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ABSTRACT: Recent experiments show that carbon nanomaterials, such as carbon nanofibers,
may be used to catalyze the dehydrogenation and rehydrogenation of hydrogen storage
materials, such as the benchmark complex metal hydride NaAIH,. However it is not clear how
the carbon material can accomplish the dissociation (or recombination) of H,. In this work we
investigate the dissociation of H, on Al, (n = 2, 4, and 6) clusters supported by coronene and
graphene substrates using density functional theory (DFT), where coronene and graphene are
taken as models for nanographitic surfaces. In our calculations, we account for van der Waals
interactions by adapting the correlation part of the PBE exchange-correlation functional with
the Grimme and Langreth corrections, and we use NEB to calculate the minimum energy
reaction path for the dissociation of H,. Analysis of the minimum barrier reaction paths and the
associated dissociation barriers of H, on Al, clusters interacting with the modeled carbon

Nano-graphitic surfaces
promote H, dissociation on
Al clusters

surfaces shows that the investigated carbon materials have a promoting effect on the dissociation of H, on the Al, clusters,
resulting in barrierless dissociation of H, on Al, and Alg supported on coronene. The calculations on coronene suggest that the
promoting effect comes from a stabilization of the singlet states of Al,.

I. INTRODUCTION

Efficient hydrogen storage is an essential prerequisite for the
use of hydrogen as an automobile fuel."* Physical storage of
hydrogen as highly pressurized gas or in the liquid phase at low
temperature is associated with high volume,’ energy losses, >
and significant safety risks.* Physical adsorption of hydrogen
onto lightweight materials, such as clathrate hydrates,5 metal
organic frameworks,® and carbon nanotubes,” may only results
in high storage densities at cryogenic temperatures. The
alternative is chemical storage: the preferably reversible
absorption of hydrogen into another material.

Alanates of light alkali metals® """ like sodium alanate
(NaAlH,), with its fairly low H, desorption temperature,
form a promisin% class of systems for reversible hydrogen
storage in vehicle” and portable applications."' ™" During the
past few years intensive research on alkali-metal aluminum
hydrates has been carried out, but the thermodynamic
properties and unfavorable kinetics still remain a problem.

Important early progress was made by Bogdanovi¢ et al,'*"
who showed that reversible hydrogenation cycling is feasible in
sodium alanate by adding titanium based catalysts."® This result
was followed by further progress in synthetic methodology and
characterization of sodium alanate doped with Ti'”'® Ti
additives improve the kinetics of hydrogen absorption and
desorption, but high pressure (P > 100 bar) and long times are
still needed to reload depleted doped sodium alanate. The
quest to establish the mechanism by which Ti and other
transition metals promote reversible hydrogen uptake and
release from NaAIH, remains an area of active research.'®'?~>>
In these experiments, the presence of NaCl and traces of Ti/Al
alloys have been detected, implying that a zero valent Ti
precursor has taken part in the chemical reaction.

-4 ACS Publications  © 2013 American Chemical Society

513

A different strategy to improve the kinetics and thermody-
namics for hydrogenation/dehydrogenation of NaAIH, is to use
nanosized NaAlH, particles supported on carbon nanostruc-
tures.”>** Berseth et al. used a solvent preparation technique to
intimately mix the NaAlH, and carbon materials without
introducing metal contaminants. By experiments and first
principles calculations, they showed that the energies to remove
a hydrogen atom from NaAlH, supported on Cg, fullerene,
carbon nanotubes, and graphene are smaller than those in the
pure alanate, and are close to the energies calculated for
alanates doped with Ti. Moreover, no structural changes of the
carbon nanostructures take place, so that the carbon materials
behave as true catalysts. The weakening of the metal—hydrogen
(Al-H) bond leads to lowering of the hydrogen desorption
energy and hence to improved kinetics.

In other experiments,>>* nanosized NaAlH, particles
supported on a carbon nanofiber displayed improved hydrogen
absorption and desorption characteristics compared to bulk
alanates. The hydrogen desorption temperature decreased
considerably and significant amounts of hydrogen could be
desorbed at T < 160 °C. An enhancement was also observed in
the reloading of materials, and hydrogen storage became
partially reversible. Moreover, it was shown?® how the
adsorption behavior of NaH and NaAlH, is influenced by
intimate contact with nanoporous carbon. It was found that not
only faster kinetics are observed but also a shift in the
equilibrium conditions, which is at least partly due to reversible
interaction between Na and the carbon matrix.
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Recently Gao et al.”’ studied the reversibility of hydrogen

adsorption in NaAIH, carbon composites and the factor which
limits the reversibility. They found that reversibility can be
achieved by adding extra Na, avoiding the formation of NaH
and lowering the dehydrogenation temperature.

Several attempts have been made to understand the role
played by aluminum in the overall process. For example, Moc™®
showed that the hydrogenation reaction on singlet Alg is
described by a lack of activation barrier for H, cleavage (at 0
K), consistent with gas phase experiments. Moc>® studied also
the reaction paths of Al, with H, using B3LYP DFT, high level
single-reference and CASSCF based ab initio methods,
verifying that B3LYP accounts properly for dynamic
correlation. In addition, a recent theoretical work®® showed
how the shape, the number of atoms, and the electronic spin
state of small aluminum clusters can drastically change the
ability to dissociate and bind hydrogen molecules.

Starting from these interesting results, our goal is to study, by
density functional theory (DFT) calculations, the combined
effect that Al, clusters (n = 2, 4, and 6) and carbon surfaces
have on the dissociation of the hydrogen molecule, using
coronene and graphene as model systems for nanographitic
materials (alternatively, coronene may be viewed as a model
system for graphene). We demonstrate the promoting effect
that carbon surfaces have on H, dissociation on Al, clusters,
with even zero activation energy for H, on Al, and Alg on
coronene. This result can be explained by analysis of the
molecular orbitals involved, the charge transfer, and the
electrostatic energy. The choice of the Al, clusters with n
even is based on Kawamura’s work,>' who demonstrated that
H, is likely to be dissociated on even atom small clusters; this
also was confirmed by our earlier work on bare Al, clusters.*

Taking into account that the spin state and the cluster size of
the Al, are important to the dissociation of the H, molecule,*
we started our calculation with coronene, a finite molecule for
which it is easy to establish the spin multiplicity. We chose the
coronene molecule as a model for extended carbon surfaces
such as graphene, and to mimic the edge (defect) of
nanocarbon surfaces. This paper is organized as follows: in
section II the description of the applied methods is given. In
section III results and discussion are reported beginning with
those for the bare aluminum clusters (section A), followed by
for aluminum clusters supported by coronene and graphene
surfaces (section B). Section C contains results on chemisorbed
states of H, on Al, supported by coronene and graphene
surfaces. Section D concludes the results section with a
presentation of the dissociation of H, on Al, supported by
carbon materials. Section IV concludes the paper.

Il. METHODS

A. DFT Calculations. We performed periodic DFT
calculations using the Quantum-ESPRESSO package.*> Ultra-
soft pseudopotentials were adopted and the Kohn—Sham wave
functions were expanded in a plane-wave basis set with an
energy cutoff of 462.59 eV, while a cutoff of 2775.56 eV was
applied to the charge density. Periodic boundary conditions
were used with 2 k points along each of the x and y directions
for the Brillouin zone integration. The generalized gradient
approximation (GGA) was used for the exchange-correlation
energy, using the PBE functional.*®* To model the graphene
(G) surface, a periodically repeated slab with a single layer of 32
C atoms was chosen. The symmetry of the cell was hexagonal,
with parameters a = b = 9.88 A and ¢ = 24.61 A. For the
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electronic part, we used “smearing” occupation with a Fermi-
Dirac function.**

To model the coronene molecule (C) we used a cubic cell,
accounting for the symmetry of the system, with a = b = ¢ =
21.17 A, and @, 8, ¥ & 90°. For the C molecule additional
calculations were performed with the CP2K program® with
GTH pseudopotentials,®® hybrid plane wave/Gaussian type
orbital (PW/GTO) basis functions, and the PBE functional;
and with the GO3 program®” using the 6—31—G(d,§)) (GTO)
basis sets and B3LYP hybrid density functional.*** Notice
that, since the potential energy surface is quite flat for the Al —
C systems, different local minima can be obtained depending
on the functional used. The spin unrestricted Kohn—Sham
formalism was used for calculations on triplet states. We use
two different methodological approaches, which use plane
waves (Quantum-ESPRESSO) and localized wave functions
(CP2K), in accordance with the different nature of the two
systems: periodic (graphene) and finite (coronene). To
characterize the reaction pathway going from physisorption to
chemisorption of H, on aluminum clusters interacting with a C
or G surface, we computed minimum energy pathways and
activation barriers using the nudge elastic band (NEB)
method.** The NEB program is implemented in Quantum-
ESPRESSO, so all calculations were perfomed with the same
features used in the geometry optimizations. During the NEB
simulations, we used the quasi-Newton optimization scheme
from Broyden.*' We chose seven images to describe our
reaction path profile and auto climbing images to describe the
transition state. The elastic constants related to the springs used
to mimic the elastic band were 29.15 and 19.44 eV/A? for k,,,,
and k., respectively. The threshold value of the norm of the
force orthogonal to the path, chosen to reach the convergence
in the simulation, was 0.1 eV/A.

A known drawback of standard DFT methods is their failure
to describe van der Waals (vdW) interactions, in particular the
leading term —Cg/R, which results from dipole—dipole
electron correlation effects. Here we applied vdW corrections
with the so-called “seamless” vdW-DF method,” based on
nonlocal dispersion energy functionals and with the semi-
empirical PBE-D2 method.*’ The PBE approach corrected by
including vdW-DF has been recently applied to describe the
binding/diffusion of hydrogen atom on graphene.***> We
choose to use PBE rather than rev-PBE since it was found in
recent studies of molecules interacting with metals that the
interaction potential became too repulsive when using
RevPBE.*® PBE exchange combined with the vdW-DF
correlation functional has been used successfully to model
adsorption of molecules to metal surfaces.*’ =" Although it is
shown that screening and polarization effects are important for
specific classes of systems such as interactions between
nanoparticles®> and between molecules and metal surfaces,>>>*
we did not consider the use of a method incorporating these
effects®® because it is at present unclear whether this would lead
to improvements for the systems we consider here.

lll. RESULTS AND DISCUSSION

A. Al, Clusters. Al, clusters have already been extensively
studied with accurate quantum chemical methods.”* 72> It is
difficult to assess which computational method is most
appropriate for nanoaluminum because there are only limited

experimental data available for small neutral clusters (for Al,
and Al,).5%8
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In order to choose the best method to model H, on Al,
clusters on a G surface, we begin by modeling Al, clusters with
n = 2,4,6. We performed DFT calculations with the B3LYP and
PBE functionals. The B3LYP functional has been shown to
provide a very accurate description of the electronic structure
and the structures of Al, clusters.”®3%°° We therefore use it as
a reference for our calculations on Al, clusters. vdW forces are
accounted for by adapting the correlation part of the PBE XC
functional using the methods of Langreth et al¥ and
Grimme.” We called the adapted functionals vdW-DF and
PBE-D2, respectively.

Table 1. Binding Energies (eV) at the DFT Level, Calculated
with Various Basis Sets and Functionals for Al, with 2, 4, and
6 Atoms”

system basis functional  E,(eV) Ejiss
1AL hybrid GTO/PW  PBE-D2 —0.54
PW PBE —0.70
PW vdW-DF  —0.57
6-31G(d,p) B3LYP —0.47
3Al, hybrid GTO/PW  PBE-D2 —0.83 —-1.66
6-31G(d,p) B3LYP —0.66 -1.32
6-31+G(d) B3LYP -1.31
experiment -1.36
'Al, hybrid GTO/PW  PBE-D2 —1.57
PW PBE -142
PW vdW-DF  -1.16
6-31G(d,p) B3LYP -1.19
AL, hybrid GTO/PW  PBE-D2 —1.64 —6.56
6-31G(d,p) B3LYP -1.23 —4.92
6-31+G(d) B3LYP —4.94
'Alg hybrid GTO/PW  PBE-D2 —2.06
PW PBE —-1.85
PW vdW-DF ~ —1.49
6-31G(d,p) B3LYP —-1.58
3Als octahedral ~ hybrid GTO/PW  PBE-D2 —207  —1242
6-31G(d,p) B3LYP —-1.56 —9.36
6-31+G(d) B3LYP —9.22
3Al tent hybrid GTO/PW  PBE-D2 —2.08
GTO B3LYP —-1.58

“See Figure 1. The experimental values and the dissociation energies
(Eg4iss) at the B3LYP level with 6-31+G(d) basis sets are taken from ref
SS.

Table 1 reports the binding energies (E,) and the
dissociation energies (Eg,) for the Al, clusters, calculated by
egs 1 and 2, respectively.

E, = Ey,/n — Ey (1)

Ediss = Ebn (2)
The E,, accounts for the cohesive energy, that is, the stability
per atom upon cluster formation. It can be determined
experimentally from the enthalpy of sublimation at 0 K.>°
Eg in eq 2 is the energy needed to dissociate the cluster into
atoms and is reported only for the ground states of the clusters.

In Table 1 we also make a comparison with plane wave (PW)
calculations, localized functional (GTO) calculations, exper-
imental values when available, and results of earlier
calculations.>®

As previously found from very accurate calculations (CCSD-
(T) and CCI/QZ),***® the triplet state is favored with respect
to the singlet state for Al, and Al, while Al; shows almost
identical values of the energies of the lowest singlet and triplet
states.

For the singlet states a good agreement is found between the
E, computed with the B3LYP and vdW-DF functionals. For Al,
in the triplet state we found a good agreement of the Ey, from
our B3LYP calculations with the values reported in ref SS. and
experimental values. Our E values are also in good agreement
with the calculations from Pino et al.*® at the DFT/B3LYP/6-
311+G* level of theory. Unfortunately, a comparison of our
calculated Eg, with experiment for Al clusters with n > 2 is not
possible due to a lack of experimental data, but there is good
agreement between our B3LYP calculations and the ones
reported in the literature®® at higher levels of theory for all the
clusters studied.

In contrast, the agreement between the PBE-D2 and B3LYP
functional results is quite poor, especially for the triplet state.
As already experienced for similar systems,*** the PBE-D2
corrected functional, which is based on a semiempirical
approach, tends to overestimate binding energies.

The calculated geometries of the lowest singlet states of the
Al, are drawn in Figure 1. We found for Al, a planar structure
as lowest state, while Alg presents a three-dimensional structure
with various isoenergetic minima, in agreement with the
literature.’>>® Finally the calculated Al—-Al distances are
reported in the last column of Table 2 and also are in good
agreement with values reported in the literature.’***

B. Interaction of Al, Clusters with Carbon Materials. In
recent years cluster-based materials have been a subject of
intensive research due to both fundamental and technological

LAl

AL

tAlg

3Als tent

Figure 1. Al, with n = 2, 4, and 6 atoms. For Al, also the tent conformation of the triplet state is drawn.
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Table 2. Distances (A) for H, Chemisorbed on Al, Clusters
Interacting with C and G, Drawn in Figures S and 6,
Respectively”

Al-Al  Al-C H-Al H-H Al-Al (Al,)

'AL-C 2.81 2.09 3.10
AL-C 266 241 2.76
H,—AlL,—C 280 227 184,174 221

planar dibridged”  2.99 1.83 3.10
'Al,—C 266 282 248
AL-C 260  3.69 2.56
H,—Al,—C 254 297 178,175 224 248
planar dibridged”  2.76 1.98, 1.76 248
'Al,—C 2.71 3.68 2.57
3Al—C 271 3.65 2.55
H,—Al,—C 257 325 178,190 215 2.57
dibridged® 2.67 1.89, 1.91 2.57
AL—G 292 238 3.10
H,-AL-G 254 389  180,1.80 213 3.10
planar dibridgedb 2.99 1.83 3.10
Al—G 260 401 248
H,—AlL,—G 250 370 159,174 472 248
2'-monobridged”  2.52 1.69, 1.92 248
Al—G 270 410 2.57
H,—Al,—G 262 390 190,189 223 2.57
dibridged® 267 1.89, 1.91 2.57

“Distances for the bare Al, clusters are reported in the last column.
YValues related to the AlLH, configurations (without carbon support)
taken from ref 30.

importance.®*> Here we study the interaction of the Al, cluster

with two substrates, i.e., the C molecule and the G surface, as
models for nanographitic surfaces. We show that the structure
and electronic properties of the aluminum clusters depend on
their sizes and that the carbon support affects the energy
dissociation barrier of the H, molecule.

C is a finite molecule and is easier to treat computationally
than the G surface. As we explain later, the interaction of

coronene with Al, clusters stabilizes the singlet state over the
triplet state for any cluster size studied, so only the singlet state
configurations are reported in Figure 2.

Figure 2 shows the minimum energy structures obtained by
geometry optimization of Al,—C, Al,—C, and Al,—C. Table 2
reports the Al—Al and the Al—C distances for all the geometries
optimized using the vdW-DF functional with PW basis
functions and using the PBE-D2 functional, in conjunction
with hybrid PW/GTO, for the Al,—G and Al,—C systems,
respectively. The reference Al—Al distance in the bare Al,
cluster is reported in the last column. In the geometry
optimized Al,—C system, Al, is located toward the extremity of
the C molecule. This preferred location arises from the electric
field gradient created by a circle of C atoms surrounded by H
atoms. The Al—Al distance decreases from 3.10 A for the bare
cluster to 2.81 A, the coronene C—C bond distances
underneath the Al, increase to 1.44 A with an Al-C distance
of 2.09 A, suggesting a strong covalent bond, and the C
molecule deviates 24° from planarity.

The Al,—C and Al—C cases present different scenarios. The
Al, cluster resides above the center of coronene after the
geometry optimization, with the Al—Al distances longer (2.66
A) than in the bare Al, cluster (2.48 A), and a much longer Al—
C distance at 2.82 A. For the Al;—C system, the conformation
of the Al does not change with respect to the isolated cluster,
keeping the three-dimensional structure of the bare cluster but
trying to match at least two Al atoms with corresponding C
atoms of the coronene, with an even larger Al—C distance of
3.68 A, and with the Al—Al distance equal to 2.71 A.

The Al—-C distances and the elongation of the C—C bond in
the coronene molecule suggest for Al,—C and Al,—C a mixed
physi-chemisorbed interaction. Table 3 shows the binding
energies calculated for the Al, cluster interacting with the C
molecule and the G surface, respectively. Binding energies (E,)
are calculated from eq 3 using the vdW-DF functional with PW
basis functions and the PBE-D2 functional with a hybrid PW/
GTO beasis set, for the Al,—G and Al,—C systems, respectively

Ey, = Eyjp—s — Eain — Es (3)

‘\H/ v

VW
w v

a Al,-C

b Al-C

c Alg-C

Figure 2. Al, with n = 2, 4, and 6 atoms interacting with coronone (C). Side and top views are shown. Black, light gray (yellow), and dark gray

(green) balls correspond to the C, H, and Al atoms, respectively.
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Table 3. Binding Energies (eV) Calculated by eq 3 and
Obtained with the PBE-D2 Functional, Using Hybrid PW/
GTO and with the vdW-DF Functional, Using PW Basis
Functions, for Al,—C and Al,—G Systems, Respectively®

AlL—C AL—G
1AL, —1.65 —041
3Al, —0.81
'Al, —-0.75 —0.66
3Al, —0.36
'Alg —047 —-0.55
3Alg —0.19

“All of the configurations are drawn in Figures 1, 2, and 4.

where S is either the C molecule or the G surface.

We now first discuss the interaction with the C molecule as a
model for the interaction with the G surface. The interaction of
coronene with Al, clusters stabilizes the singlet state over the
triplet state for any cluster size studied. This singlet over triplet
stabilization can, at least in part, be explained by a charge
transfer from the Al atoms to the carbon atoms of the coronene
molecule. This is quite evident for Al,—C and Al,—C. Here we
discuss only the case of the Al,—C system. Figure 3 shows the

0.06 —

0.04

Sing‘el state|

o

o
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I

[ ]

| \ 4
! I

External C atoms Internal C ? oms 1

Mulliken charge

i —_———l Triplet:t;et
0.02 — _
-0.04 — |

LI ]
! \ \ | I B
0'060 6 12 18 24 30 36

Number of atoms

Figure 3. Mulliken charges on the Al, cluster interacting with
coronene as shown in Figure 2. The «x axis shows the number of atoms.
Atoms 0—18, 19—24, 25—36, and 37—40 correspond to the external C
atoms, the internal C atoms, the external hydrogen atoms, and the four
aluminum atoms of the Al,—C in Figure 2b, respectively.

Mulliken charges of the Al,—C system for the singlet and the
triplet state. The C atoms placed in the middle of the coronene
surface (atom numbers 19—23) and interacting directly with
the aluminum cluster (atom numbers 37—40) have in the
singlet state an absolute Mulliken charge larger than the charge
of the external C atoms and the aluminum atoms. This
phenomenon is absent in the triplet state, where the Mulliken
charge is similar for the aluminum atoms and the internal C
atoms. As discussed further below, this, together with the short
Al—C distance, is the reason for the extra stability of the Al,—C
system in the singlet state.

A calculation of the electrostatic part of the interaction
energy between the cluster and the molecule shows how part of
the stabilization of the singlet state is through charge transfer.
We calculated the electrostatic energy for the Al,—C complex in
the singlet and the triplet state using:

e Myl

Eelec = z z qiqj/Rij

i=1 j=1 4)
where the g;’s are the Mulliken charges, and the values obtained
for the 'Al,—C and *Al,—C systems are —0.094 and —0.017 €V,
respectively, in agreement with the idea that a small charge
transfer exists between the Al atoms and the C molecule.

The highest occupied molecular orbital (HOMO, data not
shown) for the 'Al,—C, shows that its electron density is mostly
localized in the space between C and the aluminum cluster: this
suggests the presence of a weak bond of covalent character in
addition to the already noted charge transfer. From the
population analysis, the coefficients of molecular orbitals show
that the main atomic orbitals forming the HOMO are the s, p,,
and p, orbitals of the four aluminum atoms. It is also interesting
to note the distribution of the spin population in the triplet
state of the Al,—C system. Although the triplet Al,—C state
presents the same charge distribution on the internal carbons
and on the aluminum atoms of the coronene, the spin
population is mainly localized on the aluminum atoms.

We now proceed to the analysis of the Al,—G interaction.
The interaction of the Al, cluster with G may occur through
physisorption or chemisorption, where the physisorption
interaction involves a possible charge transfer®® and does not
involve a chemical bond, thereby preserving graphene’s intrinsic
7 bond structure. The analysis of the binding energies, the
distances, and the molecular orbitals involved, is consistent with
an interaction intermediate between chemisorption and
physisorption.

Figure 4 shows the minimum energy structures of Al,—G,
Al,—G, and Al;—G. Relative to the Al, cluster on C, the Al—Al
distance increases from 2.81 to 2.92 A and the graphene C—C
bonds underneath the Al, are the same at 1.44 A, with AlI-C
distances of 2.38 A, indicating an interaction stronger than a
usual physisorption interaction. Since G is an infinite surface,
the edge/field gradient effect observed for Al,—C is no longer
present. Al, on G prefers to sit more or less parallel to a C—C
bond.

The Al,—G and Al,—G cases present different scenarios. The
Al—Al distances are longer than in the bare Al, cluster (2.60
and 2.70 A for Al,—G and Al;—G, respectively), but still shorter
than in the Al, on C, though only by a small amount for Al
The distance between the Al, cluster and the C atoms of G is
around 4.0 A. The interaction of Al, with G does not affect the
conformations of the Al, and Aly clusters, although the Alg
cluster rotates to match to at least two C atoms of the surface.
The similar Al-Al and Al—-C distances for the Al,—G and Al,—
G correlate with similar binding energies (—0.66 and —0.55 eV
compared to —0.75 and —0.47 €V for Al,—C, respectively).

The interaction of the Al, and Al, in the singlet state is
stronger with the C molecule than with the G surface, and this
result is supported by CT, electrostatic energy, and molecular
orbital analysis. Moreover, the CT in the Al, ,—C systems from
the Al atoms toward the C molecule is enhanced by the
curvature of the C molecule itself, and by the short AlI-C
distances of 2.09 and 2.82 A in the Al,—C and Al,—C systems,
respectively. This result affects the dissociation energy of the H,
molecule, as we will discuss in the next section and it is in
agreement with previous work.”> Moreover, the inclusion of
dispersion interactions is important to describe our model, as
has been found also by Lazar et al®® for small organic
molecules on coronene and graphene. They also found that
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a AlL-G

b Al4-G

c Als-G

Figure 4. Al, with n = 2, 4, and 6 atoms interacting with graphene (G). Side and top views are shown in the first and second row, respectively. Black
and dark gray (green) balls correspond to the C and Al atoms, respectively.

dispersive and electrostatic interactions play the main role for
these kinds of systems using symmetry-adapted perturbation
theory, which includes dispersion, induction and electrostatic
interactions.

C. Chemisorbed States of H, on Al, Supported by
Carbon Materials (C and G). Before exploring the minimum
energy paths describing the dissociation of an H, molecule on
the system Al -S, we studied the chemisorbed configurations of
H, on the Al,—S system, where S can be either C or G.

Since H atoms can chemisorb on the Al, cluster in different
positions, we tried a range of configurations of the H, molecule
dissociated on Al, surfaces supported by carbon materials. As
mentioned before, we have observed that the coronene
molecule stabilizes the singlet state of the Al, cluster with
respect to the triplet state, so we performed the calculations
only on the singlet states of the hydrogenated systems.

Figures 5 and 6 show the optimized structures of H,
dissociated on Al, clusters on C and G, respectively. Among
all of the configurations studied, the most stable ones are the
ones where the two H atoms are positioned along a line
perpendicular to an Al—Al bond, forming a four-center motif
with these two Al atoms (see for instance Figure Sa).

v

; Vg

a Hz/AlQ-C b Hz/ALl-C c Hz/Alﬁ-C

Figure S. Dissociated H, molecule on Al, with n = 2, 4, and 6 atoms
interacting with coronene (C). Black, light gray (yellow), and dark
gray (green) balls correspond to the C, H, and Al atoms, respectively.

a HQ/AIQ-G

b H2/Al4-G c HQ/Als-G

Figure 6. Dissociated H, molecule on aluminum clusters with 2, 4, and
6 atoms interacting with graphene (G). Black, light gray (yellow), and
dark gray (green) balls correspond to the C, H, and Al atoms,
respectively.

In Table 2, we can observe how the Al—Al distance changes
going from the bare Al, cluster, via Al,—C and Al,—G, to the
hydrogenated systems (H,—Al,—C and H,—AlL—G).

We start by analyzing the H,—AlL,—C system. The Al—Al
distance decreases from 3.10 to 2.81 and further to 2.80 A for
the bare Al, cluster, Al,—C, and H,—Al,—C, respectively. Note
that the C molecule is no longer deformed after the H,
dissociation on Al, (Figure Sa) in contrast to the case where
H atoms are not present (Figure 2a).

For the H,—Al,—C system, the Al—Al distance varies from
248 to 2.66 to 2.54 A for the Al, cluster, Al,—C, and H,—Al,—
C, respectively. In this case, the deformation of the Al, cluster
upon binding with the H, is smaller than in Al,—C (compare
Figures Sb and 2b).

Finally for the H,—Alc—C system, the Al—Al distance
increases from 2.57 to 2.71 and then decreases to 2.57 A
going from Alg to Aly—C and to H,—Al,—C, respectively.

The distance between the Al, cluster and C atoms follows
the same trend for all the systems studied. The Al—C distance
decreases from 3.68 to 3.25 A going from Alg—C to H,—Al,—C,
respectively, as a result of the formation of a strong covalent
bond between the two H atoms and two Al atoms of the cluster
(see Figure Sc). The H—Al distances range from 1.7 to 1.9 A.

Table 4 reports the binding energies of the most stable
structures found for the H,—Al,—C and H,—Al,—G complexes,
calculated with respect to the H, molecule:
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Table 4. Binding Energies (eV) Calculated by eq 5 for H,
Chemisorbed on Al, Clusters Interacting with C and G*

functional

system PBE vdW-DF B3LYP
H,—-AL-C -1.01 —0.98 -121
H,—-Al,—-C —1.55 -1.21 —1.26
H,—Al—C ~1.14 —071 —098
H,—AL—G -132 -1.10
H,~AL—G —0.95 —0.88
H,—Al—G 099 072

“See Figures S and 6. DFT calculations with pure PBE, vdW-DF, and
B3LYP functionals are reported.

Ey, = Ep_an-s) = E@an-s) = Eg) (5)

As already noticed from our calculations on the bare Al,
clusters, pure PBE calculations yield larger E, than the vdW-DF
and B3LYP calculations, while good agreement has been found
between vdW-DF and B3LYP calculations. This is in line with
previous results,®* and highlights the crucial importance of
using nonlocal electron correlation at the DFT level.

Now we discuss the hydrogenated Al, cluster on the G
surface. Analyzing the various chemisorbed configurations,
some similaries can be found between H, on Al, on C and on
G. In fact, the Al—Al distance changes from 3.10 to 2.92 to 2.54
A for Al,, Al, on G, and H,—Al,—G, respectively. Similarly for
the Al, cluster, the Al—Al distance changes from 2.48 to 2.60 to
2.50 A for Al,, Al, on G, and H,—Al,—G, respectively.

Finally, for the Al; cluster, the Al—Al distance changes from
2.57 A in the bare cluster to 2.70 A in Al; on G to 2.62 A in
H,—Al4—G. The Al-C atom distance is around 4.0 A for the
latter two systems indicating a weaker interaction of Alg with G
than with the C molecule. Moreover, in all the hydrogenated
systems interacting with the G surface, a strong covalent bond
is formed between the two H atoms and the Al atoms. The
corresponding distances range from 1.6 to 1.9 A, very similar to
the C case. Comparing Figures S and 6, the similarity is evident
between the hydrogenated configurations with the two different
carbon materials. An exception is observed for Figures Sb and
6b, where the two H atoms on the graphene surface do not
form the usual four-center motif, but a bridge is formed by two
Al atoms and one H atom, and a covalent bond is formed
between H—AI on the opposite side. In Figures 5c and 6¢, the
two H atoms still form the four-center motif but the Al cluster
rearranges on graphene in a more symmetric way than on the
coronene molecule.

D. Hydrogen Dissociation on Al, Supported by
Carbon Materials (C and G). Finally, we have calculated
the activation barriers for dissociation of H, on Al,—C and Al,—
G. Our goal is to see the effect of the carbon materials on the
dissociation of H, on Al, clusters.

In order to evaluate the activation barriers we performed
NEB calculations. As we have mentioned before, the Al,
clusters, when interacting with C, are stabilized in the singlet
state. This is the reason why we studied all the reaction paths
for singlet dissociation of H, on a C or G support. All the initial
and final configurations, needed by NEB to find the minimum
energy reaction paths, were optimized with PW basis set and
vdW-DF functional. Table 5 and Figures 7 and 8 show the
activation energy barriers and the corresponding minimum
energy paths for H, on bare Al,—C, and on Al,—G, respectively.
In all of the minimum energy reaction paths studied, the
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Table S. Activation Energy Barrier Heights (eV) Calculated
by NEB for the Dissociation of H, on the C Molecule and on
the G Surface”

H, on Al, H, on Al,—C H, on AlL,—G
Al 0.69° 041 045
Al 0.50" 0.0 0.17
Alg 0.07¢ 0.0 0.15

“The reaction paths on C and on G are shown in Figures 7 and 8,
respectively. Values® of activation energy barriers (eV) on the bare Al,
clusters are taken from ref 30.

starting point is a physisorbed state, obtained by geometry
optimization at a local (metastable) minimum, in which the H,
molecule is placed ~3.0 A from the Al, cluster, and the final
state is represented by the dissociated chemisorbed state of the
H, molecule as discussed in the previous section. Figure 7
shows the dissociation of H, on the Al,—C surface with n = 2,
4, and 6.

In our analysis we can distinguish two effects: the effect of
the cluster size (2, 4, or 6 Al atoms) and of the carbon material
(C or G). Increasing the Al cluster size on the C molecule from
two to four makes the dissociation of H, barrierless. This is a
very interesting result that demonstrates the catalytic effect due
to the carbon material as suggested from experiments.”> The
dissociation of H, on Al,—C shows an activation barrier of 0.41
eV. This value is already lower than for H, dissociation on the
bare Al, cluster (0.69 V). The transition state is characterized
by the lenghtening of the H—H distance from 0.75 to 1.06 A
with the Al—AI distance still at the initial value (2.80 A).

Already for the Al, cluster on C, the dissociation of H,
molecule is barrierless, ie., the H, molecule is already
dissociated in the second image of the reaction path, reaching
the position above and under the Al—Al side of the Al, cluster,
and reproducing once again the four center motif. It is
interesting to note that Al, was perfectly square before
interacting with the H, molecule and the Al—Al bond, involved
in the four center motif, decreases from 2.64 to 2.54 A when
the 2 H atoms lie in this motif.

The coronene molecule adopts a bell-shaped geometry in the
first image with a dihedral angle of 20° but becomes completely
planar by the last image. To verify the lack of activation energy
of this pathway, we computed a reaction path starting from the
H, molecule placed at 7 A from the surface and ending in the
final physisorbed configuration at 3 A. The results show a
barrierless process. Calculations with the B3LYP functional
using the previously described configurations confirm this
result. As noticed by Berseth et al.>® the curvature of the carbon
material is directly connected with its electronic affinity (EA)
and with the release of the H in the NaAlH,. By analogy, we
observe that the curvature of the coronene molecule in the
Al,—C system, together with a CT from the Al atoms toward
the surface, promotes the dissociation of H, for the Al,—C
system, making it barrierless.

The dissociation of H, on Al,—C also shows a barrierless
reaction path. The starting point is characterized by Alg with
the gas phase equilibrium structure above the C molecule and
an Al-C distance of 4.0 A. The second image of this reaction
path already shows the dissociation of H, on the Aly, and only
at the last step the two H atoms reform part of the typical four
center motif, with an H—Al distance of 1.90 A and AI-C
distance of ~4.5 A.
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Considering the infinite surface of graphene, some differ-
ences between this surface and the coronene molecule become
apparent. Figure 8 shows the dissociation of H, on Al,—G with
n =2, 4, and 6. The Al, on G shows the promoting effect of the
G surface with respect to the bare Al, cluster. The reaction path
is similar to the path observed for H, on Al,—C, with a similar
barrier (0.45 eV). The interesting difference is that on the G
surface the H, molecule prefers to dissociate on one Al atom,
forming a three center motif instead of a four center motif. The
H atoms are equidistant at 1.61 A from the same Al atom. The
Al-Al distance decreases from 2.85 to 2.80 A while the
interaction between the Al and C atoms becomes weaker, and
the distance increases to 4.0 A. The transition state of this
reaction path is characterized by an H—H distance of 0.77 A.

For Al,, the H, molecule dissociates with a very low barrier
(0.17 eV) and reaches a final configuration with the two H
atoms much further apart than for the bare Al, cluster, with one
H bridging two Al atoms and another H atom covalently linked
to the other Al atom at a distance of 1.59 A. The final structure
maintains the same distance of the Al cluster from the G,
although the Al, rearranges completely, with the internal angles
changing from 106° to 116° and from 72° to 61° with respect
to the initial state, so that they match up with two C atoms of
the surface.

The dissociation of H, on Al4—G is characterized by a very
low barrier (0.15 V), and a final distance Al-G of 3.9 A.
Following the reaction path, while the H—H distance increases,
the Alg cluster rotates on the G surface of ~20° clockwise,
keeping its cyclohexane structure and increasing the distance
with the surface in the final structure. The two H atoms
become part of the four center motif. The two H atoms form a
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covalent bond with two Al atoms, increasing the Al-G distance
from 3.60 to 3.90 A.

The effect of the infinite G surface interacting with Al, cluster
is to lower the barrier from 0.50 eV up to 0.17 eV for
dissociation of H,, whereas the H, dissociation over Al, on C is
barrierless. This result is in line with previous work®® and can
be explained by the lack or minimal distortion of the graphene
surface. We see that in all cases except Al,—G the presence of
the carbon surface lowers the barrier to dissociation of H, over
Al,. Also, for Alg the barrier is already quite low for the bare
cluster. The results show that the presence of C promotes the
dissociation of H, over small Al, clusters with n even. The
finding that the coronene molecule, which also exhibits edges,
promotes the dissociation more than graphene is consistent
with the experimental observation that carbon nanofibers
exhibit an expecially large catalystic effect on hydrogen release
from NaAIH,**

IV. CONCLUSIONS

In this paper we demonstrate, using DFT and by NEB
calculations, the promoting effect that carbon materials, ie.,
coronene and graphene, have on the dissociation of H, over Al,
clusters. The PBE GGA was used together with vdW
interactions in both spin unpolarized and polarized calculations.
We attempt to explain a key experimental finding that hydrogen
adsorption properties of sodium alanate (NaAlH,) are
markedly improved by the presence of nanoporous carbon.
We used coronene and graphene as models for nanosized
carbon materials. As described in the Introduction, coronene is
a suitable molecule to mimic the effect of the edge (defect) of
nanocarbon surfaces such as carbon nanofibers on H,
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dissociation. We show that the finite extent of the C molecule
facilitates, the deformation of the molecule bound to the Al
atoms of the cluster. This interaction of the C molecule with
Al,, clusters stabilizes the Al clusters in the singlet state for any
cluster size, which is the most favorable one for H, dissociation.
The overstabilization of 'Al —C relative to *Al,—C is due to
both physisorption and chemisorption interactions, and for
~20% to a CT between the Al atoms and the C molecule. For
the Al,—C systems the effect of the curvature of the coronene
molecule, together with a CT from Al toward the C atoms,
promotes the dissociation of the H, molecule so that it
becomes barrierless over the supported Al, cluster. For the
graphene surface, the effect of the infinite surface is to lower the
barrier from 0.50 to 0.17 eV for the dissociation of H, on Al,—
G. The difference between this and coronene as a substrate can
be explained by the lack or minimal distortion of the graphene
surface. Similar results were found for Cg, carbon nanotubes,
and graphene interacting with a NaAlH, cluster. > In the
former case the curvature of the Cg, is strongly related to the
electronic affinity of the surface itself, demonstrating that in this
case the curvature of the surface promotes the release of the H
atom with respect to other carbon materials.
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