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CONSPECTUS: The interaction of molecular oxygen with titanium dioxide (TiO2)
surfaces plays a key role in many technologically important processes such as catalytic
oxidation reactions, chemical sensing, and photocatalysis. While O2 interacts weakly with
fully oxidized TiO2, excess electrons are often present in TiO2 samples. These excess
electrons originate from intrinsic reducing defects (oxygen vacancies and titanium
interstitials), doping, or photoexcitation and form polaronic Ti3+ states in the band gap
near the bottom of the conduction band. Oxygen adsorption involves the transfer of one
or more of these excess electrons to an O2 molecule at the TiO2 surface. This results in
an adsorbed superoxo (O2

−) or peroxo (O2
2−) species or in molecular dissociation and

formation of two oxygen adatoms (2 × O2−). Oxygen adsorption is also the first step
toward oxygen incorporation, a fundamental reaction that strongly affects the chemical
properties and charge-carrier densities; for instance, it can transform the material from an
n-type semiconductor to a poor electronic conductor.
In this Account, we present an overview of recent theoretical work on O2 adsorption and
reactions on the reduced anatase (101) surface. Anatase is the TiO2 polymorph that is generally considered most active in
photocatalysis. Experiments on anatase powders have shown that the properties of photoexcited electrons are similar to those of
excess electrons from reducing defects, and therefore, oxygen on reduced anatase is also a model system for studying the role of
O2 in photocatalysis. Experimentally, the characteristic Ti3+ defect states disappear after adsorption of molecular oxygen, which
indicates that the excess electrons are indeed trapped by O2. Moreover, superoxide surface species associated with two different
cation surface sites, possibly a regular cation site and a cation close to an anion vacancy, were identified by electron paramagnetic
resonance spectroscopy. On the theoretical side, however, density functional theory studies have consistently found that it is
energetically more favorable for O2 to adsorb in the peroxo form rather than the superoxo form. As a result, obtaining a detailed
understanding of the nature of the observed superoxide species has proven difficult for many years.
On reduced anatase (101), both oxygen vacancies and Ti interstitials have been shown to reside exclusively in the susbsurface.
We discuss how reaction of O2 with a subsurface O vacancy heals the vacancy while leading to the formation of a surface bridging
dimer defect. Similarly, the interaction of O2 with a Ti interstitial causes migration of this defect to the surface and the formation
of a surface TiO2 cluster. Finally, we analyze the peroxo and superoxo states of the adsorbed molecule. On the basis of periodic
hybrid functional calculations of interfacial electron transfer between reduced anatase and O2, we show that the peroxide form,
while energetically more stable, is kinetically less favorable than the superoxide form. The existence of a kinetic barrier between
the superoxo and peroxo states is essential for explaining a variety of experimental observations.

■ INTRODUCTION

Titanium dioxide is one of the most widely used photocatalytic
materials because of its abundance and high stability in different
environments and conditions.1−4 TiO2 has several polymorphs,
rutile and anatase being the most common. While rutile is the
thermodynamically most stable bulk phase, anatase is stable in
nanoparticles5 and shows a higher photocatalytic activity,6

making it the most interesting phase for use in high-surface-area
photocatalytic and photovoltaic devices.7 Molecular oxygen
plays a key role in many TiO2-based photocatalytic processes;
in particular, O2 adsorbed on TiO2 surfaces is known to act as
an electron scavenger and is often used to suppress electron−
hole recombination, which increases the lifetime of the excited
state and thus the yield of the photocatalytic reaction.1,8 The
interaction of TiO2 with O2 molecules has therefore attracted
considerable interest for decades.

Electron transfer from the surface to the oxygen molecule is
essential for oxygen adsorption. In fact, O2 does not adsorb on
stoichiometric TiO2; excess electrons are required. As titania
samples are very often reduced,2 excess electrons originating
from oxygen vacancies and titanium interstitials are typically
present in the material. These excess electrons form Ti3+ states
in the band gap near the bottom of the conduction band2,9 and
are responsible for the n-type conductivity that is important in
many applications of TiO2, from photocatalysis to water
splitting and dye-sensitized solar cells. Besides controlling the
conductivity, oxygen vacancies and Ti interstitials also play a
central role in the surface chemistry of TiO2.

1−4 Both defects
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were recently shown to exist exclusively in the subsurface
region in the case of anatase (101),10−12 the majority surface of
this TiO2 polymorph. This is a significant difference with
respect to the widely studied rutile (110) surface, where a large
concentration (∼5−10%) of surface oxygen vacancies is
typically observed under ultrahigh vacuum conditions.2

In comparison with the numerous surface science studies of
O2 on defective rutile TiO2(110),

2,13−17 atomic-scale informa-
tion on the interaction of oxygen with reduced anatase surfaces
is more limited. Experimentally, there is evidence that various
surface species are formed upon O2 adsorption. In particular,
electron paramagnetic resonance (EPR) measurements on
anatase powders have identified two long-lived superoxide
(O2

−) species associated with different cation surface sites.8,18

In Scanning tunneling microscopy (STM) studies on single-
crystal anatase (101),19 surface species resulting from the
reactions of O2 with both regular and defect surface sites have
been observed. On the theoretical side, studies based on density
functional theory (DFT) have also reported a few different
species, notably a superoxide species and a peroxide species, at
regular undercoordinated surface Ti sites.19−21 The peroxide,
however, has been consistently found to be more stable than
the superoxo form, in apparent contradiction with the EPR
experiments.
In this Account, we present an overview of recent theoretical

investigations of O2 on the anatase (101) surface, with the aim
of highlighting technical difficulties as well as new physical/
chemical insights provided by these studies. After discussing
some characteristics of oxygen vacancies and Ti interstitials in
reduced TiO2, we examine the reactions of O2 with intrinsic
subsurface defects at anatase (101) and conclude with a
discussion of recent studies that allow us to provide a consistent
explanation of experimental observations.

■ INTRINSIC REDUCING DEFECTS IN ANATASE

Titania samples in the form of powders, single crystals, or thin
films are very often reduced and electrically conducting. The
reduction is associated with a change in the oxidation state of
the transition-metal ion from formally Ti4+ in stoichiometric
TiO2 to Ti3+ in the reduced samples. Calculations based on
DFT in the local density approximation (LDA) or semilocal
generalized-gradient approximation (GGA)22 have proven
inadequate to describe these Ti3+ species.9,23 Local and
semilocal functionals are indeed affected by the self-interaction
error,24 which often results in a spurious delocalization of the
electronic states. Two main approaches are generally used to
overcome this problem, DFT+U methods25 and hybrid
functionals.26,27 Although limited by the presence of parameters
that are difficult to evaluate fully ab initio (i.e., the value of U in
DFT+U or the fraction of exact Hartree−Fock exchange to be
added to the DFT exchange in hybrid methods), these
approaches usually provide results that are more accurate
than those of standard DFT for the electronic properties (band
gaps, defect energy levels, etc.) of semiconducting and
insulating materials.

Oxygen Vacancy (VO)

The removal of one neutral lattice oxygen atom leaves two extra
electrons (assuming a formal −2 oxidation state of O in TiO2).
Differently from ionic solids, where the extra electrons are
localized in the cavity formed by the missing anion and are
stabilized by the strong Madelung potential, in TiO2 the two
electrons prefer to fill empty states of Ti ions, resulting in Ti3+

species. These two electrons may pair up to give a closed-shell
singlet state or form open-shell singlet or triplet states.
At the GGA level, the two extra electrons are found to be

fully delocalized on the lattice of Ti ions, and consequently, the
solutions with singlet and triplet spin are degenerate. The
corresponding energy levels lie at the bottom of the conduction
band. The structural deformation of the lattice is very small and
symmetric, with undercoordinated Ti ions around the vacancy
showing only a slight relaxation with respect to their
equilibrium positions. In contrast, with the hybrid B3LYP
functional or the GGA+U method (3 eV ≤ U ≤ 4 eV), the
ground state is a triplet; the two unpaired electrons prefer to
localize on two different Ti ions, which are not necessarily
undercoordinated.28 For bulk anatase in particular, solutions
have been obtained where (a) both electrons are localized at Ti
sites, (b) one electron is localized and the other is delocalized,
or (c) both electrons are delocalized (as in GGA).28,29 At the
B3LYP level, (a) and (b) are essentially degenerate, while
solution (c) is 0.17 eV higher in energy.28 These results show
how delicate is the description of the unpaired electrons
associated with the oxygen vacancy.

Ti Interstitial (Tiint)

For high-temperature annealing or prolonged thermal treat-
ment there is evidence that Ti atoms or ions migrate from the
surface layers into the bulk, where they occupy interstitial sites
of the lattice. A Ti interstitial in principle introduces a total of
four excess electrons, but the precise charge state of this defect
is not obvious a priori. Calculations on bulk anatase11,30−32

have shown that the Ti interstitial assumes a distorted
pyramidal configuration and is coordinated to five oxygens.
The corresponding electronic structure is characterized by
several defect states in the band gap close to the bottom of the
conduction band; these states are localized both on the Ti
interstitial and on other hexacoordinate (Ti6c) lattice sites in
proximity to the defect. Calculations at the B3LYP level have
shown that Tiint traps only one electron, resulting in a formal
charge +3 (Ti3+),30 whereas states corresponding to interstitial
Ti2+ or Ti+ ions are higher in energy. Thus, an important
conclusion is that there is only one oxidation state possible for
Ti interstitials.30

■ INTERACTION OF O2 WITH THE REDUCED
ANATASE (101) SURFACE

Anatase (101) is the most stable and frequent surface of the
anatase phase.2,33 It has the same periodicity as the bulk-
truncated surface and exposes undercoordinated pentacoordi-
nate Ti cations (Ti5c) and dicoordinate oxygen anions (O2c) as
well as fully coordinated Ti6c cations and tricoordinate O
anions (O3c) (Figure 1). The relaxed structure has been
examined in detail in ref 33. It is characterized by outward ∼0.2
Å relaxations of the fully coordinated Ti6c and O3c surface
atoms, while the Ti5c atom relaxes inward, also by ∼0.2 Å, with
respect to its position on the bulk-terminated surface.33 As a
result, the Ti5c−O2c bond on the relaxed surface (∼1.83 Å) is
much shorter than that on the bulk-terminated one (∼2.00 Å).
Besides contributing to the remarkable stability of anatase
(101), the stiffness of the Ti5c−O2c bond can also explain why
on anatase (101) oxygen vacancies are located not at the very
surface but rather in subsurface layers or the bulk,10−12 in
contrast to what is observed on the rutile (110) surface.2,4,16
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Reaction of O2 with Subsurface Oxygen Vacancies

Figure 2a,c shows the density of states and excess electron
density, respectively, of reduced anatase (101) with a
subsurface oxygen vacancy computed using the DFT+U
method (with U = 3.5 eV,21 determined using linear
response34). When a subsurface VO is present, it is energetically
favorable for O2 to adsorb at a Ti5c site close this defect.

21 The
adsorption energy per O2 molecule varies considerably with the
separation between the defect and the O2 molecule. An
adsorption energy of 1.37 eV was computed for the Ti5c site
closest to the vacancy, whereas for a site at a distance of ∼5.1 Å
an adsorption energy of only 0.81 eV was found.21 Upon
adsorption, the extra charge associated with the defect (Figure
2a,c) is transferred to the O2 molecule, converting it to a
peroxide (O2

2−) species. As shown by the density of states
(Figure 2b), the transferred charge occupies the O2 antibonding
state, which lies in the anatase band gap. This is also reflected in
the charge density distribution (Figure 2d), which shows a clear
localization of the electron on the O2 molecule with π*-like
character.
It was predicted theoretically that an O interstitial in bulk

anatase would bind spontaneously with an O at a lattice site to
form a substitutional O2 molecule, (O2)O, which would have a
bond length typical of a peroxide species.31,35 A similar result
was obtained for an O adatom at the (101) surface, where the
adatom would bind with an O2c atom to form a bridging
dimer.36 This (O2)O species can be also regarded as the result
of an O2 molecule filling (i.e., “healing”) a bulk or surface
oxygen vacancy site. Interestingly, an analogous healing
mechanism was found also for subsurface vacancies at the
anatase (101) surface.19 The reoxidation process was observed
to occur spontaneously in first-principles molecular dynamics
(FPMD)37 simulations at T ≈ 220 K with O2 initially adsorbed
at the site closest to the subsurface VO defect,19 and the
pathway was further analyzed by nudged elastic band (NEB)38

calculations. Selected snapshots along this pathway are shown
in Figure 3, along with the corresponding potential energy
profile (top panel). The latter shows an energy gain of about
1.6 eV from the state with O2 adsorbed atop a subsurface VO to
the bridging dimer (O2)O state, meaning that this trans-
formation is energetically highly favorable. The process includes
two main steps: diffusion of the oxygen vacancy from
subsurface to the surface (from A to C) and filling of the

Figure 1. Side view of the anatase (101) surface showing the various
types of exposed sites: undercoordinated (Ti5c) and fully coordinated
(Ti6c) titanium atoms, bridging oxygens (O2c), and fully coordinated
oxygens (O3c). Figure 2. Electronic densities of states (upper panels) and HOMO

charge densities (lower panels) for (a, c) a subsurface vacancy and (b,
d) an O2 molecule adsorbed in proximity to the subsurface vacancy.
The energy zero is set at the valence-band maximum, and the Fermi
energy (Ef) is indicated by arrows.

Figure 3. Potential energy profile and selected structure snapshots
along the pathway leading from an adsorbed O2 atop a subsurface
oxygen vacancy to the bridging dimer state. (Adapted with permission
from ref 19. Copyright 2013 American Association for the Advance-
ment of Science.)
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resulting surface vacancy by the adsorbed O2. Both steps have
very small barriers, the most significant one (between C and D
in Figure 3) being associated with the approach of the molecule
to the vacancy.
The process in Figure 3 was initially only a theoretical

prediction but has been successively verified experimentally
through extensive STM measurements.19 Besides being by far
the most stable O2 species on the anatase surface, the bridging
dimer has been proposed to be an important intermediate in
the oxygen evolution reaction on anatase (101)36 and may also
contribute to the higher catalytic activity of anatase with respect
to rutile.6

Reaction of O2 with Ti Interstitials

As mentioned earlier, a Tiint defect introduces a total of four
excess electrons. One of these remains localized in the 3d shell
of the Ti interstitial to form a Ti3+ species with energy about 1
eV below the bottom of the conduction band, whereas the
other three electrons are donated to lattice Ti ions close to Tiint
to form states with mixed localized/delocalized character at or
near the bottom of the conduction band.30 The location of Tiint
and the associated excess electrons has a marked effect on the
adsorption energetics of O2 atop Ti interstitials.39 The
computed O2 adsorption energy can be as large as 2.5 eV
when Tiint is in the first subsurface TiO2 layer, whereas it does
not exceed 1.9 eV when Tiint is located in the second layer
below the surface, indicating less favorable charge transfer to
the adsorbed molecule. This effect is also reflected in variations
of the adsorption energy for different sites atop the same
interstitial. For an interstitial in the first subsurface layer, the O2
adsorption energy shows variations as large as 1.1 eV, with
stronger binding at Ti sites closer to Tiint. These variations are
much smaller (0.45 eV) when the interstitial is in the second
subsurface layer.39

Similarly to what was found for subsurface VO’s, the state
with O2 adsorbed atop a subsurface Ti interstitial is only
metastable. There is in fact a state with much lower energy,
where, after migration to the surface, Tiint recombines with O2
to form an adsorbed TiO2 cluster. The computed minimum-
energy pathway for this process is shown in Figure 4. While it is
energetically favorable for Tiint to reside in the subsurface in the
absence of adsorbed O2, migration to the surface becomes
exothermic when an adsorbed O2 is present (step 5 in Figure
4). The migration barrier is also slightly reduced, from 0.88 eV
without O2 to 0.84 eV in the presence of adsorbed O2 [gray and
black lines, respectively, in the left-side (phase 1) part of Figure
4]. Once at the surface, Tint can split the O2 molecule and form
a small TiO2 island with a very large energy gain of 3.57 eV
(step 7 in Figure 4). A further rearrangement with a barrier of
1.57 eV can convert this structure into the final state (step 9 in
Figure 4), which is over 4.5 eV lower in energy than the initial
state with the O2 molecule adsorbed atop the subsurface
interstitial.
The direct diffusion mechanism described above is not the

only possible pathway for the Ti interstitial to migrate to the
surface. NEB calculations identified an additional “exchange”
pathway in which the interstitial replaces the Ti atom to which
the O2 is bound (dashed line in Figure 4). An analogous
pathway was predicted to occur on rutile (110).14 For the
exchange pathway in Figure 4, an initial barrier of 0.47 eV is
associated with the breaking of the O−O bond and the
transformation to a structure similar to that of step 5 in the
direct pathway. After a large energy drop accompanying a

conversion similar to the one from step 5 to step 6, there are
two energy barriers of approximately 1 eV associated with the
two-step diffusion of the interstitial to the surface, whereas the
last barrier is associated with the rearrangement of the O2
fragments, similar to the transition from step 6 to step 7 in the
direct pathway. To some extent, the sequence of events for the
direct and exchange pathways are inverted: for the former the
breaking of the bond in the O2 molecule occurs after the
diffusion of the interstitial to the surface, whereas for the latter
the breaking of the O2 bond occurs first.
An important conclusion from the above studies is that O2

promotes the migration of reducing subsurface defects (Ti
interstitials and oxygen vacancies) to the surface. In other
words, the distribution and dynamics of the defects in the
material depend on the surrounding environment. This effect
has been observed in other oxides as well; in particular, it is the
basis of the activity of SnO2 as a gas sensor.40 For subsurface
oxygen vacancies the interaction with O2 leads to oxygen
incorporation, whereas for Ti interstitials it leads to the growth
of TiO2 islands. The latter process is also responsible for the
strong metal−support interaction (SMSI) effect,41,42 which
plays an important role in heterogeneous catalysis. The oxygen-
induced migration of Ti interstials has been observed
experimentally on the rutile (110) surface.14,43

■ CHARGE STATES OF ADSORBED O2

We have already pointed out that DFT calculations consistently
predict a considerably greater stability of the peroxide state
relative to other charge states,44 thus preventing a detailed
interpretation of the EPR observation of adsorbed superoxide
species.8,18 This difficulty has motivated recent hybrid func-
tional investigations45 of the (I) one- and (II) two-electron-

Figure 4. Potential energy profile and selected structures along the
pathway leading from an adsorbed O2 atop a Ti interstitial to an
adsorbed TiO2 species. Solid line, direct pathway; dashed line,
exchange pathway. The structures shown refer to the direct pathway.
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transfer reactions between reduced anatase (101) and
molecular O2:

∗ + ⇄ ∗ −O (g) O2 2 (I)

∗ + ⇄ ∗ −O (g) O2 2
2

(II)

where ∗ denotes a Ti5c adsorption site of the reduced anatase
(101) surface, O2(g) represents a gas-phase oxygen molecule,
and ∗O2

− (∗O2
2−) denotes an adsorbed superoxide (peroxide)

species. The reduced surface was modeled by adding two excess
electrons per supercell to the slab and introducing a
compensating uniform background charge to make the overall
system charge-neutral; test calculations to validate the results
obtained with this model are discussed in the following. After
structural optimization, the two excess electrons localized
spontaneously at a surface Ti5c atom (Tisur) and a subsurface
Ti6c site (Tisub) (see Figure 5d). Configurations with both
electrons at surface sites were also considered, but these were
found to be at least 0.14 eV higher in energy (the difference was
even larger, 0.27 eV, for the reduced neutral slab model
described in the following). The potential energy surfaces of
reactions I and II were scanned using the distance between the
center of mass of the O2 molecule and Tisur (dads) as the
reaction coordinate. For each reaction, two energy profiles were
calculated by varying the reaction coordinate both outward (i.e.,
from small to large dads) and inward (i.e., from large to small
dads).
For reaction I, the electron transfer (ET) process turns out

to be barrierless, and neither the potential energy surface nor
the magnetic moments of O2 and Tisur along the reaction
coordinate depend on the scan direction of the reaction
coordinate. For reaction II, however, the energy profiles for the
inward and outward scans are different (Figure 5a). Analysis of
the magnetic moments (Figure 5b,c) clearly shows that the
reaction occurs in two steps, corresponding to successive

transfers of the two electrons. In the outward pathway, O2
2−

loses an electron to the surface at dads ≈ 2.4 Å, while the
resulting superoxide O2

− transfers its excess electron to the
surface at dads ≈ 3 Å. In the inward pathway, transfer of the first
electron from Tisur to O2 to form O2

− occurs at dads ≈ 3 Å,
while the transfer of the second electron from Tisub to O2

− to
form O2

2− occurs at much shorter distance, dads ≈ 1.8 Å.
Significant differences between the inward and outward
pathways are also present for the spin densities, as shown at
dads = 2.4 Å in the Figure 5a insets.
The hysteresis in the potential energy profile for reaction II

was explained on the basis of the Marcus theory of electron
transfer46,47 in ref 45. According to this theory, the ET rate is
determined by two factors, the diabatic barrier and the
electronic coupling between the two electronic states. When
the coupling is strong, the ET is “adiabatic”. In this case, the
calculated energy profiles always follow the adiabatic potential
surface, and no hysteresis can occur, as found for reaction I. If
the coupling is weak, the ET is “nonadiabatic”. In this case, the
calculated energy profile may follow one diabatic potential
surface and suddenly jump to another diabatic potential surface,
and an energy profile of the type shown in Figure 5a can then
be observed.
The results in Figure 5 also suggest the existence of an

energy barrier for ET between the superoxide and peroxide
species. This barrier was estimated by a simple approach48 that
consisted of performing total energy calculations on a series of
linearly interpolated geometries between the optimized geo-
metries of the ∗O2

− and ∗O2
2− species. In this way, a significant

barrier of ∼0.3 eV between the superoxo and peroxo states was
obtained (Figure 6).
Altogether, the results presented in this section seem to

provide a satisfactory explanation of the differences between the
DFT calculations and experimental results for O2 adsorption on
anatase TiO2. However, there is still a technical point that

Figure 5. (a) Energy profile and (b, c) magnetic moments for reaction II. The arrow indicates the scan direction along the reaction coordinate (dads).
The insets in (a) show the spin densities at dads = 2.4 Å along the inward (red box on the left) and outward (black box on the right) scan directions.
The isosurface for the spin density is 0.001 au with blue = positive and red = negative. Computed values are shown as circles (or as solid squares at
dads = 2.4 Å). (d) Anatase (101) slab model used for the calculations. Oxygens are red, Ti atoms are gray. The two yellow spheres indicate Tisur and
Tisub, the localization sites of the extra electrons added to describe the reduced surface. (Reprinted from ref 45. Copyright 2013 American Chemical
Society).
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needs to be clarified before this explanation can be fully
accepted. Since periodic charged slab models with a
compensating background (of the type used for the studies
described above) can lead to an unphysical dependence of the
results on the width of the vacuum region between adjacent
slabs,49,50 it is important to verify that the results in Figures 5
and 6 remain substantially unchanged when the model used for
the calculations is changed. To address this question, the
reduced surface was modeled as a neutral slab with two
adsorbed H atoms on the bottom surface. Figure 7 shows a
comparison between the potential energy profiles for reaction II
(outward scans) with and without the compensating back-
ground. The two profiles are very similar at small distances (dads
≤ 2.4 Å), but there is clearly a difference at large distances (dads
> 2.4 Å), confirming that periodic charged slab models should

indeed be used with much care. At the same time, however, it
appears that at dads >2.4 Å the electron transfer from ∗O2

2− to
the surface to form ∗O2

− is already complete, suggesting that
the energy barrier between the peroxo and superoxo states may
not be significantly affected. In fact, a calculation of this barrier
using the neutral slab with reducing H adatoms gave a value of
∼0.4 eV (Figure 7), which is well-consistent with the ∼0.3 eV
barrier in Figure 6.

■ CONCLUDING REMARKS
In this Account, we have discussed two important aspects of the
interaction of O2 with the reduced anatase TiO2 surface: the
charge states of adsorbed O2 and the interaction of O2 with
subsurface oxygen vacancies and titanium interstitials.
The existence of a kinetic barrier between the superoxo and

peroxo states is essential for understanding a series of
experimental results. First of all, it allows us to explain why
superoxo species are generally observed experimentally.8,18

Although the peroxo ∗O2
2− species is energetically more stable

than ∗O2
−, there is a significant barrier of ∼0.3−0.4 eV that

must be overcome to transfer an additional electron to ∗O2
−

(whose formation is barrierless) and transform it to a peroxide.
Additionally, kinetic studies have provided evidence that O2 is
not very efficient as an electron scavenger and may limit the
overall photocatalytic rate.51−56 By analyzing various mecha-
nistic models, Gerischer and Heller56 showed that the overall
quantum efficiency of large TiO2 particles (R > 1 μm) is limited
not by the diffusion of O2 but rather by the rate of ET to
adsorbed O2. Successively, Wang et al.53 provided experimental
evidence that electrons accumulate on TiO2 particles during the
photocatalytic oxidation of aqueous methanol. The existence of
a kinetic barrier of ∼0.3−0.4 eV between superoxo and peroxo
states provides a fundamental explanation for the observed
limited efficiency of O2 as an electron scavenger.
As for the interaction mechanisms of O2 with oxygen

vacancies and titanium interstitials on anatase (101), the results
discussed here show that defects are not just a static source of
negative charge to enable the formation of adsorbed superoxo
or peroxo species. Instead, they actively take part in the reaction
with O2 even though they are located in subsurface layers.
Adsorption of molecular oxygen favors the migration of the
defects toward the surface. Titanium interstitials can then
exothermically react to form TiO2-like islands on the surface,
whereas oxygen vacancies can accommodate O2 molecules in
the bridging dimer configuration. Hence, both types of
reducing intrinsic defects provide energetically favorable
pathways for the incorporation of O2 into anatase TiO2.
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Thompson, T. L.; Yates, J. T., Jr. Light-Induced Charge Separation in
Anatase TiO2 Particles. J. Phys. Chem. B 2005, 109, 6061−6068.
(9) Di Valentin, C.; Pacchioni, G.; Selloni, A. Reduced and n-Type
Doped TiO2: Nature of Ti3+ Species. J. Phys. Chem. C 2009, 113,
20543−20552.
(10) Cheng, H.; Selloni, A. Surface and subsurface oxygen vacancies
in anatase TiO2 and differences with rutile. Phys. Rev. B 2009, 79,
No. 092101.
(11) Cheng, H.; Selloni, A. Energetics and diffusion of intrinsic
surface and subsurface defects on anatase TiO2(101). J. Chem. Phys.
2009, 131, No. 054703.
(12) He, Y.; Dulub, O.; Cheng, H.; Selloni, A.; Diebold, U. Evidence
for the Predominance of Subsurface Defects on Reduced Anatase
TiO2(101). Phys. Rev. Lett. 2009, 102, No. 106105.
(13) Wendt, S.; Schaub, R.; Matthiesen, J.; Vestergaard, E. K.;
Wahlström, E.; Rasmussen, M. D.; Thostrup, P.; Molina, L. M.;
Lægsgaard, E.; Stensgaard, I.; Hammer, B.; Besenbacher, F. Oxygen
vacancies on TiO2(110) and their interaction with H2O and O2: A
combined high-resolution STM and DFT study. Surf. Sci. 2005, 598,
226−245.
(14) Wendt, S.; Sprunger, P. T.; Lira, E.; Madsen, G. K. H.; Li, Z.;
Hansen, J. Ø.; Matthiesen, J.; Blekinge-Rasmussen, A.; Lægsgaard, E.;
Hammer, B.; Besenbacher, F. The role of interstitial sites in the Ti 3d
defect state in the band gap of titania. Science 2008, 320, 1755−1759.

(15) Petrik, N. G.; Zhang, Z. R.; Du, Y. G.; Dohnaĺek, Z.;
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