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We used a density functional that incorporates van der Waals interactions to study hydrogen adsorption
onto Pt atoms attached to carbon-vacancies on graphene layers, considering molecular and dissoci-
ated hydrogen-platinum coordination structures. PtH, complexes adsorbed on several sites of pristine
graphene were also studied for comparison. Our results indicate that both a Kubas-type dihydrogen com-
plex and a classic hydride without H—H bond are the preferential PtH, systems on the vacancy site of
graphene. In contrast, the Kubas complex is unstable onto pristine graphene and the hydride is obtained
at all adsorption sites. Our simulations suggest that the C-vacancy decreases the reactivity of the metal
van der Waals decoration, allowing a non-dissociative hydrogen adsorption. The H, molecule is oriented almost per-
Hydrogen storage pendicular to the outermost C—Pt bond, interacting also with the graphene surface through o-H and w-C
Kubas states. This stabilization of the Kubas-type complex could play a very important role for hydrogen storage
in Pt-decorated carbon adsorbents with vacancies.
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1. Introduction

Hydrogen is a versatile and nontoxic energy carrier, but an effec-
tive and stable storage medium is still the major barrier in the
development of hydrogen-based technologies. In recent years, sev-
eral categories of solid systems have been studied to satisfy the US
Department of Energy (DOE) hydrogen storage targets for light-
duty vehicles. Transition metal hydrides and light metal hydrides
are good candidates, but these systems have high weight and high
activation barriers for both adsorption and desorption. The stabil-
ity is another problem in light hydrides [1]. Recently, attention
has been focussed on carbon nanostructures, which have been
regarded as potential materials for storing hydrogen safely and
efficiently. However, many theoretical and experimental studies
have shown that the interaction energies between physisorbed
hydrogen molecules and bare nanocarbons are very low at ambient
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conditions [2]. Due to the weak interaction, the hydrogen storage
targets for transport applications cannot be reached using pristine
carbon based substrates.

A possible method of increasing the interaction energy is by
incorporating transition metal atoms. The enhanced storage capac-
ity has been attributed to different mechanisms, which can occur
in parallel: hydride formation in metal nanoparticles, spillover and
Kubas-type bonding. The spillover process involves the dissocia-
tion of the hydrogen molecule on the metallic decoration [3], while
Kubas bonding is based on multiple o-bonding between dihydro-
gen molecules and d orbitals of transition metal atoms [4]. In a
recent work, Contescu et al. [5,6] performed atomic resolution
aberration-corrected scanning transmission electron microscopy
observations and quantum mechanical calculations of hydrogen
adsorbed on activated carbon fibers decorated with palladium
nanoparticles, with an 18 wt% of the total Pd content dispersed as
single atoms throughout the carbon matrix. Their results suggest
that spillover dominates at high pressures, while Kubas-type bond-
ing has increasing contribution at low and medium pressures. In
this way, the complexation mechanism could play a very important
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role in the hydrogen uptake when carbon materials are decorated
with highly dispersed metal nanoparticles. First principles calcu-
lations propose that Kubas complexes can be originated when
hydrogen is adsorbed on carbon systems decorated with transi-
tion metal atoms such as Pd, Ni and Fe [7,8], but H, dissociates
spontaneously on carbon-supported Pt and Ru [9,10].

In particular, graphene presents some advantages as material for
hydrogen storage devices, like extremely high specific surface area,
robustness, mechanical flexibility, low weight and efficient binding
of hydrogen atoms because of the change in hybridization of car-
bon atoms from sp? to sp? [11]. Both transition metal decoration
and chemical functionalization of graphene have been proposed
to enhance the hydrogen adsorption under ambient conditions
[12]. These modified graphenes have better properties as storage
medium for hydrogen compared to other porous solid adsorbents.
For example, the H, uptake capacities in graphene-like materials
are typically between 1 and 4wt% at 300K, while metal-organic
frameworks, zeolites or nanostructured carbons exhibit a maxi-
mum of up to 1wt% [13]. Moreover, the heat of H, adsorption
in functionalizated graphenes is mostly between 8 and 15 kJ/mol,
much higher than that in other porous carbons (4-6 k]/mol) [13].

However, metal atoms adsorbed on pristine graphene have a
tendency to form clusters because the cohesive energy of the metal
is stronger than the carbon-metal binding and there are no kinetic
barriers opposing surface diffusion. Clustering decreases the effec-
tiveness of metal doping on the hydrogen storage capacity [14,15],
and can change the storage mechanism from Kubas-type complex-
ation to chemisorptive dissociation. This process can be moderated
by stabilizing the metal atoms on the carbon surface by means of
different methods, including chemically doped graphene [16,17],
porous graphene [18], graphene oxide [19] and carbon vacancies
[20-22]. In particular, the presence of vacancies leads to a con-
siderable increase in the adsorption energy of metal atoms on
carbon nanomaterials, preventing the clustering phenomenon, so
metal-vacancy complexes can be active hydrogen adsorption sites
to be used for hydrogen storage. Recently, metal decoration and
defect engineering have been proposed in graphene to improve this
hydrogen storage capacity. Previous theoretical studies about mul-
tiple H, adsorption on metal-doped defective graphenes [23-25]
report storage capacities close to the target of 6 wt% specified by
US DOE for commercial applications, with binding energy values
adequate for reversible storage at ambient temperature, between
—0.2 and —0.7 eV/H,.

In this report we applied ab-initio methods with dispersion cor-
rections to investigate the adsorption of hydrogen on Pt atoms
anchored to vacancies in graphene, taking into account Kubas com-
plexes and other coordination structures. Taking into consideration
that experimentally it is probable to have multiple vacancies in
real graphite and graphene samples [26,27], we think that these
defects could be used for pinning and passivation of Pt atoms, with
potential applications in hydrogen storage. Our aim is to guide
new experiments in order to confirm our findings, paying more
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Fig. 1. Initial geometries for H, interacting with a free Pt atom. The pink and grey
balls correspond to hydrogen and platinum atoms, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

attention to interactions between defects and transition metals on
graphene.

2. Computational

Density Functional Theory (DFT) calculations [28,29] were
performed for the study of structural and electronic properties
for Pt-decorated graphene sheets using the projector-augmented
wave (PAW) method [30,31] as implemented in the Vienna ab
initio simulation package VASP [32]. An energy cutoff of 500eV
was used to expand the Kohn-Sham orbitals into plane wave basis
sets. In addition to the 5d and 6s valence states, the 5p semicore
states of Pt have been explicitly treated as valence states through-
out this work. In all of the calculations reported here, van der
Waals (vdW) interactions were incorporated through the vdW-DF
functional [33-35], which adds a correction to the generalized gra-
dient approximation (GGA) exchange-correlation (XC) functional.
A Monkhorst-Pack k-point mesh [36] equivalent to 4 x 4 x 1 was
taken for the full (reducible) Brillouin Zone, allowing the conver-
gence of total energy and forces.

We modeled the graphene surfaces using a (5 x 5) supercell. On
this basis, we considered several configurations: pristine graphene
(g55), defective graphene (g55v), Pt-decorated graphene (Pt-g55)
and Pt-doped defective graphene (Pt-g55v) with a single carbon
atom vacancy. In all the cases the vacuum distance was ~20A, in
order to avoid the interaction among images in adjacent cells. Both
supercell dimensions and ions positions were allowed to optimize,
until residual forces and stress tensor components were positioned
down to 0.01 eV/A and 5 kbar respectively.

We further performed overlap population (OP) analysis [37]
using the SIESTA [38,39] code to study the evolution of chemical
bonding. We selected the standard double-£ basis set with polar-
ization orbitals (DZP) [40] and the vdW-DF functional [33,34]. The
real-space grid used to represent the charge density and wave func-
tions was the equivalent of that obtained from a plane-wave cutoff
of 400 Ry, and the Brillouin-Zone sampling was up to 10 x 10 x 1.

It is well known that DFT suffers from static and dynamic cor-
relation errors and may not be appropriate for transition metals.
However, several recent publications employed this methodology
[22,41-43]. In our case, we emphasize in the discussion of the rel-
ative stability of the different PtH, complexes, so we think a DFT
approach is suitable for this purpose.

3. Results and discussion
3.1. Isolated PtH, systems

We started considering the interaction of an isolated Pt atom
with hydrogen. The interactions can be classified in four geome-
tries: the free Kubas complex (A), hydride without H—H bond (B),
linear H—Pt—H hydride (C) and the free terminal H—H- - -Pt dihy-
drogen complex (D). The corresponding geometries and sketches
are presented in Table 1 and Fig. 1. The binding energy (BE) is
determined as: BE(H,)=E(PtH;) — E(H,) — E(Pt), where E(PtH, ) cor-
responds to one of the A, B, C or D system, E(H,) is the energy of

Table 1
Binding energies (BE), magnetic moments (), Pt—H and H—H distances for PtH;
systems.

PtH; system BE (eV) m(ps) dpe_n (A) dy-n (A)
A unstable - - -

B -2.61 0 1.53 2.12

C -0.10 1.383 1.67 -

D -0.43 0 1.74 0.81

BE(H,)=E(PtHs) — E(H,) — E(Pt)
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Fig. 2. Final geometry for Pt sited on the vacancy for g55v. The grey and brown balls
correspond to platinum and carbon atoms, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

free H, molecule and E(Pt) is the energy of free Pt atom. We based
all the initial geometries on the Kubas complexes.

The results suggest that complex A is not stable and changes to
complex B, which is actually the most stable free PtH, configura-
tion. Isolated Pt is very reactive and easily weakens the H—H bond,
leading to a situation that can be considered as a hydride. This is the
reason why complex A is unstable and conducts to the isomer B. In
the same way, Dag et al. [44] found by means of GGA-DFT calcula-
tions that a single H, molecule dissociates on a free Pt atom, with
final Pt—H and H—H distances of 1.51 A and 2.08 A, respectively.
On the contrary, Kubas complex is the most stable coordination
structure in the case of isolated PdH; systems [7]. PtH; isomer D is
energetically favorable, but presents long-range dispersion forces
between Pt and H atoms. Finally, the linear system C has longer
Pt—H bonds and becomes the less stable free geometry. Results
suggest that complex B can be considered as a mixed situation
in which the H—H bond is remarkably elongated, conducting to
an intermediate configuration much more stable between H,- - -Pt
aduct (complex A) and linear hydride (complex C). When the H,
molecule is broken and complex C is originated, the ground state
of the system is a triplet. The magnetic moment at Pt is 1 and the
remaining magnetic moment is shared with the H atoms by sigma-
s bonding. Moreover, when forcing complex C to a single state, we
noted that the complex is less stable than triplet by 0.45 eV.

3.2. Interacting Pt/graphene systems: Pt-g55 and Pt-g55v

We next considered the interaction of a single Pt atom with
pristine (g55) and defective (g55v) graphene. In the first case we
explored the three well known adsorption sites: bridge (above
a C—C bond), hollow (above a Cg hexagon) and top (above a C
atom). For defective graphene there is only one case, where Pt
atom is sited on the monovacancy. Table 2 resumes the energetic
and structural properties of these systems. The binding energy is
determined as: BE(Pt) = E(Pt/g55) — E(Pt) — E(g55), where E(Pt/g55)
corresponds to the non-defective graphene with a Pt atom adsorbed
on the bridge/top/hollow site, E(Pt) is the energy of free Pt atom
and E(g55) is the energy of isolated pristine graphene. In the
case of defective graphene, the binding energy is determined as:
BE(Pt) =E(Pt/g55v) — E(Pt) — E(g55Vv), where E(Pt/g55v) is the defec-
tive graphene with a Pt atom adsorbed on the vacancy and E(g55v)
is the energy of isolated graphene with a vacancy. We also deter-

Table 2
Binding energies (BE), C—Pt and C—C distances for Pt-g55 and Pt-g55v systems. For
C—C bonds, first-neighbor interactions are indicated.

System BE (eV) de_pe (A) dc_c (A)
Pt-g55 bridge -1.26eV 2x2.15 1x1.47
Pt-g55 top -1.13eV 1x2.07 3 x1.46
Pt-g55 hollow —0.47eV 6 x 2.41 6 x 1.44
Pt-g55v —-8.51eV 3x1.96 3x1.41

BE(Pt)=E(Pt/g55) — E(Pt) — E(g55)
BE(Pt)=E(Pt/g55v) — E(Pt) — E(g55V)

Table 3
Binding energies (BE), Pt—H, H—H and C—Pt distances for H,(B/D)Pt-g55 systems
(hollow/bridge/top).

System BE (eV) dpeni (A) dun (A) de_pe (A)
H,(B)Pt-g55 bridge ~191 2x1.55 1x1.89 2x2.55
H,(B)Pt-g55 top ~2.04 2% 155 1x1.88 1x2.45
H,(B)Pt-g55 hollow ~2.62 2% 155 1x1.95 6x2.72
H,(D)Pt-g55 bridge ~0.60 1x1.86 1x0.75 2x2.18
H,(D)Pt-g55 top —0.61 1x1.85 1x0.75 1x2.12
H,(D)Pt-g55 hollow ~0.77 1x1.77 1x0.77 6x2.55
BE(H,)=E(H./Pt/g55) — E(H, ) — E(Pt/g55)

mined the formation energy of the monovacancy (FE) by means of
the following expression [45]: FE(v)=E(Pt/g55v) — E(Pt) — N(g55v)
u(C), where (C) corresponds to the chemical potential for car-
bon and N(g55v) indicates the total number of carbon atoms in the
defective system. The chemical potential for graphene was deter-
mined as in Ref. [45] as the energy per atom in the case of pristine
material: ©u(C)=E(g55)/N(g55), where N(g55) is the total number
of carbon atoms in non-defective graphene.

According to these results, there is a reasonable interaction
between Pt and g55, being the bridge position the most stable
configuration with a binding energy of —1.26eV. The following
configuration in order of stability corresponds to top, with a
BE=-1.13eV. This behavior is expected on the basis of the num-
ber of formed C—Pt bonds: two new C—Pt bonds are originated
when the Pt atom is absorbed at the bridge site, but only one
C—Pt bond is present at the top site. Finally, the less stable con-
figuration corresponds to the hollow geometry, where the electron
density in graphene is lower than at the bridge and top sites, with
BE=-0.47 eV. Table 2 reveals that there is an enhancement in the
C—Pt distance with the coordination of the Pt atom, from the top
over the bridge to the hollow site. On the other hand, a trend similar
to that for the stability of the adsorption sites (hollow < top < bridge)
is found for the neighboring C—C bonds right below the decoration,
indicating a stronger interaction of the Pt adatom at the bridge site
on pristine graphene. Recent DFT calculations without dispersion
forces indicate that the bridge site is the energetically the most
favorable for Pt atom adsorption on non-defective graphene sheets,
with BE=—1.60eV and dc_p; =2.11 A [46]. In agreement, we obtain
BE=—-1.57 ¢V and dc_p; =2.10 A for the g55-Pt-bridge system when
the GGA method is used, so vdW corrections introduce an elon-
gation of the C—Pt bond of about 2.3%. Our results are consistent
with previous DFT studies on Pt-functionalized pristine graphene
[47-49].

In the case of Pt interacting with defective graphene g55v the
situation is clearly different. As can be observed from Table 2, the
interaction between Pt and the carbon vacancy is highly exother-
mic, due to the unsaturated d-shells of Pt adatoms can form strong
covalent bonds with the under-coordinated C atoms [49]. In this
way, the Pt atom will occupy a vacancy site in preference to a
pristine surface site. Notice that the energy of the Pt-vacancy inter-
action is greater than the cohesive energy of Pt (5.84 eV/atom [50]),
so we could assume that the presence of vacancies may help to
reduce clustering of platinum on the graphene layer. It can be seen



I. Lopez-Corral et al. / Applied Surface Science 382 (2016) 80-87 83

BRIDGE SITE TOP SITE HOLLOW SITE
; ®
o
;:
i .@.
I
%
o
;
2 .5.
==

Fig. 3. Final geometries of PtH, systems with Pt located on bridge, hollow and top position in reference to graphene layer. The pink, grey and brown balls correspond to
hydrogen, platinum and carbon atoms, 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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Fig. 4. Final geometries of H,(A/B/C/D)Pt-g55v interactions. The pink, grey and brown balls correspond to hydrogen, platinum and carbon atoms, respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

from Fig. 2, the Pt atom is moved away from the carbon layer, with
a final C—Pt bond length of 1.96 A, in agreement with literature
results [51]. We also found that the formation of the monovacancy
requires 1.08 eV.

3.3. H, adsorption over Pt-g55

In principle, we have three different adsorption sites for Pt on
pristine graphene, corresponding to bridge, top and hollow con-
figuration. Starting from these configurations, we generated for
each one of them four possible H, adsorption geometries, accord-
ing to Kubas complex A, hydride B, linear hydride C and linear
H,---Pt complex D. The binding energies were determined as:
BE(H,)=E(H,/Pt/g55) — E(H;) — E(Pt/g55), where E(H;/Pt/g55) cor-

responds to the hydrogen molecule adsorbed on the Pt-decorated
pristine graphene, E(H,) is the energy of free H, molecule and
E(Pt/g55) is the energy of non-defective graphene with a Pt atom
on the bridge/top/hollow site.

In all the cases, we found that the Kubas complex H,(A)Pt-
g55 is unstable and the hydride Hy(B)Pt-g55 is obtained. Similarly,
the linear hydride H,(C)Pt-g55 is unstable at all the configura-
tions, obtaining again the hydride complex H,(B)Pt-g55. Therefore,
the only two stable PtH, configurations on pristine graphene cor-
respond to the hydride and the dihydrogen complex. Table 3
presents the binding energies, Pt—H, H—H and C—Pt distances for
H,(B/D)Pt-g55-hollow, H,(B/D)Pt-g55-bridge and H,(B/D)Pt-g55-
top configurations, as shown in Fig. 3. The projected magnetic
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H1
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Fig. 5. Three views of the final geometry for H,(A)-Pt-g55v system. Note the almost perpendicular orientation of H, molecule to the C(1)—Pt bond.

moment for each Pt atom in PtH, complexes adsorbed on pristine
graphene was found equal to zero in all cases.

As can be observed, the most stable configuration corresponds
to Hy(B)Pt-g55-hollow with a BE=—2.62 eV. In this case, the H—H
distance is decreased 7.8% with respect to the value obtained in
the unsupported hydride complex PtH,(B), while the Pt—H dis-
tance is elongated 1.0%. The energetic stability is followed by the
other two hydrides, H,(B)Pt-g55-top and H,(B)Pt-g55-bridge, with
BE=-2.04eV and —1.91 eV respectively. The reason of the stability
of Hy(B)Pt-g55-hollow structure could be explained in terms of the
weaker C—Pt interactions developed in the hollow configuration,
as early mentioned in the preceding section. In the same way, the
Pt-g55-bridge system, which is the more stable Pt-g55 geometry, is
less favored for H, adsorption. The bond length of H—H in H,(B)Pt-
g55-top and Hy(B)Pt-g55-bridge systems are shorter than that of
H,(B)Pt-g55-hollow configuration. It can also be seen in Table 3 that
CPt distances are elongated after H, adsorption on the decoration
for the three Hy(B)Pt-g55 complexes (compare with C—Pt lengths
for the Pt-g55v system in Table 2). Our geometrical parameters for
the H,(B)Pt-g55-hollow and bridge systems are in good agreement
with those reported by Dag et al. [44], who also found that the hol-
low configuration leads to relatively weaker interaction between
Pt and carbon surface and stronger interaction between H, and Pt.

Similar considerations can be made when consider-
ing the dihydrogen complex H,(D)Pt-g55. The same trend
BEnotiow < BEtop < BEpridge 1S Observed, but this type of interaction is
considerably lower in energy than that of conventional hydrides,
approximately by a factor of three. Table 3 shows that the H—H
bond in the Hy(D)Pt-g55 systems is lengthened up to 3.6% with
respect to the distance in the complex PtH,(D) in vacuum. At the
same time, the Pt—H bond for the hollow geometry is 5.4 and 4.6%
shorter than those belonging to the top and bridge configurations,
respectively, where the interactions between H; and Pt are weaker.
As in the graphene-supported PtH,(B) complexes, C—Pt distances

Table 4
Binging energies (BE), Pt—H, H—H and C—Pt distances for H,(A/B/C/D)Pt-g55v
systems.

System BE (eV) dpeni (A) du_n (A) de_pe (A)
Ho(A)Pt-g55v —042 1x1.86 1x084  2x1.99
1x1.90 1x1.95

Ha(B)Pt-g55v ~0.50 2x1.66 1x214  2x199
1x2.04

H,(C)Pt-g55v -0.11 1x1.67 - 2x1.97
1x2.27 1x212

H,(D)Pt-g55v -0.41 3.39 1x0.74 3x1.96

BE(H,)=E(Ha/Pt/g55 v) — E(H,) — E(Pt/g55v)

of the Pt-g55 systems are elongated after hydrogen adsorption in
the H,(D) mode interaction.

3.4. H, adsorption over Pt-g55v

As mentioned before, the interaction of a single atom vacancy
on graphene with Pt leads to only one structure. For this rea-
son we just evaluated the different coordination geometries for
H,: A-D. Detail overlap population (OP) analysis was addressed
for all H,-Pt-g55v systems. Results are listed in Table 4 and
final geometries are shown in Fig. 4. The binding energies were
determined as: BE(H, ) =E(H,/Pt/g55v) — E(Hy) — E(Pt/g55v), where
E(H;/Pt/g55v) corresponds to the hydrogen molecule adsorbed on
the Pt-decorated defective graphene, E(H,) is the energy of free H,
molecule and E(Pt/g55v) is the energy of defective graphene with a
Pt atom on the vacancy site. We found that the magnetic moment
at Pt was zero in all g55v-adsorbed complexes.

In this situation the most stable coordination structures corre-
spond to PtH; A, B and D complexes, in difference of what was
observed in the previous cases. The H—H distance is elongated
from 0.74 A t0 0.84 A during hydrogen adsorption in the Kubas-type
mode, with a BE=-0.42 eV. The corresponding OP value decreased
to 0.438 (from 0.484 for free dihydrogen), indicating a significant
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Fig. 6. Two different projections for charge density associated to the individual eigenvalues, and thus for individual monoelectronic wavefunctions, plotted at I'-point. The
eigenvalues were selected because their contribution from hydrogen states. 6a to f correspond to occupied states and 6g to h to unoccupied states.

weakening without bond breaking. Relatively weak Pd—H bonds
are developed in this configuration, with a length up to 1.90 A and
an OP value of 0.112. Simultaneously, the three C—Pt bonds are
affected after H, adsorption: two bonds are elongated 1.6%, with
an OP reduction to 0.302 from 0.324 in Pt-g55v, while the other
C—Pd bond is shortened 0.9%, with a strengthening of 18.2%.

The hydride complex H,(B)-Pt-g55v, with a BE=—-0.50¢eV, is a
little more stable that the A complex. However, in this case the
H—H distance is elongated to 2.14 A, with a zero overlap population.
These findings are in agreement with results obtained by Park et al.
[52], who found that the H, molecule is dissociated on a single Pt
atom adsorbed on the monovacancy of a carbon nanotube, with a

final H—H distance equal to 2.16 A. The Pd—H bonds, which have a
length of 1.66 A, result stronger than those in the A complex, with
OP values up to 0.306. Two C—Pt overlaps are stretched 1.6% and
weakened 4.3% when the hydride structure is originated, while the
remaining C—Pt bond is elongated to a great extent, involving a
weakening of about 0.6%. While both Hy(A/B)-Pt-g55v systems are
quite close in energy, it is important to mention that activation
energies could influence on the possibility to obtain both complex
in a real system.

The another adsorbed dihydrogen coordination structure,
H,(D)-Pt-g55v, is very close in energy to the A system, with a
BE=-0.41eV. However, a smaller BE value is obtained when vdW
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corrections are not included, so we can assume that non-local dis-
persion forces are the main responsible for interaction of molecular
hydrogen with Pt-g55v in this bonding configuration. A long Pt—H
distance is obtained in this case, with a null overlap. In agreement,
the length and OP values of C—Pt and H—H bonds are very similar to
those belonging respectively to Pt-g55v and free H,, thus indicating
a moderate interaction between these two fragments.

Finally, in the case of the linear hydride H,(C)-Pt-g55v, the
obtained BE (—0.11eV) indicates a considerable low interaction.
As it can be seen in Fig. 4, after generation of PtH,(C) complex on
the monovacancy it is possible to obtain H atoms interacting with
graphene, producing a C—H bond with a length of 1.13 A and a very
important OP value (0.528). Only one significant Pt—H overlap is
achieved in this situation, with a bond distance of 1.67 A and an OP
of 0.331. C—Pt interactions are also affected: two bonds undergo
an elongation of only 0.5%, with a decrease in their OP values of
5.2%, but the other bond results considerably stretched (8.0%) and
weakened (34.3%) after adsorption.

All theseresults are relevant, because Kubas-type complex allow
us to retain H, molecules without bond breaking. We decided to
achieve further tests, in order to explain the origin of the energetic
stabilization. The first test consisted in performing the same type
of calculation but in a (6 x 6) graphene supercell (g66v), obtaining
in this case a BE=—0.43 eV, almost identical to the BE=—0.42 eV for
g55v. Small differences in geometry were found. This test confirms
that supercell size is adequate for describing BE and geometrical
parameters too. Another relevant point consists in the particular
orientation of the Hy molecule in the A complex. Fig. 5 shows that
the H, molecule is orientated almost perpendicular to the C(1)—Pt
bond, where C(1) corresponds to the outermost carbon atom in
the graphene layer. We considered several initial configurations
for complex A, but after optimization all of them converge to the
same final geometry, as presented in Fig. 5.

Finally, we selected the energy regions from the density of
states of the H,(A)-Pt-g55v system in which there are important
contributions from hydrogen states. After this, we selected the
eigenvalues for those energy regions and we plotted the charge
density associated to the individual eigenvalues, and thus individ-
ual mono-electronic wavefunctions were evaluated at I'-point. The
plots were carried out using the VESTA software package [53]. Fig. 6
presents four different individual monoelectronic wavefunctions,
three from occupied states (Fig. 6a-f) and one from unoccupied
states (Fig. 6g and h), in which is it evident the contribution from H
atoms. From this information is it possible to understand the par-
ticular orientation of the Kubas complex, where the H, molecule
interacts with Pt and one carbon atom from graphene, C(2) from
Fig. 5. This interaction can be considered between a o-H and m-C
states. It is noteworthy that the interaction is not sufficient to weak
the H—H bond, since it still can be considered as a Kubas complex.
The strong Pt-graphene interaction reduces the reactivity of the
free metal atom, and at the same time graphene offers an addi-
tional weak interaction with the H, molecule, which enables an
stabilization without an important weakening the H—H bond.

4. Conclusions

We evaluated by GGA-vdW methods the interaction of hydro-
gen molecule with Pt-decorated graphene at vacancy sites. The role
of graphene is very important, since it enables the reduction in the
reactivity of the free Pt atom and at the same time provides an
interaction with the H, molecule towards the formation of a Kubas-
type complex. According to the results, single carbon vacancies
passivated with individual Pt atoms could provide an interesting
system for hydrogen storage. Multiple H, adsorption on Pt-doped
graphene with defects will be the subject of a further investigation.
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