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DFT calculations with the GGA-PBE exchange correlation functional were used to study H, adsorption on
a Ni(11 1) surface, isolated Niy3 cluster, and graphene-supported Niy3. In comparison with Ni(11 1),
hydrogen adsorption shows to be more stable on isolated Ni;3 and graphene-supported Niqs. In the
graphene-supported Ni;3, pseudo charge density difference calculations showed accumulation of charge

density around the Ni-graphene interfacial region. Dissociative H, adsorption on Ni(1 1 1) and isolated
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barrier.

Niy3 appears to be a non-activated process, whereas an activation barrier is observed on the graphene-
supported Ni;3. Additionally, the effect of pre-adsorbed hydrogen in H, adsorption in the mentioned sys-
tems was studied showing that it stabilizes the final state of adsorbed H and decreases the activation

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is an energy carrier whose application in the genera-
tion of electricity using fuel cells is considered a clean technology
which could be used for stationary and mobile applications, from
vehicular —about 100 kW- to small mobile devices that require a
few watts [1-3]. However, the development of efficient and eco-
nomic hydrogen storage systems is still a major drawback for the
development of a hydrogen economy [2].

Several techniques have been studied for the storage of hydro-
gen: liquefaction, high-pressure cylinders, metal and complex
hydrides formation, and adsorption on nanoporous materials
[2-4]. The later one has been evaluated on several materials with
high specific surface area, and pores of nanometric dimensions
(usually < 2 nm). However, the storage capacities obtained at room
temperature are still not suitable for the desired volumetric energy
density stored [2,3].

The presence of highly dispersed palladium, platinum, or nickel
supported on carbon materials has been reported to improve the
amount of adsorbed hydrogen at room temperature. Several
authors have attributed this phenomenon to a hydrogen spillover
mechanism from the metal surface to the support [4-10]. Never-
theless, the exact interaction mechanism between H, and sup-
ported Ni is still a matter of research due to the complexity of
the metal/support interface [4]. In addition, the characterization
of hydrogen interaction with supported nickel nanoparticles, is
not only important for the understanding of hydrogen storage
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using supported transition metals, but also due to its role on sev-
eral chemical processes involving dissociative hydrogen adsorp-
tion, such as hydrogenation, hydrogenolysis reactions and many
other chemical processes [11,12].

DFT is an important tool for the atomic level understanding of
nickel-hydrogen interaction. Several studies have reported DFT cal-
culations of hydrogen adsorption energyon Ni(11 1) for surface
and sub-surface sites. Greenley et al. [11] reported a phase diagram
considering the surface and sub-surface sites at different hydrogen
coverages. They found that due to the high pressures required, it
would be very difficult to produce sub-surface hydrogen on
Ni(1 1 1). However, when considering strain on the surface, the for-
mation of sub-surface hydrogen at lower pressures was observed,
opening the possibility for subsurface hydrogen formation in
strained Ni crystals (that could be generated by surface defects)
under conditions of catalytic hydrogenation or hydrogen storage
[13]. It is important to note that the kind of strain considered in
that study was bulk-induced strain, not the compressive strain
characteristic of small nanoparticles.

Bin Liu et al. [14] studied by DFT calculations the effect of Ni
nanoparticles geometry on H, dissociation over Ni(111) and
Niq3. They found that, because of the strong affinity between H,
and the Ni surface, regardless of its configuration, H, dissociation
barriers decrease in the following order Nig > Nij3 > and Ni(11 1).

DFT studies of graphene-supported clusters have shown that
the deposition of metal clusters is thermodynamically favored,
with binding energies of —0.87 eV for a Fe;3 cluster supported on
pristine graphene [15].

Lim [16] studied the influence of defective graphene as support
of Fe and Al nanoparticles, obtaining relatively strong adsorption
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energies on the monovacancy defect site of graphene of —6.98 eV
and —3.84 eV for Fe;3 and Aly3, respectively. In these systems,
charge transfer has been observed from the bound nanoparticles
to the graphene surface, with potential beneficial consequences
in the catalytic behavior of metal/graphene surfaces. As far as we
know, the Ni;3/graphene system has not been studied by DFT, as
well as its interaction with hydrogen.

In this work, hydrogen adsorption on Ni(1 1 1), 13-atoms nickel
cluster (Ni;3) and graphene-supported Ni;3, was studied by DFT
calculations. The main objective was analyzing the interaction of
hydrogen with isolated Ni;3 and graphene supported Niy3, with a
special focus on H, dissociative adsorption. In addition, the role
of pre-adsorbed hydrogen on the energetics of the mentioned pro-
cesses was evaluated.

2. Computational methods

DFT calculations were performed using the Quantum Espresso
package [17]. The generalized gradient approximation (GGA)
functional Perdew-Burke-Ernzerhof (PBE) was used [18]. Ultra-
soft pseudopotentials with scalar relativistic correction generated
by Rappe-Rabe-Kaxiras-Joannopoulos method (RRKJUS) were
employed to describe the electron-ion interaction [19]. The cho-
sen energy cutoff was 40 Ry and the threshold for self-
consistency of 1x 107> eV. Brillouin zone integration was
approximated using the Monkhorst-Pack scheme with 3 x 3 x 1
k-point sampling [20]. The calculated lattice parameter of the
Ni bulk is 3.50 A which is in good agreement with the experimen-
tal value of 3.52 A [21]. The calculated total magnetization was of
0.69 pp/Ni-atom, which is consistent with previously reported
values of 0.69 pp/Ni [11]. To model the Ni surface, calculations
were performed in a p(2 x 2) supercell with a five-metal-layer
slab model. Here, the first two layers were fixed at the bulk posi-
tion and the other three layers were free to relax. The vacuum
space between the slabs was set with a thickness of 10 A. Gra-
phene calculations were performed with a (5 x 5) supercell with
a 20 A vacuum. Ni;3 was modeled using a Mackay icosahedrons
shape [22]. All atoms of the Ni;3/graphene model were free to
relax in order to find the minimum energy position of all the
atoms involved [15,22]. The geometry relaxation was performed
using BFGS quasi-Newton algorithm until the forces on each atom
were less than 107> eV/A and the energy difference of consecutive
steps was less than 107> eV. The study of the minimum energy
paths was undertaken using the nudged elastic band method
(NEB) and local minima were found through the conjugate gradi-
ent CG technique [20,23]. All the minima and the saddle point
states were confirmed through full vibrational frequency analysis
[24]. Dispersion corrections to take into account the long range
interactions, as the van der Waals ones, were previously made.
The results have shown that these interactions do not have a sig-
nificant effect in the adsorption energy calculations neither in the
adsorption H, pathways of the studied systems (less than 0.1 eV).
All molecular and density plots were made with the XCrySDen
package [25].

3. Results and discussion

Calculations of adsorption energies of atomic hydrogen on the
preferential adsorption sites of the Ni(1 1 1) surface, isolated Ni;3
and graphene supported nickel cluster (Nij3/graphene) were per-
formed. The adsorption energies, bond energies and interaction
energies (Eping) Of the Ni(11 1), Ni;3 and Nijs/graphene systems
are presented in Tables 1 and 2, and were calculated using the fol-
lowing equation:

Ebind = Esys - (Esurf + Emol)a (1)

Table 1

Adsorption sites, adsorption energies and bond distances of hydrogen on Ni(11 1).
Site Eags (€V)  H-distance (A)
fcc -3.81 0.72
hcp —3.81 0.74
1ML of H Coverage —2.42 0.83 (On fcc) and 0.68 (Under hcp)
Under-Top (1st sub-layer) —3.25 1.66 (Under Surface)
Octahedral (2st sub-layer) —2.88 3.28 (Under Surface)

Table 2
Adsorption energy of hydrogen and co-adsorbed (20H*) hydrogen on Ni;3 (isolated)
and Ni;s/graphene.

System Eags (eV) Distance (A)
H on Nij3 —3.78 0.93
20H on Nij3 ~2.46 0.92
H on (Ni;3/graphene) -3.70 1.04
20H on (Niy3/graphene) -2.35 0.99
where Egs is the total energy of H/Ni(111), H/Ni;3 or

Niys/graphene; Eq,r the total energy of Ni(111), Ni;3 or
Niqs/graphene; and E;,,, the total energy of the adsorbed molecule
in vacuum. The pseudo charge density difference A7 was calculated
using Eq. (2), as previously proposed by Gomez et al. [26]

An = Nsys — (nsurf + nmol)s )

where # is the charge density; and the subscript sys refers to hydro-
gen adsorbed on Ni(1 1 1), Ni;3 or Nij3/graphene, surf refers to clean
Ni(111), Nij3 or Nijz/graphene and mol refers to the isolated
hydrogen molecule.

4. Atomic hydrogen on Ni(1 1 1) surface

The adsorption sites and adsorption energy of atomic hydrogen
on the Ni(1 1 1) surface were studied and are shown in Table 1 and
Fig. 1. The calculations show the fcc and hcp sites are the preferen-
tial adsorption sites on the Ni(1 1 1) surface. The adsorption energy
of the H atom, calculated with Eq. (1), was —3.81 eV for both sites.
Similar bond distances from the surface were observed for fcc
(0.74 A) and hcp (0.72 A), Table 1. In the subsurface, the Under
Top and Octahedral sites were calculated with adsorption energies
of —3.25eV and -2.88 eV, respectively. The distances of the H
atom under the surface were of 1.66 A and 3.28 A for Under Top
and Octahedral sites, respectively (Table 1).

The results presented are in good agreement with the ones
reported by Greeley and Mavrikakis [27], who reported adsorption
energies of —2.89 eV and —2.88 eV for H atom adsorption on fcc
and hcp sites respectively, and a H-surface distance of 0.90 A in
both sites. They also reported Under-Top and Octahedral sites
energies of —1.92 eV and —2.11 eV respectively.

The adsorption energy of 1 ML coverage of H was calculated,
resulting in —2.45 eV per hydrogen. Here, hydrogen adsorbs on
fcc sites at 0.83 A from the surface, and hep at 0.68 A under the sur-
face (Fig. 1c, Table 1).

5. Atomic hydrogen on isolated Ni,3 cluster

A Niyz cluster was modeled from the structure previously
reported by Lin et al. [22], where the authors presented the use
of icosahedra as the minimum energy geometry for Ni and Pt clus-
ters. Linn et al. [28], reported the same structure to investigate the
effect of Pd substitution on the catalytic properties of Ni;3 and its
interaction with hydrogen.

After geometric relaxation, Ni-atom distances to the central Ni
atom were 2.40A. The preferential adsorption site found for
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Fig. 1. Adsorption sites of hydrogen on Ni(1 1 1), (a) fcc site, (b) hcp site and (c) 1ML of H coverage. Gray: Ni; Cyan: Hydrogen.

Fig. 2. Atomic hydrogen adsorption on, (a) threefold site of isolated Niy3, (b) coadsorption of 20H atoms on threefold sites of isolated Niys.

hydrogen on Ni;3 was the threefold site (Fig. 2a). The calculated
adsorption energy for the H atom was —4.60 eV and the distance
to the surface was 0.93 A (Table 2). The presented results show
consistency with Linn et al. [28], who reported an adsorption
energy for atomic hydrogen of —4.14 eV and the threefold site as
the preferential site. In addition, Liu et al. [14] also presented the
threefold site as the preferential site of H on Ni;3 with an adsorp-
tion energy of —3.12 eV.

The H-Ni;3 interaction shows to be 0.36 eV more stable than the
one calculated for the Ni(1 1 1) surface.

To study the effect of hydrogen co-adsorption on H-Ni;3 inter-
action, 20 co-adsorbed H atoms were relaxed on Ni;3 threefold
sites (Fig. 2b). The 20H atoms co-adsorbed modify the adsorption
energy from —3.78 eV to —2.50 eV per hydrogen, with respect to
the single H adsorption. The H-Ni;3 distance calculated for the 20
co-adsorbed H was 0.92 A (Table 2). The results show that at high
H coverages, the of hydrogen adsorption energy on Ni;3 decreases.

6. Ni;3 on graphene

After geometric relaxation, no remarkable modification of the
graphene surface or Ni;3 was observed. A Nij3-graphene distance

of 2.00 A was calculated, with a binding energy, calculated by
Eq. (1), of —1.76 eV. This value is in accordance with the binding
energy of —0.96 eV for a Ni atom on graphene reported by Johll
and Kang [29]. Considering 20H co-adsorption on Nijy3, the
Nij3-graphene interaction calculated by Eq. (1) was —1.73 eV,
and the distance 2.11 A (Fig. 3c).

Covalent interaction in metal-cluster/graphene systems have
been previously reported with an interaction behavior consistent
with the present work. Xin Liu et al. [15], Ken-Huang Lin et al.
[30] and Wu et al. [31] reported values for cluster-graphene inter-
action energies of —0.87 eV, —1.99 eV and —1.18 eV for clusters of
Feqs, Pt; and Pty, respectively.

After atomic hydrogen is adsorbed on the graphene-
supported Ni;s, the general structures of Niy3 or graphene were
not substantially modified. The adsorption energy of a H atom on
Ni;3 was calculated as —3.70 eV, and the calculated distance from
the threefold site plane to the hydrogen was 1.04 A (Table 2,
Fig. 3b).

The comparison between the adsorption energy of a H atom on
isolated Ni;3 and the one supported on graphene, shows that the H
adsorption energy slightly decreases in 0.08 eV in the latter
system. In the Ni;3/graphene system with 20 co-adsorbed H,
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Fig. 3. Ni;3 on graphene, (a) clean Niy3/graphene, (b) Ni;3/graphene with a hydrogen atom chemisorbed, (c) Ni;3/graphene with 20 hydrogen atoms co-adsorbed.

the calculated bond energy per hydrogen was —2.35eV, the
Niys/graphene distance increased in 0.11 A, and the H-adsorption
site distances decreased to 0.99 A (Table 2, Fig. 3c).

Comparing the effect of the 20H co-adsorbed on isolated Ni3
and graphene supported 20H/Niy3, the adsorption energy
decreases in 0.11 eV in the latter case.

In 20H on Niy3/graphene the adsorption energy was 0.07 eV less
stable compared with the calculated for 1 ML of H coverage on
Ni(11 1) (Table 1, Table 2).

The pseudo charge density difference calculated with Eq. (2)
(Fig. 4a), shows for the case of graphene-supported Niy3; that the
accumulation lobes (red) are mainly distributed around the
Niq3-graphene interface.

The present results are consistent with Liu et al. [15], who found
a bond energy for the Fe;3/graphene system of —0.87 eV, a distance
of 2.15 A and reported a similar behavior of charge density with
the same cluster geometry.

When an H atom is chemisorbed on the Ni;3/graphene system,
the charge density shows accumulation around it due to Nis
donation. Anadditional contribution from the graphene surface is
also observed (Fig. 4b).

In the case of 20H co-adsorbed on the Nijs3/graphene, the
accumulation lobes are mainly located on the H-Ni;3 bond. Due
to the presence of chemisorbed hydrogen atoms and their electron
withdrawal effect, the accumulation of charge density around
the Ni;s-graphene interface decreases in 0.03 eV respect to
Niy3-graphene (Table 2, Fig. 4b and c).

7. Dissociative adsorption of H, on Ni(1 1 1), Ni;3 and
Nis/graphene

For the calculation of dissociative H, adsorption on a Ni(11 1)
surface, the initial state corresponded to a H, molecule at a
distance of 2.30 A from the surface, and the final state to two H
atoms adsorbed on adjacent fcc and hcp surface sites (Fig. 5a).

At 1ML of H coverage, a similar initial state was set and the final
state was considered with the two H atoms co-adsorbed in fcc and
hcp sites, taking into account the positions previously calculated
(Fig. 5b).

The adsorption of H, on Ni(1 1 1) is a non-activated process, the
energy found for dissociative H, adsorption on Ni(1 1 1) was 2x

Fig. 4. Pseudo charge density difference of: (a) Ni;3 supported on graphene with respect to isolated Ni;3; and graphene, (b) adsorbed H on Nijs/graphene with respect to
isolated H, Niy3 and grapheme, and (c) 20H on Ni;3/graphene with respect to isolated 20H, isolated Ni;3 and graphene at the same positions. Red lobes indicate accumulation
and blue lobes depletion. Isosurface value 0.001 eV/A3, (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Fig. 5. Initial and Final state of H, adsorption on: (a) clean Ni(1 1 1), (b) Ni(1 1 1) pre-covered with 1-ML of H.
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Table 3

Activation energies of (H;)g adsorption on Ni(1 1 1), Niy3 (isolated) and Ni;3/graphene
system. E,. represents activation energy, (*) indicates adsorption sites or adsorbed

S. Amaya-Roncancio et al./Applied Surface Science 447 (2018) 254-260

species.
System Reaction Eact (€V) AE (eV)
Ni(111) (Hp)g+ 2" 2H - -0.76
1ML-H'/Ni(11 1) (Hp)g + 2+6H — 8H’ - -0.94
Ni;3-isolated (Hp)g+2 < 2H - -1.06
(18H") Niys-isolated (Hy) g + 2" + 18H, & 20H" - ~144
Ni;3/graphene (Hy) g +2" & 2H 0.10 -1.04
(18H") Nijs/graphene  (Hp) g+ 2 +(18H)«>20H 0.04 -1.12
Clean Ni(111)
e IML-H/Ni(111)
Clean Ni13
20H/Ni13
= Ni13/graphene
0.10 :
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Fig. 6. Energy profiles of H, dissociation on Ni(1 1 1), Ni;3, and graphene-supported
Niy3. The effect of pre-adsorbed H is also shown.

(—0.38) = —0.76 eV (Table 3 and Fig. 6). These energy values are in
good agreement with the results of Remediakis et al. [32], who
reported an adsorption energy for I (H,) on Ni(11 1) of —0.39 eV,
which corresponds to 2x(—0.39) = —0.78 eV. Besides, Shirazi et al.
[12], reported the dissociative H, adsorption energy on Ni(111)
as —0.75 eV.

For the adsorption of H, on Ni(1 1 1) with 1 ML of H coverage
the reaction remains non activated. The calculated dissociative
adsorption of Hy was 2x(—0.47) = —0.94 eV (Table 3, Fig. 6).

Regarding isolated Ni;3 and the 20H/Niy3, the considered ini-
tial state was a H, molecule at a distance of 3.55 A. That distance
was chosen to consider as negligible the H,-Ni;3 interaction
(Fig. 7a and b). The final state in Nij3 was the two H atoms
adsorbed at 0.98 A from the threefold site plane as shown in
Fig. 7a. It was observed that H, dissociation is a non-activated
process with an adsorption energy of 2x(—0.53 eV)=—1.06 eV
(Table 3, Fig. 6). The present result is in accordance with Liu
et al. [14], who reported the same H, adsorption on Ni;3 with a
backward barrier of 1.01 eV.

In the 20H on Niy3, the final state showed the H atoms adsorbed
at 0.92 A from the threefold site plane. As for isolated Niy3, the pro-
cess is non-activated while the reverse barrier calculated was 1.44
eV (Table 3, Fig. 6).

In comparison with Ni(1 1 1), the final states of isolated Ni3
and 20H on Niy3 are 0.30 eV and 0.68 eV more stable respectively.
Thus, we found that dissociative H, adsorption presents higher sta-
bilization on Ni;3 and 20H on Ni;3, compared with the same pro-
cess on Ni(1 1 1) (Table 3 and Fig. 6).

In graphene supported Ni;3, a molecular hydrogen at 4.52 A
from the Ni;3 was considered as the initial state (Fig. 8a). The tran-
sition state was reached at 2.24 A and the final state was two H
atoms adsorbed on adjacent threefold sites (Fig. 8b and c). The acti-
vation barrier calculated was 0.10 eV, with a backward barrier of
1.04 eV (Table 3 and Fig. 6).

In the Ni;3/graphene with 18H pre-adsorbed, the initial and
final states were considered as in the previous case. The process
was found to be slightly activated with 0.04 eV and the backward
barrier calculated was 1.12 eV (Table 3, Figs. 6 and 8d-f).

We consider that the charge density depletion on the
Ni;s/graphene, due to its accumulation around the Ni;3-graphene
interface, makes H, adsorption electronically less favorable (Fig. 4a
and b). The lack of charge density around the adsorption sites of
supported Ni;s (effect of the depletion), would be responsible for
the appearance of the activation barrier (Table 3 and Fig. 6). When
H co-adsorption is considered, a redistribution of charge density is
observed (Fig. 4c), decreasing the activation barrier generated in
the phenomenon mentioned above. These results seem to be of great
importance in the catalytic behavior of Ni clusters on graphene
systems.

Hence, we found that H, dissociation on Ni;3/graphene main-
tains its exothermic character, and the presence of pre-adsorbed
hydrogen reduces the activation barrier for the process and
increases the stability of the final state.

Fig. 7. Initial and Final state of H, adsorption on: (a) clean isolated Ni;3 cluster, (b) isolated Niy3 cluster pre-covered with 18H.
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c)

Fig. 8. H; adsorption on graphene-supported Ni;3: (a) initial state of H, on Ni;3/graphene, (b) transition state of H, on Ni;3/graphene, (c) final state of H, on Niy3/graphene, (d)
initial state of H, on Niy3/graphene pre-covered with 18H, (e) transition state of H, on Niy3/grapehene pre-covered with 18H, and (f) final state of H, on Ni;3/grapehene pre-

covered with 18H.
8. Conclusions

The present work provides important insights on the interaction
of hydrogen with Ni(1 1 1), isolated Ni;3 and graphene supported
Nij3. The isolated Ni;3 presents the highest energy of H atom
adsorption (—3.78 eV) whereas H adsorption on graphene-
supported Ni;3 decreases to —3.70 eV, due to the electron transfer
from the Ni;s cluster to the graphene surface. The dissociative
adsorption of H, showed to be a non-activated process on
Ni(1 1 1) and isolated Ni;3, while the process showed an activation
barrier of 0.10eV in graphene-supported Ni;;. The presence of
pre-adsorbed H decreases the adsorption energy per H atom,
stabilizes the final state in dissociative H, adsorption and reduces
its activation barrier in graphene supported Nijs.
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