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Dissociation of liquid water on defective rutile TiO2 (110)
surfaces using ab initio molecular dynamics simulations
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In order to obtain a comprehensive understanding of both thermodynamics and kinetics of water
dissociation on TiO2, the reactions between liquid water and perfect and defective rutile TiO2 (110)
surfaces were investigated using ab initio molecular dynamics simulations. The results showed that
the free-energy barrier (∼4.4 kcal/mol) is too high for a spontaneous dissociation of water on the
perfect rutile (110) surface at a low temperature. The most stable oxygen vacancy (Vo1) on the rutile
(110) surface cannot promote the dissociation of water, while other unstable oxygen vacancies can
significantly enhance the water dissociation rate. This is opposite to the general understanding that
Vo1 defects are active sites for water dissociation. Furthermore, we reveal that water dissociation
is an exothermic reaction, which demonstrates that the dissociated state of the adsorbed water is
thermodynamically favorable for both perfect and defective rutile (110) surfaces. The dissociation
adsorption of water can also increase the hydrophilicity of TiO2.

Keywords ab initio molecular dynamics, rutile (110), free energy barrier, spontaneous reaction,
exothermic reaction
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1 Introduction

Since the study by Fujishima et al. in 1972 on photo-
catalysis of titanium dioxide (TiO2) with a photochemi-
cal production of hydrogen from water, extensive studies
have been performed on photochemistry of TiO2 owing to
its applications in various fields, including photochemical
water splitting, solar cells, and catalysis [1–4]. Oxygen
vacancies are crucial in the reactions on the oxide’s sur-
face [5, 6]. As the rutile TiO2 (110) surface is the most
common and stable surface of this material [7, 8], the dis-
sociation of water on a perfect and defective TiO2 (110)
surfaces with different kinds of oxygen vacancy defects
has been intensively studied. However, a proper corre-
lation between the experimental and theoretical studies
has not been yet established.

*Special Topic: Inorganic Two-Dimensional Nanomaterials (Eds.
Changzheng Wu & Xiaojun Wu). arXiv: 1803.10492.

According to scanning tunneling microscopy (STM)
observations and first-principles calculations, it is gen-
erally accepted that at room temperature water can be
trapped by bridging oxygen vacancies, accompanied by
dissociative adsorption at the bridging oxygen vacancies
and formation of two bridging hydroxyls (OHb) [9–15].
Wendt et al. reported that the two OHb are near neigh-
bors and remain stable until they interact with the sur-
rounding water, splitting to single hydroxyl groups [12].
However, several studies argued that the number of dis-
sociative water molecules is larger than the number of
bridging oxygen vacancies [16, 17]. For example, Kristof-
fersen et al. revealed a new water-dissociation channel,
and showed that oxygen vacancies at the ⟨11̄1⟩ step edges
are active sites for water dissociation contributing with
up to two hydrogen adatoms on the terraces [18]. It is
not yet known whether other vacancy defects have sim-
ilar effects on the water dissociation. In addition, there
has been a controversy for many years whether water
adsorbed at a five-fold coordinated titanium at a perfect
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TiO2 (110) surface can dissociate [11, 12, 19–22]. Water
dissociation attracts an increasing interest as the reac-
tion is exothermal but the large barrier hinders water
dissociation at a low temperature [17, 23–25]. There-
fore, the ab initio molecular dynamics (AIMD) simula-
tions at finite temperature is very necessary for the re-
search of water dissociation on the perfect TiO2 (110)
surface. A possible reason for the contradiction between
the different studies of water/TiO2 (110) interfaces is
that most of them considered water in the vapor phase
or at a low coverage under ultrahigh-vacuum conditions,
which significantly differs from the real situation where
TiO2 interacts with liquid water at ambient conditions.
To the best of our knowledge, although many studies
have been performed on liquid-water/rutile-(110) inter-
faces [26–29], there is no systematic study on dynamics
of water dissociation at interfaces between liquid water
and defective rutile TiO2 (110) surfaces with different
types of oxygen vacancies at ambient conditions.

In this study, we systematically investigate the inter-
action between liquid water and perfect and defective
rutile TiO2 (110) surfaces with different types of oxygen
vacancies denoted as Vo1, Vo2, Vo3, and Vo4, as shown in
Fig. 1. Using AIMD simulations, we reveal the dynamic
process of water dissociation at different interfaces in an
aqueous environment at room temperature. We show
that Vo1 and Vo3 have higher stabilities, compared with
the other defects on the rutile (110) surface; however,
their catalytic activities for water dissociation are infe-
rior with respect to those of Vo2 and Vo4. On the other
hand, the 5-coordinated Ti5c site exhibits an unexpect-
edly higher activity for water dissociation, which indi-
cates that the water dissociation adsorption can occur on

Fig. 1 Ball and stick model of the rutile TiO2 (110) sur-
face. Red and gray balls represent the O and Ti atoms. The
yellow balls represent the different types of oxygen defects.

the ideal rutile (110) surface, without significant contri-
butions from highly stable oxygen vacancies on the rutile
surface. These results provide a detailed understanding
of the water dissociation on rutile at the atomic scale in
a real environment.

2 Computational methods

AIMD simulations are performed in the framework of
density functional theory (DFT) using the QUICKSTEP
code in the CP2K software [30], in order to not only
reveal the interatomic interactions determined by the
electronic structure, but also investigate the real-time
dynamics and thermal fluctuations at a finite tempera-
ture. A mixed Gaussian and plane-wave basis set with
an energy cutoff of 280 Ry was used for the expansion of
the wave functions. The Becke–Lee–Yang–Parr (BLYP)
functional was employed for the exchange correlation en-
ergy, combined with an empirical correction for the Van
der Waals forces [31, 32]. All MD simulations are per-
formed in a constant volume and temperature ensem-
ble with a target temperature of 350 K controlled by a
Nose–Hoover thermostat [33]. The simulation time for
each MD trajectory is larger than 20 ps with a time step
of 1.0 fs. We utilized a five-layer (4 × 2) periodic slab
containing three planes with a composition of O–Ti2O2–
O (see Fig. 1) with a vacuum space of 30.0 Å to model
the rutile (110) surface. It has been demonstrated that
the surface energy oscillates for a weak perturbation of
the slab layers, and that a small odd number of slab lay-
ers leads to a rapid energy convergence; therefore, the
five-layer slab is sufficiently thick for the TiO2 calcula-
tions [7, 34, 35]. During the simulations, we fixed the
last three layers. The liquid water film in contact with
the surface had a thickness of approximately 5 Å, con-
sisting of 32 molecules. The (110) surface consists of
rows of five-coordinated Ti atoms (Ti5c) and rows of two-
coordinated O atoms (Obr) bridged to six-coordinated Ti
atoms (Ti6c), as shown in Fig. 1.

3 Results and discussion

First, we calculate the formation energies of different sin-
gle oxygen vacancies in vacuum, as shown in Table 1.
The vacancy formation energy is defined as the energy
required to transfer an oxygen atom to the gap phase:

Evac = ETinO2n−1 +
1

2
EO2 − ETinO2n , (1)

where ETinO2n−1
and ETinO2n

are the total energies of
the defective and perfect slab systems, respectively, and
EO2 is the total energy of an isolated O2 molecule. Vo1
has the lowest formation energy of 3.61 eV, which in-
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Table 1 Formation energies of the different types of oxy-
gen defects shown in Fig. 1.

Defect Vo1 Vo2 Vo3 Vo4 Vo5 Vo6 Vo7
Evac (eV) 3.61 5.54 4.04 5.58 4.98 5.67 4.52

dicates that this is the most likely vacancy to form. In
addition, the Vo3 and Vo7 defects form more easily, com-
pared with the Vo2 and Vo4 defects. This result is in
agreement with that of Oviedo et al. [34].

Using AIMD simulations, a spontaneous water disso-
ciation is observed on a perfect, Vo1, Vo2, and Vo4 ru-
tile (110) surfaces. As shown in Figs. 2(a)–(d), iden-
tical dissociation processes are observed on the perfect
and Vo1 and Vo4 defective surfaces. The water molecule
adsorbed on a Ti5c site gives its proton to another wa-
ter molecule with a hydrogen bond to the lattice Obr,
forming H3O+. Another hydrogen-bonded proton of this
intermediate structure transfers to the corresponding
Obr, which leads to a formation of OHb and terminal
hydroxyl (OHt). Therefore, our simulations show that
intermolecular hydrogen bonds are important in water
dissociation, consistent with results in previous studies
[26, 27, 36]. At the interface between liquid water and
Vo1 TiO2 (110) surface, a water molecule adsorbed on a
Ti5c site dissociates, while a water molecule adsorbed on
the Vo1 site remains unaffected throughout the simula-
tions. This confirms that the Vo1 defect is not an active
site for water dissociation. The water dissociation at the
Vo2 TiO2 (110) surface exhibits a different behavior, as
shown in Fig. 2(c). A water molecule adsorbed on Ti5c
next to the Vo2 gives its proton to Obr directly through
a hydrogen-bonding interaction, and then the terminal
hydroxyl populates the Vo2 defect. In order to provide
further insights into the dissociation process, we calcu-

late the distance variation between the bridge oxygen
atom and attached proton, and that between the oxygen
atom in the dissociative water molecule and its missing
proton (Fig. A1, Supporting information). The results
show that the O–H distance becomes larger than 1.0 Å
after the water dissociation, and that all bridging hy-
droxyls can stably exist as the Obr–H distances remain
∼1.0 Å after the water dissociation. A dissociation of
only one water molecule is observed during each simu-
lation without any recombination, which indicates that
the dissociation of the water molecule can prevent other
water molecules to split. It is worth noting that no water
dissociation is observed on the Vo3 defective surface dur-
ing the simulation, which demonstrates that the VO3 can
even make the rutile (110) surface more inert to water.

The average density profiles of water along the sur-
face normal before and after the water dissociation are
calculated, as shown in Fig. 3. An obvious stratification
of water is observed. Regarding the location of the first
(main) adsorption layer, the AIMD predicts a height of
∼2.15 Å from the surface, which is in agreement with
previous simulation results of 2.10 Å and 2.07 Å [28, 29].
The second layer is centered at a height of ∼3.75 Å, con-
sistent with other simulation and experimental results
[28, 29]. For the perfect TiO2-(110)/water interface, the
first largest peak corresponds to a density of ∼4.92 g/cm3

before the water dissociation, smaller than the value of
6.12 g/cm3 after the water dissociation, which indicates
that TiO2 is more strongly bonded to water after the wa-
ter dissociation. A similar phenomenon is observed for
the Vo1 and Vo2 defective surfaces; for example, the first
peak of the water density increases from 5.13 g/cm3 to
6.08 g/cm3 after the water dissociation for the Vo1 sur-
face, and from 4.14 g/cm3 to 5.66 g/cm3 after the water
dissociation for the Vo2 surface. Therefore, the AIMD
simulations demonstrate that the surface hydrophilicity

Fig. 2 MD snapshots of water dissociation processes on a (a) perfect, (b) Vo1, (c) Vo2, and (d) Vo4 rutile (110) surfaces.
The dashed circles outline the locations of the oxygen vacancies.
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Fig. 3 Average densities of water along the surface normal before and after the water dissociation on a perfect, Vo1, Vo2,
and Vo4 TiO2 (110) surfaces.

of TiO2 is significantly enhanced by the water dissocia-
tion. We cannot make a definite conclusion owing to the
too fast reaction rate on the Vo4 interface.

Further, we study the thermodynamics of water split-
ting on the perfect and defective rutile (110) surfaces.
According to the energy values before and after the wa-
ter dissociation listed in Table 2, all of these reactions are
exothermic, which indicates that the dissociative states
are more stable than molecular adsorption states. The
dissociation state on the Vo2 interface is the most stable,
followed by that on the Vo1 rutile-(110)/water interface.
The energy for the water dissociation on the Vo4 defect is
not provided, owing to the too fast dissociation reaction,
which occurs before the system can be fully equilibrated
and reach the target temperature.

In order to understand the kinetics of the water dis-
sociation on the different TiO2 surfaces, the free-energy
surfaces for the reactions are studied using metadynam-
ics [37, 38] with an appropriate collective variable (CV)
as a function of the O–H bond length in the dissociative
water. For a complete sampling, numerous Gaussian-
type potentials are added to the free-energy surface to
assist the system in overcoming a large free-energy bar-
rier. The sum of the Gaussian potentials is opposite to
the free-energy; therefore, we can obtain the free-energy
of the water dissociation processes, as shown in Fig. 4.
During these simulations, one Gaussian hill is spawned

Table 2 Energy changes for the water dissociations at
the different surfaces; ∆E = Eaft − Ebef, where Ebef and
Eaft denote the average energies before and after the water
dissociation, respectively.

interface perfect Vo1 Vo2 Vo3
∆E/eV −0.16 −1.23 −2.09 −0.41

Fig. 4 Free energies for water dissociation at the different
interfaces.

every 10 fs; the height of the hill is 10−4 Ha. The Vo2
and Vo4 defects exhibit extremely low free-energy bar-
riers of 1.38 kcal/mol and 1.51 kcal/mol, respectively,
which indicates that the water dissociation on these two
defects can even occur at a very low temperature. On
the other hand, at the perfect and Vo1 interfaces, the
dissociative water molecule adsorbs on the Ti5c sites, so
similar free energy barriers for water dissociation on the
perfect (4.36 kcal/mol) and Vo1 (4.79 kcal/mol) rutile
(110) surfaces are obtained. These barriers are high for
a reaction that spontaneously occurs at room temper-
ature, which indicates that the dissociation adsorption
rates for these two surfaces could be sensitive to tem-
perature, consistent with previous experimental studies
[39]. In order to check whether the Vo1 defect is an
active site, we considered five independent MD trajec-
tories. Two trajectories show that the water molecule
adsorbed on the Ti5c site dissociates, while that in the
Vo1 site remained unaffected; no water dissociation was
observed for the other three trajectories with the Vo1 de-
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fect. In the metadynamics simulation, a free barrier as
high as 12.36 kcal/mol is obtained, which indicates that
the dissociation of water on the Vo1 site is kinetically un-
favorable. Therefore, according to the MD simulation,
the Ti5c site, rather than the Vo1 site, is the active site
for water dissociation. The reaction rate is very sensitive
to temperature. The free energy barrier of water dissoci-
ation on Vo3 obtained from the metadynamics is as high
as 7.85 kcal/mol, which reveals that the reaction is ki-
netically unfeasible at ambient conditions. This result
also supports the conclusion that Vo3 is inert to water
dissociation.

4 Conclusion

Using AIMD simulations, we investigated water dissoci-
ation on rutile (110) surfaces. The water molecule ad-
sorbed on the Ti5c site of the perfect rutile (110) sur-
face needed to overcome a free-energy barrier of 4.36
kcal/mol, which was too high for a spontaneous reac-
tion at a low temperature; consequently, no dissocia-
tion was observed in some of the low-temperature ex-
periments. In addition, the most common defect (Vo1)

on the rutile (110) surface could not promote the disso-
ciation of water, while other unstable oxygen vacancies
such as Vo2 and Vo4 could significantly enhance the wa-
ter dissociation rate. This is opposite to the established
understanding that Vo1 defects are active sites for water
dissociation accompanied by two OHb. In addition, the
kinetics of water dissociation on the perfect and defec-
tive TiO2 surfaces reveal that all dissociation states have
higher thermodynamic stabilities than the molecular ad-
sorption state. Furthermore, the dissociation adsorption
of water can significantly increase the hydrophilicity of
TiO2. Our findings provide a detailed understanding of
the interactions between water and rutile surfaces, which
is of importance for applications of TiO2 materials.
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Appendix A Supporting information

Fig. A1 The variation of OH distances before and after water dissociation on (a) perfect, (b) Vo1, (c) Vo2, and (d) Vo4

rutile (110) surfaces, respectively. Obr–H distance stands for the distance between the bridge oxygen atom and the attached
hydrogen, and O–H distance is the distance between the oxygen atoms in the dissociative water and its missing protons.

Hui-Li Wang, Zhen-Peng Hu, and Hui Li, Front. Phys. 13(3), 138107 (2018)
138107-5



Research article

References

1. A. Fujishima and K. Honda, Electrochemical photol-
ysis of water at a semiconductor electrode, Nature
238(5358), 37 (1972)

2. X. Chen, L. Liu, P. Y. Yu, and S. S. Mao, In-
creasing solar absorption for photocatalysis with black
hydrogenated titanium dioxide nanocrystals, Science
331(6018), 746 (2011)

3. S. J. Tan, F. Hao, Y. F. Ji, Y. Wang, J. Zhao, A. D.
Zhao, B. Wang, Y. Luo, J. L. Yang, and J. G. Hou,
Observation of photocatalytic dissociation of water on
terminal Ti sites of TiO2 (110)-1 × 1 Surface, J. Am.
Chem. Soc. 134(24), 9978 (2012)

4. J. H. Liang, N. Wang, Q. X. Zhang, B. F. Liu, X. B.
Kong, C. C. Wei, D. K. Zhang, B. J. Yan, Y. Zhao, and
X. D. Zhang, Exploring the mechanism of a pure and
amorphous black-blue TiO2:H thin film as a photoanode
in water splitting, Nano Energy 42, 151 (2017)

5. V. E. Henrich and P. A. Cox, The Surface Science of
Metal Oxides, Cambridge: Cambridge University Press,
1994

6. H. J. Freund, Introductory lecture: Oxide surfaces,
Faraday Discuss. 114, 1 (1999)

7. M. Ramamoorthy, D. Vanderbilt, and R. D. King-
Smith, First-principles calculations of the energetics
of stoichiometric TiO2 surfaces, Phys. Rev. B 49(23),
16721 (1994)

8. U. Diebold, The surface science of titanium dioxide,
Surf. Sci. Rep. 48(5–8), 53 (2003)

9. M. A. Henderson, An HREELS and TPD study of water
on TiO2 (110): the extent of molecular versus dissocia-
tive adsorption, Surf. Sci. 355(1–3), 151 (1996)

10. I. M. Brookes, C. A. Muryn, and G. Thornton, Imag-
ing water dissociation on TiO2 (110), Phys. Rev. Lett.
87(26), 266103 (2001)

11. R. Schaub, R. Thostrup, N. Lopez, E. Laegsgaard, I.
Stensgaard, J. K. Norskov, and F. Besenbacher, Oxygen
vacancies as active sites for water dissociation on rutile
TiO2 (110), Phys. Rev. Lett. 87(26), 266104 (2001)

12. O. Bikondoa, C. L. Pang, R. Ithnin, C. A. Muryn,
H. Onishi, and G. Thornton, Direct visualization of
defect-mediated dissociation of water on TiO2 (110),
Nat. Mater. 5(3), 189 (2006)

13. S. Wendt, J. Matthiesen, R. Schaub, E. K. Vestergaard,
E. Lægsgaard, F. Besenbacher, and B. Hammer, Forma-
tion and splitting of paired hydroxyl groups on reduced
TiO2 (110), Phys. Rev. Lett. 96(6), 066107 (2006)

14. M. A. Henderson, A surface science perspective on TiO2

photocatalysis, Surf. Sci. Rep. 66(6–7), 185 (2011)
15. C. L. Pang, R. Lindsay, and G. Thornton, Structure of

clean and adsorbate-covered single-crystal rutile TiO2

surfaces., Chem. Rev. 113(6), 3887 (2013)

16. M. B. Hugenschmidt, L. Gamble, and C. T. Campbell,
The interaction of H2O with a TiO2 (110) surface, Surf.
Sci. 302(3), 329 (1994)

17. L. E. Walle, A. Borg, P. Uvdal, and A. Sandell, Ex-
perimental evidence for mixed dissociative and molecu-
lar adsorption of water on a rutile TiO2 (110) surface
without oxygen vacancies, Phys. Rev. B 80(23), 235436
(2009)

18. H. H. Kristoffersen, J. Ø. Hansen, U. Martinez, Y.
Y. Wei, J. Matthiesen, R. Streber, R. Bechstein, E.
Lægsgaard, F. Besenbacher, B. Hammer, and S. Wendt,
Role of steps in the dissociative adsorption of water
on rutile TiO2 (110), Phys. Rev. Lett. 110(14), 146101
(2013)

19. E. V. Stefanovich and T. N. Truong, Ab initio study of
water adsorption on TiO2 (110): molecular adsorption
versus dissociative chemisorption, Chem. Phys. Lett.
299(6), 623 (1999)

20. W. Langel, Car-Parrinello simulation of H2O dissocia-
tion on rutile, Surf. Sci. 496(1–2), 141 (2002)

21. P. J. D. Lindan, N. M. Harrison, J. M. Holender, and
M. J. Gillan, First-principles molecular dynamics simu-
lation of water dissociation on TiO2 (110), Chem. Phys.
Lett. 261(3), 246 (1996)

22. P. J. D. Lindan, N. M. Harrison, and M. J. Gillan, Mixed
dissociative and molecular adsorption of water on the
rutile (110) surface, Phys. Rev. Lett. 80(4), 762 (1998)

23. L. E. Walle, D. Ragazzon, A. Borg, P. Uvdal, and A.
Sandell, Competing water dissociation channels on ru-
tile TiO2 (110), Surf. Sci. 621, 77 (2014)

24. W. H. Zhang, J. L. Yang, Y. Luo, S. Monti, and V. Car-
ravetta, Quantum molecular dynamics study of water
on TiO2 (110) surface, J. Chem. Phys. 129(6), 064703
(2008)

25. L. A. Harris and A. A. Quong, Molecular chemisorption
as the theoretically preferred pathway for water adsorp-
tion on ideal rutile TiO2 (110), Phys. Rev. Lett. 93(8),
086105 (2004)

26. C. Zhang and P. J. D. Lindan, Multilayer water ad-
sorption on rutile TiO2 (110): A first-principles study,
J. Chem. Phys. 118(10), 4620 (2003)

27. N. Kumar, S. Neogi, P. R. C. Kent, A. V. Bandura, J.
D. Kubicki, D. J. Wesolowski, D. Cole, and J. O. Sofo,
Hydrogen bonds and vibrations of water on (110) rutile,
J. Phys. Chem. C 113(31), 13732 (2009)

28. L. M. Liu, C. J. Zhang, G. Thornton, and A.
Michaelides, Structure and dynamics of liquid water on
rutile TiO2 (110), Phys. Rev. B 82(16), 161415 (2010)

29. H. Hussain, G. Tocci, T. Woolcot, X. Torrelles, C. L.
Pang, D. S. Humphrey, C. M. Yim, D. C. Grinter, G.
Cabailh, O. Bikondoa, R. Lindsay, J. Zegenhagen, A.
Michaelides, and G. Thornton, Structure of a model
TiO2 photocatalytic interface, Nat. Mater. 16(4), 461
(2017)

138107-6
Hui-Li Wang, Zhen-Peng Hu, and Hui Li, Front. Phys. 13(3), 138107 (2018)

https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1126/science.1200448
https://doi.org/10.1126/science.1200448
https://doi.org/10.1126/science.1200448
https://doi.org/10.1126/science.1200448
https://doi.org/10.1021/ja211919k
https://doi.org/10.1021/ja211919k
https://doi.org/10.1021/ja211919k
https://doi.org/10.1021/ja211919k
https://doi.org/10.1021/ja211919k
https://doi.org/10.1016/j.nanoen.2017.10.062
https://doi.org/10.1016/j.nanoen.2017.10.062
https://doi.org/10.1016/j.nanoen.2017.10.062
https://doi.org/10.1016/j.nanoen.2017.10.062
https://doi.org/10.1016/j.nanoen.2017.10.062
https://doi.org/10.1039/a907182b
https://doi.org/10.1039/a907182b
https://doi.org/10.1103/PhysRevB.49.16721
https://doi.org/10.1103/PhysRevB.49.16721
https://doi.org/10.1103/PhysRevB.49.16721
https://doi.org/10.1103/PhysRevB.49.16721
https://doi.org/10.1016/S0167-5729(02)00100-0
https://doi.org/10.1016/S0167-5729(02)00100-0
https://doi.org/10.1016/0039-6028(95)01357-1
https://doi.org/10.1016/0039-6028(95)01357-1
https://doi.org/10.1016/0039-6028(95)01357-1
https://doi.org/10.1103/PhysRevLett.87.266103
https://doi.org/10.1103/PhysRevLett.87.266103
https://doi.org/10.1103/PhysRevLett.87.266103
https://doi.org/10.1103/PhysRevLett.87.266104
https://doi.org/10.1103/PhysRevLett.87.266104
https://doi.org/10.1103/PhysRevLett.87.266104
https://doi.org/10.1103/PhysRevLett.87.266104
https://doi.org/10.1038/nmat1592
https://doi.org/10.1038/nmat1592
https://doi.org/10.1038/nmat1592
https://doi.org/10.1038/nmat1592
https://doi.org/10.1103/PhysRevLett.96.066107
https://doi.org/10.1103/PhysRevLett.96.066107
https://doi.org/10.1103/PhysRevLett.96.066107
https://doi.org/10.1103/PhysRevLett.96.066107
https://doi.org/10.1016/j.surfrep.2011.01.001
https://doi.org/10.1016/j.surfrep.2011.01.001
https://doi.org/10.1021/cr300409r
https://doi.org/10.1021/cr300409r
https://doi.org/10.1021/cr300409r
https://doi.org/10.1016/0039-6028(94)90837-0
https://doi.org/10.1016/0039-6028(94)90837-0
https://doi.org/10.1016/0039-6028(94)90837-0
https://doi.org/10.1103/PhysRevB.80.235436
https://doi.org/10.1103/PhysRevB.80.235436
https://doi.org/10.1103/PhysRevB.80.235436
https://doi.org/10.1103/PhysRevB.80.235436
https://doi.org/10.1103/PhysRevB.80.235436
https://doi.org/10.1103/PhysRevLett.110.146101
https://doi.org/10.1103/PhysRevLett.110.146101
https://doi.org/10.1103/PhysRevLett.110.146101
https://doi.org/10.1103/PhysRevLett.110.146101
https://doi.org/10.1103/PhysRevLett.110.146101
https://doi.org/10.1103/PhysRevLett.110.146101
https://doi.org/10.1016/S0009-2614(98)01295-0
https://doi.org/10.1016/S0009-2614(98)01295-0
https://doi.org/10.1016/S0009-2614(98)01295-0
https://doi.org/10.1016/S0009-2614(98)01295-0
https://doi.org/10.1016/S0039-6028(01)01606-5
https://doi.org/10.1016/S0039-6028(01)01606-5
https://doi.org/10.1016/0009-2614(96)00934-7
https://doi.org/10.1016/0009-2614(96)00934-7
https://doi.org/10.1016/0009-2614(96)00934-7
https://doi.org/10.1016/0009-2614(96)00934-7
https://doi.org/10.1103/PhysRevLett.80.762
https://doi.org/10.1103/PhysRevLett.80.762
https://doi.org/10.1103/PhysRevLett.80.762
https://doi.org/10.1016/j.susc.2013.11.001
https://doi.org/10.1016/j.susc.2013.11.001
https://doi.org/10.1016/j.susc.2013.11.001
https://doi.org/10.1063/1.2955452
https://doi.org/10.1063/1.2955452
https://doi.org/10.1063/1.2955452
https://doi.org/10.1063/1.2955452
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1063/1.1543983
https://doi.org/10.1063/1.1543983
https://doi.org/10.1063/1.1543983
https://doi.org/10.1021/jp901665e
https://doi.org/10.1021/jp901665e
https://doi.org/10.1021/jp901665e
https://doi.org/10.1021/jp901665e
https://doi.org/10.1103/PhysRevB.82.161415
https://doi.org/10.1103/PhysRevB.82.161415
https://doi.org/10.1103/PhysRevB.82.161415
https://doi.org/10.1038/nmat4793
https://doi.org/10.1038/nmat4793
https://doi.org/10.1038/nmat4793
https://doi.org/10.1038/nmat4793
https://doi.org/10.1038/nmat4793
https://doi.org/10.1038/nmat4793


Research article

30. J. VandeVondele, M. Krack, F. Mohamed, M. Par-
rinello, T. Chassaing, and J. Hutter, Quickstep: Fast
and accurate density functional calculations using a
mixed Gaussian and plane waves approach, Comput.
Phys. Commun. 167(2), 103 (2005)

31. A. D. Becke, Density-functional exchange-energy ap-
proximation with correct asymptotic behavior, Phys.
Rev. A 38(6), 3098 (1988)

32. C. Lee, W. Yang, and R. G. Parr, Development of the
Colle-Salvetti correlation-energy formula into a func-
tional of the electron density, Phys. Rev. B 37(2), 785
(1988)

33. A. R. Khoei, P. Ghahremani, M. J. Abdolhosseini Qomi,
and P. Banihashemi, Stability and sizedependency of
temperature-related Cauchy-Born hypothesis, Comput.
Mater. Sci. 50(5), 1731 (2011)

34. J. Oviedo, M. A. San Miguel, and J. F. Sanz, Oxygen va-
cancies on TiO2 (110) from first principles calculations,
J. Chem. Phys. 121(15), 7427 (2004)

35. L. A. Harris and A. A. Quong, Molecular chemisorption
as the theoretically preferred pathway for water adsorp-
tion on ideal rutile TiO2 (110), Phys. Rev. Lett. 93,
086105 (2004)

36. P. J. D. Lindan and C. Zhang, Exothermic water disso-
ciation on the rutile TiO2 (110) surface, Phys. Rev. B
72, 075439 (2005)

37. A. Laio and M. Parrinello, Escaping free-energy minima,
PNAS 99(20), 12562 (2002)

38. D. Branduardi, G. Bussi, and M. Parrinello, Metady-
namics with adaptive Gaussians, J. Chem. Theory Com-
put. 8(7), 2247 (2012)

39. N. G. Petrik and G. A. Kimmel, Reaction kinetics of
water molecules with oxygen vacancies on rutile TiO2

(110), J. Phys. Chem. C 119(40), 23059 (2015)

Hui-Li Wang, Zhen-Peng Hu, and Hui Li, Front. Phys. 13(3), 138107 (2018)
138107-7

https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1016/j.commatsci.2011.01.004
https://doi.org/10.1016/j.commatsci.2011.01.004
https://doi.org/10.1016/j.commatsci.2011.01.004
https://doi.org/10.1016/j.commatsci.2011.01.004
https://doi.org/10.1063/1.1796253
https://doi.org/10.1063/1.1796253
https://doi.org/10.1063/1.1796253
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1103/PhysRevLett.93.086105
https://doi.org/10.1103/PhysRevB.72.075439
https://doi.org/10.1103/PhysRevB.72.075439
https://doi.org/10.1103/PhysRevB.72.075439
https://doi.org/10.1073/pnas.202427399
https://doi.org/10.1073/pnas.202427399
https://doi.org/10.1021/ct3002464
https://doi.org/10.1021/ct3002464
https://doi.org/10.1021/ct3002464
https://doi.org/10.1021/acs.jpcc.5b07526
https://doi.org/10.1021/acs.jpcc.5b07526
https://doi.org/10.1021/acs.jpcc.5b07526

	Introduction
	Computational methods
	Results and discussion
	Conclusion
	Supporting information
	References

