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ABSTRACT: Photoinduced water dissociation on anatase-
TiO2(101) has been investigated using a laser surface
photolysis technique, in combination with temperature-
programmed desorption and time-of-flight methods. Gaseous
OH radicals have been clearly detected by the time-of-flight
method during laser irradiation. Further result reveals that the
water dissociation reaction occurs most likely via transferring a
H atom to a two coordinated oxygen site nearby and ejecting
an OH radical to the gas phase. As the water coverage
increases, the yield of the water dissociation reaction is also
enhanced, whereas the dissociation probability of water is
nearly the same at different water coverages. In comparison
with water dissociation on rutile-TiO2(110) where the
dissociation probability of water is largely inhibited by the strong hydrogen bonds at high water coverage, the reaction on
anatase-TiO2(101) is considerably more efficient at high water coverage, which is most likely due to the much weaker interaction
between water molecules on the surface. This provides an important clue that strong hydrogen bond interaction should be
avoided on a good photocatalyst for water dissociation.

■ INTRODUCTION

Titanium dioxide (TiO2) is considered as a good photocatalyst
for hydrogen generation because of its excellent resistance to
chemical and photochemical corrosion in aggressive aqueous
environments and due to its activity toward both light and
aqueous solutions, such as water (H2O) and methanol.1 Since
Fujishima and Honda found that hydrogen production can be
achieved from H2O splitting on a TiO2 photoelectrode in
1972,2 tremendous attentions have been focused on the study
of H2O splitting reaction with TiO2 photocatalysts

3−9 with the
hope that clean and affordable hydrogen energy from H2O
splitting can be accomplished through solar-to-chemical
conversion.
Due to the stability and controllable preparation of rutile(R)-

TiO2(110), the interaction of H2O with R-TiO2(110)
10−26 has

been extensively investigated both experimentally and theoret-
ically, whereas fundamental studies of photoinduced H2O
dissociation on R-TiO2(110) have been rarely carried out.27,28

Tan and co-workers27 found that the H2O dissociation can
occur on R-TiO2(110) with one of the H atoms transferred to a
nearby bridging-bonded oxygen (BBO) site under ultraviolet
(UV) light irradiation. The OH species left may either desorb
from the surface or adsorb as an OH radical at a certain five
coordinated Ti4+ site (Ti5c). Most recently, we have shown28

that the H2O dissociation is strongly suppressed as the surface
H2O coverage increases on R-TiO2(110). Further scanning

tunneling microscopy (STM) study indicates that the hydrogen
bond between surface H2O molecules has a dramatic effect on
the H2O dissociation. A single hydrogen bond in H2O dimers
enhances the probability of H2O dissociation, while one-
dimensional strong hydrogen bonds inhibit the reaction. In
spite of lots of works focusing on R-TiO2, the anatase(A)-TiO2

is the most active polymorph in commercial applications for
catalysis actually.29 Even though lots of studies on H2O splitting
have been carried out on A-TiO2 particles or A-TiO2 based
particles, very little was done on well-defined surfaces. So far,
only a few experimental and theoretical studies30−42 have been
performed on the H2O/A-TiO2(101) system. On the basis of
the theoretical studies done by Tilocca and Selloni,32,34,37 due
to the large distance (3.81 Å) between the neighboring Ti5c
sites on A-TiO2(101), no H2O−H2O hydrogen bonds are
present with submonolayer H2O adsorption. On defective A-
TiO2(101), dissociative adsorption of water at the Ti5c site
close to the Ti interstitial is more favorable. Using X-ray
photoelectron spectroscopy (XPS), Walle and co-workers43

found that part of the water dissociatively adsorbs on A-
TiO2(101) with hydroxyl groups on a two coordinated oxygen
site (O2c) (OHO2c) and Ti5c site (OHTi), whereas no evidence
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of H2O dissociation was observed on A-TiO2(101) by a series
of STM studies.35,38 Until now, no fundamental studies of
photoinduced dissociation of H2O on the well-defined surface
have been carried out at all. In this study, the H2O dissociation
on A-TiO2(101) has been investigated using temperature-
programmed desorption (TPD) and time-of-flight (TOF)
methods. Our results show that the H2O dissociation reaction
takes place via one of the H atoms transferred to an O2c and the
OH radical left desorbed from the A-TiO2(101) surface. In
addition, we found that the dissociation probability of H2O on
A-TiO2(101) remains unchanged (∼7%) as the coverage of
H2O increases after 30 min irradiation, which is totally different
from that on R-TiO2(110), indicating that the A-TiO2(101)
surface is more suitable for H2O dissociation than the R-
TiO2(110) surface at 266 nm irradiation.

■ EXPERIMENTAL METHODS

The surface photocatalysis-TPD apparatus used in this work
has been described previously in detail.28 The experiments were
performed in an ultra-high-vacuum (UHV) chamber with
better than 5 × 10−11 Torr. An extremely high vacuum of 1.5 ×
10−12 Torr in the ionization region was maintained during the
experiment for highly sensitive temperature-programmed
desorption (TPD) and time-of-flight (TOF) measurements.
The third-harmonic (266 nm) with a repetition rate of 1 kHz,
which came from a Ti:sapphire femtosecond laser (pulse
duration ∼ 70 fs), was used for the experiment. The power
density is ∼70 mW/cm2 (9.5 × 1016 photons cm−2 s−1). The A-
TiO2(101) surface with dimensions of 6 × 6 × 1 mm3 was
purchased from Princeton Scientific Company. Sample
preparation was accomplished by cycles of Ar+ sputtering and
resistive heating to 800 K in vacuum until all impurities were
removed and a sharp LEED pattern was observed (Figure S1).
H2O (Aldrich, >99.5%) was further purified by several freeze−
pump−thaw cycles, and then was introduced to the A-
TiO2(101) surface with a calibrated molecular beam doser.
As shown in Henderson’s work,44 the amount of the first layer
of H2O on R-TiO2(110) is about 5.2 × 1014 molecules/cm2.
When we turned on the molecular beam doser to dose H2O on
R-TiO2(110) to make the first layer be saturated at a set time,
the absolute flux of H2O molecules on the surface can be
measured; then H2O coverages can be determined on other
surfaces by changing the opening time of the doser. TPD
spectra were measured with a ramping rate of 2 K/s, with the
surface directly pointing to the mass spectrometer. In addition,
TOF measurements for certain photodesorbed products were
also carried out during laser irradiation. The distance between
sample and ionization region is about 37.1 mm.

■ RESULTS AND DISCUSSION

Figure 1A−D shows the typical TPD spectra acquired at a
mass-to-charge ratio (m/z) of 18 (H2O

+) after the A-
TiO2(101) surfaces (at 100 K) adsorbed with different
coverages (0.28, 0.54, 0.78, and 1.0 ML) (1 ML ≈ 5.2 ×
1014/cm2) of H2O were irradiated for 0 and 30 min with 266
nm light. Before irradiation, two desorption features are
observed in the TPD spectra. The main peak observed at low
temperature (<300 K) is assigned to the molecularly adsorbed
H2O at the Ti5c sites (H2OTi).

31 On the basis of the recent
study of H2O/A-TiO2(101) by He and co-workers,35 on
reduced surfaces with subsurface defects, part of the H2O
molecules could exist on the surface even at 400 K, while the

subsurface defects (Ti interstitials) could increase the
adsorption energy of water molecules. Thus, the broad
desorption tail (>350 K) may be due to the molecularly
adsorbed H2O at the Ti5c sites with subsurface defects beneath
the site, where the hydrogens of H2O may form two weak
hydrogen bonds with O2c atoms nearby. These authors also
found that surface point defects (O2c vacancies) could be rarely
formed on the A-TiO2(101) surface by high temperature
annealing.45 After irradiating the surfaces with 266 nm for 30
min, the low temperature peak in all of these spectra decreases
obviously, but with a considerably different amount of
depletion for different H2O coverages. This suggests that
H2O molecules on the surface are photodesorbed or photo-
dissociated by 266 nm.
To confirm whether the H2O dissociation reaction occurs

under 266 nm irradiation, TOF spectra of the photodesorbed
products at m/z = 18 (H2O

+) and 17 (OH+) directly ejected
from these surfaces were collected during laser irradiation, as
shown in Figure 1E−H. No TOF signal at m/z = 16 (O+) was
observed, implying that nearly no surface point defects were
created during UV irradiation and the O2c atoms on A-
TiO2(101) were very stable. The TOF signal at m/z = 18 is due
to photoinduced H2OTi desorption, whereas the TOF signal at
m/z = 17 may come from two sources. The first is product OH
radical from the H2OTi dissociation reaction (OHTi). The
second is the ion-fragment signal of the parent H2O molecule
(OHcrack). In the TOF spectra collected at 0.28 ML coverage,
the m/z = 17 TOF signal is considerably larger than the m/z =
18 TOF signal. As the H2O coverage increases, the ratio of the
TOF intensity of m/z = 17 and 18 changes significantly from
1.55:1 at 0.28 ML coverage to 0.69:1 at 1.0 ML coverage
(Figure 1E−H). Because a femtosecond laser with a pulse
duration of 70 fs was used for the work, it will induce a
localized hot on the surface. As a result, the vibration of
photodesorbed H2O molecules may likely be very hot, and
hence may exhibit a larger propensity to crack the OH radical.
However, as shown in Figure S2, we have measured the TPD
spectra of H2O on A-TiO2(110). The H2O TPD spectra
collected from a multilayer H2O desorption could cover the

Figure 1. TPD and TOF spectra as a function of the coverage of H2O.
Panels (A)−(D) show TPD spectra acquired at m/z = 18 (H2O

+) after
different coverages of H2O were adsorbed on A-TiO2(101) at 100 K
and irradiated for 0 min (blue) and 30 min (red) at 100 K by 266 nm,
70 mW/cm2. Panels (E)−(H) show TOF spectra collected at m/z =
18 (H2O

+) and m/z = 17 (OH+) after different coverages of H2O were
adsorbed on A-TiO2(101) at 100 K and irradiated for 30 min at 100 K
by 266 nm, 70 mW/cm2.
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temperature from 120 to 600 K. After the TPD profile of m/z =
17 is multiplied by 3.3, the new profile is nearly the same with
that of m/z = 18 in the temperature range of 120−600 K,
indicating that a hot H2O molecule will not exhibit a larger
propensity to crack the OH radical. As the H2O coverage
increases, the ratio of the TOF intensity of m/z = 17 and 18
changes significantly, whereas the peak positions of TOF
spectra collected at m/z = 17 and 18 are nearly the same.
Correspondingly, the velocity distributions of OH radical and
H2O are nearly the same at different H2O coverages, indicating
that the energy distributions of photodesorbed H2O molecules
are the same at different H2O coverages, which will not lead to
the significant changes in the ratio of TOF signals at m/z = 17
and 18. Thus, part of the TOF signal at m/z = 17 is from H2O
cracking, and the other part is from the OH radical product
formed via the H2O dissociation reaction.
As calculated from the TPD spectra at m/z = 17 and 18, the

relative intensities of H2O at m/z = 17 and 18 is 0.30:1.
Therefore, the much larger TOF signal at m/z = 17 in Figure
1E−H further implies that gas phase OH radicals are produced
from the photolysis of H2O on A-TiO2(101). The intensity of
the m/z = 17 TOF signal increases significantly as the H2O
coverage increases, suggesting that the yield of H2O
dissociation on A-TiO2(101) increases as the H2O coverage
increases. In addition, as shown in the TOF spectra displayed in
Figure 1E−H, the m/z = 18 and m/z = 17 TOF spectra are
nearly identical. However, they are not the same actually.
As shown in Figure 2, the translational energy distributions

for m/z = 17 and 18 resulting from 266 nm photodissociation

of different coverage of H2O on A-TiO2(110) have been
calculated from Figure 1E−H. When we transfer the TOF data
to the transitional energy distributions, the data have properly
been transformed into the flux domain, and then the intensity
of the transitional energy distributions are normalized to 1. At
0.28 ML coverage, the translational energy distributions for m/
z = 17 and 18 are very similar. As the H2O coverage increases,
the translational energy distribution for m/z = 17 is a little

narrower than that for m/z = 18, indicating that the TOF signal
at m/z = 17 is not totally from the H2O cracking. The direct
photodissociation of H2O to produce an OH radical is
impossible because of the very small adsorption cross section
of H2O at wavelength at 266 nm,46 indicating that the direct
interaction of H2O and photons is impossible at 266 nm, and
the photodesorption of H2O and OH radical from the A-
TiO2(101) surface is a substrate mediated process. Meanwhile,
the peak of translational energy distributions of the H2O and
OH radical species are at 0.03 eV, and the translational energy
distributions for m/z = 17 and 18 at different H2O coverages
are nearly the same. At 1.0 ML H2O coverage, velocity
distributions of m/z = 17 and 18 fitted with the Maxwell−
Boltzmann distribution were carried out (Figure S3). The
fitting temperature is 480 K, indicating that, upon a
femtosecond pulse excitation, the local temperature of the
surface maybe rises to more than 480 K, leading to H2O
desorption.
In the present study, femtosecond laser light has been used

to investigate H2O photochemistry on the well-defined A-
TiO2(101) surface, which has a very high instantaneous power.
At such high powers, multiphoton effects may be important for
H2O dissociation. We thus investigated the integrated TOF
signals of H2O and OH radical products as a function of photon
flux at 266 nm (Figure 3) with 5 min irradiation. Within

experimental error, the integrated TOF signals of H2O and OH
radical products are linear with photon flux from 0 to 4.4 × 1017

photons cm−2 s−1, suggesting that there is no obvious evidence
for the exponential increase in TOF signals that would be
expected for a multiphoton process.
Murakami and co-workers47,48 have observed the OH

radicals after the exposure of H2O vapors over TiO2 powders
using the laser-induced-fluorescence (LIF) technique. The
authors then proposed that the OH radicals may be formed by
the surface reduction of H2O2 formed by the complex
photocatalytic reactions of two H2O molecules with A-TiO2
powders is plausible. Recently, the H2O dissociation on R-
TiO2(110) under ultra-high-vacuum (UHV) condition has
been investigated by Wang’s27 and Yang’s28 groups; the two
groups demonstrate that the reaction occurs with one of the H
atoms transferring to a nearby BBO site and the OH species left

Figure 2. Translational energy distributions for m/z = 17 and 18
resulting from 266 nm photodissociation of different coverage of H2O
on A-TiO2(110) at 100 K, derived from Figure 1E−H.

Figure 3. Integrated TOF signals of H2O and OH radical product
from 1 ML H2O adsorbed A-TiO2(101) as a function of photon flux
with 266 nm irradiation. The irradiation time is 5 min, respectively.
The surface temperature (∼100 K) was nearly unchanged during
irradiation.
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either desorbing from the surface or adsorbing as an OH radical
at a certain Ti5c site. According to previous theoretical and XPS
investigations of water adsorption on A-TiO2(101) single
surfaces,32,34,37,43 H2O dissociation on the Ti5c sites produces
an OHTi radical and OHO2c directly. Under UHV conditions,
especially for the low coverage of H2O (0.28 ML) on A-
TiO2(101), the H2O2 formation from complex photocatalytic
reactions of two adjacent H2O molecules is nearly impossible.
Thus, combining the TOF result with previous theoretical and
XPS investigations of H2O adsorption on A-TiO2(101), we
proposed that the H2O dissociation on A-TiO2(101) is most
likely to occur directly via transferring a H atom to an O2c site
nearby and then ejecting an OH radical from the surface,
similar to that on R-TiO2(110).

To evaluate the yield of H2O photolysis on A-TiO2(101), an
isotope labeling study of D2 formation from D2O photolysis
was carried out on A-TiO2(101) under the same experimental
conditions, as well (Figure 4). Before irradiation, two peaks are
observed in the TPD spectra at m/z = 4 (D2

+) (Figure 4E−H).
The low temperature peak is assigned to the ion-fragment
signals of the molecularly adsorbed D2O at the Ti5c sites
(Figure 4A−D), whereas the broad TPD peak at about 400−
800 K may be due to D2 formation. Considering the detection
efficiencies of D2 in the quandrupole mass detector (the
detecting efficiencies of different mass have been calibrated by
leaking different kinds of rare gases into the chamber with the
same pressure as gauged by the ion gauge.), the coverage of D
atoms is less than 0.02 at 1 ML D2O coverage, which may be
formed via spontaneous dissociation of D2OTi on surface defect

Figure 4. TPD spectra acquired at m/z = 20 (D2
+O) and 4 (D2

+) after different coverages of D2O were adsorbed on A-TiO2(101) at 100 K and
irradiated for 0 min (black) and 30 min (red) at 100 K by 266 nm, 70 mW/cm2.

Figure 5. Left: TPD spectra acquired at m/z = 18 (H2O
+) as a function of H2O coverage on A-TiO2(101) at 100 K after the surfaces were irradiated

for 30 min at 100 K by 266 nm, 70 mW/cm2 and then preheated to 300 K, followed by exposing 0 (black line) and 10 L O2 (red line) to the
preheated surfaces at 100 K. Right: TPD spectra acquired at m/z = 18 (H2O

+) as a function of H2O coverage on A-TiO2(101) at 100 K and then
preheated to 300 K, followed by exposing 0 (black line) and 10 L O2 (red line) to the preheated surfaces at 100 K before TPD.
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sites (O2c vacancies). After 30 min irradiation, about 0.09 ML
of D2OTi is depleted at 1.0 ML coverage; however, the high
temperature D2 peak just increases a little (<0.004 ML for 1
ML D2O coverage), indicating that the dissociation probability
of D2OTi is very low or the DO2c atoms on A-TiO2(101) diffuse
into the bulk. No obvious H2 TPD peak appears at m/z = 2
(not shown) after irradiating the 1 ML H2O covered A-
TiO2(101) surface. Correspondingly, theoretical investiga-
tions49,50 indicate that, in comparison with H2 desorption
from recombination of HO2c atoms, the diffusion of HO2c atoms
into the subsurface is found to be at least equally favorable
kinetically. Thus, it is not possible to quantify the yield of H2O
dissociation from the TPD of H2 desorption. An early work
done on R-TiO2(110) by Henderson and co-workers51 found
that, with increasing O2 exposure to a 0.28 ML of bridging H
atoms (HBBO) covered R-TiO2(110) surface, the bridging H
atoms will react with O2 molecules to form terminal OH groups
adsorbed at the Ti5c sites (OHTi5c) very easily

+ →2H O 2OHBBO 2(Ti5c) Ti5c (1)

and then two terminal OH groups will desorb in the form of
H2O during TPD, leaving an O atom on a Ti5c site of the R-
TiO2(110) surface

→ +2OH H O OTi5c 2 (g) Ti5c (2)

This may provide us an indirect method to measure the yield of
H2O dissociation.
As shown in Figure 5 (left), after 30 min irradiation of the

H2O covered A-TiO2(101) surfaces, the surfaces were pre-
heated to 300 K to remove most of the H2OTi molecules, and
then the surfaces were recooled to 100 K to adsorb different
amounts of O2, followed by TPD spectra measurements. It is
obvious that the H2O TPD peak with O2 exposure shifts to
higher temperature and is bigger than that without O2
exposure, implying that surface O species reacted with surface
H atoms to form H2OTi after O2 exposure. The surface H
atoms are most likely from the dissociated H atoms from H2O
dissociation on A-TiO2(101) or the H atoms in the bulk. In
comparison, TPD spectra were also collected on the H2O
covered surfaces prepared by preheating to 300 K and recooling
to 100 K prior to O2 exposure without irradiation. The area of
the H2O TPD peak with O2 exposure is a little bigger than that
without O2 exposure at different H2O coverages (Figure 5,
right), demonstrating that little surface HO2c atoms are formed
after H2O adsorption, and the H atoms in the bulk do not
diffuse to the surface to react with surface O species during the
TPD process.
The yield of H2O dissociation at different coverages could be

estimated from Figure 5, as shown in Figure 6. As the coverage
of H2O increases, the yield of H2O dissociation increases
linearly with the coverage of H2O, with a constant dissociation
probability of ∼7%. However, on R-TiO2(110), the dissociation
probability of H2O significantly decreases as the coverage of
H2O increases.28 At 1.0 ML coverage, the dissociation
probability nearly decreases to zero, which results from the
effect of strong hydrogen bonds between surface H2O
molecules along Ti5c rows ([001]), leading to an increase in
the OH dissociation energy of H2O on R-TiO2(110). On the
basis of previous theoretical studies,32,34,37 no H2O−H2O
hydrogen bonds are present with submonolayer H2O
adsorption. Recent STM investigation of H2O on A-
TiO2(101)

35 showed that an O2c atom can accommodate
only one hydrogen bond from an adsorbed H2O molecule; after

arrival of a second H2O molecule in its neighborhood (along
[010]), the competition between the two molecules for the
same O2c atom weakens the hydrogen of the first one and
effectively lowers its adsorption at high coverage and no H2O
chain forms along the Ti5c row ([010]). At high coverage, the
occurrence of weak attractive interactions between neighboring
H2O molecules along [111 ̅]/[11 ̅1̅] could promote H2O chain
formation. The large distance between the neighboring Ti5c
sites along [111 ̅]/[11̅1 ̅] (about 5.4 Å) leads to that the
hydrogen bonds between H2O molecules on the surface are
rather weaker than those between H2O molecules on R-
TiO2(110) (the distance between the neighboring Ti5c sites
along [001] is about 2.96 Å). The feature is not present on R-
TiO2(110), where STM shows H2O molecules adsorbed right
next to each other along Ti5c rows to form various lengths of
one-dimensional H2O chains through strong hydrogen bonds at
high coverage of H2O,

17 leading to the enhancement of the
H2O adsorption and OH dissociation energies with increasing
the length of the H2O chain.28 Thus, the constant dissociation
probability of H2O on A-TiO2(101) at different H2O coverages
may result from the rather weak interactions between H2O
molecules on A-TiO2(101), which has little effect on the OH
dissociation energy. Similar to the H2O dissociation on R-
TiO2(110),

27 part of OHTi from H2O dissociation may be left
on A-TiO2(101); therefore, the measured yield of H2O
dissociation will be a little lower than the actual yield.

■ SUMMARY
In summary, photoinduced H2O dissociation on A-TiO2(101)
has been investigated using TPD and TOF methods.
Experimental results show that the H2O dissociation on A-
TiO2(101) is most likely to occur via transferring a H atom to
an O2c site nearby and ejecting an OH radical from the surface,
similar to that on R-TiO2(110). More interestingly, the
dissociation probability of H2O on A-TiO2(101) is a constant
(∼7%) at different H2O coverages, while the H2O dissociation
on R-TiO2(110) is much less efficient at high H2O coverage.
This suggests that the H2O dissociation is more efficient on the
A-TiO2(101) surface relative to the R-TiO2(110) surface with
266 nm irradiation. In comparison with the adsorption
structures of H2O on R-TiO2(110) surfaces, the weak
interactions between H2O molecules on A-TiO2(101) are
most likely the origin of this remarkable behavior. The present
investigation of the mechanism of the H2O dissociation from

Figure 6. Yield of H2O splitting versus surface H2O coverage, obtained
from TPD results from Figure 5.
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H2O photolysis on A-TiO2(101) could also help us to
understand the nature of H2O splitting on TiO2 photocatalysts.
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(19) Valdeś, Á.; Qu, Z.-W.; Kroes, G.-J.; Rossmeisl, J.; Nørskov, J. K.
Oxidation and Photo-Oxidation of Water on TiO2 Surface. J. Phys.
Chem. C 2008, 112, 9872−9879.
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