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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 (V O ). However, these theoretical investigations have been carried out with models considering only isolated water molecules. We investigate the role of the subsurface V O 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 V O 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 V O ; hence the V O shows no catalytic effect on the splitting of water into hydrogen and hydroxyl ions at full water coverage.

Introduction

Titanium (IV) oxide (TiO 2 ) is arguably one of the most investigated semiconductor materials due to its exquisite physical and chemical properties and consequent numerous applications [START_REF] Diebold | The surface science of titanium dioxide[END_REF]. Among other metal oxides, TiO 2 's chemical stability, low toxicity, environmentally friendly nature, and reusability, have led to its widely accepted consideration as a top leading photocatalyst [START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF], particularly since the seminal work by Honda and Fukushima in 1973 [START_REF] Fujishima | Electrochemical Photolysis of Water at a Semiconductor Electrode[END_REF], 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 TiO 2 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 [START_REF] Mendoza-Diaz | On the UV-Visible Light Synergetic Mechanisms in Au/TiO2 Hybrid Model Nanostructures Achieving Photoreduction of Water[END_REF][START_REF] An | Hierarchical Nanotubular Anatase/Rutile/TiO2(B) Heterophase Junction with Oxygen Vacancies for Enhanced Photocatalytic H2 Production[END_REF][START_REF] Ismail | Photochemical splitting of water for hydrogen production by photocatalysis: A review[END_REF]. While several experimental research routes including doping [START_REF] Asahi | Visible-Light Photocatalysis in Nitrogen-Doped Titanium Oxides[END_REF][START_REF] Liu | One-step fabrication of N-doped mesoporous TiO2 nanoparticles by self-assembly for photocatalytic water splitting under visible light[END_REF][START_REF] Ohno | Photocatalytic Activity of S-doped TiO2 Photocatalyst under Visible Light[END_REF], heterojunctions with other semiconductors [START_REF] Coy | Exploring the effect of BN and B-N bridges on the photocatalytic performance of semiconductor heterojunctions: Enhancing carrier transfer mechanism[END_REF], and embedding of plasmonic nanoparticles [START_REF] Mendoza-Diaz | On the UV-Visible Light Synergetic Mechanisms in Au/TiO2 Hybrid Model Nanostructures Achieving Photoreduction of Water[END_REF][START_REF] Cure | A triptych photocatalyst based on the Co-Integration of Ag nanoparticles and carbo-benzene dye into a TiO2 thin film[END_REF] 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 [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Lang | Interplay between Methanol and Anatase TiO2(101) Surface: The Effect of Subsurface Oxygen Vacancy[END_REF][START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF][START_REF] Vittadini | Structure and Energetics of Water Adsorbed at TiO 2 Anatase \(101\) and \(001\) Surfaces[END_REF], which is the focus of the present article. TiO 2 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 [START_REF] Vittadini | Chemistry of and on TiO2-anatase surfaces by DFT calculations: a partial review[END_REF][START_REF] Lazzeri | Structure and energetics of stoichiometric TiO 2 anatase surfaces[END_REF] . For these reasons, anatase is the most utilized form of TiO 2 in photocatalytic applications, and consequently in DFT-based investigations. The (101) surface of anatase was established to be the most stable one [START_REF] Vittadini | Chemistry of and on TiO2-anatase surfaces by DFT calculations: a partial review[END_REF][START_REF] Lazzeri | Structure and energetics of stoichiometric TiO 2 anatase surfaces[END_REF][START_REF] Arrouvel | Effects of morphology on surface hydroxyl concentration: a DFT comparison of anatase-TiO2 and γ-alumina catalytic supports[END_REF], and this has led to a number of DFT investigations dedicated to the water splitting process [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF][START_REF] Valdés | Water adsorption and dissociation on gold catalysts supported on anatase-TiO2(101)[END_REF].

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 [START_REF] Li | Mechanism and Activity of Photocatalytic Oxygen Evolution on Titania Anatase in Aqueous Surroundings[END_REF]. 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. [START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF]. Interestingly, studies have shown that the dissociation process can be enhanced by the presence of an oxygen vacancy in the anatase slab [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF], and many studies have reported that a subsurface vacancy has a lower formation energy than a surface vacancy [START_REF] He | Evidence for the Predominance of Subsurface Defects on Reduced Anatase TiO 2 ( 101 )[END_REF][START_REF] Cheng | Energetics and diffusion of intrinsic surface and subsurface defects on anatase TiO2(101)[END_REF]. 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 [START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF]. 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 [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF]. However, it is well documented that molecular water adsorption is exothermic [START_REF] Vittadini | Structure and Energetics of Water Adsorbed at TiO 2 Anatase \(101\) and \(001\) Surfaces[END_REF][START_REF] Valdés | Water adsorption and dissociation on gold catalysts supported on anatase-TiO2(101)[END_REF][START_REF] Tilocca | Vertical and Lateral Order in Adsorbed Water Layers on Anatase TiO2(101)[END_REF][START_REF] He | Local ordering and electronic signatures of submonolayer water on anatase TiO2(101)[END_REF] 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 V O 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 [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF], leading to its annihilation. As a result, the exact role of the vacancy defect in the photocatalysis of water on the TiO 2 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 TiO 2 .

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 V O has no catalytic effect on the splitting of water into hydrogen and hydroxyl ions on a defective anatase (101) surface at high coverage.

Method

DFT Calculations

We performed spin-polarized DFT calculations using the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzehof (PBE) [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] exchange-correlation potential as implemented in the Vienna ab-Initio Simulation Package (VASP) [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF][START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF][START_REF] Kresse | Ab initio molecular-dynamics simulation of the liquid-metal--amorphous-semiconductor transition in germanium[END_REF]. Ion-electron interactions were described by projector augmented waves (PAW) pseudopotentials [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF][START_REF] Blöchl | Projector augmented-wave method[END_REF], 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 [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF]. Potential energy surfaces to determine the kinetic barrier were calculated using the nudged elastic band (NEB) method [START_REF] Jonsson | Nudged elastic band method for finding minimum energy paths of transitions[END_REF].

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 Å 2 has a total of 108 atoms. The bottom layer of TiO 2 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 [START_REF] Liu | Electronic and elastic properties of the tetragonal anatase TiO2 structure from first principle calculation[END_REF][START_REF] Burdett | Structural-electronic relationships in inorganic solids: powder neutron diffraction studies of the rutile and anatase polymorphs of titanium dioxide at 15 and 295 K[END_REF]. The single oxygen vacancy defective surface slab was obtained by removing the oxygen atom labelled O sub in Fig. 1. Previous studies, both experimental and theoretical, have established that the subsurface vacancy created by removing O sub has a lower formation energy than the most stable surface vacancy created by removing O 2c , or other subsurface oxygen sites [START_REF] Cheng | Energetics and diffusion of intrinsic surface and subsurface defects on anatase TiO2(101)[END_REF][START_REF] Wang | Interplay between invasive single atom Pt and native oxygen vacancy in anatase TiO2(1 0 1) surface: A theoretical study[END_REF][START_REF] Setvin | Aggregation and electronically induced migration of oxygen vacancies in TiO 2 anatase[END_REF].

Adsorption Energy Calculations

An incremental energy needed for the molecular adsorption of the n th water molecule on each surface, is defined as: [START_REF] Diebold | The surface science of titanium dioxide[END_REF] 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 is the total energy of a slab with n dissociated water molecules on the (1 x 3) surface.

Results and Discussion

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 [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF]. 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 [START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF] or clear exothermic profiles [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF], 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. [START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF], the oxygen vacancy remains stable, leading to an endothermic reaction pathway for dissociation of H 2 O. In Fig. 3, we present the energy pathway for the entire dissociation process of an adsorbed water molecule, accompanied with the migration of the V O to the surface from the structure in Fig. 2a to the structure in Fig. 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 [START_REF] Valdés | Water adsorption and dissociation on gold catalysts supported on anatase-TiO2(101)[END_REF], and also agree with experimental results [START_REF] He | Local ordering and electronic signatures of submonolayer water on anatase TiO2(101)[END_REF].

In Table 3, we show the effect of the subsurface V O 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 [START_REF] Fujishima | Electrochemical Photolysis of Water at a Semiconductor Electrode[END_REF]. 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. 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. -

No of water molecules stoichiometric defective 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 Ti 5c atoms to which water molecules are attached, the only Ti 5c with a significant concentration of excess charge is the one to which the first water molecule is adsorbed. The We further introduced a second subsurface V O to investigate the effect of vacancy concentration or the formation of a subsurface vacancy cluster, which has been observed experimentally [START_REF] Setvin | Aggregation and electronically induced migration of oxygen vacancies in TiO 2 anatase[END_REF], 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 V O 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 (O 2c ) 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 [START_REF] Mete | Elucidating the Barriers on Direct Water Splitting: Key Role of Oxygen Vacancy Density and Coordination over PbTiO3 and TiO2[END_REF], 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 V O . There is a partial migration of one V O towards the surface at 5/6 ML coverage, while no significant V O migration is seen at 1 ML coverage for both types of double V O .

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 [START_REF] Aschauer | Influence of Subsurface Defects on the Surface Reactivity of TiO2: Water on Anatase (101)[END_REF], or changing the dissociation step to an exothermic process accompanied by a reduced dissociation barrier [START_REF] Fisicaro | Wet Environment Effects for Ethanol and Water Adsorption on Anatase TiO2 (101) Surfaces[END_REF][START_REF] Li | Interplay between Water and TiO 2 Anatase (101) Surface with Subsurface Oxygen Vacancy[END_REF]. 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 V O s, 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. When O C 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.

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 V O 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 V O 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 V O , similar to the results obtained for a stoichiometric surface.

Our findings indicate that contrary to previous findings, subsurface V O are unlikely to catalyze water splitting.

While a subsurface V O enhances the photo-splitting on a surface with a defect, it only does this when not accounting for water coverage.

2. 2

 2 Anatase TiO 2 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 (Ti 6c ) and under coordinated (Ti 5c ) Ti atoms along the [010] direction. These rows of Ti atoms are joined by three-fold coordinated (O 3c ) and two-fold coordinated (O 2c ) oxygen atoms. Water molecules are most easily adsorbed on the Ti 5c atoms, and for the 1 x 3 supercell used in the calculations, there are six such Ti 5c sites (two rows of 3 Ti 5c ).

Figure 1 :

 1 Figure 1: Side view of the 1 x 3 anatase (101) slab. Titanium atoms are cyan while oxygen atoms are red. O sub 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.

Figs 2 (

 2 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 V O 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 V O migrates towards the surface as the water molecule dissociates,according to the following process: (i) after adsorption, reconstruction around the vacancy (V O ) 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 V O 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.

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 V O 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 :Fig. 3

 23 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 V O is shown in yellow. Cyan: Ti atom; red: O atom; white: H atom

Figure 4 :

 4 Figure 4: Ball and stick model of the stoichiometric TiO 2 anatase (101) slab, covered with 1 ML of adsorbed water molecules. Titanium atoms are cyan, oxygen atoms are red, and hydrogen atoms are white.

Figure 5 :

 5 Figure 5: Energy required (per molecule) to dissociate an adsorbed water molecule on both stoichiometric and defective surfaces, at different levels of coverage.

  excess charge facilitates a stronger bond between the Ti 5c 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 :

 6 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.

Figure 7 :

 7 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 TiO 2 slab associated with vacancy migration (O A , O B , and O C ) are colored green, while position of an oxygen vacancy is shown in yellow. O w 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

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

 1 

	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

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

 2 

	Coverage (n)	∆E ads,n (eV)
		stoichiometric	defective

Table 3 : Values of average molecular and dissociative adsorption energies on stoichiometric and defective surfaces perfect surface defective surface

 3 shows how the energy required to dissociate each adsorbed water molecule (∆E diss /molecule) changes with the number of adsorbed molecules for both the defective and the stoichiometric surface. The presence of a subsurface V O enhances dissociation of adsorbed water molecules up to 2/3 ML (four water molecules).

	Coverage (n)	E ads (eV)	E diss (eV)	E ads (eV)	E diss (eV)
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