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Abstract

Graphitic carbon nitride is recognized as a very promising support structure to anchor
single atoms and small, sub-nanometric metal clusters, with vast applications in catalysis. In
the current manuscript, we aim to study the geometry and electronic structures of the small,
sub-nanometric monometallic (copper or nickel) and bimetallic (copper—nickel) clusters
anchored to the graphitic carbon nitride. Our Density Functional Theory (DFT) study
reveals that Cu and Ni, when in the form of isolated single atoms, lie in the plane of the
support. Once the atoms agglomerate and form small clusters, they tend to bind above the
carbon nitride (C3Ny4) plane. The nickel atoms form shorter bonds with the support than the
copper atoms do, which is reflected by the binding energies. Atoms directly bound to the
support become oxidized, forming electrophilic sites at the surface. The computed negative
metal-support binding energies mean that the investigated Cu/Ni-C3Ny composites are
stable, and the metal species will not easily leach from the support.

Keywords: copper; nickel; graphitic carbon nitride; single-atom catalyst; Density
Functional Theory (DFT)

1. Introduction

In recent years, there has been increasing interest in two-dimensional (2D) structures
as catalysts and supports for catalytic materials, with graphene, MXenes (transition-metal
carbides and nitrides), boron nitride (BN), and carbon nitride (C3N4) being the most often
studied [1-6]. Their tunable chemistry combined with unique surface properties makes
them promising for use in various applications, in particular for electro- and photocatalytic
processes involving transformations of small molecules such as CO, reduction, water
splitting to hydrogen and/or oxygen, and direct ammonia synthesis from dinitrogen, to
name only a few. An important field of research is their use as supports for isolated atom
sites or small, sub-nanometric metal clusters.

Catalysis by single-atom catalysts (SACs) is an emerging and very active topic, as these
materials have been found to have several advantages over typical materials composed
of the metal phase deposited on the support [7-11]. There are claims that not only single
atoms but also small, sub-nanometric metallic clusters can be formed and anchored to
different supports to contribute to the catalytic activity of these materials [12-17].

In the current manuscript, we aim to study the structural properties of graphitic carbon
nitride (g-C3N4) as a host material that can accommodate small clusters of transition metals.
Here, we focus our attention on copper and nickel as both belong to Earth-abundant, non-
noble elements with vast applications in catalysis for the valorization of carbon dioxide,
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hydrogen evolution, water splitting, biomass upgrading, etc. [18]. In particular, both
metals are also incorporated in g-C3Ny to form a so-called “single-atom catalyst” (SAC),
whose activity is generally believed to be higher than that of typically supported Cu/Ni
nanoparticles [19]. Our research questions include whether the single copper and nickel
atoms are stable when incorporated in g-C3Ny4, what structures they have, and whether
they can form small clusters anchored to the support. Furthermore, we also aim to explore
the possibility of g-C3Ny to accommodate very small, bimetallic CuNi clusters of various
Cu:Ni ratios.

In the literature, theoretical studies exist on single Cu and Ni atoms anchored to the
graphitic carbon nitride, usually forming bonds with the nitrogen atoms at the edges of the
cavity in between the heptazine units (the so-called M-Ny site) [20]. Occasionally, it has been
proposed that the metal site occupies the carbon vacancy site in a melamine unit, forming
three bonds with the nitrogen atoms (a so-called M-Nj site) [20]. Recently, a combined
theoretical and advanced spectroscopic study proposed that single-nickel sites are located
at the edges of various sheets of carbon nitride, which offers a favorable coordination
environment for Ni (possibility to form four equivalent Ni-N bonds) [21]. There are also
some reports on small, sub-nanometric clusters anchored to g-C3Ny4. They refer mostly to
tetrahedral My units, which span most of the fourth period of the periodic table [12,13].
Pairs have been considered for iron [15], scandium, titanium, vanadium, and nickel [22],
while triples have been investigated for ruthenium [14] and copper [23]. A systematic
study on the possibility of the carbon nitride by Ti, (n = 1-4) moieties was published by
Zhang et al. [24], who considered binding titanium atoms above the melamine units. To
our knowledge, there is a lack of research on the mixed CuNi systems anchored on g-C3Ny,
despite the proposed activity of such bimetallic sites in, e.g., CO, hydrogenation [25].

2. Results and Discussion

The present theoretical study involved the basic building unit of the g-C3Ny structure
comprising three heptazine “triangles” with a cavity in between, which can accommodate
molecular ensembles (see Figure 1). The binding of up to four metal atoms (Cu, Ni, and a
combination thereof) with the g-C3Ny4 support was examined.

Figure 1. Theoretical model of the g-C3N, fragment adopted in the current study. Asterisks (*) denote
carbon atoms frozen during the geometry optimization procedure. Atom color coding: C—gray;
N—Dblue; H—white.
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2.1. Cuy-C3Ny (n = 1-4) Structures

Figure 2 presents the structures of the optimized Cun-C3Ny clusters (n = 1-4).

Figure 2. DFT:PBE/def2-TZVP structures of (a) Cu-C3Ny; (b) Cuy-C3Ny; (¢) Cuz-C3Ny; and
(d) Cug-C3Ny. The most characteristic bond lengths are given in Angstroms. Atom color coding:
Cu—pink; C—gray; N—blue; H—white.
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When a single copper atom was inserted into the carbon nitride, it was located in
the plane of the g-C3Ny support, forming two shorter bonds (2.201 A and 2.209 A) and
four longer bonds (2.455 A, 2550 A,2.729 A, and 2.811 A) with the nitrogen atoms. Such
a coordination is often referred to as Cu-Ny [20]. The bond length values are comparable
to the Density Functional Theory (DFT) data reported previously for the single Cu atom
anchored to g-C3Ny; Yang et al. claimed two shorter bonds of 2.16 A and 2.18 A and
two longer bonds of 2.28 A and 2.38 A [20], while Zhao et al. reported two bonds of
2.11 A [26]. The structure has one unpaired electron. The natural population analysis
(NPA) reveals that the copper atom is oxidized when bound to the support (the NPA charge
on Cu is equal to 0.82). This finding agrees with the earlier reports on Cu-C3Njy [20,26].

When the second copper atom was added, the g-C3Ny model started to ruffle. The
second copper is located at a distance of 2.362 A from the first one. The bonds between the
Cu and N atoms became shorter than in the case of the single-copper structure. The closer
nitrogen atoms are located at 1.920 A,1.970 A, 1.982 A, and 2.005 A, while the further ones
are located at 2.226 A, 2.760 A, and 3.206 A. These bond lengths correspond to the values
resulting from the Extended X-ray Absorption Fine Structure (EXAFS) measurements for
the SAC-type Cu-C3N,, where several peaks for the Cu-N distances (at ca. 1.5 A, 2.0 A,
2.5 A, and 3.5 A) were visible [20]. Therefore, one can put forward a hypothesis that
the material might contain a small admixture of the Cuj, sites as well. The structure is
characterized by two unpaired electrons. The NPA charges of copper, being equal to 0.80
and 0.76, indicate the oxidation of the copper atoms and their cationic character.

When three copper atoms were anchored onto g-C3Ny4, none of them stayed in the
plane. They started to form a 3D-like cluster above the support, with two Cu atoms bound
to the nitrogen atoms (bond lengths are equal to 1.973 A,1974 A, 2.091 A, and 2.104 A),
and the third one above them (the Cu-Cu bond distances are equal to 2.342 A, 2361 A,
and 2362 A). There is one unpaired electron in the system. The natural population charges
indicate that both Cu atoms, which are directly bound to g-C3Ny, are mildly oxidized (with
charges equal to 0.52 and 0.53), while the “top” copper atom is slightly reduced (with a
charge equal to —0.12).

In the structure with four Cu atoms, a Cuy tetrahedron is located above the center
of the cavity in g-C3Ny. During the investigation, we also found a structure in which
two copper atoms are located above the C3Ny4 plane, and two other atoms are located
below the plane, but the structure had a higher total energy by 2.77 eV than the one
reported here (see Figure S1 in the Supplementary Materials). In the minimum energy
structure, the three lower copper atoms form bonds of ca. 2.0 A with the support. The
Cu-Cu distances are in the range of 2.400-2.415 A; the longer ones are found between the
atoms forming the base for the small cluster, while the shorter ones are found for atoms
connecting the base with its top. They are comparable with the Cu-Cu bond lengths in
the metallic copper (2.53 A) [27], as well as in the 2D copper monolayer (2.41 A) [28]. The
multiplicity of the resulting structure is three. Interestingly, the copper atoms that form the
base of the tetrahedron are mildly oxidized (their charges amount to 0.55, 0.56, and 0.56),
whereas the one at the top is almost neutral (0.02).

Previous studies on g-C3Ny indicated that the modification of the material via the
introduction of C=N, C=0, and O-H substituents influenced its HOMO-LUMO gap [29].
Here, we were interested in whether a similar effect could be observed in the case of the
metal cluster incorporation into the structure (see Figure 3 for a schematic representation of
the electronic structure of the hybrids). The HOMO-LUMO energy difference in the model
of the g-C3N, material equals 2.37 eV, which is in reasonable agreement with [29]. The
valence band edge changes depending on the number of copper atoms introduced to the
system, but the conduction band edge is practically not affected. As a result, the gap is



Catalysts 2025, 15, 861

50f17

modified, which can lead to variation in the photocatalytic properties. Once copper was
introduced, additional electronic states appeared in the gap. The presence of these in-band
gap states can further modify light absorbance properties and may also be responsible for a
faster electron—hole recombination [30].

Efev]

CB CB CB CB CB

VB VB

VB

g'03N4 Cu1-C3N4 cu2'03N4 cus‘C3N4 cu4'c3N4

Figure 3. Schematic representation of the electronic structure of the Cu,-C3Ny systems (VB—valence
band; CB—conduction band). For the open-shell systems, the diagram represents alpha electrons.

Next, we calculated the energy parameters characterizing the strength of the interac-
tion between the copper atoms and their support (see Table 1). Table 1 displays the binding
energy (Epi) between the metal phase and g-C3Ny, calculated according to Equation (1) as
defined in the Materials and Methods Section; the nucleation energy (Enuc-gas), calculated
according to Equation (2) as defined therein; and the energy needed to migrate an addi-
tional metal atom from its SAC-like position to form a larger species (Epyc.sac), calculated
according to Equation (3) ibid. Furthermore, it lists the reorganization energy of the metal
cluster (Ereor) as defined by Equation (4).

Table 1. The energetic parameters (Epin, Enuc-gas, Enuc-sac, and Ereor) in [eV] computed for the
Cup-C3Ny structures at the DFT:PBE/def2-TZVP level. For their definitions, see Equations (1)-(4) in
the Materials and Methods Section.

System Epin [eV] Enuc-gas [eV] Enuc-sac [eV] Ereor [eV]
Cul—C3N4 —2.29 - - -
Cup-C3Ny —1.35 —1.14 1.15 0.02
Cuz-C3Ny —3.18 —3.13 —0.84 0.04
Cuy-C3Ny —3.64 —-3.01 —0.72 1.09

It is seen that in all investigated systems, the copper moiety binds favorably to the
support; all calculated binding energies are negative. The strength of the binding of the Cu,
cluster is the smallest, while the strength of the binding of the tetrahedral Cuy is the largest.
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Next, it is seen that the copper clusters tend to grow larger, in particular when the
additional atom is introduced from the gas phase (see the reported Enyc-gas energy val-
ues). Only one E,c.sac energy parameter is positive, meaning that the aggregation of
two copper atoms, which were previously anchored to g-C3Njy as the single atom sites, is
not thermodynamically privileged. This results from the fact that the binding of the single
Cu atom is more energetically beneficial than the binding of the pair of Cu atoms (see the
Epin values for Cuj-C3Ny and Cuy-C3Ny). It should be noted here, however, that in the
current study, the reaction pathway of the metal atom moving from one anchor site to the
other has not been considered; hence, we are not able to comment on the kinetics of such
a migration.

Finally, the analysis of the metal cluster reorganization energies revealed that the
geometries of the Cup and Cug clusters are almost identical regardless of the environment,
i.e., if they are free, in the gas phase, or anchored to g-C3Ny. The high reorganization energy
of the Cuy cluster can be justified by the fact that in the gas phase, the Cuy cluster prefers a
planar geometry, which follows from our calculations and previous studies found in the
literature [31].

2.2. Structures of Niy-C3Ny (n = 1-4)

Figure 4 presents the resulting geometries of the Ni,-C3Ny structures (n = 1-4).

The single nickel atom stays in the plane of the g-C3Ny, with Ni-N bond lengths of
1.920 A and 1.927 A. The remaining Ni-N distances are longer and equal to 2.510 A, 2.609 A,
3.110 A, and 3.170 A. The comparison with Cu-C3Njy reveals that the nickel atom tends
to bind closer than the copper atom to the heptazine fragment of the support. The total
multiplicity of the system is three, meaning that two unpaired electrons are present. The
nickel atom is positively charged (the NPA charge equals 0.78), which is in agreement with
the FT-IR studies indicating the cationic character of the single-nickel site in g-C3Ny4 [21].

In the case of the Niy-C3Ny, both nickel atoms have a very similar coordination envi-
ronment. Each of them forms three bonds with nitrogen atoms of the support (two shorter
bonds of 1.871 A, 1.872 A, 1.874 A, and 1.880 A, and one longer bond of 2.077 A and
2.094 A). Therefore, the resulting structure is more symmetric than Cuy-C3Nj. Here, the Ni
atoms point above the support plane in opposite directions, and the local structure is not as
ruffled as it was found in the copper system. The Ni-Ni distance amounts to 2.199 A. Both
nickel atoms are oxidized (the NPA charges are the same for both sites and equal to 0.57).

In the structure with three nickel atoms, one nickel is lying in the plane of the support,
while the remaining two are symmetrically pointing up and down (see Figure 4c). The one
in the plane forms bonds of 1.873 A, 1.950 A, and 2.310 A with the support nitrogen atoms.
The two others are located at distances of 1.973 A, 1.978 A, 2.010 A, and 2.012 A from the
closest nitrogen atoms and 2.345 A from the Ni atom that is located in the plane. The Ni-Ni
bond is 2.413 A long. The geometry of the support is flat. There are four unpaired electrons
in the system, with slightly positively charged nickel atoms (their charges are equal to 0.54,
0.55, and 0.56).

Finally, the structure in which the Niy cluster interacts with g-C3Ny is very similar
to Cuy-C3Ny. Four nickel atoms form the tetrahedral unit above the cavity. The Ni-N
bonds are in the range of 1.883 A-1.980 A, and the Ni-Ni bonds are 2.275 A-2.279 A long
for the Ni atoms lying in the base of the tetrahedron and 2.355 A-2.361 A when formed
between the top Ni atom and the remaining three atoms. These are somewhat shorter than
the Ni-Ni distances in the metallic nickel, where each Ni atom forms six shorter (2.45 A)
and six longer (2.48 A) bonds with its neighbors [27]. The resulting structure has a triplet
multiplicity. The three base nickel atoms have 0.40, 0.41, and 0.41 charges, while the one on
top of them is practically neutral (its charge amounts to —0.02).
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N|1'CSN4

Figure 4. DFT:PBE/def2-TZVP structures of (a) Ni-C3Ny; (b) Nip-C3Ny; (¢) Niz-C3Ny; and
(d) Nig-C3Ny. The most characteristic bond lengths are given in Angstroms. Atom color coding:
Ni—green; C—gray; N—blue; H—white.

Similarly, as found for copper-based systems, the nickel incorporation into g-C3Ny
results in the HOMO-LUMO band gap narrowing and the appearance of the electronic
in-band states (see Figure 5).



Catalysts 2025, 15, 861

8of 17

E[eV] I I I
)

-4.0 | _]_ _qur- ﬁ %
S5 R O

g-C;N, Ni,-C;N, Ni,-C;N, Ni;-C;N, Nig&-C;N,

Figure 5. Schematic representation of the electronic structure of the Ni,-C3Ny systems (VB—valence
band; CB—conduction band). For the open-shell systems, the diagram represents alpha electrons.

Table 2 displays energetic parameters characterizing the strength of the metal-support
interaction as well as the tendency of the nickel atoms to form larger clusters at the
g-C3Ny surface.

Table 2. The energetic parameters (Epin, Enuc-gas, Enuc-sac, and Ereor) in [eV] computed for the
Nin-C3Ny structures at the DFT:PBE/def2-TZVP level. For their definitions, see Equations (1)-(4) in
the Materials and Methods Section.

System Ebin [eV] Enuc-gas [eV] Enuc-SAC [eV] Ereor [eV]
Ni-C3Ny —4.86 - - -
Niy-C3Ny —-3.71 —4.43 0.43 0.00
Ni3z-C3Ny —241 —2.72 2.14 0.72
Nig-C3Ny —5.13 —7.15 —2.29 0.07

The examination of the nickel clusters’ binding energies shows that the nickel species
binds more strongly to the g-C3N, surface than copper does. This finding corroborates
the idea that Ni-N bonds are generally shorter than Cu-N bonds, which cannot be simply
explained by the differences in the atomic radii of the studied elements (1.28 A for Cu and
1.24 A for Ni). Only Cuj binds more strongly to carbon nitride than Niz does, which might
result from the differences in the geometries between the two structures.

All Enyc-gas energies are negative, indicating that the nickel clusters tend to enlarge
when the additional Ni atom comes from the gas phase. Conversely, the E,,..sac energies
are positive in the case of Niy-C3Ny and Ni3-C3Ny, meaning that the growth of the Nij
and Nij clusters at the expense of the Ni atom previously incorporated into g-C3Ny is
unfavorable. This is a consequence of the very strong binding energy of the single nickel
atom to the studied support.

The analysis of the cluster reorganization energies reveals that the Niz cluster is the
most distorted compared to its geometry in the gas phase, which manifests in an Ereor
value equal to 0.72 eV. In the planar gas-phase Ni3 cluster, the Ni-Ni bonds are equal to
2238 A,2.238 A, and 2.247 A, which is much shorter than in Niz-C3Ny4. These Ni-Ni bond
lengths are comparable to the results of the other theoretical studies, which can be found in
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the literature [32,33]. It is worth mentioning that, unlike in the case of copper, Ni4 prefers
the tetrahedral geometry in the gas phase, which is reflected in the minor E,eor value, as
indicated by previous studies (see [33] and the references therein).

2.3. CuyNiy,-C3Ny (n = 1-3; m = 1-3) Structures

Various combinations of copper and nickel atoms were considered (see Figure 6 for
the structures described below).

In CuNi-C3Ny, the nickel atom stays practically in the plane of the cavity, while the
copper atom is pulled above it. Accordingly, nickel forms shorter bonds with nitrogen
(1.903 A, 1.907 A, and 2.122 A) than copper does (1.948 A, 2.048 A, and 2.572 A). Both atoms
are located at a distance of 2.306 A from each other. The structure has only one unpaired
electron. Both metal atoms are oxidized (the charge on Cu amounts to 0.79 and the charge
on Ni amounts to 0.57).

In both structures with three metal atoms, namely Cu;Ni-C3Ny and CuNip-C3Ny, the
metal clusters form a triangle-like moiety, which is located above the g-C3Ny plane, like in
Cuz-C3Ny. In CupNi-C3Ny, the base of the triangle is formed by the nickel and the copper
atoms (set apart by 2.321 A), which are bound to the nitrogen atoms at distances of 1.896 A
and 1.945 A (Ni-N) and 1.997 A and 2.067 A (Cu-N). The distance between the copper atom
on top and the nickel atom amounts to 2.389 A. The Cu-Cu bond length is equal to 2.358 A.
In this triplet structure, the atoms that are directly bound to the support have positive
charges (Ni: 0.44; Cu: 0.54), while the Cu on top is slightly negatively charged (its charge
amounts to —0.13). During our theoretical studies, we also found two other structures with
the CuyNi cluster anchored to g-C3sNy, but both of them are characterized by higher total
energies than the one described above (see Figure S2 in the Supplementary Materials). The
first one has the nickel atom located almost in the plane of C3Ny, with one of the copper
atoms being slightly above, and the third one being above both metal atoms. This structure
is higher in energy by 0.34 eV. The second isomeric CupNi-C3Ny structure has two copper
atoms directly bound to g-C3Ny and the nickel atom above, and it is higher in energy in
terms of the minimum energy structure by 0.74 eV.

CU2Ni'CSN4

Figure 6. Cont.
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cuNiz'C3N4 CU2Ni2'C3N4

Figure 6. DFT:PBE/def2-TZVP structures of (a) CulNi-C3Ny; (b) CuyNi-C3Ny; (¢) CuNip-C3Ny;
(d) CupNip-C3Ny; (e) CuzNi-C3Ny; and (f) CuNiz-C3Ny. The most characteristic bond lengths are
given in Angstroms. Atom color coding: Cu—pink; Ni—green; C—gray; N—blue; H—white.

In CuNiy-C3Ny, both nickel atoms form the base of the triangle with Ni-N bonds of
1.886 A, 1.887 A, 1.935 A, and 1.936 A, and a Ni-Ni distance of 2.308 A. The Cu-Ni bonds
are equal to 2.376 A and 2.369 A. Spin multiplicity is equal to two. Both nickel atoms have
practically the same charges (0.50 and 0.51), while copper bears a small negative charge
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(—0.11). The alternative structure, in which the base of the metal triangle is composed of
one nickel and one copper atom, has a total energy higher by 0.63 eV than the previously
described one. Figure S3 depicts its geometry.

Finally, all bimetallic structures having four atoms have a similar structure. The metals
form a tetrahedral moiety, which is bound above the g-C3Ny cavity, as described previously
for the monometallic My-C3Ny structures. In CupNip-C3Ny, the base of the tetrahedron
is formed by two nickel atoms and one copper atom. The structure in which nickel is on
the top of the tetrahedron is characterized by an energy higher by 0.60 eV (see Figure 54).
Similarly to the previous structures, in the minimum energy structure, the Ni-N bonds
(1.879 A-1.923 A) are shorter than the Cu-N ones (1.984 A and 1.997 A). The copper atom
on top forms two shorter bonds with two nickel atoms (2.402 A and 2.410 A) and a longer
bond with the copper atom (2.416 A). The nickel atoms bear a smaller charge than in the
previously discussed structures (0.32 and 0.36), and the copper atom in the base of the
tetrahedron is oxidized (its charge amounts to 0.58), while the copper atom on top is neutral
(a charge of 0.02). In Cu3Ni-C3Ny, the nickel atom (whose NPA charge equals 0.32) is at the
base of the tetrahedron and is bound to nitrogen atoms at distances of 1.909 A and 1.918 A.
The copper atoms form slightly larger bonds with the support (1.987 A-2.005 A). The “top”
copper atom forms three similar bonds with Ni (2.402 A) and Cu (2407 A and 2.414 A).
While the Cu atoms in the base are oxidized (charges of 0.56 and 0.58 are calculated),
the one on top of the tetrahedron is neutral (0.01). Alternatively, the second structure of
this composition was found with the nickel atom located on top of the tetrahedron (see
Figure S5), but its total energy is higher by 0.60 eV. In CuNiz-C3Ny, all nickel atoms lie in
the lower layer, forming the base of the tetrahedron. The distances of the nitrogen atoms
from the support are comparable and in the range between 1.875 A and 1.888 A. They also
have the same charge (0.37). The neutral copper atom (a charge of 0.02) forms the upper
corner. The Cu-Ni bonds are equal to 2.411 A, 2415 A, and 2.416 A. The isomer with Ni on
top is higher in energy by 0.70 eV (see Figure S6 for its geometry structure).

The HOMO-LUMO gaps of the CunNim-C3Ny systems were also narrowed compared
to g-C3Ny (see Figure 7 for a schematic representation of their electronic structures). While
almost all bimetallic systems have similar electronic structures, the band narrowing is the
most pronounced in CuNiz-C3Ny.

Similarly, as for the monometallic systems, the binding energies of the metal clusters
to the support and metal cluster reorganization energies are calculated (see Table 3).

Table 3. The energetic parameters (Epin, Enuc-gas (Cu1), Enue-sac (Cu), Enuc-gas (Ni), Enuc-sac (Ni), and
Ereor in [eV] computed for the CumNin-C3Ny structures at the DFT:PBE/def2-TZVP level.

Enuc-gas (Cu) Epuc-sac (Cuw) Enuc-gas (Ni) Enuc-sac (Ni)

System Epin [eV] [oV] [eV] [eV] [eV] Ereor [€V]
CuNi-C3Ny —2.72 —1.38 091 —3.95 091 0.02
CupNi-C3Ny —3.48 —2.62 —0.33 —5.43 —0.57 0.08
CuNiy-C3Ny —3.83 —1.99 0.30 —5.03 —0.18 0.09

CupNip-C3Ny -5.07 -3.25 —0.96 —5.66 —0.80 0.02
CuzNi-C3Ny —4.27 -3.10 —0.81 —5.40 —0.54 0.52
CuNiz-C3Ny —5.45 -5.23 —-2.93 —-5.96 —-1.10 0.35

All computed Epy, values are negative, indicating the favorable interaction between
the bimetallic clusters and g-C3Ny, thus confirming their stability. The tetrahedral clusters
exhibit the most favorable binding energies. This should be attributed to the fact that as
many as three atoms form chemical bonds with the support, and the metal atoms form a
regular shape with good stability.
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Figure 7. Schematic representation of the electronic structure of the CunNin-C3Ny systems
(VB—valence band; CB—conduction band). For the open-shell systems, the diagram represents
alpha electrons.

Next, the nucleation energies were calculated. For each of the systems, two scenarios
were considered, corresponding to adding either the copper atom from the gas phase/from
the g-C3Ny anchored site (Cu-C3Ny) or the nickel atom. Hence, to facilitate the discussion,
Enuc-gas and Eqycesac are additionally indicated by the abbreviation of the element to be
added. The binding of the isolated Cu or Ni element to grow the cluster is always favorable
(see Enuc-gas (Cu) and Enyc-gas (Ni)). The energy values are lower when the extra Ni atom
is introduced, which may suggest that it might be easier to form these structures when
copper clusters are synthesized first and nickel is then introduced as the second element.

The examination of the values of Eycsac (Cu) and Enycsac (Ni) reveals that the
formation of the CuNi-C3Njy of metal sites already anchored on g-C3N4 would not be
energetically favorable. Similarly, the overall process of removing Cu from Cu-C3Ny and
attaching it to Nip-C3Ny to form CuNi,-C3Ny would require energy input. The remaining
nucleation energies are negative, pointing to the possibility of the Cu/Ni migration from
their SAC position to grow larger structures.

The computed metal cluster reorganization energies are small for all but the tetra-
hedral CusNi and NizCu ones. The latter have different geometries while in g-C3Ny
or in the gas phase, giving rise to higher Ee,r values than computed for the remaining
bimetallic structures.

3. Materials and Methods

The present studies were carried out using the Density Functional Theory (DFT)
method as implemented in the Turbomole v6.3 suite of programs [34]. The Perdew—Becke—
Ernzerhof (PBE) functional was used with the def2-TZVP basis set applied to all atoms. The
choice of the functional follows from the previous studies of the C3Ny structure, which can
be found in previous studies (see, e.g., [21,29], as well as the other SAC-type materials). The



Catalysts 2025, 15, 861

13 of 17

use of this functional is further justified by earlier studies, which claim that the generalized
gradient (GGA) type functionals, PBE in particular, are particularly suited for solid-state
materials, including metals [35,36].

For each of the systems under study, different possible multiplicities were considered,
but in this manuscript, only those characterized by the lowest total energies are listed. The
relative energies of the remaining structures of other multiplicities are listed in Table S1 in
the Supplementary Materials.

The applied geometry model of the g-C3N, material involved the basic building unit
of the g-C3Ny structure comprising three heptazine “triangles” as depicted in Figure 1. To
keep the planarity of the support, the carbon atoms at the corners of the g-C3N4 model
are frozen. All remaining atoms were allowed to move until convergence criteria were
met (107° a.u. for the energy, 10~ for the gradient, and 10° for the root mean square of
the density matrix). It should be noted, however, that the current study has a limitation
resulting from the model of g-C3Nj used in this study having only one layer. Therefore, the
structures in which small metal clusters are located between two layers, forming chemical
bonds with nitrogen atoms from two sheets, are not accounted for.

The obtained structures were characterized with a natural population analysis (NPA),
which is used to compute charges on the metal atoms.

The following energy parameters were calculated to provide insight into the strength
of the metal-support interaction. First, the binding energy (Ep;,) of the metal atoms to the
support is computed as the energy difference between My-C3Ny (where M = Cu or Ni) and
the sum of the energies of M;, and g-C3Ny in their fully relaxed geometries:

Epin = E(Mn-C3Ny) — E(Mn) — E(C3Ny), 1)

Next, in order to see the tendency of the metal atoms to aggregate on g-C3Ny, the
energy needed to add one metal atom to the existing metal-C3N, system from the gas
phase (Enyc-gas) is as follows:

Enuc-gas = E(Mn-C3Ny) — E(M) — E(Mn_1-C3Ny), 2)

and its process of migration from its SAC-like position in M-C3Ny (denoted as Epycsac) is
represented as follows:

Enucsac = E(Mp-C3Ny) + E(C3Ny) — EM-C3Ny) — E(M;,_1-C3Ny), 3)

Finally, the energy required to change the geometry of the metal cluster from the
optimum in the gas phase to the one in C3Ny (Ereor) was computed:

Ereor = Emn-c3na(Mn) — Egas(Mn)/ 4)

where Epn-c3ng (Mn) denotes the energy of the Mn cluster anchored to the g-C3Ny and
Egas (Mp) energies of the isolated, gas-phase Mj, cluster.

4. Conclusions

We have proposed geometry structures of systems in which copper, nickel, and a
combination thereof are located in the cavity between the heptazine building units of
g-C3Ny. Generally, the nickel atoms form shorter bonds with the support than the copper
atoms do, which is reflected by the binding energies. We demonstrated that Cu and Nj,
when in the form of the isolated single atoms, lie in the plane of the cavity. Once the atoms
agglomerate and form small clusters, they tend to bind above the C3Ny4 plane. Based on
the observed differences in geometries of the metal clusters, it can be assumed that the
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larger moieties, including metal nanoparticles, will be located above the layers of g-C3Nj.
This finding has important implications for catalysis. A recent study by Zhang [37] and
co-workers demonstrated that the reactivity of the so-called copper single-atom catalysts
toward the electroreduction of CO/CO; to Cy, products should be attributed not only to
the Cu; sites, but also to the small assemblies of copper atoms. The geometry structures
reported in their work resemble the ones described here, with copper pointing above the
C3Ny plane, facilitating the binding of the reactants and the kinetics of the C-C coupling
step of the reaction. The authors underlined the need for at least three Cu atoms in the active
site to lower the activation energy for the rate-determining step, not only for Cu-SACs
incorporated in graphitic carbon nitride, but also in N-substituted graphene.

Most of the metal sites became oxidized when inserted into the g-C3Ny cavity. In
particular, this refers to the atoms that form direct bonds with the support. Those that
are bound exclusively to the other metal atoms are neutral or slightly negatively charged.
The presence of the cations anchored to the support created additional electrophilic sites
that can exhibit catalytic properties. The metal sites introduced into the C3N4 material
can also bind oxygen or water molecules either from solution or from the atmosphere, as
demonstrated in [37]. It was shown that under these circumstances, even the single copper
atom may be displaced out of the C3Ny cavity. Such a behavior may lead to the formation
of small clusters of the Cu-O-N phases, whose reactivity and thermodynamic stability have
already been studied extensively by Fallberg et al. [38] and Mavrodou et al. [39]. In case
of the investigated materials, one can expect the formation of the sub-nanometric CuxOy,
clusters bound to g-C3Ny. CuO/g-C3Ny hybrids have been recently reported to be efficient
electrode materials [40] and active catalysts for reduction reactions [41,42].

An analysis of the electronic structures of the investigated systems indicates that the
HOMO-LUMO gap is narrowing. Additionally, the in-band electronic states appeared due
to the incorporation of metal atoms into the g-C3Ny4 support. The observed changes justify
why the materials are frequently used for photocatalysis.

All investigated single-metal atoms and their small clusters exhibit negative binding
energies, meaning that the Cu/Ni-C3N4 composites should be stable, and the metal species
will not easily leach from the support. Furthermore, the investigated clusters have the
potential to grow once the additional Cu or Ni atoms are introduced to the system, as
demonstrated by the negative nucleation energies (Enuc-gas). However, the energy needed
to migrate the single atom from its SAC-like position (M-C3Ny; M = Cu, Ni) is positive in
the selected cases: Cuy-C3Ny, Niy-C3Ny, Niz-C3Ny, and CuNi-CzNy. This results from the
higher stability of the single-copper or -nickel sites than of these structures.

Finally, the stabilities of the tetrahedral clusters are the largest. This shows that the
cavity formed between the heptazine “triangles” in g-C3Ny4 and the type of anchoring
atoms are the right fit for this size of metal species, explaining the increasing number of
articles that report on the claims of tetrahedral My clusters binding to g-C3Ny4 and their
activities in various catalytic reactions [12,13].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal15090861/s1: Table S1: Relative DFT:PBE/def2-TZVP energies (in
Hartree) of the structures with different spin multiplicities calculated in the current study. In the main
manuscript, only structures of the lowest total energies are discussed. Figure S1: The DFT:PBE/def2-
TZVP structure of the Cuy-C3N, isomer found in the current studies. The most characteristic bond
lengths are given in Angstroms. Atom color coding: Cu—pink; Ni—green; C—gray; N—blue;
H—white. Figure S2: The DFT:PBE/def2-TZVP structures of the CupNi-C3Ny isomers found in
the current studies. The most characteristic bond lengths are given in Angstroms. Atom color
coding: Cu—pink; Ni—green; C—gray; N—blue; H—white. Figure S3: The DFT:PBE/def2-TZVP
structure of the CuNip-C3Ny isomer found in the current studies. The most characteristic bond lengths
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are given in Angstroms. Atom color coding: Cu—pink; Ni—green; C—gray; N—blue; H—white.
Figure S4: The DFT:PBE/def2-TZVP structure of the CuyNiy-C3Ny isomer found in the current
studies. The most characteristic bond lengths are given in Angstroms. Atom color coding: Cu—pink;
Ni—green; C—gray; N—blue; H—white. Figure S5: The DFT:PBE/def2-TZVP structures of the
Cu3Ni-C3Ny isomer found in the current studies. The most characteristic bond lengths are given
in Angstroms. Atom color coding: Cu—pink; Ni—green; C—gray; N—blue; H—white. Figure S6:
The DFT:PBE/def2-TZVP structures of the CulNiz-C3Ny isomer found in the current studies: The
most characteristic bond lengths are given in Angstroms. Atom color coding: Cu—pink; Ni—green;
C—gray; N—blue; H—white.
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