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Abstract

The self-assembly of 2D metal-organic networks comprising 1,3,5-tris (pyridyl)benzene (TPyB)
molecules and copper atoms on the oxygen-terminated titanium carbide MXene surface was theoretically
investigated. We have developed a lattice model of the TPyB-Cu networks on the energetically
heterogeneous Ti,CO,(0001) surface. The model based on DFT calculations of the structure and energy of
key adsorption complexes and metal-organic structures. Using the grand canonical Monte Carlo method,
we have calculated and analyzed adsorption isotherms, structure, potential energy, and heat capacity of
the adlayer. Due to steric hindrances in the three-fold Cu-TPyB junction, metal-organic structures
consisting of only two-fold Cu-TPyB coordination motifs predominantly emerge on the Ti,CO,(0001)
surface: honeycomb (HON), honeycomb filled with CusTPyB (HON + CusTPyB) and zigzag (ZZ) phases.
These phases differ in the local environment of the copper adatoms. Thermal stability of the phases
decreases in the following series: ZZ, HON + CusTPyB and HON. Self-assembly of these structures offers
the opportunity to stabilize and "tune" properties of the single-atom Cu/Ti»CO,(0001) catalyst. We hope
that our results will stimulate further experimental studies of hybrid “metal-organic network/MXene”

catalysts.
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1. Introduction

Population growth and consequently increased energy consumption as well as global
environmental pollution require new clean and sustainable energy conversion technologies. Important
role in solving these problems is played by highly efficient and inexpensive electrocatalysts for proton
exchange membrane fuel cells and metal-air batteries [1-6]. The bottleneck of these devices are catalytic
oxygen reduction (ORR) and oxygen evolution (OER) reactions, which are relatively slow [7-10]. Today,
expensive catalysts containing noble metals and their oxides are used to catalyze ORR/OER reactions
[1,8,11,12]. A promising alternative is supported single- and double-atom catalysts based on transition
metals [9,10,13—-20] and carbon materials [6,7,21-23]. Single-atom catalysts (SACs), where metal atoms
are dispersed on an optimal substrate, show extremely high utilization efficiency of the active component
surface. SACs are inherently characterized by uniform active sites with high selectivity for specific
reactions. The unique electronic structure and coordination environment of the active sites in SACs make
it possible to fine-tune the adsorption energy of reactants, products, and intermediates influencing the
activity and selectivity of the catalytic process.

The catalysts based on iron and copper supported by a porous carbon doped with nitrogen and/or
containing pyridine groups are known to be one of the most active ORR catalysts [6,18,22—-31]. In these
cases, the catalytic active site is an iron or copper adatom coordinated with four nitrogen atoms. However,
this coordination structure does not provide the optimized binding energy for ORR/OER intermediates
and thus the catalytic activity [9]. Introducing O atom into coordination environment of the metal center
can be applied to tune the electronic structure and change the catalytic activity and selectivity of SACs
[9,32,33]. Unfortunately, the stability of such carbon supported catalysts is poor.

Recently, transition metal single- and double-atom catalysts supported by N- and C-based MXenes
are shown to exhibit similar activity and increased stability in ORR/OER reactions [5,13,34—39]. In the
paper [5] the Ti,CO,-supported non-noble Cu SAC is found to exhibit excellent ORR activity. However, an
open question remains about stability of such SAC. The point is that the cohesion energy of copper is
greater than the calculated binding energy of the copper atom with Ti,CO,(0001) surface. Therefore, the

aggregation of the copper atoms on the MXene surface is possible. According to M. Keyhanian et al [40],
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the diffusion barrier for Cu atoms on the Ti,CO,(0001) surface is approximately 27 kJ/mol, or 14% of the
adsorption energy. This is one of the lowest diffusion barriers in the first row of transition metals.
Nevertheless, the aggregation can be kinetically hampered.

Combining the electroconductive MXenes with metal-organic frameworks (MOFs) having tunable
porosity, and diversity of metal sites and functional groups could significantly improve the catalytic
activity, selectivity and especially stability of such hybrid materials in ORR/OER [41,42]. Let us give some
examples. L. Zhao et al had synthesized the CoBDC/terminated titanium carbide hybrid catalyst [43]. In
this case, the catalyst is MXene sheets coated with a few nanometers thick CoBDC layer. Metal-organic
frameworks, namely ZIF-67 based on cobalt, nickel, and imidazole, can be deposited on the MXene TisC;
surface in the form of nanoparticles several hundred nm in size [41,44]. In both cases, the high porosity
of MOF provides good mass transfer and large surface area of the active component, while the MXene
provides the electroconductivity of the catalyst. The oxidation state of the metal center does not change
after hybridization with MXene. The synthesized hybrid catalysts show high activity in OER and NRR
reactions. A negative effect of the MXene surface in the hybrid Co,Ni-MOF/MXene catalysts on the
catalytic activity in OER is also observed [45]. Since the chemical environment of the metal center in the
hybrid catalyst remains practically unchanged, the authors believe that the reduced OER activity of the
material is associated with the electron-donor properties of the MXene. The reduced oxidation states of
nickel and cobalt in the hybrid catalyst corroborate this hypothesis. MOF layers deposited on MXene
surfaces were also used as a precursor of the active component in ORR/OER. For example, a hybrid
NiCoS/MXene catalyst for OER was synthesized by depositing a ZIF-67 layer onto the terminated titanium
carbide surface, followed by treatment with nickel nitrate and sulfuration [46]. Strong interaction
between the NiCoS and MXene surface significantly affects the electronic structure of the catalytic active
site. Such interaction promotes charge transfer from the sulfide to the conductive MXene and thus
increases the catalytic activity in OER. In recent paper, H. Zhang et al [47] had investigated the self-
assembly of amorphous Ni-MOF nanospheres on MXenes. The MOF nanospheres anchored on the MXene
surface were subsequently conversed into porous nanospheres of catalytically active nickel phosphate

through the etching with potassium dihydrogenphosphate. Direct bonding between nickel phosphate
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nanospheres and MXene surface enables the fast electron transfer, addressing the low conductivity of
nickel phosphate. The works briefly discussed above give us reason to believe that coupling of MOF and
MXenes is an effective strategy to tune the activity, selectivity and stability of the ORR/OER catalysts.

Experimentally, several synthesis approaches to the of Cu SACs have been proposed to avoid the
aggregation of copper atoms [48-50]. In this theoretical work, we have evaluated the possibility of
stabilizing copper single atoms on the oxygen-terminated titanium carbide surface through the self-
assembly of a surface-confined metal-organic network comprising 1,3,5-tris(pyridyl)benzene molecules
and copper atoms (TPyB-Cu). Unlike the works mentioned above, each copper atom in the TPyB-Cu metal-
organic network on the Ti,CO,(0001) surface is assumed to be potentially bound both to oxygen atoms of
the MXene surface and to a different number of pyridyl nitrogen atoms. We believe that self-assembly of
different TPyB-Cu metal-organic networks on the Ti,C0O,(0001) surface can be an effective tool to control
the N/C/O-coordination environment of the Cu atom. In the light of the facts discussed above, such hybrid
catalyst can potentially be assumed to have a high electrical conductivity, activity, and stability in
ORR/OER. There are many different phases can emerge in the TPyB-Cu metal-organic layer on Au (111)
surface [51-54]. All these phases differ in the surface concentration of various copper sites: isolated
atoms, condensed clusters, two- and three-fold TPyB-Cu coordination motifs. Electronic structure of these
Cu active sites is obviously different. It can be assumed that the catalytic properties of these Cu sites also
differ. Thus, whether emergence of such metal-organic structures on the Ti,CO,(0001) surface possible or
not is the question of fundamental importance. The positive answer will open the possibility of "tuning"
the catalytic properties of the Cu/Ti,CO; system.

Today, the task of development of new surface-confined metal-organic structures is mainly solved
by trial and error. Even small changes under experimental conditions lead to significant changes in the
structure of the metal-organic layer [52,55,56]. For this reason, molecular simulation methods are widely
used to study the self-assembly of such systems. A detailed theoretical description of complex metal-
organic networks on the solid surface is also complicated and time-consuming. One of the possible
strategies to solve this problem is development of coarse-grained models, in particular lattice models, of

such systems and studying them using the Monte Carlo methods [54,57-63]. Locally regular geometry of
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the coordination bonds and their relative rigidity make the lattice models a natural tool for investigations
in this case.

The aim of this work is to answer question: whether the self-assembly of stable TPyB-Cu metal-
organic networks on the O-terminated titanium carbide MXene surface possible or not? To achieve this,
we have developed the lattice model of the metal-organic layer based on our electron density functional
theory (DFT) calculations and further performed the simulations using grand canonical Monte Carlo
method. The model of TPyB-Cu/Ti,CO, self-assembly adopts several assumptions following from the STM
studies of the adsorption layers consisting of TPyB molecules and copper atoms, as well as from our DFT
calculations of the geometries of the adsorption complexes and binding energies of the components with

the Ti,CO,(0001) surface.

2. Details of DFT calculations

The geometry and bonding energies of copper and TPyB adsorption complexes on the Ti,C0O,(0001)
surface were determined using spin-unrestricted density functional theory methods as implemented in
DMol3 code of Materials Studio software package [64]. The generalized gradient approximation (GGA)
with the revised Perdew-Burke-Ernzerhof exchange correlation functional (RPBE) were applied [65]. This
functional improves an estimation of the adsorption energy of molecules and atoms on solid surfaces. A
double numerical basis set of atomic orbitals including polarization functions for all atoms (DNP) was used
[66,67]. The core electrons were replaced by effective core potentials (ECP) [68,69]. The orbital cutoff
radius was set to 5.2 A for all atoms. To consider dispersion effects we used Tkatchenko- Scheffler (TS)
method [70-72]. We used the following convergence criteria for geometric optimization: 1.0x10" Ha for
energy, 2.0x10 Ha/A for maximum force acting on each atom, and 5.0x1073 A for maximum displacement
of atoms. The tolerance of self-consistent field (SCF) was 1.0x107. To accelerate the convergence of SCF
calculations we applied the system thermal smearing [73] of 0.005 Ha and algorithm of direct inversion of
iterative subspace (DIIS) [74].

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

terminated by oxygen groups [12,75]. Therefore, as a model of titanium carbide MXene surface we used
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a rhombic unit cell of Ti,CO, MXene (0001) basal surface with periodic boundary conditions in all cartesian
directions. The DFT calculations were carried out in a p(7x7) supercell of Ti,CO,(0001) containing 245

atoms (Fig. 1).

L )
”00“0 0 10 10 0 » &

Fig. 1. Top and side views of the Ti,CO; supercell used in the DFT calculations of the adsorption energies
of Cu and TPyB molecules. Red spheres represent oxygen atoms, gray ones — carbon, light gray — titanium.
Symbols mark the most symmetric O-adsorption sites on the Ti,CO; surface.

To avoid interaction between supercell replicas in the direction perpendicular to the (0001) surface,
the height of the supercell was set to 30 A, accounting for the vacuum layer of 15.4 A. The lattice
parameter and thickness of the MXene slab after geometric optimization of the supercell including the
clean Ti,CO,(0001) surface and the vacuum layer were a = 3.014 & and d = 4.59 &, respectively. These
values are in good agreement with previously published data [76,77]. We considered the adsorption of a
copper atom and TPyB molecule only on the most symmetric O-sites of the Ti,CO,(0001) surface: on top,
bridge, fcc and hcp sites (Fig. 1). Geometries of all adsorption complexes were optimized with fixed
position of all the MXene atoms. The binding energies of the copper atom and TPyB molecule with each
adsorption site (E}) were determined as follows:

Ep = Eq/mx — (Eq + Eyx), ¢Y)
where Ej /x is the total energy of the supercell comprising TiCO(0001) and TPyB molecule (or Cu atom),

E, is the energy of isolated TPyB molecule (or Cu atom), Ejx is the energy of Ti,CO,(0001) slab. Table 1
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shows the DFT calculation results. A more negative value of the binding energy corresponds to a greater

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

Table 1

Binding energies (in kJ/mol) of the copper atom and TPyB molecule on different adsorption sites of the
Ti2CO»(0001) surface calculated by the GGA/RPBE method with TS correction. The values in brackets
correspond to the fcc2 and hcp2 adsorption complexes of TPyB molecules.

top bridge fcc hcp Average (ESY), (Ep ")
TPyB -447 -441 -436(-450)  -451(-441)  -444+6
Cu -364 -480 -542 -485 -502+34 (bridge, fcc, hcp)

Structures of the copper adsorption complexes on the Ti.CO,(0001) surface are shown in the Fig.S1.
The fcc site binds the copper atom most strongly. Difference between the binding energies of the Cu atom
with the fcc site and with the hcp, bridge sites are 57 and 62 kJ / mol, respectively. These values do not
exceed 12% of the Cu binding energy with the strongest fcc site. The adsorption complexes of copper on
the top and bridge sites are metastable, despite the high negative binding energy. They transform into
the fcc adsorption complex during the optimization procedure. Copper adsorbed at the hcp site is stable,
apparently due to the high diffusion barrier to the fcc site. The binding energy of copper with the top site
is -364 kJ/mol, which is 178 kJ/mol (33%) higher than the corresponding value for the fcc site. Thus, the
Ti,CO,(0001) surface is heterogeneous in terms of the binding energy of copper atoms.

Binding the TPyB molecule to the Ti,CO,(0001) surface is different. The optimal structures of the
TPyB adsorption complexes are shown in Fig. 2. It is clearly seen that dispersion forces dramatically affect
the energy and structure of TPyB adsorption complexes. When we turn on the dispersion correction, the
adsorbed TPyB molecule became "flat" and distance from its center of mass to the surface decreased from
3.9 Ato 2.5 A. The average binding energy is increased by about 4 times. As it can be seen in Table 1, the
binding energy of the molecule is practically independent of its position and orientation in the plane
parallel to the surface. The average binding energy is -444 kJ/mol, the absolute deviation does not exceed

6 kJ/mol, and the relative deviation is 2%. To verify the weak dependence of the TPyB binding energy on
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position and orientation of the adsorbed molecule, we have calculated the energy of 12 rotational states
of TPyB molecules bound to the top and fcc sites. The rotational states differ from each other by 10°

rotation of the TPyB molecule in a plane parallel to the Ti,C0O,(0001) surface.

. side view
Ll (DFT and DFT-D)
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Fig. 2. Structures of the TPyB adsorption complexes on the Ti,CO, surface according to GGA/RPBE
calculations. Top side view results from the DFT calculation, bottom side view is DFT+TS result.
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The relative deviation of the binding energy for all the rotational states from the average value also does
not exceed 2%. Thus, the Ti,CO,(0001) surface is homogeneous in terms of the TPyB binding energy.

Due to the triangular symmetry of the molecule and location of the copper adsorption sites on the
Ti,CO,(0001) surface, it can be assumed that metal-organic structures similar to those appearing in the
TPyB-Cu layer on the Au (111) surface can also emerge in the TPyB-Cu/Ti,CO,(0001) layer [51-54]. Key
elements of all these structures are two-fold Cu(TPyB), and three-fold Cu(TPyB)s coordination motifs with
w, and w; coordination energies, respectively.

To estimate the energies of two-fold w,; and three-fold w, coordination motifs in the TPyB-
Cu/Ti,CO»(0001) layer we had to perform the DFT calculations of the potential energy U of interactions
in the unit cells of the honeycomb and triangular phases [51-54] shown in Fig. 3. Developing the atomic
models of these phases we relied on the commensurability of their structure with the arrangement of
oxygen atoms on the Ti,CO,(0001) surface. The unit cell of the honeycomb structure contains two TPyB
molecules and three Cu atoms (Fig. 3a). We have exploited the following feature of this phase. The phase
is formed only by two-fold coordination motifs. Unit cell of the honeycomb structure contains 3 two-fold
coordination modes. The dense triangular structure consists of identically oriented TPyB molecules, each
of them interacts with 3 Cu atoms. The unit cell of the triangular phase (Fig. 3b) consists of one TPyB
molecule and one Cu atom forming one three-fold coordination mode. There are no two-fold
configurations in this phase. Thus, an estimation of the energies of two-fold and three-fold coordination
bonding can be reduced to the geometric optimization of the honeycomb and triangular periodic

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

U =E; — SEgiap — Nrpyp (ETPyB + E%g;g) - NCu(ECu + ngfs), )
E’qu;B = Erpyp/mx — SEsiab — ETpyB) 3)
ECC}SS = ECu/MX — SEsiap — Ecu- (3)

E, is the total energy of the phase unit cell, S is the number of Ti,CO,(0001) slab unit cells in the unit cell

of the phase. The unit cells of the honeycomb and triangular phases include 76 and 19 unit cells of the
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Ti»CO,(0001) slab, respectively. The E; energies were averaged over 6 different initial positions of the
metal-organic layer relative to the Ti,CO,(0001) surface in the case of triangular structure and over 2 initial
positions in the case of honeycomb one. The Eg,p is the energy of clean Ti,CO,(0001) slab unit cell

obtained by the separate DFT calculation.

Fig. 3. DFT optimized unit cells of honeycomb (a) and triangular (b) phases of TPyB-Cu/Ti>CO,(0001) layer.

Erpyg and E¢, are the energies of TPyB molecule and copper atom in vacuum. Nrp,p and N, are the

amounts of the TPyB molecules and Cu atoms in the phase unit cell. E%g;B and EZ%5 are the binding

energy of a single TPyB molecule and a single Cu atom with the Ti,CO,(0001) surface. In the case of ng}s

we distinguish fcc, hep and top O-sites of the Ti,CO,(0001) surface. To determine both Eff5; and Egds
values we have performed separate DFT calculations including geometry optimization procedures for the
simulation cells comprising 1 TPyB molecule and 1 Cu atom on 76 and 19 unit cells of the Ti»CO,(0001)

slab, correspondingly. Erpyp/mx and Ecy/ux are the total energies of such simulation cells.
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Since the considered surface-confined metal-organic structures have large unit cells — from 135
(triangular phase) to 461 (honeycomb phase) atoms, their optimization was carried out at a lower level of
theory. The calculations were performed using SIESTA-4.1.5 code [78] using classical PBE density
functional approximation. Due to large size of unit cells only gamma-point calculations were performed.
Double-zeta polarized (DZP) basis set was used for all atoms of the adlayer and for upper layers of the
MXene including central carbon layer. Lower layers of titanium and oxygen of the MXene were simulated
with single-zeta (SZ) basis set. Convergence of Kohn-Sham self-consistent algorithm was checked by
Hamiltonian change with tolerance 10 eV, and by maximum change of the density matrix elements with
tolerance 10 eV. Geometry was relaxed until maximum force acting on each atom was less than 0.005
eV/A.

Using this calculation set, we have obtained the following values of the parameters in the
expression (2): Egqp = —117850, Erpyp = —414873, E¢,, = —115233, Effs; = —334 and E&Y° =
—177 in kl/mol. In the case of Eg{fs we virtually have -199, -186, -146 kJ/mol for fcc, hcp and top O-sites,
respectively. The Eg{fs = —177 kI/mol is the average value. Total energies E; of the honeycomb and
triangular phases unit cells shown in the Fig. 3 are —2769894 + 12 and —10133926 + 3 ki/mol.

As it clearly seen in the Fig.4, Uyony = 3w, for the honeycomb structure, and Urg = w; for the
triangular phase. Therefore, the following energies of two-fold and three-fold TPyB-Cu coordination
bonding on the Ti.CO,(0001) surface can be easily derived w; = 206 kJ/mol and w; = 104 ki/mol.

To evaluate the effect of dispersion forces on the energies of two-fold Cu(TPyB), and three-fold
Cu(TPyB)s coordination modes determined from the DFT calculations of the unit cells of the honeycomb
and triangular structures, we have performed extra DFT calculations taking into account the DFT-D4
correction [79,80]. The energies of two-fold and three-fold coordination modes change as follows: -199
kJ/mol with D4 correction versus -206 kJ/mol without correction for Cu(TPyB), and -88 kJ/mol with D4
correction versus -104 kJ/mol without it for Cu(TPyB)s. The energy of Py-Cu coordination interaction
related to these values changes by 3.5 kl/mol from -102.8 kJ/mol to -99.3 kl/mol. This value is comparable
to the thermal energy at 400K. Such insignificant contribution of dispersion interactions to the potential

energy of the considered metal-organic layer can be explained by the local character of the short-ranged
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Cu-N coordination bonding, which are the strongest interaction in the system. In the lattice model of TPyB-
Cu layer on the Ti,CO,(0001) surface we will use original values of w; and w; parameters calculated
without dispersion correction.

At the obtained energies of two-fold Cu(TPyB); and three-fold Cu(TPyB)s coordination bonding the
w; /wy ratio is considerably less than 1. This calls into question the emergence of the flower-like TPyB-Cu
phases on the Ti,CO,(0001) surface despite they are observed on the Au (111) surface [54]. In this case,
the two-fold coordination bonding is significantly stronger than three-fold one. A series of flower-like
phases is formed when w;/w,; > 1. Therefore, the self-assembly of ordered metal-organic structures in
the considered adsorption monolayer commensurable with Ti,CO,(0001) surface is doubtful. It requires

further research with statistical methods.

3. Lattice model of TPyB-Cu/Ti,CO,(0001) layer

A lattice model of surface-confined metal-organic structures assumes by definition their
commensurability with an atomic structure of the surface. In our case, the TPyB-Cu structures are assume
to be commensurable with the arrangement of oxygen atoms on the Ti,CO,(0001) surface. Thus, we
consider the adsorption of a copper atom and TPyB molecule only on the most symmetric O-sites of the
surface: on top, bridge, fcc and hcp sites. In addition, a correct model of TPyB-Cu self-assembly should
account for the energetic heterogeneity of the Ti»CO,(0001) surface with respect to the adsorption of
copper atoms. To simplify the model, we consider only the largest difference (28% or 138 kl/mol) in the
binding energy of Cu with the “weak” top site compared to the average binding energy with the “strong”
sites (fcc, hcp, and bridge). Let us take this difference into account with a parameter A= E, (top) —
(ES™)y = 138 kJ/mol, where E,(top) is the binding energy of Cu with the top site, and (ES“) is the
average binding energy of Cu with fcc, hcp and bridge sites. This assumption allows us to treat qualitatively
the surface heterogeneity effects.

As the surface model we have chosen a heterogeneous triangular lattice with parameter a = r/\/'a_’,
where r is the distance between neighboring oxygen atoms on the Ti,CO,(0001) surface (Fig. 4). Such

triangular lattice is formed by three types of nodes corresponding to the fcc, hcp and top sites on the
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Ti,CO,(0001) surface. As one can see, the bridge sites are not considered in the model. This simplification
is supposed to have no qualitative effects on the phase behavior of the considered adsorption layer.
Indeed, the deviation of the copper binding energy with the bridge site from the average binding energy

on the “strong” sites is less than 4.5%.
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Fig. 4. Lattice model of adsorption of TPyB molecules and Cu atoms on the top, fcc and hcp sites of the
Ti,CO,(0001) surface. Top, fcc and hcp sites form the heterogeneous triangular lattice. The arrows indicate
pair interactions included in the model.

The adsorbed copper atom occupies one lattice site in all the cases. When an isolated copper atom is
adsorbed on the “strong” sites, the total energy of the system changes be the value (Egu) — Ucu, Where
(Egu) is the average binding energy of Cu with “strong” sites, e, is the chemical potential of copper
related to its partial pressure in the gas phase equilibrated with the adsorption layer. When a copper atom
is adsorbed on the “weak” top site, the A value is additionally included in the total energy of the system,
thus it changes by the value (E%) — uc, + A.

As shown in Fig. 4, the adsorbed TPyB molecule occupies several sits of the triangular lattice with
the parameter a = r/~/3. In this model the distance between nitrogen atoms of the pyridine rings of the
adsorbed TPyB molecule is 3r. Thus, the model also considers the relative size of the linker molecule. To
develop lattice models of experimentally observed TPyB-Cu metal-organic structures [51-54], it is
necessary to take into account at least two possible orientations of the TPyB molecule, which differ in

rotation by 60 ° in the plane parallel to the surface. In the proposed model, these states correspond to
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the molecules with pyridine ring down and up. Recall the Ti,CO,(0001) surface is homogeneous in terms

of the TPyB binding energy. In this case, the additional parameters are not required. When an isolated
TPyB molecule is adsorbed, the total energy of the system changes by the value (EZPyB) — UTpyB

regardless of the adsorption site and in-plane orientation of the molecule. Here, (EZPyB) is the average
binding energy of the molecule with the Ti,CO2(0001) surface, and prpyp is the TPyB chemical potential
associated with the partial pressure of TPyB in the equilibrium gas phase. Thus, our model includes 9
adsorption complexes. These are 3 adsorption complexes of copper on the top, hcp, and fcc sites. There
are also 6 adsorption complexes of the TPyB molecule corresponding to the same sites. The adsorbed
molecule has two possible orientations on each site — "up" and "down".

We considered the interactions in all different pairs of adsorption complexes, where the centers of
the adsorbates are located at the distance less than 18 A. There were 631 such pair configurations. Among
them 219 pair configurations, where the distance between nearest atoms belonging to different
adsorption complexes is less than the sum of their van der Waals radii. To preserve the simplicity of the
model, the adsorbates in the latter cases were assumed to overlap and the interaction potential was
considered formally infinite. The van der Waals radii of atoms were determined according to S. Alvarez et
al [81]. The exceptions were specific pair configurations with interaction energies w and ¢ related to the
coordination bonding and shown in Fig. 4. These configurations are necessary for the formation of two-
fold Cu(TPyB), and three-fold Cu(TPyB)s; coordination motifs (Fig. 3 and Fig. 4). Since w; = 2w, and w; =
3w + 3¢ (by definition), we had easily derived the w energy of coordination bond and the € energy of
steric repulsion between pyridine rings in the three-fold coordination junction from our DFT calculations
data. At given values of w; = 206 ki/mol and w; = 104 kJ/mol parameters we obtain w = —102.8
kJ/moland € = 68.1 kl/mol. In addition, the neighboring of two TPyB molecules with the same orientation
at the distance of 6a between their centers is also allowed. Such pair configuration emerges as the result
of compression of the TPyB-Cu layer, for example, on the Au(111) surface [52]. The TPyB-Cu interaction
energies in two paired configurations close to the coordination bonding but characterized by a large TPyB-

Cu distance (Fig. 4) were set equal to zero, even though the van der Waals radii N atom of the pyridine
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ring and copper atom overlap in these configurations. It was done to facilitate the pseudo-dynamics of
the metal-organic network formation in the Monte Carlo simulations.

Key interactions guiding the self-assembly of metal-organic structures are coordination bonds. For
this reason, the interaction energies in the remaining 412 configurations characterized by relatively large
distances between the adsorbates were set equal to zero to avoid complicating the model. The above-
mentioned energies of all the pair interactions are explicitly included in the model and make the
corresponding contribution to the total energy of the layer. All specific paired configurations are listed in
the Supplementary Material (Fig. S1).

The described lattice model, which includes the set of all adsorption complexes and paired
configurations, can be downloaded from the SuSMoST website or from the project page at gitlab.com

[82,83].

4, Details of Monte Carlo simulation

The lattice model of TPyB-Cu layer on Ti,CO,(0001) surface was studied with grand canonical Monte
Carlo (GCMC) simulation. The values of (E£Y), (EZ;PyB), A, w, € parameters given in the Section 3 were
constant during the simulation. Thus, density, composition, and structure of the model metal-organic
layer can be regulated only by temperature and chemical potentials of the components — uzpyp and pcy,.
Recall the chemical potentials are related to the partial pressures and vapor pressures of these
components in the equilibrium gas phase and can be calculated using a suitable equation of state. Partial
pressures of the components are related to their mole fractions and total pressure in the gas phase. Since
the vapor pressures of TPyB and Cu are very low (ultra-high vacuum conditions), we suppose the most
appropriate way to control the partial pressure or chemical potential of the components is to change the
molar composition of the gas phase.

The GCMC simulations were performed using the SuUSMoST 1.1 code [84]. The simulations were
performed using the heterogeneous triangular lattice of L X L centers with periodic boundary conditions

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

size of the system on the calculated values. It also took into account the periodicity of the metal-organic
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structures formed during the simulation. Each Monte Carlo simulation step includes L X L attempts to
change the state of the adsorption layer through adsorption/desorption, surface diffusion of TPyB
molecules and Cu atoms, or in-plane rotation of TPyB molecules. The acceptance probability of a new
configuration of the model metal-organic layer was determined by the standard Metropolis algorithm
[85]. If the total energy H of a new state of the system is less than the energy of the previous state
(AF < 0), then the change in the system state was accepted. Otherwise (AH > 0), the new state of the
adsorption layer was accepted with the probability min{1, exp(AF{/RT)}.

The total energy of the adsorption layer includes the contributions of all the interactions and fields
expressed in terms of the following model parameters (ES%), (EZPyB), A, w, g, urpyp and pic,. We used
10° Monte Carlo steps to reach the equilibrium state and calculate ensemble averages. Thereby we have
calculated the total and partial densities p = ((Nppyg) + (Ncu))/L?%  preys = (Nrpyg)/L? peu =
(Ncy)/L?, potential energy (U) = (H)— trpys{NtpyB) — Ucu{Ncy) and heat capacity C, =
L? ((U?) — (U)?)/RT? of the adsorption layer. The parallel tempering algorithm [86] was used to improve
the convergence to the equilibrium state and calculate temperature dependences of the adlayer

characteristics.

5. Results and Discussion

5.1 Ground state of the TPyB-Cu/Ti,CO,(0001) model

It is convenient to begin an analysis of the model phase behavior by calculating the (quyB,uCu)-
regions of existence for different phases at absolute zero, using the principle of a minimum grand
thermodynamic potential Q(prpyp, tcu (ES), (E, 27 ), A, w, €) in equilibrium state of the open system.
In this case, the entropy contribution to the free energy of the system is not considered. For given values
of prpyp and ficy, a phase with the minimum € value is stable.

This approach assumes lattice models of all the structures under consideration available as well as
the corresponding Q(yprB,yCu, (ES™), (E;PyB), Aw, e) expressions for each of them. We have

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

the phase behavior of the TPyB-Cu layer on Ti,CO,(0001) similar to that on Au(111) surface [51-54].



However, the w;/w, ratio is significantly less than unity in the developed model. It indicates the low

392

probability of three-fold coordination motif (TPyB)sCu 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 (urpyp/|W|, picu/|W|)-phase

398

diagram of the TPyB-Cu adsorption layer on Ti,CO,(0001) surface (Fig. 5).
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Phase diagram of the TPyB-Cu layer on Ti.C0O,(0001) surface in (quyB/|W|
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The GCMC simulations were performed along the dotted lines.
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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 Ti,CO,(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

Ti,C0O,(0001) surface remain unoccupied because of the energetic penalty A. It is also true for the other

409

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

410
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induces filling of the two-dimensional pores of the HON structure with CusTPyB complexes, and further
the surface is covered by the copper. Increasing TPyB partial pressure over the HON structure causes its
transformation into the zigzag metal-organic phase (ZZ). TPyB molecules in the ZZ structure are linked by
Cu atoms into one-dimensional zigzag chains. Thus, each Cu atom in the ZZ structure coordinates two
TPyB molecules. A further growth of the TPyB partial pressure over the ZZ phase promotes the formation
of a pure organic phase.

Fig. 5 shows that organic TPyB layer on Ti»CO,(0001) surface can be used as a precursor for a
synthesis of the TPyB-Cu metal-organic structures. In this case, an increase of the Cu partial pressure will
first lead to the ZZ phase, and then either to the HON structure filled with CusTPyB complexes, or to the

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

5.2 Results of the Monte Carlo simulation at nonzero temperatures

Here we present our results on the GCMC simulation of the TPyB-Cu layer at nonzero temperatures.
These simulations are aimed to verify the structure of the ground state phase diagram and to evaluate
temperature effects. In Fig. 6 illustrates the dependences of the adsorption layer density on the chemical

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

0.12 T E T E T E T

0.10 -
0.08 4
0.06
0.04;

0.024 TPyt

Density of the layer (p)

0.00 +

7 6 5 -4

uefIw| or uTPyBI|w|

Fig. 6. Density (p) of the adsorption layer vs. chemical potentials urpyg/|w| and uc,/|w| of the
components at RT/|w| = 0.024. Three adsorption isotherms have been calculated by increasing the Cu
chemical potential uc,/|w| at the constant values of pirpyg/|w|: -5.68, -3.83 and -1.79. The dependences
of the adlayer density on the TPyB chemical potential [,lprB/|W| have been obtained at the constant
values of puc,/|w|: -7.25, -6.08, -5.30. Density levels of the ideal HON, HON+CusTPyB, ZZ, TPyB and Cu
structures are shown in light grey.
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Such curves will be further referred to as adsorption isotherms. The adsorption isotherms were calculated
along the corresponding vertical and horizontal lines on the ground state phase diagram of the system
(Fig. 5).

There are horizontal plateaus on the calculated adsorption isotherms. These plateaus reveal the
formation of organic, metal-organic, and metallic structures in the adlayer, which are resistant to changes
in external pressure of components. Density levels of the ideal structures are shown in light grey in the
Fig. 6. As it follows from the Fig. 6, the TPyB-Cu metal-organic structures on the Ti,CO, surface can be
obtained in two ways.

The first approach is a condensation of the surface gas into the HON structure (Fig. 7a) by increasing
partial pressures of the components in the equilibrium gas phase. This process is pronounced in the
adsorption isotherms as the abrupt change of the adlayer density from zero to 0.026 TPyB molecules and
Cu atoms per one lattice site. Depending on the fixed value of the Cu chemical potential, an increase in
the TPyB chemical potential over the HON structure either leads to emergence of the HON+CusTPyB phase
(Fig.8b) and the ZZ phase further (Fig.8c), or the ZZ phase appears at once, bypassing the HON+CusTPyB
structure. At very low partial pressures of copper, for example uc,/|w| = —5.30, an increase in the TPyB
partial pressure above the surface gas results in the formation of a pure organic phase TPyB (Fig. 7d). The
HON structure can be also condensed from the surface gas phase by increasing partial pressure of copper
at a fixed TPyB pressure, for example at pippyg/|w| = —5.68. A growth of the Cu partial pressure over the
HON structure initiates the filling of its 2D pores with CusTPyB complexes. Thus, the HON+CusTPyB phase
emerges. A further growth of the Cu partial pressure leads to a gradual covering of the surface with copper
islands and desorption of TPyB molecules (Fig. 7e). Ultimately, all adsorption O-sites of the Ti,CO, surface
are covered with copper (Fig. 7f). TPyB-Cu metal-organic structures on Ti,CO,(0001) surface can also be
synthesized by increasing partial pressure of copper over the pure organic TPyB phase. In this case, we
observe nucleation and growth of islands with a zigzag ZZ structure (Fig. 7g). If the fixed ,quyB/lwl is close
to the values at which the pure organic phase condenses on the Ti,CO; surface, a further increase in the

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



461  gradually transforms to the two-dimensional HON+CusTPyB phase (Fig. 7h). It is worth to note the
462  dynamic feature of HON+CusTPyB phase, in which the CusTPyB complexes inside the 2D pores of the
463 hexagons have translational and rotational mobility.
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466  Fig. 7. Snapshots of the model adsorption layer of TPyB-Cu on Ti,CO»(0001) obtained in the GCMC
467  simulation at RT/|w| = 0.024 and the following chemical potentials (ﬂprB/|W|,ﬂCu/|W|): a) HON
468  phase (-5.68, -5.69); b) HON+CusTPyB phase (-5.88, -5.30); c) ZZ phase (-3.83, -5.79); d) TPyB phase (-3.83,
469  -7.06); e) transition from HON+CusTPyB phase to Cu phase (-5.68, -4.62); f) Cu phase (-5.68, -4.43); g)
470  transition from TPyB phase to ZZ phase (-1.79, -6.57); h) transformation of the HON+CusTPyB phase to ZZ
471 phase (-3.83, -5.40).
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Apparently, it reduces the free energy of HON+CusTPyB structure making its formation at low partial
pressures of TPyB more favorable than the ZZ structure. The subsequent growth of the Cu chemical

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

0.00 4
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-0.03—-
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Density of the layer (p)

Fig. 8. Potential energy of the TPyB-Cu layer per lattice site vs. layer density (p) at RT/|w| = 0.024. The
symbols are results of the GCMC simulations with the fixed chemical potential of one component and
varying another (see the values in the legend). Light grey circles mark out the (U/|w|, p) -regions
corresponding to the ideal HON, HON+CusTPyB, ZZ, TPyB and Cu phases.

Fig. 8 illustrates how the potential energy of TPyB-Cu/Ti,CO, layer changes with its density. Light
gray circles mark out the (U/|w|, p) -regions corresponding to the ideal HON, HON+CusTPyB, ZZ, TPyB
and Cu phases. The crowding of GCMC points in these regions unambiguously confirms the existence of
the above-described metal-organic structures with the inherent densities and potential energies. These
curves can also be used to estimate the transitions from one phase to another induced by varying the
chemical potentials of the components. As it follows from the Fig.9, the transitions from the surface gas
to the TPyB phase, from the TPyB phase to the ZZ structure, and from the ZZ structure to HON+CusTPyB
phase are continuous. Whereas the HON structure from the surface gas and the Cu phase from the metal-
organic phases occur abruptly.

Thus, copper single atoms can be stabilized on the Ti,CO, surface in three different metal-organic
structures. Each copper atom in the HON and ZZ structures coordinates two pyridine rings of neighboring
TPyB molecules. Local environments of the Cu atoms in these structures are different. In the case of

HON+CusTPyB structure, there are both one- and two-fold coordination motifs. Hexagonal pores of this
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structure formed by TPyB-Cu-TPyB bonding are occupied by CusTPyB complexes, where each Cu atom is
bonded to a single pyridine group. The local environment of the Cu atoms included in the surface-confined
metal-organic networks obviously affect the electronic structure of the Cu sites. We suggest this to use in
the development of ORR/OER catalysts. We have estimated relative thermal stabilities of the found metal-
organic structures. Fig. 9 demonstrates temperature dependences of the heat capacities calculated for
the HON, HON+CusTPyB, and ZZ phases at fixed values of the chemical potentials of both components.
Corresponding adsorption isobars (dependence of the adlayer density on temperature) are shown in the
inset to the Fig. 9. Positions of the heat capacity peaks and inflections/steps on the adsorption isobars for
a given phase indicate its destruction temperature. The heat capacities and isobars were calculated at
different sets of the chemical potentials for each phase (see Fig. S3, Supplementary Material). Only the
most thermally stable states defined by the (yprB/|W|,uCu/|w|)-set are shown in the Fig. 9. As one can
see, the most stable phase is ZZ. The destruction temperature of ZZ phase is more than two times higher
the destruction temperature of the HON and HON+CusTPyB phases. The destruction temperature of the
HON+CusTPyB structure is slightly higher than that of the HON structure. Thus, filling the 2D pores of the
HON structure with CusTPyB complexes stabilizes the adsorption layer. The CusTPyB complexes in the 2D

pores can affect thermal stability of the metal-organic layer in two possible ways.
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Fig. 9. Heat capacity and density (on the inset) of the HON, HON+CusTPyB and ZZ phases in TPyB-Cu
adsorption layer vs. RT /|w| at the constant chemical potentials (partial pressures) of both components

.uTPyB/lwl and pcy/Iwl.
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On the one hand, this raises the entropy impact to the free energy of the structure due to the translational
and rotational mobility of CusTPyB complexes inside the pores. On the other hand, this prohibits a jump

of the molecule into the pore due to thermal fluctuations.

6. Conclusion

In this work, we have estimated the possibility of stabilizing copper single atoms on the oxygen-
terminated titanium carbide surface through the self-assembly of surface-confined metal-organic
structures comprising 1,3,5-tris(pyridyl)benzene. Can such metal-organic structures self-assemble on the
MXene surfaces? The question is of fundamental importance. The positive answer opens up the possibility
of “tuning” the catalytic properties of such systems, for example in ORR/OER reactions.

Based on the DFT calculations of the geometries and energies of key adsorption complexes and
structures, we developed the lattice model of the TPyB-Cu adsorption layer on Ti,CO,(0001) surface. The
ground state analysis of the model and grand canonical Monte Carlo simulations at nonzero temperatures
allow us to draw the following conclusions:

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

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

2) Due to steric hindrances arising during in the three-fold Cu(TPyB)s coordination motifs, metal-
organic structures consisting of two-fold Cu(TPyB), coordination modes predominantly appear on the
Ti»C0O,(0001) surface. These are honeycomb (HON), filled-honeycomb (HON+CusTPyB), and zigzag (Z2)
phases. Thus, copper single atoms on the Ti,CO; surface those catalytically active in the ORR reaction can
be stabilized in the surface-confined metal-organic structures. These structures differ in the coordination
number of copper atoms and their local environment.

3) Thermal stability of metal-organic structures in TPyB-Cu/Ti,CO,(0001) layer decreases in the
following series: zigzag, filled-honeycomb, honeycomb.

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

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

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