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ABSTRACT

Transition metal (TM) atoms and clusters supported on layered materials can be used to build single-atom (SAC), and single-
cluster catalysts (SCC), respectively. To gain insight and to contribute to the rational design of SACs and SCCs, we investigate the
structure and stability of SACs and SCCs of V, Co, and Pd, built on two supports, graphdiyne (GDY) and boron-graphdiyne
(BGDY), using the density functional formalism. GDY and BGDY are carbon-based layered materials exhibiting a structure
of uniformly distributed nanopores. The triangular pores of GDY and the hexagonal pores of BGDY host TM atoms and clusters
attached with high adsorption energies, favoring the stability of these systems. Diffusion of metal atoms on GDY and BGDY is
hindered by large activation barriers preventing the aggregation of atoms. Adsorption of metal atoms (one, two or three atoms per
cell) or clusters (one TM; per cell) induce global distortions in the hexagonal lattice of BGDY. However, the GDY lattice is more
robust and its global structure is quite insensitive to metal doping. Local distortions of the carbon chains are observed in both
layers in the proximity of the adsorbed atoms and clusters. This work gives support to the development of highly stable SACs and
SCCs that can be built through deposition of TM atoms and clusters on GDY and BGDY.

1 | Introduction Evolution Reaction (HER) [5], which requires the use of catalysts.

Platinum, palladium, rhodium, ruthenium, iridium, and osmium,

Nowadays, catalysis plays a very important role in different indus-
trial processes, as it allows accelerating the speed of a chemical
reaction without altering the final product. This facilitates large-
scale production of valuable chemicals by decreasing the required
energy. Since 90% of the products synthesized in the chemical
industry are obtained by catalytic processes [1], this is a subject
of considerable interest. Transition metals (TM) perform as
excellent catalysts in many reactions [2-4] of homogeneous
and heterogeneous catalysis, because of their unfilled d-shells, dif-
ferent oxidation states, and good selectivity and activity. An appli-
cation that generates much interest is the synthesis and storage of
hydrogen. Being hydrogen a potential supply of clean energy, this
can help to replace fossil fuels and thereby reduce CO, emissions.
One of the well-studied methods of H, production is the Hydrogen

which form the so-called platinum-group metals (PGMs) [6] in
metallurgy, are emerging as good catalysts for this purpose, but
their use for industrial scale applications is expensive. Vanadium,
cobalt, and palladium are transition metals of the 5th, 9th and 10th
groups of the periodic table, respectively, which have been
employed as catalysts in different processes [7-9] and have
attracted attention for their use in HER [10-12]. Palladium has a
lower cost than Pt and comparable performance [12]. According to
Gupta et al. [11], 90% of the produced cobalt is used as catalyst in
industry. Vanadium, on the other hand, has been used for decades
in ammonia-based selective catalytic reduction [13].

Supported TM catalysts have been intensively investigated
[14, 15]. A good choice for a support platform can help to

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH.

Small Structures, 2025; 0:¢202500508
https://doi.org/10.1002/sstr.202500508

1 of 14


https://orcid.org/0009-0000-8778-4896
https://orcid.org/0000-0002-0312-8929
https://orcid.org/0000-0002-8604-8608
https://orcid.org/0000-0001-7698-9327
mailto:mariajlopez@uva.es
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/sstr.202500508
https://doi.org/10.1002/sstr.202500508

improve the catalytic efficiency due to the metal-support inter-
action. One of the reasons for using supports is to reduce the
amount of catalyst needed, while retaining the catalytic perfor-
mance. This is attributed to the fact that the support helps keep-
ing the catalyst in a dispersed state [16]. Catalytic activity and
selectivity can be adjusted by varying the size of the metal nano-
particles. In addition, since catalysis occurs at the surface of the
nanoparticle, decreasing the size of the nanoparticles as much as
possible is desirable. Many studies have been performed in this
topic [17-19] showing the size dependence of the catalytic per-
formance, in particular, studies of single-atom catalysis (SAC)
and single-cluster catalysis (SCC). Work on SAC was initiated
in 2011 by Qiao et al. [20]. when they built a catalyst formed
by single Pt atoms dispersed on a FeO, support. Carbon-based
materials are proposed as efficient support platforms for catalysis
due to their excellent electronic and mechanical properties,
high superficial area, and low cost [21, 22]. The porosity of these
materials serves to anchor metal atoms and clusters. A strong
binding between the TM and the support becomes extremely
important, because it prevents the diffusion of the metal atoms
through the support, while a weak interaction may allow the
aggregation of metal atoms.

Graphdiyne (GDY) [23] and boron-graphdiyne (BGDY) [24] are
novel layered carbon materials which have become attractive for
their use in catalysis and energy applications [25, 26]. Based on
this interest, we have performed density functional theory (DFT)
calculations to investigate the adsorption of TM atoms (V, Co, Pd)
on GDY and BGDY, and how the metal-support interaction
affects the structure of these systems. Adsorption of one, two,
and three TM atoms, as well as six-atom clusters on both layered
substrates, was investigated. The structures obtained, and their
stabilities, provide relevant information and support for the
building of SAC and SCC catalysts platforms. V, Co, and Pd pro-
vide a balanced selection including early (V) and late (Co, Pd)
TMs of the 3d (V, Co) and 4d (Pd) rows, and in addition, there
is evidence of the catalytic activity of these metals [7-13].

2 | Results

GDY and BGDY belong to a family of carbon-based layered mate-
rials exhibiting a nanoporous structure. The triangular pores of
GDY are bounded by diacetylenic chains linking carbon hexa-
gons sitting on the corners of the triangles. BGDY has hexagonal
pores in which boron atoms on the corners of the hexagons are
linked by diacetylenic chains. The GDY layer was modeled as a
repetitive supercell consisting of 72 C atoms (4-unit cells) and the
BGDY layer was modeled as a repetitive cell containing 12 C
atoms and 2 B atoms. The fully relaxed structures and supercells
of GDY and BGDY are shown in Figure 1. The length of the cells
in the z direction (perpendicular to the layer plane) was fixed at
14 A for GDY, and 20 A for BGDY, large enough to avoid inter-
action between periodic images. More details have been given by
German and coworkers [27].

To study the metal-support interaction, calculations were per-

formed in which the cell parameters (a, F and y) were allowed
to vary along with the optimization of the positions of all the
atoms in the cell. To model SACs, we start by adsorbing one
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FIGURE 1 | Optimized structures of GDY and BGDY layers. Unit
cells used in the calculations are delineated, and the cell parameters

a, b, and y (angle between @ and ?) are given in the figure. (a) GDY
layer; the supercell contains 72 C atoms. (b) BGDY layer; the unit cell
contains 12 C atoms and 2 B atoms. B atoms are represented in green
color. Measures of the size of the triangular pores of GDY and the hex-
agonal pores of BGDY are indicated in the insets.

metal atom per unit cell. Next, the coverage is increased by
adsorbing two and three atoms per cell, in order to investigate
the stability of the single atom configuration and the chances
of aggregation. The diffusion barriers of the metal atoms, relevant
for the stability of the SACs, are also determined. To study SCCs,
six-atom clusters were adsorbed on both layers.

2.1 | Adsorption of Transition Metal Atoms on
GDY

The preferential sites for adsorption of a single V, Co, or Pd atom
on GDY are the corners of the triangular holes. The atom is
placed between the two carbon chains forming the sides of
the corner (Figure 2), building bonds with two C atoms of each
chain. Full relaxation of the cell parameters (a, b, y) of the
TM-GDY system produces no significant changes in the form
of the unit cell: only changes of 0.2% in a and b, and 0.07% in
7. Adsorption occurs without visible local changes of the GDY
structure, and only minor distortions of the carbon chains occur
near the metal atom. The adsorption energy of a TM atom was
obtained as:

E,4s(TM-GDY) = E(GDY) + E(TM) — E(TM-GDY) (1)

where E(GDY) is the energy of a clean layer, E(TM) is the energy
of an isolated metal atom, and E(TM-GDY) is the energy of the
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FIGURE 2 | Upper panel: front and side views of the most stable configuration of a TM atom adsorbed on GDY: (a) V, (b) Co, and (c) Pd. V is shown
in red, Co in blue, and Pd in gray color. Lower panel: similar plots for the most stable configuration of two adsorbed TM atoms: (d) 2V, (e) Co,, and
(f) Pd,. In all cases, a, b, and y lattice parameters of the optimized cells are indicated.

layer with the TM atom adsorbed. Positive values of E,4s indicate
exothermic adsorption. A similar equation applies for the adsorp-
tion of TM atoms on BGDY (see below). Adsorption energies of
the three metal atoms on GDY are high (Table 1). Pd has the
lowest adsorption energy, 2.65 eV, while V and Co have similar
adsorption energies of 3.55eV. These values can be compared
with the adsorption energies on graphene, which are 1.93 (V)
[28], 0.32eV (Co) [29], and 1.09eV (Pd) [30]. The binding of
the metal atoms to GDY is larger, and the high values give confi-
dence that GDY may serve as an efficient support for SACs.

The GDY layer can be decorated with a second TM atom, which
can be adsorbed on several positions, relative to the first one.
Figure S1 shows the eleven nonequivalent configurations of
the two atoms in the cell. The adsorption energy of the second
TM atom is

E,gs (27 atom) = E(TM-GDY) + E(TM) — E(2TM-GDY) ~ (2)

where E(2TM-GDY) is the energy of GDY with two atoms
adsorbed. The adsorption energies of the second TM atom for
the relaxed structures corresponding to the 11 nonequivalent
configurations are given in Table S1. The most stable configura-
tions for two V, two Co, and two Pd atoms are shown in Figure 2.

TABLE 1 | Adsorption energies (in eV) of a single transition metal
atom on GDY (per cell). Metal-carbon bond lengths d(TM-C) are given
in A.

Two Co (two Pd) atoms are adsorbed preferentially at two corners
of the same triangular hole, resulting in the clustering of a Co,
(Pd,) dimer. In contrast, two V atoms are adsorbed on two touch-
ing triangular holes, at the two sides of the common carbon
chain, in nonadjacent corners. Those two configurations are
competitive for two adsorbed TM atoms, as one can notice in
Table S1, specially for Pd. Table 2 shows the adsorption energies
of the second TM atom, and some structural parameters of the
lowest energy configurations with two V, two Co, and two Pd
atoms adsorbed.

The adsorption energy of two TM atoms is calculated as:
E,qs(two atoms) = 2E(TM) + E(GDY) — E(2TM-GDY)  (3)

The adsorption energy of two V atoms forming a V, dimer on the
same triangular pore is 7.67 €V, and in the case of two V atoms
adsorbed on adjacent pores in the configuration of Figure 2, the
adsorption energy is 7.99 eV. That is, the nondimerized configu-
ration is 0.32 eV more stable. In the nondimerized configuration,
the adsorption energy of the second V atom is 4.44 eV, which is
0.89 eV higher than the adsorption energy of the first V atom
(3.55eV). At first sight, it may surprise that the two V atoms
do not form a dimer. The preference for the nondimerized

TABLE 2 | Adsorption energies of the second TM (V, Co, and Pd)
atom on GDY as defined by (Equation 2), for the respective lowest
energy configurations. Interatomic distances in A.

System E.qs d (TM-C) System E,qs (eV) d (TM-C) d (TM-TM)
V-GDY 3.55 2.08-2.13 2V-GDY 4.44 1.93-2.25 3.95
Co-GDY 3.55 1.90-1.94 Co,-GDY 4.11 1.86-2.11 2.45
Pd-GDY 2.65 2.06-2.18 Pd,-GDY 2.76 2.03-2.23 2.58
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configuration emerges because the measured bond length in free
V,is 1.77 A [31, 32], a short bond length. Interestingly, when the
two V atoms are adsorbed at two corners of the same triangular
pore, the calculated distance between the two V atoms is 2.61 A,
that is, those two atoms are far apart and cannot profit from V-V
bonding. The preferred alternative is that the carbon chain com-
mon to two adjacent pores deforms to optimally accommodate
the two V atoms, one on each pore. The parameters (a, b, y)
of the fully relaxed GDY supercell with the two adsorbed V atoms
do not change significantly with respect to the cell of the pristine
GDY layer. There is, however, a local deformation of the carbon
chain hosting the two V atoms. That deformation has an ener-
getic cost, but is compensated by the optimized binding of the V
atoms to the chain. Formation of Co, is more stable than disper-
sion of two atoms in adjacent pores (see the adsorption energies
of the second atom in Table S1). The differences in adsorption
energy range between 0.32 and 1.0 eV. The dimerized Co atoms
are at a distance of 2.45 A, not far from the experimental bond
length of 2.31 A in free Co, [33]. In the dimer configuration, the
Co atoms take profit of Co—Co bonding without compromising
the Co—C bonds. In fact, the adsorption energy of the second
Co atom, 4.11 eV, is higher than the adsorption energy of the first
Co atom (3.55 eV) due to Co—Co bonding. The presence of the Co
dimer deforms locally the carbon chains of the triangular pore,
but the layer maintains planarity, and only minor changes of the
cell parameters occur. Formation of Pd, adsorbed on a single
pore is almost degenerate (10 meV more stable) with configura-
tions in which the two Pd atoms are dispersed in adjacent pores.
The distance between the two dimerized Pd atoms, 2.58 A, is
close to the calculated bond length of free Pd,, which is
2.54 A [34], or 2.52 A [35]. Moreover, the adsorption energy of
the second Pd atom, 2.76 eV, is only 0.11 eV higher than the
adsorption energy of the first Pd one (2.65eV). These features
reveal competition between formation of Pd—Pd and Pd—C
bonds. Some deformation of the carbon chains in contact with
the Pd atoms is observed, but there are no significant changes
in the global GDY cell.

Several configurations have been investigated for the decoration
of GDY with three adsorbed TM atoms, and the results are
reported in Section S2. The lowest energy configurations show
the three adsorbed atoms forming a triangle inside a pore
(Figure S3). By comparing the adsorption energies of the third
adsorbed atom, given in Table S3, with those for the first and
second adsorbed atoms in Tables 1 and 2, one can notice that
rising TM coverage leads to an increase of the adsorption energy
of the last adsorbed atom. This increase is associated with the
formation of metal-metal bonds.

2.2 | Diffusion of Transition Metal Atoms on GDY

The adsorption energies of V, Co, and Pd atoms on GDY are
large, which is the first premise for the development of supported
SACs. However, the formation of dimer and trimer clusters on
GDY is energetically preferred over decoration of the layer with
single, well-separated atoms (exception made of two V atoms).
Therefore, the diffusion of the metal atoms leading to aggregation
is an issue of great relevance for the stability, and lately the per-
formance of SACs on GDY. We have performed nudged-elastic-
band (NEB) [36] calculations to investigate the activation barriers
for diffusion. Figure 3 shows the barriers for diffusion of one V,
Co, and Pd atom, respectively, from its lowest energy configura-
tion in one corner of a pore to an equivalent position in an adja-
cent corner of the same pore. High barriers, 1.61 and 1.04 eV, are
present for the diffusion of Co and Pd atoms, respectively. These
high barriers would prevent the diffusion under ambient condi-
tions (or even at higher temperatures) of well-dispersed Co and
Pd atoms on GDY. But the barrier for diffusion of V atoms,
0.24 eV, is not high enough to prevent diffusion of V atoms at
room temperature. The lower limit to avoid significant diffusion
at room temperature is usually stablished around 0.5eV.

The diffusion of metal atoms from one pore to an adjacent pore
already occupied by another metal atom to form a dimer was also

2.0 1
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FIGURE3 | NEB calculation of the relative energies along the diffusion path of a TM atom from its position in a corner of a triangular pore in GDY to

an equivalent position in the same pore. Transition states (TS) and intermediate states (INT) are indicated.
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investigated (Figure 4). For this purpose, the atom has to cross
from one side to the other side of a carbon chain. The final dimer
configurations correspond to the ground state structures in
2Co-GDY and 2Pd-GDY. Although the final configurations are
more stable than the initial ones in these two cases, there are
high energy barriers, of 1.99 and 0.94 eV for Co and Pd, respec-
tively, along the corresponding diffusion paths. Unlike Co and
Pd, the final V, configuration is less stable than the adsorption
of two individual V atoms in two different pores, and a high
energy barrier of 1.99 eV is found in the path to dimerization.
Therefore, diffusion of V, Co, and Pd atoms across the GDY sur-
face leading to aggregation of atoms is unlikely at moderate tem-
peratures, because of the presence of high barriers.

Li et al. [37] have emphasized the necessity of a large atom-
support interaction to guarantee the stability of SACs. Our work
shows that dispersion of individual V, Co, or Pd atoms on GDY
leads to stable structures, because high adsorption energies and
large diffusion barriers prevent atom aggregation at ambient con-
ditions and, therefore, are good candidates for SACs. This con-
clusion supports experimental observations of TM-SACs on
GDY substrates. Zhou et al. [38] synthesized SACs formed by
Co, Rh, and Ru atoms on GDY. These were investigated for
the production of NH; from nitrogen and water, and Rh was par-
ticularly effective. Lu and Wang [39] review work on the synthe-
sis of SACs of Fe, Ni, Co, Cu, Ru, Rh, and Pd on GDY, and their
applications in hydrogen and oxygen evolution reactions, and
oxygen, nitrogen, and CO, reduction reactions. Yu and cowork-
ers [40] introduced a method to synthesize Cu-GDY SACs. The
single-atom structure was confirmed by using synchrotron radi-
ation and several spectroscopies, and high activity in the direct
benzene oxidation to phenol was found. Zhang et al. [41] built
Ru-SACs anchored on nitrogen-doped GDY quantum dots,
which were successful in the selective hydro-dehalogenation
and hydro-dearomatization of chlorophenols.

3.0

An advantage of GDY in comparison with related supports
for SACs, such as graphene, is that the adsorption energies
of TM atoms on GDY are large (see Table 1), while the adsorp-
tion energies on graphene are substantially smaller [42].
Taking Pd as an example, E, values are 2.65eV on GDY, and
1.08 eV on graphene. Diffusion barriers of Pd on graphene are
small [30]. A Pd atom can easily move on the graphene surface
through a highway formed by the network of sides of the
hexagons, finding barriers of only 0.06 eV, while the barriers
in GDY are an order on magnitude larger. This problem can
be solved in graphene by creating vacancies, which bind tightly
the metal atoms via the dangling bonds [43, 44], but this is not
necessary in GDY.

2.3 | Adsorption of Transition Metal Atoms on
BGDY

In a previous study [45], we investigated the adsorption of V, Co,
and Pd atoms, and V¢, Cog, and Pd¢ clusters on BGDY. In contrast
with the present study, in that work the calculations were per-
formed with fixed values of the cell parameters of the BGDY lat-
tice; that is, relaxation of the dimensions and shape of the cell
upon adsorption of metal atoms and clusters were not allowed.
A fixed cell is well suited to represent a low concentration of
metal dopants (one atom or cluster adsorbed per several -four
or more- unit cells), since in that case a very small global relaxa-
tion, or even no relaxation of the cell of the supporting layer is
expected. That is, the effect of the metal dopant is to induce just a
local deformation of the structure of the BGDY carbon chains
without affecting the overall lattice shape and size. This is shown
in Figure S4. However, larger doping, with one or more metal
atoms or one cluster per unit cell, might induce substantial
changes in the cell size and shape. To address this issue, calcu-
lations were performed allowing for relaxation of the size and

2.51
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<) )] <)
1 | |
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b
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0.0

—— 2CoGDY
— 2VGDY
—— 2PdGDY

Diffusion Path

FIGURE 4 | NEB calculation of the relative energies along the diffusion path of a TM atom from one pore of GDY to an adjacent pore already

occupied by other TM atom, crossing from one side to the other side of a carbon chain. Transition states (TS) are indicated. For Co and Pd, the dimer

configuration (final state) is the ground state structure.
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shape of the cell, in addition to relaxation of the positions of all
the atoms in the cell, for each nTM-BGDY system.

The adsorption of V, Co, or Pd atoms on BGDY occurs preferently
at the C-B-C corners of the hexagonal holes, sitting out of plane
and linked to the two carbon chains that form the corner
(Figure 5). Adsorption of one V atom per unit cell induces the
deformation of the BGDY cell, with a substantial change of
the cell parameters: enlarging a by 6.7%, shortening b by 8.4%,
and reducing the angle y by 3.7%. For Co, the corresponding
changes are 5.9%, 8.4%, and 3.4%. Pd leads to negligible cell
relaxation.

The adsorption energies of V, 3.70 eV, and Co, 3.41 eV (Table 3)
are 10.8% and 11.8%, respectively, higher than the corresponding
adsorption energies on the fixed BGDY cell [45]. Clearly, cell
relaxation allows for a better accommodation of the metal dop-
ants. This increases the strength of the metal-carbon bonding
which compensates the energy of the layer distortion, leading
to a higher stability of the doped layer. On the other hand,
the adsorption energy of Pd, 2.40eV, is nearly the same as in

(e)

Ry A8 200l

a=1209Ab=11.92A y=5891°

a=1064Ab=1256 A y=61.85°

a=11.05Ab=12.16 A y=61.01°

TABLE 3 | Adsorption energies (in eV) and interatomic distances
(in A) of one transition metal atom adsorbed on BGDY. Energies
were calculated as in (Equation 1).

System E.qs d (TM-C)
V-BGDY 3.70 2.10-2.19
Co-BGDY 341 1.89-2.02
Pd-BGDY 2.40 2.15-2.72

the fixed BGDY cell, because there is no cell relaxation.
Interestingly, V and Co atoms have substantially higher adsorp-
tion energies than Pd on both GDY and BGDY layers. V and Co
are elements of the 3d period with unfilled d shells (having elec-
tronic configurations 3d> 4s°, and 3d” 4s?, respectively) and their
interaction with the carbon substrates is strong. Pd is an element
with the 4d shell filled, which leads to a weaker interaction.

Decoration of BGDY with a second TM atom on a different cor-
ner of the hole can be done in three different nonequivalent con-
figurations shown in Figure S5. After relaxation, the lowest

a=11.85Ab=11.86 A y=60.01"

FIGURE 5 | Upper panel: Front and side views of BGDY with one adsorbed TM atom per unit cell; (a) V, (b) Co, and (c) Pd. Vanadium is shown in
red, cobalt in blue, and palladium in gray color. For better visualization, the unit cell is repeated four times. In all cases, the a, b, and y parameters of the

optimized cells are indicated. Middle panel: Similar plots for two TM atoms decorating BGDY in different corners: (d) 2V, (e) 2Co and (f) 2Pd. Lower

panel: Lowest energy configuration of two V (g), two Co (h), and two Pd atoms (i) allowed to form V,, Co, and Pd, clusters.
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energy configurations for two V, two Co, and two Pd atoms are
shown in Figure 5. In the case of V, the three configurations com-
pete in energy (Table S4), with an energy difference among them
lower than 0.13 eV. In the most stable structure, the two V atoms
are adsorbed on two corners sharing the B atom, the V-V dis-
tance is 3.87 A, and therefore there is not direct bond between
the two atoms (the bond length of free V, is 1.77 A) [31, 32].
The adsorption energy of the second V atom, 2.70 eV, is substan-
tially smaller (1 eV lower) than that of the first V atom (compare
Tables 3 and S4), because in the case of two adsorbed V atoms,
each V atom forms bonds with three C atoms, while for adsorp-
tion of a single V atom, this atom forms bonds with four C atoms.
Decoration of BGDY with two Pd atoms does not deform the
BGDY cell and the three configurations for the two adsorbed
atoms have the same energy (Table S4). The adsorption energies
of the first and second Pd atoms are similar, only 0.06 eV smaller
for the second atom (compare Tables 3 and S4). Unlike Pd and V,
adsorption of a second Co atom induces additional deformations
of the shape of the BGDY cell. The hexagonal hole shrinks in the
direction of one apothem, enlarging a, and shortening b and y.
The planarity of the substrate is also affected. The second Co
atom was adsorbed with a slightly smaller energy than the first
one (3.31 and 3.41 eV, respectively).

Other configurations with two adsorbed atoms per cell, different
from those in Figure S5, have also been investigated. Specifically,
the second atom was allowed to occupy the same corner as the
first one to form a dimer. In this way, a V, cluster perpendicular
to the BGDY layer, whose optimized structure is shown in
Figure 5g, is more stable than the configuration of Figure 5d.
One V atom of the cluster is above, and the other below the layer
plane, and the V-V distance is 2.15 A. The adsorption energy of
the second V atom, taking as reference the structure with one
adsorbed V atom in Figure 5a, is 4.02 eV; this value is 1.32eV
higher, compared to the case of decoration of the layer
(Figure 5d), and this can be ascribed to V-V bonding. For palla-
dium, the structure with one Pd, cluster is shown in Figure 5i.
This structure is a bit more stable than the decoration structures
of Figure S5 (compare the adsorption energies of the second Pd
atom in Tables 4 and S4). The distance between the two Pd atoms
in the adsorbed Pd, cluster is 2.61 A. In contrast with V and Pd,
formation of a Co, cluster on BGDY (Figure 5h) is less stable
(0.81 eV lower) than the decoration of the surface with two
Co atoms in different corners. In conclusion, after comparing
decoration and cluster configurations of two adsorbed TM atoms,
the adsorption energy of a second metal atom in its lowest energy
configuration is given in Table 4. Similar to the adsorption of the
first metal atom on the layer, V has the highest adsorption energy

TABLE4 | Adsorption energies of a second TM atom on BGDY with
one preadsorbed TM atom. Energies are given in eV and interatomic
distances in A. The preferred structures are formation of V, and Pd,
clusters, and decoration with two Co atoms.

System E,q4s (eV) d (TM-C) d (TM-TM)
V,-BGDY 4.02 1.97-2.06 2.15
2Co-BGDY 3.31 1.89-2.00 5.06
Pd,-BGDY 2.44 1.99-2.19 2.61

for the second V atom, and Pd has the smallest one among the
three studied metals.

Different possibilities for the adsorption of three atoms per cell
were investigated, and the results are reported and discussed in
Section S5. The most stable structure of three V atoms is the for-
mation of a triangular V; cluster, but Co and Pd do not form tri-
mer clusters on the surface of BGDY.

2.4 | Diffusion of TM Atoms on BGDY

V, Co, and Pd atoms have high adsorption energies on BGDY.
However, the development of SACs also requires avoiding aggre-
gation of the metal atoms on the supporting surface. To investi-
gate the diffusion of TM atoms, we have performed NEB
calculations of the activation barriers. Figure 6 shows the mini-
mum energy paths for diffusion of V, Co, and Pd atoms on the
BGDY surface, from an initial position in one C-B-C corner to a
neighboring corner in the same pore. The high activation barriers
obtained, 1.02 and 1.52¢eV for V and Co, respectively, prevent
atom diffusion at moderate temperatures. The barrier for Pd is
lower, 0.60 eV, and therefore diffusion cannot be discarded.

The activation energy barriers for the crossing of a TM atom from
a hexagonal hole to an adjacent hole in order to form a TM, clus-
ter have been also investigated (Figure 7). Although the V, dimer
is more stable (by 1.32 eV) than two individual V atoms adsorbed
on adjacent corners of the layer sharing a B atom, a large energy
barrier of 0.93 eV would prevent V, formation. The barrier for Pd
diffusion is small, 0.33 eV, and would not be sufficient to avoid
aggregation of Pd atoms. Formation of Co, is energetically unfa-
vorable with respect to two separate adsorbed Pd atoms, and in
addition a barrier of 1.46 eV for crossing between adjacent holes
would make difficult the formation of the dimer. In summary
starting from well-dispersed metal atoms on BGDY, large enough
energy barriers prevent aggregation of atoms in the case of V and
Co, giving support to the stability of SAC platforms of V and Co
on BGDY. The moderate barriers found for Pd, however, may
compromise the development of Pd SACs. Since experiments
investigating BGDY as a support for SACs have not been per-
formed, this work may motivate that research.

2.5 | Discussion of the Interaction Between TM
Atoms and GDY and BGDY Supports

V, Co, and Pd are adsorbed on both GDY and BGDY layers with
high adsorption energies. However, significant differences
appear between the two supporting layers, and also among
the three metals. Negligible distortions (smaller than 0.5%) of
the lattice parameters and angle y occur upon adsorption of V,
Co, and Pd (one, two or three atoms) on GDY, although local
distortions of the carbon chains are observed. In contrast, sizable
distortions of BGDY take place upon adsorption of V and Co
(one, two or three atoms), but the distortions are negligible
for Pd. That is, adsorption of these metals behaves differently
depending on the support. This can be explained because
BGDY pores are larger than GDY pores, 13.72 and 6.94 A respec-
tively (see Figure 1), and furthermore, the carbon chains are
linked to hexagonal benzoic cycles in GDY. This makes the
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FIGURE6 | NEB calculation of the relative energies along the diffusion path of V, Co, and Pd atoms parallel to a carbon chain from its ground state

configuration on a C-B-C corner of BGDY to a neighboring corner. V is in red, Co in blue, and Pd in gray color. Transition states (TS), intermediate states

(INT), and values of the activation barriers are indicated.
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FIGURE 7 | NEB calculation of the minimum energy path for the formation of a TM, cluster starting from atoms in neighbor hexagonal holes.

Transition states (TS) are shown.

structure of GDY more rigid, while the deformations caused by
metal-support interaction become more pronounced in BGDY.
On the other hand, the adsorption energies are higher for V
and Co than for Pd in both substrates. This can be understood
because the electronegativity of Pd is higher than those of Co
and V (2.20, 1.88, and 1.63, respectively, in the Pauling scale
(see also ref. [46]), indicating that V and Co can transfer electrons
to the substrate more easily than Pd.

To get additional information on the TM-BGDY support interac-
tion, Figure 8 shows the electron density redistribution upon
adsorption of one V, Co, or Pd atom on BGDY. The substantial

density redistribution around the TM atom and the neighboring
carbon chains reflects the strong interaction of these atoms with
the support. For V and Co, the electron redistribution is more
recognizable compared to Pd, in agreement with the magnitude
of the adsorption energies. Regions of enhanced electron density
are mainly located on the substrate chains and are larger for
adsorption of V and Co, as expected from the electronegativities.
Atomic charges have been calculated using a Voronoi cell
partition of space. The results for clean GDY and BGDY layers
and for layers with one adsorbed TM atom are given in Table S7
and discussed in Section S6. The TM atoms lose electronic
charge, and the charge transferred to the substrate is larger
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FIGURE 8 | Electron density redistribution upon adsorption of V (a), Co (b), or Pd (c) atoms on BGDY. Yellow and blue colors indicate regions of
increase and decrease of electron density, respectively. Isosurface values were set to +£0.0065 e/A>.

for V, as compared to Co and Pd. A sizable part of this charge
goes to the B atoms in BGDY, and the rest is shared between
the C atoms. All the charge is shared between C atoms in GDY.

Tables 1 and 3 show metal-carbon bond lengths, d(TM-C), for
adsorption of a metal atom on GDY and BGDY, respectively.
These bond lengths are larger for adsorption on BGDY, because
BGDY holes are larger than GDY holes, and the angles at the
corners of the BGDY hexagons are more open than those in
the GDY triangles, constraining less the adsorbed atoms. In
an experimental situation characterized by low metal atom cov-
erage, aggregation of atoms requires a number of diffusion steps
of two types: a) diffusion from an initial location to another in the
same hole (typically, from one corner to another); b) diffusion of
the atom from a hole to an adjacent hole. In GDY, those two steps
correspond to Figures 3 and 4, respectively. All activation barriers
are large for V and Co. For Pd, although the barrier in Figure 3 is
low, the barrier in Figure 4 is high. Consequently, long range
diffusion through GDY will be difficult for V, Co, and Pd atoms,
and formation of stable SACs can be expected in the three cases.
For a BGDY substrate, barriers for diffusion in the same hole
(Figure 6) are large for V and Co, while Pd is at the limit.
Barriers to cross from one pore to a neighbor one are again large
for V and Co and small for Pd (see Figure 7). This means that V
and Co can be used to build SACs on BGDY, but less likely Pd.

2.6 | Adsorption of TM, Clusters on GDY and
BGDY

In addition to SAC, there is also great interest in the design and
development of single cluster catalysts (SCC). Li et al. [47] have
reviewed the applicability and great potential of SCC. Small TM
clusters of selected sizes dispersed on suitable supports may serve
to build stable and efficient SCCs. We investigated the adsorption
of Vg, Cog, and Pdg clusters on GDY and BGDY. The free clusters,
shown in the insets of Figure 9, have octahedral configurations, a
bit distorted in Vg [45]. Those clusters have relatively large cohe-
sive energies, 2.61, 2.94, and 1.97 eV per atom for V,, Cog, and
Pds, respectively [45].

Several adsorption positions and orientations of TM¢ clusters on
GDY (above a hexagon and above a triangular pore) and BGDY
(above a B atom, at a C-B-C corner and next to a C chain) were
studied. TM; clusters are preferentially adsorbed on the triangu-
lar holes of GDY, causing local deformations of the carbon chains
bounding the triangle, but negligible global distortion of the lat-
tice (see Figure 9). The octahedral structure of the clusters is pre-
served, with little deformation. In the most stable configuration

of adsorbed Vy, the lowest apex atom crossed the triangular hole
to the other side of the layer. The equatorial rectangle of the clus-
ter is tilted by 20° with respect to the layer plane, with two
opposed V atoms of that rectangle located at two corners or
the hole (one in plane and one out of plane). The other two equa-
torial atoms are slightly out of the GDY plane, one sitting at the
third corner of the triangular pore and the other near the center
of the carbon chain opposite to that corner. The V—C bond
lengths vary between 1.99 and 2.27 A, values consistent with
those observed in the adsorption of one, two, and three V atoms.
The upper-apex V atom is not bound to the C atoms of the sub-
strate. Cog is adsorbed in such a way that one on the triangular
faces of the octahedron is on the layer plane, each atom of that
face placed near a corner of the triangular hole. The three Co
atoms of the parallel face sit 2.3 A above the GDY layer. All
Co atoms of the cluster form bonds with atoms of the carbon
chains. The Co—Co bond lengths are 2.30 A for the upper atoms,
and 2.55 A for the base atoms, revealing some distortion of the
octahedron. One triangular face of Pdg is placed a little above the
GDY layer and tilted with respect to the layer, in this way allow-
ing one Pd atom of the upper face to form bonds with carbon
atoms. Due to the presence of the cluster, the neighbor carbon
atoms protrude upwards from the layer plane. A view for a
repeated cell is shown in Figure S9.

The adsorption energy of TM¢ clusters on GDY (an analogous
formula holds for BGDY) is given by:

E,4s(TMg-GDY) = E(GDY) + E(TMg) — E(TM-GDY)  (4)

where E(TMg) and E(TM4-GDY) are the energies of the isolated
cluster and the cluster adsorbed on GDY, respectively. Adsorption
energies of Vi, Cog, and Pdg, given in Table 5, are large, confirming
the stability of these cluster-GDY platforms.

Adsorption of V4 and Cog induces significant changes in the
BGDY lattice, but lattice distortions are less pronounced upon
adsorption of Pdg (Figure 10). The changes in the lattice param-
eters a, b, and y of BGDY are, respectively, —8%, +4%, +2.9% upon
adsorption of Vg; —7.3%, —2.8%, +3.3% upon adsorption of Cog;
and —4.7%, —0.1%, 2.0% upon adsorption of Pds. Vi sits at a
corner of a hexagonal hole, linked to two carbon chains, and
maintains (slightly deformed) its octahedral structure. A plane
containing four V atoms is perpendicular to the BGDY layer, with
two V atoms above and two below the layer; two of those V atoms
do not form bonds with C atoms. The fifth and sixth atoms of the
octahedron are in the layer plane. The carbon chains in contact
with Vg are distorted to optimally accommodate the cluster, but
the layer remains planar. Adsorbed Cos and Pds change their
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a=1881Ab=1882A y=60.12°

FIGURE 9 | TM;s clusters adsorbed on GDY. Cell parameters (a, b,
and y) are indicated. Insets show the structures of the free clusters.
(a-c) panels stand for V, Co, and Pd, respectively.

structure, adopting a capped triangular bipyramid configuration
linked to three carbon chains of a hexagonal hole. The carbon
chains bend to enhance the bonding with the clusters. In Cog,
two Co atoms are above the BGDY layer (at 1.17 and 1.67 A),

TABLES5 | Adsorption energies (in eV) of TM, clusters on GDY and
BGDY.

Cluster E,4s on GDY E,4s on BGDY
Ve 9.31 6.62
Cog 6.56 4.45
Pd¢ 4.55 443

three are in plane, and one Co atom crosses to the other side
of the layer (at —1.04 A); the Co—Co bond lengths are between
2.22 and 2.36 A, and the BGDY layer remains almost planar. All
atoms of Pdg lie on the same side of the layer, only four of them
bonded to carbon atoms.

The TM4-BGDY structures described above have been calculated
by allowing full relaxation of the BGDY lattice (a, b, and y) in the
limit of high coverage, i.e., one cluster per unit cell. Comparison
with the configurations of TM-BGDY obtained without relaxa-
tion of the lattice [45], which are adequate to represent low cov-
erage levels, shows the effect of the amount of coverage on the
final configurations. Pds induces a small change in the BGDY
lattice, and almost identical configurations for the adsorbed clus-
ter are obtained with and without relaxation of the lattice. This
indicates that the structure of the substrate is not too sensitive to
coverage level in the case of Pd clusters. Larger lattice deforma-
tions occur for V¢ and Cog. The structure of V is quite similar to
that in the unrelaxed lattice. In contrast, the structure of Cog is
different in the unrelaxed lattice, where Cos maintains the octa-
hedral structure and sits above a B atom with a triangular face
parallel to the layer. Lattice relaxation leads to the deformation of
the hexagonal holes, in a way that favors the interaction of three
carbon chains with the embedded Cog. The cluster changes its
shape to form a capped triangular bipyramid to enhance its inter-
action with BGDY. Thus, different catalytic activities might be
expected for Cos SCCs depending on the level of cluster coverage
of the layer. In conclusion, the adsorption energies of Vg, Cog,
and Pd¢ on GDY and BGDY (Table 5) are quite high. In fact,
for Pds, those adsorption energies are several times larger than
the adsorption energies of Pdg and other Pd,, clusters of similar
size on graphene [30]. This highlights the enhanced stability and
gives support to the proposal of building SCCs based on Vg, Cog,
and Pdg clusters adsorbed on GDY and BGDY.

Lu and Wang [39] have reviewed the application to electrocatal-
ysis of clusters and nanoparticles anchored on GDY. Those clus-
ters and nanoparticles are large, in general, but some examples
can be selected from the scientific literature on catalytic applica-
tions of relatively small clusters adsorbed on GDY. Those clusters
are larger than the six-atom clusters we have studied, but our
conclusion of the high stability of the six-atom clusters supports
the stability of the cluster-GDY systems synthesized in the
experiments. By redox reaction between GDY and PdCl,,
Qi and coworkers [48] synthesized Pd nanoparticles well dis-
persed on the surface of GDY. Furthermore, using GDY oxide,
smaller Pd nanoparticles, of 1.3 nm, were deposited and found
to exhibit an excellent catalytic performance for the reduction
of 4-nitrophenol with sodium borohydride. Rong et al. [49] pre-
pared Cu catalysts of varying size, from SACs to medium size
clusters (0.5-1nm) to nanoclusters (1-1.5nm), deposited on
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a=11.29A b=11.84A y=61.23°

FIGURE 10 | TMq clusters adsorbed on a BGDY layer. (a) Vs-BGDY,
(b) Cos-BGDY, and (c) Pds-BGDY. Optimized cell parameters are indicated.

GDY. These authors performed electrocatalytic measurements
and found a remarkable size dependence of the activity and selec-
tivity during CO,/CO electroreduction. Yan Lv and coworkers
[50] wrapped thick carbon nanotubes with GDY film and the
composite was utilized to support Pt clusters on the surface using

an electrochemical reaction method. The average diameter of the
Pt clusters was 0.63 nm, and the system exhibited good stability
and excellent electrocatalytic activity for the hydrogen evolution
reaction.

Finally, densities of electronic states (DOS) of GDY and
BGDY with TM atoms and clusters adsorbed are shown in
Figures S10-S13. Clean GDY and BGDY have semiconducting
character. The adsorption of V and Co atoms on GDY introduces
metal states, hybridized with the electronic states of the sub-
strate, and a shift between the energies of the spin up and spin
down metal states is evident. Some of the metal states lie in the
gap (Figure S10). Adsorption of V and Co on BGDY also displays
a shift between spin up and down metal states, but the influence
on the gap is less (Figure S11). After adsorption of Vg, Cog, and
Pdg (Figures S12 and S13), the metal states dominate the DOS
near the Fermi energy and the electronic gap is closed, but
the shift between spin up and down states is only important
for Co, as a reminder of the magnetism of bulk cobalt.

3 | Conclusion

With the aim of gaining insight and contributing to the rational
design of single-atom catalysts, and single-cluster catalysts, we
have investigated the structure and stability of TM atoms and
TMg clusters (TM =V, Co, and Pd) supported on GDY and
BGDY, by performing density functional calculations. The inter-
action between the metals and the support is strong, favoring the
stability of these systems. The presence of high activation barriers
against metal atom diffusion through the support (except for dif-
fusion of Pd on BGDY) prevents the formation of dimers and
larger clusters from initially well-separated atoms, this being
promissory for the stability and efficiency of SACs. Adsorbed tri-
mer configurations are more stable than the decoration of the
layers with isolated atoms, except for Co and Pd on BGDY.
However, the formation of those trimers from isolated adsorbed
atoms is unlikely due to the high diffusion barriers.

In the case of SCC, clusters of six metal atoms were investigated.
The interaction of the clusters with the support is strong, with
high adsorption energies on both GDY and BGDY. Adsorption
energies are larger on GDY, as compared to BGDY, because
the pore holes are smaller in GDY. V4 was adsorbed on both
substrates maintaining its octahedral shape. But Pds, and also
Cog, interact differently with GDY and BGDY. In BGDY, the clus-
ters lose their octahedral shape while in GDY the adsorption
occurs without deformation of the cluster shape. Cos and Vg
show the most notable differences in adsorption energies
depending on the substrate, differing by 2.11 eV for cobalt and
2.69 eV for vanadium. In summary, deposition of transition metal
atoms (V, Co, Pd) and transition metal clusters on GDY and
BGDY is a promising way of building stable single atom and sin-
gle cluster catalysts, respectively.

4 | Experimental Section/Theoretical Model

Adsorption of transition metal (V, Co, and Pd) atoms and clusters
on GDY and BGDY layers has been investigated using the DFT
formalism. The calculations were performed with the quantum

Small Structures, 2025

11 of 14

8518017 SUOWILIOD BAIIER1D) 3[qeolidde au Aq peusenob ake sajoie YO '8N JO S3|n1 104 ARIqIT 8UIIUO AB]IA UO (SUORIPUOD-PUE-SWBILI0D A 1M ARe1q1BU1UO//SANY) SUOIIPUCD PUB SWB | 8} 38S *[5Z02/2T/T0] U0 ArIqITauliuo AB|IM * (PepILeS 8p OLRISIUIN) UOSIAOIG [EUOITEN 8LRIYO0D) LSILeds - Ueweo eiuepisT Aq 805005202 15S/200T 0T/10p/wiod A8 | 1m Axeiq 1puljuo//sdiy woaj pepeojumod ‘0 ‘29078892



ESPRESSO package [51, 52], using the Perdew-Burke-Ernzerhof
(PBE) functional [53] and the Projected-Augmented-Wave
(PAW) pseudopotentials [54, 55]: C.pbe-nkjpaw_psl.1.0.0.UPF for
carbon, B.pbe-n-kjpaw_psl.1.0.0.UPF for boron, V.pbe-spnlkjpaw_
psl.1.0.0.UPF for vanadium, Co.pbe-spn-kjpaw_psl.0.3.1.UPF for
cobalt, and Pd.pbe-n-kjpaw_psl.1.0.0.UPF for palladium [56].
With these pseudopotentials, the number of electrons per atom
included in the calculations is 4 electrons for carbon, 3 for boron,
13 for vanadium, 17 for cobalt, and 10 for palladium. Plane wave
basis sets are used to expand the electronic wave functions and the
electronic density. The energy cutoff for the expansion of the elec-
tronic wave functions was set to 45 Ry for the adsorption of V and
Pd on GDY and BGDY, and to 60 Ry for the adsorption of Co. The
energy cutoff for the expansion of the electronic density was set
to 360 Ry for V,-GDY and Pd,-GDY, 350 Ry for V,-BGDY and
Pd,-BGDY, and 480 Ry for Co,-GDY and Co,-BGDY. All calcula-
tions are performed using a 3 x3x 1 Monkhorst-Pack k-point
sampling [57] in the first Brillouin zone of the reciprocal lattice
and were carried out in spin polarized mode. In addition, nudged
elastic band (NEB) calculations [36] were performed to study the
diffusion barriers of the metal atoms. Atomic charges provide
some insight on the metal-support interaction and have been cal-
culated [58] using a Voronoi cell partition scheme.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Different configurations stud-
ied for two TM atoms adsorbed on GDY. Supporting Fig. S2: Different
configurations studied for three TM atoms on GDY. Supporting Fig. S3:
Lowest energy configurations of three TM atoms adsorbed on GDY. (a) V,
(b) Co, (c) Pd. The a, b and y parameters of the optimized cells are indi-
cated. Supporting Fig. S4: Front and side views of the calculated struc-
ture of a Co atom adsorbed on BGDY. A large 2x2 cell was used in the
calculations to simulate low dopant coverage. The dimensions and shape
of the cell were allowed to vary to optimize the energy. The global struc-
ture is almost unaltered, and only a local deformation of the BGDY struc-
ture is observed near the adsorbed Co atom. For a fixed-cell calculation
the cell parameters are: a =b = 23.70 A, y = 60°. The Co atom is shown in
blue, B in green and C in brown color. Supporting Fig. S5: Different
configurations studied for two TM atoms adsorbed on BGDY.
Supporting Fig. S6: Different configurations studied for adsorption of
three TM atoms per cell on BGDY. Supporting Fig. S7: Top and side
views of the most stable structures of three TM atoms on BGDY, per unit
cell. (a) V3;-BGDY, (b) 3Co-BGDY, and (c) 3Pd-BGDY. Supporting
Fig. S8: Enumerations of atoms in: (a) TM-GDY and (b) TM-BGDY.
Carbon atoms are colored in brown, boron in green and the adsorbed
metal atom (V, Co, and Pd) in purple. Supporting Fig. S9: Top and lat-
eral views of Pdg clusters adsorbed on GDY. The unit cell is repeated in
the two directions. Supporting Fig. S10: Density of electronic states
(DOS) of (a) GDY, (b) V-GDY, (c) Co-GDY, and (d) Pd-GDY, separated
in spin-up (black color) and spin-down (red color) states. Blue and green
regions correspond to the DOS projected on the TM atoms. Supporting
Fig. S11: Density of electronic states (DOS) of (a) BGDY, (b) V-BGDY, (c)
Co-BGDY, and (d) Pd-BGDY, separated in spin-up (black color) and spin-
down (red color) states. Blue and green regions correspond to the DOS
projected on the TM atoms. Supporting Fig. S12: Density of electronic
states (DOS) of (a) V¢-GDY, (b) Cos-GDY, and (c) Pdg-GDY, separated in
spin-up (black color) and spin-down (red color) states. Blue and green
regions correspond to the DOS projected on the TM atoms.
Supporting Fig. S13: Density of electronic states (DOS) of (a) Vs-
BGDY, (b) Coe-BGDY, and (c) Pd¢-BGDY, separated in spin-up (black
color) and spin-down (red color) states. Blue and green regions corre-
spond to the DOS projected on the TM atoms. Supporting Fig. S14:
Density of electronic states (DOS) of (a) Vs, (b) Cog, and (c) Pds, separated

in spin-up and spin-down states. Supporting Table S1: Adsorption ener-
gies of the second V, Co and Pd atom, respectively, on GDY. The config-
urations P1, P2 ... are shown in Figure S1. Adsorption energies are given
in eV. Supporting Table S2: Adsorption energies of the third V, Co and
Pd atom, respectively, on GDY. The configurations Pn (n = 1, ...7) are
shown in Fig. S2. Adsorption energies are given in eV. Supporting
Table S3: Adsorption energies (in eV) of the third TM atom on a
GDY layer with two pre-adsorbed TM atoms. Interatomic distances in
A. Supporting Table S4: Adsorption energies of the second individual
TM atom on BGDY. Configurations P1, P2, and P3 are shown in Figure
S5. Adsorption energies are given in eV. Supporting Table S5:
Adsorption energies of the third individual TM atom on BGDY layer.
The configurations P1, P2, P3 are shown in Fig. S6. Adsorption energies
are given in eV. Supporting Table S6: Adsorption energies (in eV) of a
third TM atom on BGDY with two pre-adsorbed TM atoms, for V, Co and
Pd. Relevant interatomic distances are also reported. Supporting
Table S7: Atomic Voronoi charges in clean GDY and BGDY, and for
these layers with one V, one Co and one Pd atom adsorbed. A negative
sign indicates a gain of electronic charge, while a positive sign indicates a
loss. The labeled atoms (C1, C2, ...) are identified in Figure S9.
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