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A B S T R A C T   

Layered carbon materials can be useful as supports for catalytic metallic nanoparticles in different applications. 
Also, doping porous carbons with metal atoms and nanoparticles enhances the hydrogen storage capacity of 
those materials. We have investigated the adsorption of transition metal atoms and small clusters on boron 
graphdiyne (BGDY) using density functional theory. This layered material contains uniformly distributed large 
hexagonal holes that can host the metal clusters. Single V, Co and Pd atoms sit at the hexagon corners, near the B 
atoms. Their binding energies are large enough to make the systems suitable for single-atom catalysis but atomic 
diffusion cannot be overlooked. Formation of dimers of those three elements near the hexagon corners is 
preferred over decoration by two separated atoms. The octahedral structure of the free hexamers is preserved on 
adsorption of V6 and Co6, but it changes in Pd6. The adsorption sites of the three hexamers are different. The 
adsorption energies of single atoms, dimers and hexamers on BGDY are substantially larger than those on pristine 
graphene, and similar to those on graphdiyne, but the larger holes existing in BGDY make this system better 
tuned for some applications.   

1. Introduction 

Carbon feeds the basis for life on earth, and is found in almost all life 
forms. The four valence electrons (2s2 2p2) of the atom allow carbon to 
form different types of bonds with other carbon atoms, and also to form 
bonds with almost any chemical element. Carbon adopts several forms, 
such as graphite, diamond, lonsdaleite and different kinds of amor
phous, glassy and porous structures [1]. Carbon nanostructures such as 
graphene, fullerenes, carbon nanotubes, nanorings, nanoribbons, and 
others, have become increasingly popular nowadays. The discovery of 
new carbon nanostructures with attractive properties like high stability, 
novel bonding characteristics, and new applications represents a con
stant effort in materials science. 

After the successful isolation of graphene [2], the field of two- 
dimensional (2D) materials has enjoyed a rapid rise. Graphene is the 
best-known member of the family of 2D materials, showing exceptional 
properties [3,4], and these properties place graphene as a promising 
candidate for different applications [5] in nanoelectronics and nano
optics, in mechanically robust and stretchable nanodevices, etc. The 
exciting graphene properties have boosted the discovery, design and 
study of other layered materials based on carbon. One of those materials 
is graphdiyne (GDY) [6], a synthetic carbon allotrope with a structure 
which is a layered framework formed by benzoic rings connected by 

very stable carbon chains containing diacetylenic linkages. The struc
ture of GDY presents an ordered arrangement of triangular holes in the 
planar layers. This special arrangement delivers electronic and optical 
properties [7] showing interesting differences compared to graphene, 
such as a band gap opening, high third-order nonlinear optical suscep
tibility and high fluorescence efficiency. The peculiar structure, and the 
electronic, optical and mechanical properties make GDY promising for 
applications in electrode materials [8], nanoelectronics [9], energy 
storage (hydrogen [10] and lithium storage [11]), gas separation [12] 
and others. 

A new member in the GDY family is boron-graphdiyne (BGDY). In 
this 2D structure, single boron atoms replace the hexagonal carbon rings 
in the GDY lattice. Because boron has three valence electrons, the B atom 
forms bonds with three carbon butadiyne chains, leading to the forma
tion of a 2D honeycomb lattice (see Fig. 1) with large hexagonal holes. 
BGDY was synthetized by a bottom-to-up strategy [13]. The work 
reporting the discovery of this material also explored its application in 
sodium storage. Theoretical methods have been employed by Mortazavi 
et al. [14] to study the mechanical, electronic and optical properties, and 
the thermal conductivity of single-layer BGDY. These authors and others 
[15] also explored the application of BGDY as an anode for alkaline and 
alkaline-earth ion batteries. Wang and coworkers [16] have calculated 
the electronic band structure of BGDY, showing that it is a 
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semiconductor with high electron and hole mobilities. Doped BGDY 
sheets with light metal atoms (Li, Na, K, Ca) were investigated by 
Hussain et al. [17] as hydrogen storage materials. 

We present the results of a computational investigation of the 
adsorption of transition metal atoms and clusters on BGDY. The specific 
metals are vanadium, cobalt and palladium. Transition metal atoms and 
nanoparticles have been found to enhance the hydrogen storage ca
pacity of porous carbons [18–20], and the same can be expected for GDY 
and BGDY. Also, layered carbon materials can serve as substrates for 
catalytic metal nanoparticles [21], and the structure and stability of the 
adsorbed nanoparticles is relevant in practice. Supported single-atom 
catalysts [22] are more selective and efficient than nanoparticles in 
specific reactions, and the stability of the adsorbed single atom against 
diffusion, desorption and aggregation becomes a crucial issue. Finding 
optimal support materials for both single-atom and nanoparticle cata
lysts will be of great help. In Section 2 we briefly present the method 
used to simulate the adsorption of atoms and clusters on a BGDY layer. 
Section 3 contains the analysis of the adsorption of single V, Co and Pd 
atoms on BGDY. Whenever possible, the adsorption on BGDY is 
compared with the adsorption on other carbon substrates. Adsorption of 
two atoms is discussed in Section 4, and it is found that formation of 
adsorbed dimers is energetically favorable against the configuration of 
two separated adsorbed atoms. Barriers for metal atom diffusion are 
discussed in Section 4. For larger clusters like the hexamer, discussed in 
Section 5, important questions are the optimal location of the clusters on 
the BGDY layer, and if the cluster structures changes or not on adsorp
tion. Section 6 summarizes the conclusions. 

2. Theoretical method and adsorption model 

To determine the electronic and structural properties of transition 
metal atoms (M = V, Co and Pd) and their clusters adsorbed on BGDY, 
density functional theory calculations have been performed. We 
employed the quantum-ESPRESSO suite of electronic structure codes, 
version 6.4.1 [23]. The Perdew-Burke-Ernzerhof generalized gradient 
approximation (GGA-PBE) was selected for the exchange-correlation 
functional [24,25]. The electron-ion core interactions were modeled 
using the projected augmented wave method (PAW) [26,27]; namely, C. 
pbe-n-kjpaw_psl.1.0.0.UPF for carbon, B.pbe-n-kjpaw_psl.1.0.0.UPF for 
boron, V.pbe-spnl-kjpaw_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. These pseudopotentials, available from the Quantum 
ESPRESSO Web site [28], correspond to the following electronic con
figurations: 2s2 2p2 for C, 2s2 2p1 for B, 3s2 4s2 3p6 3d3 for V, 3s2 4s2 3p6 

3d7 for Co, and 4d9 5s1 for Pd. This choice amounts to considering 4 
external electrons for C, 3 for B, 13 for V, 17 for Co, and 10 for Pd. A 
cutoff energy of 45 Ry was selected for the plane waves used to expand 
the Kohn-Sham orbitals, and 350 Ry for the charge density. Higher 
cutoffs did not affect significantly the results. The Brillouin-zone was 
sampled with a 3 × 3 × 1 Monkhorst-Pack grid [29]. To account for 
dispersion corrections to the energy density functionals, the Grimme-D3 
method was taken into account [30]. 

The BGDY layer was modeled using a repetitive cell containing 14 
atoms (12 C atoms and 2 B atoms) and a vacuum spacing of 20 Å in the 
direction perpendicular to the layer (see Figs. 1 and 2). This cell is used 

Fig. 1. Left panel: honeycomb structure of BGDY. Boron and carbon atoms are represented by green and brown spheres, respectively. Right panel: labelling of 
adsorption sites: on top B, on top C1, on top C2; C1-C2 bridge, C2-C3 bridge; in-plane C1-C2 bridge; C1-B-C1 corner. The carbon atoms are labelled by increasing 
distance to the B atom. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Top and side views of the three-dimensional unit cell used in the calculations. On the right side panel, unit cell vectors and angles (a = b = 11.847 Å, c =
20 Å). 
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to represent a crystalline BGDY layer and the layer doped with metal 
atoms and clusters. We have analyzed the possible adsorption sites for 
single V, Co and Pd atoms on the BGDY layer. In the case of clusters, 
isolated Mn structures (M = V, Co, Pd) were optimized and then 
adsorbed on the surface, and preferred adsorption regions and cluster 
geometries were optimized. Adsorption energies were computed as 
follows: 

Eads(Mn) = E(BGDY)+E(Mn) − E(Mn@BGDY). (1) 

E(BGDY), E(Mn) and E(Mn@BGDY) are the total energies of the clean 
BGDY cell, the isolated cluster having n atoms, and the system formed by 
the cluster adsorbed on the BGDY layer. According to this definition, a 
positive adsorption energy value corresponds to energetically favorable 
adsorption on the surface. The equation is also valid for the adsorption 
of a single atom (with n = 1). To investigate the possible decoration on 
BGDY, as opposed to clustering, we have compared the adsorption en
ergy of a second M atom in the vicinity of the first pre-adsorbed M atom 
(clustering) and the adsorption energy on other sites on the surface far 
from this pre-adsorbed M atom (decoration). Full optimization of all the 
structures has been performed, allowing for possible deformations of the 
BGDY layer. Diffusion barriers between relevant adsorption sites have 
been calculated using the nudged elastic band method [31]. 

3. Single transition metal atoms on the BGDY surface 

BGDY is a layered framework related to graphdiyne (GDY). It is 
formed by boron atoms connected by carbon chains containing diac
etylenic − C≡C− C≡C− linkages. The layer structure, shown in Fig. 1, 
displays an ordered arrangement of hexagonal holes, with the two ends 
of the carbon chains (which form the hexagon sides) linked to the boron 
atoms. The periodic three-dimensional cell used in the calculations is 
shown in Fig. 2. First, the unit cell of single-layer BGDY, which contains 

two B atoms and twelve C atoms, was optimized. The optimized a and b 
lattice constants (see Fig. 2) are a = b = 11.847 Å. The calculated B–C 
bond length is 1.52 Å, close to that in boron-doped graphene (1.50 Å) 
[32], and the bond lengths of triple C≡C bonds and single C–C bonds are 
1.23 Å and 1.36 Å, respectively, in agreement with previous work on 
GDY [33,34]. 

After optimizing the geometry and cell parameters of the BGDY 
monolayer, the adsorption energies of a single metal atom on different 
positions were calculated. Those positions can be viewed with the aid of 
Fig. 1: a) on top of the B atom, on top of C1 and C2 atoms; b) C1-C2 and 
C2-C3 bridges; c) in-plane bridge positions between C1 and C2 atoms; d) 
the C1-B-C1 corner. The carbon atoms are labelled by increasing dis
tance to the B atom. The results are given in Table 1. Missing entries in 
the Table correspond to unstable positions; that is, the adsorbed metal 
atoms move to other more stable sites during the optimization of the 
structure. The most stable adsorption positions of the metal atoms are in 
the C1-B-C1 corners, with the metal atoms sitting above the layer, as can 
be seen in Fig. 3. The interaction with the adsorbed atoms induces the 
local distortion of the BGDY layer, and the deviation from layer 
planarity is larger for V as compared to Co and Pd. Adsorption energies 
(see Table 1) are 3.34, 3.05 and 2.39 eV for V, Co and Pd, respectively. 
The trend in adsorption energies correlates with the amount of bonding 
charge 

Δρ(r) = ρ[M@BGDY](r) − ρ[M](r) − ρ[BGDY](r), (2)  

which is plotted and discussed in the Supplementary Material. 
The distances between the metal atoms and the neighbor atoms of 

the BGDY layer are given in Table 2. The distance to the boron atom, d 
(M-B), is shorter for Co, as compared to V and Pd, and as a consequence 
also the distances from Co to the C1 atoms, d(M-C1), and to the C2 
atoms, d(M-C2), of that specific corner are smaller than the corre
sponding distances for V and Pd atoms. This trend correlates with the 

Table 1 
Adsorption energies (in eV) of V, Co and Pd atoms on different sites of BGDY 
layer.  

Sites Eads (V) Eads(Co) Eads(Pd) 

On top B 2.36 – – 
On top C1 2.73 2.43 2.25 
On top C2 – 2.03 – 
Bridge C1-C2 – – 2.25 
Bridge C2-C3 2.84 – – 
Corner C1-B-C1 3.34 3.05 2.39 
In-plane bridge C1-C2 3.01 2.00 –  

Fig. 3. Top (left) and side (right) views of the most stable adsorption geometries for (a) vanadium, (b) cobalt and (c) palladium atoms on BGDY.  

Table 2 
Interatomic distances (in Å) between: 1) the adsorbed metal atom and the B 
atom, d(M-B), in M@BGDY; 2) the adsorbed metal atom and the two nearest C 
atoms of the corner, d(M-C1); 3) the adsorbed metal atom and the third and 
fourth nearest C atoms, d(M-C2). Metal atoms sit in the corner adsorption site 
(see Figs. 1 and 3).  

Distances V-BGDY Co-BGDY P-BGDY 

d(M-B) 2.285 2.178 2.249 
d(M-C1) 2.140; 2.053 1.915; 1.890 2.146; 2.150 
d(M-C2) 2.592; 2.198 2.254: 2.141 2.708; 2.726  
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magnitude of the atomic radius of the metal atoms. 
A comparison of the adsorption energies of a single Pd atom on 

different carbon substrates is shown in Table 3. The binding energies of a 
Pd atom on BGDY and GDY are similar, and substantially higher than the 
binding energy on pristine graphene. The binding energies of V and Co 
atoms on graphene have been calculated by Valencia and coworkers 
[39]. The values Eads(V) = 1.09 eV, and Eads(Co) = 1.59 eV, are also 
substantially smaller than the adsorption energies on BGDY given in 
Table 1. The large adsorption binding energies of V, Co and Pd atoms on 
BGDY are important for single atom catalysis. However, as a second 
requirement, diffusion and aggregation should be avoided. Diffusion 
will be studied in the next Section. 

The relation between magnetism and catalysis is known since long 
[40–46], and magnetic nanoparticles have been employed in many in
dustrial reactions [44]. Magnetic ordering in the catalyst sometimes 

plays a role in the elementary steps of chemical reactions. As a typical 
example, the methanation reaction on sintered Ni catalysts supported on 
Al2O3 is sensitive to the magnetic-structure [43]. Changes in magnetic 
ordering at the Curie and Néel temperatures lead to changes in the ac
tivity of ferromagnetic and antiferromagnetic catalysts [41]. Also, the 
magnetic moments of Pd clusters change as a result of adsorption of 
hydrogen [47]. For these reasons we report in Tables 3 and 4 the values 
of the total magnetization. In the case of single V, Co and Pd atoms 
adsorbed on BGDY (Table 4) the magnetic moments are 3, 1 and 0 μB per 
cell, respectively. 

4. Metal dimers on the BGDY surface 

Adding more metal atoms can lead to formation of an adsorbed 
cluster or to adsorption of separated atoms (decoration). To compare 
decoration of the BGDY surface with formation of adsorbed clusters, we 
have studied the addition of a second atom on the same unit cell. 
Dimerization and decoration can be compared by calculating the 
adsorption energy corresponding to the addition of the second atom to 
the configuration with one metal atom already adsorbed. That is, 

Eadd - dimer = E (M1@BGDY)+E (M1) − E (M2@BGDY) (3)  

Eadd - decor = E (M1@BGDY)+E (M1) − E (2M@BGDY), (4)  

where all the energies in these two equations have been introduced 
above, except E(2 M@BGDY), which is the energy of the system formed 
by two metal atoms adsorbed on different regions of the BGDY unit cell. 

The structures obtained for dimerization and decoration are shown 
in Fig. 4. When a second V atom is added, dimerization and decoration 
energies (Eqs. (3) and (4)), are 3.63 eV and 2.89 eV, respectively, and 
dimerization is preferred. It should be noticed that the adsorption en
ergy of the second V atom in the decoration mode, 2.89 eV, is smaller 
than the adsorption energy of the first one, 3.34 eV in Table 1. This 
occurs because the presence of the first atom affects the electronic 
structure of the BGDY substrate. The difference between the adsorption 
energies of the second atom corresponding to dimerization and deco
ration modes is 0.74 eV, and this extra binding is a result of a delicate 
balance between competing effects. The favorable effect is the V-V 
interaction. But the binding energy of the V2 dimer in the gas phase is 

Table 3 
Adsorption energy Eads (in eV) and magnetic moment μ (in μB) of a Pd atom, a 
dimer Pd2, and the hexamer Pd6, on different substrates: graphene, graphene 
vacancy, graphdiyne, and boron-graphdiyne. Eads is calculated from Eq. (1). The 
magnetic moments of the isolated species are also included.   

Single atom Dimer Hexamer 

Configuration Eads μ Eads μ Eads μ 

Free (this work)  0  2  2 
Free [35]  0  2  2 
On graphene [36,37] 1.08–1.09 0 1.26 0 1.14 2 
On graphene vacancy [38] 5.13 0 5.93 0 5.62 0 
On GDY [34] 2.54 0 3.74 0 3.97 0 
On BGDY (this work) 2.39 0 3.54 0 4.21 0  

Table 4 
Adsorption energy Eads (in eV) of M, M2 and M6 (M = V, Co, Pd) on BGDY. Eads 
has been calculated from Eq. (1). Also, magnetic moment per cell, μ (in μB).   

V Co Pd  

Eads μ Eads μ Eads μ 

Single atom 3.34 3 3.05 1 2.39 0 
Dimer 4.00 0 3.33 2.69 3.54 0 
Hexamer 6.26 2 4.12 10 4.21 0  

Fig. 4. Lowest energy structures of M2@BGDY (dimerization), left panels, and 2 M@BGDY (decoration), right panels, for (a) vanadium, (b) cobalt, and (c) palladium. 
Top and side views are shown in all cases. 
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2.75 eV [48], and this value is substantially larger than 0.74 eV. The 
unfavorable contribution comes from the distortion of the BGDY struc
ture to accommodate the two V atoms in the same region of the BGDY, 

and also from the fact that the bonding capacity of the C1-B-C1 corner is 
already partially exhausted by the bonding of the first V atom. 

Dimerization is also preferential for Co, with the adsorption energies 
of the second Co atom being 2.89 eV for dimerization and 2.59 eV for 
decoration. The extra binding, 0.30 eV, is lower than for V. For a second 
Pd atom, dimerization is slightly preferential over decoration, with en
ergies of 2.45 eV and 2.34 eV, respectively, leading to a difference of 
0.11 eV between the two adsorption modes. In the decoration mode, the 
two atoms prefer to be on the same side of the BGDY layer (the upper 

Table 5 
Bond lengths (in Å) in free and adsorbed metal dimers.   

d(V-V) d(Co-Co) d(Pd-Pd) 

Free dimer 1.768 1.950 2.418 
Adsorbed dimer 2.112 2.235 2.632  

Fig. 5. Energies of the initial, transition and final states for migration of a metal atom from its position on a C1-B-C1 corner to an equivalent position at the closest 
corner of an adjacent hexagonal hole. The energies of the initial states are aligned at zero energy. 

Fig. 6. Energies of the initial, transition and final states for migration of a metal atom from its position on a C1-B-C1 corner to an equivalent position at the closest 
corner in the same hexagonal hole. The energies of the initial states are aligned at zero energy. 
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side, in the orientation used in Fig. 4), independently of the metal (V, Co, 
and Pd). For dimerization, the dimer axis is nearly parallel to the BGDY 
layer in the case of Pd2, while in the other two cases the axis is oblique 
with respect to the BGDY layer, and the second atom is either on the 
other side of the layer with respect to the first one (this occurs for V2) or 
integrated on the layer plane (Co2). 

Because dimerization is preferred over decoration, Table 4 includes 
the net adsorption energies corresponding to the process of depositing 
V2, Co2 and Pd2 dimers on the BGDY surface, calculated from Eq. (1). 
Comparing adsorption energies of Pd2 on BGDY and other substrates 
(Table 3), the same trend is observed as for the adsorption of a single 
atom. The dimer bond lengths, given in Table 5, increase when the di
mers are adsorbed, because of the interaction with BGDY, and the bond 
is highly stretched. 

Dimerization might perturb single-atom catalysis if diffusion of the 

metal atoms through the BGDY surface is possible. Different diffusion 
paths have been analyzed, and the most relevant ones are discussed now. 
In the easiest diffusion path, given schematically in Fig. 5, the metal 
atom, initially in its most stable position on a C1-B-C1 corner, migrates 
to an equivalent site on the nearest C1-B-C1 corner of an adjacent 
hexagon. The maximum of the barrier (saddle point) occurs when the 
metal atom passes on top of one C atom of the C chain, the C atom 
neighbor to the B atom. The barrier heights, in order of increasing en
ergy, are 0.11, 0.57 and 0.62 eV for Pd, V and Co, respectively. These 
values correlate with the height z of the metal atom above the BGDY 
plane in the initial site: the largest value of z occurs for Pd, and the 
barrier is the lowest. For V and Co, the distance z to the BGDY plane in 
the initial state is smaller. Then, the atoms have to climb over the carbon 
chain in order to migrate to the adjacent hexagon, distorting more the 
substrate (compared to Pd) and giving rise to higher barriers. On the 

Fig. 7. Energies of the initial, transition and final states for migration of a metal atom from an initial decoration configuration to a final, more stable, dimer 
configuration. The energies of the final states are aligned at zero energy. 

Fig. 8. Top and lateral views of the lowest energy structures of free V6 (a), Co6 (b), and Pd6 (c) clusters. A near degenerate structure (incomplete pentagonal 
bipyramid) of V6 is also shown. 
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other hand, migrating to other sites on the same hexagon is more diffi
cult with substantial barrier heights of 0.82 and 1.05 eV for V and Co, 
respectively. In the diffusion path of Fig. 6, the metal atom migrates 
from its lowest energy position on a C1-B-C1 corner to the closest corner 
in the same hexagonal hole. The metal atom approaches the carbon 
chain and moves approximately parallel to the chain. Again, the barriers 
for V and Co are larger than the barrier for Pd. In summary, the acti
vation barriers for V and Co atoms are higher compared to Pd, and 
diffusion at room temperature is expected to be more difficult. 

Other relevant events correspond to the migration of one metal atom 
from its original corner site to another corner which is already occupied 
by a previously adsorbed metal atom. This is the case for the pass from 
the decorated configurations to the dimerized configurations in Fig. 4. 
The calculated diffusion paths, given schematically in Fig. 7, show 
barriers of height 0.68 eV (V), 0.65 eV (Co) and 0.35 eV (Pd). All the 
barriers are lowered in comparison to those in Fig. 6 by amounts be
tween 17 and 38%, and this is due to the presence of the previously 
adsorbed atom. Again, the smallest barrier occurs for the diffusion of the 
Pd atom, because its height z above the BGDY plane in the initial state is 
the largest. As shown in Figs. 4 and 7, the two V (or Co) atoms sit on 
different hexagons in the initial state, and the diffusing atom has to cross 
the carbon chain to form the dimer: Co crosses the carbon chain from 
above and V from below in the orientation shown in Fig. 7. Taking 
together the results of Figs. 5, 6 and 7, one can conclude that atom 
diffusion at room temperature cannot be neglected for single atom 
catalysis on this substrate. 

5. Metal hexamers on the BGDY surface 

After the preferential adsorption sites for one and two atoms have 
been identified and the tendency for clustering has been confirmed 
(clustering of transition metals on the surface of graphene, C60 and 
carbon nanotubes has also been predicted [49–51]), the adsorption of 
M6 clusters on the BGDY surface has been studied. Hexamers represent a 
typical example of small clusters used in the laboratory to study catalytic 
processes [52–54]. First, we have optimized the structures of the iso
lated clusters. In the three cases, V6, Co6 and Pd6, the lowest energy 
structure is a distorted octahedron, shown in Fig. 8. The distortion is 
quite small in Co6 and Pd6, and larger in V6. The distorted V6 octahedron 
is, in fact, a square bipyramid in which all the V-V bond lengths between 
atoms forming the equatorial plane are equal to 2.60 Å, and the V-V 
distances between equatorial and apex atoms are 2.28 Å. The binding 
energy per atom is 2.614 eV and the magnetic moment is zero. An isomer 
near degenerate in energy was found, whose total energy is only 0.010 
eV above the square bipyramid. Its structure is an incomplete pentag
onal bipyramid (in which one atom is missing in the equatorial plane; 

this structure is obtained by stretching one of the V-V bonds of the 
equatorial plane), and the magnetic moment is μ = 2 μB. The binding 
energy of Co6 is 2.938 eV/atom and the Co-Co bond distances vary be
tween 2.257 and 2.264 Å. The binding energy per atom of Pd6 is 1.973 
eV, and the Pd-Pd bond distances form two groups with values 2.604 and 
2.690 Å. The total magnetizations of V6, Co6 and Pd6 are 0, 14 and 2 μB, 
respectively. These results are in agreement with previous works for V6 
[55–57], Co6 [58,59] and Pd6 [60]. 

Based on the information on the structures of free M6 clusters, we can 
study their adsorption on BGDY. Different locations were investigated. 
Adsorption locations near the C1-B-C1 corner (see Fig. 1) were explored, 
motivated by the previous results for the adsorption of single atoms and 
dimers. Also, other possible configurations have been investigated: the 
cluster on top of the B atom, the cluster in the central region of the 
hexagonal holes, and near the carbon chains. In all cases, the metal 
atoms and the atoms of the substrate are allowed to move and optimize 
their positions in order to reach the lowest energy configuration. The 
results for the most stable structures are collected in Fig. 9. An extended 
view of the structures, including several cells of the periodic calculation, 
is given in Figure S1 of the Supplementary Material. The shortest dis
tances between metal and carbon atoms, and between boron and metal 
atoms, are given in Table 6. In most cases, a range of values is provided 
because there are several interatomic distances with close values. The 
most favorable position of V6, shown in Fig. 9 (a), is on the hexagonal 
hole corner. The V6 square bipyramid is oriented such that its equatorial 
plane is perpendicular to the BGDY layer. The two V-V edges of the 
equatorial plane which are perpendicular to the BGDY layer have one V 
atom above and one below the layer, and the two apical V atoms of the 
bipyramid fit in the BGDY plane. The shortest interatomic distances 
between V atoms and C atoms vary between 2.003 and 2.233 Å. Because 
of the interaction between V6 and BGDY, the layer becomes distorted, 
and the V-V bond lengths change a bit compared to free V6. The 
adsorption energy, obtained from Eq. (1), is 6.26 eV, and the total 
magnetization is 2 μB per cell. 

The most stable adsorbed geometry of the Co6 cluster, on top of the B 
atom, is shown in Fig. 9 (b). The adsorption energy of Co6 is 4.12 eV, a 
smaller value compared to V6. One triangular face of the Co6 octahedron 

Fig. 9. Lowest energy configurations for the adsorption of (a) V6, (b) Co6 and (c) Pd6 on the BGDY surface. Top (left) and side (right) views are presented.  

Table 6 
Shortest Interatomic distances (in Å) between: 1) metal atoms of the adsorbed 
hexamer cluster and the boron atom, d(M-B); 2) metal atoms of the cluster and 
carbon atoms of BGDY, d(M-C). In most cases, a range of values is given.  

Distances V6-BGDY Co6-BGDY Pd6-BGDY 

d(M-B) 2.435 2.352–2.374 2.355 
d(M-C) 2.003–2.233 1.918–2.018 2.039–2.198  
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is located on top of the B atom and parallel to the BGDY layer. Those 
three Co atoms interact directly with C atoms of BGDY, and the inter
action distorts slightly the geometry of Co6. The total magnetization of 
this system is 10 μB per cell. Adsorption of Pd6 occurs on the hexagonal 
hole corner. The original octahedral structure of Pd6 changes to form a 
capped trigonal bipyramid with the capping Pd atom bonded in a bridge 
position to the two atoms of a Pd-Pd edge. Four Pd atoms interact with 
the BGDY surface. The adsorption energy of Pd6 is 4.21 eV, and the 
system has zero net magnetization. Comparison with the adsorption 
energies of Pd6 on other substrates (given in Table 3) reveals the same 

trend shown by the adsorption of Pd and Pd2. The magnetic moment of a 
free Pd atom is zero, and this is also its value when the atom is adsorbed, 
independent of the substrate (see Table 3). The magnetic moments of the 
free dimer and hexamer are μ = 2 μB. Adsorption quenches the magnetic 
moments with the exception of Pd6 on graphene [37]. The shortest 
metal-boron distances do not show a clear trend, and this is a result of 
the different adsorption configurations: on the hexagonal hole corner for 
V6 and Pd6, and on top of the B atom in the case of Co6. 

The analysis of the density of electronic states (DOS) helps inter
preting the adsorption binding energies of the clusters and the changes 

Fig. 10. Density of electronic states (DOS) of free M6 and M6@BGDY, M = V, Co, Pd. Spin up and spin down DOS are indicated by the black and red curves, 
respectively. Energies are measured with respect to the Fermi energy. In the case of the supported clusters, the spin up and spin down DOS projected on the metal are 
plotted in blue and green colors, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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in the magnetic moments between free and adsorbed clusters. BGDY is a 
semiconductor with a moderate band gap [13,14,16,17]. Fig. 10 shows a 
comparison of the DOS of free V6, Co6 and Pd6 with those of V6@BGDY, 
Co6@BGDY and Pd6@BGDY. Spin up and spin down DOS are shown as 
black and red curves, respectively. The DOS of V6 shows a perfect 
compensation between spin up and spin down electronic states, 
consistent with the magnetic moment μ (freeV6) = 0. On the other hand, 
the DOS of the system V6@BGDY reveals a small energy shift between 
the spin up and spin down states which is responsible of the magnetic 
moment μ (V6@BGDY) = 2 μB per cell. The spin up and spin down DOS 
projected on V6, plotted in blue and green colors, respectively, reveal 
that the relative energy shift arises from those states; in particular, from 
the states with binding energies less than 3.5 eV. The magnetic insta
bility inherent to the large DOS at the Fermi energy in free V6 is lifted up 
by the interaction with BGDY, resulting in the relative shift between spin 
up and spin down states, and in a lowering of the energy of V6@BGDY. 
The total and projected DOS of V6@BGDY reveal a substantial energy 
overlap -and interaction- between the V6 and BGDY states which is 
responsible of the large bonding energy (6.26 eV) between V6 and the 
BGDY substrate. Also, in the cases of Co6 and Pd6 the interaction be
tween metal and substrate electronic states is substantial, accounting for 
the large adsorption energies (4.12 eV for Co6 and 4.21 eV for Pd6). The 
DOS of free Co6 shows a large shift between spin up and spin down 
states, responsible for the large magnetic moment μ (free Co6) = 14 μB. 
The interaction with BGDY moves some spin up states towards the Fermi 
energy, and at the same time stabilizes a bit the spin down states, 
resulting in a reduction of the value of the magnetic moment to μ 
(Co6@BGDY) = 10 μB. The DOS of free Pd6 shows a shift between spin up 
and spin down states, responsible for the magnetic moment μ (free Pd6) 
= 2 μB, and the interaction with BGDY completely quenches the mag
netic moment. The same is observed for Pd6 adsorbed on a graphene 
vacancy [38] and on GDY [34]. 

6. Summary and conclusions 

Layered carbon materials can be useful as supports for catalytic 
metallic nanoparticles in the anode of fuel cells, and in other applica
tions. Also, doping layered and porous carbons with metal atoms and 
nanoparticles is known to enhance the hydrogen storage capacity of 
those materials. For these reasons, using the density functional theory 
we have investigated the adsorption of transition metal atoms, vana
dium, cobalt and palladium, and small clusters, on a novel layered 
material recently synthesized: boron graphdiyne. This layered material 
contains uniformly distributed holes that can host the metal clusters. 
Single V, Co and Pd atoms sit at the corners of the structure, near the 
boron atoms, and slightly above the BGDY plane. Their binding energies 
are large enough to make the systems apt for single-atom catalysis, but 
diffusion cannot be overlooked. The adsorption binding energies of the 
single atoms on BGDY are substantially larger than on pristine graphene. 
Dimer (V2, Co2, Pd2) formation on BGDY is energetically preferred over 
adsorption of two separated atoms (decoration). The dimers occupy 
positions near the corners, with the dimer axis of Pd2 nearly parallel to 
the BGDY, and forming an angle with the BGDY plane for V2 and Co2. In 
the case of hexamer adsorption, differences occur between V6, Co6 and 
Pd6. The octahedral structure of free Co6 is preserved on adsorption, 
which takes place on top of a boron atom. V6 is adsorbed on the C-B-C 
corners, and the square bipyramid structure of free V6 is maintained on 
adsorption. Adsorption of Pd6 also occurs on the corners of the hollow 
BGDY, but the octahedral structure of the free cluster changes. The 
binding energies of the V6, Co6 and Pd6 clusters to the substrate are 
sufficiently large to become tightly anchored. Comparison with previous 
work on other substrates is possible for Pd, and in the three cases 
analyzed (single atom, dimer and hexamer) the binding energies on 
BGDY are substantially larger than on pristine graphene, similar to the 
binding energies on GDY and smaller than the binding energies on a 
graphene vacancy. Adsorption of the hexamers still leaves a lot of empty 

space in the hexagonal holes of BGDY, and anchoring of larger metal 
clusters should be possible. The large adsorption binding energies, 
combined with the presence of pores in the layer, make BGDY a prom
ising synthetic filtrating membrane for the separation of metals in water 
or other liquids. 
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[27] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50 (1994) 
17953–17979, https://doi.org/10.1103/PhysRevB.50.17953. 

[28] http://www.quantum-espresso.org/pseudopotentials/. 
[29] H.J. Monkhorst, J.D. Pack, Special points for Brillouin-zone integrations, Phys. 

Rev. B 13 (1976) 5188–5192, https://doi.org/10.1103/PhysRevB.13.5188. 
[30] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio 

parametrization of density functional dispersion correction (DFT-D) for the 94 
elements H-Pu, J. Chem. Phys. 132 (2010) 154104, https://doi.org/10.1063/ 
1.3382344. 

[31] G. Henkelman, B.P. Uberuaga, H. Jónsson, A climbing image nudged elastic band 
method for finding saddle points and minimum energy paths, J. Chem. Phys. 113 
(2000) 9901–9904, https://doi.org/10.1063/1.1329672. 

[32] S. Gong, Q. Wang, Boron-doped graphene as a promising anode material for 
potassium-ion batteries with a large capacity, high rate performance, and good 
cycling stability, J. Phys. Chem. C 121 (2017) 24418–24424, https://doi.org/ 
10.1021/acs.jpcc.7b07583. 

[33] Z. Xu, X. Lv, J. Li, J. Chen, Q. Liu, A promising anode material for sodium-ion 
battery with high capacity and high diffusion ability: Graphyne and graphdiyne, 
RSC Adv. 6 (2016) 25594–25600, https://doi.org/10.1039/C6RA01870J. 
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