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Ab initio prediction of the redox potentials of 3d transition metals embedded in a semiconducting host lattice

Here, we report a theoretical investigation devoted to the ab initio determination of the redox potentials E(D n+ /D n+1 ) of a dopant D in a given host lattice. The knowledge of these potentials is of capital importance to anticipate its attainable oxidation states (versus the synthesis conditions).

Hereafter the host lattice has been selected to be the well-known rutile TiO2 compound due to its interest for many applications, the simplicity of its crystal structure and the large number of already collected data. Dopants are 3d transition metals (i.e., V, Mn, Fe, Ni and Cu) substituting titanium atoms. First-principles methods combined to the SCAN functional were used to determine the electronic properties of doped materials considering the supercell approach. The stability of point defects (intrinsic and extrinsic) at different charge states are discussed based on the estimation of their defect formation enthalpies, and the associated charge transition levels are calculated and positioned in the gap of the un-doped material.

Introduction

Physical properties of a semiconducting phase can be significantly improved via the control of its intrinsic defects. Hence, the existence of donor (acceptor) levels has to be privileged at the expense of acceptor (donor) ones to favor n-typeness (p-typeness). Substitutions can also play a major role in engineering the performances of a material or to develop new functionalities. In that framework, the question to be addressed therefore concerns the dopability of the material and the achievable oxidation states of the dopant (also called impurity in the following) in our host lattice.

Hereafter, we assess the ability of DFT calculations to predict the stability of a 3d transition metal (namely, V, Mn, Fe, Ni and Cu hereafter generically named TM) used as dopant in the well-known TiO2 rutile compound.

Beyond the fact that TiO2 is environmentally friendly, this compound presents other advantages such as a high chemical stability and a low cost which strongly encourage its incorporation into daily life objects. Regarding the electronic properties, this wide band gap material belongs to the transparent semiconducting oxide's family. Point defects have already been widely investigated for the rutile TiO2 phase through experimental and theoretical studies, [START_REF] Cronemeyer | Electrical and Optical Properties of Rutile Single Crystals[END_REF][START_REF] Breckenridge | Electrical Properties of Titanium Dioxide Semiconductors[END_REF][START_REF] Cronemeyer | Infrared Absorption of Reduced Rutile TiO2 Single Crystals[END_REF][START_REF] Yahia | Dependence of the Electrical Conductivity and Thermoelectric Power of Pure and Aluminum-Doped Rutile on Equilibrium Oxygen Pressure and Temperature[END_REF][START_REF] Kobayashi | Investigation of Trapping States in a Nb-doped Rutile by Admittance Spectroscopy[END_REF][START_REF] Yagi | Electronic Conduction above 4 K of Slightly Reduced Oxygen-Deficient Rutile TiO2[END_REF][START_REF] Janotti | Hybrid Functional Studies of the Oxygen Vacancy in TiO2[END_REF][START_REF] Mattioli | Deep versus Shallow Behavior of Intrinsic Defects in Rutile and Anatase TiO2 Polymorphs[END_REF][START_REF] Morgan | Intrinsic N-Type Defect Formation in TiO2: A Comparison of Rutile and Anatase from GGA+U Calculations[END_REF][START_REF] Lee | Calculation of Point Defects in Rutile TiO2 by the Screened-Exchange Hybrid Functional[END_REF][START_REF] Bjørheim | Defect Chemistry of Rutile TiO2 from First Principles Calculations[END_REF][START_REF] Deák | Oxygen Deficiency in TiO2: Similarities and Differences between the Ti Self-Interstitial and the O Vacancy in Bulk Rutile and Anatase[END_REF][START_REF] Zainullina | Influence of Oxygen Nonstoichiometry and Doping with 2p-, 3p-, 6p-and 3d-Elements on Electronic Structure, Optical Properties and Photocatalytic Activity of Rutile and Anatase: Ab Initio Approaches[END_REF][START_REF] Zimmermann | Influence of Annealing Atmosphere on Formation of Electrically-Active Defects in Rutile TiO2[END_REF][START_REF] Han | Insights into the Characteristic Gap Level and N-Type Conductivity of Rutile TiO2 from the Hybrid Functional Method[END_REF] even if some conflicting points are still a matter of debate within the community such as the exact nature of the dominant defect or the depth of donor levels for oxygen vacancies. So far, great efforts have been devoted to take benefit of the natural properties of TiO2 and to enlarge its applications spectrum. Notably, TiO2 has been used as an host matrix for chemical doping. These intentionally introduced point defects are well-known to create local structural distortions and in-gap electronic states, [START_REF] Zunger | Electronic Structure of 3d Transition-Atom Impurities in Semiconductors[END_REF][START_REF] Kreissl | Transition-Metal Impurities in II-VI Semiconductors: Characterization and Switching of Charge States[END_REF][START_REF] Neumark | Defects in Wide Band Gap II-VI Crystals[END_REF][START_REF] Van De Walle | Defects and Impurities in Semiconductors[END_REF][START_REF] Feichtinger | Deep Centers in Semiconductors[END_REF] which may significantly modify the electronic, magnetic and/or optical properties of host materials. In the case of the TiO2 compound, the introduction of transition metal (TM) dopants has been reported to enhance photocatalytic, [START_REF] Yamashita | Characterization of Metal Ion-Implanted Titanium Oxide Photocatalysts Operating under Visible Light Irradiation[END_REF][START_REF] Kim | Photocatalytic Activity of Ni 8 Wt%-Doped TiO2 Photocatalyst Synthesized by Mechanical Alloying Under Visible Light[END_REF][START_REF] Mohamed | Adsorption and Photocatalytic Activity of Vanadium-Doped TiO2 and Sulfated TiO2 (Rutile) Catalysts: Degradation of Methylene Blue Dye[END_REF][START_REF] Zhou | Photocatalytic Decomposition of Formic Acid Under Visible Light Irradiation Over V-Ion-Implanted TiO2 Thin Film Photocatalysts Prepared on Quartz Substrate by Ionized Cluster Beam (ICB) Deposition Method[END_REF][START_REF] Zhou | Enhancement of Photocatalytic Activity of P25 TiO2 by Vanadium-Ion Implantation under Visible Light Irradiation[END_REF][START_REF] Li | Study on Activities of Vanadium (IV/V) Doped TiO2 (R) Nanorods Induced by UV and Visible Light[END_REF][START_REF] Yadav | Enhanced Photocatalytic Inactivation of Bacteria on Fe-Containing TiO2 Nanoparticles under Fluorescent Light[END_REF][START_REF] De | Temperature Dependent Optical Characterization of Ni-TiO2 Thin Films as Potential Photocatalytic Material[END_REF][START_REF] Zahid | Fabrication of Visible Light-Induced Antibacterial and Self-Cleaning Cotton Fabrics Using Manganese Doped TiO2 Nanoparticles[END_REF] electrocatalytic [START_REF] Hao | Investigation of V-Doped TiO2 as an Anodic Catalyst Support for SPE Water Electrolysis[END_REF][START_REF] Chang | Electrocatalytic Degradation of Azo Dye by Vanadium-Doped TiO2 Nanocatalyst[END_REF] or ferromagnetic [START_REF] Matsumoto | Room-Temperature Ferromagnetism in Transparent Transition Metal-Doped Titanium Dioxide[END_REF][START_REF] Wang | Ferromagnetism and Transport Properties of Fe-Doped Reduced-Rutile TiO2-δ Thin Films[END_REF][START_REF] Hong | Ferromagnetism at Room Temperature with a Large Magnetic Moment in Anatase V-Doped TiO2 Thin Films[END_REF][START_REF] Meng | Role of Oxygen Vacancies on Ferromagnetism in Fe-Doped TiO2 Thin Films[END_REF][START_REF] Park | Ferromagnetic Properties of Ni-Doped Rutile TiO2-δ[END_REF][START_REF] Tian | Effect of Annealing Conditions on the Magnetism of Vanadium-Doped TiO2 Powders[END_REF][START_REF] Grau-Crespo | The Interplay between Dopants and Oxygen Vacancies in the Magnetism of V-Doped TiO2[END_REF][START_REF] Navarro | Study of the Relation between Oxygen Vacancies and Ferromagnetism in Fe-Doped TiO2 Nano-Powders[END_REF][START_REF] Parveen | Room-Temperature Ferromagnetism in Ni-Doped TiO2 Diluted Magnetic Semiconductor Thin Films[END_REF][START_REF] Xia | Effect of Fe Doping and O Vacancies on the Magnetic Properties of Rutile TiO2[END_REF] properties, but also to alter the irreversible anatase-torutile phase transition. [START_REF] Hanaor | Review of the Anatase to Rutile Phase Transformation[END_REF] It remains evident that properties strongly depend on the electronic configuration of impurities, which is usually discussed through their oxidation state. If the targeted properties (magnetism for instance) are directly related to the electronic configuration of TM, the knowledge of the stability domain of a dopant species in a given charged state is capital. It is thus crucial to determine the redox stability domain of a dopant embedded in a given host lattice versus its charge state. In some aspects, one can make a parallel with the pKa of an acid/base couple that provides information on the acid (base) and conjugate base (acid) species concentrations in solution at a given pH. Determination of the redox potential E(D n+ /D n+1 ) associated to a transition frontier (or level) between a dopant 𝐷 with the charge states 𝑛 + and 𝑛 + 1 opens up the door to anticipate the observed oxidation state of the dopant for a given external potential, or more commonly, a given electronic potential 𝜇 𝐸 𝐹 . More specifically, this potential corresponds to the electrons' electrochemical potential at which the oxidized and reduced species coexist in identical concentrations. When the measured potential leaves the equilibrium point, the expected population of each species drastically evolves according to a Boltzmann distribution. Hereafter, the electronic potential 𝜇 𝐸 𝐹 value at which the concentrations of two charge states 𝑞 and 𝑞′ of the same point defect are equilibrated is called transition level 𝜖(𝑞/𝑞′) (with 𝑞′ possibly different from 𝑞 + 1 or 𝑞 -1). The knowledge of these points is of particular interest for experimentalists who would be able to orientate syntheses to favor specific charge states of defects in a given host structure to achieve the desired properties.

Mizushima et al. [START_REF] Mizushima | Photoconductivity Spectra of Fe-Doped TiO2[END_REF][START_REF] Mizushima | Energy Levels of Iron Group Impurities in TiO2[END_REF][START_REF] Mizushima | One Electron Energy Levels of Iron Group Impurities in TiO2[END_REF] firstly reported combined experimental and theoretical systematic investigation of transition levels for TM impurities in rutile TiO2. Experimentally, oxygen content in synthesis atmosphere and lithium interstitials have been used to tune the position of 𝜇 𝐸 𝐹 and approach the stability domains of charged defects. By the use of a semi-empirical procedure [START_REF] Allen | Proceeding 7th Int. Conf Semicond[END_REF] , transition level positions were estimated for different oxidation states of several TMs. These studies have been completed by photocurrent and ESR measurements few years later [START_REF] Mizushima | Impurity Levels of Iron-Group Ions in TiO2 (II)[END_REF] . Surprisingly, to our knowledge, only few other experimental studies have been reported on systematic characterization of TM doping in this material. [START_REF] Mo | Electron States of Iron Group Impurities in Doped Rutile (TiO2)[END_REF][START_REF] Sangaletti | Ferromagnetism on a Paramagnetic Host Background: The Case of Rutile TM:TiO2 Single Crystals (TM = Cr, Mn, Fe, Co, Ni, Cu)[END_REF][START_REF] Matsumoto | Chemical Trend of Fermi-Level Shift in Transition Metal-Doped TiO2 Films[END_REF][START_REF] Yamaka | Paramagnetic Resonance of Iron Group Elements in Rutile. I. The Ti 47 and Ti 49 Hfs Interaction[END_REF][START_REF] Kernazhitsky | A Comparative Study of Optical Absorption and Photocatalytic Properties of Nanocrystalline Single-Phase Anatase and Rutile TiO2 Doped with Transition Metal Cations[END_REF] In parallel, plenty of first-principles insights have been collected on doped rutile TiO2. Formation energies and charge transition levels of intrinsic defects have been carefully detailed through the use of density functional theory. [START_REF] Janotti | Hybrid Functional Studies of the Oxygen Vacancy in TiO2[END_REF][START_REF] Mattioli | Deep versus Shallow Behavior of Intrinsic Defects in Rutile and Anatase TiO2 Polymorphs[END_REF][START_REF] Morgan | Intrinsic N-Type Defect Formation in TiO2: A Comparison of Rutile and Anatase from GGA+U Calculations[END_REF][START_REF] Lee | Calculation of Point Defects in Rutile TiO2 by the Screened-Exchange Hybrid Functional[END_REF][START_REF] Bjørheim | Defect Chemistry of Rutile TiO2 from First Principles Calculations[END_REF][START_REF] Park | Electronic Correlation Effects in Reduced Rutile TiO2 within the LDA+U Method[END_REF][START_REF] Han | Insights into the Characteristic Gap Level and N-Type Conductivity of Rutile TiO2 from the Hybrid Functional Method[END_REF] However, authors often did not consider extrinsic dopants. Regarding the impurities, most of articles report energy level positions determined through the analysis of densities of states. [START_REF] Zainullina | Influence of Oxygen Nonstoichiometry and Doping with 2p-, 3p-, 6p-and 3d-Elements on Electronic Structure, Optical Properties and Photocatalytic Activity of Rutile and Anatase: Ab Initio Approaches[END_REF][START_REF] Umebayashi | Analysis of Electronic Structures of 3d Transition Metal-Doped TiO2 Based on Band Calculations[END_REF][START_REF] Saini | Ab Initio Study of 3d Transition Metal-Doping Effects in Rutile-TiO2: Role of Bandgap Tunability in Conductivity Behaviour[END_REF][START_REF] Roy | Enhanced Stability and Ferromagnetic Property in Transition Metals Co-Doped Rutile TiO2[END_REF] If few studies have been devoted to the determination of the formation energies associated to the substitution of TM dopants for Ti, different approaches have been used which make their comparison delicate. Herein, we propose to fill this lake by investigating intrinsic defects but also substituting elements as vanadium, manganese, iron, nickel and copper at Ti site. Also, we take benefit of this study to explore defects properties with the fashionable meta-GGA SCAN functional. [START_REF] Sun | Strongly Constrained and Appropriately Normed Semilocal Density Functional[END_REF] If the energy levels of oxygen vacancies have already been studied through densities of states, [START_REF] Zhang | Subtlety of TiO2 Phase Stability: Reliability of the Density Functional Theory Predictions and Persistence of the Self-Interaction Error[END_REF] defect formation energies or charge transition levels have never been reported before.

Methods

Point defects notation

In the current paper, point defects are represented by the 𝐴 𝑋 𝑐 notation where 𝐴 refers to the substituting species (𝑉 in case of vacancy), 𝑋 to the substituted element in the ideal structure (𝑖 in case of an empty interstitial site) and 𝑐 the relative charge state compared to the regular charge of 𝑋. To avoid any confusion between vacancy and vanadium, the chemical symbol of the vanadium element 𝑉 will be arbitrarily written 𝑉𝑎 except when the context precludes any ambiguity.

ab initio calculations

We performed first-principles calculations using the Density Functional Theory (DFT) within the projector augmented wave (PAW) approach, as implemented within the VASP software. [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 | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] In this study, the expansion of the plane wave basis set is fixed by a cutoff energy of 500 eV, and the meta-GGA SCAN [START_REF] Sun | Strongly Constrained and Appropriately Normed Semilocal Density Functional[END_REF] exchange-correlation functional was used. Full geometry relaxations were performed on the rutile TiO2 unitcell until forces are less than 0.01 eV/Å. 7×7×11 and 9×9×13 Γ-centered 𝑘-points meshes were considered to sample the first Brillouin zone for the geometry relaxations and accurate energy calculations on the unit cell, respectively. A more accurate band gap was determined using the screened hybrid functional HSE06 62 on top of the fully relaxed SCAN structure.

For the sake of comparison, we also performed a full geometry relaxation and band gap calculation with other approaches such as PBE, [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] PBE+U with 𝑈 𝑒𝑓𝑓 = 4.2 eV, [START_REF] Morgan | Intrinsic N-Type Defect Formation in TiO2: A Comparison of Rutile and Anatase from GGA+U Calculations[END_REF] PBEsol 64 and HSE06. [START_REF] Krukau | Influence of the Exchange Screening Parameter on the Performance of Screened Hybrid Functionals[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] In the following, all calculations are carried out with the SCAN functional.

HSE06@SCAN calculations were used to get a corrected value of the bandgap which is required to accurately study the material's defects.

Defect formation enthalpies (DFEs) were calculated within the supercell approach. A 2×2×4 supercell containing 96 atoms was constructed. Atomic positions were relaxed in faulted structures until forces acting on ions are less than 0.02 eV/Å. We performed the structural optimizations and accurate energy calculations using 4×4×3 and 5×5×4 Γ-centered 𝑘-points meshes, respectively.

The supercell is supposed to be large enough that the insertion of a point defect does not induce (or marginally) any change in the cell volume. In such a situation, DFEs were calculated considering the following formula:

𝛥 𝑓 𝐻 𝐷,𝑞 (𝜇 𝐸 𝐹 ) = 𝐸 𝑡𝑜𝑡 𝐷,𝑞 -𝐸 𝑡𝑜𝑡 ℎ𝑜𝑠𝑡 + ∑ 𝑛 𝑖 𝜇 𝑖 𝑖 + 𝑞(𝐸 𝑉𝐵𝑀 ℎ𝑜𝑠𝑡 + 𝜇 𝐸 𝐹 ) + 𝐸 𝑐𝑜𝑟𝑟 (𝐷, 𝑞)
where 𝛥 𝑓 𝐻 𝐷,𝑞 is the formation enthalpy of a defect 𝐷 in a state of charge 𝑞, 𝐸 𝑡𝑜𝑡 𝐷,𝑞 is the total energy of the faulted supercell, 𝐸 𝑡𝑜𝑡 ℎ𝑜𝑠𝑡 is the total energy of the host supercell, 𝑛 𝑖 is the number of atoms of the 𝑖 𝑡ℎ species added (𝑛 𝑖 < 0) or removed (𝑛 𝑖 > 0) from the ideal probed material, 𝜇 𝑖 is the chemical potential of the 𝑖 𝑡ℎ specie, 𝜇 𝐸 𝐹 is the chemical potential of the electron reservoir and 𝐸 𝑉𝐵𝑀 ℎ𝑜𝑠𝑡 is the energy corresponding to the valence band maximum (VBM) of the host which fixes the 𝜇 𝐸 𝐹 reference. 𝐸 𝑐𝑜𝑟𝑟 corresponds to various corrections of spurious effects, such as electrostatic interactions between point defects or the potential alignment allowing to retrieve the electronic reference of the host material. More details on this term are provided in SI.

The chemical potential 𝜇 𝑖 corresponds to the atomic reservoir of the 𝑖 𝑡ℎ atomic specie during the crystal growth. Obviously, this quantity strongly depends on the synthesis conditions and drives the thermodynamic stability between the different competitive phases. For a given 𝑖 𝑡ℎ atomic species, the chemical potential 𝜇 𝑖 may be decomposed as the sum of the standard chemical potential 𝜇 𝑖 0 and the deviation 𝛥𝜇 𝑖 which depends on synthesis conditions.

The charge transition level 𝜖(𝑞/𝑞′) between two charge states 𝑞 and 𝑞′ corresponds to the 𝜇 𝐸 𝐹 level at which their respective DFEs are equivalents, i.e., the populations of both 𝑞 and 𝑞′ states are identical within the material for this specific potential. Such thermodynamic quantity is expressed as:

𝜖(𝑞/𝑞′) = 𝛥 𝑓 𝐻 𝐷,𝑞 (𝜇 𝐸 𝐹 = 0) -𝛥 𝑓 𝐻 𝐷,𝑞′ (𝜇 𝐸 𝐹 = 0) 𝑞′ -𝑞
where 𝛥 𝑓 𝐻 𝐷,𝑞 and 𝛥 𝑓 𝐻 𝐷,𝑞′ are the formation enthalpies of a defect 𝐷 in the charged states 𝑞 and 𝑞′, respectively.

Assuming all defects are formed during the synthesis process at a given temperature (𝑇 gr )

and their concentration maintained after quenching of the structure to room temperature, the concentration 𝑛 𝐷,𝑞 (𝐸 𝐹 ) of a defect 𝐷 in a charge state 𝑞 can be determined for a given Fermi level 𝐸 𝐹 (i.e., a given temperature T since 𝐸 𝐹 depends on 𝑇) through a Fermi-Dirac distribution commonly approximated by a Boltzmann one of the 𝑁 available sites per volume unit:

𝑛 𝐷,𝑞 (𝐸 𝐹 ) = 𝑁 ⋅ 𝑒𝑥𝑝 (- 𝛥 𝑓 𝐻 𝐷,𝑞 (𝐸 𝐹 ) 𝑘 𝐵 𝑇 )
In that context, the Fermi level is determined by solving iteratively the charge neutrality equation:

-𝑛 𝑒 (𝐸 𝐹 ) + 𝑛 ℎ (𝐸 𝐹 ) + ∑ ∑ 𝑞 𝑖 ⋅ 𝑛 𝐷,𝑞 𝑖 (𝐸 𝐹 )

𝑞 𝑖 ∈𝑞 𝐷 𝐷 = 0 with 𝑛 𝑒 (𝐸 𝐹 ) and 𝑛 ℎ (𝐸 𝐹 ) the concentrations of free electrons in the conduction band and holes in the valence band at 𝑇, respectively. Such quantities are determined through:

𝑛 𝑒 (𝐸 𝐹 ) = ∫ 𝑔 𝑒 (𝐸)𝑓 𝐹𝐷 (𝐸 -𝐸 𝐹 )𝑑𝐸 +∞ 𝐸 𝐶 and 𝑛 ℎ (𝐸 𝐹 ) = ∫ 𝑔 ℎ (𝐸)(1 -𝑓 𝐷𝐹 (𝐸 -𝐸 𝐹 ))𝑑𝐸 𝐸 𝑉 -∞
where 𝑓 𝐹𝐷 (𝐸 -𝐸 𝐹 ) corresponds to the Fermi-Dirac function:

𝑓 𝐹𝐷 (𝐸 -𝐸 𝐹 ) = 1 1 + 𝑒𝑥𝑝 ( 𝐸 -𝐸 𝐹 𝑘 𝐵 𝑇 )
and 𝑔 𝑒 (𝐸) and 𝑔 ℎ (𝐸) are the 3D density of states of electrons and holes, respectively:

𝑔 𝑒,ℎ (𝐸) = 1 4𝜋 2 ( 2𝑚 𝑒,ℎ * ℏ 2 ) 3 2

√𝐸

where 𝑚 𝑒 * and 𝑚 ℎ * are associated to the electron and hole effective masses, respectively.

Experimentally, the reported electron effective mass values are highly disparate, ranging from about 3, 66 10 64 to 25-30, 2,68 according to the authors. Herein, these quantities were determined from the parabolic curve fitting of the conduction band minimum (CBM) and valence band maximum (VBM). We estimated me*/m0 and mh*/m0 values at 0.68 and 2.72. Our results appear slightly larger than those obtained at the PBE level by Zhang et al. [START_REF] Zhang | New Understanding of the Difference of Photocatalytic Activity among Anatase, Rutile and Brookite TiO2[END_REF] (𝑚 𝑒 * /𝑚 0 = 0.10 and 𝑚 ℎ * /𝑚 0 = 0.56).

All defect post-treatments presented above were performed using the PyDEF 2.0 software. [START_REF] Péan | Presentation of the PyDEF Post-Treatment Python Software to Compute Publishable Charts for Defect Energy Formation[END_REF][START_REF] Stoliaroff | 2.0: An Easy to Use Post-Treatment Software for Publishable Charts Featuring a Graphical User Interface[END_REF] 

Results and discussions

The TiO2 rutile phase crystallizes in the tetragonal space group 𝑃4 2 /𝑚𝑛𝑚 65 with two formula units per unit cell and only two distinguishable atoms, titanium and oxygen, located at 2𝑎 and 4𝑓 Wyckoff positions, respectively. The electronic band gap of 2.12 eV obtained within the SCAN approach appears underestimated compared to the experiment (3.05-3.1 eV 1,72 or 3.3 eV [START_REF] Tezuka | Photoemission and Bremsstrahlung Isochromat Spectroscopy Studies of TiO2 (Rutile) and SrTiO3[END_REF] or the HSE06 functional (3.36 eV). A more accurate electronic band gap of 3.30 eV was obtained based on HSE06 calculations on optimized SCAN structures (HSE06@SCAN). This procedure was used for the band-edges correction of faulted supercells during the estimation of DFEs (and the determination of the 𝜖(𝑞/𝑞′) transition level positions).

Before investigating substitution of Ti atoms by TM species, the knowledge of the dopability domain delimited by intrinsic species is necessary. This domain is inspected here under O-poor and O-rich atmospheres.

Intrinsic point defects

Chemical potentials

Rutile TiO2 naturally exhibits an intrinsic 𝑛-type conductivity 4,6,74 with a mobility of the charge carriers that can reach half of crystalline silicon values. [START_REF] Yagi | Electronic Conduction above 4 K of Slightly Reduced Oxygen-Deficient Rutile TiO2[END_REF] Surprisingly, the nature of the dominant defect is still controversial. So far, oxygen vacancies 𝑉 𝑂 and titanium interstitials 𝑇𝑖 𝑖 have been pointed out to be responsible for by many theoretical and experimental studies. 7- 9,14,15,53,75 Nevertheless, these electron donor defects, if associated to defects energy levels located in the conduction band (see below), may also retrocede electrons to the host lattice that would be preferentially localized in the direct neighboring of Ti 4+ sites creating Ti 3+ species and small polarons. [START_REF] Deák | Oxygen Deficiency in TiO2: Similarities and Differences between the Ti Self-Interstitial and the O Vacancy in Bulk Rutile and Anatase[END_REF][START_REF] Eagles | Polar Modes of Lattice Vibration and Polaron Coupling Constants in Rutile (TiO2)[END_REF][START_REF] Stoneham | Self-Trapping and the Polaron Family[END_REF][START_REF] Finazzi | Nature of Ti Interstitials in Reduced Bulk Anatase and Rutile TiO2[END_REF][START_REF] Janotti | Dual Behavior of Excess Electrons in Rutile TiO2[END_REF] Moreover, conclusions from theoretical predictions on the depth of 𝑉 𝑂 defects are sometimes conflicting between shallow and deep nature. [START_REF] Janotti | Hybrid Functional Studies of the Oxygen Vacancy in TiO2[END_REF][START_REF] Morgan | Intrinsic N-Type Defect Formation in TiO2: A Comparison of Rutile and Anatase from GGA+U Calculations[END_REF][START_REF] Bjørheim | Defect Chemistry of Rutile TiO2 from First Principles Calculations[END_REF][START_REF] Zimmermann | Influence of Annealing Atmosphere on Formation of Electrically-Active Defects in Rutile TiO2[END_REF][START_REF] Han | Insights into the Characteristic Gap Level and N-Type Conductivity of Rutile TiO2 from the Hybrid Functional Method[END_REF][START_REF] Nowotny | Electrical Properties and Defect Chemistry of TiO2 Single Crystal. I. Electrical Conductivity[END_REF][START_REF] Duckworth | Deep Level Transient Spectroscopy in TiO2:Nb[END_REF] In that context, the thermodynamic stability of rutile TiO2 synthesized under different atmospheres was reinvestigated. To do so, 10 competitive phases (i.e., Ti, O2, Ti6O, Ti3O, Ti2O, TiO, Ti2O3, Ti3O5, Ti4O7 and Ti5O9) were considered in relation with the experimental Ti-O phase diagram, [START_REF] Das | The Al-O-Ti (Aluminum-Oxygen-Titanium) System[END_REF] while previous reported DFT studies took into account only 3 (i.e., Ti, O2 and Ti2O3). [START_REF] Janotti | Hybrid Functional Studies of the Oxygen Vacancy in TiO2[END_REF][START_REF] Morgan | Intrinsic N-Type Defect Formation in TiO2: A Comparison of Rutile and Anatase from GGA+U Calculations[END_REF][START_REF] Han | Insights into the Characteristic Gap Level and N-Type Conductivity of Rutile TiO2 from the Hybrid Functional Method[END_REF] The hcp-Ti(s) and O2(g) phases were used to set the chemical potential references 𝜇 𝑇𝑖 0 and 𝜇 𝑂 0 , respectively. We emphasize the fact that the actual study only focuses on the rutile TiO2 phase and neglects the competition with other stable (i.e., brookite and anatase) and metastable (i.e., columbite, ramsdellite, bronze, hollandite) phases of titania. 

Defect formation enthalpies and defect concentrations

For both elements, we considered in our study i) 𝑉 𝑂 and 𝑉 𝑇𝑖 vacancies and ii) the 𝑇𝑖 𝑖 and 𝑂 𝑖 interstitial species (these latter were inserted at a position equivalent to the 4𝑐 Wyckoff position of the 𝑃4 2 /𝑚𝑛𝑚 regular rutile structure (i.e., (0, ½, 0) position) and relaxed in the supercell. Tii turn out to be 6-fold coordinated with Ti-O distances of ca. 2.02 Å; Oi tend to form O2 dimers (ca.

1.46 Å) by moving towards oxygen of the ideal host lattice). The defect formation enthalpies (DFEs) are summarized in Figure 2 for O-poor (T-rich) and O-rich (Ti-poor) synthesis conditions.

Defect concentrations are depicted in Figure 3.

From the examination of Figure 2, it appears that oxygen and titanium vacancies, regardless the synthesis conditions are stable only at the charge states +2 and -4, respectively if the Fermi level is positioned in the TiO2 gap. This result fits nicely with previous HSE calculations. [START_REF] Janotti | Hybrid Functional Studies of the Oxygen Vacancy in TiO2[END_REF][START_REF] Bjørheim | Defect Chemistry of Rutile TiO2 from First Principles Calculations[END_REF] Namely, 𝜖(+2/+1) and 𝜖(+1/0) levels associated to 𝑉 𝑂 species almost overlap and are located just above the bottom of the conduction band. Consequently, if 𝑉 𝑂 and 𝑉 𝑂 +1 would exist, they would have the propensity to retrocede their electron(s) to the host lattice triggering the reduction of Ti 4+ species into Ti 3+ ones, the conduction band being built mainly on the 3d-orbitals of titanium. In a similar way, the 𝜖(0/-1), 𝜖(-1/-2), 𝜖(-2/-3) and 𝜖(-3/-4) levels associated to 𝑉 𝑇𝑖 defect are just below the top of the valence band. However, they are so high in enthalpy that they are unlikely to be created. Moreover, the 𝜖(+4/+2) and 𝜖(+2/0) transition levels of 𝑇𝑖 𝑖 are determined at 0.58 eV below and 0.1 eV above the CBM, respectively; 𝑇𝑖 𝑖 + and 𝑇𝑖 𝑖 +3 species turn to be thermodynamical unstable and tend to disproportionate at the thermodynamical equilibrium into 𝑇𝑖 𝑖 0 and 𝑇𝑖 𝑖 +2 , and 𝑇𝑖 𝑖 +2 and 𝑇𝑖 𝑖 +4 , respectively. Oi may present a 0 or -2 charge states with a 𝜖(0/-2) level located in the mid-gap (i.e., 1.84 eV above the VB).

Under O-poor atmosphere, the Fermi level is expected to lie above 2.61 eV: for lower 𝐸 𝐹 values, 𝑇𝑖 𝑖 species would tend to be formed spontaneously due to negative DFEs leading to a titanium over-stoichiometric material. In the domain defined between 2.61 eV and the CBM, as titanium interstitials present a lesser DFE than oxygen vacancies, 𝑇𝑖 𝑖 point defects are expected to exist in highest concentrations and would be at the origin of the 𝑛-typeness of TiO2 rather than 𝑉 𝑂 .

This assumption is validated by our assessment of defect concentrations depicted in Figure 3a. For example, considering 𝑇 𝑔𝑟 = 1000 K, we found 𝐸 𝐹 𝑔𝑟 = 2.96 eV, [𝑇𝑖 𝑖 ] = 8.43×10 17 cm -3 and [𝑉 𝑂 ] = 9.68×10 14 cm -3 (three order of magnitude less for [𝑉 𝑂 ] compared to [𝑇𝑖 𝑖 ]). Under O-rich atmosphere, the Fermi level at room temperature is expected to range in the [0.54-1.74] eV energy domain defined by the intercept of the 𝜇 𝐸 𝐹 axis with the formation enthalpies of 𝑇𝑖 𝑖 and 𝑉 𝑇𝑖 species. This agrees well with previous HSE results. [START_REF] Bjørheim | Defect Chemistry of Rutile TiO2 from First Principles Calculations[END_REF] As aforementioned, a negative formation enthalpy associated to a defect would conduct to the elimination of the TiO2 phase at the benefit of richer or poorer Ti phases. Consequently, in Ti-poor synthesis conditions, rutile TiO2 is expected to be a material with no interesting conductive properties. By setting 𝑇 𝑔𝑟 at 1000 K, we We conclude that our simulations performed at the SCAN level follow very well the results obtained considering hybrid functionals. More specifically, we evidence that titanium interstitials constitute in oxygen poor condition the dominant defect responsible for the n-type character of TiO2. Under O-rich atmospheres, we evidenced a deep dopability domain delimited by Ti vacancies and interstitials that cannot lead to a n-type semiconductor.

In the following, we will examine specifically Ti-poor/O-rich synthesis conditions to naturally favor the insertion of dopants at Ti sites. We emphasize the fact that the choice of synthesis conditions does not alter at all the position of transition levels 𝜖(𝑞/𝑞′) of inserted dopants, i.e., their redox potentials, for which the prediction constitutes the main purpose of this study.

Calculations devoted to the Ti/V substitution is first presented, and discussion is then enlarged to other TM dopants i.e., manganese, iron, nickel and copper elements.

Transition metal impurities

The bcc-V phase was used to set the standard chemical potential reference 𝜇 𝑉 0 . The stability domain of rutile TiO2 in presence of vanadium has been calculated and is depicted by dashed area in SI Figure 1 (corresponding to formal V 5+ species replacing a Ti 4+ species) to -2 (formal V 2+ ). The evolution of DFEs vs. 𝜇 𝐸 𝐹 is depicted in Figure 4 where vanadium at titanium site is denoted 𝑉 𝑇𝑖 .

Here, the 𝜖(+1/0) and 𝜖(0/-1) transition levels associated to 𝑉 𝑇𝑖 defects were found within the band gap of TiO2 at 2.11 and 2.43 eV from the VBM, respectively. The 𝜖(-1/-2) level appear well above the CBM (0.48 eV) and is excluded from our considerations. We conclude that formal V 5+ (i.e., 𝑉 𝑇𝑖 + ), V 4+ (i.e., 𝑉 𝑇𝑖 0 ),) and V 3+ (i.e., 𝑉 𝑇𝑖 -),) species may be a priori found within TiO2 rutile (as reported by Mizushima et al. [START_REF] Mizushima | Energy Levels of Iron Group Impurities in TiO2[END_REF] ) depending on the synthesis atmosphere, the dopability domain of TiO2 shifting continuously from the 0.54-1.74 eV window to the 2.61-3.30 eV one by modifying the synthesis conditions. Hence, in O-rich and O-poor atmospheres, three charged states are stabilized for the substitution of titanium by vanadium. The stabilization of V 4+ cations will require intermediate synthesis conditions. Moreover, let us mention here that calculations of defect concentrations (see Figure 5) for a hypothetical V doped TiO2 compound synthesized at 1000 K A reasoning similar to the one used for vanadium can be applied to other dopants to anticipate their possible oxidation states once substituted to titanium. The resulting phase diagrams are given in SI, supported by a detailed list of binary and ternary competitive phases. DFEs for TM dopants are reported in Figure 4 for the oxygen rich atmosphere only. In this specific condition, all TMs present DFEs lower than 1.5 eV confirming experimental observations that conclude to the ease to substitute Ti atoms. (eV)

V 2+ Fe 4+ Fe 3+ Ni 3+ Ni 2+ Cu 3+ Cu 4+ Mn 4+ Mn 2+ Mn 5+ V 4+ V 3+ V 5+ Mn 3+ Fe 5+ Ni 4+ Cu 2+ Cu + a) b) w
Stability domains determined for each O-poor and O-rich extreme limit synthesis conditions, are depicted by hashed colored areas. The following levels can be found located within the bandgap: i) 𝜖(+1/0) at 2.11 eV and 𝜖(0/-1) at 2.43 eV for V, ii) 𝜖(0/-1) at 1.82 eV and 𝜖(-1/-2) at 2.26 eV for Mn, iii) 𝜖(+1/0) at 0.81 eV and 𝜖(0/-1) at 1.00 eV for Fe, iv) 𝜖(0/-1) at 1.15 eV and 𝜖(-1/-2) at 1.37 eV for Ni, and v) 𝜖(-1/-2) at 1.28 eV and 𝜖(-2/-3) at 2.02 eV for Cu. From the examination of Figure 6a, we could predict that formal V 3+ (i.e. (transition level find above 5 eV), Mn 5+ or Cu 4+ species for instance. Let us notice that a mixed valence may be observed if the Fermi level is pinned in the direct neighboring of a transition level

𝜖(𝑞/𝑞′).

Many experimental studies reported on the synthesis and the characterization of 3d TM doped rutile TiO2 materials. [START_REF] Li | Study on Activities of Vanadium (IV/V) Doped TiO2 (R) Nanorods Induced by UV and Visible Light[END_REF][START_REF] Park | Ferromagnetic Properties of Ni-Doped Rutile TiO2-δ[END_REF][START_REF] Navarro | Study of the Relation between Oxygen Vacancies and Ferromagnetism in Fe-Doped TiO2 Nano-Powders[END_REF][START_REF] Parveen | Room-Temperature Ferromagnetism in Ni-Doped TiO2 Diluted Magnetic Semiconductor Thin Films[END_REF][START_REF] Mizushima | Photoconductivity Spectra of Fe-Doped TiO2[END_REF][START_REF] Mizushima | Energy Levels of Iron Group Impurities in TiO2[END_REF][START_REF] Mizushima | One Electron Energy Levels of Iron Group Impurities in TiO2[END_REF][START_REF] Mizushima | Impurity Levels of Iron-Group Ions in TiO2 (II)[END_REF][START_REF] Yamaka | Paramagnetic Resonance of Iron Group Elements in Rutile. I. The Ti 47 and Ti 49 Hfs Interaction[END_REF][START_REF] Kim | Room-Temperature Ferromagnetic Properties in Mn-Doped Rutile TiO2-δ Thin Films[END_REF][START_REF] Güler | EPR Study of Mn-Implanted Single Crystal TiO2[END_REF][START_REF] Xia | Origin of Significant Visible-Light Absorption Properties of Mn-Doped TiO2 Thin Films[END_REF][START_REF] Carter | Electron Paramagnetic Resonance of Fe 3+ in TiO2 (Rutile)[END_REF][START_REF] Kim | Growth and Properties of Molecular Beam Epitaxially Grown Ferromagnetic Fe-Doped TiO2 Rutile Films on TiO2 (110)[END_REF][START_REF] He | Iron-Doped Cauliflower-Like Rutile TiO2 with Superior Sodium Storage Properties[END_REF][START_REF] Xia | Structure and Photocatalytic Properties of Copper-Doped Rutile TiO2 Prepared by a Low-Temperature Process[END_REF][START_REF] Tryba | Preparation and Characterization of Rutile-Type TiO2 Doped with Cu[END_REF][START_REF] Navarro | The Relationship between Magnetic Behaviour and Local Structure around Fe Ions in Fe-Doped TiO2 Rutile[END_REF] Figure 6b sums up the domain limits of cationic species in this specific host material as proposed by Mizushima et al. [START_REF] Mizushima | Photoconductivity Spectra of Fe-Doped TiO2[END_REF][START_REF] Mizushima | Energy Levels of Iron Group Impurities in TiO2[END_REF][START_REF] Mizushima | One Electron Energy Levels of Iron Group Impurities in TiO2[END_REF][START_REF] Mizushima | Impurity Levels of Iron-Group Ions in TiO2 (II)[END_REF] based on experimental (e.g., photocurrent) and theoretical (semi-empirical model supported by photoconductivity and photo-ESR measurements) considerations. Namely, experimentally observed ionic species in TiO2rutile, i.e., V 5+ , V 4+ and V 3+ 26,44,51 , Mn 4+ , Mn 3+ and Mn 2+ 47,51,83-85 , Fe 4+ and Fe 3+ 39,43,47,51,86,88,91 , Cu 2+ and possibly Cu + 89,90 , and Ni 3+ and Ni 2+ 36,40,51 , possibly stabilized for different material's shape (nanorods, nanopowders, thin films) are predicted from our simulations. Nevertheless, it has to be noticed that discrepancies exist between theory and experiments. Namely, it is has be noticed that Fe 2+ doped TiO2 (rutile form) has been reported this last decade, [START_REF] Meng | Role of Oxygen Vacancies on Ferromagnetism in Fe-Doped TiO2 Thin Films[END_REF][START_REF] Navarro | Study of the Relation between Oxygen Vacancies and Ferromagnetism in Fe-Doped TiO2 Nano-Powders[END_REF][START_REF] Kim | Growth and Properties of Molecular Beam Epitaxially Grown Ferromagnetic Fe-Doped TiO2 Rutile Films on TiO2 (110)[END_REF][START_REF] Navarro | The Relationship between Magnetic Behaviour and Local Structure around Fe Ions in Fe-Doped TiO2 Rutile[END_REF] contradicting both Mizushima and ours predictions where the 𝜖(-1/-2) level (Fe 3+ /Fe 2+ borderline) lies within the CB (not represented in Figure 6a). This may originate from specific out-of-equilibrium synthesis conditions (beam epitaxy, ball milled, magnetron sputtering) used to stabilize this doped variety.

Concerning the lack of detected Fe 5+ , Ni 4+ and Cu 3+ species in doped TiO2 materials, we may advocate, if calculations are correct, that high enough oxidizing atmospheres have not be used so far to stabilize them, but their existence should be conceivable. Mizushima et al. refute this possibility. At the end, Cu + doped TiO2 probably exists [START_REF] Tryba | Preparation and Characterization of Rutile-Type TiO2 Doped with Cu[END_REF] in good agreement with Figure 6a even if not reported in Figure 6b.

At this stage let us mention that the comparison between Figure 6a and Figure 6b (beyond the energy (potential) domains of existence) may be truncated for multiple reasons. Concerning the semi-empirical simulations [START_REF] Mizushima | Energy Levels of Iron Group Impurities in TiO2[END_REF] , it is worth to note that the model used (proposed by Alen [START_REF] Allen | Proceeding 7th Int. Conf Semicond[END_REF] ) is notably based on electrostatic interactions between d electrons described through parameters arbitrarily sets, extrapolated or taken from other metal organic compounds. These simulated data have been compared to photoconductivity and photo-ESR measurements which allow to access the stability region of charged impurities. During such experiments, the variation of the Fermi level position was controlled for some TM substituted TiO2 samples via the insertion of Li + cations or changing the oxygen content in the synthesis conditions to stabilize preferentially a given oxidation state of the probed element. Thenceforth, the redox E(D n /D n+1 ) potential can be perturbed compared to the ideal situation treated via calculations, the short-range environment of the dopant being perturbed itself.

On our theoretical side, the overall defected structure was drastically simplified in our calculations by tuning the charge state of defects (so the oxidation states of impurities) by changing the global electrical charge of the system and applying a Jellium-like model. Moreover, the control of unintentional defects is a critical point when experiments are performed. These ones may condense to form complexes also not taken into account here. Concerning the calculation method, the recently developed SCAN functional indicate several advantages for the prediction of electronic properties with respect to GGA approaches. Indeed, key physical data have been reported to be significantly improved for a large panel of materials, and accuracy is (sometimes) similar with hybrid methods. [START_REF] Yang | Rationalizing Accurate Structure Prediction in the Meta-GGA SCAN Functional[END_REF][START_REF] Yang | More Realistic Band Gaps from Meta-Generalized Gradient Approximations: Only in a Generalized Kohn-Sham Scheme[END_REF][START_REF] Sun | Accurate First-Principles Structures and Energies of Diversely Bonded Systems from an Efficient Density Functional[END_REF] A Hubbard correction could improve the description of point defects and impact their transition levels positions. This remains beyond the scope of this study but should be considered for future investigations.

Conclusion

Chemically speaking, a transition level 𝜖(𝑞/𝑞′) for the specific case of a dopant D delimits the existence domain in energy between the D n and the D n+1 species. Consequently, this level has to be regarded as the redox potential E(D n /D n+1 ) of the redox D n /D n+1 couple for a dopant D embedded in a given host lattice. This potential will strongly depend upon the chemical environment of the dopant (i.e., the coordination number, the chemical nature of the ligands, the covalency of the chemical bond, etc.) and will change from one host lattice to another. Indeed, ab initio calculations can serve to evaluate the potential towards the bottom of the conduction band or the top of the valence band via the determination of 𝜖(𝑞/𝑞′), and consequently towards an absolute scale if the BV or BC position with respect to vacuum level (or standard hydrogen electrode for instance) has been experimentally measured. Obviously, the positioning of 𝜖(𝑞/𝑞′) values can be impacted by the nature and the accuracy of the chosen approximations (exchange-correlation functional, size and/or type of basis set, relativistic effects, etc.) for calculations. This is especially true for TM species for which the computation of physical properties is particularly sensitive to these parameters, species with single electrons on d orbitals. So far, if the use of accurate approaches remains attractive and performant for this purpose, they suffer from an important computational cost which lets the supercell studies with realistic doping elusive. In that sense, we took benefit of this study to consider the SCAN functional as an alternative for such point defect investigations.

In a more general way, the ab initio determination of the redox potentials of dopants in solids is a contemporary challenge to explain and/or to tune properties of a host lattice and its doped congener. In the specific case of photo-catalysis, the knowledge of these data is crucial to orientate syntheses and uses. Of course, domains of interest are not limited to only this area.

DFT calculations based on the SCAN functional have been done on doped rutile TiO2 phase used as a school case. However, the procedure can be extrapolated to any semiconductors and insulators. Once, the electronic gap and the external dopability limit determined, stability of dopants can be probed in the host lattice versus different synthetic conditions, their attainable oxidation states determined, and their associated redox potential calculated. If accurate electronic information (e.g., electron affinity) on the host lattice are known, potential on an absolute scale can be extrapolated.

Figure 1

 1 Figure 1 displays the stability domain for the rutile TiO2 compound within the theoretical Ti-O phase diagram. Clearly, the chemical potential limits of O and Ti are delimitated by O2 gas and Ti5O9 solid phases. For O-rich/Ti-poor synthesis conditions, 𝜇 𝑇𝑖 and 𝜇 𝑂 are respectively set to -26.43 and -6.02 eV (Δ𝜇 𝑇𝑖 = -10.45 eV and Δ𝜇 𝑂 = 0.00 eV). For O-poor/Ti-rich conditions, 𝜇 𝑇𝑖 and 𝜇 𝑂 are equal to -18.17 and -10.15 eV (Δ𝜇 𝑇𝑖 = -2.19 eV and Δ𝜇 𝑂 = -4.13 eV).

Figure 1

 1 Figure 1 Stability domain of TiO2 as a function of the chemical potential deviations. In oxidized (O-rich) conditions, 𝛥𝜇 𝑂 = 0 eV and 𝛥𝜇 𝑇𝑖 = -10.45 eV, as the formation enthalpy 𝛥 𝑓 𝐻 of TiO2 (𝛥 𝑓 𝐻(𝑇𝑖𝑂 2 ) = 𝛥𝜇 𝑇𝑖 + 2𝛥𝜇 𝑂 ) is found to be -10.45 eV (very close to the experimental value of -9.78 eV). 82 Under reduced (O-poor) atmospheres, the Ti5O9 phase bounds the stability domain of TiO2 at 𝛥𝜇 𝑂 = -4.13 eV and 𝛥𝜇 𝑇𝑖 = -2.19 eV.
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 23 Figure 2: Formation enthalpies of the intrinsic defects in TiO2 vs. 𝜇 𝐸 𝐹 in (a) Ti-rich/O-poor and (b) Ti-poor/O-rich synthesis conditions

  (a) Ti-rich/O-poor (b) Ti-poor/O-rich determined 𝐸 𝐹 𝑔𝑟 at 1.30 eV, [𝑉 𝑇𝑖 ] = 4.65×10 13 cm -3 and [𝑂 𝑖 ] = 1.32×10 12 cm -3 . The evolution of concentrations vs. the growth temperature is given in Figure 3b.

  -2 as a function of chemical potential variations 𝛥𝜇 𝑇𝑖 , 𝛥𝜇 𝑂 and 𝛥𝜇 𝑉 . The stability domain shows four summits, each of them being associated to the competition with potential subproducts. Defect formation enthalpies have been determined in O-rich synthesis conditions only for various charge states of substituted vanadium species denoted 𝑉 𝑇𝑖 𝑛 , 𝑛 varying from +1

  under O2 rich atmosphere and quenched to RT lead naturally to [𝑉𝑎 𝑇𝑖 ] = 4.21×10 19 cm -3 and [𝑉 𝑇𝑖 ] = 1.05×10 19 cm -3 , i.e., the exact and expected [𝑉𝑎 𝑇𝑖 ]/ [𝑉 𝑇𝑖 ] ratio of 4 for the Ti 4+  denotes a Ti vacancy). Extra defects (i.e., 𝑉 𝑂 , 𝑂 𝑖 and 𝑇𝑖 𝑖 ) are several orders of magnitude lesser.

Figure 4 :

 4 Figure 4: Defect formation enthalpies for TM substitutions under O-rich atmosphere. The dopability domain defined by intrinsic species is delimited by grey blocks. The transition level positions would be calculated at the same energy in O-poor atmosphere, but DFE would be different.

Figure 5 :

 5 Figure 5: Defect concentrations vs. growth temperature for intrinsic and vanadium impurities point defects. Titanium vacancies and vanadium substitutions are denoted 𝑉 𝑇𝑖 and 𝑉𝑎 𝑇𝑖 , respectively.

Figure 6a gathers the

  Figure 6a gathers the estimated transition levels calculated at the thermodynamic equilibrium, i.e., after geometrical relaxation of the atomic positions whatever the charge state of the defects, for all sound TMs.

Figure 6 :

 6 Figure 6: a) Calculated charge transition levels. O-poor and O-rich dopability domains are evidenced by cyan and grey areas, respectively. b) Charge transition levels proposed by Mizushima et al. based on semi-empirical calculations[START_REF] Mizushima | Energy Levels of Iron Group Impurities in TiO2[END_REF] and photocurrent measurements[START_REF] Mizushima | Impurity Levels of Iron-Group Ions in TiO2 (II)[END_REF] represented by dotted and solid lines, respectively.
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	in SI summarizes the lattice parameters, electronic band gaps and interatomic
	distances determined with different exchange-correlation functionals. In terms of lattice
	parameters, a great agreement is obtained using the SCAN or HSE06 functionals with respect to
	experimental data, while the three other functionals tend to overestimate these values within the
	PBE error range (~2%). For the SCAN functional, 𝑎 and 𝑐 values of 4.596 Å and 2.968 Å are very
	close to experimental data issued from powder neutron diffraction data (𝑎 = 4.59308(4) Å and 𝑐 =
	2.95889(3) Å).

  ) species can be stabilized in O-rich atmosphere. For intermediate synthesis situations, formal V 5+ , V 4+ and V 3+ , Mn 4+ , Mn 3+ and Mn 2+ , Fe 3+ , Ni 2+ , and Cu 2+ and Cu + (see white zone in-between the O-poor and O-rich domains) may exist in the TiO2 host lattice in contrast with formal V 2+ , Fe 2+

	, 𝑉 𝑇𝑖 -), Mn 2+
	(i.e., 𝑀𝑛 𝑇𝑖 -2 ), Fe 3+ (i.e., 𝐹𝑒 𝑇𝑖 -), Ni 2+ (i.e.,𝑁𝑖 𝑇𝑖 -2 ) and Cu + (i.e., 𝐶𝑢 𝑇𝑖 -3 ) species can be formed under O-
	poor atmosphere, while formal V 5+ (i.e., 𝑉 𝑇𝑖 + ), Mn 4+ (i.e., 𝑀𝑛 𝑇𝑖 0 ), Fe 5+ (i.e., 𝐹𝑒 𝑇𝑖 + ), Fe 4+ (i.e., 𝐹𝑒 𝑇𝑖 0 ),
	Fe 3+ (i.e., 𝐹𝑒 𝑇𝑖 -), Ni 4+ (i.e., 𝑁𝑖 𝑇𝑖 0 ), Ni 3+ (i.e., 𝑁𝑖 𝑇𝑖 -), Ni 2+ (i.e., 𝑁𝑖 𝑇𝑖 -2 ), Cu 3+ (i.e., 𝐶𝑢 𝑇𝑖 -), and Cu 2+ (i.e.,
	𝐶𝑢 𝑇𝑖 -2
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