcome this obstacle have been suggested. Among
them, doping TiO2-based materials with various transition metals
[12,21,22] and non-metals remain the most studied.

Only relatively recently, the finding by Sato [23] on visible-
light-active N-doped TiO2 has received its due attention [24–28].
Later, the incorporation of the other non-metal elements, such as
C [29–32], S [33–35], B [36] or even I [37] were found to induce
a similar effect leading to an intensive discussion in regard to
the nature of this intriguing phenomenon [38–41]. Valentin et al.
[40,41] investigated various structural models of nitrogen and car-
bon impurities in TiO2 by means of quantum-chemical calculations.
They found that impurities result only in modest variations of the
bandgap but instead induce several localized occupied states in it
[42]. Except for very oxidizing atmospheres, nitrogen is generally
found in substitutional (to oxygen) positions and stabilized by the

presence of oxygen vacancies. Carbon on the other hand exhibits a
more complex chemistry when introduced into TiO2. For low car-
bon concentrations substitutional (to oxygen) carbon and oxygen
vacancies are favored in a reducing environment, whereas intersti-
tial and substitutional (to Ti) C atoms are preferred in an oxidizing

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:Igor_Martyanov@hotmail.com
dx.doi.org/10.1016/j.jphotochem.2010.04.006
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tmosphere. The authors speculated that the origin of the increased
hotoactivity of C and N-doped TiO2 could be associated with more
omplex phenomena than a simple presence of the impurity atoms,
or example, concomitant changes in the stoichiometry.

Ihara et al. [43,44] reported a change in the color of anatase
iO2 powders after hydrogen plasma treatment from white to yel-
ow, which was attributed to the substoichiometry of the resulting

aterial. Furthermore, a visible light activity for NO removal at
98 K was observed and a linear correlation of the NO removal per-
entage and the EPR signal at g = 2.003, measured after irradiation
t 77 K under inert gas, was revealed. The authors speculated that
oth, the visible light photocatalytic activity as well as the EPR sig-
al result from the formation of oxygen vacancy states in the course
f the plasma treatment.

Some time ago we reported that an oxidative annealing of tita-
ium oxides Ti2O3 or TiO leads to the rutile-TiO2 with visible light
ctivities exceeding the activity of titanium dioxide analogously
repared from TiN [45]. With the idea in mind that reoxidation of
itanium oxides with titanium in a low oxidation state could be a
ey step in the formation of a dopant-free visible-light-active TiO2,
he present study on the properties of titanium dioxide prepared
rom various suboxides TinO2n−1 has been undertaken.

. Experimental

.1. Reagents and materials

TiO2 P25 from Degussa Company, acetaldehyde from Aldrich,
xygen from Airgas and 4% (v/v) of hydrogen in argon from Linweld
ere used as-received.

.2. Preparation of the catalysts

The oxidation–reduction–oxidation cycles in preparation of
iO2 were cycle of TiO2 was carried out in a tube furnace from Car-
olite Company under continuous 20 mL/min flow of appropriate
ases. First to burn the residual organic compounds, about 2 g of the
riginal TiO2 Degussa P25 in a quartz boat was subjected to oxida-
ion in the flow of oxygen according to the program: ramp 1◦/min
rom room temperature to 800 ◦C, hold at 800 ◦C for 2 h, ramp back
o room temperature at 1◦/min. The second step was a reduction
f the pretreated TiO2 in the flow of 4 volume percent of H2 in
r conducted according to the temperature program: 1◦/min ramp

rom room temperature to a desired temperature (1000, 1100, or
180 ◦C), a hold at that temperature for 2 h followed by cooling
o room temperature at 1 ◦/min. The third reoxidation step was a
epetition of the first oxidation. The sample subjected only to the
rst oxidation step was designated as sample A, whereas the sam-
les prepared through oxidation–reduction–oxidation cycle were

abeled as sample B, sample C, and sample D, respectively.

.3. Characterization of the catalysts

All XRD patterns were recorded under atmospheric conditions
n a Bruker AXS D8 X-ray diffractometer equipped with Cu K�
ource and operating in 0.02◦ step mode with 1 s/step acquisition
ime. The phase analysis of the samples was done through compar-
son of recorded XRD patterns with the diffractometer database.

Optical absorption spectra of the powders were recorded on a
ary 500 Scan UV-Vis-NIR spectrophotometer from Varian Ana-

ytical Instruments equipped with a Diffuse Reflectance Accessory.

olytetrafluoroethylene powder was used as a reference standard
n each case. All spectra were recorded at 600 nm/min scan rate

ith 5 nm slit resolution.
Raman spectra were recorded on Nexus 670 FTIR Spectrome-

er with an attached FT-Raman Module from Nicolet Company. The
hotobiology A: Chemistry 212 (2010) 135–141

position of the laser beam (� = 1024 nm) was adjusted to achieve
maximum signal intensity at 2 cm−1 resolution. The recorded spec-
tra were an average of 1024 scans.

The visible light photoactivities of samples A–D were later
examined in the reaction of gaseous acetaldehyde oxidation. In a
typical test, about 100 mg of a catalyst was evenly spread on the
side wall of a standard (1 cm optical path, 5 mL volume) rectangu-
lar screw cap quartz cell equipped with a teflon/rubber septum.
The cell was put in a standard metal holder with its tempera-
ture adjusted to 25 ◦C with a continuous flow of water from a
circulating water bath Isotherm 3006 bought from Fisher Com-
pany. A gaseous mixture of acetaldehyde in air was passed through
the cell until concentration of acetaldehyde was reached about
8 mM. A Gas Chromotograph with a mass selective detector (GCMS-
QP5000) from Shimadzu was employed to quantify acetaldehyde
and carbon dioxide concentrations. During a typical measurement,
acetaldehyde, acetic acid, and carbon dioxide were separated on
the column (phase XTI-5, Restek Corp.) maintained at 40 ◦C. The
carbon dioxide and acetaldehyde concentrations were recalculated
from the areas under m/z = 44 fragment peaks with the use of
appropriate calibration curves obtained in separate experiments.
The photooxidation of acetaldehyde was carried out under the
546 nm monochromatic irradiation prepared from the light of a
1000 W He(Xe) lamp by passing it through water, neutral density
(#59670), and interference (#56561) filters (all from Oriel Instru-
ments). The intensity reaching the powder samples was about
7.4 × 1016 photon s−1 cm−2 as measured with a Power Max 500D
laser power meter from Molectron Detector, Inc. The beam cross
section was close to 1 cm2.

2.4. EPR experiments

X-band EPR measurements were carried out on a Bruker EMX
10/12 spectrometer equipped with an ER 4102 ST standard rect-
angular resonant cavity in the TE102 mode. In a typical experiment,
the powdered sample was placed in a suprasil glass tube connected
to a high vacuum system. The samples were initially treated at
T = 600 ◦C and p < 10−6 mbar in order to dehydroxylate the surface.
Traces of organic compounds were removed by the treatment at
T = 600 ◦C in the presence of 20 mbar O2. All EPR measurements
were carried out at 77 K and residual pressures below 10−6 mbar.
Irradiation of the samples was carried out with the light of a 300 W
Xe lamp (Oriel) being passed through appropriate filters. Reaching
the sample light intensity of UV irradiation (200 nm < � < 387 nm)
was about 0.7 mW cm−2 as measured with a bolometer (Interna-
tional Light). To prepare vis light, the UV and infrared portions of
the spectrum of the 300 W Xe lamp were cut off with a 495 nm and
water cut off filters.

3. Results

The phase composition of the original TiO2 P25 from Degussa
Corp. is well known and consists of a mixture of anatase and rutile
with some amounts of amorphous phase. In a general agreement
with literature data, the treatment of TiO2 Degussa P25 in oxygen at
a temperature as high as 800 ◦C leads to the most thermodynami-
cally stable rutile phase. Thus prepared rutile-TiO2 was designated
as sample A with its XRD pattern shown in Fig. 1. Sample A was
later used for further reduction–oxidation treatments. To reach a
considerable degree of reduction, the reduction step had to be car-

ried out at high temperatures. As it is clear from the XRD patterns of
the reduced titanium oxides presented in Fig. 2, a considerable bulk
reduction of rutile starts when the maximal reduction temperature
exceeds 1000 ◦C. Comparison of the recorded patterns with avail-
able reference data (showed for Ti5O9 and Ti4O7 phases) allowed
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Fig. 1. XRD patterns of the titanium dioxides prepared through different prepara-
tion procedures. Sample A was prepared via an 800 ◦C treatment of Degussa P25
in oxygen. Samples B–D were prepared from sample A via 1000, 1100, and 1180 ◦C
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eduction in the flow of hydrogen/argon mixture followed by 800 ◦C reoxidation in
xygen. All temperatures specified here were the maximal temperatures employed
for details please see Section 2). The reference patterns of anatase and rutile are
iven for comparison.

s to identify the samples formed after the reduction at maximal
emperatures of 1000, 1100 and 1180 ◦C as being the mixtures of
i6O11/Ti9O17, Ti4O7/Ti5O9 and Ti3O5/Ti4O7 correspondingly.

Reoxidation of the reduced titanium oxides in the flow of oxygen
esults in their conversion back into rutile dominant titanium diox-
des (Fig. 1). The samples prepared from Ti6O11/Ti9O17, Ti4O7/Ti5O9
nd Ti3O5/Ti4O7 mixtures are designated as samples B–D corre-
pondingly. Comparison of the experimental XRD patterns of these
amples with the reference patterns for two most typical crystalline
orms of TiO2 anatase and rutile demonstrates, however, that some
race amounts of anatase are also present in sample D prepared
rom the most reduced Ti O /Ti O mixture.
3 5 4 7

An additional verification of the phase composition of the
owders comes from the Raman studies presented in Fig. 3. For
ll samples, two well-developed peaks at 610 cm−1 and around
50 cm−1 can be unambiguously assigned to rutile vibrations with

ig. 2. XRD patterns of the powders formed after reduction of sample A in 4% (v/v)
f H2 in Ar at maximal temperatures of 1000, 1100, 1180 ◦C. The reference patterns
f Ti5O9 and Ti4O7 are given for the comparison purpose.
Fig. 3. Raman spectra of samples A–D. The spectrum of a commercial anatase is
included as a reference.

A1g, Eg symmetries correspondingly [46]. A well pronounced peak
at 238 cm−1 was assigned earlier to a non-fundamental combi-
nation mode of rutile. Interestingly, all TiO2 powders exhibit a
peak at 144 cm−1. A weak sharp Raman peak at 143 cm−1 was
observed in a single crystal of rutile and was attributed to B1g
vibration. However, the position of this peak coincides with the
strongest anatase Raman band at 144 cm−1. Indeed, the Raman
spectrum of a reference anatase purchased from Aldrich reveals
Eg(�1), B1g(�2)–A1g(�3), B1g(�4), Eg(�5) and Eg(�6) bands located at
638, 513, 395, 200 and 144 cm−1 correspondingly [47]. Consistently
with our XRD observations, the weakly developed bands at 638, 513
and 395 cm−1 and the strong band at 144 cm−1 show that sample
D prepared from the most reduced Ti3O5/Ti4O7 mixture contains
some amount of anatase with rutile to be the dominant phase. As
for TiO2 samples A–C, only a weak peak located at 144 cm−1 is
observed leaving a possibility that some tiny amounts of anatase
undetectable by XRD are still present in these predominantly rutile
phase titanium dioxides.

One of the key prerequisites for the appearance of photoac-
tivity in the visible range is an existence of absorption in this
region. Consistently with our previous work, an analysis of the
UV–vis spectra of the TiO2 presented in Fig. 4 reveals that the
reduction–reoxidation cycle builds an absorption in the visible
region. As expected, the value of absorption in the visible region
grows with the reduction degree of the samples from which the
final TiO2 were prepared. Indeed, the reoxidation of Ti6O11/Ti9O17,
Ti4O7/Ti5O9, and the most reduced Ti3O5/Ti4O7 yields samples B–D
with a progressively higher absorption in the range from 430 to
800 nm.

A well-studied reaction of gaseous acetaldehyde photocatalytic
oxidation was employed for probing visible light photoactivities
of the prepared titanium dioxides. As seen from Fig. 5, quite con-
sistently with the absorption spectra, the rates of carbon dioxide
production under visible (� = 546 nm) light increases along with the
growth of the absorption in the visible region from sample A to sam-
ple D. Blank experiments with the Ti6O11/Ti9O17, Ti4O7/Ti5O9, and
Ti3O5/Ti4O7 powders as well as when no TiO2 was present showed
no detectable rate of the CO2 formation.

Samples A and C were later chosen for further comparison by

means of EPR technique. After dehydroxylation and subsequent
oxidation only traces of paramagnetic centers were observed in
the EPR spectra at 77 K. These spectra were taken as a reference,
whereas the observed difference before and after irradiation is
shown in Fig. 6.
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Fig. 4. Optical spectra of samples A–D.

Exposure of visible-light-inactive sample A to the UV light at
7 K induces the formation of paramagnetic centers (Fig. 6). The

ow field signal can be assigned to holes (h+) trapped at oxygen
ons, O•− [48]. The feature at higher magnetic fields is composed
f an axially symmetric signal and has been attributed earlier to
rapped electrons on rutile-TiO2 forming paramagnetic Ti3+ centers
49]. A temporary warming (up to 298 K) the samples exposed to UV
rradiation at 77 K results in charge carrier recombination and the
estoration of the original EPR signal observed before irradiation.
s opposite to the UV light, nearly no changes in the EPR spectra
re observed when sample A was exposed to vis light (� > 495 nm)
t 77 K.

Exposure of sample C to the UV light at 77 K again leads to a per-
istent charge separation. The signal of the trapped electron centers
Ti3+), and more so of the signal for the respective hole centers (O•−)
ook somewhat different from the corresponding signal observed in

ample A (Fig. 6). Warming to 298 K once again leads to the restora-
ion of the initial state observed before irradiation. Whereas vis
ight exposure of sample A nearly does not induce any change in
he respective EPR spectrum, a significant degree of charge separa-

ig. 5. Evolution of carbon dioxide during photooxidation of gaseous acetaldehyde
ver samples A–D in air under visible (� = 546 nm) light at 296 K.
Fig. 6. Difference EPR spectra of TiO2 (A), TiO2 (C) samples obtained after UV and vis
irradiation, respectively. The spectra right after the thermal activation were used as
reference. All measurements were performed at 77 K.

tion is observed in the case of sample C exposed to the visible light.
The variation of EPR signal contours observed on sample C after UV
as opposite to the vis exposure lies within experimental margins of
error. It precludes us from speculation on possible variation in the
nature of the trapping sited involved in capturing charge carries in
sample C under UV and vis light.

4. Discussion

Described by Sato et al. [23] and independently rediscovered by
Asahi et al. [24] nitrogen-doped titanium dioxides were historically
the fist non-metal-doped TiO2 with a considerable photocatalytic
activity in visible light. Since then numerous modifications to the
initial preparation recipe has been suggested making preparation of
visible-light-active titanium dioxides a relatively simple procedure.

The further research into non-metal-doped TiO2 revealed that
nitrogen was not unique in its ability to bring TiO2 activity into
the visible range. Carbon, sulfur, boron, and iodine could do a sim-
ilar job. Even more surprising was our finding that the presence
of non-metal dopants were not essential to make visible-light-
active TiO2. Indeed, a simple oxidative annealing of TiO or Ti2O3
resulted in dopant-free titanium dioxides that not only absorbed a
visible part of the spectrum, but demonstrated activities superior
to a analogously prepared N-doped TiO2 [45]. An analysis of the
preparation procedures published at this time and our own results
led us to speculate about the necessity of the reduction step or the
use of titanium compounds already in a reduced state as a common
requirement for obtaining visible-light-active titanium dioxides. As
a result, the presence of oxygen defects rather than non-metals as
such was put forward as the underlying reason for the appearance
of visible light absorption and activities in non-metal-doped and
dopant-free TiO2 [45].

Even in our early work [45], the similarity of the visible part of
absorption spectra of N-doped, C-doped and dopant-free TiO2 was
quite surprising. Kuznetsov et al. [50] carried out a detailed anal-
ysis of the visible part of absorption spectra of titanium dioxides
prepared by various means. The authors showed that the similarity

goes well beyond a qualitative agreement, but instead is quanti-
tative. The authors argued in favor of oxygen defects as a primary
reason for the formation of visible-light-active TiO2.

The non-metal doping and oxygen defects are not mutually
exclusive ideas. For example, as shown in Fig. 7, a simple substi-
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should lead to the reduction of energy splitting between LUMO
ig. 7. Formation of oxygen defects upon substitution of oxygen with nitrogen ions
n the lattice of TiO2.

ution of oxygen ions, O2−, with nitride ions, N3−, should lead to
he formation of oxygen vacancies in the lattice of TiO2 to preserve
lectroneutrality of the sample. The oxygen vacancies, designated
n the Fig. 7 by open squares, are also referred to in the literature
s VO

•• or F2+-centers. Redistribution of the electron density in the
ample may lead to the formation of F-center with one electron in
t, F+, or two electrons in the place of the former oxygen ion, F. The
econvolution of the visible part of optical spectra of visible-light-
ctive titanium dioxides conducted by Emeline et al. [51] revealed
n interesting feature: all spectra could be presented as a sum of
hree bands. Consideration of the experimental data from the point
f view of oxygen defects as color centers in conjunction with the
vailable literature data allowed the authors to proceed to a tenta-
ive band assignment. In particular, the first two bands of the visible
art of the TiO2 spectra, 413–428 and 477–517 nm were cautiously
ssigned to Jahn–Teller split of 2T2 → 2E transitions of Ti3+ centers,
hereas the last band 590–729 nm was attributed to the excitation

f F+-center, F+ → F+*, or its ionization leading to the formation of
onduction band electron, F+ → F2+ + e.

In this work, we purposely avoided introduction of non-metal
ons into the lattice of TiO2 using just hydrogen for reduction and
xygen for oxidation. Though the high temperatures required to
chieve a substantial reduction of the starting TiO2 resulted in low
urface areas (<2 m2/g) and low photoactivities of final TiO2 sam-
les, the systematic trend in growing vis light part of the adsorption
pectra and visible light activities of the samples is obvious and
annot be related to any non-metal dopants. The EPR technique
elivered the same qualitative result reflecting an ability of visible-

ight-active TiO2, TiO2 (C), to generate trapped holes and electrons
nder vis light and lack of thereof for the reference sample, TiO2
A). Though the EPR spectra of trapped holes generated under UV
ight in TiO2 (C) and TiO2 (A) look different (Fig. 6), low signal to
oise ratio precluded us from detailed EPR spectra analysis. It is
orth noting though, that the trapping sites observed in EPR exper-

ments are not necessarily related to color centers responsible for
he appearance of visible light activities in TiO2. Indeed, giving right
ircumstances generated at a color center an electron/hole may get
etrapped and recaptured by sites, which are higher in energy (for
he hole) and lower in energy (for the electron) leading to false
nterpretation of the result of EPR experimental results.

The hypothesis of a key role of defects in the formation of
isible-light-active TiO2 requires confirmation of oxygen defect
xistence. Unfortunately, there seems to be not many experimen-
al techniques that can deliver this kind of information. One option
vailable for TiO2 is Raman spectroscopy. Indeed, Parker et al.
eported that for titanium oxides in the region 1.88 < O/Ti < 2.00,
he ratio of oxygen to titanium can be quantitatively assessed by
he Raman scattering technique. It was shown, for example, that
he position of the Raman peak around 445 cm−1 shifts to low

avenumbers as the O/Ti ratio starts to fall. In a recent publica-

ion, Wang et al. [52] demonstrated that incorporation of Fe3+ into
iO2 leads to the creation of large amounts of oxygen vacancies,
nd, as a result, the Eg peak of the rutile located around 447 cm−1
Fig. 8. Titanium ion in the octahedral environment of oxygen ions (left) and a
schematic molecular orbital energy diagram of this structure (right).

at zero concentration of iron ions shifts to the low wavenumbers
with an increase in iron loading. An analysis of the Raman spectra
shown in Fig. 3 confirms that the shift to the low wavenumbers of
the Eg peak is unambiguously present but quite small. The differ-
ence in the position of Eg peaks for samples A and D remains within
5 cm−1 suggesting a slight increase in the number of oxygen defects
as we move from a relatively inactive sample A to more active
under visible light sample D. The fact that the visible part of absorp-
tion spectra (Fig. 4) and the visible light activities of the samples
(Fig. 5) remain relatively poorly developed is in accordance with
the low quantity of defect sites retained in the employed prepara-
tion methods. Indeed, according to the correlation curve measured
by Parker, the Ti to O ratios for samples A through D fall within
the region 1.99 < O/Ti < 2.00, suggesting that nearly stoichiometric
samples studied in this work.

Apart from the presence of non-metals, or oxygen defects, cer-
tain types of concomitant deformations can be conceived as an
underlying reason for the appearance of visible light absorption
by TiO2 materials. To elucidate this idea, the following model may
be used. The structure of TiO2 may be envisioned as an arrange-
ment of octahedral building blocks with a titanium ion in the center
and six oxygen ions at the vertices. Different TiO2 polymorphs,
rutile, anatase, or brookite can be produced by arranging octahe-
dral blocks in various ways involving oxygen ion sharing [53]. Due
to this fact, titanium in the octahedral environment of oxygens is
often used as a simple model for generating qualitative predictions
about bulk TiO2 behavior.

The molecular orbital energy level diagram adopted from the
publication by Fleming el al. [54] is presented in Fig. 8. 3d, 4s, 4p
orbitals of Ti and 2p orbitals of O are included in consideration. An
expected energy positions of the orbitals in the TiO6

8− complex
are shown in the middle and designated according to their symme-
try. Allocation of 36 electrons, zero from Ti4+ and 6 from p orbitals
of each O2−, results in occupation of low energy TiO6

8− orbitals
up to and including T1g, T1u, T2u. Nonbonding linear combinations
of O(2p) orbitals of symmetry T1g, T1u, T2u are expected to give
rise to the upper part of the valance band, whereas the molecular
orbitals of symmetry T2g originated from 3d orbitals of Ti4+ with
some admixture from 2p orbitals of O2− are expected precursors
for the lower part of the conduction band of TiO2. The energy dif-
ference between the highest occupied molecular orbitals (HOMO)
and the lowest unoccupied molecular orbital (LUMO) is analogous
to the bandgap energy in bulk TiO2.

As can be seen from this model an elongation of Ti–O bonds
and HOMO. If this elongation to happen for all octahedral blocks
in a bulk TiO2, narrowing of the bandgap is expected. On the other
hand, an elongation or deformation of only selective blocks in TiO2
would result in the formation of point defects that giving right cir-
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ig. 9. HRTEM images of the visible-light-active TiO2 prepared via oxidative annea
egussa P25 (b) [45].

umstances could represent new color centers responsible for the
isible light absorption.

Finding of an experimental evidence of an existence of local
eformations in the TiO2 can be a daunting task. In this regard,
difference in structures of the visible-light-active and visible-

ight-inactive titanium dioxides observed early by us with HRTEM
as quite revealing and presented in Fig. 9. In particular, HRTEM

tudies showed that for the visible-light-active TiO2 prepared
rom TiO, considerable amounts of extended defects in the form
f thick and thin oriented slabs were present. The dislocations
ere clearly visible in the structure of the rutile. Evidently, these
efects contain titanium ions in altered local atomic environ-
ent and generate micro distortions of the TiO2 lattice. Certainly,

oint defects as atomic vacancies were present in this struc-
ure too. The structural origin of this type of defects most likely
tems from the layered structure of intermediate Magnelli phases
inO2n−1 consisting of rutile blocks which are infinite in two
imensions and finite in the third [55,56]. Note, that even at

ow average concentration, point defects organized in such a way
re situated quite close to each other and form nice channels
o deliver visible light generated charge carries to the surface
f TiO2. In contrast to the visible-light-active TiO2, an analo-
ous HRTEM study of the visible-light-inactive TiO2 revealed
nearly perfect lattice structure underlying the importance of

efects in the formation of visible-light-active titanium diox-
des.

. Conclusions

In this work the changes to TiO2 associated with the
eduction–oxidation cycles have been studied. In particular, it has
een found that the visible-light-inactive rutile titanium dioxides
an be activated to the visible light through the high tempera-
ure reduction in hydrogen to suboxides TinO2n−1 followed by their
eoxidation back to rutile-TiO2. Though the activities under visible
ight of thus prepared titanium dioxides remain low due low surface
reas and small amounts of color centers retained, the preparation
rocedure does not involve non-metals or transition metal cations
raditionally used for this purpose. Instead, the visible light activ-
ty likely originates from oxygen defects introduced through the
eduction–oxidation cycle. The hypothesis of accumulation of oxy-

en defects is in line with the Raman studies showing the shift of
he Eg band to lower wavenumbers for visible-light-active titania
amples. The oxygen defects are likely to be associated with other
tructural irregularities that may be a contributing factor to the
ctivation of TiO2 to visible light.

[
[
[

[

f TiO (a) and the visible-light-inactive TiO2 made though an oxidative annealing of
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