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Introduction

In the context of solar energy exploitation, dye-sensitized solar cells (DSCs) [1][2][3] and dye-sensitized photoelectrosynthetic cells (DSPECs) [4][5][6][7] offer the promise of cost effective sunlight conversion and storage, respectively. Since the seminal paper by O'Regan and Grätzel in 1991, 8 hybrid/organic photovoltaic devices have attracted significant research interest, with the recent launch of the first commercial product. The heart of a n-type DSC is the photoanode, where a mesoporous oxide layer, usually TiO 2 or ZnO, is sensitized by a monolayer of dyes, chemically bound to the semiconductor nanoparticles. Upon solar irradiation, the adsorbed sensitizers are able to inject the photoexcited electrons in the manifold of the conduction band (CB) states of the semiconductor, typically at the femtosecond time scale. Injected electrons travel through the mesoporous film and are collected by the conductive layer of the photoanode electrode, while the oxidized dye is rapidly reduced by the electron mediator donor in solution or by the hole transporting material (HTM) in solid-state devices. The collected electrons flow in the external circuit, producing a photocurrent, and reach the counter-electrode, where the circuit is closed by the reduction of the electron mediator acceptor. Alternatively, in a p-type DSC, the photoactive electrode is a dye-functionalized nanostructured wide band gap p-type semiconductor (usually NiO). [9][10][11][12] In this case the functioning mechanism is inverse, with hole injection from the photoexcited dye to the p-type semiconductor valence band (VB) and the concomitant electron transfer to the redox mediator and final electron collection at the anode (Fig. Figure 1). This reverse architecture can be either combined with the n-type DSC in a tandem device, in such a way to surpass the theoretical upper limit of 30% efficiency of a single photoactive electode cell, [13][14][15][16] or employed in a DSPEC at the photocathode for water reduction. 17 The latter is di- rectly inspired by a DSC, where molecular systems (dyes and catalyst) are adsorbed on the surface of a wide band-gap semiconductor (typically TiO 2 at the photoanode and NiO at the photocathode). Dye-sensitized photoanode and photocathodes can be then combined in a tandem cell for water splitting. Upon solar light absorption, at the photoanode, the dye's photo-excited electrons are injected into the semiconductor CB, while the concomitant holes are transferred to the catalyst for water oxidation. The injected electrons are then collected at the photocathode, where, upon dye's excitation, the electrons are transferred to the water reduction catalyst and the holes to the p-type semiconductor VB. In such a photoelectrosynthetic device, oxygen is produced at the dye-sensitized semiconductor photoanode, while hydrogen is produced at the photocathode. [18][19][20] Despite the huge interest in developing efficient p-type electrodes, their solar-energy-to-electricenergy conversion efficiency is still one order of magnitude smaller that the n-type DSCs. 21,22 Regardless of the efforts in materials optimization (redox mediator, [21][22][23] dye structure, 14,[24][25][26] use of additives 27 and semiconductor doping strategies 28 ), the measured photocurrent densities are still extremely low when compared to those obtained for TiO 2 based photoanodes, leading to the common assumption that nanostructured NiO, characterized by a relatively low bulk hole conductivity, 29 is intrisically not optimal for DSCs applications. 29 Since 2005, when the ultrafast (ca. 200 fs) photoinduced electron transfer from nanostructured NiO to the cumarin 343 (C343) sensitizer was reported for the first time, 30 a number of Transient Absorption Spectroscopy (TAS) investigations have been carried out for dye-sensitized NiO electrodes. 20,25,[31][32][33][34] All these experiments have shown for the best dye architectures an ultrafast dynamics for the hole injection into the semiconductor (oxidized dye reduction) and a remarkably fast back recombination reactions (ps timescale).

The reason for these poor photocurrents and device efficiencies has, therefore, to be found in fast back recombination pathways at the solid/liquid interfaces (NiO/dye and NiO/electrolyte) 28,35 rather than in a poor intrinsic hole conductivity of mesoporous NiO. 11,36 Indeed, as discussed by Hammarström and co-workers 28 for a bare mesoporous NiO film, the electron transfer from the redox couple (I - 3 /I -) to the metal oxide takes place already at low potentials, assisted by both a favorable redox potentials alignment between NiO and the electrolyte reductive species 23,37 and the presence of trap states above the semiconductor VB edge. Further evidence of the crucial role of the electrolyte/NiO interaction has also recently been reported in an X-ray Photoelectron Spectroscopy (XPS) study for the acetonitrile solvated NiO interface, where the adsorption of I - 3 and I -at the NiO mesoporous surface is monitored at different applied potentials. Also in this experiment the dye monolayer, with its potential surface passivation and bands shift effects, was not present at the NiO/solvent interface. As a matter of fact, the characterization of the electronic and structural properties of dye-sensitized NiO interfaces in both p-type DSCs and water reduction photocathodes is still poor when compared to the level of understanding reached for TiO 2 sensitized photoanodes. The same considerations apply to theoretical studies that, while having played a decisive role assisting experimental research in the development of the TiO 2 based DSCs [38][39][40][41][41][42][START_REF] Pastore | In Modeling materials and processes in dye-sensitized solar cells: Understanding the mechanism, improving the efficiency[END_REF][START_REF] Mosconi | [END_REF][45][46] and perovskites solar cells, 47,48 are still lacking in the modeling of the dye/NiO heterointerface.

The first theoretical work on a dye-sensitized NiO interface model has, in fact, appeared only very recently: 49 The cumarin 343 dye anchored by both phosphonic and carboxylic acid functionalities on the NiO(100) surface was investigated by using periodic spin polarized DFT+U calculations in gas phase. Other two studies employing hybrid functionals and localized basis sets have been reported later, considering the adsorption of a perylene monoimide dye 50 and the screening of different anchoring groups at the dye functionalized NiO surface. 51 In all these studies, the energy

The Role of Solvent in the Energy Level . . . level alignment across the interface, and in particular the relative position of the dye's HOMO with respect to NiO's VB, is found to be extremely sensitive to the anchoring group (carboxylic acid, phosphonic acid, alkoxilane) and binding mode (mododentate, bidentate, tridentate) of the dye. Indeed, the reduction of the interfacial electric dipole significantly increases the energy difference between the metal oxide VB and the dye's HOMO, therefore increasing the driving force for the hole injection process. 49 Due to the high sensitivity of the dye/surface level alignment on the changes of the interfacial electrostatic potential, limiting the calculations to the equilibrium geometry in gas phase (i.e. neglecting thermal fluctuations and the effect of the solvent) can only provide a rough approximation to the system energetics.

In an effort to improve the predictive power of theoretical simulations for these systems, in this work we tackle the dynamical modeling of the full interface, including the water environment.

By using the DFT+U approach and including explicit water molecules we perform first-principles molecular dynamics simulations of the NiO(100) surface sensitized by the C343 dye anchored via a phosphonic acid. We then investigate the electronic structure of the system and the level alignment across the interface at selected snapshots extracted from the dynamics. This analysis is carried out by using both DFT+U and hybrid functionals (HSE06) and by comparing the results obtained with explicit water to those obtained using an implicit solvent model. We find that the use of an explicit solvation for the dye/oxide interface model is essential to have a reliable band offset energetics along the MD trajectory. Indeed, the formation of a fairly rigid solvent layer bound to the surface causes a sizable electrostatic effect and induces a change in the dye binding mode after few picoseconds of dynamics. DFT+U and hybrid functionals, on the other hand, give a very similar level alignment across the interface.

Theoretical Methods

To investigate how C343 binds to NiO(100) we employ DFT calculations with the PBE exchange and correlation functional, 52 adding a Hubbard U term to Ni(d) electrons. Following Cococcioni and de Gironcoli, 53 we adopted the value U=4.6 eV derived from linear response. For static calculations, we use ultrasoft pseudopotentials 54 and a plane waves basis set, with a cutoff of 30 Ry for the wave functions and 300 Ry for the charge density. Van der Waals interactions are modeled using Grimme's method. 55 These calculations have been performed with the Quantum ESPRESSO software. 56 We adopt a slab geometry for NiO(100), consisting of 6 layers in a (2×2) unit cell, periodically repeated in the three dimensions. The dye is adsorbed on one side only, and to remove the spurious dipolar interaction among different replicas of the system in the direction perpendicular to the slab we introduce a compensating dipole in the vacuum region. The vacuum region is about 18 Å. The Brillouin zone is sampled with a uniform 4×4×1 grid of K-points centered at

Gamma. The projections of the Kohn-Sham states of the full systems on the HOMO of the isolated dye have been performed with the molecularpdos.x tool in Quantum ESPRESSO. 57 Molecular dynamics simulations (∼ 33 ps) in explicit water have been performed with the CP2K code, using GTH norm-conserving pseudopotentials, MOLOPT-DZVP basis set, 500 Ry cutoff for the charge density, and sampling the Brillouin zone at the Gamma point. Also in this case we employed the PBE+U approach with Grimme's van der Waals corrections. The temperature is set to 360 K through the use of the canonical sampling velocity rescaling thermostat. 58 The surface unit cell adopted is a (2×2), with the simulation box having dimensions 8. Quantum ESPRESSO and with the HSE06 hybrid functional 59 using CP2K. In HSE06 calculations we reduce the fraction of exact exchange from the original 25% to 20% in order to obtain a gap for NiO compatible with experimental measurements.

Results and Discussion

Isolated and adsorption systems

For NiO bulk we considered the experimental rocksalt structure with a lattice constant of 4.176 Å. The spins of Ni atoms are ferromagnetically aligned within the (111) planes, and are antiferromagnetically ordered across different (111) planes, resulting in an AF2 phase. The experimental optical absorption spectrum of NiO shows an onset of absorption at 3.1 eV, reaches its maximum at 4.3 eV, 60 and the optical gap is usually extrapolated to 4.0 eV. 61 The fundamental gap measured through direct and inverse photoemission spectroscopy is in the 3.2-5.7 eV range, 61,62 depending on how the value is extracted from the measured spectra, while is 4.0 eV from X-ray emission and absorption spectroscopy. 63 There is a fairly large number of theoretical works on the electronic structure of bulk NiO present in the literature, using DFT methods (GGA functionals, DFT+U, hybrid functionals) as well as many-body perturbation theory (GW). [64][65][66][67] The electronic structure of NiO, and its band gap in particular, depends rather strongly of the choice of the method. Using the PBE+U approach with a value of U for Ni(d) states of 4.6 eV as obtained from linear response, 53 shown by the projected density of states (PDOS) in Fig. S2.

As dye sensitizer we investigate a derivative of C343, because of its well characterized inter-action with the NiO surface. 19,30,49,[72][73][74][75] The C343 dye considered in our work features a terminal phosphonic acid (-PO(OH) 2 ) anchoring group, which guarantees a superior grafting stability (stronger adsorption) 49,76,77 in water environment, where the carboxylate group, normally employed in DSCs, undergoes desorption from the oxide surface. 78,79 We examined two possible conformers: 80,81 one where one of the H atoms of the phosphonate is H-bonded to the oxygen of the carbonyl group of the coumarin (H-up), and another where both H atoms of the phosphonate point away from it (H-down) (see Fig. S3). In gas phase, the H-bonded isomer is slightly favored, by 0.20 eV using the PBE functional.

To model the surface of NiO we considered the (100) facet, since this is the most stable termination. Geometry optimization of the system were performed with a 6-layer slab of NiO(100), eV with respect to the vacuum), from which a value of -5.9 eV is estimated for the position of the HOMO relative to vacuum. 86 Moving now to the adsorption of the dye on the surface, in line with previous work 49 we find the bidentate binding to be the most stable anchoring mode of the CH 3 -PO(OH) 2 group onto the NiO(100) surface (see SI for details) and we calculate an adsorption energy for the H-up and H-down C343 isomers adsorbed on our 6-layer surface slab of -1.30 eV and -1.06 eV, respectively.

In addition to the different adsorption energy, favoring the H-up configuration, the PDOS for the two systems in Fig. Figure 2 shows that there is also a large influence on the position of the molecular orbitals of the dye with respect to the NiO levels. In particular the HOMO of the dye lies 1.1 eV below the VBM in the H-up configuration, while it is 0.1 eV above the VBM in the H-down geometry, the latter coinciding with the relative alignment predicted for the isolated components.

An explanation for such a sizable shift can be found by looking at the electrostatic potential along the direction perpendicular to the NiO surface for the two geometries (Fig. S6 

C343/NiO in solution

Turning now to our molecular dynamics simulations for the full system in water, in Fig. Figure 3 we first show the effect of the solvent on the level alignment evaluated at the initial snapshot (i.e.

the snapshot extracted after the 3 ps equilibration). We compute the PDOS in three configurations: The full system with explicit water (labeled "Explicit" in Fig.

Figure 3); The system where all the water molecules have been removed ("Vacuum"); The system where the solvent is modeled through an implicit solvent model ("Implicit"). In all cases the positions of the atoms of NiO and of the dye are identical. The color-filled peak in Fig. Figure 3 represents the projection of the Kohn-Sham states of the full system on the HOMO state of the isolated dye, enabling us to clearly identify the dye's HOMO within the full system. The effect of the solvent is to shift the levels of the dye towards lower energies, relative to the states of NiO, from 0.7 eV above the VBM in vacuum to -0.2 eV in explicit solvent. This effect is partly captured also using an implicit solvent model, even though the magnitude of the energy shift is significantly smaller than in the case of the explicit solvent, since the dye's HOMO is still 0.2 eV above the NiO's VBM. Notice that the geometry in vacuum of this snapshot is quite different from the most stable H-up geometry considered earlier in vacuum, hence the large change in the level alignment.

To evaluate the influence of the exchange and correlation functional, we compare in Fig. S7 in SI the electronic structure of the system using the PBE+U and HSE(X=20%) functionals. Also in

The Role of Solvent in the Energy Level . . . this case, the comparison has been made on the initial snapshot. While the effect of the inclusion of exact exchange is clearly to increase the NiO gap and to enhance the Ni character of the top of the valence band (as already discussed for bulk NiO, see Fig. S2 in SI), the position of the levels of the dye relative to NiO in not significantly affected, with the dye's HOMO being close to the top of the valence band of NiO in both cases. The large difference between the results obtained with implicit and explicit solvent models suggests that the water molecules at the dye/NiO interface do not behave like bulk water molecules, likely because of a strong interaction with the surface atoms, and are therefore not well described by the continuum solvent model. To test whether this is the case, we considered also a system in which the layer of water molecules bound to the surface is retained (there are four such molecules in our simulation cell) while the rest of the solvent is modeled through an implicit solvent model.

As shown in Fig. We also find that the kind of functional used for the exchange and correlation potential does not have a large role in the level alignment. As we can see in Fig. Figure 4, the results obtained with explicit water molecules using the PBE+U approach and the HSE06 hybrid functional do not differ substantially. The average value obtained for HSE06 is -0.22 ± 0.38 eV, differing less than 0.1 eV from the PBE+U value. This is in line with what we observed for the isolated systems, where both methods predicted the dye's HOMO to be slightly above (within 0.1 eV) NiO's VBM.

The creation of the solvated interface therefore modifies the level alignment with respect to the isolated systems, moving the dye's HOMO down in energy with respect to NiO's VBM by ∼0.3

eV. As stressed above, the approximations in our electronic structure methods likely destabilize the dye's HOMO. More accurate approaches could therefore give even more favorable level alignment for hole injection. is consistent with the corresponding average value extracted from the MD. This, however, implies that for this system a static calculation cannot capture the effect of the solvent on the energy alignment across the interface. The favorable alignment we find with the simulation in explicit water is not reproduced with a static calculation where we optimize the geometry in implicit solvent.

Finally, to test whether van der Waals contributions to the interatomic forces play any role in the energy level alignment, we performed an additional 10 ps molecular dynamics without such contributions. As shown in Fig. S10, the dye's HOMO continues to be favorably aligned with respect to NiO's VBM, and the energy difference between these two levels displays fluctuations comparable to those obtained with the van der Waals contributions, implying that these terms do not play a key role in the level alignment of this system.

Conclusions

In summary, we have shown that the energy level alignment C343/NiO(100) interface displays a complex behavior. The alignment is largely determined by electrostatic effects induced by the anchoring geometry, the water layer bound to the surface and the solvation water. First principles molecular dynamics simulations, accounting explicitly for all these effects, correctly predict the HOMO of the dye to be below the valence band maximum of NiO, therefore in a favorable position of hole injection. These predictions are strongly influenced by how the solvent is modeled, suggesting an explicit solvent model to be necessary to predict the correct alignment. We find, on the other hand, that the exchange and correlation functional does not have a dramatic effect on the alignment.

Supporting Information Available

In the Supporting Information we provide: the DOS of the isolated systems, position of the dye's HOMO relative to vacuum in various environments, binding energies of the dye, electrostatic po-

Figure 1 :

 1 Figure 1: Operational mechanism of a p-type DSC

  35 × 8.35 × 33.40 Å 3 , and the solvent consists in 39 water molecules. The time step is set to 1 fs and we use deuterium mass for hydrogen atoms. The first 3 ps of the dynamics have been used for equilibration and have been discarded. From the ∼30 ps production run we extracted a sequence of timeequispaced snapshots (0.5 ps) that have been analyzed with single-point PBE+U calculations with

  the computed direct gap we obtain with our setup is 3.07 eV (indirect gap 2.53 eV). The top of the valence band has a mixed O(p)-Ni(d) character, while the bottom of the conduction band is dominated by Ni(d) levels (see Fig. S2 in Supporting Information (SI)), in agreement with previous investigations. 53,[68][69][70] Hybrid functional calculations lead to a larger gap, 4.95 eV using HSE06 and 5.76 eV using PBE0, both of which include a fraction X=25% of exact exchange. Lowering X to 20% in HSE06 leads to a gap of 4.31 eV, in better agreement with the experimental value. All calculations with the HSE06 functional have therefore been performed with X=20%. Apart from the expected effect on the gap, 51,71 the inclusion of exact exchange modifies the character of the top of the valence band: while it is predominantly O(p) in the case of PBE+U, it is mostly Ni(d) in the case of HSE06, as

  using a (2×2) surface unit cell, obtaining very small relaxation (∼1% expansion of the first two layers) with respect to ideal bulk positions. Using the Kohn-Sham eigenvalues (relative to vacuum) as estimates of electron removal energies, PBE+U calculations place the valence band maximum (VBM) of NiO at -5.27 eV, while a value of -5.70 eV is obtained at HSE06 level of theory (see data in Tab. S1 in SI). The experimental values for the VBM of NiO (relative to vacuum) present in the literature vary considerably: from -4.8 eV measured through photoemission spectroscopy, 82 to -5.0 eV obtained through electrochemical measurements, 9,83 to -5.8 eV obtained from thermionic emission, 84 with the most frequently reported estimate being -5.0 eV.85 The HOMO of the C343-PO(OH) 2 molecule is calculated at -5.25 eV and -5.63 eV at PBE and HSE06 level of theory, respectively, thus in both cases slightly above (within 0.1 eV) the NiO's VBM. The experimental ground state oxidation potential (GSOP) is available only for the C343-COOH dye in Dimethylformamide (DMF) solution, and is measured at -1.2 V vs NHE (ca. 5.65

Figure 2 :

 2 Figure 2: The C343/NiO(100) system in vacuum in the bidentate anchoring geometry, evaluated using the PBE+U approach. We show the PDOS of: (a) the H-up geometry; (b) H-down geometry. The blue shaded areas represent the projections on the HOMO of the isolated dye. The isosurfaces of the dye's HOMO Kohn-Sham state are shown in panel (c) for the H-up geometry and panel (d) the H-down geometry. In both cases the dye's HOMO is fully localized on the dye, with no significant weight on the NiO slab.

  in SI). In the region of dye the two curves are shifted by 1.2 eV, in quantitative agreement with the overall shift of 1.2 eV of the HOMO with respect to VBM induced by the change of the dye conformation. The different adsorption geometries result in different interfacial dipoles, which shift the electrostatic potential in the region of the dye relative to the potential of the NiO slab. Being essentially decoupled from the NiO slab (see plot of the corresponding Kohn-Sham state in Fig.Figure2 and the sharp peak of the dye's HOMO), the HOMO of the dye experiences a rigid shift in energy with respect to the valence band of NiO as the positively charged H atom of the anchoring group moves from the H-down to the H-up configuration.Summarizing, our gas phase "0 K" picture of the C343-sensitized NiO interface sees the dye in the H-up conformation anchored stably in a bidentate mode to the metal oxide surface, characterized by an interfacial energy level lining up favorably for hole injection, with the dye's HOMO positioned about 1 eV below the NiO VBM. Given the sensitivity of the dye/NiO level alignment to the change in interfacial dipoles, we expect that inclusion of water molecules and thermal fluctuations in the simulation will significantly alter the scenario discussed so far.

Figure 3 :

 3 Figure 3: Effect of the liquid environment on the energy level alignment, evaluated on a snapshot at the very early stages of the production run. Left panel: Geometry of the full system. Right panel: PDOS evaluated in vacuum, in explicit water, and in implicit solvent. The area filled in solid color represents the projection of the Kohn-Sham states of the full system on the HOMO state of the isolated dye.
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 4 Figure 4: Position of the HOMO of the dye relative to the top of the valence band of NiO during the dynamics. Calculations in vacuum and in implicit solvent have been performed with the PBE+U method. The calculations in explicit water have been performed with both the PBE+U method and the HSE(X=20%) functional.

Figure 5 :

 5 Figure 5: Change of anchoring geometry during the molecular dynamics in explicit water. Left: Bidentate geometry. Right: Tridentate geometry.
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 5 . In vacuum, however, the bidentate geometry is favored over the tridentate by 0.41 eV, while in the implicit solvent it is favored by 0.28 eV. To check whether this result is reproducible, we performed two further molecular dynamics simulations starting with different initial geometries of the dye and the solvent. In every case we observed a transition from a bidentate to a tridentate anchoring within a few ps. This geometrical change has a large effect on the energy level alignment evaluated in vacuum, since the dipole induced by the transfer of the proton is not screened by the solvent, resulting in an upward shift of the dye's HOMO relative to NiO's VBM. This effect is partially mitigated by the inclusion of an implicit solvent model, while in explicit water the alignment is weakly affected by such change of anchoring geometry. Further details of the solvent radial distribution functions and density are shown in Fig.S8and S9 in SI.

Fig. Figure 4

 4 Fig.Figure4shows that the fluctuations in the energy level alignment are larger in the case of explicit water, suggesting that the change in the instantaneous configuration of the water molecules surrounding the dye/NiO interface have a larger effect on the alignment than the change in the dye/NiO configuration. Considering time averages along the dynamics, results in implicit and explicit water differ substantially. Focusing on the portion of the dynamics where the dye anchors in a tridentate mode, we computed the average position of the dye's HOMO relative NiO's VBM, obtaining values of 1.22 ± 0.17 eV in vacuum, 0.51 ± 0.12 eV in implicit solvent and -0.31 ± 0.34 eV in explicit solvent.

Figure 4

 4 the explicit inclusion of the first water layer improves the agreement with explicit solvent simulation, with an average position of the dye's HOMO relative NiO's VBM of -0.01 ± 0.11 eV.

Figure 6 :

 6 Figure6: Energy level alignment of the dye's HOMO with respect to the maximum of NiO's valence band. MD refers to results obtained from snapshots extracted from the molecular dynamics simulations. BD and TD refer to bidentate and tridentate geometries, respectively.

  The Role of Solvent in the Energy Level . . . this work is mainly on the level alignment across the interface in solution, we need to keep in mind that the dye's HOMO could be further stabilized by more accurate approximations. Many body perturbation theory (i.e. GW calculations), in particular, could lead to better agreement with experiment compared to our estimates obtained from the Kohn-Sham eigenvalues. 87,88 However, when considering the full interface these calculations are computationally very demanding and are currently the subject of ongoing work.

	Our estimate for the HOMO of C343-COOH in DMF is -4.90
	eV for PBE and -5.28 eV for HSE06 (i.e. a shift of +0.35 eV with respect to C343-PO(OH) 2 in

vacuum, see SI for details).

There is therefore a fairly large discrepancy with the experimental value of the dye's HOMO. While this comparison refers to isolated systems and the focus of

The Role of Solvent in the Energy Level . . . tential alignment, geometries for the bi-and tri-dentate configurations in solution, analysis of radial distribution functions and water density, analysis of the effect of van der Waals forces on the energy level alignment.
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