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), have been studied by means of density functional theory (PBE+U) calculations. A two-step process was considered: first, H 2 dissociation into H + and H -pair, and second the H -species migrates to a neighboring O site, transferring the electrons to the substrate. On (001), it shows the lowest activation barriers for hydrogen dissociation, 0.37 eV, whereas the highest value was found on (101), 0.98 eV. For hydrogen transfer from Ti to near O, the activation barriers are higher (from 1.10 to 2.37 eV), which indicates the dissociation step is kinetically more favorable than the H transfer process, although the latter is thermodynamically more favorable. Electronic structure, vibrational frequency analysis as well as temperature effects are studied to characterize the reactivity. The relationship between electronic structure, geometry and reactivity is analyzed by means of reactivity descriptors, and the results are compared with ceria and rutile TiO 2 facets.

Introduction

Titanium dioxide (TiO 2 ) is a technologically important material with a wide variety of applications in fields like photocatalysis [START_REF] Amano | Photocatalytic activity of octahedral singlecrystalline mesoparticles of anatase titanium (iv) oxide[END_REF][START_REF] Tada | Photodeposition of metal sulfide quantum dots on titanium (iv) dioxide and the applications to solar energy conversion[END_REF],solar cells [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF], catalysis [START_REF] Li | Morphology-dependent evolutions of sizes, structures, and catalytic activity of au nanoparticles on anatase tio 2 nanocrystals[END_REF][START_REF] Enache | Solvent-free oxidation of primary alcohols to aldehydes using au-pd/tio 2 catalysts[END_REF], gas sensors [START_REF] Zhou | Synergistic cooperation of rutile tio 2 {002},{101}, and {110} facets for hydrogen sensing[END_REF][START_REF] Zhou | Nanoheterostructures on tio 2 nanobelts achieved by acid hydrothermal method with enhanced photocatalytic and gas sensitive performance[END_REF], lithium-ion batteries [START_REF] Bruce | Nanomaterials for rechargeable lithium batteries[END_REF], or photovoltaic cells [START_REF] Kim | Efficient light harvesting polymers for nanocrystalline tio 2 photovoltaic cells[END_REF][START_REF] Slooff | Influence of the relative humidity on the performance of polymer/tio 2 photovoltaic cells[END_REF]. Rutile and anatase are typical polymorphs of TiO 2 . While rutile is the most stable form for larger particles, most nanomaterials are in anatase phase due to the relatively lower surface energy of (101) and (100) [START_REF] Ranade | Energetics of nanocrystalline tio 2[END_REF][START_REF] Cuko | Stability of mixed-oxide titanosilicates: dependency on size and composition from nanocluster to bulk[END_REF]. Of the anatase phase, (101) is the most stable and frequently exposed surface [START_REF] Setvin | A multitechnique study of co adsorption on the tio 2 anatase (101) surface[END_REF][START_REF] Aschauer | Hydrogen interaction with the anatase tio 2 (101) surface[END_REF][START_REF] Setvin | Formaldehyde adsorption on the anatase tio 2 (101) surface: experimental and theoretical investigation[END_REF][START_REF] Setvin | Methanol on anatase tio 2 (101): Mechanistic insights into photocatalysis[END_REF]. The (101) and (100) are found in solar cell devices [START_REF] German | Theoretical study of new potential semiconductor surfaces performance for dye sensitized solar cell usage: Tio 2 -b (001),(100) and h 2 ti 3 o 7 (100)[END_REF][START_REF] Kusama | Tio 2 band shift by nitrogencontaining heterocycles in dye-sensitized solar cells: a periodic density functional theory study[END_REF], and the (001) and (100) are present in the P25 catalyst [START_REF] Martra | Lewis acid and base sites at the surface of microcrystalline tio 2 anatase: relationships between surface morphology and chemical behaviour[END_REF]. Although the (001) is only a minority surface, experimental and theoretical studies indicate that the anatase (001) surface is very reactive due to the low-coordination of its surface atoms [START_REF] Calatayud | Effect of relaxation on structure and reactivity of anatase (1 0 0) and (0 0 1) surfaces[END_REF][START_REF] Liu | Anatase tio 2 with dominant high-energy {001} facets: synthesis, properties, and applications[END_REF][START_REF] Roy | Synergy of low-energy {101} and highenergy {001} tio 2 crystal facets for enhanced photocatalysis[END_REF][START_REF] Gong | Reactivity of anatase tio 2 nanoparticles: the role of the minority (001) surface[END_REF][START_REF] Hussain | Niemantsverdriet, Chemistry of o-and h-containing species on the (001) surface of anatase tio 2 : a dft study[END_REF].

The presence of hydrogen in titania is not surprising. Frequently, adsorbed hydrogen is commonly observed on TiO 2 surfaces due to the standard surface science cleaning procedures [START_REF] Diebold | The surface science of titanium dioxide[END_REF], or is achieved by direct adsorption of atomic atoms on single crystals [START_REF] Yin | Diffusion versus desorption: complex behavior of h atoms on an oxide surface[END_REF]. Moreover, hydrogenated TiO 2 is found to exhibit high photocatalytic activity [START_REF] An | Studies on mass production and highly solar light photocatalytic properties of gray hydrogenated-tio 2 sphere photocatalysts[END_REF][START_REF] Lei | Hydrogen plasma favored modification of anatase TiO 2 (001) surface with desirable water splitting performance[END_REF]. Hydrogen is found as a proton in surface hydroxyl groups. However, recent works on another reducible oxide, ceria, show that hydride intermediates could play a major role in the dissociation of H 2 on the surface [START_REF] Matz | Breaking h 2 with ceo 2 : Effect of surface termination[END_REF][START_REF] Ganduglia-Pirovano | Role of ceria in oxidative dehydrogenation on supported vanadia catalysts[END_REF][START_REF] Garcia-Melchor | Homolytic products from heterolytic paths in h 2 dissociation on metal oxides: the example of ceo 2[END_REF]. The stability of such hydride species has been found for rutile surfaces [START_REF] Wei | Understanding the role of rutile tio 2 surface orientation on molecular hydrogen activation[END_REF][START_REF] Hu | First principles insight into h 2 activation and hydride species on tio 2 surfaces[END_REF]. In this work we aim at understanding the behavior of hydrogen on stoichiometric TiO 2 anatase surfaces, paying special attention to the role of surface topology.

For TiO 2 , it has been well established that the product of hydrogenation leads to stable hydroxylated species [START_REF] Hussain | Niemantsverdriet, Chemistry of o-and h-containing species on the (001) surface of anatase tio 2 : a dft study[END_REF][START_REF] Yin | Diffusion versus desorption: complex behavior of h atoms on an oxide surface[END_REF][START_REF] Islam | Hydrogen adsorption and diffusion on the anatase tio 2 (101) surface: a first-principles investigation[END_REF][START_REF] Sun | Hydrogen incorporation and storage in well-defined nanocrystals of anatase titanium dioxide[END_REF][START_REF] Syzgantseva | Theoretical investigation of the hydrogenation of (tio 2 ) n clusters (n= 1-10)[END_REF]. Titanium hydride intermediate was studied theoretically [START_REF] Wei | Understanding the role of rutile tio 2 surface orientation on molecular hydrogen activation[END_REF][START_REF] Hu | First principles insight into h 2 activation and hydride species on tio 2 surfaces[END_REF] and experimentally observed [START_REF] Yan | The formation of ti-h species at interface is lethal to the efficiency of tio 2 -based dye-sensitized devices[END_REF]. Based on these works, a two-step mechanism of hydrogen dissociation on TiO 2 was proposed: H 2 dissociates on the bare surface through a heterolytic pathway (forming a hydride/proton pair), followed by H atom transferring from Ti atom to nearby O, that finally yields the homolytic product (forming two hydroxyl groups and reducing two Ti atoms).

Hydrogen dissociation on TiO 2 has attracted attention by recent theoretical research studies [START_REF] Hussain | Niemantsverdriet, Chemistry of o-and h-containing species on the (001) surface of anatase tio 2 : a dft study[END_REF][START_REF] Wei | Understanding the role of rutile tio 2 surface orientation on molecular hydrogen activation[END_REF][START_REF] Hu | First principles insight into h 2 activation and hydride species on tio 2 surfaces[END_REF]. Hu et al. studied H 2 dissociation on three TiO 2 polymorphs [START_REF] Hu | First principles insight into h 2 activation and hydride species on tio 2 surfaces[END_REF], which indicated that homolytic activation barriers are high (1.48-1.68 eV), and the rutile phase showed the highest activity. Recently, we reported the H 2 activation on four rutile TiO 2 terminations, indicating that the heterolytic dissociation pathway is kinetically more favorable than the H transfer process, although the product with only surface hydroxyl groups, is thermodynamically more favorable. Irregular surfaces of gas-phase clusters are also able to dissociate hydrogen [START_REF] Syzgantseva | Theoretical investigation of the hydrogenation of (tio 2 ) n clusters (n= 1-10)[END_REF][START_REF] Calatayud | Is there a nanosize for the activity of tio 2 compounds?[END_REF]. Although the computational results indicated that hydride surfaces on TiO 2 surfaces are metastable, few Ti-H hydride is observed experimentally. The conflicting reports of hydride on TiO 2 surfaces motivated us to address the role of the hydride species during the dissociation process.

To the best of our knowledge, the orientation effect of anatase phase TiO 2 for H 2 dissociation has not been addressed in the literature, and is the primary focus of the present work. In the present work we analyze three relevant anatase TiO 2 surfaces: (001), (100), and (101), and their role in the H 2 dissociation two-step process. Periodic PBE+U calculations were used to obtain the energetics of the process. Vibrational frequencies for TiH and OH are also reported as a guide to identify relevant species on the different facets. Electronic structure analysis is carried out to fully characterize the nature of the relevant structures. Finally, and based on our previous studies, the comparison with the rutile phase and ceria is carried out.

Computational Method and Materials

Methods

We performed density functional theory (DFT) calculations using the Vienna ab initio simulation package (VASP) version 5.4.4 [39]. Core electrons are represented by the projector-augmented wave (PAW) pseudopotentials with 1, 4, and 6 valence electrons for H, Ti, and O, respectively [START_REF] Blöchl | Projector augmented-wave method[END_REF]. The generalized gradient approximation (GGA) approach was applied for the exchange and correlation potential with the Perdew-Burke-Erzenhof (PBE) functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF], spin-polarized. The GGA+U approach of Dudarev et al. was used to treat the 3d orbital electrons of Ti with the effective Hubbard on-site Coulomb interaction parameter (U =U-J) [START_REF] Dudarev | Electronenergy-loss spectra and the structural stability of nickel oxide: An lsda+ u study[END_REF]. We chose U = 4 according to the proposed value from previous works [START_REF] Islam | Hydrogen adsorption and diffusion on the anatase tio 2 (101) surface: a first-principles investigation[END_REF][START_REF] Ma | Tih hydride formed on amorphous black titania: Unprecedented active species for photocatalytic hydrogen evolution[END_REF]. A 400 eV cutoff energy for the plane-wave basis set was found to correctly treat the valence electrons. The energies were converged to 10 -4 eV for the electronic loop, and the forces acting on each atom were less than 0.03 eV/ Å. The Brillouin zone was sampled with the Monkhorst Pack k-point mesh with the kpoints spaced 0.05 Å-1 in the reciprocal space. The dispersion was not included because in our previous work of H reaction with rutile surfaces, the effects were considered negligible [START_REF] Wei | Understanding the role of rutile tio 2 surface orientation on molecular hydrogen activation[END_REF].

Transition states were located by a two step processes. First, the Climbing Image Nudged Elastic Band(CI-NEB) [START_REF] Henkelman | Improved tangent estimate in the nudged elastic band method for finding minimum energy paths and saddle points[END_REF][START_REF] Henkelman | A climbing image nudged elastic band method for finding saddle points and minimum energy paths[END_REF] was used to get a good guess, which includes four images along the reaction coordination and get converged with loose criteria. Then the Improved Dimer Method(IDIM) was applied to find the stationary point [START_REF] Heyden | Efficient methods for finding transition states in chemical reactions: Comparison of improved dimer method and partitioned rational function optimization method[END_REF][START_REF] Henkelman | A dimer method for finding saddle points on high dimensional potential surfaces using only first derivatives[END_REF]. All the transition states were identified by performing the frequency analysis. Only one imaginary frequency was obtained and was checked to connect to the initial and final states.

The zero point energy(ZPE) was computed as one-half of the sum of real vibration frequencies [START_REF] Kyriakou | Significant quantum effects in hydrogen activation[END_REF]. The Gibbs free energy at room temperature (298K) was also considered :

G(T ) = H -T S = U + pV -T S ≈ U (T ) -T S(T ) (1) 
For the adsorption system, it is reasonable to consider only the vibrational contributions:

U (T ) = E DF T + E ZP E + U vib (T ) (2) 
S(T ) = S vib (T ) (3) 
U vib (T ) = 3N -6 i=1 ( hν i e - hν i K B T -1 ) (4) 
S vib (T ) = K B 3N -6 i=1 ( hν i K B T (e - hν i K B T -1) ) -ln(1 -e - hν i K B T ) (5) 
Thus,

G(T ) ≈ F (T ) = E DF T + E ZP E + K B T 3N -6 i=1 [ln(1 -e - hν i K B T )] (6) 
The density-functional perturbation theory (DFPT) linear response approach was employed to obtain vibrational spectra and intensity [START_REF] Baroni | Phonons and related crystal properties from density-functional perturbation theory[END_REF]. Firstly, the matrix of Born effective charges (BEC), which indicates the polarizabilities' change of involved atoms, is calculated. The infrared intensity is computed based on the following formula:

I IR ω ∝ 3 α=1 | M i=1 3 β=1 Z αβ (i)e β (i) (7)
Where α and β correspond to Cartesian polarization, Z αβ is the effective charge tensor. e β (i) indicates normalized vibrational eigenvector.

Models

The slab models were cut from the optimized structure of bulk anatase (a = b = 3.870 Å and c = 9.563 Å, close to the experimental values [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] (a = b = 3.782 Å, c= 9.502 Å). A vacuum layer of 15 Å was employed to prevent interaction between slabs. The lower-half layers of the slab were kept frozen and the upper-half layers were allowed to relax.

The adsorption of hydrogen on TiO 2 surfaces was investigated in the 2*2 unit cell for (001) and 1*2 for (100) and ( 101). The slabs used can be found in the supplementary information. The size, composition, coordination number of surface sites for three anatase surfaces are shown in Figure 1 and Table 1. Only the stoichiometric terminations are studied; the three facets are roughly flat. On (001) and (100), there only exists five-fold Ti 5C coordinated titanium sites, while (101) has Ti 5C and Ti 6C . Regarding oxygen, (001) has only surface O 2C , while the other two exhibit O 2C and O 3C . The adsorption energy E ads on the different substrates was calculated taking as reference the physisorbed H 2 * species on the bare slab, according to the equation:

E ads = E(TiO 2 /H 2 ) -E (TiO 2 -H 2 * ) (8) 
The surface energies γ were calculated according to:

γ = 1 2A (E slab -N E bulk ) (9)
Where E slab is the energy of the bare slab, N is the number of bulk TiO 2 in the slab, E bulk is the bulk energy, and A is the surface area of one side of the slab depending on the terminations considered.

The considered mechanism is shown in Figure 2. Starting from a physisorbed H 2 molecule (H 2 * species), the H-H bond breaks through the heterolytic pathway to form a hydride, bonding to the Ti site, and a proton binds to one oxygen to form the (H + -H -) species. The transition state involved in this process is labeled as TS1. In a second step, we studied the transfer of the H -on the Ti site to the nearby O site, resulting in homogeneous dissociation leading to the 2O-H hydroxyl groups, labeled (H + -H + ). This step is accompanied by a two-electrons transfer to surface titanium sites that become reduced. The transition state associated with this step is labeled as TS2. The heterolytic dissociation pathway of H 2 over anatase TiO 2 facet (process 1), followed by sequential H transfer from Ti to near O (process 2). The species are labeled in the scheme.

Results and discussion

Energy and Structure

We firstly investigated the heterolytic pathways for H 2 dissociation, followed by H transfer from Ti to nearby O on these three anatase TiO 2 surfaces. The energetic profile involving different steps is summarized in Table 2 and Figure 3, where all adsorption energies are referenced to the energy of the physisorbed TiO 2 -H 2 system. The side views of the paths for the three surfaces are provided in SI (See Figure S1 and Figure S2). In the mechanism, the physisorbed species (H 2 *), generated by the initial interaction between H 2 and the bare surface, was found to be with slightly elongated H-H bond.

Once physisorbed species (H 2 *) is formed, the heterolytic dissociation from H 2 * occurs on adjacent Ti and O sites, generating the corresponding Ti-H and O-H bonds. On three terminations, two H atoms preferentially adsorb to atoms with lower coordination numbers O 2C and Ti 5C , that is (H + O2C -H - T i5C ), rather than higher coordination numbers Ti 6C or O 3C . The bond lengths of generated heterolytic products (H + O2C -H - T i5C ) are around 0.980 Å for O-H on the three terminations and Ti-H 1.713 Å on (001), 1.704 Å on (100), 1.699 Å on (101), respectively. This step is slightly exothermic for the (001) facet (-0.10 eV), while on (100) and (101) terminations, it is endothermic, by 0.07 eV, 0.39 eV respectively. The activation barrier for this step follows the trend (001) 0.37 eV < (100) 0.88 eV < (101) 0.98 eV.

Our results are consistent with previous studies. For the anatase (101) surface, our activation energy barrier (0.98 eV) and reaction energy (0.39 eV) are consistent with the one reported previously [START_REF] Hu | First principles insight into h 2 activation and hydride species on tio 2 surfaces[END_REF], 1.04 eV for activation energy and 0.46 eV for reaction energy (See Table S1). The differences are negligible due to slightly difference of calculation details.

For the backward activation (E back act1 ), it indicates the hydride TiH/OH species recombination to regenerate and desorb H 2 on three terminations, which require 0.38 eV for (001), 0.81 eV for (100) and 0.59 eV for the (101) slabs. Besides, the desorption of H 2 is slightly endothermic for the (001) terminations (0.01 eV), while it is exothermic for the (110) and (101) by -0.07 eV, by -0.39 eV. Thus, on (001), the dissociation and reversibility recombination of hydrogen occur easily with lower activation barrier (0.37 eV and 0.38 eV, respectively). While on the (100) and (101) terminations, both processes are more difficult to happen due to the higher kinetic energy barriers.

For the process of H transfer from Ti to O, it gives rise to the formation of two OH groups (H + -H + ). The (H + , H + ) species are more exothermic, with -1.27 eV on (001) and (100), -0.77 eV on (101). At the same time, it causes the change in the oxidation state of two Ti cations from Ti 4+ to Ti 3+ . The activation barriers are significantly higher than the first process: 1.20 eV on (001), 1.92 eV on (100) and 1.98 eV on (101), indicating it is a kinetically unfavorable process from the heterolytic intermediates to the homolytic products.

For the heterolytic dissociation process on (100), the initial distance between the Ti and O sites is too long for a one-step H transfer so it is split in two steps via an intermediate O 3C site (barrier of 1.98 eV), followed by the transfer to another 2-fold coordinated oxygen (barrier of 1.37 eV). As for the other terminations, the high barriers would allow the stabilization of the TiH species.

The most thermodynamically stable product for step 2 involves the presence of two hydroxyl groups and two Ti 3+ sites. The latter originates from the electron transfer from the hydride to two titanium sites. This transfer results in open-shell systems that can be characterized by the presence of two unpaired electrons, as described below.

In conclusion, the heterolytic dissociation process is kinetically more favorable than the H transfer process, although the latter is thermodynamically more favorable.

The structures of the transition states (TS1 and TS2) of the three facets as well as the value of the imaginary frequency are provided in SI (Figure S3, S4 and S5).

Zero Point Energy and Gibbs energy correction

The energy with Zero Point Energy (ZPE) correction and at room temperature are studied to provide more accurate interaction energies. The values are shown in Table 2. In Figure 4 the red line indicates the energy profile with ZPE correction, and the Gibbs energy (T=298 K) is shown with the blue line for the (001) surface.

With ZPE correction and at room temperature, the thermodynamic energy for these two steps increased slightly, while there is no effect on the activation barriers. The same behavior is observed for the other two surfaces, the details for (100) and ( 101) are provided in SI (Figure S6 and Figure S7). 

Electronic Structure

From an electronic point of view, the different steps involved in H 2 dissociation on three anatase facets were clearly identified in the projected density of states (PDOS)(See Figure 5, Figure S8 and Figure S9), where only the projections of related Ti, O and H atoms were depicted for the sake of clarity.

The PDOS is independent of the orientation, and all the surfaces studied show a similar behavior. First, the appearance of a narrow band around 6.0 eV to -4 eV shows the physisadsorption of molecular H 2 . For the product of heterolytic dissociation (H + -H -), two sharp peaks appear around 6.0 eV associated to proton (H + ) and the Fermi level associated to the hydride species (H -). Finally, with the formation of the homolytic product (H + -H + ), the two protons states coming from H 2 molecule are well localized in the narrow band around -6.3 eV. Also, Ti states appear at the Fermi level, indicating the reduction of the Ti sites, which is also consistent with the picture of the spin density of (H + -H + ) in Figure 6 andTable ??, which indicates the existence of unpaired electrons. Two Ti ions are reduced, generating Ti 3+ sites.

Bader charges analysis reported in Table 3 shows the electronic charges during the dissociation processes: first, the species H 2 * was pre-activated with a slight polarization of H-H bond. For the TS species, the polarization of the H-H bond increases, forming an ion pair. And then, a hydride and proton were formed, which are identified with their Bader charges: (H + -H) where the hydride species carries -0.3|e|. Besides, the oxygen involving the hydrogen transfer process generating hydroxyl group indicates an electron gain: approximately +0.3|e| compared to the same oxygen in the slab. The homolytic product containing two reduced titanium sites exhibits spin density in those sites, as shown in Figure 6. The integrated Bader spin shows the unpaired electrons for homolytic product (H + -H+)are located in the Ti atoms (Figure 4.

The charge density difference of (H + -H) compared to bare surface was investigated (Figure S10), indicating the electron gain and depletion during the heterolytic process. 

IR Spectra

The infrared (IR) spectra were computed for all the (H + -H -) species on three anatase facets and are reported in Table 5 and Figure 7. The low-frequency modes of Ti-H and O-H are in the region of 500-900 cm -1 ); O-H stretching modes show higher frequencies in the region of 1680-1700 cm -1 and 3570-3805 cm -1 . The frequencies of Ti-H stretching modes on three facets are very similar, around 1700 cm -1 , which correspond to the Ti-H IR spectral region (around 1600 cm -1 ) found for rutile in our previous work [START_REF] Wei | Understanding the role of rutile tio 2 surface orientation on molecular hydrogen activation[END_REF][START_REF] Mahdavi-Shakib | Frequencies and thermal stability of isolated surface hydroxyls on pyrogenic tio 2 nanoparticles[END_REF]. Experimentally, the OH stretching vibrations from water adsorption are observed at 3680 and 3610 cm -1 , most likely assigned to terminal hydroxyl groups [START_REF] Jones | Hockey, Infra-red studies of rutile surfaces. part 2.hydroxylation, hydration and structure of rutile surfaces[END_REF], which is consistent with our values (3579-3804 cm -1 ). TiH stretching modes of the species are seen in the calculated spectrum at 1685 cm -1 (001), 1685 cm -1 (100), and 1700 cm -1 (101), corresponding to the expected TiH IR spectral region (around 1600 cm -1 ) [START_REF] Coperet | Isolated surface hydrides: Formation, structure, and reactivity[END_REF].
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Descriptors of Reactivity

As regards the electronic structure, we found that the heterolytic activation barrier is linearly related to the Fermi energy difference between the heterolytic product (H + -H -) and the bare slab (Figure 8). The activation barriers are lower when the Fermi energy of hydride species (H + -H -) is closer to the one of the corresponding bare slab. This behavior was also found in the H 2 dissociation on ceria [START_REF] Matz | Breaking h 2 with ceo 2 : Effect of surface termination[END_REF] as well as in metals with the hydrogen evolution reactions [START_REF] Santos | Theory of electrocatalysis: hydrogen evolution and more[END_REF].

The relationship between structure and the reactivity is also studied. Interestingly, the analysis of the transition structures (TS1) indicates that several bond distances correlate with the barrier of the heterolytic dissociation of H 2 . In TS1, the H 2 is polarized, pointing to a Ti and an O on the surface. The distances of Ti-H, H-H, and O-H in TS1 are between the adsorbed H 2 * and hydride (H + , H -): on these three anatase facets, the distances of H-H span from 0.901 Å to 1.100 Å; Ti-H values span from 1.921 Å to 1.979 Å, and O-H distances span from 1.244 Å to 1.368 Å. More precisely, TS with lower energy barrier is associated to a structure close to the absorbed H 2 * state (shorter H-H bonds and larger Ti-H and O-H distances) (see Table 6 and Figure 9). Such behavior is also found for ceria [START_REF] Matz | Breaking h 2 with ceo 2 : Effect of surface termination[END_REF]. The activation barrier as a function of the reaction energy of this heterolytic dissociation process is provided in SI (Table S2 and Figure S11 (black line)). It is indicated that, on these three anatase terminations, the thermodynamic reaction energies and the kinetic barriers follows a trend: the termination with the most exothermic reaction energy exhibits the highest reactivity. The termination with more endothermic reaction energy exhibits the poorest reactivity. The linear correlation is found on CeO 2 surfaces, see SI (Figure S10 (green line)), while it is not found for rutile phase.

Besides, in ceria, the shorter the Ce-O distance of bare slab, the smaller energy barrier [START_REF] Matz | Breaking h 2 with ceo 2 : Effect of surface termination[END_REF], while no similar behavior was found for the anatase or rutile surfaces [START_REF] Wei | Understanding the role of rutile tio 2 surface orientation on molecular hydrogen activation[END_REF]. Two main factors can be at the origin of this effect. First, the topology of the surface plays a key role in stabilizing intermediates and TS. Second, the ionicity of the M-O bond in the substrate may help stabilizing polarized systems such as TS1 and (H + -H -). In the case of ceria, an ionic oxide, a clear linear correlation is observed whereas in titania, with more covalent character, orbital effects could be more important.

Moreover, to understand the trend of activation barriers of hydrogen transfer from Ti to O on the three terminations, we analysed the transition state (TS2) associated with this process. The higher barriers for (100) and (101) come from the long distance in space (over 3 Å) of H transfer from Ti to nearby O (See Figure 10, middle and right). While the distance for H transfer from Ti to nearby 2-fold coordinated O on termination (001) is much shorter, 2.471 Å(see Figure 10, left), leading to a lower transfer barrier. We also check the reaction energy and H transfer barrier on three anatase facets (Table S2 and Figure S10 (black line)), no correlations between them were found. Neither for rutile surfaces. 

Conclusion

A systematic study for adsorption and dissociation of H 2 on three anatase surfaces (001), (100), and (101) has been carried out employing DFT calculations. In summary, our study points out that dissociative H 2 adsorption on anatase TiO 2 takes place through a heterolytic pathway followed by the transfer of an H atom from a Ti atom to a nearby O atom that finally yields the homolytic product. The topology of the surface plays a crucial role in H 2 dissociation on titanium dioxide. On anatase (001), the two pathways are more favorable thermodynamically and kinetically than the other two surfaces. In addition, we have shown that Fermi energy can be used as the predictive descriptors of reactivity. Finally, the bond lengths of Ti-O, H-H and O-H in TS1 are associated with heterolytic dissociation activation barrier. The lower energy barrier is associated to a TS structure close to the absorbed H 2 * state with shorter H-H bonds and larger Ti-H and O-H distances.

IR vibrational spectra of the homolytic product were also calculated indicating the expected vibrational region of hydride species on anatase TiO 2 surfaces is around 1700 cm -1 . Some common features were found between titania and ceria, namely the heterolytic product and the hydride M-H species seems to play a role in the dissociation mechanism. Also, the homolytic product is thermodynamically stable. However, quantitative correlations between geometry (especially for bare slab) and activation barriers were found to be apparent for ceria and not in titania. The nature of the M-O bond, mainly ionic in ceria and with a covalent characteri in titania, could be at the origin of the differences observed.
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 1 Figure 1: The structures of anatase (001), (100) and (101) surfaces. The Ti atoms are showed by blue balls and the O atoms by red balls.

Figure 2 :

 2 Figure 2: Schematic representations of the different steps considered in the present work.The heterolytic dissociation pathway of H 2 over anatase TiO 2 facet (process 1), followed by sequential H transfer from Ti to near O (process 2). The species are labeled in the scheme.
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Figure 3 :

 3 Figure 3: The energy profile of hydrogen dissociation and H transfer from Ti to near O on three anatase TiO 2 surfaces, namely (001), (100) and (101). Images show the pathway (side and top view) for (001). Color code: oxygen atoms in red, Ti in cyan, H in dark blue.

Figure 4 :

 4 Figure 4: The energetic profile for the two-step dissociation process on anatase(001) surfaces. ZPE zero point energy correction (red lines) and Gibbs free energy T=298 K (blue lines) For (100) and (101) surfaces, it is provided in SI (Figure S6 and Figure S7).

Figure 5 :

 5 Figure 5: Total and projected density of states (PDOS) of the anatase TiO 2 slab, H 2 , TS1, (H + -H -), and (H + -H + ) for the (001) surfaces. For the PDOS, only the TiO and H involved in the two processes are projected. Positive density of states (DOS) correspond to spin up and negative to spin down.

Figure 6 :

 6 Figure 6: Spin density of (H + -H + ) species, indicating the distribution of unpaired electrons on three anatase facets(001)(left), (100)(middle) and (100)(right)

Figure 7 :

 7 Figure 7: Computed IR spectra of the (H + -H -) species for Anatase (001),(100) and (101) surfaces

Figure 8 :

 8 Figure 8: The heterolytic activation barrier as a function of the Fermi level difference between (H + -H -) and bare slab for different CeO 2 (blue point line), rutile (pink point line) and anatase TiO 2 facets (black point line).

Figure 9 :

 9 Figure 9: The distance of H-H, Ti-H and O-H bonds of TS1 as a function of heterolytic activation barrier for these three facets (001), (100) and (101), which are shown with red, black and blue line respectively.

Figure 10 :

 10 Figure 10: The distance of H transfer from Ti to O on (001) (left),(100) (middle) and (101) (right) facets.

Table 1 :

 1 Size, composition, coordination number for three anatase slabs.

Table 2 :

 2 Energy profile for relevant structures, in eV. Inside the parentheses is the energy with ZPE correction as well as at room temperature. All energies are referred to the physisorbed TiO 2 -H 2 system.

Table 3 :

 3 Bader charge of involved H, Ti and O in the H 2 dissociation process.

Table 4 :

 4 the integrated Bader spin for all the involved species in the process

		(001)		(100)		(110)	
	species TS2	(H + -H + )	TS2	(H + -H + )	TS2	(H + -H + )
	Ti	0.97	0.98	0.98	0.99	0.98	0.98
	Ti	0.93	0.99	0.94	0.99	0.96	0.99
	O	0.00	0.00	0.00	0.00	0.00	0.00
	O	0.03	0.00	0.00	0.00	0.00	0.00
	H	0.00	0.00	0.00	0.00	0.00	0.00

Table 5 :

 5 Wave-numbers (in cm -1 ) and Their Relative Intensities (in brackets) of Ti-H - and OH + Stretching Modes of (H + -H -) Species for three anatase facets.

		µ stretch T i-H	µ stretch O-H
	(001)	1685.2(0.06)	3578.8(0.03)
	(100)	1685.3(0.91)	3770.6(0.20)
	(101)	1700.4(0.34)	3804.1(0.17)

Table 6 :

 6 Distance ( Å) of H-H, Ti-H and O-H for Transition State Structure in heterolytic dissociation process.

		d(H-H)	d(Ti-H)	d(O-H)
	(001)	1.719	1.746	0.982
	(100)	1.062	1.907	1.201
	(101)	1.095	1.878	1.174
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