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Titanium dioxide is a key material in many fields, including technological, industrial and biomedical applications. Many of these applications are related to the surface reactivity of TiO2 and involve its reducibility properties. Recently titania has been banned as a food additive due to its (nano)toxicity, and the release of reactive oxygen species plays a crucial role in many toxicological mechanisms. Determining chemical descriptors that account for the extension of reduction is necessary to understand such processes and necessary for predicting the reactivity of an unknown system. In the present work, we compute a set of chemical descriptors for selected surfaces of anatase and rutile TiO2. The aim is twofold: we want to provide chemically meaningful information on the surface reactivity, and benchmark the descriptors for two ab initio schemes. To do so, we compute the oxygen vacancy formation energy, and the corresponding electronic structure, in four slab models with two different computational schemes (DFT+U and DFTB). In this way, we characterize the robustness of the dataset, with the purpose of scaling up to more realistic model systems such as nanoparticles or explicit solvent, which are too computationally demanding for state-of-the-art density functional theory approaches.

Introduction

TiO2 is a versatile material with applications in a variety of technological fields. [START_REF] Burello | A Theoretical Framework for Predicting the Oxidative Stress Potential of Oxide Nanoparticles[END_REF][START_REF] Liu | Development of Structure-Activity Relationship for Metal Oxide Nanoparticles[END_REF][START_REF] Xia | Comparison of the Mechanism of Toxicity of Zinc Oxide and Cerium Oxide Nanoparticles Based on Dissolution and Oxidative Stress Properties[END_REF][START_REF] Ropers | Titanium Dioxide as Food Additive[END_REF] From the construction to the food additive industry, TiO2 has been used widely with a decreasing trend of use after recent regulations. [START_REF] Blaznik | Use of Food Additive Titanium Dioxide (E171) before the Introduction of Regulatory Restrictions Due to Concern for Genotoxicity[END_REF] TiO2 is also an excipient in medicinal products and a pigment and thickener component in personal care products, [START_REF] Weir | Titanium Dioxide Nanoparticles in Food and Personal Care Products[END_REF][START_REF] Peters | Characterization of Titanium Dioxide Nanoparticles in Food Products: Analytical Methods To Define Nanoparticles[END_REF] and is found in mineral sunscreen products as UV filters. 8,9 Because of its wide range of applications and presence in everyday market products, TiO2 brings a reasonable further demand for knowledge related to the toxicology perspective. [START_REF] Elstner | Self-Consistent-Charge Density-Functional Tight-Binding Method for Simulations of Complex Materials Properties[END_REF] Among many different toxicological mechanisms, the oxidative potential of metal oxides is a key parameter to enable the prediction of Reactive Oxygen Species (ROS) formation, which, in turn, is related to the cytotoxicity of materials. In particular, statistical studies between the relationship of physicochemical properties of TiO2 (as well as other oxides or metal systems) with the toxic effect of the materials [START_REF] Rybińska-Fryca | Structure-Activity Prediction Networks (SAPNets): A Step beyond Nano-QSAR for Effective Implementation of the Safe-by-Design Concept[END_REF][START_REF] Mikolajczyk | Nano-QSAR Modeling for Ecosafe Design of Heterogeneous TiO2-Based Nano-Photocatalysts[END_REF][START_REF] Beyer | Unimolecular Reactions of Dihydrated Alkaline Earth Metal Dications M2+(H2O)2, M = Be, Mg, Ca, Sr, and Ba: Salt-Bridge Mechanism in the Proton-Transfer Reaction M2+(H2O)2 → MOH+ + H3O+[END_REF][START_REF] Boukhvalov | Development of Theoretical Descriptors for Cytotoxicity Evaluation of Metallic Nanoparticles[END_REF][15] have been extensively performed using different approximations, demonstrating that correlation. The relevance between ROS formation and the oxidative potential, which is directly related to the bandgap value (defined as the difference between the conduction and valence band energy levels), has been shown in previous works. Since the formation of oxygen vacancies in TiO2 has been connected to the reducibility, such a process has been extensively used to explain the properties of bulk and surfaces. 16- 22 Also related to reducibility, TiO2 has been reported in the literature to be phototoxic and dependent on several factors such as morphology [START_REF] Tong | Effects of Material Morphology on the Phototoxicity of Nano-TiO2 to Bacteria[END_REF] , size [START_REF] Xiong | Size of TiO2 Nanoparticles Influences Their Phototoxicity: An in Vitro Investigation[END_REF] or corona proteins [START_REF] Garvas | Protein Corona Prevents TiO2 Phototoxicity[END_REF] to cite a few. Understanding the mechanisms behind the light induced toxicity would require sophisticated theoretical methods and will not be addressed in the present work. Instead, the focus will be put on the characterization of oxygendeficient TiO2 systems to investigate the potential use of computational features as toxicity descriptors in realistic models.

Theoretical nanoparticles (NP) related studies are available for high-level electronic correlation and electronic structure methods. Some works report the comparison of different computational schemes such as density functional theory (DFT) based tight binding DFTB and Hybrid-DFT [START_REF] Selli | Modelling Realistic TiO2 Nanospheres: A Benchmark Study of SCC-DFTB against Hybrid DFT[END_REF][START_REF] Spiegelman | Density-Functional Tight-Binding: Basic Concepts and Applications to Molecules and Clusters[END_REF] . These studies enable a well-detailed NP property analysis, explaining theoretical insights of surface physics and chemistry by covering the different levels of solution methodologies, focusing on geometry, electronic structure and surface reactivity of non-reduced particles [START_REF] Rousseau | Theoretical Insights into the Surface Physics and Chemistry of Redox-Active Oxides[END_REF] . To the best of our knowledge, the reducibility and in particular the oxygen vacancy formation energy calculation, have not been addressed yet as regards the use of DFTB vs DFT schemes.

The state-of-the-art methodology for studying accurately titania materials is based on the electronic structure. The electronic structure is obtained from implementing quantum methods such as DFT, combined with a set of plane waves basis and pseudopotentials in periodic boundary conditions. The 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 Simulation of the Liquid-Metal-Amorphous-Semiconductor Transition in Germanium[END_REF][START_REF] Kresse | Ab Initio Molecular Dynamics for Liquid Metals[END_REF] is widely used among the different available codes in the materials science community. Using the pure DFT approximation allows the fast evaluation of energy through Kohn-Sham orbitals for systems up to approximately 500 atoms. To tackle nanotoxicity phenomena, it would be desirable to calculate more realistic systems such as nanoparticles of few nanometers, or to explicitly include solvent and coating. Note that in practice, the study of surfaces is done by creating slabs repeated in 3D and containing a vacuum space to prevent interaction between successive slabs. This computational approach is computationally challenging for the DFT method since the required atoms are much larger than 500. The implicit solvent [START_REF] Mathew | Implicit Solvation Model for Density-Functional Study of Nanocrystal Surfaces and Reaction Pathways[END_REF] , although not ideal, is an improvement to evaluate solvation effects.

On the other side, DFTB theory allows efficient processing of a system containing up to 10.000 atoms, which makes it useful to study TiO2 properties and toxicity. In this case, the theoretical model size becomes comparable to the experimental samples. Currently, DFTB can be solved by the DFTB+ 10,33 code package. DFTB+ numerical solver is a quantum mechanics based, open-source code. In order to assess the scalability between DFT and DFTB methods, and the reliability of the electronic structure provided by DFTB, a set of representative descriptors must be compared.

In the present work, we compute the oxygen vacancy formation energy and electronic structure for selected TiO2 stoichiometric surfaces using the two methods: DFT and DFTB. The first one is based on the plane-wave DFT, and the second is based on the self-consistent charge DFTB (SCC-DFTB). We compare the formation of oxygen vacancy's energetic and electronic features as a descriptor of titania surface reducibility. Four different surfaces are considered, namely anatase (101), anatase (100), anatase (001) and rutile (110). Our final goal is to compare the results obtained by the two approaches so as to assess the reliability and robustness of the results. Two frequently used computational settings are chosen. The aim of this comparison is ultimately to answer the following questions: What may serve as a foundation for describing nanotoxicity from a modeler point of view? What are the similarities and differences in the results obtained by the two methodologies? Note that the focus in the present work is put on the stability of the reduced, defective TiO2 models, therefore the nature and stability of ROS is not addressed.

Computational Methods

DFTB in DFTB+

The calculations used in this study to determine the oxygen formation vacancy process rely on the self-consistent charge (SCC) DFTB technique and the DFTB+ software code [START_REF] Elstner | Self-Consistent-Charge Density-Functional Tight-Binding Method for Simulations of Complex Materials Properties[END_REF][START_REF] Aradi | a Sparse Matrix-Based Implementation of the DFTB Method †[END_REF] . The key aspects of this concept originated from traditional Density Functional Theory (DFT), and the fundamentals of the methodology can be found in the literature [START_REF] Elstner | Self-Consistent-Charge Density-Functional Tight-Binding Method for Simulations of Complex Materials Properties[END_REF][START_REF] Koskinen | Density-Functional Tight-Binding for Beginners[END_REF][START_REF] Seifert | Tight-Binding Density Functional Theory: An Approximate Kohn-Sham DFT Scheme †[END_REF] . The Slater-Koster files, which contain all parameterized Vrep of the different atoms in the simulations and symmetry operation transformations for SCC-DFTB simulation experiments, are those of the TIORG set for Ti interactions with O, which can be found on the www.dftb.org web page with all details. TIORG set of interactions was adjusted using hybrid DFT functional B3LYP with the Pople-style double-ζ 6-31G(d). For the sake of comparison, calculations have also been performed on the MATSCI set of interactions (also available on www.dftb.org), which was adjusted from PW91 GGA DFT functional; results are displayed in Section 1 and 2 in the Supporting Information.

The total electronic energies were converged until a criterion of 10 -5 eV in the system's total energy (SCC Tolerance) was reached through SCC cycles. The included script component, hamiltonian, relies on the electronic optimization (spin-polarized) procedure of the desired system by recognising Slater-Koster libraries. Driver in the script is responsible for changing the geometry of the input structure during the calculation. Among the currently available other methods, the conjugated gradient option was employed for geometry optimisation with a convergence criterion of 10 -3 in the maximum force component. All simulations were performed in the framework of 3D periodic boundary conditions (pbc).

DFT in VASP

VASP evaluates an approximate solution to the many-body Schrödinger equation, either using DFT to solve the Kohn-Sham equations or using the Hartree-Fock (HF) approximation to solve the Roothaan equations. Hybrid functionals, which combine the HF method with density functional theory, are also implemented. Central variables like one-electron orbitals, electronic charge density, and local potential are represented in plane-wave basis sets in VASP. Electron-ion interactions are modelled using normconserving or ultrasoft pseudopotentials or the projector-augmented-wave technique.

VASP employs efficient iterative matrix diagonalisation approaches to find the electronic ground state, such as the residual minimisation method with blocked Davidson algorithms or direct inversion of the iterative subspace (RMM-DIIS).

In this work, the PBE Perdew-Berke Ernzerhof functional, spin-polarized, is employed [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] . A planewave basis set of cutoff 400 eV described the valence electrons (H, Ti and O described by 1, 4 and 6 valence electrons, respectively), while the core electrons are represented by projector Augmented Wave (PAW) pseudopotentials [START_REF] Kresse | Ab Initio Molecular Dynamics for Liquid Metals[END_REF][START_REF] Blöchl | Projector Augmented-Wave Method[END_REF] . The 3d electrons of Ti were treated with the effective Hubbard onsite Coulomb interaction parameter (U' = U-J = 4 eV ) [START_REF] Dudarev | Electron-Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA U Study[END_REF] . The Brillouin zone was sampled with a ~0.02 Å -1 spaced k-point grid. This computational setting has been successfully used to describe TiO2 rutile and anatase systems [START_REF] Wei | Understanding the Role of Rutile TiO 2 Surface Orientation on Molecular Hydrogen Activation[END_REF][START_REF] Wei | The Subsurface Diffusion of Hydrogen on Rutile TiO2 Surfaces: A Periodic DFT Study[END_REF] . The conjugate gradient algorithm was used for the geometry optimisation, with energy convergence criteria of 10 -3 eV for the ionic and 10 -4 eV for the electronic loop. All the atoms were allowed to relax. The same slabs, used in previous studies [START_REF] Wei | The Subsurface Diffusion of Hydrogen on Rutile TiO2 Surfaces: A Periodic DFT Study[END_REF][START_REF] Wei | Hydrogen Activation on Anatase TiO2: Effect of Surface Termination[END_REF][START_REF] Tielens | Characterization of Amorphous Silica Based Catalysts Using DFT Computational Methods[END_REF] , were used for VASP and DFTB calculations. They are available as Supporting information in the references cited.

Oxygen Vacancy Formation Energy

The energy cost associated to remove an oxygen from the stoichiometric systems EVO is calculated as:
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where MO2n-1 and MO2n correspond to oxygen deficient and stoichiometric system respectively, and O2 the oxygen gas-phase molecule calculated in a box. The lower the EVO value, the easier the reduction. The O-deficient systems are open-shell because the removal of a neutral oxygen leaves two electrons trapped in titanium sites. Thus, two titanium Ti 4+ sites become formally Ti 3+ . The structures were calculated for singlet (Nα-Nβ=0) and triplet (Nα-Nβ=2) configurations, the results are presented in Table 1 and S1 and discussed below.

Slab Models

Periodic 3D slabs cut out from the bulk rutile and anatase have been used. A vacuum of at least 12 Å was used to prevent interaction between slabs. The bare slabs are available in the supporting information of references [START_REF] Wei | The Subsurface Diffusion of Hydrogen on Rutile TiO2 Surfaces: A Periodic DFT Study[END_REF][START_REF] Wei | Hydrogen Activation on Anatase TiO2: Effect of Surface Termination[END_REF][START_REF] Tielens | Characterization of Amorphous Silica Based Catalysts Using DFT Computational Methods[END_REF] . Figure 1 displays the slabs models (supercells) used for the anatase (001), ( 100) and (101) surfaces as well as the rutile (110) slab. It also includes the labeling for each generated vacancy. The simulation cell of the anatase (001) plane had lattice parameters of a=b=7.74 Å and 12.73 Å in thickness. Energies were evaluated on a 3x3x1 reciprocal space grid. The systems consisted of 72 (24Ti, 48O) atoms. For anatase (100), parameters were a=7.74 Å, b=9.56 Å, and 13.55 Å in slab thickness, with a k-points grid of 2x3x1 and consisted of 96 (32Ti, 64O) atoms. Lastly, in the anatase group, anatase (101) surface had a=10.32 Å, b=7.74 Å, and thickness 13.16 Å. It consisted of the same k-points grid and atoms as anatase (100). We named those structures A-001, A-100 and A-101, respectively. The removal of an oxygen atom on anatase (001) gave oxygen deficiency of 1 in 48 atoms (2.08% oxygen deficiency); on anatase (100) and (101), it was 1 in 64 atoms (1.56% oxygen deficiency).

Finally, the rutile slab model of this study (R-110 32Ti, 64O) has 12.47 Å slab thickness, a 4x2x1 kpoints grid and a=5.92 Å and b=13.18 Å. When removing an oxygen atom, oxygen deficiency was 1 in 64 atoms (1.56% oxygen deficiency).

Results

In this section, we report the results obtained for oxygen vacancy formation energies and the electronic structure calculations (density of states and charges) for both methodologies. For the sake of comparison on methodologies, we present the relative stability of the studied structure using MatSci (derived from PW91 DFT) vs Tiorg implementations on DFTB in Table S1. That comparison shows that, because differences in energies are small (<0.2 eV) for some structures (electronic and geometric), the relative stability may easily change depending on the method used for calculations. Rutile shows in all studied cases a higher EVO formation energy than anatase, which is in agreement with the larger reducibility of anatase respect to rutile for DFT simulations. Nevertheless, for DFTB, rutile shows a competitive EVO value for reduction respect to anatase (only 0.15 eV lower than Osub for A-100 and A-101).

Energetics

In On the other hand, as a general rule, the most reducible site corresponds to the most exposed 2-fold coordinated oxygen atom is on the surface. For DFTB, the O2c energy is 5.62 for R-110 and 6.30 eV for A-101, and 5.72 for A-001 and 5.81 for A-100. However, for A-100 and A-101 the most reducible site for DFTB is the Osub, with only 5.77 and 5.78 eV; for VASP in A-(100), energy for Osub is only 0.04 eV higher than the O2c, the reason is that a strong relaxation moves the O2c in the surface to replace the vacant oxygen in the subsurface, leading to a geometry similar to O2c.

Comparison with literature results is not straightforward due to the different computational setups and the models used. In ref [START_REF] Ha | Oxygen Vacancies of Anatase(101): Extreme Sensitivity to the Density Functional Theory Method[END_REF] , which uses Quantum Espresso PBE+U among others, it is shown that the values and relative ordering of O-vacant A-101 models is sensitive to the computational setting, we obtain similar values and trends: 3.61 eV vs our 3.48 eV for O2C, 4.71 eV vs our 4.88 eV for O3C. In reference [START_REF] Bouzoubaa | Comparison of the Reduction of Metal Oxide Surfaces: TiO2-Anatase, TiO2-Rutile and SnO2-Rutile[END_REF] , with the PW91 functional and narrower slabs, half surface coverage and relaxation limited to neighbouring atoms, EVO values are found larger than our VASP values, especially for anatase slabs: A-001O2C is 4.60 eV vs our 2.80 eV; A-100 O2C is 4.63 eV vs our 3.32 eV, R-110 O2C is 4.21 eV vs our 3.63 eV. It can be concluded that a numerical comparison has to be done carefully despite the fact that the trends seem to be captured.

Relaxation

Removal of a lattice oxygen atom induces moderate relaxation of the atoms neighbouring the vacancy. The distance between 2 Ti across the vacancy increases, as shown in Figure 2, for both DFT and DFTB methods. For instance, the A-001 Ti-Ti distance goes from 3.870 Å in the bare slab to 4.615 Å and 4.325 Å (DFT and DFTB, respectively) in the presence of an O2c vacancy. The Ti-O bonds exhibit an increase of ~5% at the DFT level, where they express a decrease of the same order in the case of DFTB, concerning the unrelaxed distance. In the case of DFT, this is a consequence of the electronic redistribution, with two excess electrons that form Ti 3+ sites bigger in size than Ti 4+ . In the case of A-100 Osub and A-101 Osub2, the conjugate gradient algorithm used in VASP finds a minimum that resembles the O2c system: the O2c atom moves and fills the vacancy. In the case of DFTB, the situation is similar; however, Ti 3+ atoms tend to insert more into the lattice, leading to shorter Ti-O distances; these differences in trends will be explained by differences in charge distributions in the next section. 

Charge Analysis

Table 2. Summary of charges on the two adjacent titanium atoms (three atoms for Osub structures) to oxygen vacancies on bare slab and on the most reducible structures for each method (in parenthesis, the most reducible structure). DFTB and VASP employ Mulliken-point and Bader [START_REF] Henkelman | A Fast and Robust Algorithm for Bader Decomposition of Charge Density[END_REF] Table 2 summarizes the charges on titanium atom for the most reducible structures respect to the bare slab found for each method. Although the formal charge on Ti atoms for TiO2 is +4, this material has a large covalent contribution, and charges on Ti are much lower than expected. In addition, the way charges are evaluated differs between the codes employed. For the VASP results, the Bader scheme was employed [START_REF] Henkelman | A Fast and Robust Algorithm for Bader Decomposition of Charge Density[END_REF] , whereas DFTB makes use the Mulliken-point charge scheme.

Thus, DFTB calculations have previously depicted values much lower, in the range of +0.76 to +0.86 |e|, and for oxygen atoms the charge range is only from -0.35 to -0.45|e| [START_REF] Fox | Bulk and Surface Properties of Rutile TiO2 from Self-Consistent-Charge Density Functional Tight Binding[END_REF] . Our results for bare slabs in DFTB show a similar trend, varying charges from +0.83 to +1.00 |e|, increasing the charge value from the outer-most Ti atoms to the most internal ones of slabs. When creating the oxygen vacancy, the charge on O atoms is reduced. The less affected charge is the one on Ti atom on rutile structure, which being symmetric both Ti atoms just reduce from +0.83 to +0.70 |e|. The reduction is more important on the A-001 structure, with the same two-fold coordinated oxygen vacancy as for rutile. In this case there is a clear reduction from +0.86 to +0.50 |e| on Ti atoms. This trend is even larger in the tricoordinated sublayer structures in A-100 and A-101 , where the most reduced Ti atoms decrease the charge to +0.26 and +0.33|e| respectively on the surface sites, being the other Ti atoms of the tricoordinated site less reduced (+0.70 to +0.81 |e|).

For the VASP results, the absolute values are much higher than for DFTB. Typical values for Ti sites are +2.66-+2.70 |e| for stoichiometric systems, and decrease to +2.20/+2.42 |e| for reduced systems.

Whereas the anatase reduced systems exhibit lower values of +2.20/+2.30 for Ti charges, the rutile slab shows slightly larger values, +2.42/+2.41. The decrease observed in the charge on Ti sites correponds to the reduction of the sites by the excess electrons. This is confirmed by the integration of the spin density which gives values close to 1 on each of the Ti sites with lower charge (those presented in Table 2). O values range between -1.30/-1.37 |e| for the surface stoichiometric sites, and increase to -1.40/-1.42 |e| for the defective slab models, showing a redictribution of the electron density due to the excess electrons.

A remark concerns the localization of the excess electrons in neighboring Ti sites. Although in our study the electronic optimization leads to the reduction of two Ti sites close to the oxygen vacancy, such solution is not always the least energy solution and often quasi-degenerate states appear [START_REF] Franchini | Polarons in Materials[END_REF][START_REF] Di Valentin | Reduced and N-Type Doped TiO2: Nature of Ti3+ Species[END_REF] . A systematic study where all the possible distributions are considered would be needed, and it is out of the scope of the present work that relies on a semi-quantitative comparison between DFTB and VASP.

Finally, it is important to note that the spin states consider either singlet (Nα-Nβ=0) or triplet (Nα-Nβ=2) solutions. Whereas the two methods agree for the O2C states being a triplet (Table 1), discrepancies are observed for the other vacancy types. Both DFTB settings, based on B3LYP (Tiorg) and PW91 (Matsci), seem to exhibit a preference for singlet states, although the difference in energy with triplet states may be small, such as in R-110 O2C where DFTB Tiorg shows 0.08 eV less stable the singlet, whereas Matsci stabilizes the singlet by 0.10 eV with respect to the triplet (Table S1). On the contrary, VASP seems to favor triplet states, with almost isoenergetic values for R-110 Osub1, A-001 Osub1 and O3C, A-100 Osub1, A-101 Osub2. In conclusion, the cases where the singlet-triplet spin states are close in energy, seem to be captured by the two methods, although a finer electronic state analysis is required to provide more accurate description.

Density of States

The electronic structure of titania systems changes drastically in the presence of oxygen vacancies due to the excess electrons transferred to titanium sites. As a result, the systems may exhibit open-shell spin configurations that should be reflected in the corresponding density of states (DOS), see for instance [START_REF] Helali | Scaling Reducibility of Metal Oxides[END_REF][START_REF] Di Valentin | Electronic Structure of Defect States in Hydroxylated and Reduced Rutile TiO2(110) Surfaces[END_REF][START_REF] Ha | Oxygen Vacancies of Anatase(101): Extreme Sensitivity to the Density Functional Theory Method[END_REF] . The main feature is the presence of states in the bandgap, which using DFT+U (or hybrid functionals) corresponds to localized electrons on two distinct Ti sites. For the sake of comparison of methods and how they exhibit electronic features, we include in Figure S2 of the Supporting Information the DOS of bulk 2x2x2 TiO2 at both DFT and DFTB levels, with GGA(+U) and hybrids implementations. It can be observed that the excess electrons occupy a Ti 3d level in the bottom of the conduction band (GGA Matsci DFTB), whereas it lies as an isolated state in the band gap for the methods using hybrid functionals (Tiorg DFTB and B3LYP VASP) as well as DFT+U VASP.

The VASP calculated DOS is in very good agreement with the literature as regards the open-shell nature of the reduced systems, and the presence of localized states in the gap. Figure 3 displays the total DOS for stoichiometric and defective A-001 slabs. It can be observed that the stoichiometric slab displays a bandgap of 1.6 eV in the region -0.3 to 1.3 eV. In the same region, all the oxygen-deficient slabs present localized states: O2c as a peak centred at 0.20 eV, O3c as a peak centered at -0.22, Osub as a peak centered at 0 eV and Obulk as a more delocalized state between -0.4 and 0.3 eV. The other slabs present similar features, in all cases the peaks in the gap corresponding to Ti 3d states carrying unpaired electrons in agreement with the Bader spin density analysis (not shown). Figure 4 shows the total DOS for DFTB for the A-001 structure (analogue to Figure 3). This time, the bare slab presents a wider bandgap of 2.8 eV, from -2.8 to -0.0 eV. Again, all the reduced systems show localized states in the gap, this time much closer to the conduction band than on Figure 3: O2c as a peak centred at -0.6 eV, O3c as a peak centered at -0.4 eV, Osub as a peak centered at -0.7 eV and Obulk a state at -0.5 eV. This trend is similar to DFT. A deeper analysis of the DOS and their projection on atomic species orbitals (PDOS) for DFTB can be found in the Figures S2 to S5 of Section 3 in Supporting Information; in general, the effect of removing oxygen atoms from the slabs is the reduction of DOS on the top site of the valence band and the appearance of the peak in the bandgap.

Discussion

Figure 5 displays the VASP and DFTB EVO values for selected O-deficient systems. The EVO values show that the surface termination is selective: A-001 presents the lower values followed by A-100, A-101 and R-110. This is consistent with the literature where anatase is found to be more reducible than rutile. However, to have a quantitative comparison, many effects need to be considered: computational setting, a structural model used, coverage, symmetry, etc.

The coordination of the O atom removed seems directly related to the energy cost: the lower coordinated O2c needs lower EVO values. However, subsurface positions are in some cases found more stable for DFTB and even competitive with O2c as in the case of A-100 where O2c is 3.32 eV and Osub 3.36 eV (VASP), 5.81 and 5.77 eV (DFTB). In all cases, O3c and Obulk values display the higher EVO values.

The comparison between VASP and DFTB values shows a systematic increase of EVO for DFTB compared with VASP. This could be due to the different setup and/or value for O2 molecule that is known to be badly described by DFT. Also, the VASP values are more dispersed than the DFTB ones (~1.5 eV range vs < 1 eV respectively). Interestingly, the trend of EVO obtained with VASP and DFTB is similar, as can be seen in Figure 5. The O2c and Osub positions show the lowest EVO values in all the cases. In the case of DFTB, the trend O2c-Osub might be inversed. Charge analysis shows that the formation of oxygen vacancies decreases the absolute charge on the atoms neighbouring the defect, irrespective of the method used. However, it can be observed that the VASP values are higher than the DFTB ones due to different schemes of partitioning the charge, as previously shown at DFT, hybrid and post-HF schemes [START_REF] Koch | On the Charge State of Titanium in Titanium Dioxide[END_REF] . However, in both cases, one clearly sees the reduction of adjacent Ti atoms to the oxygen vacancy.

As for the DOS, the two methods display the appearance of peaks in the bandgap upon reduction. However, the position of the peak is closer to the valence band for VASP, and closer to the conduction band for DFTB. This is associated with the functional used, PBE+U for the former vs the DFTB implementation using B3LYP for the latter. The states are localized in the Ti sites that become reduced. This effect is observed in the charge decrease, and the integrated Bader spin density for all the slabs studied.

DFTB and DFT+U calculations presented in this paper are based on B3LYP and GGA+U, respectively. Note bandgap states can be scrutinized through both of these computational methodologies. Besides, Evo trends and bandgap graphics obtained from VASP and DFTB seem to have similar values and be meaningful measures.

Charge delocalization analysis is valuable for its pivotal role to describe the relation among Ovac, reducibility and ROS production. The study supports DFT+U by showing that the U value can reproduce the experimental value to describe TiO2 nanoparticles´ electronic structure. [START_REF] Morales-García | On the Use of DFT+U to Describe the Electronic Structure of TiO2 Nanoparticles: (TiO2)35 as a Case Study[END_REF] We conclude that, regardless of the methodology, our study shows an apparent adjacent Ti atoms reduction to Ovac. This allows us to mention that both DFTB and DFT+U would consistently serve the purpose of being used for NP toxicology studies, in a semi-quantitative manner.

Finally, we want to make some considerations on how the oxygen vacancies in TiO2 may increase the toxicity of the material. On the one hand, the formation of Ovac may lead to the release of Reactive Oxidative Species due to the redox potential of Ti 3+ . Besides, the presence of oxygen vacancies introduces in the reduced material new sites that may be a source for reactivity. On the other hand, the inclusion of oxygen vacancies creates the states in the bandgap, close to the conduction band for DFTB; and, at the same time, the conduction band decreases its energy and gets much closer to the Fermi level. This fact, together with the lower Z/r ratio of Ti 3+ respect to Ti 4+ , may explain higher toxicity by the rule found by Liu et al. [START_REF] Liu | Development of Structure-Activity Relationship for Metal Oxide Nanoparticles[END_REF] , that shows that metal oxides showing particular conduction band energies and small Z/r ratios are much more toxic than other metal oxides. The relationship between oxygen vacancies formation energies and other reducibility descriptors (band gap, electron affinity…) has also been reported for other potential nanotoxic metal oxides such as ZnO, CeO2 or SiO2 [START_REF] Helali | Scaling Reducibility of Metal Oxides[END_REF][START_REF] Deml | Intrinsic Material Properties Dictating Oxygen Vacancy Formation Energetics in Metal Oxides[END_REF] .

Conclusions

In the present work, the comparison between two widely used computational methods, VASP (PBE+U, plane waves) and DFTB (SK files adjusted on a base of B3LYP, Pople-style double-ζ 6-31G(d) calculations ), has been conducted to analyze the formation of oxygen vacancies in TiO2 slab models. Both schemes provide qualitative agreement as regards the energetics of formation of vacancies and the sites involved: anatase are more reducible than rutile slabs, and O2c sites are the easiest to remove. However, some discrepancy occurs for A-100 and A-101 where the two methods do not predict the same site. The charge analysis provides similar results regarding the decrease of charge upon reduction, with different absolute charges though; this is likely due to the different ways of computing charges. Finally, the electronic structure is analyzed by obtaining DOS that, in the two methods, show similar behaviour: localized peaks in the gap of the reduced material. However, the relative position of the peak in the gap is significantly different when using DFT+U or DFTB schemes used in this work. In conclusion, the two computational schemes converge to the same qualitative results and trends, but some caution is needed to conduct a quantitative comparison, in particular as regards the accuracy for using of oxygen vacancy as a descriptor for toxicologic studies.

Figure 1 :

 1 Figure 1: Side view of the cells for (001), (100), (101) surfaces of the anatase (A) and (110) surface of rutile (R). Ti atoms in blue, O atoms in red. Oxygen sites that are removed for each vacancy are here labeled.

Figure 2 :

 2 Figure 2: Selected distances (in Å) before and after relaxation for the slab models of O2c vacancies used in the present work. The cross indicates the atom removed and the dashed circle the position of the vacancy. For the sake of simplicity, only the VASP values are shown, the DFTB are described in the text.

Figure 3 :

 3 Figure 3: Total density of states obtained for the A-001 slab model, stoichiometric (slab) and defective for DFT. The reduced systems show a peak in the middle of the gap, indicating localized excess electrons in the Ti sites (indicated with an arrow). The top of the valence band is aligned for all the systems for the sake of comparison.

Figure 4 :

 4 Figure 4: Total density of states obtained for the A-001 slab model, stoichiometric (slab) and defective for DFTB. The reduced systems show a peak in the middle of the gap, indicating localized excess electrons in the Ti sites (indicated with an arrow). The top of the valence band is aligned for all the systems for the sake of comparison.

Figure 5 :

 5 Figure 5: Schematic behaviour of the EVO for selected stable vacancies found for VASP and DFTB.

Table 1 .

 1 Summary the settings used. VASP calculations performed in this work are based on the Generalised Gradient Approximation (GGA+U), whereas DFTB implementation for the Slater-Koster files Tiorg used in this work are based on the hybrid B3LYP functional.

	Surface	Method	Obulk	Osub1	Osub2	O3c	O3c_2	O2c
	A-001	DFTB	6.44 (s)	6.01 (s)	/	6.03 (s)	/	5.72 (t)
		VASP	4.35(t)	3.88(s)	/	3.89(s)	/	2.80(t)
		Literature				5.46(s) a		4.60(s) a
	A-100	DFTB	6.38 (s)	5.77 (s)	6.15(s)	6.38 (s)	/	5.81 (t)
		VASP	4.51(t)	to O2c	4.49(t)	4.65(t)	/	3.32(t)
		Literature				5.56(s) a		4.63(t) a
	A-101	DFTB	6.47 (s)	6.26 (s)	5.78 (s)	6.50 (s)	6.31 (s)	6.30 (t)
		VASP	4.47(t)	3.94(s)	to O2c	4.88(s)	4.47(t)	3.48(t)
		Literature		4.50(t) b	4.43(st) b	4.71(t) b	4.62(t) b	3.61(t) b
	R-110	DFTB	7.02 (s)	6.49 (s)	5.97 (s)	6.59 (t)	/	5.62 (t)
		VASP	4.45(t)	4.91(st)	4.24(t)	4.41(t)	/	3.63(t)
		Literature				5.27 (t) a		4.21(t) a
	a Data from 43						

of the EVO values obtained computed following equation 1 in eV. Labelling of Ovac is displayed in Figure

1

. In parenthesis, the most stable electronic state for the structure (s: singlet; t:triplet).

b Data from

[START_REF] Ha | Oxygen Vacancies of Anatase(101): Extreme Sensitivity to the Density Functional Theory Method[END_REF] 

, spin polarized are labelled (t) in the table

Table 1

shows the EVO cost formation for all studied structures, for both at DFTB and DFT levels, for the most stable electronic structure in each case (singlet or triplet). Absolute values for DFTB are always larger (between 5.62 and 7.02 eV) than DFT (2.80 to 3.63 eV). This difference in absolute values comes from

  general, the Obulk vacancies show the largest energy for all structures and methods. For DFTB, this moves in a narrow range of 6.38 to 6.47 eV in anatase and 7.02 for rutile; for VASP, these values are 4.35 to 4.51 for anatase and 4.45 eV for rutile. Nevertheless, for A-100 and A-101, DFTB displays almost an equal value (6.38 and 6.47 eV, respectively for each surface) for the bulk oxygen and the tricoordinated (O3c) oxygen on the surface (6.38 and 6.50 eV), and VASP displays also differences for the Obulk (4.51 and 4.47 eV) and O3c (4.65 and 4.88 eV). Rutile (110) follows the general trend for DFTB, but VASP presents similar results to A-100 and A-101, being the O3c vacancy (4.41 eV) close to the bulk value (4.45 eV).
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