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First Principles modeling of the adsorption mechanism of carboxylic and phosphonic acids onto pristine and defective delafossite CuAlO 2 surfaces

In order to provide atomistic insights on the mechanism and stability of dye grafting to CuAlO 2 delafossite surfaces, we study, using density functional theory calculations in vacuo and in implicit solvent, the adsorption of carboxylic and phosphonic anchoring groups onto stoichiometric and defective CuAlO 2 slabs exposing the most stable (012) termination. We find a remarkable increase of the adsorption energies on the reduced surfaces when the Cu + vacancy is on the top surface layer, in proximity to the molecule.

While on the pristine substrate the monodentate anchoring is the most stable one, on the reduced interface a strong bidentate bridging anchoring mode is favored, after the transfer of the hydroxyl proton to the oxygen surface atom adjacent to the copper vacancy. Identification of a largely stable bidentate coordination suggests a possible long term device stability, as well as a larger efficiency of the interfacial hole injection, indicating that CuAlO 2 may be a good alternative to NiO in p-type photocathodes.

1 Introduction In the field of photovoltaics (PVs), dye-sensitized solar cells (DSSCs), put forward by O'Regan and Gräetzel in 1991 [1], have attracted huge interest as a possible alternative to traditional silicon-based technologies. Despite their relatively modest power conversion efficiency, attested to 14% for n-type TiO 2 based devices [2], DSSCs present numerous advantages, such as flexibility, transparency, variable color and the possibility to work with diffused light in indoor applications [3]. The architecture of a DSSC is reminiscent of a sandwich structure, consisting of a mesoporous wide band gap oxide film, which is deposited onto a transparent conducting oxide (TCO) on a glass or plastic substrate, a counterelectrode, and a filling electrolytic solution, or a layer of hole transporting material (HTM), in solid-state DSSCs. Grafted onto the surface of the metal-oxide is a monolayer of sensitizing dye, which has the role of absorbing the solar radiation and initiating the interfacial hole/electron separation processes. In a typical n-type cell, upon solar light irradiation, the photoexcited dye injects the electrons into the manifold of unoccupied semiconductor states (hereafter referred as conduction band, CB), while the hole on the dye is transferred to a redox shuttle, which is in turn regenerated by a catalyst at the counter-electrode, closing the cycle [START_REF] Pastore | First Principles Approaches to Spectroscopic Properties of Complex Materials[END_REF][START_REF] Pastore | [END_REF][6]. By using a p-type semiconductor, usually NiO, the charge flow is inverse, with hole injection from the photoexcited dye to the substrate valence band (VB) and the concomitant electron transfer to the redox mediator and final electron collection at the anode [7][8][9]. Tandem DSSCs devices can be built by combining pand n-type photoelectrodes in such a way to exceed the theoretical Shockley-Queisser upper efficiency limit (∼ 30%) of a single photoactive electrode solar cell [10,11]. Despite the extensive research efforts accomplished over the last years to boost the p-type DSSCs performances, by improving the overall dye/NiO/electrolyte charge separation (such as the design of novel dyes with long-lived charge separated states, electrolytes optimization, search for p-type semiconductor alternatives to NiO), the power conversion efficiency of p-type DSSCs is still quite poor (PCE ∼ 2.5%) [12,13] when compared to that of their n-type counterpart [14,15,9].

Unfortunately, NiO has a series of inherent drawbacks, such as low hole mobility, low conductivity, high valence band edge potential [16] and poor interfacial charge transfer resistance and trap states placed above the VB edge, which favor hole/electron recombination at the solid-liquid interface [17][18][19][20][21][22]. Therefore, the development of alternative mesoporous transparent p-type semiconductors to replace NiO would represent an important step toward the optimization of p-type photoelectrodes [23].

Among the most investigated materials one finds the earth abundant binary (CuO, Cu 2 O) [24,25] and ternary (CuMO 2 with M = B, Al, Ga, Cr, Fe etc..) copper oxides. In particular, the latters, which crystallize in a delafossite structure, present the attractive feature of possessing a larger hole mobility due to the sizable hybridization between the d-states of the M(III) ions with the oxygen p orbitals, resulting in more delocalized states [26].

Although working examples of dye-sensitized photoelectrodes for DSSCs and dye-sensitized photoelectrocatalytic cells (DS-PECs) based on CuAlO 2 [27][28][29], CuCrO 2 [30][31][32][33], CuGaO 2 [34], CuBO 2 [35] and CuFeO 2 [36] semiconductors have been reported in the literature, the photocurrents and overall efficiencies remain rather poor, not outperforming NiO-based devices yet. Despite the good optoelectronic and conductivity properties of Cu(I) delafossites, their main limitations when employed in dyesensitized devices seem to be related to a feeble solar light harvesting, stemming from an insufficient dye loading on the mesoporous film. This can be the result of both a low specific surface area (too large nanoparticle size) and a weak dye adsorption. While attempts to optimize the film morphology (porosity and nanostructure) have been reported [23], to the best of our knowledge, the dye-surface interaction, in terms of stability and anchoring mechanism, has not been experimentally investigated for these systems yet. However, the connection between the molecules and the metal-oxide surface is extremely important to efficiently realize the interfacial charge transfer, as well as to attain both high device stability and light absorption [37][38][39][40][41]. Carboxylic and cyanoacrylic acids are the most frequently employed anchoring functionalities for both nand p-type DSCs [38], although they are unstable in water environment undergoing desorption [42]. Contrarily, phosphonic acid is known to guarantee a better anchoring stability, with an adsorption strength being about 80 times higher than that of the carboxylic acid, and negligible desorption in water [43][44][45][46].

Over the last decades, ab initio investigations have been proven to be a valuable tool for getting atomistic insights into the grafting mechanism of molecular sensitizers onto semiconductor slabs, supporting experiments in optimizing the structure and charge generation properties of dye-semiconductor interfaces and providing fundamental understandings of the relevant phenomena governing the DSSCs functioning [START_REF] Pastore | [END_REF]37,39,41,[47][48][49][50][51][52][53][54][55][56][57][58][59]. Nevertheless, while a large number of theoretical works have addressed the dye adsorption on the TiO 2 surfaces (see for instance Refs. [37,60], and references therein), only a few computational studies have appeared so far on the adsorption of anchoring groups or dyes on p-type semiconducting surfaces [46,51,[61][62][63][64][65]. Then, by looking more specifically to Cu(I) delafossites, the first work addressing this issue was reported by Pavone and co-workers [64] in 2019, by simulating the adsorption of both (-COOH) and (-PO 3 H 2 ) acid groups onto CuGaO 2 surface slabs. A strong preference toward a monodentate anchoring to the Ga sites was found, with, however, rather low adsorption energies, amounting to 1.0 and 0.7 eV for -PO 3 H 2 and -COOH, respectively. Very recently, some of us investigated the adsorption of carboxylic and phosphonic acids on the high-index (012) CuCrO 2 surface, confirming the larger stability of the monodentate coordination to the Cr sites for the pristine surface, but revealing the possibility of realizing a stable bidentate anchoring in proximity of a Cu + vacancy on the defective surface [65]. The calculated adsorption energies for the bidentate grafting amounted to about 2 and 3 eV for -COOH and -PO 3 H 2 , respectively, being in the energetic range reported for bidentate adsorption to TiO 2 and NiO.

Here with the aim of providing more information on the sensitization of the different Cu(I) delafossite materials adopted in DSSCs, we model by using state-of-the-art DFT calculations the adsorption mechanism of -COOH and -PO 3 H 2 on the pristine and reduced (012) CuAlO 2 surfaces, including dispersion corrections and solvation effects by a polarizable continuum dielectric model. The present results confirm an overall strengthening of the dye-semiconductor interaction when copper vacancies are present on the topmost layer of the slab and the possibility of stably anchor the molecule in a bidentate bridging mode to two Al sites in proximity of a Cu + defect. Moreover, the calculated adsorption energies are globally larger with respect to those calculated for CuCrO 2 and CuGaO 2 , suggesting that -COOH-and -PO 3 H 2 -functionalized dyes can be stably be grafted to (012) CuAlO 2 delafossite surfaces. the rotationally invariant DFT+U scheme [74] as implemented in VASP [75], applying a U-J parameter on copper d states with a value of 6.0 eV, similar to the value used for Cu(I) that has been tuned to provide the best description of the structural and electronic properties of bulk Cu 2 O [76]. The DFT-D2 van-der-Waals correction proposed by Grimme [77,78] has been adopted to describe the dispersion interactions. The self-consistent energy convergence threshold was set to 10 -5 eV, and for the structural optimizations, the total force on each atom was set to be below 0.05 eV. Å-1 at equilibrium. A kinetic energy cutoff of 550 eV for the plane-wave expansion and a k-point Monkhorst-Pack sampling grid of 9 × 9 × 2 were used for bulk CuAlO 2 [79], whose structure is presented in Figure 1a. Bulk CuAlO 2 can present different polytypes, namely, a hexagonal H-type and a 3R-rhombohedral. Here we have considered the 3R phase adopting the R3m space group symmetry, as measured by X-ray diffraction experiments [80,81]. The computed PBE+U+D2 cell parameters are found to be 2.87 Å and 17.08 Å along a and c directions, respectively. These values are in good agreement with those reported in the literature (experimental [80][81][82][83][84] and/or theoretical studies [85][86][87]) with a standard variation ranged between 0.02 Å and 0.13 Å.

The cleaved (012) surface, shown in Figure 1 is chosen based on experimental XRD data [88,89] indicating that although different possible facets exist [such as (006), ( 101), ( 018), (110), etc.], the (012) planes exhibit more intense diffractive peaks than other planes. Also it is known that the CuAlO 2 films are polycrystalline and have a preferential growth orientation following (012) [90]. The cell that we have used to represent the CuAlO 2 (012) surface contains 180 atoms arranged in 5 layers, and each layer has 9 Cu atoms, 9 Al atoms, and 18 O atoms respectively (see Figure 1b). The initial positions of the atoms correspond to their bulk-truncated positions. The (012) CuAlO 2 surface exposes all the cations (Cu + and Al 3+ ) and anions (O 2-) present in the bulk, as shown in Figure 1b. The surface and sub-surface Cu(I) atoms present the same coordination with the oxygen atoms, thus explaining their limited reactivity with the molecule's anchoring group (vide infra). While sub-surface Al 3+ atoms are bonded to six oxygen atoms and form AlO 6 regular octahedra [91,92], on the (012) surface they are coordinated only with three O atoms, yielding to a distorted semi-octahedral form with d Al-O 3C = 1.83 Å and d Al-O 4C = 1.97 Å. Also, half of oxygens at the surface, O 4C , have the coordination they present in the bulk, i.e. each oxygen atom is linked to three Al and one Cu atoms (see Figure 1b), while the other half, O 3C , form bonds with two Al and one Cu atoms.

The atoms in the three bottom layers were kept at their bulk fixed positions, a vacuum of 15 Å was set to avoid interactions between repeated slabs, and the k-point sampling for the slabs used has been scaled from the one of the bulk accordingly. Then, the defective surfaces were gener- ated by removing a copper atom from either the first or the second top layer, as presented in Figure 1c.

The adsorption energy is calculated as follows:

E ads = E mol/surf -E mol -E surf (1) 
where E surf , E mol , and E mol/surf are the calculated total energies of the clean or defective surface slabs, the isolated molecule, and, the molecule-slab system, respectively. Also using the optimized structures in vacuo, we have calculated the adsorption energies in water and acetonitrile using an implicit solvent model as implemented in VASPsol [93] with values for the dielectric constant of either = 80 or 37.5, respectively.

3 Results and discussion 3.1 Benzoic and phosphonic acids on a clean CuAlO 2 (012) surface The carboxylic (-COOH) and phosphonic (-PO 3 H 2 ) acids are by far the most employed anchoring groups in DSSCs and DS-PECs, since they assure stability and a good electronic coupling between the dye and the semiconductor, which is essential to allow fast interfacial hole/electron transfers.

The acidic groups can interact with the metal-oxide surface in a molecular (retaining their protons) or dissociated (transferring the protons to surface oxygen atoms) form. As shown in Figure 2, in the former case, two monodentate modes can be, in principle, realized by forming the covalent bond with the Al (M-Al H /M-Al 2H for -COOH/-PO 3 H 2 ) or Cu (M-Cu H /M-Cu 2H for -COOH/-PO 3 H 2 ) sites, also possible H-bonds with the oxygen surface atoms can be established (indicated in the labels by the sub-index "H"). The dissociation of one hydroxyl group allows the molecule to bind in a bidentate bridging (BB) way to the surface coordinating to i) two Al sites (BB-Al-Al/BB-Al-Al H for -COOH/-PO 3 H 2 ), ii) one Al and one Cu site (BB-Al-Cu/BB-Al-Cu H for -COOH/-PO 3 H 2 ) or two Cu sites (BB-Cu-Cu/BB-Cu-Cu H for -COOH/-PO 3 H 2 ). Finally, the phosphonic acid can be doubly deprotonated and grafted in a tridentate (T) mode Starting from the different adsorption configurations displayed in Figure 2, upon geometry relaxation we ended up with three stable structures in both cases, as shown in Figure 3 for the benzoic and Figure 4 for the phosphonic acids, respectively. For the carboxylic group, two monodentate (M-Al H and M-Cu H ) and one bidentate (BB-Al-Al) stable structures were identified, whose binding energies both in gas phase and in solution (ACN and water) are gathered in Table 1. In line with previous results on Cu(I) delafossites [65,64], among the three anchoring modes, the monodentate coordination to the Al atom with H-bond with a surface oxygen is largely the most stable one, with calculated adsorption energies of -1.66, -1.23 and -1.12 eV in gas phase, ACN and water, respectively. These values are of the same order of magnitude as the adsorption energies calculated at the same level of theory (PBE+U+D2) for CuCrO 2 [65], while significantly larger with respect to that of the monodentate and bidentate adsorption modes of acetic acid on NiO (001) and on the (012) CuGaO 2 surface [64]. Looking at the optimized bond lengths reported in Figure 3, the Al-O bond is rather short (1.94 Å) and the H-bond is strong, with the proton almost equally shared between the molecule and the surface (1.13 and 1.33 Å), justifying the rather large calculated energy. Since the Cu atoms at the surface have the same coordination of those in the bulk, one could expect that bonding to Cu is much less favorable and, indeed, only a monodentate coordination stabilized by the H-bond was identified. This binding mode is characterized, however, by rather weak binding energies, of -0.97/-0.62/-0.53 eV in vacuum/ACN/water. The bidentate coordination to two Al sites, BB-Al-Al (Al-O bond lengths of 1.94 Å), is predicted to be a slightly less favorable with respect to the monodentate one, with a binding energy of about -1 eV, appreciably weaker than for the bidentate binding to Cr atoms on the CuCrO 2 (012) surface (ca. -1.40 eV).

Moving to the phosphonic acid group, in this case the molecular monodentate coordination with two H-bonds to the surface, M-Al 2H , is also the configuration having the largest binding energy, namely -2.21/-1.65/-1.51 eV in vacuo/ACN/Water. The optimized structural parameters are coherent with the ones obtained for the monodentate adsorption mode of the -COOH group, although in this case the protons are more strongly retained by the molecule (O-H bond of 1.05 Å). The bidentate anchoring to the two Al sites (BB-Al-Al H is found to have a larger binding energy, predicted at -1.67 eV in gas phase and slightly destabilized to -1.47 and -1.33 eV in ACN and water, respectively. The two O-Al bonds are appreciably shorter (1.92 Å) with respect to those of the other optimized structures discussed so far and, again, the proton is essentially retained by the molecule (the O-H bond is around 1.0 Å) and a H-bond (O surf -H bond length of 1.86 Å) is established with an oxygen atom on the surface. Finally, the bidentate BB-Cu-Al H configuration is calculated to be only marginally stable, with an adsorption energy of -0.84 eV in vacuo, further reduced when the solvent is taken into account (-0.71/-0.59 eV in ACN/Water). The calculated O-Al and O-Cu bonds are 1.89 Å and 2.23 Å, respectively and the H-bond with the surface oxygen atom shows the expected bond lengths (O-H and O surf -H of 1.01 and 1.77 Å, respectively). 3.2 Benzoic and phosphonic acids on a defective CuAlO 2 (012) surface It is well known that defects significantly contribute to the chemistry and physics of metal oxides materials [94]. Point and extended defects, indeed, may modify their electronic structure, reactivity, catalytic, optical, and mechanical properties [95][96][97]. Therefore, surface defect engineering is crucial to modulate the surface electronic structure of electrocatalysts and their reactivity, as oxygen and cation vacancies may significantly modify the interaction between the surface and the adsorbates [95,98].

The p-type conductivity and optical transparency in thin films of CuAlO 2 with the delafossite structure was reported for the first time in 1997, and mainly attributed to the presence of Cu vacancies and ionized interstitial oxygens. [99] Following this study, a number of theoretical works were carried out to better understand defects and conductivity in delafossite CuAlO 2 [100][101][102][103][104][105][106][107]. The general consensus from both experiment and theory is that copper vacancies, Cu + , are the dominant defects under standard growth conditions. Therefore, in order to model more realistically the CuAlO 2 (012) surface and study the effect of native Cu vacancies on the adsorption mechanism and energetics, we introduced single Cu defects on the two uppermost surface layers (see Figure 1c), in proximity to the adsorbed molecules. The presence of a single Cu + vacancy in our slab model gives a defect percentage of 2.2%, which is consistent with the experimental value of 4 ± 2%, reported for CuGaO 2 [108].

We considered the most stable monodentate (M -Al H , M -Al 2H ) and bidentate (BB -Al-Al, BB -Al-Al H ) adsorption modes on the clean surface and calculated their stability when a copper vacancy (V) is introduced to the left/right (L/R) side of the adsorbed molecule and on the first (upper, U) and the second (down D) layers (V

L/R U and V L/R D
). The optimized configurations are displayed in Figures 5 and 6 for the carboxylic and phosphonic anchoring, respectively, and the corresponding binding energies in gas phase, water and ACN are listed in Table 2.

Starting by the monodentate adsorption, the first noticeable result is that when the Cu atom bonded to the surface oxygen establishing a H-bond with the oxydril group of the molecule is removed (M V L U ), a significant stabilization of the monodentate mode is seen. For -COOH/-PO 3 H 2 , we pass, indeed, from an adsorption energy in vacuo of -1.66/-2.21 eV (Table 1) calculated on the pristine surface to a value of -2.22/-2.66 eV obtained on the defective slab (Table 2), a similar decrease in the adsorption energies (0.5-0.7 eV) is calculated when solvation effects are taken into account. The optimized structures displayed in Figures 5 and6 show that the V L U vacancy induces a monodentate dissociative adsorption, with a proton transfer to the surface oxygen (H-O surf bond of about 1.0 Å), a shortening of the Al-O covalent bond (from 1.9 to 1.8 Å) and the formation of a stable H-bond (O-H-O surf of 1.6-1.7 Å). Then, as reported in our previous study on CuCrO 2 surfaces [65], starting by this dissociative monodentate coordination, a bidentate structure can be created by rotation of the anchoring group, resulting in the highly stable bidentate forms BB' V L U shown in Figures 5 and6. These BB configurations are predicted to have a binding energy of -3.07 and -3.65 eV in gas phase for the carboxylic and phosphonic acid groups, respectively, being larger by about 0.7-0.8 eV with respect to the values calculated for the same adsorption modes on defective CuCrO 2 surfaces. Again, when a dielectric continuum is considered in the calculations, the adsorption energies lower by about 0.5-0.7 eV.

Charge density analysis

A Bader analysis of the charge density was performed for the most stable structures of the benzoic and phosphonic acids on both clean and defective CuAlO 2 (012) surfaces in order to determine the charge transfer between them. The computed PBE+U+D2 charge transfer between the benzoic or phosphonic molecules and the clean or the defective delafossite surfaces for the most stable structure are summarized in Table 3. Their corresponding isosurface plots of the charge density difference are shown in Figure 7. In all cases, we found a charge transfer from the delafossite (clean and defective) surface to the considered molecules. For the clean surface, our calculations show a charge transfer of 0.18 e -to the benzoic acid and 0.22 e -to the phosphonic one. However, for the defective CuAlO 2 (012) surface, the charge transfer to the benzoic and phosphonic acids are found to be 0.41 e -and 0.40 e -, respectively. We found that the most affected atoms are those in direct contact with the surface, which are the oxygen atom or the hydroxyl (OH) group. To conclude, both molecules are strongly bonded to the defective CuAlO 2 surface via BB'V L U interaction mode with a relatively large charge transfer compared to the clean one via M-Al H or M-Al 2H adsorption site. 

Conclusions

To summarize, we have reported here a computational investigation on the adsorption mechanism and the stability of two largely employed anchoring groups on the most stable (012) surface of CuAlO 2 de-lafossite, for applications in dye-sensitized photocathodes. We have considered the anchoring on both pristine and Cudefective surfaces in vacuo and in implicit water and acetonitrile solvent. To this aim, PBE+U calculations, includ- In line with our previous results on the (012) CuCrO 2 surface [65], we found a remarkable effect of a copper vacancy in the first surface layer in stabilizing the bidentate bridging anchoring to the surface, otherwise disfavored on the clean surface slab, where a monodentate coordination with a H-bond formation is the most stable configuration (about -1.2/-1.6 eV for COOH/PO 3 H 2 in solution). The presence of the Cu + defect allows, indeed, a neighbouring oxygen atom to covalently bind the oxydril proton of the anchoring group, yielding to its deprotonation and to the consequent bidentate coordination to two Al surface atoms. Precisely controlling the concentration of surface defects appears therefore crucial to favor the bidentate dye coordination, which is beneficial for both the stability and the efficiency of the interfacial electron transfer processes. Moreover, the calculated adsorption energies on the defective surface for the bidentate binding mode result are, on overall, larger than the ones calculated for the corresponding configuration for CuCrO 2 , [65] suggesting that the inefficient dye-sensitization of CuAlO 2 mesoporous films may essentially be attributed to the low exposed surface area rather than to a weak dye/surface interaction.
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Figure 1

 1 Figure 1 (a) Rhombohedral unit cell of bulk CuAlO2 with our calculated cell parameters. Pristine (b) and defective (c) CuAlO2 surface (012). Color code: Blue-Cu, Red-O, Grey-Al, Yellow Cu vacancies, Cuv.

Figure 2

 2 Figure 2 Schematic representation of the different binding modes (monodentate, bidentate, tridentate) for benzoic and phosphonic acid groups (-COOH,-PO3H2) on the CuAlO2(012) surface. The sub-index 'H' represent a H-bonding between the OH group and a surface oxygen atom.

Figure 3

 3 Figure 3 Optimized structures of C7H6O2 adsorbed on the CuAlO2 (012) surface and relevant molecule-surface bond distances. For visualization purposes, only the two topmost CuAlO2 atomic layers are displayed. Color code: Blue Cu, Red O, Grey Al, Brown C, and light pink H.

Figure 4

 4 Figure 4 Optimized structures of CH3PO3H2 adsorbed on the CuAlO2 (012) surface and relevant molecule-surface bond distances. For visualization purposes, only the two topmost CuAlO2 atomic layers are displayed. Color code: Blue Cu, Red O, Grey Al, Brown C, Violet P and light pink H.

Figure 5

 5 Figure 5 Optimized structures of C7H6O2 on defective CuAlO2(012). The label V R/L U/D M/BB represents the Cu vacancy site, where U/D is the top most upper/down layer, L/R is left/right side to the anchored site, and M/BB represent monodentate/bidentate anchoring mode Color code: Blue-Cu, Red-O, Grey-Al, Brown-C, light pink-H, and yellow-Cu defect site.

Figure 6

 6 Figure 6 Optimized structures of CH3PO3H2 on a defective CuAlO2(012) surface. The label V R/L U/D M/BB represents the Cu vacancy site, where U/D is the upper/down layer, L/R is left/right to the anchoring site, and M/BB represent a monodentate/bidentate anchoring mode. Color code: Blue-Cu, Red-O, Grey-Al, Brown-C, light pink-H, and yellow-Cu defect site.

Figure 7

 7 Figure 7Isosurface plot of the charge density difference for the most stable adsorption configurations of phosphonic and benzoic acids on both clean and defective CuAlO2(012) surfaces computed with PBE+U+D2 formulation. The colors yellow and turquoise represent the positive and negative charge density, respectively.
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Table 1

 1 

	Calculated (PBE+U/D2) adsorption energies E ads
	(eV), for C6H5COOH and CH3PO3H2 anchored on clean
	CuAlO2(012) surface for different adsorption modes, in vacuo
	and in implicit solvent (ACN and water).		
	Anchoring mode	Vacuum	ACN	Water
		Benzoic acid		
	M -AlH	-1.66	-1.23	-1.12
	M -CuH	-0.97	-0.62	-0.53
	BB -Al -Al	-1.08	-1.06	-0.96
		Phosphonic acid		
	M -Al2H	-2.21	-1.65	-1.51
	BB -Al -AlH	-1.67	-1.47	-1.33
	BB -Cu -AlH	-0.84	-0.71	-0.59

Table 2

 2 Calculated (PBE+U+D2) adsorption energies, E ads (eV), for C6H5COOH and CH3PO3H2 anchored on a defective CuAlO2(012) surface for different adsorption modes in vacuo and in implicit solution (ACN and water). The most stable configurations are highlighted in bold.

	Anchoring mode	Vacuum	ACN	Water
		Benzoic acid		
	M V L U	-2.22	-1.88	-1.85
	M V R U	-1.57	-1.12	-1.00
	M V L D	-1.48	-1.09	-1.02
	M V R D	-1.62	-1.24	-1.13
	BB V L U	-3.07	-2.52	-2.41
	BBV L U	-1.14	-0.86	-0.79
	BBV R U	-0.86	-0.78	-0.70
	BBV L D	-0.93	-0.91	-0.83
	BBV R D	-1.04	-0.81	-0.91
		Phosphonic acid		
	M V L U	-2.66	-2.20	-2.22
	M V R U	-2.11	-1.60	-1.49
	M V L D	-2.02	-1.79	-1.44
	M V R D	-2.16	-1.65	-1.51
	BB V L U	-3.65	-2.86	-2.70
	BBV L U	-1.85	-1.84	-1.40
	BBV R U	-1.39	-1.13	-1.01
	BBV L D	-1.52	-1.32	-1.20
	BBV R D	-1.63	-1.21	-1.27

Table 3

 3 Bader analysis of the charge density: PBE+U+D2 computed charge transfer per atom (in e -) from both clean and defective CuAlO2(012) surfaces to the benzoic and phosphonic acids for the most stable structures (M-AlH , M-Al2H and BB'V L U ).

	Benzoic Acid
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