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Abstract
Titanium (IV) oxide is a reference photocatalytic material for a number of chemical processes of interest in
the energy transition, including the reduction of water into hydrogen gas. Density functional theory
calculations have previously revealed that the decomposition into hydrogen and hydroxyl ions could be
catalyzed by a subsurface oxygen vacancy (VO). However, these theoretical investigations have been carried
out with models considering only isolated water molecules. We investigate the role of the subsurface VO at
different levels of coverage up to full monolayer (ML) coverage. We observe that migration of the vacancy
concomitantly to water decomposition is mandatory to obtain an exothermic pathway. Furthermore, the
migration of the VO only occurs in the presence of an under-coordinated surface oxygen atom. As coverage
and decomposition increase, surface oxygen atoms are saturated which inhibit further migration of the
subsurface VO; hence the VO shows no catalytic effect on the splitting of water into hydrogen and hydroxyl
ions at full water coverage.
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1. Introduction
Titanium (IV) oxide (TiO2) is arguably one of the most investigated semiconductor materials due to its exquisite
physical and chemical properties and consequent numerous applications [1]. Among other metal oxides, TiO2’s
chemical stability, low toxicity, environmentally friendly nature, and reusability, have led to its widely accepted
consideration as a top leading photocatalyst [2], particularly since the seminal work by Honda and Fukushima in
1973 [3], which paved the way to photoelectrochemical materials and systems for hydrogen production through
the splitting of water molecules. Since then, much effort has been focused on overcoming the TiO2 weaknesses,
such as the high electron/hole recombination rate and its optical absorption limited to the UV region, in both
theoretical (mostly density functional theory, DFT) and experimental communities [4–6]. While several
experimental research routes including doping [7–9], heterojunctions with other semiconductors [10], and
embedding of plasmonic nanoparticles [4,11] have been pursued, DFT calculations have concentrated on surface
chemistry for a number of applications and associated molecular decomposition of probe molecules such as
methanol, ethanol, and water [12–16], which is the focus of the present article.
TiO2 has three stable polymorphs: rutile, anatase, and brookite. Rutile and anatase are widely studied for
catalytic applications, but anatase has been shown to be more photo-reactive, and it is also the most stable form
found in nanocrystals [17,18] . For these reasons, anatase is the most utilized form of TiO2 in photocatalytic
applications, and consequently in DFT-based investigations. The (101) surface of anatase was established to be
the most stable one [17–19], and this has led to a number of DFT investigations dedicated to the water splitting
process [12,14,15,20].
Results from the literature indicate that the limiting step in the dissociation of a single water molecule on the
anatase (101) surface lies on the ability of an adsorbed water molecule to decompose into an adsorbed hydroxyl
group and a hydrogen ion in solution [21]. In the calculations by Aschauer and co-workers, the activation barrier
of this step for a single water molecule on a pristine anatase (101) surface is 0.52 eV, and the overall
endothermic reaction energy is 0.38 eV, making it thermodynamically unfavorable. [14]. Interestingly, studies
have shown that the dissociation process can be enhanced by the presence of an oxygen vacancy in the anatase
slab [12,14,15], and many studies have reported that a subsurface vacancy has a lower formation energy than a
surface vacancy [22,23]. Rather than a surface vacancy, a defective slab with a subsurface oxygen vacancy led to
a reduced kinetic barrier (by 0.26 eV), relative to a stoichiometric slab, but the water dissociation process was
shown to remain thermodynamically unfavorable (by 0.32 eV). Experiments at low temperature and pressure on

a defective slab with subsurface defects also indicate higher binding energies for water on a defective slab,
compared to a pristine slab [14]. In contrast, some results from the literature, including the present study, show
that not only is the kinetic barrier reduced, but the overall reaction becomes thermodynamically favorable in the
presence of a subsurface oxygen vacancy [12,15].
However, it is well documented that molecular water adsorption is exothermic [16,20,24,25] and that it is
thermodynamically favorable for the surface to be completely covered with chemisorbed water molecules in
their molecular form. The effect of defective surfaces has been explored to a lesser extent, while being of much
technological importance. In particular, DFT studies examining the effect of subsurface VO have only dealt with a
single or sparse concentration of water molecules on the anatase (101) surfaces. Importantly, it was reported
that the enhanced dissociation in the presence of a subsurface oxygen vacancy is accompanied by the migration
of the vacancy towards the surface [12,15], leading to its annihilation. As a result, the exact role of the vacancy
defect in the photocatalysis of water on the TiO2 anatase (101) surface requires further investigation. It is also
important to investigate the issue of the impact of water coverage on the dissociation chemistry when
considering defective TiO2.
In this work, we study theoretically water dissociation on defective anatase (101) accounting for full water
coverage. Using DFT, we investigate and compare the dissociation of water molecules on a perfect and a
defective surface at different levels of coverage: from a minimum coverage of 17% up to 100% (1 ML coverage).
We examine the behavior of the subsurface oxygen vacancy during dissociation. Our results indicate that
dissociation of adsorbed water molecules on a defective surface is exothermic up to 67% coverage (2/3 ML). At
higher, more realistic, coverage the dissociation becomes endothermic, similar to the endothermic dissociation
obtained for a perfect surface at all levels of coverage. Therefore, we thus find that the VO has no catalytic effect
on the splitting of water into hydrogen and hydroxyl ions on a defective anatase (101) surface at high coverage.

2 Method
2.1 DFT Calculations
We performed spin-polarized DFT calculations using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzehof (PBE) [26] exchange-correlation potential as implemented in the Vienna ab-Initio
Simulation Package (VASP) [27–30]. Ion-electron interactions were described by projector augmented waves
(PAW) pseudopotentials [31,32], and the electron wave functions were expanded in terms of plane wave
basis sets, with a kinetic energy cutoff of 400 eV. Wavefunctions were optimized until the change in total
energy was less than 10-6 eV. We employed Grimme’s DFT-D3 method to include dispersion contributions to

the energy values [33]. Potential energy surfaces to determine the kinetic barrier were calculated using the
nudged elastic band (NEB) method [34].
The anatase (101) surface supercell is built from a three-layer geometry (see Fig. 1), with a vacuum of 10 Å
between slabs along the direction normal to the surface. The 1 x 3 surface supercell measuring 10.376 x
11.256 Å2 has a total of 108 atoms. The bottom layer of TiO2 was fixed while all other atoms were allowed to
relax in all directions during minimization of the total energy. Due to the large size of the supercell, the
Brillouin zone was sampled at the gamma point only. The unit cell from which the surface slab is cut was
relaxed using a kinetic energy cutoff of 520 eV, and the lattice parameters obtained are: a = b = 3.8073 Å, c =
9.7318 Å, which are in good agreement with values from other computational and experimental studies
[35,36].
2.2 Anatase TiO2 model surfaces
The stoichiometric anatase (101) surface slab is shown in Fig. 1. It has a saw tooth-like morphology, with rows
of fully coordinated (Ti6c) and under coordinated (Ti5c) Ti atoms along the [010] direction. These rows of Ti
atoms are joined by three-fold coordinated (O3c) and two-fold coordinated (O2c) oxygen atoms. Water
molecules are most easily adsorbed on the Ti5c atoms, and for the 1 x 3 supercell used in the calculations,
there are six such Ti5c sites (two rows of 3 Ti5c).

Figure 1: Side view of the 1 x 3 anatase (101) slab. Titanium atoms are cyan while oxygen atoms are red. Osub is the
oxygen atom removed to create the subsurface vacancy in the defective surface. Atoms underneath the dashed line are
held fixed during minimizations of the total energy.

The single oxygen vacancy defective surface slab was obtained by removing the oxygen atom labelled Osub in Fig.
1. Previous studies, both experimental and theoretical, have established that the subsurface vacancy created by
removing Osub has a lower formation energy than the most stable surface vacancy created by removing O2c , or
other subsurface oxygen sites [23,37,38].

2.3 Adsorption Energy Calculations
An incremental energy needed for the molecular adsorption of the nth water molecule on each surface,
is defined as:
(1)
where n = 6 means full coverage.

and

are the total energies of a slab

supercell containing n and (n-1) adsorbed water molecules, respectively.

is the total energy of an

isolated water molecule, as being positioned at an infinite position from the surface, in vacuum. A negative
value of

indicates an exothermic process, while a positive value indicates an endothermic process.

The molecular adsorption energy per molecule is given by:

where

is the total energy of a surface slab, and n is the number of water molecules adsorbed on the

surface. The dissociative adsorption energy per molecule is:

where
3

is the total energy of a slab with n dissociated water molecules on the (1 x 3) surface.

Results and Discussion
3.1 Single water molecule interaction
In table 1, we list the molecular adsorption and dissociative adsorption energies we calculate for a perfect
and a defective surface. The interaction of a single water molecule with a perfect and a defective
surface is a reference system, which has been discussed in several DFT-based papers [12,14,15]. While the
energy profile of the water molecule decomposition is largely endothermic on the perfect

surface, the

presence of a subsurface oxygen vacancy (as defined in Figure 1) has led to contrasting results, showing
slight endothermic [14] or clear exothermic profiles [12,15], as seen in Table 1. The issue behind the

differences between the four results presented in table 1 lies in the stability of the subsurface oxygen
vacancy. In Ref. [14], the oxygen vacancy remains stable, leading to an endothermic reaction pathway for
dissociation of H2O.

Table 1: Comparison of molecular and dissociative adsorption energies of a single water molecule on
perfect and defective anatase (101) surfaces
Source

perfect surface

defective surface

(eV)

(eV)

(eV)

(eV)

This work

-0.81

-0.42

-0.99

-2.40

Ref 12

-0.70

-0.32

-0.85

-1.83

Ref 14

-0.72

-0.34

-1.01

-0.70

Ref 15

--

--

-0.84

- 1.59

Figs 2(a) – (c) show the molecular adsorption, metastable state of dissociative adsorption, and final state of
dissociative adsorption of a water molecule on a defective surface, respectively. The oxygen atoms labeled 1,
2, and 3 in Fig 2(a) are involved the migration of the subsurface VO towards the surface, and the arrows in Fig
2(b) show the movement of each atom during the migration. In agreement with Refs. [12 and 15], these
figures show that the subsurface VO migrates towards the surface as the water molecule dissociates,
according to the following process: (i) after adsorption, reconstruction around the vacancy (VO) is operating
with the oxygen atom labeled 1 moving towards the vacancy site, in a bridge site situation between two Ti
atoms (Fig. 2(a)); (ii) as the water molecule dissociates, 1 relaxes back downwards to its stoichiometric crystal
position, while oxygen 2 migrates to occupy the initial VO site. At this stage the vacancy is located
immediately below the surface, i.e. in the third oxygen layer; 3 then moves downwards, towards the initial
position occupied by oxygen 2 before its migration, oxygen 3 stabilizes as a bridge site, extending the defect
site to two oxygen vacancy sites on the surface and immediate subsurface from either side of the oxygen 3
atom, as seen in Fig. 2(b). The structure in Fig. 2(b) is a metastable state and after overcoming another
activation barrier the hydroxyl group attached to the surface migrates to annihilate the vacancy defect site as
described in (ii) results in a final stable state as shown in Fig. 2c.
In Fig. 3, we present the energy pathway for the entire dissociation process of an adsorbed water molecule,
accompanied with the migration of the VO to the surface from the structure in Fig. 2a to the structure in Fig.

2c. The limiting step is the splitting of the adsorbed water molecule into a hydrogen atom, which binds to an
oxygen atom on the surface, and a hydroxyl group which remains attached to the Ti atom. The energy barrier
of 0.33 eV between the metastable and final states in Figs 2(b) and (c) respectively is the energy needed to
move the hydroxyl group towards the surface VO shown in Fig. 2(b). The entire process is exothermic,
releasing a total of 1.41 eV, and has a low barrier of 0.35 eV.

Figure 2: Diagrams of (a) molecular adsorption (b) metastable state of dissociative adsorption, and (c) final state of
dissociative adsorption of a single water molecule on the defective surface. Oxygen atoms associated with vacancy
migration are colored green and labeled 1, 2, and 3, while position of VO is shown in yellow. Cyan: Ti atom; red: O atom;
white: H atom

Fig.3 Energy pathway for the dissociation of an adsorbed water molecule on the defective surface, starting from the
structure shown in Fig. 2(a) and ending with the structure in Fig. 2(c). The limiting step is the splitting of the adsorbed
water molecule to H and OH, with a kinetic barrier of 0.35 eV.

3.2 Increasing Water Coverage
Fig. 4 shows a perfect surface fully saturated with six water molecules adsorbed via the six Ti5c atoms on the
surface (two adjacent rows of three Ti atoms each), which is equivalent to 1 ML coverage. Starting with a
single water molecule on the surface, we found that the incremental adsorption energy for each additional
water molecule was dependent on the Ti5c atom to which it is attached. The lowest adsorption energies were
obtained when water molecules were attached to neighboring Ti5c atoms along the [010] direction. Using the
most favorable adsorption energies for each additional molecular water adsorption, surface sites were
therefore filled by adding a water molecule to each Ti5c along the [010] direction, row by row. We calculated
the energy required for the incremental adsorption of water molecules (molecular adsorption), using
equation (1).

Figure 4: Ball and stick model of the stoichiometric TiO2 anatase (101) slab, covered with 1 ML of adsorbed water
molecules. Titanium atoms are cyan, oxygen atoms are red, and hydrogen atoms are white.

Table 2: Incremental non-dissociative adsorption energies of water molecules on both stoichiometric and
defective TiO2 anatase (101) surfaces
Coverage (n)

∆Eads,n (eV)
stoichiometric

defective

1 (16.7%)

-0.81

-0.99

2 (33.3%)

-0.91

-0.85

3 (50%)

-0.86

-0.96

4 (66.7%)

-0.80

-0.82

5 (83.3%)

-0.65

-0.87

6 (100%)

-0.82

-0.80

The calculated values of incremental adsorption energy on both surfaces, up to 1 ML coverage, are shown in
table 2. The results show that 1 ML coverage with adsorbed water molecules is possible on both
stoichiometric and defective surfaces since the successive adsorption energies at all levels of coverage are
negative. The adsorption energy on the stoichiometric surface ranges from -0.64 eV to -0.91 eV, while on the
defective surface, the values vary between -0.80 eV and -0.99 eV. Overall, molecular adsorption is more
exothermic on the defective surface than on the perfect surface. Our results for the stoichiometric surface
agree with previously published results for a similar (1 x 3) surface slab showing successive adsorption
energies between -0.70 eV and -0.85 eV [20], and also agree with experimental results [25].
In Table 3, we show the effect of the subsurface VO on the energy required for dissociation of adsorbed water
molecules on the slab surface at different levels of coverage, with a comparison to the adsorption on the
perfect surface. To compare, we calculate the adsorption energy per molecule for each type of adsorption,
using equation (3). For a stoichiometric surface, molecular adsorption is always energetically more favorable
than dissociative adsorption at all levels of coverage with water molecules. While non-dissociative adsorption
energy is stable with increasing coverage, dissociative adsorption energy slightly increases (more than 0.1 eV
gain). For a defective surface, the energy released on dissociative adsorption of the first water molecule on
the surface is 2.40 eV, relative to the infinitely separated water molecule and slab, compared to the 0.99 eV
released on molecular adsorption. In other words, 1.41 eV is released when an isolated water molecule
adsorbed on the surface dissociates. A similar exothermic profile persists on the defective surface for the first
four adsorbed water molecules, which corresponds to 2/3 ML coverage. At 2/3 ML coverage (coverage n = 4),
the energy released per adsorbed water molecule drops down to 0.09 eV. Beyond this level of coverage, nondissociative molecular adsorption becomes more favorable, similar to the dissociation on perfect surfaces.
Table 3: Values of average molecular and dissociative adsorption energies on stoichiometric and defective
surfaces
perfect surface
Coverage (n)

Eads (eV)

Ediss (eV)

defective surface
Eads (eV)

Ediss (eV)

1 (16.7%)

-0.81

-0.42

-0.99

-2.40

2 (33.3%)

-0.86

-0.46

-0.92

-1.34

3 (50%)

-0.86

-0.41

-0.93

-1.08

4 (66.7%)

-0.85

-0.50

-0.91

-1.00

5 (83.3%)

-0.81

-0.55

-0.90

-0.66

6 (100%)

-0.81

-0.56

-0.88

-0.61

Fig. 5 shows how the energy required to dissociate each adsorbed water molecule (∆Ediss/molecule) changes
with the number of adsorbed molecules for both the defective and the stoichiometric surface. The presence
of a subsurface VO enhances dissociation of adsorbed water molecules up to 2/3 ML (four water molecules).
When coverage increases to 5/6 and 6/6 water molecules, the energy required for dissociation of each
adsorbed water molecule on both surfaces is more than 0.2 eV, clearly illustrating the switch from an
exothermic to an endothermic profile as coverage increases beyond 2/3 coverage.
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Figure 5: Energy required (per molecule) to dissociate an adsorbed water molecule on both stoichiometric and defective
surfaces, at different levels of coverage.

Fig. 6 shows the results of charge density difference analysis, which illustrates the distribution of the excess
charge in the system due to the oxygen vacancy. The position of the vacancy is colored green, indicating a
loss of charge while the regions gaining charge, colored yellow, are around Ti atoms. The significant
reduction observed in the dissociative adsorption energy can be attributed to the charge distribution pattern
seen in Fig. 6. Out of the six surface Ti5c atoms to which water molecules are attached, the only Ti5c with a
significant concentration of excess charge is the one to which the first water molecule is adsorbed. The
excess charge facilitates a stronger bond between the Ti5c and the oxygen atom of the water molecule. The
resulting weakening of O-H bonds thereby enhances the dissociation of the water molecule into H and OH
species. The system is stabilized by the dissociation of the water molecule, leading to the relatively large
energy gain of 1.41 eV upon dissociation.

Figure 6: Charge density difference analysis showing the net flow of charge due to the creation of a subsurface vacancy in
the slab. Charge flows from regions highlighted in green to regions highlighted in yellow.

Figs. 7(a) to (c) show the initial, molecular adsorption state in the case of two, five, and six water molecules
on the defective surface. Three distinct behaviors of the subsurface VO can be observed in Fig. 7. For the case
of two molecules, the structural changes are similar to the one obtained with a single water molecule
dissociating. As the water molecules dissociate, the oxygen vacancy migrates to the surface, and the local
reconstruction around the vacancy involves the oxygen atom labeled OB moving to occupy the vacancy
position. OC moves downwards to the initial position of OB, and Ow, the oxygen atom of a dissociated water
molecule relaxes to annihilate the surface vacancy, as shown in Fig. 7(d). The molecular and dissociative
adsorptions for three and four water molecules are shown in Figs. S1 (a) to (d). Even though the average
dissociative adsorption energy drops by 1.32 eV as coverage increases from one to four molecules, the final
structure at the vacancy site remains similar.

At high coverage (5/6 water molecules), the defect structure modifies as shown in Fig. 7(e). OB moves
towards the subsurface VO site and occupies the vacancy, and OC moves towards the subsurface vacancy
created at the initial position of OB but does not occupy the vacancy. In the final dissociative state, the
vacancy has migrated closer to the surface as seen in Fig. 7(e). Interestingly, at coverage n = 5, the surface O2c
that connects to the defect site is now turning into a bridged OH configuration, due to the bonding with the
hydrogen atom following the dissociation of the water molecule. While the original defect site remains
similar to the preceding n = 4 coverage, the energy budget becomes endothermic. The process is even more
accentuated at full coverage. All surface O2c become saturated as bridged OH configurations. In the final
configuration for n = 6, the subsurface vacancy remains stable, roughly in its original configuration, before
dissociation, Fig 7(f). Fig. 4 shows that dissociation of each adsorbed water molecule on the defective surface
requires 0.27 eV, while 0.24 eV is required for dissociation on the perfect surface. The quantitative results
and the reconstruction patterns observed confirm the role of the vacancy migration to the
exothermic/endothermic transition of the dissociation pathway.
We further introduced a second subsurface VO to investigate the effect of vacancy concentration or the
formation of a subsurface vacancy cluster, which has been observed experimentally [38], on the dissociation
of adsorbed water at 5/6 and 1ML coverage. We considered two possible cases: separated vacancies and a
cluster of vacancies. The results, as presented in Table S1 and Figs S2-S4 show that the dissociative
adsorption remains endothermic relative to molecular adsorption at these levels of coverage. The energy
required to dissociate a molecule at 5/6 ML coverage reduces for both slabs with two vacancies. For the slab
with separated vacancies, the final structure is further stabilized because a hydrogen bond forms between
the hydrogen atom of a dissociated water molecule and a neighboring oxygen atom as seen in Fig S3(c), and
the energy required for dissociation reduces from 0.24 eV in the single VO structure to 0.09 eV. In the slab
with a cluster, the required energy for dissociation is smaller: 0.05 eV, due to the relaxation of the two-fold
coordinated (O2c) oxygen atom on the surface, as illustrated in Fig S4(c). A recent study on the more reactive
but less stable (001) surface of anatase also shows that water splitting remains endothermic in the presence
of two surface oxygen vacancies[39], but the comparison between that investigation and this work is limited
because of the differences between the facets of anatase studied and the positions of the oxygen vacancies
considered. The diagrams of the relaxed structures in Figs S3 and S4 are similar to those obtained for a single
VO. There is a partial migration of one VO towards the surface at 5/6 ML coverage, while no significant VO
migration is seen at 1 ML coverage for both types of double VO.
Previous investigations with only one adsorbed water molecule have concluded that the presence of a
subsurface vacancy enhances dissociation by either reducing the energy barrier required for dissociation
while the dissociation becomes less endothermic [14], or changing the dissociation step to an exothermic

process accompanied by a reduced dissociation barrier [12,15]. But the described change in the energy
profile during dissociation is rather local, and coverage dependent. Our results indicate that at 1 ML full
coverage and in the presence of either one or two subsurface VOs, dissociation of adsorbed water molecules
is still endothermic, and the vacancy has no catalytic effect on the splitting of water molecules adsorbed on
the defective surface.

Figure 7: Diagrams of molecular (a) – (c) and dissociative (d) – (f) adsorption of water molecules on the defective surface
for 2/6, 5/6, and 6/6 ML coverages. Oxygen atoms of TiO2 slab associated with vacancy migration (OA, OB, and OC) are
colored green, while position of an oxygen vacancy is shown in yellow. Ow is an oxygen atom of a water molecule. The
arrows in Fig. 7(a) show the respective movement of the O atoms during reconstruction and vacancy migration. Cyan: Ti
atom; red: O atom; white: H atom

The reported values of dissociative adsorption energies at different levels of coverage and the movement of
atoms leading to the migration of the subsurface VO described above show that the enhancement of the
dissociation of adsorbed water molecules by a subsurface vacancy is dependent on the presence of an undercoordinated surface oxygen atom (O2c), within the vicinity of the subsurface vacancy. As shown in Figs. 7(a)
and (d), the movements of oxygen atoms OB and OC enable the subsurface VO to migrate towards the surface.
When OC is fully coordinated, as seen in Figs. 7(e) and (f), the vacancy remains in a subsurface position and
the splitting of the adsorbed water molecule is endothermic, making it unlikely to take place.

4

Conclusions
We have investigated the role of a subsurface oxygen vacancy in the splitting of chemisorbed water
molecules on the anatase (101) surface at different levels of coverage, up to 1 ML coverage. Up to 2/3 ML
coverage, the subsurface VO enhanced the splitting chemistry, making dissociative adsorption more
thermodynamically favorable than molecular adsorption. In all instances, this enhancement was
accompanied by a migration of the VO towards the surface, and the migration was made possible by the
presence of an under-coordinated surface oxygen atom near the vacancy. In the absence of such a surface
atom, and especially at full ML coverage, molecular adsorption is more thermodynamically favorable than
dissociative adsorption on the defective surface with a subsurface VO, similar to the results obtained for a
stoichiometric surface.
Our findings indicate that contrary to previous findings, subsurface VO are unlikely to catalyze water splitting.
While a subsurface VO enhances the photo-splitting on a surface with a defect, it only does this when not
accounting for water coverage.
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