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Abstract 9 

The self-assembly of 2D metal-organic networks comprising 1,3,5-tris (pyridyl)benzene (TPyB) 10 

molecules and copper atoms on the oxygen-terminated titanium carbide MXene surface was theoretically 11 

investigated. We have developed a lattice model of the TPyB-Cu networks on the energetically 12 

heterogeneous Ti2CO2(0001) surface. The model based on DFT calculations of the structure and energy of 13 

key adsorption complexes and metal-organic structures. Using the grand canonical Monte Carlo method, 14 

we have calculated and analyzed adsorption isotherms, structure, potential energy, and heat capacity of 15 

the adlayer. Due to steric hindrances in the three-fold Cu-TPyB junction, metal-organic structures 16 

consisting of only two-fold Cu-TPyB coordination motifs predominantly emerge on the Ti2CO2(0001) 17 

surface: honeycomb (HON), honeycomb filled with Cu3TPyB (HON + Cu3TPyB) and zigzag (ZZ) phases. 18 

These phases differ in the local environment of the copper adatoms. Thermal stability of the phases 19 

decreases in the following series: ZZ, HON + Cu3TPyB and HON. Self-assembly of these structures offers 20 

the opportunity to stabilize and "tune" properties of the single-atom Cu/Ti2CO2(0001) catalyst. We hope 21 

that our results will stimulate further experimental studies of hybrid “metal-organic network/MXene” 22 

catalysts. 23 
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1. Introduction 28 

Population growth and consequently increased energy consumption as well as global 29 

environmental pollution require new clean and sustainable energy conversion technologies. Important 30 

role in solving these problems is played by highly efficient and inexpensive electrocatalysts for proton 31 

exchange membrane fuel cells and metal-air batteries [1–6]. The bottleneck of these devices are catalytic 32 

oxygen reduction (ORR) and oxygen evolution (OER) reactions, which are relatively slow [7–10]. Today, 33 

expensive catalysts containing noble metals and their oxides are used to catalyze ORR/OER reactions 34 

[1,8,11,12]. A promising alternative is supported single- and double-atom catalysts based on transition 35 

metals [9,10,13–20] and carbon materials [6,7,21–23]. Single-atom catalysts (SACs), where metal atoms 36 

are dispersed on an optimal substrate, show extremely high utilization efficiency of the active component 37 

surface. SACs are inherently characterized by uniform active sites with high selectivity for specific 38 

reactions. The unique electronic structure and coordination environment of the active sites in SACs make 39 

it possible to fine-tune the adsorption energy of reactants, products, and intermediates influencing the 40 

activity and selectivity of the catalytic process. 41 

The catalysts based on iron and copper supported by a porous carbon doped with nitrogen and/or 42 

containing pyridine groups are known to be one of the most active ORR catalysts [6,18,22–31]. In these 43 

cases, the catalytic active site is an iron or copper adatom coordinated with four nitrogen atoms. However, 44 

this coordination structure does not provide the optimized binding energy for ORR/OER intermediates 45 

and thus the catalytic activity [9]. Introducing O atom into coordination environment of the metal center 46 

can be applied to tune the electronic structure and change the catalytic activity and selectivity of SACs 47 

[9,32,33]. Unfortunately, the stability of such carbon supported catalysts is poor. 48 

Recently, transition metal single- and double-atom catalysts supported by N- and C-based MXenes 49 

are shown to exhibit similar activity and increased stability in ORR/OER reactions [5,13,34–39]. In the 50 

paper [5] the Ti2CO2-supported non-noble Cu SAC is found to exhibit excellent ORR activity. However, an 51 

open question remains about stability of such SAC. The point is that the cohesion energy of copper is 52 

greater than the calculated binding energy of the copper atom with Ti2CO2(0001) surface. Therefore, the 53 

aggregation of the copper atoms on the MXene surface is possible. According to M. Keyhanian et al [40], 54 



the diffusion barrier for Cu atoms on the Ti2CO2(0001) surface is approximately 27 kJ/mol, or 14% of the 55 

adsorption energy. This is one of the lowest diffusion barriers in the first row of transition metals. 56 

Nevertheless, the aggregation can be kinetically hampered. 57 

Combining the electroconductive MXenes with metal-organic frameworks (MOFs) having tunable 58 

porosity, and diversity of metal sites and functional groups could significantly improve the catalytic 59 

activity, selectivity and especially stability of such hybrid materials in ORR/OER [41,42]. Let us give some 60 

examples. L. Zhao et al had synthesized the CoBDC/terminated titanium carbide hybrid catalyst [43]. In 61 

this case, the catalyst is MXene sheets coated with a few nanometers thick CoBDC layer. Metal-organic 62 

frameworks, namely ZIF-67 based on cobalt, nickel, and imidazole, can be deposited on the MXene Ti3C2 63 

surface in the form of nanoparticles several hundred nm in size [41,44]. In both cases, the high porosity 64 

of MOF provides good mass transfer and large surface area of the active component, while the MXene 65 

provides the electroconductivity of the catalyst. The oxidation state of the metal center does not change 66 

after hybridization with MXene. The synthesized hybrid catalysts show high activity in OER and NRR 67 

reactions. A negative effect of the MXene surface in the hybrid Co,Ni-MOF/MXene catalysts on the 68 

catalytic activity in OER is also observed [45]. Since the chemical environment of the metal center in the 69 

hybrid catalyst remains practically unchanged, the authors believe that the reduced OER activity of the 70 

material is associated with the electron-donor properties of the MXene. The reduced oxidation states of 71 

nickel and cobalt in the hybrid catalyst corroborate this hypothesis. MOF layers deposited on MXene 72 

surfaces were also used as a precursor of the active component in ORR/OER. For example, a hybrid 73 

NiCoS/MXene catalyst for OER was synthesized by depositing a ZIF-67 layer onto the terminated titanium 74 

carbide surface, followed by treatment with nickel nitrate and sulfuration [46]. Strong interaction 75 

between the NiCoS and MXene surface significantly affects the electronic structure of the catalytic active 76 

site. Such interaction promotes charge transfer from the sulfide to the conductive MXene and thus 77 

increases the catalytic activity in OER. In recent paper, H. Zhang et al [47] had investigated the self-78 

assembly of amorphous Ni-MOF nanospheres on MXenes. The MOF nanospheres anchored on the MXene 79 

surface were subsequently conversed into porous nanospheres of catalytically active nickel phosphate 80 

through the etching with potassium dihydrogenphosphate. Direct bonding between nickel phosphate 81 



nanospheres and MXene surface enables the fast electron transfer, addressing the low conductivity of 82 

nickel phosphate. The works briefly discussed above give us reason to believe that coupling of MOF and 83 

MXenes is an effective strategy to tune the activity, selectivity and stability of the ORR/OER catalysts. 84 

Experimentally, several synthesis approaches to the of Cu SACs have been proposed to avoid the 85 

aggregation of copper atoms [48–50]. In this theoretical work, we have evaluated the possibility of 86 

stabilizing copper single atoms on the oxygen-terminated titanium carbide surface through the self-87 

assembly of a surface-confined metal-organic network comprising 1,3,5-tris(pyridyl)benzene molecules 88 

and copper atoms (TPyB-Cu). Unlike the works mentioned above, each copper atom in the TPyB-Cu metal-89 

organic network on the Ti2CO2(0001) surface is assumed to be potentially bound both to oxygen atoms of 90 

the MXene surface and to a different number of pyridyl nitrogen atoms. We believe that self-assembly of 91 

different TPyB-Cu metal-organic networks on the Ti2CO2(0001) surface can be an effective tool to control 92 

the N/C/O-coordination environment of the Cu atom. In the light of the facts discussed above, such hybrid 93 

catalyst can potentially be assumed to have a high electrical conductivity, activity, and stability in 94 

ORR/OER. There are many different phases can emerge in the TPyB-Cu metal-organic layer on Au (111) 95 

surface [51–54]. All these phases differ in the surface concentration of various copper sites: isolated 96 

atoms, condensed clusters, two- and three-fold TPyB-Cu coordination motifs. Electronic structure of these 97 

Cu active sites is obviously different. It can be assumed that the catalytic properties of these Cu sites also 98 

differ. Thus, whether emergence of such metal-organic structures on the Ti2CO2(0001) surface possible or 99 

not is the question of fundamental importance. The positive answer will open the possibility of "tuning" 100 

the catalytic properties of the Cu/Ti2CO2 system. 101 

Today, the task of development of new surface-confined metal-organic structures is mainly solved 102 

by trial and error. Even small changes under experimental conditions lead to significant changes in the 103 

structure of the metal-organic layer [52,55,56]. For this reason, molecular simulation methods are widely 104 

used to study the self-assembly of such systems. A detailed theoretical description of complex metal-105 

organic networks on the solid surface is also complicated and time-consuming. One of the possible 106 

strategies to solve this problem is development of coarse-grained models, in particular lattice models, of 107 

such systems and studying them using the Monte Carlo methods [54,57–63]. Locally regular geometry of 108 



the coordination bonds and their relative rigidity make the lattice models a natural tool for investigations 109 

in this case. 110 

The aim of this work is to answer question: whether the self-assembly of stable TPyB-Cu metal-111 

organic networks on the O-terminated titanium carbide MXene surface possible or not? To achieve this, 112 

we have developed the lattice model of the metal-organic layer based on our electron density functional 113 

theory (DFT) calculations and further performed the simulations using grand canonical Monte Carlo 114 

method. The model of TPyB-Cu/Ti2CO2 self-assembly adopts several assumptions following from the STM 115 

studies of the adsorption layers consisting of TPyB molecules and copper atoms, as well as from our DFT 116 

calculations of the geometries of the adsorption complexes and binding energies of the components with 117 

the Ti2CO2(0001) surface. 118 

 119 

2. Details of DFT calculations 120 

The geometry and bonding energies of copper and TPyB adsorption complexes on the Ti2CO2(0001) 121 

surface were determined using spin-unrestricted density functional theory methods as implemented in 122 

DMol3 code of Materials Studio software package [64]. The generalized gradient approximation (GGA) 123 

with the revised Perdew-Burke-Ernzerhof exchange correlation functional (RPBE) were applied [65]. This 124 

functional improves an estimation of the adsorption energy of molecules and atoms on solid surfaces. A 125 

double numerical basis set of atomic orbitals including polarization functions for all atoms (DNP) was used 126 

[66,67]. The core electrons were replaced by effective core potentials (ECP) [68,69]. The orbital cutoff 127 

radius was set to 5.2 Å for all atoms. To consider dispersion effects we used Tkatchenko- Scheffler (TS) 128 

method [70–72]. We used the following convergence criteria for geometric optimization: 1.0×10-5 Ha for 129 

energy, 2.0×10-3 Ha/Å for maximum force acting on each atom, and 5.0×10-3 Å for maximum displacement 130 

of atoms. The tolerance of self-consistent field (SCF) was 1.0×10-7. To accelerate the convergence of SCF 131 

calculations we applied the system thermal smearing [73] of 0.005 Ha and algorithm of direct inversion of 132 

iterative subspace (DIIS) [74]. 133 

According to previous experimental and theoretical studies the MXene surfaces are usually 134 

terminated by oxygen groups [12,75]. Therefore, as a model of titanium carbide MXene surface we used 135 



a rhombic unit cell of Ti2CO2 MXene (0001) basal surface with periodic boundary conditions in all cartesian 136 

directions. The DFT calculations were carried out in a p(7×7) supercell of Ti2CO2(0001) containing 245 137 

atoms (Fig. 1).  138 

 139 

Fig. 1. Top and side views of the Ti2CO2 supercell used in the DFT calculations of the adsorption energies 140 

of Cu and TPyB molecules. Red spheres represent oxygen atoms, gray ones – carbon, light gray – titanium. 141 

Symbols mark the most symmetric O-adsorption sites on the Ti2CO2 surface. 142 

 143 

To avoid interaction between supercell replicas in the direction perpendicular to the (0001) surface, 144 

the height of the supercell was set to 30 Å, accounting for the vacuum layer of 15.4 Å. The lattice 145 

parameter and thickness of the MXene slab after geometric optimization of the supercell including the 146 

clean Ti2CO2(0001) surface and the vacuum layer were 𝑎 = 3.014 Å and 𝑑 = 4.59 Å, respectively. These 147 

values are in good agreement with previously published data [76,77]. We considered the adsorption of a 148 

copper atom and TPyB molecule only on the most symmetric O-sites of the Ti2CO2(0001) surface: on top, 149 

bridge, fcc and hcp sites (Fig. 1). Geometries of all adsorption complexes were optimized with fixed 150 

position of all the MXene atoms. The binding energies of the copper atom and TPyB molecule with each 151 

adsorption site (𝐸𝑏) were determined as follows: 152 

𝐸𝑏 = 𝐸𝑎 𝑀𝑋⁄ − (𝐸𝑎 + 𝐸𝑀𝑋), (1) 153 

where 𝐸𝑎 𝑀𝑋⁄  is the total energy of the supercell comprising Ti2CO2(0001) and TPyB molecule (or Cu atom), 154 

𝐸𝑎 is the energy of isolated TPyB molecule (or Cu atom), 𝐸𝑀𝑋 is the energy of Ti2CO2(0001) slab. Table 1 155 



shows the DFT calculation results. A more negative value of the binding energy corresponds to a greater 156 

stability of the adsorption complex in the ground state of the system. 157 

 158 
Table 1 159 

Binding energies (in kJ/mol) of the copper atom and TPyB molecule on different adsorption sites of the 160 
Ti2CO2(0001) surface calculated by the GGA/RPBE method with TS correction. The values in brackets 161 
correspond to the fcc2 and hcp2 adsorption complexes of TPyB molecules. 162 

------------------------------------------------------------------------------------------------------------------------------------------ 163 

  top  bridge  fcc  hcp  Average 〈𝐸𝑏
𝐶𝑢〉, 〈𝐸𝑏

𝑇𝑃𝑦𝐵〉 164 

------------------------------------------------------------------------------------------------------------------------------------------ 165 
TPyB  -447  -441  -436(-450) -451(-441) -444±6 166 
------------------------------------------------------------------------------------------------------------------------------------------ 167 
Cu  -364  -480  -542  -485  -502±34 (bridge, fcc, hcp) 168 
------------------------------------------------------------------------------------------------------------------------------------------ 169 

 170 

Structures of the copper adsorption complexes on the Ti2CO2(0001) surface are shown in the Fig.S1. 171 

The fcc site binds the copper atom most strongly. Difference between the binding energies of the Cu atom 172 

with the fcc site and with the hcp, bridge sites are 57 and 62 kJ / mol, respectively. These values do not 173 

exceed 12% of the Cu binding energy with the strongest fcc site. The adsorption complexes of copper on 174 

the top and bridge sites are metastable, despite the high negative binding energy. They transform into 175 

the fcc adsorption complex during the optimization procedure. Copper adsorbed at the hcp site is stable, 176 

apparently due to the high diffusion barrier to the fcc site. The binding energy of copper with the top site 177 

is -364 kJ/mol, which is 178 kJ/mol (33%) higher than the corresponding value for the fcc site. Thus, the 178 

Ti2CO2(0001) surface is heterogeneous in terms of the binding energy of copper atoms. 179 

Binding the TPyB molecule to the Ti2CO2(0001) surface is different. The optimal structures of the 180 

TPyB adsorption complexes are shown in Fig. 2. It is clearly seen that dispersion forces dramatically affect 181 

the energy and structure of TPyB adsorption complexes. When we turn on the dispersion correction, the 182 

adsorbed TPyB molecule became "flat" and distance from its center of mass to the surface decreased from 183 

3.9 Å to 2.5 Å. The average binding energy is increased by about 4 times. As it can be seen in Table 1, the 184 

binding energy of the molecule is practically independent of its position and orientation in the plane 185 

parallel to the surface. The average binding energy is -444 kJ/mol, the absolute deviation does not exceed 186 

6 kJ/mol, and the relative deviation is 2%. To verify the weak dependence of the TPyB binding energy on 187 



position and orientation of the adsorbed molecule, we have calculated the energy of 12 rotational states 188 

of TPyB molecules bound to the top and fcc sites. The rotational states differ from each other by 10o 189 

rotation of the TPyB molecule in a plane parallel to the Ti2CO2(0001) surface.  190 

 191 

 192 

Fig. 2. Structures of the TPyB adsorption complexes on the Ti2CO2 surface according to GGA/RPBE 193 

calculations. Top side view results from the DFT calculation, bottom side view is DFT+TS result. 194 

 195 



The relative deviation of the binding energy for all the rotational states from the average value also does 196 

not exceed 2%. Thus, the Ti2CO2(0001) surface is homogeneous in terms of the TPyB binding energy. 197 

Due to the triangular symmetry of the molecule and location of the copper adsorption sites on the 198 

Ti2CO2(0001) surface, it can be assumed that metal-organic structures similar to those appearing in the 199 

TPyB-Cu layer on the Au (111) surface can also emerge in the TPyB-Cu/Ti2CO2(0001) layer [51–54]. Key 200 

elements of all these structures are two-fold Cu(TPyB)2 and three-fold Cu(TPyB)3 coordination motifs with 201 

𝑤𝑑 and 𝑤𝑡 coordination energies, respectively. 202 

To estimate the energies of two-fold 𝑤𝑑 and three-fold 𝑤𝑡 coordination motifs in the TPyB-203 

Cu/Ti2CO2(0001) layer we had to perform the DFT calculations of the potential energy 𝑈 of interactions  204 

in the unit cells of the honeycomb and triangular phases [51–54] shown in Fig. 3. Developing the atomic 205 

models of these phases we relied on the commensurability of their structure with the arrangement of 206 

oxygen atoms on the Ti2CO2(0001) surface. The unit cell of the honeycomb structure contains two TPyB 207 

molecules and three Cu atoms (Fig. 3a). We have exploited the following feature of this phase. The phase 208 

is formed only by two-fold coordination motifs. Unit cell of the honeycomb structure contains 3 two-fold 209 

coordination modes. The dense triangular structure consists of identically oriented TPyB molecules, each 210 

of them interacts with 3 Cu atoms. The unit cell of the triangular phase (Fig. 3b) consists of one TPyB 211 

molecule and one Cu atom forming one three-fold coordination mode. There are no two-fold 212 

configurations in this phase. Thus, an estimation of the energies of two-fold and three-fold coordination 213 

bonding can be reduced to the geometric optimization of the honeycomb and triangular periodic 214 

structures and calculation of the parameters in the following expression (2): 215 

 216 

𝑈 = 𝐸𝑡 − 𝑆𝐸𝑠𝑙𝑎𝑏 − 𝑁𝑇𝑃𝑦𝐵(𝐸𝑇𝑃𝑦𝐵 + 𝐸𝑇𝑃𝑦𝐵
𝑎𝑑𝑠 ) − 𝑁𝐶𝑢(𝐸𝐶𝑢 + 𝐸𝐶𝑢

𝑎𝑑𝑠), (2) 217 

𝐸𝑇𝑃𝑦𝐵
𝑎𝑑𝑠 = 𝐸𝑇𝑃𝑦𝐵/𝑀𝑋 − 𝑆𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑇𝑃𝑦𝐵 , (3) 218 

𝐸𝐶𝑢
𝑎𝑑𝑠 = 𝐸𝐶𝑢/𝑀𝑋 − 𝑆𝐸𝑠𝑙𝑎𝑏 − 𝐸𝐶𝑢. (3) 219 

 220 

𝐸𝑡 is the total energy of the phase unit cell, 𝑆 is the number of Ti2CO2(0001) slab unit cells in the unit cell 221 

of the phase. The unit cells of the honeycomb and triangular phases include 76 and 19 unit cells of the 222 



Ti2CO2(0001) slab, respectively. The 𝐸𝑡 energies were averaged over 6 different initial positions of the 223 

metal-organic layer relative to the Ti2CO2(0001) surface in the case of triangular structure and over 2 initial 224 

positions in the case of honeycomb one. The 𝐸𝑠𝑙𝑎𝑏 is the energy of clean Ti2CO2(0001) slab unit cell 225 

obtained by the separate DFT calculation. 226 

 227 

Fig. 3. DFT optimized unit cells of honeycomb (a) and triangular (b) phases of TPyB-Cu/Ti2CO2(0001) layer. 228 

 229 

𝐸𝑇𝑃𝑦𝐵  and 𝐸𝐶𝑢 are the energies of TPyB molecule and copper atom in vacuum. 𝑁𝑇𝑃𝑦𝐵  and 𝑁𝐶𝑢 are the 230 

amounts of the TPyB molecules and Cu atoms in the phase unit cell. 𝐸𝑇𝑃𝑦𝐵
𝑎𝑑𝑠  and 𝐸𝐶𝑢

𝑎𝑑𝑠 are the binding 231 

energy of a single TPyB molecule and a single Cu atom with the Ti2CO2(0001) surface. In the case of 𝐸𝐶𝑢
𝑎𝑑𝑠 232 

we distinguish fcc, hcp and top O-sites of the Ti2CO2(0001) surface. To determine both 𝐸𝑇𝑃𝑦𝐵
𝑎𝑑𝑠  and 𝐸𝐶𝑢

𝑎𝑑𝑠 233 

values we have performed separate DFT calculations including geometry optimization procedures for the 234 

simulation cells comprising 1 TPyB molecule and 1 Cu atom on 76 and 19 unit cells of the Ti2CO2(0001) 235 

slab, correspondingly. 𝐸𝑇𝑃𝑦𝐵/𝑀𝑋 and 𝐸𝐶𝑢/𝑀𝑋 are the total energies of such simulation cells. 236 



Since the considered surface-confined metal-organic structures have large unit cells – from 135 237 

(triangular phase) to 461 (honeycomb phase) atoms, their optimization was carried out at a lower level of 238 

theory. The calculations were performed using SIESTA-4.1.5 code [78] using classical PBE density 239 

functional approximation. Due to large size of unit cells only gamma-point calculations were performed. 240 

Double-zeta polarized (DZP) basis set was used for all atoms of the adlayer and for upper layers of the 241 

MXene including central carbon layer. Lower layers of titanium and oxygen of the MXene were simulated 242 

with single-zeta (SZ) basis set. Convergence of Kohn-Sham self-consistent algorithm was checked by 243 

Hamiltonian change with tolerance 10-4 eV, and by maximum change of the density matrix elements with 244 

tolerance 10-5 eV. Geometry was relaxed until maximum force acting on each atom was less than 0.005 245 

eV/Å.  246 

Using this calculation set, we have obtained the following values of the parameters in the 247 

expression (2): 𝐸𝑠𝑙𝑎𝑏 = −117850, 𝐸𝑇𝑃𝑦𝐵 = −414873, 𝐸𝐶𝑢 = −115233, 𝐸𝑇𝑃𝑦𝐵
𝑎𝑑𝑠 = −334 and 𝐸𝐶𝑢

𝑎𝑑𝑠 =248 

−177 in kJ/mol. In the case of 𝐸𝐶𝑢
𝑎𝑑𝑠 we virtually have -199, -186, -146 kJ/mol for fcc, hcp and top O-sites, 249 

respectively. The 𝐸𝐶𝑢
𝑎𝑑𝑠 = −177 kJ/mol is the average value. Total energies 𝐸𝑡 of the honeycomb and 250 

triangular phases unit cells shown in the Fig. 3 are −2769894 ± 12 and −10133926 ± 3 kJ/mol. 251 

As it clearly seen in the Fig.4, 𝑈𝐻𝑂𝑁 = 3𝑤𝑑 for the honeycomb structure, and 𝑈𝑇𝑅 = 𝑤𝑡 for the 252 

triangular phase. Therefore, the following energies of two-fold and three-fold TPyB-Cu coordination 253 

bonding on the Ti2CO2(0001) surface can be easily derived 𝑤𝑑 = 206 kJ/mol and 𝑤𝑡 = 104 kJ/mol. 254 

To evaluate the effect of dispersion forces on the energies of two-fold Cu(TPyB)2 and three-fold 255 

Cu(TPyB)3 coordination modes determined from the DFT calculations of the unit cells of the honeycomb 256 

and triangular structures, we have performed extra DFT calculations taking into account the DFT-D4 257 

correction [79,80]. The energies of two-fold and three-fold coordination modes change as follows: -199 258 

kJ/mol with D4 correction versus -206 kJ/mol without correction for Cu(TPyB)2 and -88 kJ/mol with D4 259 

correction versus -104 kJ/mol without it for Cu(TPyB)3. The energy of Py-Cu coordination interaction 260 

related to these values changes by 3.5 kJ/mol from -102.8 kJ/mol to -99.3 kJ/mol. This value is comparable 261 

to the thermal energy at 400K. Such insignificant contribution of dispersion interactions to the potential 262 

energy of the considered metal-organic layer can be explained by the local character of the short-ranged 263 



Cu-N coordination bonding, which are the strongest interaction in the system. In the lattice model of TPyB-264 

Cu layer on the Ti2CO2(0001) surface we will use original values of 𝑤𝑑 and 𝑤𝑡 parameters calculated 265 

without dispersion correction. 266 

At the obtained energies of two-fold Cu(TPyB)2 and three-fold Cu(TPyB)3 coordination bonding the 267 

𝑤𝑡/𝑤𝑑 ratio is considerably less than 1. This calls into question the emergence of the flower-like TPyB-Cu 268 

phases on the Ti2CO2(0001) surface despite they are observed on the Au (111) surface [54]. In this case, 269 

the two-fold coordination bonding is significantly stronger than three-fold one. A series of flower-like 270 

phases is formed when 𝑤𝑡/𝑤𝑑 > 1. Therefore, the self-assembly of ordered metal-organic structures in 271 

the considered adsorption monolayer commensurable with Ti2CO2(0001) surface is doubtful. It requires 272 

further research with statistical methods. 273 

 274 

3. Lattice model of TPyB-Cu/Ti2CO2(0001) layer 275 

A lattice model of surface-confined metal-organic structures assumes by definition their 276 

commensurability with an atomic structure of the surface. In our case, the TPyB-Cu structures are assume 277 

to be commensurable with the arrangement of oxygen atoms on the Ti2CO2(0001) surface. Thus, we 278 

consider the adsorption of a copper atom and TPyB molecule only on the most symmetric O-sites of the 279 

surface: on top, bridge, fcc and hcp sites. In addition, a correct model of TPyB-Cu self-assembly should 280 

account for the energetic heterogeneity of the Ti2CO2(0001) surface with respect to the adsorption of 281 

copper atoms. To simplify the model, we consider only the largest difference (28% or 138 kJ/mol) in the 282 

binding energy of Cu with the “weak” top site compared to the average binding energy with the “strong” 283 

sites (fcc, hcp, and bridge). Let us take this difference into account with a parameter ∆= 𝐸𝑏(𝑡𝑜𝑝) −284 

〈𝐸𝑏
𝐶𝑢〉  = 138 kJ/mol, where 𝐸𝑏(𝑡𝑜𝑝) is the binding energy of Cu with the top site, and 〈𝐸𝑏

𝐶𝑢〉 is the 285 

average binding energy of Cu with fcc, hcp and bridge sites. This assumption allows us to treat qualitatively 286 

the surface heterogeneity effects. 287 

As the surface model we have chosen a heterogeneous triangular lattice with parameter 𝑎 = 𝑟 √3⁄ , 288 

where 𝑟 is the distance between neighboring oxygen atoms on the Ti2CO2(0001) surface (Fig. 4). Such 289 

triangular lattice is formed by three types of nodes corresponding to the fcc, hcp and top sites on the 290 



Ti2CO2(0001) surface. As one can see, the bridge sites are not considered in the model. This simplification 291 

is supposed to have no qualitative effects on the phase behavior of the considered adsorption layer. 292 

Indeed, the deviation of the copper binding energy with the bridge site from the average binding energy 293 

on the “strong” sites is less than 4.5%. 294 

 295 

Fig. 4. Lattice model of adsorption of TPyB molecules and Cu atoms on the top, fcc and hcp sites of the 296 

Ti2CO2(0001) surface. Top, fcc and hcp sites form the heterogeneous triangular lattice. The arrows indicate 297 

pair interactions included in the model. 298 

 299 

The adsorbed copper atom occupies one lattice site in all the cases. When an isolated copper atom is 300 

adsorbed on the “strong” sites, the total energy of the system changes be the value 〈𝐸𝑏
𝐶𝑢〉 − 𝜇𝐶𝑢, where 301 

〈𝐸𝑏
𝐶𝑢〉 is the average binding energy of Cu with “strong” sites, 𝜇𝐶𝑢 is the chemical potential of copper 302 

related to its partial pressure in the gas phase equilibrated with the adsorption layer. When a copper atom 303 

is adsorbed on the “weak” top site, the ∆ value is additionally included in the total energy of the system, 304 

thus it changes by the value 〈𝐸𝑏
𝐶𝑢〉 − 𝜇𝐶𝑢 + ∆. 305 

As shown in Fig. 4, the adsorbed TPyB molecule occupies several sits of the triangular lattice with 306 

the parameter 𝑎 = 𝑟 √3⁄ . In this model the distance between nitrogen atoms of the pyridine rings of the 307 

adsorbed TPyB molecule is 3𝑟. Thus, the model also considers the relative size of the linker molecule. To 308 

develop lattice models of experimentally observed TPyB-Cu metal-organic structures [51–54], it is 309 

necessary to take into account at least two possible orientations of the TPyB molecule, which differ in 310 

rotation by 60 ° in the plane parallel to the surface. In the proposed model, these states correspond to 311 



the molecules with pyridine ring down and up. Recall the Ti2CO2(0001) surface is homogeneous in terms 312 

of the TPyB binding energy. In this case, the additional parameters are not required. When an isolated 313 

TPyB molecule is adsorbed, the total energy of the system changes by the value 〈𝐸𝑏
𝑇𝑃𝑦𝐵〉 − 𝜇𝑇𝑃𝑦𝐵  314 

regardless of the adsorption site and in-plane orientation of the molecule. Here, 〈𝐸𝑏
𝑇𝑃𝑦𝐵〉 is the average 315 

binding energy of the molecule with the Ti2CO2(0001) surface, and 𝜇𝑇𝑃𝑦𝐵  is the TPyB chemical potential 316 

associated with the partial pressure of TPyB in the equilibrium gas phase. Thus, our model includes 9 317 

adsorption complexes. These are 3 adsorption complexes of copper on the top, hcp, and fcc sites. There 318 

are also 6 adsorption complexes of the TPyB molecule corresponding to the same sites. The adsorbed 319 

molecule has two possible orientations on each site – "up" and "down". 320 

We considered the interactions in all different pairs of adsorption complexes, where the centers of 321 

the adsorbates are located at the distance less than 18 Å. There were 631 such pair configurations. Among 322 

them 219 pair configurations, where the distance between nearest atoms belonging to different 323 

adsorption complexes is less than the sum of their van der Waals radii. To preserve the simplicity of the 324 

model, the adsorbates in the latter cases were assumed to overlap and the interaction potential was 325 

considered formally infinite. The van der Waals radii of atoms were determined according to S. Alvarez et 326 

al [81]. The exceptions were specific pair configurations with interaction energies 𝑤 and 𝜀 related to the 327 

coordination bonding and shown in Fig. 4. These configurations are necessary for the formation of two-328 

fold Cu(TPyB)2 and three-fold Cu(TPyB)3 coordination motifs (Fig. 3 and Fig. 4). Since 𝑤𝑑 = 2𝑤, and 𝑤𝑡 =329 

3𝑤 + 3𝜀 (by definition), we had easily derived the 𝑤 energy of coordination bond and the 𝜀 energy of 330 

steric repulsion between pyridine rings in the three-fold coordination junction from our DFT calculations 331 

data. At given values of 𝑤𝑑 = 206 kJ/mol and 𝑤𝑡 = 104 kJ/mol parameters we obtain 𝑤 = −102.8 332 

kJ/mol and 𝜀 = 68.1 kJ/mol. In addition, the neighboring of two TPyB molecules with the same orientation 333 

at the distance of 6𝑎 between their centers is also allowed. Such pair configuration emerges as the result 334 

of compression of the TPyB-Cu layer, for example, on the Au(111) surface [52]. The TPyB-Cu interaction 335 

energies in two paired configurations close to the coordination bonding but characterized by a large TPyB-336 

Cu distance (Fig. 4) were set equal to zero, even though the van der Waals radii N atom of the pyridine 337 



ring and copper atom overlap in these configurations. It was done to facilitate the pseudo-dynamics of 338 

the metal-organic network formation in the Monte Carlo simulations. 339 

Key interactions guiding the self-assembly of metal-organic structures are coordination bonds. For 340 

this reason, the interaction energies in the remaining 412 configurations characterized by relatively large 341 

distances between the adsorbates were set equal to zero to avoid complicating the model. The above-342 

mentioned energies of all the pair interactions are explicitly included in the model and make the 343 

corresponding contribution to the total energy of the layer. All specific paired configurations are listed in 344 

the Supplementary Material (Fig. S1). 345 

The described lattice model, which includes the set of all adsorption complexes and paired 346 

configurations, can be downloaded from the SuSMoST website or from the project page at gitlab.com 347 

[82,83]. 348 

 349 

4. Details of Monte Carlo simulation 350 

The lattice model of TPyB-Cu layer on Ti2CO2(0001) surface was studied with grand canonical Monte 351 

Carlo (GCMC) simulation. The values of 〈𝐸𝑏
𝐶𝑢〉, 〈𝐸𝑏

𝑇𝑃𝑦𝐵〉, ∆, 𝑤, 𝜀 parameters given in the Section 3 were 352 

constant during the simulation. Thus, density, composition, and structure of the model metal-organic 353 

layer can be regulated only by temperature and chemical potentials of the components – 𝜇𝑇𝑃𝑦𝐵  and 𝜇𝐶𝑢. 354 

Recall the chemical potentials are related to the partial pressures and vapor pressures of these 355 

components in the equilibrium gas phase and can be calculated using a suitable equation of state. Partial 356 

pressures of the components are related to their mole fractions and total pressure in the gas phase. Since 357 

the vapor pressures of TPyB and Cu are very low (ultra-high vacuum conditions), we suppose the most 358 

appropriate way to control the partial pressure or chemical potential of the components is to change the 359 

molar composition of the gas phase. 360 

The GCMC simulations were performed using the SuSMoST 1.1 code [84]. The simulations were 361 

performed using the heterogeneous triangular lattice of 𝐿 × 𝐿 centers with periodic boundary conditions 362 

(Fig. 4). The linear size of the lattice 𝐿 = 144 was chosen large enough to avoid the influence of the finite 363 

size of the system on the calculated values. It also took into account the periodicity of the metal-organic 364 



structures formed during the simulation. Each Monte Carlo simulation step includes 𝐿 × 𝐿 attempts to 365 

change the state of the adsorption layer through adsorption/desorption, surface diffusion of TPyB 366 

molecules and Cu atoms, or in-plane rotation of TPyB molecules. The acceptance probability of a new 367 

configuration of the model metal-organic layer was determined by the standard Metropolis algorithm 368 

[85]. If the total energy ℋ of a new state of the system is less than the energy of the previous state 369 

(∆ℋ ≤ 0), then the change in the system state was accepted. Otherwise (∆ℋ > 0), the new state of the 370 

adsorption layer was accepted with the probability min{1, exp(∆ℋ/𝑅𝑇)}. 371 

The total energy of the adsorption layer includes the contributions of all the interactions and fields 372 

expressed in terms of the following model parameters 〈𝐸𝑏
𝐶𝑢〉, 〈𝐸𝑏

𝑇𝑃𝑦𝐵〉, ∆, 𝑤, 𝜀, 𝜇𝑇𝑃𝑦𝐵  and 𝜇𝐶𝑢. We used 373 

106 Monte Carlo steps to reach the equilibrium state and calculate ensemble averages. Thereby we have 374 

calculated the total and partial densities 𝜌 = (〈𝑁TPyB〉 + 〈𝑁Cu〉) 𝐿2⁄ ,  𝜌TPyB = 〈𝑁TPyB〉 𝐿2⁄ ,  𝜌Cu =375 

〈𝑁Cu〉 𝐿2⁄ , potential energy 〈𝑈〉 = 〈ℋ〉 − 𝜇𝑇𝑃𝑦𝐵〈𝑁TPyB〉 − 𝜇𝐶𝑢〈𝑁Cu〉 and heat capacity 𝐶𝜇 =376 

𝐿2 (〈𝑈2〉 − 〈𝑈〉2) 𝑅𝑇2⁄  of the adsorption layer. The parallel tempering algorithm [86] was used to improve 377 

the convergence to the equilibrium state and calculate temperature dependences of the adlayer 378 

characteristics. 379 

 380 

5. Results and Discussion 381 

5.1 Ground state of the TPyB-Cu/Ti2CO2(0001) model 382 

It is convenient to begin an analysis of the model phase behavior by calculating the (𝜇TPyB, 𝜇Cu)-383 

regions of existence for different phases at absolute zero, using the principle of a minimum grand 384 

thermodynamic potential Ω(𝜇TPyB, 𝜇Cu, 〈𝐸𝑏
𝐶𝑢〉, 〈𝐸𝑏

𝑇𝑃𝑦𝐵〉, ∆, 𝑤, 𝜀) in equilibrium state of the open system. 385 

In this case, the entropy contribution to the free energy of the system is not considered. For given values 386 

of 𝜇TPyB and 𝜇Cu, a phase with the minimum Ω value is stable. 387 

This approach assumes lattice models of all the structures under consideration available as well as 388 

the corresponding Ω(𝜇TPyB, 𝜇Cu, 〈𝐸𝑏
𝐶𝑢〉, 〈𝐸𝑏

𝑇𝑃𝑦𝐵〉, ∆, 𝑤, 𝜀) expressions for each of them. We have 389 

developed the lattice models of well-known “flower” phases (Fig. S2, Supplementary Material), assuming 390 

the phase behavior of the TPyB-Cu layer on Ti2CO2(0001) similar to that on Au(111) surface [51–54]. 391 



However, the 𝑤𝑡/𝑤𝑑  ratio is significantly less than unity in the developed model. It indicates the low 392 

probability of three-fold coordination motif (TPyB)3Cu to emerge in the adlayer. Preliminary GCMC 393 

simulation have confirmed this assumption. Therefore, in addition to the “flower” phases, we have 394 

developed lattice models of metal-organic structures formed exclusively by one- and two-fold 395 

coordination motifs (Fig. S2, Supplementary Material). We have derived the expression for the grand 396 

thermodynamic potential per one lattice site for each metal-organic structure (Supplementary Material). 397 

Applying the described method, we have calculated the ground state (𝜇TPyB/|𝑤|, 𝜇Cu/|𝑤|)-phase 398 

diagram of the TPyB-Cu adsorption layer on Ti2CO2(0001) surface (Fig. 5). 399 

 400 

Fig. 5. Phase diagram of the TPyB-Cu layer on Ti2CO2(0001) surface in (𝜇TPyB/|𝑤|, 𝜇Cu/|𝑤|)-coordinates. 401 

The GCMC simulations were performed along the dotted lines. 402 

 403 

As we can see in the Fig. 5, only the honeycomb structure (HON) is formed at large negative values 404 

of the TPyB chemical potential corresponding to a low relative pressure. A hexagon side in the HON 405 

structure consists of two TPyB molecules coordinated by one Cu atom. Due to the assumed 406 

commensurability of the HON structure with the lattice of oxygen atoms of the Ti2CO2(0001) surface, all 407 

Cu atoms of this metal-organic structure are located at the same sites – fcc or hcp. Top O-sites of the 408 

Ti2CO2(0001) surface remain unoccupied because of the energetic penalty ∆. It is also true for the other 409 

surface-confined TPyB-Cu structures. Increase of the Cu partial pressure (chemical potential) initially 410 



induces filling of the two-dimensional pores of the HON structure with Cu3TPyB complexes, and further 411 

the surface is covered by the copper. Increasing TPyB partial pressure over the HON structure causes its 412 

transformation into the zigzag metal-organic phase (ZZ). TPyB molecules in the ZZ structure are linked by 413 

Cu atoms into one-dimensional zigzag chains. Thus, each Cu atom in the ZZ structure coordinates two 414 

TPyB molecules. A further growth of the TPyB partial pressure over the ZZ phase promotes the formation 415 

of a pure organic phase. 416 

Fig. 5 shows that organic TPyB layer on Ti2CO2(0001) surface can be used as a precursor for a 417 

synthesis of the TPyB-Cu metal-organic structures. In this case, an increase of the Cu partial pressure will 418 

first lead to the ZZ phase, and then either to the HON structure filled with Cu3TPyB complexes, or to the 419 

pure metallic phase depending on the fixed partial pressure of TPyB. 420 

 421 

5.2 Results of the Monte Carlo simulation at nonzero temperatures 422 

Here we present our results on the GCMC simulation of the TPyB-Cu layer at nonzero temperatures. 423 

These simulations are aimed to verify the structure of the ground state phase diagram and to evaluate 424 

temperature effects. In Fig. 6 illustrates the dependences of the adsorption layer density on the chemical 425 

potential of Cu or TPyB at the constant temperature 𝑅𝑇 |𝑤| = 0.024⁄ .  426 

 427 

Fig. 6. Density (ρ) of the adsorption layer vs. chemical potentials 𝜇TPyB |𝑤|⁄  and 𝜇Cu |𝑤|⁄  of the 428 

components at 𝑅𝑇 |𝑤| = 0.024⁄ . Three adsorption isotherms have been calculated by increasing the Cu 429 

chemical potential 𝜇Cu |𝑤|⁄  at the constant values of 𝜇TPyB |𝑤|⁄ : -5.68, -3.83 and -1.79. The dependences 430 

of the adlayer density on the TPyB chemical potential 𝜇TPyB |𝑤|⁄  have been obtained at the constant 431 

values of 𝜇Cu |𝑤|⁄ : -7.25, -6.08, -5.30. Density levels of the ideal HON, HON+Cu3TPyB, ZZ, TPyB and Cu 432 

structures are shown in light grey. 433 



 434 

Such curves will be further referred to as adsorption isotherms. The adsorption isotherms were calculated 435 

along the corresponding vertical and horizontal lines on the ground state phase diagram of the system 436 

(Fig. 5). 437 

There are horizontal plateaus on the calculated adsorption isotherms. These plateaus reveal the 438 

formation of organic, metal-organic, and metallic structures in the adlayer, which are resistant to changes 439 

in external pressure of components. Density levels of the ideal structures are shown in light grey in the 440 

Fig. 6. As it follows from the Fig. 6, the TPyB-Cu metal-organic structures on the Ti2CO2 surface can be 441 

obtained in two ways. 442 

The first approach is a condensation of the surface gas into the HON structure (Fig. 7a) by increasing 443 

partial pressures of the components in the equilibrium gas phase. This process is pronounced in the 444 

adsorption isotherms as the abrupt change of the adlayer density from zero to 0.026 TPyB molecules and 445 

Cu atoms per one lattice site. Depending on the fixed value of the Cu chemical potential, an increase in 446 

the TPyB chemical potential over the HON structure either leads to emergence of the HON+Cu3TPyB phase 447 

(Fig.8b) and the ZZ phase further (Fig.8c), or the ZZ phase appears at once, bypassing the HON+Cu3TPyB 448 

structure. At very low partial pressures of copper, for example 𝜇Cu |𝑤|⁄ = −5.30, an increase in the TPyB 449 

partial pressure above the surface gas results in the formation of a pure organic phase TPyB (Fig. 7d). The 450 

HON structure can be also condensed from the surface gas phase by increasing partial pressure of copper 451 

at a fixed TPyB pressure, for example at 𝜇TPyB |𝑤|⁄ = −5.68. A growth of the Cu partial pressure over the 452 

HON structure initiates the filling of its 2D pores with Cu3TPyB complexes. Thus, the HON+Cu3TPyB phase 453 

emerges. A further growth of the Cu partial pressure leads to a gradual covering of the surface with copper 454 

islands and desorption of TPyB molecules (Fig. 7e). Ultimately, all adsorption O-sites of the Ti2CO2 surface 455 

are covered with copper (Fig. 7f). TPyB-Cu metal-organic structures on Ti2CO2(0001) surface can also be 456 

synthesized by increasing partial pressure of copper over the pure organic TPyB phase. In this case, we 457 

observe nucleation and growth of islands with a zigzag ZZ structure (Fig. 7g). If the fixed 𝜇TPyB |𝑤|⁄  is close 458 

to the values at which the pure organic phase condenses on the Ti2CO2 surface, a further increase in the 459 

Cu partial pressure changes the topology of metal-organic layer. The one-dimensional ZZ structure 460 



gradually transforms to the two-dimensional HON+Cu3TPyB phase (Fig. 7h). It is worth to note the 461 

dynamic feature of HON+Cu3TPyB phase, in which the Cu3TPyB complexes inside the 2D pores of the 462 

hexagons have translational and rotational mobility. 463 

 464 

 465 

Fig. 7. Snapshots of the model adsorption layer of TPyB-Cu on Ti2CO2(0001) obtained in the GCMC 466 

simulation at 𝑅𝑇 |𝑤| = 0.024⁄  and the following chemical potentials (𝜇TPyB/|𝑤|, 𝜇Cu/|𝑤|): а) HON 467 

phase (-5.68, -5.69); b) HON+Cu3TPyB phase (-5.88, -5.30); c) ZZ phase (-3.83, -5.79); d) TPyB phase (-3.83, 468 

-7.06); e) transition from HON+Cu3TPyB phase to Cu phase (-5.68, -4.62); f) Cu phase (-5.68, -4.43); g) 469 

transition from TPyB phase to ZZ phase (-1.79, -6.57); h) transformation of the HON+Cu3TPyB phase to ZZ 470 

phase (-3.83, -5.40). 471 

 472 



Apparently, it reduces the free energy of HON+Cu3TPyB structure making its formation at low partial 473 

pressures of TPyB more favorable than the ZZ structure. The subsequent growth of the Cu chemical 474 

potential leads to the filling of the surface with copper (Fig. 7e, f). 475 

 476 

 477 

Fig. 8. Potential energy of the TPyB-Cu layer per lattice site vs. layer density (ρ) at 𝑅𝑇 |𝑤| = 0.024⁄ . The 478 

symbols are results of the GCMC simulations with the fixed chemical potential of one component and 479 

varying another (see the values in the legend). Light grey circles mark out the (𝑈 |𝑤|⁄ , 𝜌) -regions 480 

corresponding to the ideal HON, HON+Cu3TPyB, ZZ, TPyB and Cu phases. 481 

 482 

Fig. 8 illustrates how the potential energy of TPyB-Cu/Ti2CO2 layer changes with its density. Light 483 

gray circles mark out the (𝑈 |𝑤|⁄ , 𝜌) -regions corresponding to the ideal HON, HON+Cu3TPyB, ZZ, TPyB 484 

and Cu phases. The crowding of GCMC points in these regions unambiguously confirms the existence of 485 

the above-described metal-organic structures with the inherent densities and potential energies. These 486 

curves can also be used to estimate the transitions from one phase to another induced by varying the 487 

chemical potentials of the components. As it follows from the Fig.9, the transitions from the surface gas 488 

to the TPyB phase, from the TPyB phase to the ZZ structure, and from the ZZ structure to HON+Cu3TPyB 489 

phase are continuous. Whereas the HON structure from the surface gas and the Cu phase from the metal-490 

organic phases occur abruptly. 491 

Thus, copper single atoms can be stabilized on the Ti2CO2 surface in three different metal-organic 492 

structures. Each copper atom in the HON and ZZ structures coordinates two pyridine rings of neighboring 493 

TPyB molecules. Local environments of the Cu atoms in these structures are different. In the case of 494 

HON+Cu3TPyB structure, there are both one- and two-fold coordination motifs. Hexagonal pores of this 495 



structure formed by TPyB-Cu-TPyB bonding are occupied by Cu3TPyB complexes, where each Cu atom is 496 

bonded to a single pyridine group. The local environment of the Cu atoms included in the surface-confined 497 

metal-organic networks obviously affect the electronic structure of the Cu sites. We suggest this to use in 498 

the development of ORR/OER catalysts. We have estimated relative thermal stabilities of the found metal-499 

organic structures. Fig. 9 demonstrates temperature dependences of the heat capacities calculated for 500 

the HON, HON+Cu3TPyB, and ZZ phases at fixed values of the chemical potentials of both components. 501 

Corresponding adsorption isobars (dependence of the adlayer density on temperature) are shown in the 502 

inset to the Fig. 9. Positions of the heat capacity peaks and inflections/steps on the adsorption isobars for 503 

a given phase indicate its destruction temperature. The heat capacities and isobars were calculated at 504 

different sets of the chemical potentials for each phase (see Fig. S3, Supplementary Material). Only the 505 

most thermally stable states defined by the (𝜇TPyB/|𝑤|, 𝜇Cu/|𝑤|)-set are shown in the Fig. 9. As one can 506 

see, the most stable phase is ZZ. The destruction temperature of ZZ phase is more than two times higher 507 

the destruction temperature of the HON and HON+Cu3TPyB phases. The destruction temperature of the 508 

HON+Cu3TPyB structure is slightly higher than that of the HON structure. Thus, filling the 2D pores of the 509 

HON structure with Cu3TPyB complexes stabilizes the adsorption layer. The Cu3TPyB complexes in the 2D 510 

pores can affect thermal stability of the metal-organic layer in two possible ways.  511 

 512 

 513 

Fig. 9. Heat capacity and density (on the inset) of the HON, HON+Cu3TPyB and ZZ phases in TPyB-Cu 514 

adsorption layer vs. 𝑅𝑇 |𝑤|⁄  at the constant chemical potentials (partial pressures) of both components 515 

𝜇TPyB |𝑤|⁄  and 𝜇Cu |𝑤|⁄ . 516 

 517 



On the one hand, this raises the entropy impact to the free energy of the structure due to the translational 518 

and rotational mobility of Cu3TPyB complexes inside the pores. On the other hand, this prohibits a jump 519 

of the molecule into the pore due to thermal fluctuations. 520 

 521 

6. Conclusion 522 

In this work, we have estimated the possibility of stabilizing copper single atoms on the oxygen-523 

terminated titanium carbide surface through the self-assembly of surface-confined metal-organic 524 

structures comprising 1,3,5-tris(pyridyl)benzene. Can such metal-organic structures self-assemble on the 525 

MXene surfaces? The question is of fundamental importance. The positive answer opens up the possibility 526 

of “tuning” the catalytic properties of such systems, for example in ORR/OER reactions. 527 

Based on the DFT calculations of the geometries and energies of key adsorption complexes and 528 

structures, we developed the lattice model of the TPyB-Cu adsorption layer on Ti2CO2(0001) surface. The 529 

ground state analysis of the model and grand canonical Monte Carlo simulations at nonzero temperatures 530 

allow us to draw the following conclusions: 531 

1) The oxygen-terminated titanium carbide surface is energetically heterogeneous with respect to 532 

the adsorption of copper and homogeneous (with "chemical" accuracy) in terms of the TPyB adsorption. 533 

2) Due to steric hindrances arising during in the three-fold Cu(TPyB)3 coordination motifs, metal-534 

organic structures consisting of two-fold Cu(TPyB)2 coordination modes predominantly appear on the 535 

Ti2CO2(0001) surface. These are honeycomb (HON), filled-honeycomb (HON+Cu3TPyB), and zigzag (ZZ) 536 

phases. Thus, copper single atoms on the Ti2CO2 surface those catalytically active in the ORR reaction can 537 

be stabilized in the surface-confined metal-organic structures. These structures differ in the coordination 538 

number of copper atoms and their local environment. 539 

3) Thermal stability of metal-organic structures in TPyB-Cu/Ti2CO2(0001) layer decreases in the 540 

following series: zigzag, filled-honeycomb, honeycomb. 541 

Analysis of the catalytic activity descriptors for the found metal-organic structures and their stability 542 

under ORR/OER conditions is the subject of our future studies. We hope that our results will stimulate 543 

further experimental studies of hybrid “metal-organic network/MXene” catalysts.  544 
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