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Activation of water on the TiO2 (110) surface: The case of Ti adatoms
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Using first-principles calculations we have studied the reactions of water over Ti adatoms on the
(110) surface of rutile TiO2. Our results provide fundamental insights into the microscopic mecha-
nisms that drive this reaction at the atomic level and assess the possibility of using this system to
activate the water dissociation reaction. In particular, we show that a single water molecule disso-
ciates exothermically with a small energy barrier of 0.17 eV. After dissociation, both H+ and OH−

ions bind strongly to the Ti adatom, which serves as an effective reactive center on the TiO2 sur-
face. Finally, clustering of Ti adatoms does not improve the redox activity of the system and results
in a slightly higher energy barrier for water dissociation. © 2012 American Institute of Physics.
[doi:10.1063/1.3682781]

I. INTRODUCTION

Hydrogen is emerging as an ideal energy carrier that can
be generated from water, biomass, natural gas, or coal (after
gasification). In addition to being a clean energy source, it
offers versatility, high efficiency, and superior safety.1 How-
ever, for hydrogen to succeed as a potential mass production
fuel stock, it is of critical importance to have a clean and
sustainable way to produce it from water or other renewable
sources. Water is the earth’s most abundant compound, and
the fact that the oxidation of H2 yields water means that it
can be continually recycled with no emission of greenhouse
gases. However, the direct thermal splitting of water, H2O
→ H2 + 1

2 O2, which does not generate CO2 and produces
highly pure hydrogen, is limited in practice by the high
temperature, in excess of 2000 ◦C, required for the reaction.
This poses major challenges to its practical implementation.
Recently, there have been a large number of experimental
and theoretical studies that focused on transition metal-based
nanostructures as potential high-capacity hydrogen storage
media and for their potential in decreasing the activation
barriers in water decomposition reactions.2–4

A molecular level understanding of the processes occur-
ring on transition metal surfaces is crucial in order to im-
prove our current knowledge of the heterogeneous catalytic
reaction mechanisms and to improve the activity of nanos-
tructured surfaces towards the dissociation of water. Mate-
rials based on TiO2 have widespread applications in a large
variety of important fields such as heterogeneous catalysis,

a)Author to whom correspondence should be addressed. Electronic mail:
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coatings, gas sensors, corrosion, and solar cells.5 Since Fu-
jishima and Honda6 discovered that water could be photo-
catalytically split into hydrogen and oxygen on a TiO2 elec-
trode, enormous efforts have been devoted to the research on
TiO2 materials. The interaction of water with TiO2 surfaces
can be now considered as a model system for the study of
water chemical reactions on metal oxide surfaces. The in-
teraction of water with rutile (110), (100), (011), (001) and
anatase (101), (001), (100) has been summarized and com-
pared in the work of Sun et al.,7 while Liu and co-workers8

extended the study to liquid water on rutile (110), revealing
a strongly inhomogeneous dynamics of the interfacial water
molecules. The aqueous film is layered, such that molecules
in the contact layer are sluggish towards hydrolysis because of
their strong bonding to fivefold-coordinated Ti sites and those
in the second layer diffuse rapidly interacting weakly with
the substrate. The (110) surface is the most thermodynami-
cally stable crystal face of rutile TiO2. Water adsorbs molec-
ularly on a defect-free (110) surface and water dissociatively
adsorbs in vacancies in the bridging oxygen rows to form two
inequivalent bridging hydroxyl groups.9, 10 However, hydro-
gen generation efficiency over bare TiO2 is low. To improve
the efficiency, doped Metal/TiO2 serves as a model for hetero-
geneous catalysis that has been extensively studied. Systems
such as Cu/TiO2,11 Pt/TiO2, and Au/TiO2 (Ref. 12) exhibit
energy barriers decreased by 15–19 kcal/mol relative to bare
rutile TiO2. In a combined experimental and theoretical inves-
tigation, Xiao et al.13 showed that dissociative adsorption of
water occurs at an oxygen vacancy occupied by a Au atom.
Indeed, surface defects are one of the prominent causes for a
reduction in activation barriers for water dissociation on ox-
ide surfaces: besides oxygen vacancies, the defect structures
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of the (110) rutile surface also include titanium and oxygen
atoms in the form of adatoms or interstitial adatoms.14 More-
over, it has been reported that oxygen adatoms altered the
water dissociation and recombination chemistry through two
distinctive pathways.15 On rutile TiO2 (110), there is an ener-
getically favorable pathway that exists for a Ti interstitial to
diffuse to the surface and react with the adsorbed O2 molecule
to form a TiO2 island on the terrace.16 It is also believed that
the interaction between TiO2 and metal leads to an electronic
perturbation that improves the catalytic activity.17 In a previ-
ous work,2, 3 we have demonstrated the active role that both a
single Ti atom and a dimer adsorbed on C60 have in the ac-
tivation of the water decomposition reaction (energy barriers
of 0.19–0.57 eV). Here, the Ti d electrons act as the princi-
pal player in the effective reaction center on C60 substrate.
In this paper, we extend our investigation to the Ti adatom
structure on the rutile TiO2 (110) surface. The paper is orga-
nized as follows: after a brief introduction to the methodology
(Sec. II), Sec. III A focuses on the activation of water on the
clean (110) surface of rutile TiO2, Sec. III B discusses the
redox properties of a single Ti adatom, and Sec. III C dis-
cusses the case of two adatoms. Conclusions are presented in
Sec. IV.

II. METHODS

Electronic structure calculations were performed within
plane-wave pseudopotential density functional theory as
implemented in the QUANTUM-ESPRESSO package.18 We
used the Perdew–Wang 91 gradient-corrected exchange-
correlation functional19 and ultrasoft pseudopotentials with
a plane-wave cutoff of 35 Ry and a density cutoff of
350 Ry.

We have alternated the use of a single k-point sampling
(�) and a denser 4 × 4 × 1 k-point grid for Brillouin
zone integration to ensure convergence of the energetics
results. A periodic three layers slab model terminated with a
(3 × 1) rutile TiO2 (110) surface was constructed in or-
thorhombic supercells of 8.87 Å × 6.49 Å × 17.76 Å,
including 10 Å of vacuum. All adatoms and substrate layers
were allowed to fully relax until the force acting on each atom
becomes less than 0.01 eV/Å. Tests on thicker supercells did
not vary adsorption sites and configurations, the adsorption
energies of water molecule were found to be in error by about
–1.5% for 5 and 3 layers Ti/TiO2, which confirmed that
our supercell choice was sufficiently converged for the
scope of this study. The evaluation of the minimum en-
ergy reaction paths (MEP) and transition states has been
done using the nudged elastic-band (NEB) method.20, 21

The reaction energy is defined as �E = EFS – EIS,
where EFS and EIS are the energy of the final and ini-
tial state, respectively, so that a negative �E indicates
an exothermic reaction and a positive �E represents
an endothermic one. The energy barriers are defined as
Ea = ETS – EIS, where ETS is the energy of the transition
state. To characterize the reactions from an electronic point
of view, we calculated the partial density of states (PDOS)
and charge density differences for the initial, transition, and
final state. In all our calculations we have used GGA+U

FIG. 1. Top view of the TiO2 (110) surface showing the (3 × 1) supercell
used in our calculations. Gray Ti5, fivefold-coordinated Ti atoms (Ti5); gray
Ti6, sixfold-coordinated Ti atoms (Ti6); red O2, bridging O; and red O3, in-
plane O. 1 and 2 are the stable adsorption sites for Ti adatoms.

with U = 4.0 eV in order to correctly reproduce the correct
electronic structure of TiO2.22–25 Finally, the figures of atomic
geometries have been drawn using the XCRYSDEN software.26

III. RESULTS AND DISCUSSION

A. Water adsorption and dissociation
on clean TiO2 (110) surface

As a first step, we have investigated the possibility of
water dissociation on the stoichiometric rutile TiO2 (110)
surface. The (110) face of TiO2 is composed of alternating
rows of fivefold-coordinated Ti atoms (Ti5) with threefold-
coordinated in-plane O atoms (O3) and twofold-coordinated
bridging oxygen atoms (O2), as indicated in Fig. 1. The
sixfold-coordinated Ti atoms (Ti6) sit below the bridging
oxygen atoms, and in-plane O atoms bond to three Ti atoms.
Whether water dissociates or molecularly adsorbs on the
perfect surface of TiO2 is still a matter of discussion in both
experimental and theoretical studies.27–29 In our calculations,
we show that water adsorbs preferentially on the fivefold-
coordinated surface Ti atom with a distance between the
surface Ti and the O atom in the water of 2.27 Å, in good
agreement with existing experimental measurements (2.21
± 0.02 Å).30 Once water is dissociated, we found that the
most stable configuration is the one in which the OH group
binds to the fivefold-coordinated surface Ti atom while the
remaining H atom binds with the bridging O atom, as shown
in Fig. 2(a). After the dissociation, we have explored the
possibility of H diffusion to the in-plane O atom and to a
neighboring fivefold-coordinated Ti, as shown in Figs. 2(b)
and 2(c). However, the relative energy of these configurations
(+0.49 eV and +1.15 eV, respectively) would effectively
prevent H diffusion from bridging O to the in-plane O and Ti
atoms on the surface. Moreover, although the configuration of
Fig. 2(a) is found to be stable, the process is still endothermic
with a positive energy difference of 0.33 eV, which indicates

Downloaded 14 Jan 2013 to 129.120.92.130. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



064703-3 Activation of H2O on the Ti/TiO2 (110) surface J. Chem. Phys. 136, 064703 (2012)

FIG. 2. (a) Geometry of the final state for the water dissociation on the ideal
TiO2 (110) surface. (b) H atom diffuses to an in-plane O atom and (c) H
atom diffuses to a neighboring fivefold-coordinated Ti. Red, O atoms; gray,
Ti atoms; and blue, H atoms.

that water dissociation is energetically unfeasible on the ideal
surface of TiO2.

B. Water adsorption and dissociation on Ti/TiO2 (110)

It is well known that the (110) surface of rutile TiO2 can
be prepared virtually defect-free only by a careful oxidation
process to eliminate the most common oxygen vacancies that
play a fundamental role in shaping the electronic and catalytic
properties of this surface.14 Rather than focusing on O vacan-
cies, one could also consider other surface defects, such as
Ti adatoms, and study their role and potential in surface re-
actions. This latter system is the one we have chosen as a
prototype for our investigation into the mechanism of water
adsorption and dissociation.

First, we have characterized the possible adsorption sites
for a single Ti adatom on the stoichiometric TiO2 (110) sur-
face. The most stable adsorption sites are the ones labeled 1
and 2 in Fig. 1. In configuration 1, the Ti atom binds to two
bridging and one in-plane O atoms, while in configuration 2,
the Ti atoms binds to one bridging and two in-plane O atoms.
Configuration 1 is more stable between the two (energy lower
by 0.96 eV). This is in excellent agreement with other theo-
retical studies.14, 31

To elucidate the mechanism of water dissociation on the
Ti/TiO2 surface we have performed NEB calculations with 7
images in order to evaluate the MEP and the transition state
energy, as shown in Fig. 3(a). The calculated energy barrier
for water dissociation over Ti/TiO2 is 0.17/ 0.16 eV (spin-
unpolarization/spin-polarization) in GGA-PW91 and 0.20 eV
in GGA+U, an indication that electron localization does not
play a relevant role in this process. These energy barriers are
comparable with the one for water dissociation over Ti/C60

(0.27 eV) (Ref. 2) and over Ti/CNT (0.20 eV).32 However,
these values are much smaller than the ∼5 eV for water split-
ting in free space, in liquid water (∼1 eV),4, 33 and in reactions
catalyzed on the surfaces of Cu, Ni, and Pd (∼1 eV).34

In Fig. 3(b) we display the geometries and charge dif-
ference plots for the initial, transition, and final state. In the
stable adsorption configuration, the Ti–Owater bond distance
is 2.26 Å, which is close to the 2.27 Å distance on the TiO2

surface and it is tilted at an angle of about 26◦. The molecule-

FIG. 3. Single water dissociation on Ti/TiO2 (110) surface: (a) Reaction
pathway and reaction barrier, and (b) Electron density differences for the ini-
tial, transition, and final state.

adatom distance is slightly larger than the one observed for
water on Ti/C60 (2.17 Å) (Ref. 2) and on Ti/CNT (2.15 Å),32

an indication of the variation of the chemical environment
felt by the Ti adatom in different systems. At the transition
state, the Ti–Owater distance is 2.30 Å, slightly longer than the
2.26 Å in the initial state, and the water molecule is now lo-
cated on top of the Ti adatom. The two O–H bonds become
asymmetric, one slightly longer than the other, (1.01 Å com-
pared to 0.97 Å in the initial state, and the other is shortened to
0.98 Å compared to 1.00 Å in the initial state). After the
longer bond breaks, the hydrogen atom and the hydroxyl
group are bonded to the Ti adatom at a distance of 1.85 Å and
1.81 Å, respectively. From these results it is clear that during
the dissociation process the bonds between the O–Ti, O–H,
and Ti–H evolve in the three configurations. In the final state,
H moves to Ti, resulting in H–O bond breaking and H–Ti
bond forming, similar to the process of water dissociation on
Ti/C60 (Ref. 2) and Ti/CNT.32 More insight on the electronic
processes involved in the dissociation process can be gleaned
from the evaluation of the electron density differences plots,
�ρ = ρ(H2O/Ti/TiO2) – ρ(Ti/TiO2) – ρ(H2O) shown as iso-
surfaces in Fig. 3(b): red isosurfaces indicate electron accu-
mulation and blue ones indicate electron depletion. From the
analysis of these plots we can clearly identify transfer of elec-
trons from the Ti adatom to the water molecule as the primary
mechanism for the molecular dissociation. A similar conclu-
sion is obtained by the more quantitative analysis of the PDOS
for the initial, transition, and final state, as shown in Fig. 4.
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FIG. 4. Projected density of states (PDOS) for the initial, transition, and fi-
nal state of water dissociation on Ti/TiO2 (110). (The vertical dotted line
indicates the Fermi level).

The largest change between the initial and final state
PDOS comes from the Ti d orbitals, which clearly contribute
to bonding, while Ti 3s and 3p orbitals lie very low in energy
and are unaffected by bonding. The main difference here is
the decrease of the Ti d electron peak around the Fermi level,
a signature of the formation of the bonds with H and OH, a
picture that is indeed consistent with the analysis of charge
transfer in Fig. 3, and confirms the role of Ti 3d states as cat-
alyst of the dissociation reaction already observed in Ti/C60

(Ref. 2) and Ti/CNT.32

The evolution of the p orbitals of O from three in the
initial state to two in the final state is the product of the hy-
bridization between Ti d and O p orbitals. In the final state
O(2s) and Ti(3d), O(2p) and Ti(3d), as well as H(s) and
Ti(3d), all have overlapping peaks at –20.45 eV, –8.45 eV, and
–2.95 eV, respectively, which indicate the formation of the Ti–
OH and Ti–H bonds. Finally, this interpretation is further con-
firmed by the analysis of the Lowdin charges on the Ti site,
which shows a decrease consistent with the behavior observed
in the PDOS. Our results are also in agreement with Deskins
et al.’s work35 where they identified defects in titanium diox-
ide (including oxygen vacancies, bridging row hydroxyls, and
interstitial Ti) as active centers for redox chemistry.

Finally, we have considered the possibility of the H atom
diffusion on the TiO2 surface in Fig. 5. However, the possible
paths for hydrogen diffusion to the bridging O and in-plane
O are energetically unfavorable, with an energetic cost of
0.94 eV and 1.03 eV, respectively, leaving the dissociation on
the Ti adatom the only exothermic reaction.

C. Water adsorption and dissociation
on 2Ti/TiO2 (110)

In order to explore the effect of Ti adatom clustering on
the energetics of water dissociation on the rutile TiO2 (110)
surface, we added a second Ti atom as shown in Fig. 6(a). Af-
ter a careful structural optimization we found that the surface
restructured. The location of one bridging O atom bonding

FIG. 5. Illustration of the mechanism of water dissociation and diffusion
of H on Ti/TiO2(110) surface: (a) Initial dissociation, (b) Hydrogen atom
diffuses to a bridging O, and (c) Hydrogen atom diffuses to an in-plane O.

to the two titanium adatoms simultaneously changed, the
two titanium adatoms sit in a Ti (adatom)–O (bridging)–Ti
(adatom) configuration that is similar to that of the perfect
surface. The threefold-coordinated in-plane O atoms bonding
to titanium adatoms relax away from the sixfold-coordinated
Ti atoms, increasing the Ti–O bond lengths. Meanwhile,
the in-plane O atoms on the other side relax toward the
sixfold-coordinated Ti atoms, thereby shortening the Ti–O
bond lengths. In Fig. 6(b) we show the energy profile for
water dissociation and hydrogen atom diffusion processes
calculated using the NEB method with 7 images. Note that
the configurations used in NEB calculations were determined
by choosing the lowest-energy one among different adsorp-
tion sites and orientations after series searching. In the initial
state, the water molecule is adsorbed on one of the titanium
adatoms with a bond length of 2.22 Å. The dissociation
process takes place in steps that are very similar to the ones
we have observed in the case of a single Ti adatom: both the

FIG. 6. Selected intermediate states (a) and reaction energy profile (b) for
water dissociation on 2Ti/TiO2 (images 1–3 for the initial, transition, and
final state) and H diffusion process (images 3–5 for the initial, transition, and
final state of H diffusing from one Ti atom to other Ti atom).
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hydrogen atom and the hydroxyl group are bonded to the same
titanium adatom and the energy barrier for this process is
0.89 eV (see images 1–3 in Fig. 6(a)). For the transition
state in the water dissociation process (image 2), the angle
between the hydrogen and hydroxyl group is small and
the distance between them is short. From image 3, both
Ti–OH and Ti–H distances are 1.82 Å, the orientation of the
hydroxyl group and hydrogen is similar to the final state in
Fig. 3(a). After dissociation, an energy barrier of 0.36 eV is
estimated for H diffusion from one of the Ti adatoms to the
other (images 3–5). For the transition state in the H diffusion
process (image 4), the bridging O can be seen moving toward
the opposite direction of the H atom and then coming back
again in the final state (image 5).

Comparing with the case of a single Ti adatom, the
energy barrier for water dissociation is larger, an indication
that in the 2Ti geometry, the single adsorption site looses
some of the ability to exchange electronic charge with
the water molecule, since it is involved into a more stable
bonding with the bridging O, one that resembles much more
closely the ideal stoichiometry of TiO2. Furthermore, we
have checked that the adsorption energies of Ti adatom is
5.92 eV and 5.95 eV for Ti/TiO2 and 2Ti/TiO2, the adsorption
energy of the second Ti adatom is slightly larger than the
first one. However, when a water molecule was involved, the
adsorption energy of water molecule is reduced by 12.3%
(0.81 eV vs 0.71 eV) between Ti/TiO2 and 2Ti/TiO2 systems,
which indicate that the interaction between 2Ti/TiO2–water
is weaker than Ti/TiO2–water, thus there is a larger barrier
for 2Ti/TiO2. Nevertheless, these energy barriers are much
smaller than the 5 eV needed for splitting water in free
space4 and the reactions are exothermic with large releases
of energy. This indicates that Ti adatoms on TiO2 (110) can
effectively promote water dissociation.

IV. CONCLUSIONS

In summary, using first-principles calculations, we have
studied the redox properties of titanium adatoms on the rutile
TiO2 (110) surface towards the water dissociation reaction.
Our results show a reduction of one order of magnitude in the
energy barriers with respect to the bare TiO2 surface (0.17 eV
vs. 2.2 eV) when the reaction happens on a single Ti adatom.
Upon clustering, i.e., when a second Ti adatom was added
on the TiO2 surface, the energy barrier of water dissociation
increased to 0.89 eV due to the more stable bonding of the
two Ti atoms to the underlying surface.
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