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1. Introduction
The photoactivation of TiO2 has received enormous

attention from scientists and engineers in the past decade.
This interest has been generated because of the confluence
of several extraordinary developments: (1) the major success
of the Grätzel solar cell,1-3 employing TiO2 as the active
semiconductor, in which TiO2 has been modified to enhance
its efficiency in producing electrical energy; (2) the use of
TiO2 as a medium for environmental cleanup through
activation of the photo-oxidation of organic pollutants on
self-cleaning surfaces, work that has been stimulated by many
Japanese workers, leading to a revolution in Japan now
spreading westward through a wide variety of TiO2-based
technological innovations,4 in addition to much work from
Europe and the United States that has contributed to the
accelerating interest in TiO2-based photochemistry; (3) the
development of hydrophilic surfaces activated by solar
energy;5,6 and (4) the recent discovery that TiO2-based self-
cleaning surfaces also exhibit antimicrobial activity useful
in the home and in the hospital.4,7

During the period encompassing these technological
developments, the pace of scientific research on the photo-
chemistry on TiO2 surfaces has doubled and redoubled in
periods of about 5 years as may be seen from the survey
shown in Figure 1.

This review encompasses several scientific themes that
underpin our increasing understanding of TiO2 as a photo-
active semiconducting material. The review builds upon an
earlier review titled “Photocatalysis on TiO2 Surfacess
Principles, Mechanisms, and Selected Results”,8 which is
now 11 years old. In the current review, topics of particular
concern are (1) the role of both surface and bulk defects
and bulk impurities in influencing the photosensitivity of
TiO2; (2) the recombination of charge carriers in TiO2; (3)
the transfer of charge from photoexcited TiO2 to molecules
bound to the TiO2 surface; (4) new insights into the
photoexcitation of TiO2 afforded by detailed studies of the
photodesorption of chemisorbed O2; and (5) the origin of
the photoinduced hydrophilicity of TiO2. These five topics
represent areas of our current research where an element of
coherence in understanding exists as a result of the work of
many others on similar basic issues. Primarily, experiments
involving the use of surface science methods are included
because it is through the tight control and careful measure-
ment of surface properties that insight into fundamentals
governing photochemistry on TiO2 surfaces may be gained
with some certainty. Because of the large volume of papers
dealing with photochemistry on TiO2, as shown by Figure
1, it is not possible for this review to be fully comprehensive.
Some studies of more poorly defined powdered TiO2 surfaces
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are also reported, especially when there is a conceptual
connection to the surface science work done on single-crystal
substrates. Numerous surface studies of TiO2 at the atomic
level of detail attest to the additional complexity of com-
pound semiconductor surfaces compared to metals or el-
emental semiconductors.

2. Properties of TiO 2 Materials

Other comprehensive reviews dealing with the structure
of TiO2 materials exist.9,10A brief synopsis will be presented
here to facilitate a more complete understanding of the
following sections in this review.

2.1. Bulk Structure
Titanium dioxide can exist in one of three bulk crystalline

forms: rutile, anatase, and brookite. Diebold9 has reviewed
the basic structural characteristics of both anatase and rutile
materials; the brookite structure is not often used for
experimental investigations. In addition, Henrich and Cox11

present a generalized discussion of the bulk structures of
many metal oxide crystals. Both the rutile and anatase crystal
structures are in distorted octahedron classes.12 In rutile, slight
distortion from orthorhombic structure occurs, where the unit
cell is stretched beyond a cubic shape. In anatase, the
distortion of the cubic lattice is more significant, and thus
the resulting symmetry is less orthorhombic. Figure 2 depicts
the distorted octahedral symmetries characteristic of rutile
(left) and anatase (right).

2.2. Surface Structure of TiO 2(110)
Most of the surface science studies of photochemistry on

TiO2 have been concerned with the rutile single-crystal
surface. Anatase single crystals are very difficult to obtain,
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Figure 1. Annual number of papers published in which “TiO2 or
titanium dioxide” and “photo-” are mentioned, beginning in 1992
through November 2005. Literature search was done using ISI’s
Web of Science (www.isiknowledge.com).

Figure 2. Bulk crystal structure of rutile (left) and anatase (right).
Titanium atoms are gray, and oxygen atoms are red.
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and only a few surface science investigations of anatase are
available. It is reported that anatase is more active photo-
catalytically. Also, technological uses of TiO2 often employ
colloidal TiO2 particles in thin films, and these preparations
may contain a high fraction of anatase particles. It remains
to be seen whether the large number of well-controlled
studies on rutile surfaces will provide key information useful
in technology when anatase surfaces are involved. The
surface structure of the rutile TiO2(110) surface has been
well characterized, as it is the most commonly investigated
titania crystal face. The surface consists of rows of bridging
oxygen atoms that lie above the in-plane surface. The rows
of bridging oxygen atoms are located directly on top of 6-fold
coordinated Ti rows. The 6-fold coordinated Ti rows exist
in the same plane as 5-fold coordinated Ti atoms. The rows
of 5- and 6-fold Ti atoms are separated by rows of in-plane
oxygen atoms. A model of the stoichiometric surface
depicting all four types of surface atoms is shown in Figure
3.

The detailed structure of the TiO2(110) surface has been
investigated by ab initio theoretical methods,13 by surface
X-ray diffraction (SXRD),14 and very recently by low-energy
electron diffraction.15 The surface O atoms and the surface
Ti atoms are expected to be in distorted positions relative to
the bulk. The extent of the lattice relaxation measured by
SXRD and calculated theoretically differs by about 0.3 Å
(O) and 0.1 Å (Ti). Recent LEED I/V measurements and
analysis involving adjustable self-consistent phase shifts15

have eliminated this discrepancy and show that an O atom
outward relaxation of about 0.1 Å occurs, accompanied by
an outward Ti atom relaxation of about 0.25 Å.15

2.2.1. Measuring Defects: TiO2(110)−(1 × 1)
The photoactivity of the TiO2(110) surface is critically

dependent on the presence of defects in the surface region
of the crystal substrate. These defects, known to be oxygen
vacancies located in the bridging oxygen rows, can be created
by thermal annealing9,16,17 or by ion sputtering18 and have
been previously quantified using He ion scattering19,20

and scanning tunneling microscopy,9,21,22 as well as by
XPS,18,20,23-25 UPS,24 EELS,25 and EPR spectroscopy.26-28

The presence of these defects changes the electronic structure
of the material. It is currently not known whether defect sites
influence the efficiency of the electronic excitation of TiO2

or the efficiency of charge transfer to adsorbates. It is likely
that electron-hole recombination processes are influenced

by defect sites (see section 5.1.1), causing an enhancement
in chemical rates which depend on charge transfer from either
electrons or holes. It is known that adsorbed molecules are
often bound to surface defects where charge transfer can
occur to these proximate surface species.

Data illustrating the use of low-energy He ion spectroscopy
(LEIS) are presented in Figure 4. Here, 1 keV He+ ions are
directed in a beam to the TiO2 surface. Momentum transfer
occurs to individual atoms in the surface, and the law of
conservation of momentum is used to determine the mass
of the surface atom participating in a collision, through
measurement of the kinetic energy of the reflected He+ ion
originating from the collision. The fully oxidized TiO2(110)
crystal (1× 1 LEED pattern) was made slightly defective
by annealing the surface for 3 min in ultrahigh vacuum at
1000 K. Then,18O2 was adsorbed on the surface, localizing
on the defect sites and labeling them with the isotopic
oxygen. The LEIS measurements show that the nondefective
surface consisting of known numbers of Ti and16O atoms
exhibits kinetic energies characteristic of16O and Ti in
spectrum a. When the slightly defective surface is studied,
containing18O on the defect sites, spectrum b is obtained,
and from the area of the18O feature it was determined that
∼0.07 ML of defects containing the18O label were present.
Spectrum c was obtained when a highly defective surface,
sputtered with 500 eV Ar+ ions at a fluence of 2× 1016

ions/cm2, was similarly studied. In parallel XPS studies, the
slightly defective TiO2(110) surface was shown to exhibit a
weak feature due to small amounts of Ti3+ present when the
surface defects were produced by heating to 1000 K.20

Further structural characterization of the defective TiO2

surface, as well as the induced electronic changes associated
with defect sites, is discussed thoroughly by Diebold.9

It has been found that STM images of oxygen defects may
be influenced by the dissociation of traces of water vapor
present in ultrahigh-vacuum systems, causing the defect to
adsorb a hydroxyl group. This finding is completely con-
sistent with other earlier studies of the interaction of oxygen
vacancy defect sites to produce water dissociation and surface

Figure 3. Surface structure of the stoichiometric TiO2(110)-(1
× 1) surface depicting the two different types of surface titanium
and oxygen atoms present.

Figure 4. Low-energy ion scattering spectra following18O2
adsorption on three differently treated TiO2(110) surfaces: (a)
stoichiometric surface, containing few defects; (b) slightly oxygen
deficient surface; (c) highly defective surface. Reprinted with
permission from ref 20. Copyright 1992 AVS The Science and
Technology Society,
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hydroxyl groups.29-31 Although both the defect and the
hydroxyl group are bright by STM, the hydroxyl group is
brighter than the defect.32,33This has caused a reinterpretation
of earlier work34,35 to be necessary, in which the role of
hydroxyl groups was not recognized. A clear distinction
between the defect STM images and the hydroxylated defect
images has been correctly recognized by Thornton et al.,32

who have additionally shown that the hydroxylated defects
may be converted to nonhydroxylated sites using electron
pulses from the STM tip. Figure 5a shows an STM image
of a TiO2(110) surface containing vacancy defects (the bright
points with the lowest brightness) mixed with other sites that
give the brightest images. The bright points with the lower
brightness are true oxygen-vacancy defects, whereas the
brighter image points are hydroxyl groups, made from
residual water dissociation on the vacancy defects. These
two types of sites are marked with blue and red dots,
respectively, in Figure 5b. A (3 V, 0.35 nA, 300 ms) pulse
from the STM tip was applied to a hydroxyl group circled
in Figure 5a, and it was observed that this treatment caused
it to convert to a nondefective dark site as may be seen by
comparing the circled regions in panels a and b of Figure 5.
This experiment demonstrates that water molecules dissociate
at O-vacancy sites and that when the H atoms are removed
from the formed-OH groups, the O atom remains behind,
healing the vacancy defect site.32

The coverage of surface defects that are created by thermal
annealing can be analyzed through the adsorption and

subsequent thermal desorption of CO2 from the TiO2(110)
surface.16,30 On the stoichiometric TiO2(110) surface, CO2
adsorbs at regular Ti4+ sites on the surface of the crystal
(Edes ) 48.5 kJ mol-1). The coverage-dependent thermal
desorption spectra for CO2 adsorbed at these sites consists
of a single peak near 160 K. Upon annealing to temperatures
near 600 K, defect formation on the TiO2(110)-(1 × 1)
surface begins to occur and these defective surfaces are often
called reduced surfaces. The presence of defects on the
partially reduced surface can be detected using CO2 as a
probe molecule: CO2 preferentially adsorbs on defect sites
at low coverages.30 At higher coverage, when defects are
present, CO2 adsorbs on both defect sites (Edes ) 54.0 kJ
mol-1) and on regular sites. The thermal desorption profile
for CO2 from TiO2(110) consists of a two-peak pattern
characteristic of the quantity of defects present as the
annealing temperature is increased. A comparison of the
thermal desorption spectra for CO2 from an oxidized
TiO2(110) surface to the same for a reduced TiO2(110)
surface is shown in Figure 6. This method serves as a simple
quantitative measure of the surface defect density on
TiO2(110) single-crystalline substrates.

Various quantitative studies of the coverage of defects
versus annealing temperature show that the defect coverage
reaches a maximum of about 10% of a monolayer when the
TiO2(110) surface is heated to∼900 K.20 This value is
maintained even with additional heating due to the diffusion
of titanium interstitial atoms from the surface region of the
crystal to regions deeper within the bulk of the TiO2.36,37

This process establishes an equilibrium concentration of
oxygen vacancies that is maintained even with extensive
annealing at temperatures at or below 900 K as described
by Henderson.36,37 There are various possible models that
could be postulated to explain the maintenance of a constant
defect level on the surface of TiO2(110) after long heating.
Figure 7 shows two models schematically. In model 1, O
vacancies in the surface region diffuse into the bulk, being
replaced by O2- anions from the bulk. In model 2, reduced
Ti cation (Ti3+) species diffuse into the bulk during long
heating. Either model could produce a steady-state level of
defects in the surface region. In the literature prior to the
work of ref 36, the O-vacancy diffusion model has been
preferred. Using static secondary mass spectroscopy (SSIMS),
in which surface ionization by 3 keV of Ar+ ions is carried
out at very low ion fluxes, both48Ti+ ions and48TiO+ ions

Figure 5. STM studies of partially hydroxylated TiO2(110)
containing some nonhydroxylated oxygen vacancy defects: (a)
before voltage pulse; (b) after voltage pulse. The red and blue
crosses mark hydroxylated and nonhydroxylated defect sites,
respectively, and the circled site shows the conversion of a hydroxyl
group by an electron pulse to an O-filled site as the OH group is
decomposed. Scale) 15 nm× 15 nm. Reprinted with permission
from ref 32. Copyright 2006 Macmillan Publishers Ltd.

Figure 6. Comparison of the thermal desorption spectra for CO2 from an oxidized stoichiometric surface to the CO2 desorption from a
reduced (900 K, 1 h) surface. CO2 preferentially adsorbs at defect sites on the reduced surface. The inset in (a) shows the coverage (θ)
versus exposure (ε) data for CO2 adsorbed on the oxidized surface: a mobile precursor mechanism describes the adsorption process. Reprinted
with permission from ref 16. Copyright 2003 American Chemical Society.
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were monitored as a function of the annealing temperature
of a TiO2(110) surface, which had been heavily damaged
by extensive Ar+ ion bombardment producing many defects,
such as shown previously in the LEIS measurements (Figure
4b). The behaviors of the48Ti+ signal and the48TiO+ signal
are shown in the top panel of Figure 7. In the bottom panel,
the ratio48TiO+/48Ti+ is thought to be indicative of the inward
migration of reduced cations (Ti3+) during heating, support-
ing model 2 in Figure 7. These Ti3+ ions produce48Ti+ ions
in the SSIMS process. More detailed studies support this
conclusion that Ti3+ migration into the bulk is responsible
for the steady-state concentration of surface vacancy defects
produced on TiO2(110) upon long heating.36

2.2.2. Extensive Defect Formation: TiO2(110)−(1 × 2)

With more extensive annealing above∼1100 K, a (1×
2) reconstruction of the TiO2(110) surface occurs. The
conversion between the slightly defective surface (1× 1)
and the (1× 2) reconstruction is seen in Figure 8. The (1×
2) surface consists of a cross-link structure as well as a single-
link structure. On the right side of Figure 8, a diagram of
the cross-link and single-link features is presented and has
been described by Stone et al.38 The atomic nature of the (1
× 2) surface structure has been debated in the past. For a
detailed overview of the (1× 2) surface reconstruction and
the models presented to describe this surface, the authors

Figure 7. Temperature-programmed static secondary ion mass spectroscopy study of the behavior of TiO2(110) as it is heated in vacuum.
On the left, the upper traces show ions characteristic of Ti3+ surface species and Ti4+ species, illustrating the inward migration of Ti3+

accompanied by the outward migration of Ti4+. The bottom panel on the left shows the ratio of the ion signals during annealing. The panel
on the right shows two models for the removal of Ti3+ from the surface during annealing, and the data indicate that model 2 is obeyed.
Reprinted with permission from ref 36. Copyright 1999 Elsevier B.V.

Figure 8. STM images of the reduced TiO2(110)-(1 × 1) surface (left) and the extensively reduced TiO2(110)-(1 × 2) surface (right).
The (1× 2) surface reconstruction forms after extensive annealing at temperatures near 1100 K. The (1× 2) surface exhibits both single-
link and cross-link features, shown schematically in the ball model on the right-hand side of the figure. Reprinted with permission from ref
41. Copyright 2003 Elsevier B.V.
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refer the reader to ref 9, which includes references to the
majority of research done on this surface. Since the publica-
tion of ref 9, the (1× 2) structures proposed by Pang et
al.39 and by Onishi et al.40 are both accepted models: based
on crystal preparation procedures, the description of the (1
× 2) structure by either one of the “added row” models may
be appropriate.

The (1× 2) reconstructed surface does display differing
behavior in the presence of UV light when compared to the
(1 × 1) surface, which is unaffected by UV irradiance.42

When exposed to high photon fluxes of UV light, extensive
line defect formation was shown to occur on the (1× 2)
surface. No effect was seen under the same conditions for
the (1× 1) surface. This effect is also mentioned in section
6.3.1.

3. Excitation of Charge Carriers (TiO 2)
The excitation of charge carriers (electron-hole pairs) for

TiO2 materials occurs when the substrate material is exposed
to photons of energy higher than the band gap for TiO2. The
sections below address possible mechanisms for lowering
the threshold energy for substrate excitation, a topic that has
received considerable research interest. Second, this section
presents an overview of strategies that have been developed
for monitoring the presence of excited charge carriers using
either infrared (IR) spectroscopy or electron paramagnetic
resonance (EPR) spectroscopy.

3.1. Lowering the Threshold Energy for Excitation
Due to the inherent relatively large band gap characteristic

of TiO2 materials, a great deal of research has focused on
lowering the threshold energy for excitation in order to utilize
a larger fraction of visible light for conversion to photo-
chemical energy. With its band gap near 3.1 eV, undoped
TiO2 has a photothreshold that extends from the ultraviolet
region into the solar spectrum to about 400 nm. This active
region of the solar spectrum comprises<10% of its total.
By doping TiO2 with impurities, this threshold energy for
photoactivation can be reduced, potentially increasing photo-
activity under solar irradiation.

There has been a great deal of interest recently on the use
of both nonmetal and transition metal doping, as will be
addressed below.

3.1.1. Nitrogen Doping

The idea of doping titanium dioxide materials with
nitrogen and other anionic species was first presented by
Asahi et al. in 2001.43 They reported theoretical results from
the substitution of C, N, F, P, or S for oxygen atoms in the
titania lattice. Results of density of states (DOS) calculations
for anatase TiO2 suggest that substitutional type doping
(interstitial type doping and a mixture of both substitutional
and interstitial type were both found to be ineffective) using
nitrogen is effective due to the mixing of nitrogen 2p states
with oxygen 2p states, thus causing a significant decrease
in the width of the overall band gap. Similar calculated results
were also obtained for S doping; however, S doping is not
commonly employed due to its large ionic radius. Asahi et
al. further investigated experimentally the use of nitrogen
as a substitutional dopant through characterization of TiO2-xNx

films. The doped material, made by sputtering TiO2 films
with N2/Ar mixtures,43 was found to consist of both anatase
and rutile grain structures and was shown to absorb light

below 500 nm. These results are illustrated in Figure 9, where
calculated optical properties of a nitrogen-doped TiO2 film
and experimental spectra are compared. It may be seen that
light absorption at wavelengths above∼400 nm is charac-
teristic of the nitrogen-doped material.43

The photocatalytic activity of the films was analyzed by
measuring the decomposition rates for the photo-oxidation
of methylene blue as a function of photon energy in addition
to the measurement of the photodecomposition of gaseous
acetaldehyde.43 All of the films showed enhanced photo-
catalytic activity in the visible light region. The films exhibit
N 1s XPS features at 396, 400, and 402 eV binding energies.
The authors of this work claim that the nitrogen species
responsible for the overall band gap narrowing effect exhibits
the 396 eV N 1s binding energy. Similar doped powders
that did not show the 396 eV XPS feature also did not show
enhanced photocatalytic activity.43

Recently, a study was published that more clearly inves-
tigated the origin of the band gap narrowing by nitrogen
doping. In that work,44 doping of the TiO2(110) crystal was
done in a high-temperature flow reactor, where the crystal
could be simultaneously heated and exposed to NH3 gas at
high temperature.44 After treatment, the crystal was subjected
to XPS analysis, where a pair of N(1s) features were
revealed, one at 396.5 eV (seen previously and assigned to
substitutionally bound N-) and one at 399.6 eV, which has
been attributed to an N‚‚‚H complex interstitially bound in
the TiO2 lattice.44 The two-feature XPS spectrum observed
for the NH3-treated samples is comparable to that presented
by Asahi et al.43 However, in Asahi’s work, the authors claim
that the N 1s XPS feature at 396.5 eV (attributed to
substitutionally bound N-) is related to the photothreshold
energy decrease observed, whereas the work in ref 44 finds
that the 399.6 eV N(1s) state due to N‚‚‚H species is the
active dopant. A comparison of the XPS spectra from the
doped material presented by Asahi43 and of the NH3-doped
material presented by Diwald et al.44 is shown in Figure 10.
Recently the Diebold group has employed STM and XPS
methods to investigate N doping in both rutile(110) and
anatase(101) oriented single crystals. N doping induces
localized N 2p states within the band gap, just above the
top of the valence band, facilitating the production of oxygen
vacancies and Ti 3d states within the band gap at elevated
temperatures.45

A novel test, developed by Fleischauer et al.46 and
others,47,48 was employed by Diwald et al.44 to determine
the photoactivity of the N‚‚‚H-doped crystal as a function

Figure 9. Optical properties of TiO2 and nitrogen-doped TiO2:
(A) calculated imaginary parts of the dielectric constant; (B)
measured optical absorption. Reprinted with permission from
Science(http://www.aaas.org), ref 43. Copyright 2001 American
Association for the Advancement of Science.
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of photon energy. The results yielded a significant decrease
of ∼0.6 eV in the photothreshold energy needed for substrate
excitation. This test involved the photoreduction of Ag+(aq)
ions to form Ag0 deposits on the TiO2 crystal surface. The
surface, once exposed to UV, was then imaged using atomic
force microscopy (AFM), which was used to evaluate the
density and size of Ag0 clusters produced photolytically. A
representative comparison of the AFM images of the NH3-
doped and undoped crystals exposed to UV radiation at 2.47
eV is shown in Figure 11. It should be noted that this effect
of N‚‚‚H doping has been studied for a photoreduction
reaction, not for a photo-oxidation reaction. A summary of
the results of these studies is shown in Figure 12, where it

may be seen that an∼0.6 eV decrease in the photothreshold
is seen for the N‚‚‚H-doped TiO2 crystal compared to
undoped TiO2.

Prior to the work done where NH3 was used as a dopant,44

doping of TiO2(110) was also attempted by Diwald et al.49

using a high-energy ion gun (in UHV) to implant the
TiO2(110) using a N2/Ar+ mixture.49 After 3.0 keV of N2

+

implantation, the crystal was annealed extensively, allowing
diffusion of implanted N atoms further into the bulk of the
crystal. The crystal photoactivity was then tested using the
photodesorption of adsorbed O2 at various photon energies.
XPS, TEM, and SIMS were also used to examine the nature
and depth of the implanted nitrogen species. Results of this
work showed anincrease in the photothreshold energy,
opposite to that observed by others. The XPS data for the
ion-implanted surface show a single 396.5 eV N(1s) feature
attributed to substitutional nitrogen, assigned as N-, therefore
suggesting that substitutionally bound N- alone is not
responsible for the decrease in the photothreshold of
TiO2(110) as suggested by Asahi et al.43 Work done by Burda
et al.50 on nitrogen-doped TiO2 nanoparticles reports sub-
stitutionally bound nitrogen as the active dopant species, in
agreement with Asahi.43 This work, however, differs from
that of Asahi in that the measured N 1s XPS feature exhibits
a binding energy near 400 eV, and no peak is measured at
or near 396 eV as found by Asahi.43 Other authors also report
N 1s XPS features for nitrogen-doped titania at 400 eV,51

yet assignment of this species remains an issue. Burda et al.
reports that the substitutional type nitrogen species respon-
sible for the observed increase in the measured photocatalytic
activity in the visible region is due to N-O type bonding as
reported in ref 52. Thus, although Diwald et al.44 and Burda
et al.50 agree that a nitrogen species with an N 1s binding
energy near 400 eV is an active dopant, their assignments
of its chemical nature differ.

Hoffmann et al.53 have also extensively investigated the
effect of nitrogen doping on titania materials. That work
focused on investigating the photo-oxidation of organics over
N-doped materials prepared using a method earlier reported
by Burda and Gole.54 Hoffmann et al.53 report results
suggesting that organic molecules such as methylene blue,
commonly employed by others to monitor photo-oxidative
processes, may be uninformative as to the actual activity of

Figure 10. Comparison of the N (1s) XPS data presented (A) by
Asahi et al.43 and (B) by Diwald et al.44 Panel A is reprinted with
permission fromScience(http://www.aaas.org), ref 43. Copyright
2001 American Association for the Advancement of Science. Panel
B is reprinted with permission from ref 44. Copyright 2004
American Chemical Society.

Figure 11. AFM images of Ag clusters deposited on (a) undoped
and (b) NH3-doped TiO2 rutile single crystals after exposure to UV
light. Reprinted with permission from ref 44. Copyright 2004
American Chemical Society.

Figure 12. Comparison of the photoactivation of undoped versus
NH3-doped TiO2(110) single crystals. The points shown were
measured using the photoreduction of Ag as measured by AFM
and reported in ref 44. Reprinted with permission from ref 44.
Copyright 2004 American Chemical Society.
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the TiO2. It is likely that photo-oxidation of methylene blue
and other dyes occurs through direct excitation and degrada-
tion by UV or visible illumination. These dyes are oxidized
with or without the presence of TiO253 and may give false
results when used to investigate photo-oxidation chemistry
on TiO2.

Density functional theory calculations have addressed the
variances in the photoactivity measurements55 considering
both anatase and rutile type samples that have been substi-
tutionally doped with nitrogen. The conclusions of this work
are profound. For anatase samples, substitutional N doping
results in a decrease in the photon energy necessary to excite
the material; for rutile TiO2 materials, the opposite effect is
observed and is attributed to the contraction of the valence
band and the stabilization of the N 2p state, thus causing an
overall increase in the effective band gap in agreement with
the work of Diwald et al.49 For anatase TiO2, substitutionally
bound nitrogen atoms create localized occupied electronic
states (N 2p in character) above the top of the O 2p valence
band. The creation of this occupied electronic state has also
been shown experimentally.56,57 As a result, the mechanism
for photoexcitation of N-doped anatase is most probably
direct excitation of electrons from the N 2p state located
within the band gap of the TiO2, into the conduction band.

The measured inter-band-gap density of states has been
postulated to reduce the rate of electron-hole pair generation,
which may readily occur without the presence of these
states.56 A schematic diagram explaining this effect for
anatase and rutile is shown in Figure 13, where for rutile
TiO2 the suppression of the top of the valence band is
observed for N doping. Similar calculations recently pre-
sented by other authors58 agree with the work presented by
Selloni et al.55

The difference in the dopant states for substitutional versus
interstitial type impurities in anatase TiO2 was investigated
both experimentally on TiO2 powders using electron para-
magnetic resonance spectroscopy (EPR) and XPS and
theoretically using DFT calculations.59 This work59 reveals
a distinct N 1s XPS feature at 400 eV, but the authors note
that preparation methods and differing experimental condi-
tions can drastically affect the nature of the measured XPS
signals. In addition, the authors also point out the probability
that the observed XPS feature ascribed to N 1s transitions
may originate from the presence of any number of differing
nitrogen species. Although the EPR characterization of the
nitrogen species in the anatase material considered in this
work is inconclusive, the theoretical findings show very
distinct differences in the calculated electronic structure for
substitutional versus interstitial type nitrogen. Both types of
impurities are found to add localized states within the band
gap. For substitutional type nitrogen, these states are located
0.14 eV above the valence band, and for interstitial type
nitrogen species (referred to as N-O), the localized states
are calculated to lie 0.73 eV above the valence band. In
addition, these calculations have also found that there is a
large decrease in the formation energy for oxygen vacancies
as a result of additional nitrogen atoms in the lattice.
Therefore, oxygen vacancies are most probably induced by
N doping of TiO2. This work, although quite useful in
realizing the actual electronic nature of doped titania materi-
als, does not address the actual observed change in the
photocatalytic activity as a result of impurity addition.

In summary, there is a great deal of literature existing on
the topic of nitrogen doping of TiO2 materials, most of which
agrees that the addition of nitrogen to the lattice of TiO2

results in increased photocatalytic activity at lower photon
energies. Theoretical results have also clearly illustrated that

Figure 13. Comparison of the calculated electronic structures for
N-doped anatase and rutile TiO2 as described by Selloni et al.55

Reprinted with permission from ref 55. Copyright 2004 American
Physical Society.

Table 1.

author (ref) method/substrate dopant type result

Asahi et al.43 theoretical: density of states calculations
experimental: sputtering of

rutile/anatase TiO2 films with N2/Ar

substitutional;
mixed (substitutional

and interstitial);
interstitial

substitutional type dopant causes increase in
photocatalytic activity; authors correlate
finding to N ls binding energy at 396 eV;
interstitial or mixed dopant states are found
to be ineffective

Hoffmann et al.53 experimental: NH3-doped anatase TiO2 not characterized doped TiO2 material absorbs light up to 520 nm,
but fails to completely photo-oxidize HCOO-

Burda et al.50 experimental: chemical doping method
for TiO2 nanoparticles

substitutional substitutional type dopant measured at 400 eV
due to N-O type bonds in the lattice

Diwald et al.44,49 experimental:
high-temperature gaseous doping with

NH3 [also TiO2(110)]
sputtering of rutile TiO2(110)

interstitial (high-
temperature
treatment)

substitutional
(sputtering treatment)

interstitial dopant (400 eV N 1s binding energy)
is active dopant, suppressing photothreshold;
substitutional dopant (396 eV N 1s binding
energy) increases photothreshold energy

Di Valentin et al.55 theoretical: anatase and rutile TiO2 substitutional substitutional dopant causes decrease in photothreshold
energy for anatase samples only; for rutile, an
increase in the photothreshold energy is observed

Di Valentin59 theoretical and experimental: anatase substitutional and
interstitial

both dopant types create a discrete energy level within
the band gap, suggesting that either dopant may
cause a decrease in the photothreshold energy for
TiO2 activation
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the addition of either substitutionally or interstitially bound
nitrogen species results in localized N 2p states that are
discrete levels above the valence band, in contrast to past
reports which suggested valence band broadening. Table 1
presents a compilation of the literature dealing with nitrogen
doping on TiO2.

3.1.2. Carbon Doping

In addition to investigations of TiO2 doping with nitrogen
as discussed above, carbon has recently received considerable
interest as a nonmetallic dopant in TiO2 materials. Carbon
was first investigated as a substitutional type dopant in TiO2

by Khan et al.,60 who studied the band-gap energy through
measurement of the efficiency of water splitting similar to
the method first used by Honda and Fujishima.61 The material
studied in this work was chemically modified TiO2 synthe-
sized using flame pyrolysis of a Ti metal sample, an ill-
defined material compared to single-crystalline TiO2. Carbon
was incorporated during the pyrolysis process that was
carried out in the presence of combustion products (CO2 and
H2O).60 The resulting TiO2 film was characterized by X-ray
diffraction (XRD) and found to be mainly rutile. Measure-
ments of the photocurrent at various applied voltages show
increased activity for the carbon-doped films when compared
to undoped materials that were fabricated using the same
method. A significantly reduced band gap of 2.32 eV is
reported for the carbon-doped material, compared to 3.0 eV
for undoped rutile. The proposed mechanism for this action
is band-gap narrowing.60

Since the initial experimental investigation of carbon-
doped TiO2, other authors have investigated carbon doping
in TiO2 both experimentally62-64 and theoretically.58,65 Sak-
thivel and Kisch have shown that carbon incorporation into
TiO2 powders causes a 4-5-fold increase in activity for the
degradation of 4-chlorophenol by UV light compared to
nitrogen-doped TiO2 materials. The preparation method for
the samples presented in ref 62, although similar to that
presented by Khan et al.,60 results in carbon-containing
species, either elemental adventitious carbon or carbonate
species. This finding is in contrast to that presented by
Khan,60 who report the presence of substitutionally bound
carbon. Tachikawa et al.63 investigated carbonate-species-
doped TiO2 (anatase) and found that although UV-induced
charge carriers are generated more readily for carbonate-
doped TiO2, no evidence for enhanced photo-oxidation
chemistry is measured. The authors attribute this finding to
a possible decrease in the mobility of the photogenerated
holes, which participate in the photo-oxidation step. This may
be directly related to significant trapping of charge carriers
that occurs upon photoexcitation and is directly dependent
on the incoming photon flux and the density of impurity sites
(which may act as trapping sites) in the surface or the bulk
of the material.66

The action of carbon type dopants in both anatase and
rutile forms of TiO2 has been addressed theoretically.65 The
authors investigated the effect of both substitutional and
interstitial type carbon dopants in the anatase and rutile forms
of TiO2. The stability of the dopant species as a function of
oxygen partial pressure was investigated. In addition, the
electronic structure of each material after the addition of
either substitutional or interstitial type dopants was calcu-
lated. For both rutile and anatase TiO2, it is found that the
same general trends are realized for both substitutional and
interstitial types of carbon dopants as a function of the

oxygen partial pressure. At low partial pressures of oxygen,
substitutional type doping of carbon atoms substituting for
oxygen atoms is favored. In addition, the formation energy
for oxygen vacancies decreases with the presence of the
carbon dopant. At high partial pressures of oxygen, both
interstitial and substitutional (where carbon binds to titanium
atoms) carbon dopants are present. For both anatase and
rutile, the presence of both types of carbon dopants causes
the formation of localized occupied band gap states that vary
in energy on the basis of the dopant type, the presence or
absence of oxygen vacancies, and the background partial
pressure of oxygen. The presence of these states gives rise
to the decreased energy necessary for excitation of either
material, as reported experimentally. Figure 14 shows the
various site locations considered for C atom doping in TiO2.
Figure 14a shows the substitution of a C atom for an O atom
(CS-O site). In Figure 14b is shown C atom substitution at a
Ti site (CS-Ti site). Figure 14c shows C atom insertion in an
interstitial site (CI site). In Figure 14d is shown C atom
insertion near an O vacancy (CI + Vo site). The yellow
spheres represent O atoms, the small brown spheres Ti atoms,
and the black spheres C atoms.65

3.1.3. Transition Metal Dopants
Doping with transition metal ions including Cr,67 V,68

Fe,69,70Pb,71 Cu,72 and others has been investigated. Doping
with these metal ions has shown both positive and negative
effects on the photocatalytic activity of TiO2; a number of
authors claim that although metal ion doping should decrease
the photothreshold energy of TiO2, the metal ion may also
serve as a recombination center for electrons and holes, thus
diminishing the overall activity of the photocatalyst.73

Karvinen et al.74 have theoretically investigated the role of
transition metal dopants in both anatase and rutile TiO2

models. For anatase TiO2, the addition of Ti3+, V3+, Cr3+,
Mn3+, and Fe3+ caused significant band gap narrowing;
however, for the rutile system, no effect was found.74

Hoffmann et al.73,75have investigated a great number of metal
ion dopants in TiO2 powders with the specific aim to measure

Figure 14. Partial geometry for various models for the doping of
carbon into TiO2. See text for an explanation of the figures.
Reprinted with permission from ref 65. Copyright 2005 American
Chemical Society.
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the photoactivities of the resulting material. A mixture of
both positive and negative effects was reported. Choi et al.73

have carried out an exhaustive study of the effects of ion
doping of quantum-sized TiO2 nanoparticles in the 2-4 nm
size range, using coprecipitation of the dopant ion and the
TiO2 from a solution of titanium tetraisopropoxide solution
undergoing controlled hydrolysis. Doping with Fe3+, Mo5+,
Ru3+, Os3+, Re5+, V4+, and Rh3+ was carried out to 0.1-
0.5 atomic percent, and the photoreactivity toward chlori-
nated organic molecules was increased for both oxidation
and reduction reactions. The quantum yields obtained during
photolysis with steady light intensity were quantitatively
correlated with the measured transient charge carrier absorp-
tion signals. They report that the photoreactivity of the doped
TiO2 increases as the dopant concentration is increased but
that there exists a complex dependence on dopant concentra-
tion, dopant energy state in the lattice, the d-electron
configuration, the distribution of dopants, the electron donor
concentration, and the light intensity.

Much additional work has been done on metal doping of
TiO2, but a detailed understanding from a surface science
viewpont has not yet been achieved.

3.2. Monitoring Charge Carrier Excitation and
Recombination

Berger et al.27 reported the detection of mobile charge
carriers in TiO2 powders by either electron paramagnetic
resonance spectroscopy or infrared spectroscopy. These tools
complement each other quite well for studies of this nature.
In this work, it was shown that under continuous UV
illumination, photogenerated electrons are either trapped at
localized states within the band gap (Ti3+ centers), where
they are measured by EPR spectroscopy, or promoted to the
conduction band, where they are unable to be detected by
EPR but are able to be easily measured by IR spectroscopy.
Photoexcited hole species are able to be detected also using
EPR and are measured as O- species, which originate from
lattice O2- ions. Using these methods, the lifetime of the
photoexcited electrons and holes can be measured and is
found to be on the order of hours at low temperature (T )

90 K). At room temperature, the recombination process is
much faster, and the photogenerated electrons and holes
recombine rapidly. Figure 15 illustrates the detection of
photogenerated electrons and holes via either EPR or IR
spectroscopy.

3.2.1. IR Spectroscopy as a Tool for Monitoring
Conduction Band Electrons

The energetic promotion of electrons from the valence
band to the conduction band in semiconductors can occur
in a number of ways. As discussed earlier, promotion of
electrons via UV irradiation with photons greater than the
band gap energy leaves electrons in states near the conduction
band where, at low temperature, they may be stored for long
periods of time. For a powdered mixed oxide material
(TiO2-SiO2), Payanotov et al.76 have observed the presence
of conduction band electrons produced upon thermal an-
nealing in a vacuum. The same is observed for pure TiO2,
unmixed with SiO2.77 This effect is directly related to the
thermally activated production of defects within the material
as the time and/or temperature of the annealing process
increases. The shallow-trap defect site (probably Ti3+) then
provides electrons to the conduction band by thermal
excitation from the defect state at the temperature of the
measurement (476 K), as shown schematically in Figure 16.

This process is sometimes referred to as “metallization”
of the semiconductor. Free carriers (electrons) promoted to
the conduction band behave approximately as delocalized
electrons in an infinite-walled three-dimensional box. The
high density of states provides a continuum of electronic
excitations, resulting in an increase in the featureless
background of the infrared spectrum as excitations over a
wide energy range in the infrared region combine to produce
the broadband background absorption. This phenomenon is
called Drude absorption, as found in metals.78 In semicon-
ductors, detection of excitation to delocalized conduction
band electron states is done by infrared absorption spectros-
copy, and a broad structureless absorption increase is
measured, as shown in Figure 17. The description of these
delocalized electrons, their coupling to phonons, and the

Figure 15. Characteristic EPR signature for photogenerated electrons and holes in fully oxidized anatase TiO2. The right-hand schematic
shows the location of the conduction band electrons (detected by IR spectroscopy), electrons trapped at shallow trap sites (EPR detection),
and charge carrier holes present in the valence band (EPR detection). Reprinted with permission from ref 27. Copyright 2005 American
Chemical Society.
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formation of polarons as a result of lattice distortion are
topics beyond the scope of this review. Hoffmann and co-
workers79,80 have detected transient and persistent diffuse
reflectance infrared signals due to the population of conduc-
tion band electrons upon irradiation of TiO2 powders with
supra band gap light, where the baseline IR absorption for
TiO2 rises immediately upon UV irradiation.27,80In addition,
the observed response partially recovers in the dark and fully
recovers upon the addition of oxygen.

The decay of the electron concentration in the conduction
band, produced by UV excitation, is shown in Figure 18.
Here the broad background spectrum is observed in reflec-
tance spectra to decay over periods greater than hundreds
of minutes at 300 K. Spectrum a was produced by UV
irradiation and was measured 13 min after UV excitation
was discontinued. Over time periods extending to 135 min
after irradiation, spectra b-d were measured. The final
spectrum, Figure 18e, corresponds to full relaxation of the
excited system. The inset shows a plot of log(S(λ/µ)) versus
log(λ/µm), which is linear for all spectra a-d, indicating that
S(λ) ) A(λp) for all stages of relaxation. The value of the
exponentialp ) 1.73, indicative of a constant spectral shape

independent of the degree of relaxation, shows that a single
state containing trapped electrons is responsible for the
observed background shift throughout the IR region. A value
of p ) 1.5 is expected for electron momentum conservation
with acoustic phonons in a semiconductor according to ref
80. An infrared band near 3390 cm-1 is assigned to an
electronic excitation and does not shift with D substitution
for H in surface hydroxyl groups.80

Detection of photoproduced conduction band electrons by
IR spectroscopy was also earlier reported by Yamakata et
al.,81 who measured the excitation of powdered Pt/TiO2

materials activated by short time scale laser pulses. Here, as
in work presented by Berger et al.,27 the transient IR
absorbance over a wide range of wavenumbers (3000-900
cm-1) is monitored before, during, and after the photo-
excitation step. Yamakata et al.81 observed a peak in the IR
absorbance at time) 0 (onset of 10 ns laser pulse) and
measure decay kinetics for the concentration of conduction
band electrons as measured by the IR background absorb-
ance. The decay kinetics are highly fractal, which means that
fits may only be made using a wide range of rate constants.
This is illustrated in Figure 19, where four time domains of
the decay are presented ranging from microseconds to
seconds. Fits were done using six decay constants.

The reported decay kinetics for photogenerated electrons
after excitation is shown to be first-order, which is in contrast
to results presented by these authors for work done on
TiO2(110) at 110 K, where second-order recombination
kinetics are inferred (see section 4.2 and ref 66). The
explanation presented by Yamakata et al. for first-order decay
kinetics is the following: in colloidal TiO2 particles, where
only low concentrations of electron-hole pairs accumulate,
the kinetic rate law is first-order in nature, whereas when
higher concentrations of electron-hole pairs are present, the
kinetic rate law is second-order in nature.82 This topic is
further addressed in section 4.2.

Early work done on the detection of trapped electrons in
the conduction band as measured by IR spectroscopy was
reported by Baraton et al.83 The authors reported the use of
TiO2 powders as a sensor material for oxidizing or reducing

Figure 16. Schematic diagram depicting the thermally activated
charge injection of electrons from shallow trap sites into a
continuum of states in the conduction band of this wide-band gap
semiconductor. IR excitation in the CB is also indicated.

Figure 17. IR absorbance spectra for oxidized and reduced TiO2.
Trapped electrons are measured by the increase in the background
absorbance measured at 2000 cm-1. Reprinted with permission from
ref 27. Copyright 2005 American Chemical Society.

Figure 18. Diffuse reflectance infrared Fourier transform spectra
of powdered TiO2 following UV irradiation. Spectra a-e correspond
to various relaxation times ranging up to hundreds of minutes at
300 K. (Inset) The line shape of the broad background remains
constant as the decay of electrons in the conduction band occurs.
Reprinted with permission from ref 80. Copyright 2002 American
Chemical Society.
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agents. In the presence of an oxidizing agent, electrons are
removed from the conduction band by the adsorbate, thus
decreasing the background IR absorbance. The opposite
effect was measured for reducing agents that inject electrons
into the conduction band, thus increasing the background
IR absorbance.83 This work demonstrates the use of metal
oxide materials for gas sensors using IR spectroscopy as a
detection tool.

3.2.2. Electron Paramagnetic Resonance Spectroscopy
(EPR)

EPR is widely employed for the detection of photoexcited
charge carriers in metal oxide materials. Early work on the
use of EPR for the study of UV-induced effects on TiO2

powders has been studied extensively and reported in review
format.84,85 Work done by Howe and Gra¨tzel86 reports on
the trapping of photogenerated electrons and holes in the
bulk and surface region of hydrated anatase TiO2 polycrys-
talline material at very low temperatures (4.2 K). Electrons
are trapped at low temperatures at localized Ti4+ sites (to
produce Ti3+) within the bulk of the material, and holes are
trapped as lattice oxide ions (O-) below the surface. As
mentioned above and reported by Berger et al.27 the photo-
generated electrons and holes exhibit a lifetime of hours at
90 K. A direct linear correlation between the concentration
of photogenerated electrons (Ti3+ species) and holes (O-

species) measured by EPR spectroscopy on polycrystalline
anatase TiO2 exists and is depicted in Figure 20. The
deviation from linearity suggests that at high UV light
intensities a fraction of photogenerated electrons are trans-
ferred to the EPR-silent conduction band (due to the finite
concentration of Ti3+ electron-trap defect sites), where they
can be measured using IR spectroscopy as discussed in
section 3.2.1.

For reduced samples, where oxygen vacancies are created
in the bulk of the material, the EPR signal is identical to
that of trapped (Ti3+) photogenerated electrons that are
created in the presence of UV irradiation: Ti3+ signals are
clearly measured in each case. However, for reduced TiO2,
the EPR signal intensity is enhanced by a factor of 25,
suggesting a greater concentration of thermally produced

electrons after annealing the TiO2 to 950 K when compared
to the concentration of photogenerated trapped electrons
observed for oxidized TiO2. Little to no signal is observed
for O- holes in thermally reduced TiO2. When the reduced
material is further exposed to sub-band-gap UV irradiation,
a photobleaching effect occurs, where all of the characteristic
electron and hole EPR signatures are eliminated. This effect
can be explained by the ionization of trapped electrons
located in inter-band-gap states.27

4. Recombination of Excited Electrons and Holes

4.1. Shockley −Read−Hall Recombination at Trap
Sites

The concentration of charge carriers upon UV excitation
in any semiconductor is reduced by the inherent recombina-
tion process that may occur, leading to the destruction of
active electron-hole pairs. For TiO2, this action can be
explained by the Shockley-Read-Hall model for non-
radiative recombination, which describes the capture of
mobile electrons and/or holes at trap sites within the
semiconductor.87,88 Once trapped, the electron (or hole) is
then annihilated via recombination with holes from the
valence band (or electrons from the conduction band). The
active sites for electron or hole trapping may vary and are
usually described as defect states within the crystal due to
interstitial atoms, defect states, or grain boundaries and the
like. In the Shockley-Read-Hall mechanism, as schemati-
cally depicted in Figure 21, four transition processes may
occur: (1) electron capture; (2) electron emission; (3) hole
capture; or (4) hole emission. This model assumes that the

Figure 19. Decay curves of the IR absorption at 2000 cm-1 for
Pt/TiO2 powder following laser pulse excitation at 355 nm with an
energy of 7 mJ. Reprinted with permission from ref 81. Copyright
2001 Elsevier B.V.

Figure 20. Correlation between the concentration of trapped
electrons and trapped holes as observed by EPR spectroscopy of
photoexcited TiO2. At high UV light intensity, trapped electrons
are excited into the conduction band (EPR silent). As a result, the
concentration of trapped electrons becomes unequal to the con-
centration of trapped holes and a break in the linear correlation
occurs. Reprinted with permission from ref 27. Copyright 2005
American Chemical Society.
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semiconductor is non-degenerate and that the density of trap
sites is relatively small compared to the majority carrier
density present in the material. For a TiO2(110) single crystal
the concentration of hole-trapping sites was estimated by
Thompson et al.66 to be on the order of 2.5× 1018 cm-3,
which is equivalent to an atomic fraction of 3× 10-5 of the
bulk atomic sites in the crystal.

4.2. Kinetics of Recombination
The kinetic processes by which photochemistry on TiO2

is governed have been investigated using a simple surface
photochemical reaction, namely, the photon-induced desorp-
tion of molecular oxygen from TiO2(110).66 It is known that
oxygen molecules are adsorbed at oxygen-vacancy defect
sites89-91 in the surface and that they become negatively
charged as O2- species.92-94 This will be discussed in greater
detail in section 5.1. To study the excitation of photogener-
ated charge carriers, the effect of the incident light intensity
on the rate of photodesorption of O2 was investigated. This
work builds on that of other authors who have reported a
correlation between reaction rate or photo-oxidation rate to
the square root of the incident light intensity.95-100 Those
experiments are less refined than the work presented in ref
66 that involves carefully controlled studies of a simple
photoprocess that occurs in ultrahigh vacuum on a planar
single crystal of TiO2 with known surface structure9 and
known surface defect density20 and in the absence of solvents
and surface-bound chromophores. In addition, the photon flux
and photon energy are well-known. Thus, quantification of
the rate of a well-defined photoprocess compared to the
photon flux received by the planar single crystal surface can
be accurately made in this model system involving a
TiO2(110) single crystal. A kinetic model was developed and
is presented below and in ref 66:

After hole trap filling by reaction 2 and assuming a fast
equilibrium is established between the e-h pair formation
(step 1) and the recombination (step 3), the rate of O-

2(a)

photodesorption will be, according to the steady-state ap-
proximation

where the recombination process (step 3) is second-order
in the hole concentration, [h], leading to a desorption rate
containing the factorFhν

1/2. This assumes that at steady state
conditions, [e-] ≈ [h+] ) constant. The linear correlation
between the yield of photodesorbing oxygen and the square
root of the incident light intensity is shown in Figure 22.
Further discussion of Figure 22 will follow later.

Much work on photochemical oxidation reactions in
solution has been carried out. Here, additional complexities
having to do with solvent effects, pH effects, etc., are found,
and in some conditions, reactions are studied where diffusion
of the reactant to the immersed TiO2 particle surface is rate
determining. Recent work by Cornu et al.101,102 has shown
that the dynamics measured in the fast time regime (pico-
seconds, and somewhat above) is irrelevant to surface
photochemistry and that slower kinetic processes determine
the reaction kinetics.101 For the photo-oxidation of formate

Figure 21. Schematic diagram showing the four electronic transition processes that may occur for the charge carrier recombination as
described by ref 88. Reprinted with permission from ref 88. Copyright 1952 American Physical Society.
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Figure 22. Yield of photodesorbing oxygen for increasing photon
flux. A linear correlation between the yield of photodesorbing
oxygen and the square root of the photon flux proves that the
recombination process is second order. Reprinted with permission
from ref 66. Copyright 2005 American Chemical Society.
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ions in aqueous solution, the rate is found to be proportional
to Fhν

0.61 for a particular range of light intensity.101 By using
interrupted illumination methods, different photo-oxidation
kinetic regimes have been studied. This work has been
continued in a later study of the photo-oxidation of methyl
orange, where the influence of pH has been studied. It has
been found that the chemical intermediates persist longer
than a few milliseconds, suggesting that fast laser-driven
photoprocesses are not involved in the chemical kinetics of
TiO2-mediated surface photochemical processes.102

4.3. Evidence for Trap Filling −Photodesorption of
O2

From eq 5, the instantaneous rate of photodesorption is
measured for the initial pulse height of18O2 that desorbs from
the TiO2(110) surface as supra band gap light is exposed to
the crystal face. The initial photodesorption pulse is termed
the initial yield of photodesorbing oxygen,Y0

O2. Figure 22
shows the dependence ofY0

O2 on the magnitude ofFhν
1/2.

Two linear branches with differing slopes, A and B, are
measured. Branch A corresponds to a photodesorption
process of low efficiency, where significant hole trapping
results in a lower probability for photogenerated holes to
reach the surface. In branch B, the large concentration of
photogenerated holes saturates the hole-trapping centers, and
in this region of highFhν, there is an increase in the number
of holes that are able to reach the surface. As shown in Figure
23, about each trapping site (T) there is a spatial range in
which photogenerated holes produced in this region will, on
average, reach the T site and become trapped. Photogenerated
holes not trapped at T sites will reach the surface, where the
holes can produce O2 photodesorption with a probability
governed by the factorsFhν

1/2 and [k1/k3]1/2 in the series of
experiments at constant [O2

-(a)].
Most studies of the photochemical filling of trap states

have concerned electron trapping. When an electron trap
becomes filled, the Fermi level crosses the energy level of
the trap and the trap becomes inactivated for further electron
capture. This trap saturation effect can enhance the lifetime
of photogenerated charge carriers and can improve the
quantum yield of carriers at higher light intensities.103 These
ideas may also apply to hole trapping in TiO2, as demon-
strated in Figure 22.

Trap filling has been observed in semiconducting silicon
substrates104,105and has also been suggested for rutile single
crystals,106 polycrystalline TiO2 electrodes,103 and ZnO nano-
particles.107 The saturation of deep trap levels results in
enhanced carrier mobility and carrier lifetime. Schwarzburg103

finds results similar to those presented in Figure 22; however,
the authors investigate charge carrier mobility via transient
photocurrent measurements. An inflection point in the
measured photocurrent due to the saturation of deep trap
levels was reported there.103 Nelson et al.108 reports that
multiple trapping events may occur at a broad energetic
distribution of trap states located within the band gap region.
This broad exponential energy distribution of trap states is
responsible for the large range of measured recombination
times.108 Ghosh et al. also report a large number of possible
trapping sites for electrons or holes at differing energy levels
throughout the band gap.106 Figure 24 (modified from ref
106) shows an early diagram of a number of shallow electron
traps detected by various spectroscopies. At least eight
electron traps at energies in a region up to 0.87 eV below
the conduction band edge are reported in single crystals of
rutile. These are assigned to Ti3+ interstitial sites associated
with oxygen vacancies in the bulk. The electrons from these
trap sites can be observed by various methods following
thermal excitation into the conduction band.

4.4. Electron and Hole Scavengers on TiO 2
Surfaces

The recombination rate of excited electrons and holes
directly affects the reaction rate for any photochemical

Figure 23. Schematic diagram showing the active range of sites
for hole trapping. Reprinted with permission from ref 66. Copyright
2005 American Chemical Society.

Figure 24. Energy levels measured for Ti3+ interstitial species in
a TiO2 rutile single crystal. Adapted from ref 106.
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process that occurs on the substrate. The rate of recombina-
tion is affected by a number of factors including charge
trapping (discussed above), the chemisorption or physisorp-
tion of target molecules, and the incident light intensity
among others. Often, a sacrificial electron or hole scavenger
is used to decrease the recombination rate and, in turn, to
increase the lifetime of the other charge carrier. This
technique is commonly employed for photochemical systems
involving metal oxide semiconductors such as TiO2.

Perhaps the most referenced electron scavenger used to
prolong the lifetime of photogenerated holes is adsorbed
molecular oxygen, which readily accepts an electron to
become the superoxide ion as discussed by Anpo.92 Figure
25 shows examples of the detection of the superoxide O2-

adsorbed species on (a) TiO2 powder and (b) TiO2 supported
on WO3 powder. The spectra in Figure 25 were obtained
after a partially reduced TiO2 surface was exposed to O2(g)
at room temperature. Spectrum a shows a major O2 resonance
at gzz ) 2.023, with less abundant species exhibiting
resonances atgzz) 2.027 and 2.020. These three resonances
are the result of the absorption of O2 at different types of
Ti4+ sites on the TiO2 surface. Spectrum b was obtained for
TiO2/WO3 and exhibits a superoxide ion resonance atgzz )
2.019.

Using IR absorption spectroscopy, Panayotov et al.27 and
others79,109 have observed the loss of thermally excited
conduction band electrons to adsorbed O2, forming O2

-. For
photoproduced holes, commonly employed scavenger mol-
ecules include methanol,66,110-114 propanol,115 ethanol,112

glycerol,116 and surface hydroxyl groups.117

5. Charge Transfer to Adsorbed Species
Interfacial charge transfer between photoactivated semi-

conductor surfaces and adsorbate molecules is centrally
important to the understanding of photochemical processes.
The following section will address the interactions between
adsorbed oxygen and TiO2. In addition, section 5.2 addresses
the role of the adsorbate electrophilicity on the efficiency
of charge transfer. Although studies of charge transfer effects
in the presence of water have important relevance to
technologies that operate in aqueous phase, few surface
science studies involving well-characterized single crystals
operating as photocatalytic substrates under water are avail-
able. The work reported in section 6.3.3 is an exception to
this generalization, and work reported in section 6.3.1 also
deals with the interaction of water with the TiO2(110) surface.

5.1. Oxygen Chemisorbed on TiO 2 Surfaces
The interaction between adsorbed O2 and TiO2 surfaces

has been extensively studied on polycrystalline as well as
single-crystalline substrates both theoretically93,94,118 and
experimentally.89,92,119This section of this review addresses
only very recent studies that report on the charge transfer
processes that occur between the photoexcited TiO2 substrate
material and the adsorbed O2 species.

It is well-known that neutral O2 molecules adsorb as O2
-

on TiO2 surfaces92 where electrons are available in the
conduction band or from localized Ti3+ sites as measured
by EPR spectroscopy.120 Electrons are promoted to the
conduction band or to localized Ti3+ sites when the sample
is reduced (oxygen vacancies are present) or when the sample
is activated with UV light above the TiO2 band gap. Electron
transfer from the conduction band to adsorbed O2 can be
monitored using IR spectroscopy,27 where the decrease in
the background IR absorbance is attributed to the loss of
conduction band electrons to form the surface O2

- adsorbate.

5.1.1. Fractal Kinetics for Charge Transport to
Chemisorbed Oxygen during Photodesorption

The charge transfer kinetics for photogenerated hole
transfer from the surface region of a TiO2(110) single crystal
to an adsorbed O2 molecule have been studied both experi-
mentally90,91,121,122 and theoretically118 using the photo-
desorption of adsorbed O2 as a probe of this process. Direct
optical absorption of the O2-TiO2 adsorbate-surface com-
plex was investigated theoretically.118 Direct desorption of
the O2

- adsorbate species is found with a maximum in
photon energy near 3.7 eV (Figure 26). These calculations
are compared with experimental data,90 showing that excita-
tion and oxygen desorption occur over a broader range of
photon energies. Thus, it is postulated that direct photo-
excitation is accompanied by hole-mediated desorption of
O2, where the photoproduced hole abstracts an electron from
the adsorbed superoxide ion, leading to molecular O2

desorption.118

As discussed in section 4.2, the rate for O2 photodesorption
depends linearly on the square root of the incident light

Figure 25. EPR spectra of the O2- superoxide ions adsorbed on
(a) TiO2 powder and (b) TiO2-supported WO3 powder. Reprinted
with permission from ref 92. Copyright 1999 J. G. Baltzer, AG,
Science Publishers.
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intensity.66 The O2 photodesorption process is affected by
charge carrier trapping and the subsequent saturation of traps
as described.66 The mechanism for the photodesorption of
adsorbed O2- from TiO2(110) is based on the activation of
the adsorbed O2- by a photogenerated hole that results in
the neutralization of the oxygen molecule and, finally, the
desorption of the neutral species.118 The detailed reason for
O2 photodesorption when charge transfer occurs is currently
unknown. When continuous UV irradiation is employed as
the excitation source, the O2 photodesorption from TiO2(110)
can be observed over a time scale of hundreds of seconds
as shown in Figure 27. Previous work90,121 has fit the O2

photodesorption curve to a multiexponential function: the
presented model described the presence of three types of
adsorbed oxygen species (R1, R2, andâ), each exhibiting its
own cross section for photodesorption. The results presented
in refs 66 and 123 have reconsidered this model for
photodesorption. The new findings suggest that it is ap-
propriate for the O2 photodesorption process to be described

as a fractal kinetic process, as discussed below and in ref
123.

When one considers the rate of the photodesorption of O2

from TiO2(110) according to the equations presented in
section 4.2, the following expression can be derived:

In eq 6 the rate of change in the photodesorption of oxygen
is related to the product of the rate constants. As shown in
Figure 28, the product of the rate constants describing the
hole excitation, hole recombination with electrons, and hole
transfer to adsorbed O2- is plotted against the relative
coverage of adsorbed oxygen. The resulting plot depicts a
drastic decrease in the rate constant term,k4(k1/k3)1/2, by a

Figure 26. Comparison of theoretical cross section for O2
photodesorption from TiO2(110) as a function of photon energy.
The dotted curve is from ref 90 and the solid line curve is from the
calculation of the direct photodesorption of O2, with arbitrary
scaling. Reprinted with permission from ref 118. Copyright 2003
The American Institute of Physics.

Figure 27. Oxygen photodesorption experiment for O2 on TiO2(110).
Significant desorption is still measured even after 200 s. Reprinted
with permission from ref 123. Copyright 2006 American Chemical
Society.

Figure 28. Plot of k4(k1/k3)1/2 for the photodesorption of oxygen
from TiO2 as a function of the remaining O2 coverage. Reprinted
with permission from ref 123. Copyright 2006 American Chemical
Society.

Figure 29. Scaling plot that describes the fractal kinetic behavior
for O2 desorption from TiO2(110). The scaling factor,h, for this
fit suggests that electron transport across the TiO2(110) surface may
be one-dimensional. Reprinted with permission from ref 123.
Copyright 2006 American Chemical Society.
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factor in excess of 100 over the time period of the
photodesorption measurement. The change in the rate
constant term during this experiment can be explained by a
fractal rate law, where the rate constant,k4, varies as a
function of coverage. The constantsk1 andk3 are likely to
be unvarying in the experiment, being determined by the
solid state properties of the TiO2 (see section 4.2).

A model for the large decrease ink4 during the O2

photodesorption process involving a fractal kinetic rate law
is described by Kopelman.124-126 In a fractal kinetic process,
reactions are described with a rate coefficient, as opposed
to a rate constant. The rate coefficient varies as the reaction

progressesthrough timeaccording to the following equation

or

Figure 29 shows a scaling plot used to deduce the fractal
character of O2 photodesorption from TiO2(110) surfaces,
where the exponential coefficient,h, used to describe this
process is found to be on the order of 0.50. According to
Kopelman, the magnitude ofh provides insight into the
dimensionality of the fractal process that occurs on the
surface. For values ofh near 0.50, the fractal percolation
process is characterized as being one-dimensional. An
alternate view of the origin of the decrease ink4 observed
in these experiments is that there are many different types
of sites inside and on the TiO2 surface that promote electron-
hole pair recombination with different efficiencies. This
conventional viewpoint of what is happening would probably
not yield the linear scaling plot over>2 decades, shown in
Figure 29.

Figure 30 schematically represents the postulated one-
dimensional electron transport route that occurs across the
surface of defective TiO2(110). The defective TiO2 surface
has excess electrons centered at oxygen vacancies, as
described earlier in this review. However, work by Vijay et
al.127 has suggested that the electrons associated with the
oxygen vacancy are somewhat delocalized, thus creating a
large so-called “charge cloud” of electron density around
the vacancy site. Figure 31 shows a plot of the electron
density changes that occur upon binding of an O atom at a
vacancy site on the TiO2(110) surface. The vacancy density
in the surface is large, 0.5 ML. The electron density loss
regions are shown as lobes surrounding the light gray Ti
atoms and the dark gray oxygen atoms. It may be seen that
when the O atom is added to the vacancy site, electron
density is lost from regions rather far removed from the
atoms. The electron density is preferentially removed from
regions near 6c-Ti atoms (labeled 4) and elsewhere also, such
as at position 8. The removal of electron density by the
addition of an O atom to a vacancy may be used as evidence
for the existence of extra electron density in the vicinity of
the defect site. It is noted that the extra electron density

Figure 30. Diagram of the electronic charge clouds associated with surface oxygen vacancy sites on the reduced TiO2(110) surface.
Percolation through the charge clouds at unoccupied vacancies is postulated to be one-dimensional and to lead to recombination with
photoproduced holes. Reprinted with permission from ref 123. Copyright 2006 American Chemical Society.

Figure 31. Electron density associated with an O vacancy defect
site on TiO2(110). The electron density lobes represent the decrease
of electron density when an O atom is added to the defect site and,
hence, the excess electron density initially present at and around
the defect. Reprinted with permission from ref 127. Copyright 2003
The American Institute of Physics.

k4 ) k°4t
-h (7)

ln k4 ) - h ln t + const (8)
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associated with the defect site is highly delocalized about
the defect site, a new finding about these spectroscopically
observed electronic states.

These charge clouds may interact with one another,
providing a network of available routes for charge transfer.
The network of filled electronic states at vacancy defect sites
is disrupted by O2 adsorption at these sites. Thus, this
network becomes more interconnected as the coverage of
oxygen adsorbed at vacanciesdecreasesand therefore may
serve as electron conduction channels to neutralize photo-
produced holes. The fit to this fractal model, shown in Figure
29, suggests that the fractal network is in fact a one-
dimensional conductive network. As a result, the value for
k4 will decrease withh ) 0.5 as the coverage of intercon-
nected charge clouds increases while the photodesorption
process proceeds.

5.2. Role of Adsorbate Electrophilicity on Charge
Transport

As described in section 3.2.1, infrared spectroscopy can
be employed to investigate the excitation of charge from the
valence band into the conduction band for TiO2 and mixed
TiO2-SiO2 materials. For polycrystalline TiO2, it has been
shown that electrons are trapped in the conduction band upon
either thermal or photon excitation, where they reside for
long times if the temperature is sufficiently low.27 The
conduction band is depopulated by warming the sample or
by charge transfer from the conduction band to adsorbates
on the surface.

Panayotov et al.76 have investigated this charge transfer
process on TiO2-SiO2 powdered material, where the charge
transfer from the conduction band to two different adsorbate
molecules is compared. There it was found that efficient
charge transfer occurs exclusively between the TiO2 surface
and an adsorbate molecule with an electrophilic moiety. No
observable charge transfer occurred with a similar molecule

with the electrophilic moiety removed. The adsorbate
molecules employed for this work were 2-chloroethyl ethyl
sulfide (2-CEES) and diethyl sulfide (DES). These molecules
have the same chemical structure, except that the 2-CEES
molecule has a chlorine atom on one terminus of the
molecule. The charge transfer processes measured in that
work are recorded as a change in the level of IR background
absorbance, which is directly related to the concentration of
trapped electrons in the conduction band of the TiO2-SiO2

mixed oxide. Figure 34 shows the change in the background

Figure 32. Difference infrared spectra for TiO2 powder irradiated by UV irradiation. Spectrum a was obtained by subtracting from the
spectrum of the irradiated powder under O2 the spectrum without irradiation. Spectrum b was obtained from the spectrum for the irradiated
TiO2 in vacuum from which the spectrum without irradiation has been subtracted. The hydroxyl stretching regions for Ti-OH and Ti-OD
species are shown. Reprinted with permission from ref 79. Copyright 2000 American Chemical Society.

Figure 33. Transient IR absorption intensity observed on TiO2
powder irradiated by a 355 nm laser pulse. Two response curves
are shown in vacuum and in the presence of O2(g) on two time
scales, and the influence of adsorbed O2 on the decay kinetics is
evident. Reprinted with permission from ref 128. Copyright 2001
American Chemical Society.
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IR absorbance versus the pressure of the admitted adsorbate
gas. For the 2-CEES molecule, a clear decrease in the
concentration of trapped electrons in the conduction band is
observed as efficient charge transfer occurs from the substrate
to the adsorbate. For adsorbed DES, no change in the level
of trapped electrons is observed. The authors attribute this
effect to the large electronegativity of the chlorine atom76

and to direct electron transfer to the Cl atom in the molecule.
Similar effects were also observed by Hoffmann et al.79,80

and Yamakata et al.128 In Figure 32, infrared spectra are
presented in which the-OH and-OD spectral regions for
adsorbed hydroxyl groups are shown. The highly magnified
difference spectra show that a blue shift occurs for both
isotopomers when Ti(III) sites, bonded to OH or OD groups,
are oxidized to Ti(IV) sites by O2(g) while being irradiated
by UV light. These results suggest that the hydroxyl
stretching frequency can be used as a diagnostic for the
dissociation of O2 on oxygen-vacancy defect sites, which
are filled by O2 adsorption.79

In Figure 33, Yamakata et al.128 have shown, in transient
kinetic measurements of the decay of the infrared background
signal due to conduction band electrons, that the presence
of O2(g) enhances the decay kinetics, particularly for the
portion of the kinetics observed in the 10-100µs regime of
decay kinetics. This effect is ascribed to the production from

O2(a) of superoxide surface ions using excited electrons, that
is, to transport of conduction band electrons to the surface
to encounter O2 electron scavenger molecules.128

Panayotov et al.129 also later investigated the same effect
with TiO2 as the substrate material rather than the TiO2-
SiO2 mixed oxide. In that work, the same effect is measured.
For both 2-CEES and ethyl chloride (not shown), efficient
electron transfer occurs from trapped electrons in the
conduction band to the Cl atom in the adsorbate molecule.
Adsorbed DES does not accept electrons from the conduction
band of the TiO2. Upon charge transfer from the conduction
band to either 2-CEES or ethyl chloride, ethoxy groups are
formed as the reduction product for the charge transfer
process.129

6. UV-Induced Hydrophilicity of TiO 2

6.1. Introduction

In addition to the photo-oxidative effect observed on TiO2

surfaces and in suspensions of TiO2 colloids, TiO2 surfaces
have been more recently studied with the aim to understand
the UV-induced hydrophilicity effect first reported by Wang
et al. inNature.5 Figure 35 shows the extraordinary wetting
effect observed for water droplets contacting a polycrystalline

Figure 34. Preferential charge transfer from the conduction band of TiO2 (in TiO2 - SiO2) to molecules adsorbed through an electrophilic
moiety. Reproduced in part from Reference.76 Copyright 2003 Elsevier B. V.

Figure 35. (a) Hydrophobic TiO2 film surface before UV irradiation in air; (b) hydrophilic TiO2 film surface after irradiation with UV
light. Reprinted with permission fromNature (http://nature.com), ref 5. Copyright 1997 Nature Publishing Group.
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TiO2 film deposited from a colloidal suspension of anatase
particles on a glass substrate, which was then annealed in
air at 773 K.5

In that paper, it was shown that the wettability of TiO2

surfaces studied under ambient atmospheric conditions is
controlled by exposure to UV light, where an apparent
contact angle of the pre-irradiated TiO2 surface was measured
to be∼72°. After irradiation, angles of 0-1° were reported.
This study investigated both polycrystalline films and single-
crystal (rutile and anatase) samples, thus concluding that the
observed UV-induced hydrophilicity was an inherent prop-
erty of TiO2 and did not change on the basis of the character
of the specific type of TiO2 material. In that work,5 Wang
et al. propose that the UV light generates oxygen vacancies
which were postulated to be active sites for water dissocation.
The single-crystal TiO2 surface was observed to be composed
of both hydrophilic and hydrophobic domains (microscopic
in size) as measured using frictional force microscopy. The
authors proposed that the hydrophilic domains dominate the
overall macroscopic interaction between the surface and the
macroscopic water droplet. One year later, the same authors
published a full paper including additional measurements yet
still proposing the same UV-induced defect model (produc-
tion of surface Ti3+ ions by UV).6 In that work, the authors
report evidence of the production of both hydrophilic and
oleophilic domains in agreement with their earlier work. The
hydrophilic domains are attributed to defect sites where
dissociative water adsorption occurs, and the physical reason
for the development of domain structures was unexplained.
The remainder of the surface is said to be oleophilic.
However, the authors did recognize that hydrocarbon layers
are measurable contaminants on the surface of the TiO2 films,
which they investigated, but they claim the hydrophilicity
effect on TiO2 is governed by UV-induced defect production.
Photo-oxidation of hydrocarbons present in their experiments
in the ambient atmosphere is considered by those authors to
be an independent process unrelated to UV-induced hydro-
philicity.6

Since the publication of those early papers,5,6 a large
amount of work has been done to elucidate the mechanism
for the UV-induced hydrophilicity effect. Until recently,
when the mechanism was clearly defined by workers in this
laboratory,130 this effect has been debated and a number of
mechanisms have been proposed, most of which will be
discussed in the next section. However, even without a clear
understanding of this phenomenon, a large number of
commercial products have been developed based on this
technology, including windows and mirrors that are self-
cleaning and anti-fogging. As a result, this area of metal
oxide surface photochemistry has generated broad interest.

Below, we address the most commonly used techniques
for measuring hydrophilic effects on TiO2 and review a
number of proposed mechanisms and experiments found in
the literature. In addition, some very recent experimental
results clarifying the dominant mechanism of photoinduced
hydrophilicity will be presented.

6.2. Contact Angle Measurements
The most commonly employed and direct method for

measuring surface hydrophilicity or hydrophobicity is though
analysis of the water contact angle. Contact angle measure-
ments are most simply done using the sessile drop method,
which has been extensively reviewed by Neumann and
Good131 and is briefly explained here. The sessile drop

method involves the placement of a droplet of liquid onto a
horizontal surface and measuring the contact angle, either
directly or through analysis of a digital image of the droplet
on the surface. The solid-liquid interaction at the surface
obeys Young’s equation as

where γLV is the surface tension between the interface
between the water droplet and the surrounding atmosphere,
γSV is the surface tension between the surface and the
surrounding atmosphere,γSL is the surface tension between
the surface and the liquid, andθ is the contact angle as shown
in Figure 36. At the three-phase interface, the vector forces
balance is described by eq 9. The measurement of droplet
contact angles on a surface often involves a large variability
of reported angles, and such measurements should be
considered as qualitative indicators that may vary drastically
with experimental conditions, including atmospheric humid-
ity, surface and/or droplet contamination, among others.132

Additionally, contact angle measurements below 10°, sig-
nifying a super-hydrophilic surface, are especially hard to
analyze due to the inability to measure such low contact
angles.

Reported contact angle measurements on titania surfaces
have traditionally used a method that involves pre-irradiation
of the surface in ambient air, followed by droplet placement
on the surface and then contact angle measurement. The
general consensus of a great deal of work done by a number
of different groups133-140 using this experimental protocol
is that a gradual decrease in the measured contact angle
occurs with increasing pre-illumination time in the air.
Representative results are shown in Figure 37. Here, pre-
irradiation of the anatase films with three UV irradiation
intensities (0.2-1.0 mW/cm2) is employed followed by water
contact angle measurements in the air. A monotonic decrease
in contact angle is measured as the irradiation time is
increased, terminating at contact angles between 5° and
10°.137

An experimental study,130 described in a later section, uses
a technique that involves direct UV irradiationduringcontact
angle measurement and records consecutive digital images
thus enabling one to watch in real time the contact angle
changes with increasing UV illumination time. The use of
this method for contact angle analysis has shown surprisingly
that sudden wettingoccurs at a critical UV exposure time.
The in situ method shows an instantaneous wetting of the
TiO2 surface by the water droplet after some critical time
period for UV illumination.130 Further details of these

Figure 36. Diagram of the vector forces present at the solid-
liquid interface. The measured contact angle (θ) is shown.

γLV cosθ ) γSV- γSL (9)
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measurements will be presented in section 7.3.3. In contrast,
all contact angle measurements made in ambient air show a
gradual decrease in contact angle with increasing irradiation
time, and this effect is attributed to the occurrence of
continuous contamination of the surface by hydrocarbon
molecules present at parts per million levels in the ambient
air, making such measurements ineffective for mechanistic
studies of the origin of the hydrophilicity effect.

6.3. Proposed Models
From the survey of the massive amount of literature

dealing with the UV-induced hydrophilicity effect on TiO2

surfaces, three possible mechanisms have been proposed as
discussed below.

6.3.1. UV-Induced Defect Production

First proposed by Wang et al.5,6 at the time of the discovery
of the photoinduced wetting effect, this model involves the
production of Ti3+ ions at the surface as a result of oxygen
atom ejection from the lattice. This model has since been
also proposed by a number of additional authors.133-136,141

The defects, known as oxygen vacancies or Ti3+ sites, when
produced on the surface by thermal activation are known to
cause water dissociation29-31 and, thus, the production of
adsorbed-OH species, which are known to be hydrophilic
in nature. As a result, this was a first logical explanation for
the UV-induced hydrophilicity effect.

The UV-induced defect formation postulate was directly
and quantitatively investigated, and results have been
reported by Mezhenny et al.42 In that work, the STM was
used to probe TiO2(110) surfaces which have been irradiated
extensively with known fluxes of 1.6-5.6 eV of UV photons
under atomically clean conditions in ultrahigh vacuum. Both
the (1 × 1) and (1× 2) surfaces were investigated both
before and after UV irradiation. The result of this study was
starkly conclusive. For the (1× 1) surface, statistical
counting of defect sites present on the surface revealed that
no additional defects are formed with UV irradiation (hν g
3.0 eV) with >5 × 1024 photons cm-2. Figure 38 shows
representative STM images of the TiO2 surface before UV
irradiation and after UV exposure to>5 × 1024 photons
cm-2. Statistical counting of oxygen vacancies (imaged as
bright spots) revealed no statistically significant difference

in the vacancy defect concentration before or after UV
illumination for these very high irradiation fluences. For the
(1 × 2) surface, which is produced by high-temperature
thermal annealing,9 the upper limit of the cross section for
defect formation was measured to be on the order of 10-23.5

( 0.2 cm2. The highly reduced (1× 2) surface is not
representative of a TiO2 surface in ambient conditions. This
demonstrated insensitivity of TiO2(110) to UV irradiation
indicates that, using the average power levels reported in
the literature for the UV-induced hydrophilicity effect to be
seen, one would have to irradiate a TiO2 surface for many
days to produce the defect density necessary to cause a
macroscopic change in the wetting characteristics of the
surface. This work therefore provides conclusive evidence
at the atomic level that the UV-induced defect formation
postulate is incorrect. In addition, recent DFT calculations
presented by Bouzoubaa et al.142 show the energy of
formation of an O vacancy defect to be on the order of
∼7 eV for rutile surfaces, confirming that UV irradiation
at significantly lower photon energies cannot be respon-
sible for vacancy formation. In the theoretical studies of
Bouzoubaa et al.,142 the ∼7 eV formation energy for an O
vacancy defect is calculated by assuming that an O(3P) atom
is generated photochemically. If, instead, half of a ground
state O2(g) molecule were generated, the vacancy formation
energy would decrease to∼4.5 eV, also precluding the
possibility of UV-induced vacancy formation in causing the
hydrophilicity effect on TiO2.

A second study, carried out on TiO2(110), has also
contradicted the concept that O vacancy defects somehow
cause the surface to become hydrophobic. Here, Henderson
and co-workers143 have compared the thermal desorption
kinetics for adsorbed water on TiO2(110) in the absence of
O vacancy defects and under conditions where the defects
have been produced by controlled annealing in vacuum at
850 K for 10 min. It was found that the desorption kinetics
for undissociated H2O on the two surfaces were essentially
identical, both for the first monolayer and for subsequent
monolayers. This indicates that the binding energy of H2O
molecules is not influenced by the presence of about 13%
defect sites in the annealed surface, whether the H2O is
adsorbed in the first or subsequent monolayers. Because the
contact angle between H2O molecules and the surface is
governed by the surface energy, this result indicates that the
contact angle will not be influenced by defect sites, contrary
to the conclusions of Fujishima and Hashimoto and their
colleagues.5,6,133-136,141The model invoking surface defects
fails as a result of two key surface science observations: (1)
Surface defects are not produced by UV irradiation, and (2)

Figure 37. Changes of the contact angle for water on a TiO2 film
following irradiation with UV radiation in ambient air at three power
densities: (a) 0.2 mW cm-2; (b) 0.7 mW cm-2; (c) 1.0 mW cm-2.
Reprinted with permission from ref 137. Copyright 2003 American
Chemical Society.

Figure 38. STM images of the partially reduced TiO2(110)-(1 ×
1) surface before and after UV irradiation. No additional defect
formation is observed as a result of UV irradiation, negating the
proposed UV-induced hydrophilicity model that suggests otherwise.
Reprinted with permission from ref 42. Copyright 2003 Elsevier
B.V.
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surface defects produced by controlled thermal annealing do
not affect the interaction energy between H2O molecules and
the surface. In the work of White et al.143 it was shown that
H2O molecules dissociate at the defect sites, but the
hydroxylation does not change the interaction energy with
subsequently adsorbed water molecules.

6.3.2. UV-Induced Rupture of Ti−OH Bonding
A second model proposed by Sakai et al. in 2003137

suggests that the UV-induced hydrophilicity effect is due to
surface modifications, which, in the presence of H2O, lead
to an increased surface coverage of Ti-OH groups. This
model was proposed on the basis of XPS, IR, and electro-
chemical measurements. The authors explain this effect in
the following way: -OH groups that are bound in 2-fold
coordination to Ti atoms are converted by H2O adsorption
into two -OH groups that are singly coordinated each to
their own Ti atom. Further XPS investigations done by Gao
et al.144 suggest a similar mechanism, where Ti-OH groups
are converted into Ti-OH groups that are associated with
dangling bonds.

Experiments have now been done which suggest that the
mechanisms suggested in refs 137 and 144 are invalid.130

These experiments involve the use of a powdered TiO2

sample that has been exposed to UV light under high-vacuum
conditions to study how UV light affects chemisorbed H2O
or Ti-OH bonds found on the TiO2 surface. IR measure-
ments were made after 200 min of sample irradiation (hν )
3.82 eV, 1.76× 1021 photons cm-2), and no spectral changes
were observed in the 3800-3000 cm-1 hydroxyl-stretching
region, suggesting that no changes occur in the surface-
bonding character of Ti-OH groups and of adsorbed H2O
molecules due to UV illumination.130 These spectroscopic
measurements are shown in Figure 39. These experiments
were done on a cooled TiO2 sample (T ) 153 K) to avoid
heating by the UV lamp.

6.3.3. Photo-oxidation of Hydrophobic Contaminant Layers
A third model for the UV-induced hydrophilicity effect

on TiO2 simply involves the removal of a hydrophobic
hydrocarbon monolayer by photo-oxidation. The atomically
clean TiO2 surface produced is hydrophilic.

Work done by Wang et al.145 has employed sum frequency
generation (SFG) as a surface-sensitive technique to inves-
tigate wettability effects on nanoparticulate anatase TiO2

films. This work notes that the as-prepared surface, while
appearing to be clean when investigated using Fourier
transform infrared spectroscopy (FTIR), contains trace
hydrocarbon layers as measured using SFG as would be
expected in any experiment conducted in an ambient
atmosphere. Although not proven directly, these authors
suggest that the UV-induced photocatalytic removal of
hydrocarbons is the explanation for the wettability effect.

The photocatalytic removal of adsorbed hydrocarbons was
first postulated as thesole causefor the hydrophilicity effect
on TiO2 in 2003.144,146However, no firm experimental proof
has verified this postulate until recently. Zubkov et al.130

directly investigated the UV-induced wettability phenomenon
through careful study of an atomically clean rutile (110)
single-crystal surface, prepared in ultrahigh vacuum followed
by surface characterization (Auger spectroscopy and LEED)
and then exposure to a water droplet for contact angle
measurements in situ, under highly controlled atmospheric
purity conditions. The ultrahigh-vacuum system used was
designed especially for these measurements on a TiO2(110)
crystal and utilized a preparation and analysis chamber,
connected to a pressurizable ultrahigh-vacuum experimental
chamber (used for water droplet measurements) through a
sliding seal as shown in Figure 40. Included in the design
of the atmospheric chamber is a special noncontaminating
syringe inlet for deposition of a droplet of highly purified
water. The overpressure in the chamber keeps airborne
contaminants from entering the chamber as the water droplet
is deposited on the surface by a syringe needle injected
through a small open tube. The chamber is pressurized with
a slight overpressure of 99.9999% pure oxygen gas, which
was saturated with purified H2O vapor. During some
experiments, known quantities ofn-hexane in the parts per
million range were added to simulate typical hydrocarbon
contamination levels in an ambient atmosphere. As a result,
this approach eliminates all potential contaminants that may
have had a drastic effect in all experiments performed in
ambient air as presented previously in the literature. The
method then quantitatively adds known levels of hydrocarbon
to observe the effect on the UV-induced wettability of the
TiO2(110) surface.

In the studies conducted by Zubkov et al., contact angle
measurements on an atomically clean TiO2(110) surface were
carried out using controlled parts per million levels of a
model hydrocarbon,n-hexane, to artificially contaminate the

Figure 39. IR absorption spectra for-OH groups on TiO2 both before and after UV irradiation in O2 and in vacuum. No observed
change in the spectrum due to OH groups is measured. Reprinted with permission from ref 130. Copyright 2005 American Chemical
Society.
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surface. In Figure 41, it is shown that upon droplet introduc-
tion to the TiO2(110) surface in an atmosphere consisting
of 1 atm of pure O2(g) and 120 ppm of hexane, a contact
angle of∼21° is measured. After irradiation for up to 154
s, the contact angle remains essentially unchanged.

At 155 s, the water droplet suddenly wets the surface,
resulting in a contact angle below 10°. The same experiment
was done using varied parts per million atmospheric con-
centrations of hexane in O2 exposed to the surface. At zero

hexane exposure, upon irradiation, the droplet wets the
surface almost immediately. A strong correlation between
the steady state coverage of adsorbed hexane in equilibrium
with gaseous hexane and the irradiation time required for
sudden droplet wetting is found, demonstrating the dominant
role of hydrocarbon contamination. Data for various levels
of hexane exposure are shown in Figure 42, where one can
see, in each case, evidence for sudden wetting after a finite
induction time that is proportional to the hexane concentra-
tion in O2 at 1 atm.

In these experiments at 300 K, the hexane gas is in
equilibrium with adsorbed hexane in a single monolayer,
producing a steady state hexane coverage. When UV-induced
photo-oxidation of the transient layer of adsorbed hydro-
carbon occurs, the equilibrium is disturbed by increasing the
rate of loss of adsorbed hexane due to photo-oxidation, and
the hexane coverage in the unwet regions of the crystal
slowly decreases. At the point where the coverage of
adsorbed hexane reaches a critical value near zero mono-
layers, droplet wetting suddenly occurs. A schematic picture
of this effect is shown in Figure 43. In this model, the
hydrocarbon layer under the droplet is more slowly oxidized
because of screening of this interfacial region from O2 by
the droplet.

These experiments support a model for the UV-induced
hydrophilicity effect on TiO2 surfaces in which the photo-
oxidation of adsorbed organic contaminants is the dominant
factor leading to a hydrophilic surface.

7. Summary and Outlook

This review has selectively dealt with a number of topics
having to do with the photoexcitation of TiO2, emphasizing
recent measurements and theory that are based on modern
methods of investigation. In most cases, we have connected
what has been discovered by physical measurement of the
photoexcitation of TiO2 to its photochemical behavior. At

Figure 40. Diagram of the apparatus used for in situ measurements of the water contact angle on TiO2(110) during UV radiation. Reprinted
with permission from ref 130. Copyright 2005 American Chemical Society.

Figure 41. (a) Water droplet on un-irradiated TiO2 in mixed O2
+ hexane atmosphere; (b) the same water droplet after 154 s of
UV exposure; (c) sudden and complete wetting of the water droplet
on the TiO2 surface after 155 s. Reprinted with permission from
ref 130. Copyright 2005 American Chemical Society.
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the present time, we are just entering a stage of understanding
the photoexcitation of TiO2 which is beginning to connect
to well-known principles of semiconductor physics, based
on modern theory and modern surface science experiments
at the atomic level of resolution. It is apparent that rather
amazing technological developments using the photo-
excitation of TiO2 have moved far beyond our basic
understanding of the electronic and chemical processes which
occur when TiO2 is excited by light. It is likely that the rapid
growth of research on this topic will continue as new TiO2-
based technologies stimulate the field.
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