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ABSTRACT: Adsorption of hydrogen on graphdiyne (GDY) and
boron-graphdiyne (BGDY) doped with palladium clusters has been
investigated by performing density functional calculations. Pdy fits
well on the large holes of those porous layers, preserving its octahedral
structure in GDY and changing it to a capped trigonal bipyramid
structure in BGDY. Pd¢GDY adsorbs up to five H, molecules with
sizable adsorption energies, two dissociated and three nondissociated.
The dissociation barrier of H, on the Pd¢GDY cluster is 0.58 eV. Hydrogenated PdsGDY Hydrogenated PdsBGDY
Pd¢BGDY can adsorb up to six molecules, three dissociated and three

nondissociated, and the dissociation barrier of H, on Pd¢BGDY is 0.23 eV. In both cases, the dissociation barriers are substantially
smaller than the corresponding dissociation barriers on undoped GDY and BGDY. The Pd clusters saturated with hydrogen can be
viewed as nanohydrides. Spilling of the adsorbed hydrogen atoms toward the GDY and BGDY substrates is hindered by large
activation barriers. We then propose using BGDY and GDY layers as support platforms for metal nanohydrides. The amount of
stored hydrogen using Pd as the dopant is below the target of 6% of hydrogen in weight, but replacing Pd by a lighter metal with
similar or higher affinity for hydrogen would substantially enhance the storage.

1. INTRODUCTION mechanism has been analyzed in detail for the case of Pd
nanoparticles supported on graphene by performing accurate
atomistic dynamical simulations, and its validity has been
questioned, because of the existence of large spillover
barriers.'™'> Sizable barriers have also been predicted from
calculations for other supported transition metal clusters.'*™"”
Palladium is, in fact, a promising metal for applications related
to hydrogen storage because it can absorb large amounts of
hydrogen in the form of palladium hydrides.” For this reason,
the adsorption of hydrogen on free Pd nanoclusters”'~** and
on various types of carbon materials functionalized with
palladium has been investigated.””>*~**

An interesting recently synthesized carbon material is
graphdiyne (GDY), which is a layered structure formed by
benzoic rings connected by diacetylenic carbon chains (see
Figure 1). Its structure presents an ordered arrangement of
large triangular holes.”*® Seif et al.’’ investigated the
adsorption of palladium atoms and clusters on a GDY layer,
concluding that GDY can be used as an efficient substrate and
reporting the triangular hollow regions of the GDY as
preferential sites for the adsorption of Pd clusters. A new
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Doping these materials with metal atoms, clusters, and
nanoparticles significantly improves their hydrogen storage
capacity.*”'* One proposal to explain this improvement has
been to assume a mechanism of spillover, in which the
hydrogen molecules first adsorb on the surface of the metallic
nanoparticle and dissociate, and then, the hydrogen atoms
migrate toward the carbon substrate.'> However, this

In recent decades, substantial efforts have been made to
facilitate the transition toward cleaner energy production
systems in which CO, emissions to the atmosphere could be
reduced. With this purpose in mind, hydrogen has become a
subject of much interest because the amount of energy
produced per unit mass during its combustion is higher than
that of methane, gasoline, and coal,’ plus the additional
advantage of the absence of CO, emissions. As an energy
carrier, hydrogen is especially attractive for using in vehicles,
but its transport and storage is not free from risks due to its
flammable nature.” This has led to many studies in search for
safe and efficient conditions for its application. In this context,
the study of materials with high hydrogen storage capacity has
become an important research topic.” Targets have been
established for materials to be used as hydrogen containers in
vehicles: a storage capacity of 6% of hydrogen in weight, 40 g
of hydrogen per liter of container should be achieved as short-
term targets, 7.5% in weight, and 70 g per liter as long-term
targets. Carbon materials in multiple forms, like porous
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Figure 1. (a) Optimized structure of graphdiyne (GDY). (b)
Enlarged view of the unit cell used in the calculations; carbon
atoms along chains joining the benzoic rings are labeled.

two-dimensional (2D) structure, boron atoms replace the
hexagonal carbon rings in the GDY layer. Boron has three
valence electrons and binds with three diacetylenic chains,
forming a 2D honeycomb lattice with big hexagonal holes, as
shown in Figure 2. BGDY was experimentally synthesized by a

(@)

Figure 2. Left panel: honeycomb structure of BGDY. Right panel:
unit cell and labeling of carbon atoms. Boron and carbon atoms are
represented by green and brown spheres, respectively.

bottom-up strategy.”® The adsorption of transition metal
atoms and clusters on BGDY layers has been recently
studied.” The adsorption of hydrogen on GDY and BGDY
decorated with light sp and 3d atoms (Li, Na, K, Ca, Sc, and Ti
on GDY; Li, Na, K, and Ca on BGDY) has been
computationally investigated by Hussein and coworkers,"”*!
and the results are encouraging. The effect of substitutional N
and S doping on the hydrogen storage capacity of GDY has
also been analyzed.*” A number of studies have reported
computational investigations of hydrogen storage on materials
closely related to GDY: specifically, graphyne, a layered
material (although not yet synthesized) with a structure
similar to that of GDY in Figure 1 but with shorter carbon
chains and materials related to graphyne.”~*” The effect of
decoration (with alkali and alkaline-earth atoms) and substitu-
tional doping (with Al, N, and B) on hydrogen adsorption by
those materials was studied in detail in those studies.
Understanding the details of the interaction between hydrogen
and supported active metal atoms and nanoparticles is also
relevant to develop §00d electrocatalysts for the hydrogen
evolution reaction.”>”

The objective of this work is to investigate the adsorption of
hydrogen on palladium clusters, specifically Pdg, supported on
GDY and BGDY layers, to explore the possibilities of these
doped carbon materials in hydrogen storage. One of the
advantages of GDY and BGDY over other carbon materials for
the purposes of gas storage is the lower weight. One reason for
choosing é)alladium is that exg)eriments by Contescu and
coworkers””*°>* and others®”** reported an enhancement of
hydrogen storage when doping carbon materials with Pd. A
second reason is that we have previously performed
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calculations to study the effect of this dopant on different
carbon materials’*****° and have analyzed the hydrogen
spillover process.'"'® For this purpose, we perform accurate
calculations using the formalism of density functional theory
(DFT).>* DFT is nowadays being used as a tool for the search
and discovery of materials with new or targeted properties.***°
We find that the Pd clusters on the light GDY and BGDY
substrates can be used to build two-dimensional platforms of
metal nanohydrides of potential interest as hydrogen storage
materials. The results also suggest using metals lighter than
palladium to enhance storage.

2. COMPUTATIONAL METHODOLOGY

The theoretical calculations have used the Kohn-Sham DFT”*
as implemented in the Quantum Espresso computational
package.””* Electronic exchange and correlation effects were
approximated by the Perdew-Burke-Ernzerhof (PBE) general-
ized gradient (GGA) functional.”” Projector-Augmented Wave
(PAW) pseudopotentials®®’ were used to describe the
interaction between valence and core electrons, and three
valence electrons were taken for boron, four for carbon, ten for
palladium, and one for hydrogen. Dispersion effects were
included using Grimme’s DFT-D3 method.”>®* A cut-off
energy of 45 Ry was employed for the basis of plane waves
used to expand the electronic wave functions. The correspond-
ing cut-off for the electron density was 360 Ry in GDY and 350
Ry in BGDY. The unit cells for GDY and BGDY are shown in
Figures 1 and 2, respectively; those cells are large enough to
avoid the interaction between the adsorbed Pd clusters. The
Brillouin zone in the reciprocal space was sampled in both
materials with a 3 X 3 X 1 Monkhorst—Pack grid,64 which
allows for well converged total energies. In the structural
relaxation calculations to find the lowest energy configurations
in the clean and adsorbed systems, a value of 0.0002 Ry was
selected as the criterion for energy convergence, and it was also
required that the forces acting on each of the atoms are below
0.0019 Ry/A. All calculations were carried out in spin-
polarized mode.

Previous to the study of the adsorption of hydrogen, the
structures of the GDY and BGDY substrates were optimized.
Then, a Pdg cluster was deposited on the substrate layers, and
hydrogen was adsorbed next. The adsorption energy of the
palladium cluster on GDY is calculated from the equation:

E,4 (Pdg) = Egpy + Epgs — Epasapy (1)
where Egpy, Epgey and Epgegpy are the total energies of clean
GDY, the free Pdy in its ground state structure, and the system
formed by the Pds adsorbed on GDY, respectively. A similar
equation applies to the adsorption energies of Pds on BGDY.
To determine the adsorption energy of an H, molecule on
Pd,GDY, the following equation is used:

E,q (first Hy) = Epgecpy + Emy — Enn/pasapy (2)
where Ey, pascpy is the total energy of the system formed by
H, adsorbed on Pd¢GDY, and Ey, is the energy corresponding
to the isolated H, molecule, determined using the same
parameters and the same cell as for the other systems. If the
adsorbed molecule is dissociated (2H), the corresponding
adsorption energy is given by

E,4 (first 2H) = Epgecpy + Erz — Ean/pascpy

3)
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where the reference is again formed by Pd¢GDY and the
isolated H, molecule, and this allows a comparison of
molecular and dissociative adsorption. Similar equations
apply to BGDY.

3. GDY AND BGDY LAYERS

A supercell consisting of a periodic repetitive structure of the
GDY unit cell formed by 72 carbon atoms can be seen in
Figure la. The cell parameter in the z direction (perpendicular
to the layer) was fixed at 14 A, large enough to avoid the
interaction between periodic images. To identify the different
carbon atoms of the structure, these have been assigned an
integer number according to their position (Figure 1b),
assigning the same number to equivalent carbon atoms within
the same linear chain. To distinguish between equivalent atoms
in different chains, the atoms in the second chain are marked
with a prime superscript. The optimized distance between the
centers of neighbor hexagonal benzoic cycles is 9.449 A. The
lattice constant, which is twice this value, agrees with other
results previously reported.”*”*> The lengths of the bonds
along the linear chains C'-C’=C’-C*=C?>-C' vary
according to the type of bond, being 1.231 A for the triple
bonds C*=C?, and 1.338 A for the single bond C3—C3. The
bond distance between the carbon atom of the hexagonal ring
and the first acetylene carbon (C'—C?) is 1.395 A. Regarding
the separation between equivalent atoms on neighbor linear
chains of the triangular holes, the distances for atoms near the
hexagons are d(C*—C?’) = 2.824 A and d(C*-C*') = 4.056 A.
BGDY is a layered framework related to graphdiyne (GDY).
It is formed by a network of boron atoms connected by carbon
chains containing diacetylenic —C=C—C=C- linkages (see
Figure 2). The layer structure 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 BGDY layer was modeled using a repetitive cell containing
14 atoms (12 C atoms and 2 B atoms) and a vacuum spacing
of 20 A in the direction perpendicular to the layer. The
optimized lattice constant (a = b in Figure 2) is 11.847 A.

4. PD¢ DEPOSITED ON GDY AND BGDY

Free Pdy is an octahedron.'” In order to simulate the results of
a soft-landing experiment,”® Pds was placed on GDY at
different locations and with different orientations of the cluster
on the substrate, and all those configurations were optimized
to find the structure with the lowest energy. This procedure is
likely to deliver the structures achievable in soft-landing cluster
deposition experiments at low or moderate temperatures. The
calculations led to the lowest energy configuration (ground
state) shown in panel (a) of Figure 3. This Figure shows in
panel (b) a low-lying structure close in energy to the ground
state. That structure will be useful in the discussion on
hydrogen adsorption. In the relevant cases, like those in Figure
3a,b, the supported cluster sits inside the triangular hole and
fits rather well there, although some distortion of the three
carbon chains forming the hole can be appreciated. To identify
each Pd atom, these have been labeled Pd1, Pd2, ... Pd6 in the
panels of Figure 3. The Pd cluster essentially maintains the
octahedral structure, and configurations (a) and (b) only differ
in the orientation of the octahedral cluster with respect to the
GDY layer.

We begin by describing the structure of panel (b). The Pdy
cluster rests on a triangular face in contact with the GDY layer,
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Figure 3. Top and lateral views of the lowest energy structure (a) and
two low-lying isomeric structures, (b, c), of Pds adsorbed on GDY.
Adsorption energies are indicated. C and Pd atoms are represented by
brown and gray spheres, respectively. Different Pd atoms are labeled
Pdl1, Pd2, ... Pd6.

the face formed by the atoms labeled Pd4, PdS, and Pdé6. This
triangular face is oriented in the same way as the triangular
hole, but the face is slightly tilted with respect to the GDY
plane. The vertical distances of these three atoms over the
GDY layer are 0.51, 0.62, and 1.13 A, respectively. The
octahedral structure of Pdy is, however, a bit distorted, and the
bond between atoms Pd4 and PdS5 is broken. The adsorption
energy of the cluster in this configuration is E,4 (Pds) = 4.376
eV, which results mainly from the bonds between atoms Pd4,
PdS, and Pd6 and carbon atoms (the Pd—C bond distances are
between 2.02 and 2.20 A). However, because of the tilted
orientation of the cluster, also atom Pd1 builds bonds with C
atoms (bond distances of 2.23 and 2.27 A). The adsorption
energy is substantially larger than the adsorption energy of Pdy
on graphene and not far from the binding energy of Pd4 to a
graphene vacancy.'” The dispersion contribution to the
adsorption energy is 0.67 eV, which amounts to 15%.

In panel (a), which shows the lowest energy structure of
Pd4GDY, the Pdg cluster maintains the octahedral structure
with quite small distortions. The tilt of the triangular face is
larger than that shown in panel (b), the orientation of the
cluster is such that one axis of the octahedron is nearly
perpendicular to the GDY plane (angle = 83°), and atom Pd4
is slightly below the GDY plane (z = — 0.28 A). The
adsorption energy is E, (Pds) = 4.421 €V; that is, this
configuration is 0.045 eV more stable than that of panel (b).
The reason is that the orientation of Pdg in panel (a) allows
forming additional bonds between Pd and C atoms, and this
bonding is able to compensate for the larger deformation
appreciable in the carbon chains. It appears that a simple
reorientation of the Pdy cluster with respect to the GDY layer
leads from structure 3(b) to 3(a). These two structures
represent, however, different local minima in the potential
energy surface of the system, and Figure S1 of the
Supplementary Information shows the minimum energy path
for the structural transformation from structure 3(b) to 3(a),
calculated by the nudged elastic band (NEB) method.”” The
activation barrier for the reorientation of the adsorbed Pdg
cluster is small, 0.18 eV. Since structures 3(a) and 3(b) are so
close in energy, differing only in the orientation of the metal
cluster with respect to the GDY layer, and have low
interconversion energy barriers, one can expect that both
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structures will be present in soft-landing deposition of Pdg
clusters.

The bonds formed between cluster atoms and substrates
may prevent arriving at other, distorted structures, in the soft-
landing cluster deposition experiments. Previous experience
indicated that the adsorption of small molecules on the surface
of free and supported metal clusters may induce structural
transformations in the cluster.”*™"° Since investigating the
adsorption of hydrogen on supported Pdj is the main objective
of this work, we obtained feedback from that study. That is,
cluster structures found in the process of adsorbing hydrogen
(see Section 6) were taken (with hydrogen suppressed) as
initial structures for a more extensive structural optimization of
Pd¢GDY. As a result, other configurations were found, and one
of these is shown in panel (c) of Figure 3. The cluster Pd also
sits inside the triangular hole. The structure of Pd, in panel (c)
is different from those of panels (a, b) and can be viewed as an
incomplete pentagonal bipyramid. It can be obtained by
starting from the structure in panel (a) and breaking the bond
between atoms Pdl and Pd3. The adsorption energy is 4.341
eV, close to those of panels (a, b). However, Pd;GDY
structures more stable than those of Figure 3ab were not
discovered. The conclusion from Figure 3 is that different
isomeric forms with similar stability can be present after the
deposition of Pdg on GDY and could form in atom-by-atom
deposition experiments. This is expected to be also the case for
other small clusters.

The hexagonal holes in BGDY are larger than the triangular
holes of GDY. The most stable structure of Pd, adsorbed on
BGDY is shown in Figure 4. The original octahedral structure

Figure 4. Lateral and top views of the lowest energy configuration of
Pd4 adsorbed on the BGDY layer. C, B, and Pd atoms are represented
by brown, green, and gray spheres, respectively. Pd atoms are labeled.

of free Pd4 changes to form a capped trigonal bipyramid with
the capping Pd atom, labeled as Pd2 in the Figure, bonded in a
bridge position to the two atoms, Pd3 and Pd6, of an edge of
the bipyramid. The cluster is situated between two adjacent
corners of the hexagonal hole, and four Pd atoms form bonds
with C atoms. The position of the cluster is displaced a bit
toward one corner, the left corner in the view of Figure 4. The
adsorption energy of Pdy is 4.21 eV, slightly smaller than the
adsorption energy on GDY.

5. HYDROGEN ADSORPTION ON CLEAN GDY AND
BGDY

As a preliminary study, we consider the adsorption of hydrogen
on the clean substrates, GDY and BGDY. The results can be
compared with work on the adsorption of hydrogen on clean
graphene and can also serve as a reference for comparison with
adsorption on GDY and BGDY doped with palladium.
Molecular adsorption of H, on BGDY occurs preferentially
above the B—C=C—-C=C-B chains. The adsorption
energies,
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(4)

where Ey,/pgpy is the energy of the system formed by H,
adsorbed on BGDY, are small, close to 0.05 eV, and the
distances between the H, molecules and the C chains are
slightly above 3 A. These values are similar to the adsorption
energies and distances of H, adsorbed on graphene.”"””
Dissociative adsorption is energetically possible. The dis-
sociative adsorption energies are 1.63 eV/molecule, and the H
atoms are attached to neighbor C atoms. However, the
dissociation barrier is quite large (1.96 eV), and direct H,
dissociation on clean BGDY is unlikely. The barrier calculated
by the NEB method is shown in Figure S2.

E, (2H) = Epepy + Emy — Egny/pepy (5)

The adsorption energies of H, on GDY are small as well,
0.07 eV, and the hydrogen molecules are located approx-
imately over the center of the triangular holes of the GDY
layer, at distances from the C atoms slightly above 3 A.
Hydrogen molecules can also be adsorbed over the center of
the benzoic hexagons (adsorption energies of 0.06 V) and on
top of C1—C2 bonds (adsorption energies of 0.05 eV).
Dissociative adsorption is possible and the most favorable
configuration shows the two H atoms attached to neighbor
carbon atoms of the chains, with a large adsorption energy of
1.77 eV/molecule. However, the dissociation barrier is quite
large (1.62 eV), and direct H, dissociation on clean GDY is
not expected to happen. The barrier calculated by the NEB
method is shown in Figure S3. The high H, dissociation
barriers on GDY and BGDY contrasts with the low barriers on
the edges of graphene nanoribbons.”” This difference is due to
the unsaturated dangling bonds on the nanoribbons, which
make these highly reactive.

E 4 (Hz) = Epgpy + Emp — EHZ/BGDY’

6. HYDROGEN ADSORPTION IN PD-DOPED GDY

We first consider a single Pd atom on GDY. The Pd atom
prefers to rest in the hollow regions of the GDY plane near the
corners of the triangular holes, forming bonds with atoms C2,
C3, C2/, C3’ (see Figure 1) of two adjacent carbon chains.”’
Its binding energy is 2.60 eV. The adsorption energy of an H,
molecule on this Pd atom is 0.39 eV, and dissociative
adsorption of the molecule is not stable. It is useful to
compare these results with those for a Pd atom on graphene.”®
The most favorable position of the Pd atom on graphene is in a
bridging position above a C—C bond, with a binding energy of
1.09 eV, and H, is adsorbed on this Pd atom with an energy of
0.96 eV. Thus, Pd is attached more strongly to GDY (forming
bonds with four C atoms), as compared to graphene (forming
bonds with two C atoms). The bonding capacity of the Pd
atom is nearly exhausted in GDY, and consequently, the
adsorption energy of H, is weaker. In summary, the strength of
the bonding between the Pd atoms and H, is sensitive to the
chemical environment of the Pd atoms because that environ-
ment can consume part of the bonding capacity of the Pd
atoms.

Previous work on hydrogen adsorption on Pd, clusters
supported on other carbon substrates (pristine and defective
graphene) revealed that molecular adsorption occurs on top of
the Pd atoms.”**”°® Based on this observation, we explored H,
adsorption on the different Pd atoms of the structures of
Pd¢,GDY in panels (a, b) of Figure 3. The most stable
adsorption occurs for the H, molecules on top of the Pd atoms
positioned at high vertical distances from the GDY layer, and
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EadsHZ =0.539 eV

(a)

Eadst =0.508 eV

(b)

Figure 5. Top and lateral views of the lowest energy configurations for the molecular adsorption of H, on the two isomeric forms of Pd4GDY, as
shown in Figure 3a,b. C, Pd, and H atoms are represented by brown, gray, and yellow spheres, respectively.

Figure 5 shows the most stable configuration in each of those
cases. The adsorption energies are 0.539 and 0.508 eV,
respectively, values consistent with the adsorption energy of H,
on Pdg anchored to a graphene vacancy, which is 0.77 eV.”
The difference reflects the effect of different carbon substrates.
It should be noticed that in calculating the molecular
adsorption energy using eq 2, the term Epgegpy represents
the energy of clean Pd4,GDY in its lowest energy structure, as
shown in Figure 3a. Consequently, the adsorption energies
indicate that the lowest energy configuration after molecular
adsorption of H, is the one shown in Figure Sa, which comes
from the structure shown in Figure 3a. However, the total
energy difference between the configurations of Figure Sa,b is
only 0.031 eV, and both will be competitive in practice. In fact,
the difference in total energy between the two systems with
adsorbed hydrogen (0.031 eV) is lower than the difference in
energy between the two clean systems (0.04S eV).

Recalling the labels introduced in Figure 3, the H, molecule
is adsorbed on the Pd2 atom, as shown in Figure Sb, and the
adsorption energy on the Pd3 atom is the same. These are Pd
atoms which do not form bonds with C atoms. From previous
work® on Pd clusters anchored to graphene vacancies, it is
known that the adsorption of H, is less favorable on Pd atoms
bonded to the C atoms of the substrate, as compared to
adsorption on Pd atoms nonbonded to C atoms. The other
four Pd atoms of the cluster form both Pd—Pd and Pd—C
bonds, and as expected, the adsorption energies are smaller:
0.288 eV on Pdl, 0.059 eV on Pd6, and adsorption were not
stable on Pd4 and PdS. The differences between Pd2 and Pd3
on one side, and the rest of the Pd atoms on the other, arise
from two sources. One is that reactivity decreases with
increasing atomic coordination of the host atom,”%”>7% and the
other is a simple steric effect. Turning to Figure Sa, H,
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adsorption energies of 0.539 eV are obtained on the top of
atom Pd2, which forms bonds with other Pd atoms only. In a
second group, formed by atoms Pdl, Pd3, and Pd4, the
adsorption energies are smaller (0.507 €V for Pd1 and Pd3,
and 0.466 eV for Pd4), and adsorption is not stable on Pd$S
and Pd6. Again, the difference between groups is explained by
atomic coordination and steric effects. The bond lengths d(H—
H) of H, molecules adsorbed on Pd¢GDY are close to 0.84 A,
a bit elongated with respect to the bond length of free H, (the
calculated bond length is 0.75 A, and the experimental one is
0.76 A), so the H, molecules can be considered to be activated.
H—Pd bond lengths vary between 1.76 and 1.78 A, similar to
those for H, adsorption on PdsGraphene.”” Molecular
adsorption of H, on the carbon chains is weaker, with binding
energies below 0.1 eV and the molecule located at distances of
3 A or more from the C atoms. This means that the presence
of Pd4 does not affect the adsorption of molecular hydrogen on
the GDY framework.

To investigate the dissociative adsorption of the hydrogen
molecule, we started with the Pd4GDY configurations of Figure
3a,b, and based again on previous experience,”**”° the H
atoms were initially placed in bridge positions on top of the
bonds between Pd atoms. The bonding between H and Pd
atoms caused in some cases structural changes in Pdy. The
lowest energy structure of the dissociated molecule (H + H) is
given in Figure 6b, which shows that the shape of the Pd,
cluster has changed from the original octahedral structure to a
slightly deformed incomplete pentagonal bipyramid. The two
H atoms are located in bridge positions above the Pd1—Pd2
and Pd2—Pd3 bonds, with Pd—H distances in the range of
1.68—1.88 A. The dissociative adsorption energy in the
configuration of Figure 6b is E,4 (2H) = 1.330 eV, much
larger than the molecular adsorption energies. Distorting the
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Enge2H + Hp = 0.373 eV
(c)

Eags4H = 0.696 eV
(d)

Figure 6. Panels (a) and (b) show two configurations of the
dissociated (H + H) hydrogen molecule on Pd¢GDY. Those
configurations are related to panels (a, c) of Figure 3. Panels (c, d)
show molecular and dissociative adsorption configurations, respec-
tively, for a second hydrogen molecule on Pd4GDY with a pre-
adsorbed dissociated molecule. Top and lateral views are shown in all
cases. C, Pd, and H atoms are represented by brown, gray, and yellow
spheres, respectively.

structure of Pdy in Figure 3a to arrive at that of Figure 3¢ has
an energy cost of 0.08 eV. The dissociative adsorption energy
of H, on the Pd¢GDY configuration of Figure 3a is 1.084 eV
(this configuration is shown in Figure 6a), and the difference in
adsorption energies, 1.330—1.084 = 0.246 eV, shows that the
configuration of Figure 6b is more stable even after affording
for the energy cost of the structural distortion.

The dissociation path connecting the initial configuration
with H, adsorbed on Pd4GDY given in Figure Sa and the final
configuration, corresponding to the dissociated molecule given
in Figure 6b, exhibits an activation barrier of 0.58 eV. This
barrier is substantially smaller compared to the dissociation
barrier of H, on clean GDY (1.62 eV; see Section 5). A few
snapshots along the dissociation path are shown in Figure 7.
The process of dissociation is interesting. H, first promotes the
structural transformation of Pdy from the octahedron to the
incomplete pentagonal bipyramid. H, is dissociated in the
saddle point configuration but then returns to its original
molecular state in image 4. In fact, the structure of Pd4GDY in
this image is essentially the same as the structure shown in
Figure 3c. In a second step, dissociation of the H, molecule
occurs, with a quite low barrier of 0.09 eV and no change in
the cluster structure.

Starting with the dissociated configuration of Figure 6b, a
second hydrogen molecule was added, and the two cases of
dissociated (2H) and molecular (H,) adsorption were studied.
The adsorption energy of the second molecule in the
dissociated case is defined.

E,4 (second: 2H) = Epypasopy + Ena — Egn/pascpys
(6)
where E,y/pgscpy and Egp/pasopy represent the energies of the
system with one and two dissociated molecules, respectively. In
a similar way, the adsorption energy when the second adsorbed
molecule is not dissociated can be written.

E 4 (second: H,) = Epyypascoy + Era — Ern(am)/pdscpy-
(7)

Similar definitions can be made for the adsorption of a third
molecule, etc. The results for molecular and dissociated
adsorption of the second molecule are given in Figure 6¢,d,
respectively. Molecular adsorption of the second H, molecule
preserves the geometry that Pdg had in 2H/Pd¢GDY. The
molecule can be adsorbed on top of atoms Pd1, Pd2, and Pd3
and the most stable adsorption occurs on Pd3, with E 4, (H,) =
0.373 €V, and bond lengths d(H—H) = 0.824 A, and d(Pd—H)
of 1.816 and 1.839 A. H, is adsorbed on Pd1 and Pd2 with E,4;
(H,) 0.259 and 0.323 eV, respectively. In contrast,
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Figure 7. Energy curve and structural snapshots along the dissociation path of H, on Pd¢GDY. C, Pd, and H atoms are represented by brown, gray,

and yellow spheres, respectively.
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dissociative adsorption of the second molecule induces
additional changes in the structure of Pd4 Displacements of
some Pd atoms are observed, and five Pd atoms maintain
bonds with C atoms. Two of those atoms, Pd4 and PdS, are
located at the corners of the triangular hole, and the other
three, Pd1, Pd3, and Pd6, are placed near the middle of the
acetylenic chains. One of the newly added H atoms is located
in a bridge position above the Pd1—Pd2 bond and the other on
a hollow site above the triangular Pd2—PdS5—Pd6 face. The
adsorption energy of the second dissociated molecule is 0.696
eV, and dissociated adsorption is again favorable with respect
to molecular adsorption.

Upon addition of these two dissociated hydrogen molecules,
this system can adsorb three more nondissociated hydrogen
molecules before reaching saturation. The adsorption energy of
each successively added molecule, and the corresponding
minimum energy structures are shown in Figure 8. The Pdy
cluster does not suffer significant structural changes. Three
hydrogen molecules are adsorbed on top of Pd atoms (Pdl,

(€)

Figure 8. Minimum energy configurations of Pd,GDY with an
increasing number of H, molecules adsorbed: (a) two dissociated and
one non-dissociated, (b) two dissociated and two non-dissociated, (c)
two dissociated and three non-dissociated. C, Pd, and H atoms are
represented by brown, gray, and yellow spheres, respectively.
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Pd2, and Pd3), and the H—Pd bond distances are between
1.85 and 1.92 A. The successive adsorption energies and
adsorption mode (molecular or dissociative) of the five H,
molecules that Pd¢GDY can adsorb are listed in Table 1.

Table 1. Adsorption of H, Molecules on Pd,GDY: Number
N of Adsorbed Molecules, Adsorption Mode (Molecular or
Dissociative Adsorption), and Adsorption Energy of the
Last Molecule, E,;, (Last)

N adsorption mode (last molecule) E,q, (last) (eV)
1 dissociated 1.330
2 dissociated 0.696
3 molecular 0.315
4 molecular 0.344
S molecular 0.195

For comparison, Pd4 anchored to a vacancy in graphene can
adsorb nine molecules, three dissociated and six non-
dissociated.”">** Our proposed explanation is that Pdy fits
better in the space of the triangular holes of GDY, as compared
to the smaller graphene vacancies. The more efficient fitting
results in a larger number of Pd—C bonds in GDY, so a part of
the bonding capacity of the Pd atoms is exhausted, and
consequently, the affinity of the Pdg cluster for hydrogen is
lower.

The changes in the electronic structure of GDY induced by
the adsorption of Pd clusters were studied earlier,”” and it was
found that the main effect is lowering of the value of the
electronic gap. Here, we have studied the additional effects due
to the presence of hydrogen. Figure 9 shows a comparison of
the densities of states (DOS) of Pd,GDY, 2(H,)/Pd,GDY,
and 2(2H)/Pd,GDY, that is, Pd¢GDY clean, and hosting two
nondissociated or two dissociated hydrogen molecules,
respectively. The total DOS in each panel is separated in
spin up and spin down components. The DOS projected on
the Pd and H atoms are characterized by different colors. The
electronic states corresponding to the nondissociated H,
molecule (panel (b) of Figure 9) are well localized and clearly
distinguished at a binding energy of 7.7 eV below the Fermi
energy. The perturbation of the electronic structure of
Pd¢GDY is otherwise quite small. In contrast, in the case of
dissociated molecules (panel (c) of Figure 9), the H atoms
form bonds with the Pd atoms of the metal cluster, and the
electronic states are strongly hybridized in the energy region
between —S5 and —7 eV. The different types of bonding are also
appreciated in the electron density. Figure S4 of the
Supporting Information shows that the electric charges of
the nondissociated H, molecule and the neighbor Pd atom
become polarized. Instead, the H atoms of the dissociated
hydrogen molecules sit in regions rich in electronic charge.

It is desirable to study the possibility of the spillover
mechanism in Pd¢GDY saturated with hydrogen (4H + 3H,).
For this purpose, we have calculated the diffusion path and the
corresponding energy barrier to move one hydrogen atom,
initially bonded to the Pd, cluster, to the closest carbon chain.
The energy curve of this spillover process can be seen in Figure
10. The final state with the H atom attached to a C atom is
substantially more stable than the initial state. However, the
activation energy is large, 1.37 eV. The first few steps
correspond to the diffusion of the H atom over the surface
of the palladium cluster, and the barrier maximum corresponds
to a configuration where the diffusing H atom is in a bridge
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Figure 9. DOS of Pd,GDY, 2(H,)/Pd¢GDY, and 2(2H)/Pd¢GDY, separated in spin-up (black color) and spin-down (red color) components. Blue
and green regions correspond to the DOS projected on the Pd atoms. Projections on H atoms are indicated in orange and purple.

position between a carbon atom of the carbon chain and one
Pd atom (C—H-Pd intermediate); then, the energy drops
once the H atom is separated from the Pd cluster and bonded
to a C atom, and the hydrogenated Pd4GDY system relaxes its
structure.

In addition to the five molecules whose adsorption energies
are reported in Table 1, additional H, molecules can be
adsorbed on the Pd cluster and on the carbon chains and
carbon hexagons, with adsorption energies lower than 0.09 eV
and H,—Pd (or H,—C) distances larger than 3 A (see also
Section S). The interest in those molecules is quite limited
because their desorption is easy except at low temperatures.
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7. HYDROGEN ADSORPTION ON PD¢BGDY

The lowest energy state structure of bare Pd{BGDY is given in
Figure 4. The adsorption of a hydrogen molecule on Pd{BGDY
has been studied, both in molecular and dissociated forms. The
left panels of Figure 11 show the most stable molecular
adsorption configuration, in which the H, molecule binds to
atom Pd6 with an adsorption energy of 0.713 eV and Pd—H
bond lengths of 1.72 A. Molecular adsorption is also possible
on other Pd atoms. Adsorption energy on Pd1 is 0.688 eV, and
it is smaller on Pd2, Pd3, and PdS (with values 0.610, 0.242,
and 0.400 eV, respectively), and adsorption is not stable on
Pd4. Again, this is justified by the observation that Pd6 and
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Figure 10. Energy curve and structural snapshots along the migration path of an H atom from the Pd; cluster saturated with hydrogen (4H + 3 H,)
toward the GDY substrate. C, Pd, and most H atoms are represented by brown, gray, and yellow spheres, respectively, but the H atom moving

towards the substrate is represented in red color.

E.qHz = 0.713 eV

E.q2H = 1.180 eV

(@) (b)

Figure 11. Molecular (a) and dissociative (b) adsorption of the first
H, molecule on Pd;BGDY. Top (above) and lateral (below) views are
shown. C, B, Pd, and H atoms are represented by brown, green, gray,
and yellow spheres, respectively.

Pd1 do not form bonds with C atoms, so atomic coordination
and steric effects favor adsorption on Pd6é and Pdl. An
interesting observation is that the highest adsorption energies
on Pd;BGDY (0.69—0.71 eV) are larger compared to the case
of H, adsorption on Pd¢GDY (0.54 eV; see Figure S). The
reason is that the structure of the Pdy cluster is less compact in
BGDY. In more quantitative terms, we can apply the concept
of generalized atomic coordination numbers (CNg) to the host
Pd atoms.””” To assign a CN, to an atom i with n; nearest
neighbors, those neighbors are counted and weighted by their
own usual coordination numbers CN. That is,

CN(j)
CNmax

n;

SYORD)

j=1

(8)

where j runs over the n; nearest neighbors of atom i, and CN_,,
is a normalizing factor. We restrict the counting of neighbors
to the Pd cluster, and CN,,, is identified with the maximum
number of neighbors in the cluster. Then, with CN,,, = 4 for
Pdg on GDY, we find CN,(Pd2) = 4, because each one of the
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Pd atoms in the cluster has four neighbors. On the other hand,
with CN,,, = 5 for Pdg on BGDY, CN,(Pd6) = 3.4, and CN,
(Pd1) = 3.2. The lower effective atomic coordination of the
host Pd atoms in BGDY increases their reactivity, and higher
H, adsorption energies then result. The bond lengths d(H—H)
of the activated H, molecules vary between 0.88 and 0.95 A.

To study the dissociative adsorption of the H, molecule, H
atoms were placed in bridge positions on top of Pd—Pd bonds
and on hollow triangular sites. Figure 11b shows the most
stable dissociative adsorption configuration. The structure of
the Pdy cluster is substantially deformed in comparison with
the structures of clean Pd(BGDY and Pd(BGDY with
molecular H,, and Pdy4 becomes flatter. Only atoms Pd3 and
Pd6 are coordinated to four Pd atoms, while the other Pd
atoms have coordination 3 or 2. One H atom is in a bridge
position above the bond Pd5—Pd6, and the other H atom
shows an interesting configuration bound to Pdl, Pd2, and
Pd6, forming a (nearly flat) isosceles triangle with a long Pd2—
H—Pd6 base. The adsorption energy is E,4, (2H) = 1.180 eV.
The Pd—H bond lengths are 1.73 and 1.75 A for Pd6—H and
PdS—H, respectively, while for the case of an isosceles triangle,
the bond lengths are 1.78, 1.92, and 1.90 A for Pd1—H, Pd2—
H, and Pd6—H, respectively. The activation energy barrier for
hydrogen dissociation, i.e., from the structure shown in Figure
11a,b, is small, only 0.232 €V, and a few structural snapshots
and their energies along a minimum energy NEB path are
shown in Figure SS of the Supporting Information. This barrier
is quite small compared to the dissociation barrier of H, on
clean BGDY (1.96 eV; see Section S).

When a second molecule is adsorbed, the Pd cluster
becomes even flatter (Figure 12a). The two adsorbed
molecules are dissociated, with two H atoms on hollow
triangular sites and the other two H atoms on bridge sites
above Pd—Pd bonds. The adsorption energy of the second
molecule is 1.165 eV, close to the value of the first molecule. A
third hydrogen molecule is also dissociatively adsorbed (Figure
12b). The structure of Pdy does not suffer notable changes,
although the tendency to form a flat ribbon continues. Two H
atoms sit on hollow triangular sites and the other four on
bridge sites. The adsorption energy of the third molecule is
1.175 eV. The ribbon-like form adopted by the Pd cluster fits
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Figure 12. Minimum energy configurations of Pd;BGDY with two (a), three (b), four (c), five (d), and six (e) adsorbed H, molecules. The first
three molecules dissociate, and additional molecules stay in the molecular form. Top and lateral views are shown in each case. C, B, Pd, and H
atoms are represented by brown, green, gray, and yellow spheres, respectively.

well into the BGDY holes, and half of the Pd atoms of the
ribbon form bonds with C atoms. Bonding and steric
constraints limit to three the number of dissociated H,
molecules that the system can adsorb, and additional H,
molecules are adsorbed in the molecular form. The structures
with four, five, and six adsorbed molecules are shown in panels
(c), (d), and (e) of Figure 12, respectively, and it can be
noticed that the spreading of the Pd atoms over the empty area
of the hole continues. The fourth, fifth, and sixth H, molecules
are adsorbed on top of Pd atoms, and these molecules mainly
point toward the central region of the hexagonal hole. A clear
steric effect can be appreciated, with hydrogen atoms and
molecules avoiding staying too close to each other. The
adsorption energies of each newly added H, molecule are
collected in Table 2, with a clear distinction between
dissociated and nondissociated molecules. Adsorption energies
larger than 0.4 eV occur for the first three nondissociated

Table 2. Adsorption of H, on Pd;BGDY: Number N of
Adsorbed Molecules, Adsorption Mode of the Last Molecule
(Molecular or Dissociative Adsorption), and Adsorption
Energy of the Last Molecule, E_ 4 (Last)

N adsorption mode (last) E,q (last) (eV)
1 dissociated 1.181
2 dissociated 1.165
3 dissociated 1.175
4 molecular 0.648
S molecular 0.484
6 molecular 0.441
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molecules. Additional molecules can be adsorbed, either on the
Pd cluster (on both sides of the Pd ribbon) or on the carbon
chains, with adsorption energies lower than 0.101 eV, and
these low adsorption energies will be relevant for adsorption at
low temperature only. Those molecules are placed at distances
of 3.4 A from C atoms, and 3.5 A from Pd atoms. Similar
results have been obtained for the adsorption of hydrogen on
Pdy anchored to graphene vacancies:” three dissociated
molecules and six nondissociated with adsorption energies
larger than 0.1 eV.

As in the case of graphdiyne, the effect of the adsorption of
hydrogen on the electronic structure of Pd{BGDY depends on
H, being dissociated or nondissociated. Figure S6 of the
Supporting Information shows the DOS of H,/Pd¢GDY and
(2H)/Pd,GDY. The electronic states of the nondissociated
hydrogen molecule are well localized at an energy of 7.7 eV
below the Fermi level, and in the case of the dissociated
molecule, the hydrogen states are strongly hybridized with the
d states of the Pd cluster.

To study the possible spillover mechanism in Pd,BGDY
saturated with hydrogen, we have calculated the diffusion path
and the energy barrier to move one hydrogen atom bonded to
the Pd cluster to the carbon chain of the support BGDY layer.
The energy curve of this process, given in Figure 13, shows
that the spillover is energetically possible. That is, the final
state with the H atom attached to a C atom is more stable than
the initial state. However, a large activation energy of 1.34 eV
is found, similar to the case of spillover on the GDY substrate
(see Section 6). The first three steps in Figure 13 reveal a
moderate rearrangement of the structure without breaking of
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Figure 13. Energy curve and several structural snapshots along the migration path of an H atom from the Pd, cluster saturated with hydrogen (6H
+ 3H,) toward the BGDY substrate. C, B, Pd, and most H atoms are represented by brown, green, gray, and yellow spheres, respectively, but the H

atom moving toward the substrate is represented in red color.

bonds. The step which requires most energy consists in the
breaking of one H—Pd bond of the spilling H atom (initially
bonded to three Pd atoms) to form an H—C bond, while the
other two H—Pd bonds remain intact. This rearrangement is
accompanied by the breaking of one H—Pd bond of a neighbor
H atom originally also bonded to three Pd atoms.

8. DISCUSSION

The results for hydrogen adsorption on Pd¢GDY and
PdcBGDY indicate that the first material adsorbs five hydrogen
molecules per Pdg cluster with adsorption energies larger than
0.01 eV, and the second material six. The first two molecules in
Pd,GDY and the first three molecules in Pd,BGDY are
adsorbed in the dissociated mode, and the rest are non-
dissociated. The adsorption energies are larger on PdsBGDY,
except for the first molecule. In both systems, the Pd atoms
form bonds with the carbon atoms. Pdy fits tightly into the
empty holes of GDY, but the holes in BGDY are larger and the
Pdy clusters are less constrained and are able to rearrange their
structure to store more hydrogen. This feature suggests
building a platform formed by Pdg clusters anchored to the
holes in BGDY, as shown in the model of Figure 14. The

Figure 14. Model of adsorbing the platform formed by Pd clusters
supported on BGDY; one cluster per hexagonal hole.

platform would be a two-dimensional arrangement of Pd
nanohydrides where BGDY acts as a light framework to
stabilize the arrangement. With one Pdg cluster per hexagon
and six H, molecules adsorbed per cluster, the predicted
storage is 1.5% of hydrogen in weight. This value is below the
target; however, the positive message of this work is the novel
approach of building a storage platform of nanohydrides. The
specific value of 1.5% is a consequence of the high atomic mass
of the Pd atom, 106.42 amu. Then, by building nanohydride
platforms with lighter metals having a good hydrogen
adsorption capacity, the storage can be enhanced substantially.
A promising candidate may be cobalt. The affinity of free
cobalt clusters, and cobalt clusters supported on carbon
substrates, for hydrogen’”’® is even higher than that of
palladium clusters, and at the same time, the atomic mass,
58.93 amu, is much lower.

9. CONCLUSIONS

Density functional calculations have been performed to
investigate the interaction of hydrogen with graphdiyne
(GDY), and boron graphdiyne (BGDY), both clean and
doped with Pd atoms and Pdg clusters. Pd¢GDY can adsorb up
to five hydrogen molecules with adsorption energies larger
than 0.1 eV, the first two dissociated and the rest non-
dissociated. The dissociation barrier of H, on the deposited
Pdg cluster is 0.58 eV, much smaller than the dissociation
energy of a free H, molecule (4.5 €V) and also smaller than the
dissociation barrier of H, adsorbed on clean GDY (1.62 eV).
PdBGDY can adsorb up to six hydrogen molecules with
adsorption energies larger than 0.1 eV, the first three
dissociated and the rest nondissociated. The dissociation
barrier of H, on the deposited Pdy cluster is only 0.23 eV,
substantially lower than the dissociation barrier on clean
BGDY (1.96 eV). The adsorption energies of hydrogen are
larger on Pd¢BGDY as compared to Pd¢GDY, except for the
first molecule, and the reason is that the Pdg cluster is less
constrained in the hexagonal BGDY holes. Although less
relevant, additional molecules can also be adsorbed on GDY
and BGDY with adsorption energies lower than 0.1 eV. We can
view the Pd clusters saturated with hydrogen as nanohydrides.
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Spillover of the adsorbed hydrogen atoms toward the GDY
and BGDY substrates is very unlikely because the activation
barriers are large, 1.37 eV on Pd,GDY and 1.34 eV on
Pd¢BGDY. These results suggest using BGDY and GDY layers
as support platforms for metal nanohydrides. With one Pdg
cluster per hexagon, and assuming that each metal cluster
adsorbs six hydrogen molecules, the predicted storage amounts
to 1.5% of hydrogen in weight. While this value is below the
target of 6%, replacing Pd by lighter metals with similar or even
higher affinity for hydrogen, like cobalt, would substantially
enhance the storage.
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