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Ab initio characterization of hybrid MOF-MXenes

surfaces: The case of Cu-pyridyl on Ti2CO2

Introduction

MXenes are transition metal carbide-and/or nitride-based two-dimensional materials having unique set of properties such as layered nanostructure, electronic conductivity, and surface chemistry. These properties facilitate potential applications of MXenes in electrochemistry, storage and conversion of energy. [START_REF] Khan | Recent Advances in Two-Dimensional Materials and Their Nanocomposites in Sustainable Energy Conversion Applications[END_REF][START_REF] Morales-García | New Horizons in Catalysis[END_REF][START_REF] López | Theoretical Study of the Mechanism of the Hydrogen Evolution Reaction on the V2C MXene: Thermodynamic and Kinetic Aspects[END_REF][START_REF] Meng | Effect of Terminations on the Hydrogen Evolution Reaction Mechanism on Ti3C2 MXene[END_REF][START_REF] López | Computational Pourbaix Diagrams for MXenes: A Key Ingredient toward Proper Theoretical Electrocatalytic Studies[END_REF] In particular, MXenes have been investigated as probable catalysts or catalyst supports for the oxidation reactions as oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). [START_REF] Yu | Novel 2D Transition-Metal Carbides: Ultrahigh Performance Electrocatalysts for Overall Water Splitting and Oxygen Reduction[END_REF][START_REF] Junaidi | A Comprehensive Review of MXENES as Catalyst Supports for the Oxygen Reduction Reaction in Fuel Cells[END_REF][START_REF] Yoo | Review-The Oxygen Reduction Reaction on MXene-Based Catalysts: Progress and Prospects[END_REF][START_REF] Peera | Recent Advances on MXene-Based Electrocatalysts toward Oxygen Reduction Reaction: A Focused Review[END_REF][START_REF] Wang | Insights into MXenes-Based Electrocatalysts for Oxygen Reduction[END_REF][START_REF] Browne | The Potential of MXene Materials as a Component in the Catalyst Layer for the Oxygen Evolution Reaction[END_REF] These reactions take place in next-generation Li-air batteries and fuel cells. Despite the appreciable ORR activity of pristine MXenes, [START_REF] Lin | Two-Dimensional Titanium Carbide MXenes as Efficient Non-Noble Metal Electrocatalysts for Oxygen Reduction Reaction[END_REF][START_REF] Parse | Mixed Phase Titanium Carbide (Ti-C-Tx): A Strategy to Design a Significant Electrocatalyst for Oxygen Electroreduction and Storage Application[END_REF] they show huge potential as a catalytic support for design of tailored catalytic materials. [START_REF] Morales-García | New Horizons in Catalysis[END_REF][START_REF] Junaidi | A Comprehensive Review of MXENES as Catalyst Supports for the Oxygen Reduction Reaction in Fuel Cells[END_REF] Nowadays, there is a trend towards developing of single-atom catalysts (SACs), where nonprecious single metal atoms on MXene support act as the active sites in ORR. Activity and selectivity of MXene based SACs in ORR reaction are determined by the adsorption energies of the reactants, products, and intermediates, and can be fine-tuned by type and coordination environment of the metal sites. Among these catalysts, the most active are considered to be those having nitrogen and carbon atoms in coordination environment of the metal site. [START_REF] Li | The Marriage of the FeN4 Moiety and MXene Boosts Oxygen Reduction Catalysis: Fe 3d Electron Delocalization Matters[END_REF][START_REF] Jiang | Iron-Cluster-Directed Synthesis of 2D/2D Fe-N-C/MXene Superlattice-like Heterostructure with Enhanced Oxygen Reduction Electrocatalysis[END_REF][START_REF] Gu | MXene Boosted Metal-Organic Framework-Derived Fe-N-C as an Efficient Electrocatalyst for Oxygen Reduction Reactions[END_REF] Introducing O atom into coordination environment of the metal center can also be applied to tune the electronic structure and change the catalytic activity and selectivity of SACs. [START_REF] Zhang | Coordination Engineering of Single-Atom Catalysts for the Oxygen Reduction Reaction: A Review[END_REF] Such coordination environment can be created by the hybridization of MXenes with metal-organic frameworks (MOFs) having tunable porosity, and diversity of metal sites and functional groups. As it is recently shown, the combination of MXenes with MOF thin films and nanoparticles could significantly improve the catalytic activity, selectivity, and stability of such materials in ORR/OER. [START_REF] Wen | MXene Boosted CoNi-ZIF-67 as Highly Efficient Electrocatalysts for Oxygen Evolution[END_REF][START_REF] Zhao | Interdiffusion Reaction-Assisted Hybridization of Two-Dimensional Metal-Organic Frameworks and Ti3C2Tx Nanosheets for Electrocatalytic Oxygen Evolution[END_REF][START_REF] Zhao | Electrostatically Assembling 2D Nanosheets of MXene and MOF-Derivatives into 3D Hollow Frameworks for Enhanced Lithium Storage[END_REF] However, to establish the physico-chemical features that could be tuned to improve the performance of such catalysts, a detailed knowledge of both geometric and electronic structure is still crucial.

In the last years, much attention has been paid to Ti2CO2 due to its potential efficiency in oxidation reactions such as ORR, OER, CO oxidation, CO2 reduction. [START_REF] Wei | Rational Design of Highly Stable and Active MXene-Based Bifunctional ORR/OER Double-Atom Catalysts[END_REF][START_REF] Peng | Cu Single Atoms on Ti2CO2 as a Highly Efficient Oxygen Reduction Catalyst in a Proton Exchange Membrane Fuel Cell[END_REF][START_REF] Ali | Stability and Catalytic Performance of Single-Atom Supported on Ti2CO2 for Low-Temperature CO Oxidation: A First-Principles Study[END_REF][START_REF] Zhang | A Ti-Anchored Ti2CO2 Monolayer (MXene) as a Single-Atom Catalyst for CO Oxidation[END_REF][START_REF] Zhu | Non-Noble Metal Single-Atom Catalyst with MXene Support: Fe1/Ti2CO2 for CO Oxidation[END_REF][START_REF] Zhang | Ti2CO2 MXene: A Highly Active and Selective Photocatalyst for CO2 Reduction[END_REF] Using DFT calculations, Yang et al. have concluded that Ti2CO2 MXene displays the best ORR catalytic activity. This material was found to have low ORR and OER overpotential, and thus being more favorable for Li-O2 batteries. [START_REF] Yang | Theoretical Prediction of Catalytic Activity of Ti2C MXene as Cathode for Li-O2 Batteries[END_REF] This arises from complete polarization of 3d orbitals of the Ti2CO2 surface near the Fermi level resulting in strong oxidation capability toward O2 2-. Mechanical strain and O-vacancy concentration are shown to be efficiently used to regulate the electronic properties of the Ti2CO2. [START_REF] Zhang | Tuning the Electrical Conductivity of Ti2CO2 MXene by Varying the Layer Thickness and Applying Strains[END_REF][START_REF] Bafekry | Oxygen Vacancies in the Single Layer of Ti2CO2 MXene: Effects of Gating Voltage, Mechanical Strain, and Atomic Impurities[END_REF][START_REF] Ding | Many-Body Effects in an MXene Ti2CO2 Monolayer Modified by Tensile Strain: GW-BSE Calculations[END_REF] catalytic activity in ORR. [START_REF] Peng | Cu Single Atoms on Ti2CO2 as a Highly Efficient Oxygen Reduction Catalyst in a Proton Exchange Membrane Fuel Cell[END_REF] In particular, they have characterized the O2 (per)oxide surface species that play a key role in ORR. To keep high ORR catalytic activity, an agglomeration of the copper into catalytically-inactive particles should be prevented. [START_REF] Oschinski | Interaction of First Row Transition Metals with M2C[END_REF][START_REF] Keyhanian | Effect of Oxygen Termination on the Interaction of First Row Transition Metals with M2C MXenes and the Feasibility of Single-Atom Catalysts[END_REF] The single copper atoms can be stabilized on Ti2CO2(0001) surface through the selfassembly of a surface-confined metal-organic network (SMON). This hypothesis was evaluated with Monte Carlo simulations using 1,3,5-tris(pyridyl)benzene and copper (TPyB-Cu) layer as a model system. [START_REF] Gorbunov | Metal-Organic Coordination Networks on a Titanium Carbide MXene: DFT Based Grand Canonical Monte Carlo Simulation[END_REF] Monte Carlo simulations of such adsorption system had revealed a set of equilibrium metal-organic structures depending on the T,Pconditions, and allowed to study phase transitions between them and estimate their relative thermal stability. Thus, the self-assembly of different TPyB-Cu metal-organic networks on the Ti2CO2 surface can be used to control the N/C/O coordination environment of the Cu center. Structural models of three metal-organic phases formed by TPB-Cu coordination motifs had been developed [START_REF] Gorbunov | Metal-Organic Coordination Networks on a Titanium Carbide MXene: DFT Based Grand Canonical Monte Carlo Simulation[END_REF] . But it is not enough just to predict the structure of the metal-organic layer. The potential applications of such systems require knowing the property-structure relations. This cannot be done within the framework of statistical simulations. Ab initio calculations allow to overcome this limitation.

Many properties of the material are still not properly addressed. A detailed description of the electronic structure and the role of the metal-organic layer is still absent. In this work we will address such features and will provide accurate data on the electronic structure of a realistic TPyB-Cu/Ti2CO2 model for the first time. A comprehensive picture of the role of the pure and defective support as well as the organic ligands is also considered.

As an example, we have chosen one of the structures observed in the adsorption layer. [START_REF] Gorbunov | Metal-Organic Coordination Networks on a Titanium Carbide MXene: DFT Based Grand Canonical Monte Carlo Simulation[END_REF] The system is based on a hexagonal arrangement of adsorbed TPyB molecules connected by single Cu adatoms through the pyridyl-Cu coordination on Ti2CO2 surface (honeycomb SMON).

To understand the electronic properties of the TPyB-Cu metal-organic network on the surface of Ti2CO2, we will consider the corresponding characteristics for individual components which are the pure Ti2CO2 substrate, the substrate with adsorbed single copper atom and the organic linker, as well as the case of their coadsorption. The role of oxygen vacancies will also be addressed, as these defects are common and might drive the reactivity towards O2 in oxidation reactions such as ORR. Density functional theory (DFT) state of the art techniques will be used to describe the electronic structure in an accurate way. In particular, the energetics of both the substrate-adsorbate interaction and the formation of oxygen vacancies, together with the (projected) density of states, charges and spin density distribution, work function values will be provided so as to characterize the role of each component and its potential reactivity.

Methods and models

The initial parameters of the Ti2CO2 slab unit cell were taken from the paper, [START_REF] Khazaei | Novel Electronic and Magnetic Properties of Two-Dimensional Transition Metal Carbides and Nitrides[END_REF] where the authors obtained it from the DFT calculation of bulk MAX phase. We have carried out a full relaxation of the slab unit cell and supercells (Figure 1). The calculated parameters are reported in Table 1. The calculated lattice parameters for the unit cell are in good agreement with the previous DFT results [START_REF] Khazaei | Novel Electronic and Magnetic Properties of Two-Dimensional Transition Metal Carbides and Nitrides[END_REF][START_REF] Ontiveros | Bandgap Engineering of MXene Compounds for Water Splitting[END_REF] . The relative deviations for the lattice parameter a does not exceed 2.0%. [START_REF] Khazaei | Novel Electronic and Magnetic Properties of Two-Dimensional Transition Metal Carbides and Nitrides[END_REF][START_REF] Ontiveros | Bandgap Engineering of MXene Compounds for Water Splitting[END_REF] The deviations for the parameter d are 1.2% [START_REF] Khazaei | Novel Electronic and Magnetic Properties of Two-Dimensional Transition Metal Carbides and Nitrides[END_REF] and 0.9% [START_REF] Ontiveros | Bandgap Engineering of MXene Compounds for Water Splitting[END_REF] . These deviations come from the vdW correction and +U corrections. Two slab models were used for the substrate. First, we used a (4x4) supercell containing 16 Ti2CO2 unit cells, see Figure 1 and Table 1, on top of which one copper atom and one pyridine were adsorbed. Since the face-centered cubic (fcc) site (Figure 1) of Ti2CO2 binds the Cu atom most strongly, [START_REF] Peng | Cu Single Atoms on Ti2CO2 as a Highly Efficient Oxygen Reduction Catalyst in a Proton Exchange Membrane Fuel Cell[END_REF][START_REF] Gorbunov | Metal-Organic Coordination Networks on a Titanium Carbide MXene: DFT Based Grand Canonical Monte Carlo Simulation[END_REF] we chose this site for copper atom adsorption. For the adsorption of pyridine on the surface, we selected the pyridine position most relevant to the position of the pyridine group in the honeycomb SMON. [START_REF] Gorbunov | Metal-Organic Coordination Networks on a Titanium Carbide MXene: DFT Based Grand Canonical Monte Carlo Simulation[END_REF] A second, larger slab was used as a support for the honeycomb TPyB-Cu metal-organic structure. It was obtained by enumeration of cells with the same symmetry and choosing one with a size suitable for the length of the Cu-N bond. The unit cell of the honeycomb SMON contains 76 Ti2CO2 unit cells with two TPyB molecules and three Cu atoms, it corresponds to the following transformation matrix 10 4 6 10

. We assume that the Ti2CO2 surface is homogeneous in terms of the TPyB binding energy. [START_REF] Gorbunov | Metal-Organic Coordination Networks on a Titanium Carbide MXene: DFT Based Grand Canonical Monte Carlo Simulation[END_REF] Therefore, when placing the SMON on the surface, we focused on the position of copper so that the copper is located in the fcc site. All the systems were treated as periodic structures with a 27 Å vacuum between adjacent Ti2CO2 layers. Representative structures can be found in the Supplementary material.

During the structural relaxation process the atomic positions of all atoms were fully optimized for each system with the conjugate gradient algorithm. The adsorption energy Eads is calculated in the following way:

Eads = E(total) -E(isolated adsorbate) -E(substrate) (1.1)
E(total) is the energy of the adsorption system, E(isolated adsorbate) is the gas-phase isolated molecule/atom energy calculated in the same cell but after removing the substrate, and E(substrate) is the energy of the bare slab. For coadsorption we used the formula:

Ecoads = E(total) -E(adlayer) -E(substrate) (1.2)
where E(adlayer) is the energy of the adsorption layer, excluding the energy of binding to the surface. All values used correspond to the energies of optimal structures. The energy to create an oxygen vacancy is calculated as

EOv = ESO(x-1) + 1/2EO2 -ESO(x) (1.3)
where ESO(x-1) -energy of a system with an oxygen vacancy, EO2 -energy of oxygen in the gas phase, ESO(x) -energy of a system without an oxygen vacancy. It is well known that DFT-GGA overestimates the energy of an O2 molecule. The error is about 0.3 eV. [START_REF] Sargeant | Importance of the Gas-Phase Error Correction for O2 When Using DFT to Model the Oxygen Reduction and Evolution Reactions[END_REF][START_REF] Lee | Ab Initio Energetics of LaBO3(001) (B = Mn , Fe, Co, and Ni) for Solid Oxide Fuel Cell Cathodes[END_REF] In this work the O2 energy was not corrected, as only the relative energies will be used in the analysis. In our calculations the error due to O2 energy is estimated a maximum of 7.4% of O-vacancy formation energy.

To understand in detail the electronic structure of the material, we calculated different properties such as the projected density of states (PDOS), Bader charges, spin density, difference in charge density, partial (band decomposed) charge density. Algorithms implemented by VASP [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] and Henkelman et al. [START_REF] Tang | A Grid-Based Bader Analysis Algorithm without Lattice Bias[END_REF] were used to calculate these descriptors. The charge density difference is defined by subtracting the density of two or more fragments from the density of the total system as

Δρ = ρ(AB) -ρ(A) -ρ(B) (1.4)
and the charge transfer is calculated from the Bader charges as the difference in the populations qi Δq = q(adsorbate on the substrate) -q(adsorbate in the gas phase) (

The spin density is the difference between the α electron density and the β electron density:

ρs = ρα -ρβ (1.6)
The work function is the energy required for an electron to escape the surface of a material calculated as

Φ = Evac -EF (1.7)
where Evac is the vacuum potential, EF the Fermi level, as obtained with the VASPKIT tool. [START_REF] Wang | A User-Friendly Interface Facilitating High-Throughput Computing and Analysis Using VASP Code[END_REF] All the results of this study were obtained using the density functional theory (DFT) with the VASP.5.4.4 program package. [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] The effects of exchange-correlation interactions are treated by the Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-PBE). [START_REF] Ernzerhof | Assessment of the Perdew-Burke-Ernzerhof Exchange-Correlation Functional[END_REF] The PBE functional is popular non-empirical functional that gives reasonable accuracy over a wide range of systems. Moreover, the PBE functional with D3-BJ [START_REF] Grimme | Effect of the Damping Function in Dispersion Corrected Density Functional Theory[END_REF] correction is one of the most used in previous studies of MXenes materials, including large-scale computational screenings. [START_REF] Zhang | Ti2CO2 MXene: A Highly Active and Selective Photocatalyst for CO2 Reduction[END_REF][START_REF] Yusupov | A Systematic Study of Work Function and Electronic Properties of MXenes from First Principles[END_REF][START_REF] Li | Theoretical Screening of Single Transition Metal Atoms Embedded in MXene Defects as Superior Electrocatalyst of Nitrogen Reduction Reaction[END_REF][START_REF] Zheng | High-Throughput Screening of Hydrogen Evolution Reaction Catalysts in MXene Materials[END_REF][START_REF] Zhao | Screening MXenes for Novel Anode Material of Lithium-Ion Batteries with High Capacity and Stability: A DFT Calculation[END_REF][START_REF] Sim | Non-Uniformly Functionalized Titanium Carbide-Based MXenes as an Anchoring Material for Li-S Batteries: A First-Principles Calculation[END_REF][START_REF] Junkaew | Enhancement of the Selectivity of MXenes (M2C, M = Ti, V, Nb, Mo) via Oxygen-Functionalization: Promising Materials for Gas-Sensing and -Separation[END_REF][START_REF] Xu | Interfacial Charge Transfer and Interaction in the MXene / TiO2 Heterostructures[END_REF][START_REF] Ge | Ternary Transition Metal Chalcogenides Ti2PX2 (X = S, Se, Te) Anodes for High Performance Metal-Ion Batteries: A DFT Study[END_REF] As it follows from these works [START_REF] Mancuso | Electronic Structure Modeling of Metal-Organic Frameworks[END_REF][START_REF] Degaga | Tailoring of the Electronic Property of Zn-BTC Metal-Organic Framework via Ligand Functionalization: An Ab Initio Investigation[END_REF][START_REF] Patra | Properties of Real Metallic Surfaces: Effects of Density Functional Semilocality and van Der Waals Nonlocality[END_REF][START_REF] Nazarian | Benchmarking Density Functional Theory Predictions of Framework Structures and Properties in a Chemically Diverse Test Set of Metal-Organic Frameworks[END_REF][START_REF] Wellendorff | A Benchmark Database for Adsorption Bond Energies to Transition Metal Surfaces and Comparison to Selected DFT Functionals[END_REF][START_REF] Tchakoua | SBH17: Benchmark Database of Barrier Heights for Dissociative Chemisorption on Transition Metal Surfaces[END_REF] the PBE functional can underestimate or overestimate the energy of the system or its electronic parameters but is reliable to capture the trends. The potentials of the atoms were described by the projector augmented wave (PAW) method. [START_REF] Blöchl | Projector Augmented-Wave Method[END_REF] The GGA+U approach of Dudarev et al. [START_REF] Dudarev | Electron-Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA+U Study[END_REF] was used to treat the 3d orbital electrons with the effective Hubbard onsite Coulomb interaction parameter equal to 4 60-62 and 7 [START_REF] Nolan | The P-Type Conduction Mechanism in Cu2O: A First Principles Study[END_REF][START_REF] Mishra | CuO Surfaces and CO2 Activation: A Dispersion-Corrected DFT+ U Study[END_REF][START_REF] Liu | Density Functional Theory plus U Study of Methanol Adsorption and Decomposition on CuO Surfaces with Oxygen Vacancy[END_REF] for Ti and Cu, respectively.

All calculations were carried out accounting for spin polarization. Gaussian smearing method with a smearing width of 0.1 eV was adopted for structural optimization, and tetrahedron method for accurate electronic property calculations, with the Fermi level located at the top of the valence band. We set the threshold for the self-consistent field cycle to 10 -5 eV and for ionic relaxation to 10 -3 eV.

Plane-wave cutoff energy of 500 eV was set in the calculations of the Ti2CO2 (1x1) unit cell and its (4x4) supercell. For large unit cell corresponding to the honeycomb SMON, we reduced this value to 400 eV due to size of the system. For single Cu atom on the (4x4) Ti2CO2 surface the adsorption energy difference between the 400 eV and 500 eV was less than 10 -3 eV. The Brillouin zone has been sampled with 15x15x1 Г-centered grid for the (1x1) unit cell optimization, 3x3x1 for the (4x4) supercell, and 1x1x1 for honeycomb cell. For electronic structure calculations we used denser k-point grid -4x4x1 and 3x3x1 k-points for (4x4) and the largest structure, respectively. All values were chosen as a result of preliminary optimization procedure except for the honeycomb structure. Test calculations demonstrated that the use of denser k-point grids changed the total energy by less than 0.01 eV. Figure 1 and Table 1 summarizes the geometric features of the model systems chosen.

Results and discussion

Energetics, geometry, and charge transfer

Different adsorption geometries were tested for each of the adsorbates (pyridine and copper) on top of the stoichiometric Ti2CO2 substrate. Stable geometries of the adsorption complexes found for the (4x4) unit cell are shown in Figure 2. The adsorption energy calculated for the different systems is summarized in Table 2. The spin of all these systems was found to be a singlet. The calculated work function for a bare Ti2CO2 surface is equal to 5.81 eV. This is close to the previously obtained value of 6.60 eV [START_REF] Ontiveros | Bandgap Engineering of MXene Compounds for Water Splitting[END_REF] .

Figure 2 -Selected representation of adsorption complexes (top and side views). is pyridine-Ti2CO2 dihedral angle, is Cu-O average distance, ℎ is adsorbate-Ti2CO2 distance. For pyridine, the value outside brackets was measured from the center of mass of the molecule, and in brackets -from the nitrogen atom to the surface plane. 

Ecoads(2TPyB+3Cu) = E(2TPyB+3Cu/Ti2CO2) -E(2TPyB+3Cu) - E(Ti2CO2)
Eads(per TPyB) = (Eads(2TPyB+3Cu) -Eads(3Cu/Ti2CO2))/2

The binding energy of pyridine with the surface is relatively low, -0.44 eV, and involves a charge transfer to the Ti2CO2 surface estimated as to 0.03 |e|. Typically, charge transfer can be considered significant at values higher than 0.10 |e|. Therefore, we cannot declare any charge transfer in this case. At different positions of pyridine on the surface, the adsorption energy changed by a maximum of 0.1 eV. In all the adsorption complexes of pyridine on the Ti2CO2 surface the molecule is flat and 2.88±0.09 Å distance from the surface. The adsorption of one Cu atom is considered on the fcc sites as stated above.

The atom lies at a distance of 1.15 Å from the slab, with O-Cu distances of 2.09 Å. There is a charge transfer of 0.69 |e| from the Cu atom to the surface. The spin state of Cu/Ti2CO2 is singlet. Interestingly, the coadsorption of Cu atom and pyridine molecule results in an overall stabilization of 0.88 eV with respect to the isolated adsorption (-2.93 eV in total). A Cu-N bond of 1.98 Å length is formed. As a result, the Cu atom moves away from the slab, and the pyridine molecule tilts by 9.85 ° normal to the support. Also, a charge transfer is observed from the adsorbates to the support, similar to the case of the isolated systems. However, in the case of Cu-pyridine coadsorption the charge transfer from pyridine to the Ti2CO2 is slightly larger due to the closer position of nitrogen to the surface. A similar situation was observed during the adsorption of other nitrogencontaining molecules on Ti2CO2. [START_REF] Gouveia | First-Principles Calculations on the Adsorption Behavior of Amino Acids on a Titanium Carbide MXene[END_REF] The optimized SMON/Ti2CO2 geometry is shown in Figure 3. The adsorption energy of 3 Cu atoms alone, in the SMON positions, is -1.70 eV/atom, very close to the -1.71 eV of the smaller (4x4) cell. The geometry is also very similar, with an average distance of 1.12 Å to the surface. The adsorption of TPyB alone is calculated to be -1.79 eV/molecule, see formula in Table 2, and the molecule is flat on the surface as the pyridine on the (4x4) 

Density of states

Calculated projected density of states (PDOS) for (4x4) model slabs for clean Ti2CO2 surface and with adsorbates are shown in Figure 4. The graphs display only bands close to the Fermi level, because those will define the properties of material. We showed the PDOS lines for each element of the surface, and adsorbates separately. Only spin up part is shown since spin up and spin down states are symmetrical, the total magnetization of the slabs is 0. The PDOS for Ti2CO2 can be divided into three regions (Figure 4a). The first one is located at the lowest energy region between -6.0 and -3.3 eV, the second one is between -3.2 eV and the Fermi level, and the third one lays in the conduction band (CB). The first region is mainly a mixture of Ti and O states, whereas the second region contains C states, in particular close to the Fermi level. The third part is mostly formed by titanium empty 3d states. We found a band gap of 0.8 eV, which indicates that pure Ti2CO2 is a semiconductor. Note that DFT(+U) well known inaccuracy in describing virtual orbitals leads to underestimation of energy gaps. We will thus discuss semi-quantitatively the values of band gaps and mid gaps. The value is consistent with previously published data. [START_REF] Peng | Cu Single Atoms on Ti2CO2 as a Highly Efficient Oxygen Reduction Catalyst in a Proton Exchange Membrane Fuel Cell[END_REF][START_REF] Khazaei | Novel Electronic and Magnetic Properties of Two-Dimensional Transition Metal Carbides and Nitrides[END_REF][START_REF] Ontiveros | Bandgap Engineering of MXene Compounds for Water Splitting[END_REF][START_REF] Xie | Hybrid Density Functional Study of Structural and Electronic Properties of Functionalized Tin+1Xn ( X = C , N) Monolayers[END_REF] In these works, the band gap for Ti2CO2 was estimated as 0.24-0.26 eV [START_REF] Khazaei | Novel Electronic and Magnetic Properties of Two-Dimensional Transition Metal Carbides and Nitrides[END_REF][START_REF] Ontiveros | Bandgap Engineering of MXene Compounds for Water Splitting[END_REF][START_REF] Xie | Hybrid Density Functional Study of Structural and Electronic Properties of Functionalized Tin+1Xn ( X = C , N) Monolayers[END_REF] . If the +U correction is applied, the energy gap increases. For example, in the DFT study by Peng et al. it was equal to 0.57 eV [START_REF] Peng | Cu Single Atoms on Ti2CO2 as a Highly Efficient Oxygen Reduction Catalyst in a Proton Exchange Membrane Fuel Cell[END_REF] . Further we consider the adsorption of individual components. Pyridine contributes to the part of the PDOS corresponding to the top of the valence band (VB) (Figure 4b).

indicates its ability to donate electrons quite easily. As a result of pyridine adsorption, we can observe a redistribution of electrons within the layer. This indicates the physical of the adsorption consistent with the small charge transfer between the molecule and the slab (see Table 2).

After adsorption of a Cu single atom, a new state crossing the Fermi-level and mostly corresponding to Ti appears (Figure 4c). This peak is small, and indicates a charge transfer towards Ti sites with possible metallic character. [START_REF] Peng | Cu Single Atoms on Ti2CO2 as a Highly Efficient Oxygen Reduction Catalyst in a Proton Exchange Membrane Fuel Cell[END_REF] The energy position of the Cu peaks coincides with the position of the Ti and O peaks in the second and third parts of the PDOS that illustrates a chemical bonding between Cu Ti2CO2 surface, which is consistent with the adsorption energy of -1.71 eV and the charge of +0.69 |e| on the copper atom (Table 2). The distance between the copper atom and the Ti2CO2 surface is 1.15 Å, and between the Cu atom and the nearest surface oxygen -2.09 Å (Figure 2).

Most copper states are in the second part of the PDOS between 1.7-4 eV below the Fermi level, a small peak 1.3 eV above the Fermi level.

The of pyridine on the Cu-containing system leads to a modification of the states of Cu in the valence band, the states in the CB disappear (Figure 4d). Pyridine localized peaks appear in the CB whereas Ti and O PDOS are not affected. There is a redistribution of electrons between pyridine and copper, and the transfer of electrons to the surface that can be seen in Figure S1. As a result, the adsorbates carry the charge of +0.64 |e|, +0.16 |e| and -0.8 |e| for copper, pyridine and surface, respectively (Table 2).

All of this may indicate a chemical bonding between copper and pyridine.

We have calculated the work function for pure Ti2CO2 and Ti2CO2 with adsorbates (Table 2). The work function can be a characteristic quantity for assessing the electrocatalytic activity. Our calculations show that the adsorption of copper or pyridine lowers the work function from 5.81 to 5.45 and 5.73 eV, respectively. The coadsorption of pyridine and copper further reduces this value to 5.41 eV, and the system would be more reactive.

In the case of SMON, the structure also points to a conducting material as the Fermi level is located in titanium states (Figure 5). top of the VB is dominated by C states of the substrate. In the presence of the 3Cu atoms only, the Cu peak in the region of -3.5 eV becomes more pronounced compared to the isolated Cu on (4x4) slab, while other states are muted (Figure 5a). In the metalorganic structure (Figure 5b), a redistribution of the density of states of copper is observed, with a prominent peak at -3.7 eV and a smaller one at -2.5 eV. Upon coadsorption and formation of the overlayer, TPyB molecules states appear localized with a -2.5 eV peak coinciding with a Cu peak, indicating Cu-TPyB bonding. The charge transfer from the organic linker to copper and the surface is approximately the same as in the (4x4) system.

O-vacancy

To understand the influence of point defects on the Ti2CO2 surface on the electronic properties of the SMON/Ti2CO2 system we have investigated the energetics Ovacancies formation and induced changes of the electronic structure. We consider the vacancy formation according to the following reaction

→ + 1 2
The surface oxygen atom is removed from the structure in the form of gaseous molecular O2 when the O-vacancy is created, leaving 2 electrons. The energy to create a vacancy is an estimate of the reducibility of the system: the lower the energy, the easier to be reduced.

Table 3 shows the values obtained for the systems investigated. Several oxygen sites were tested for the bare slab, adsorption, and coadsorption systems. Figure S2 displays the initial positions to create O-vacancies. The energy of vacancy formation is greater than 4 eV in all cases. For the systems with Cu isolated atoms, up to 0.74 eV less energy is required to create the O-vacancy near the copper atom compared to others positions.

In this case, the Cu atom fills in the vacancy (see Figure S3) and becomes negatively charged. When a copper atom interacts with a molecule, the energy to form an Ovacancy, 4.40 eV for a position close to copper, is less favorable than Cu alone, but more favorable than the corresponding bare slab. O-defective Ti2CO2 surface shows two new peaks inside the bandgap of the PDOS (Figure 6). The value of total magnetization indicates two unpaired electrons mainly localized on three titanium atoms and carbon atoms closest to the O-vacancy (Figure 6c).

The partial charge density of the region 0.5 eV below the Fermi energy (Figure 6b) also When creating an O-vacancy in the Cu/Ti2CO2 system, new peaks in the high energy part of the valence band also appear on PDOS (Figure 7a). the case of an O-vacancy near the copper atom, the partial charge density (Figure 7b) is mainly localized on the Cu atom, therefore, its charge changes from +0.69 |e| -0.40 |e| (Tables 2,3). All the electron spins in the system are paired. When an O-vacancy is formed further from copper, its charge remains the same as on a defect-free surface. According to the position of the Fermi level the material would present metallic character coming from the Ti band, with Cu states below in the VB. Single O-vacancies on a large surface of Ti2CO2 do not significantly affect its electronic properties. The electron density is delocalized. Thus, there seems a system size effect.

Formation of one O-vacancy in the 3Cu large system induces the charge transfer equal to the (4x4) Cu/Ti2CO2 system. The copper closest to the O-vacancy shifts to the Ovacancy position and gains additional electrons, eventually having a charge of -0.40 |e|.

The effect of a single O-vacancy on the electronic structure of SMON/Ti2CO2 is observed only if it is located away from the adsorbates -inside the SMON pore. Then there are unpaired electrons in the system, which are localized in the region of the defect. For an O-vacancy near the copper atom, we have performed calculations with various spin states (Supplementary material). The spin state of all these systems is a singlet. It has appeared that the singlet and triplet energies for the surface with adsorbates are close: the difference is 0.04 and 0.03 eV for the SMON/Ti2CO2 and 3Cu/Ti2CO2, respectively. At the reaction temperatures, the difference between these states will likely be smear out.

Conclusion

A detailed analysis of a hybrid metal-organic 2D layer supported on Ti2CO2 substrate, represented by a (4x4) and a larger unit cell fitted to the predicted SMON structure, has been performed to characterize geometric, energetic, and electronic properties. The main conclusions are the following.

The simple adsorption of Cu and organic molecules on the substrate is energetically favorable. Both adsorbates result in a charge transfer to the surface, ~0.4 eV for copper and 0.15 eV for pyridine.

Coadsorption is favored and driven by the formation of a Cu-N bond between the metal atom and the organic molecule, both in the (4x4) and the SMON system.

Upon simple adsorption and coadsorption, the calculated work function is found to decrease compared to the bare slab, indicating that the system electronic structure is modified, and the system becomes more reducible. The electronic structure, tracked by the projected density of states, indicates the reduction of Ti sites in the presence of adsorbates.

The formation of oxygen vacancies is found to be facilitated by the presence of Cu, the hybrid systems thus appear to be more reducible than the bare Ti2CO2 substrate. The most favorable oxygen vacancy is found to be close to the Cu site, that upon relaxation fills in the vacancy and becomes negatively charged by -0.40 |e|. This indicates that the presence of oxygen vacancies may modify significantly the structure and chemical reactivity of the overall composition. For SMON/Ti2CO2, the difference between the singlet and triplet energies is smaller than thermal energy under ORR conditions, which can affect the reaction mechanism.

The results obtained in this work can be used to interpret the catalytic activity of the MOF-MXenes hybrid material based on Cu-pyridyl networks on Ti2CO2. 
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Figure 1 -

 1 Figure 1 -Slab models: a) -side view of the Ti2CO2 unit cell, b) top view of the Ti2CO2 substrate used for the honeycomb SMON with indicated (1x1) and (4x4) cells, and fcc site.

slab. The coadsorption of 3

 3 Cu and 2 TPyB to form the honeycomb SMON involves -8.68 eV. The Cu atoms and the linkers form an overlayer, with average distances to the surface of 2.78 Å (Cu) and 2.99 Å (center of TPyB). Cu are two-fold bonded to the organic linkers with an average Cu-N distance of 1.95 Å. Charge transfer takes place from the adsorbates to the substrate in all the cases. Compared to the isolated Cu in (4x4), Cu in the SMON is less positively charged, 0.69 |e| vs 0.61 |e|, whereas each TPyB is charged by 0.51 |e|.

Figure 3 -

 3 Figure 3 -Top and side view of SMON/Ti2CO2 optimized geometry unit cell.

Figure 4 -

 4 Figure 4 -PDOS for (4x4) structures. The zero of energy is set at the Fermi level. Only spin alpha is shown for clarity.

Figure 5 -

 5 Figure 5 -PDOS for 3CuTi2CO2 and SMON/Ti2CO2 adsorption systems. The zero of energy is set at the Fermi energy. Spin down PDOS is not shown for clarity.

70 Figure 6 -

 706 Figure 6 -(4x4) Ti2CO2 with O-vacancy: a) PDOS for (4x4) Ti2CO2, b) partial charge density for the energy range of the bands of -0.5-EF eV, c) spin density. The zero of energy is set at the Fermi energy. Spin down PDOS is not for clarity. Isosurface value is set to 0.0016 e/Bohr 3 .

Figure 7 -

 7 Figure 7 -(4x4) Cu/Ti2CO2 adsorption system with O-vacancy: a) PDOS, b) partial charge density for the energy range of the bands of (-1.2-EF) eV. The zero of energy is set at the Fermi energy. Spin down PDOS is not shown for clarity. Isosurface value is set to 0.0016 e/Bohr 3 .

Figure 8 -

 8 Figure 8 -(4x4) Cu-pyridine/Ti2CO2 adsorption system with O-vacancy: a) PDOS, b) partial charge density for the energy range of the bands of -0.7-EF eV. The zero of energy is set at the Fermi energy. Spin PDOS is not shown for clarity. Isosurface value is set to 0.0016 e/Bohr 3 .
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Table 1 -

 1 Geometric parameters used in this work and in the literature (distances in Å,

	angles in degrees).					
	Units of Ti2CO2	a	b	c (thickness d)	Angles α,β,γ	Method used for calculation
			(1x1) slab		

Table 2 -

 2 Adsorption energy, charge transfer, and work function for the different systems. The spin state of all these systems is a singlet.

		Eads, eV	Charge on adsorbate, |e|	Work function, eV	Charge transfer direction and extra formulas
			(4x4) cell		
	Ti2CO2			5.81	
	Pyridine/Ti2CO2	-0.44	0.03	5.73	Pyridine → Ti2CO2
	Cu/Ti2CO2	-1.71	0.69	5.45	Cu → Ti2CO2
	Cu+pyridine/Ti2CO2	-2.93	0.80 (0.64 on Cu, 0.16 on pyridine)	5.41	Adsorbates → Ti2CO2, Ecoads=E(total) -E(Cu+pyridine) -E(Ti2CO2)
			SMON cell		
	Ti2CO2			5.81	
	3Cu/Ti2CO2	-5.10 (-1.70 per 1Cu)	2.07 (0.69 per 1 Cu)	5.45	Eads(per Cu) = (E(3Cu/Ti2CO2) -E(3Cu) -E(Ti2CO2))/3
	2TPyB+3Cu/Ti2CO2	-8.68	2.86	5.38	Adsorbates → Ti2CO2
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