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24 January 2016

candidates to serve as hydrogen storage materials. The reactivity of molecular hydrogen

Accepted 3 February 2016

(H2) on three representative lithium edge-decorated carbon systems (on the clusters C5Liþ
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(1) and C6Li6 (2), and on lithium edge-decorated zig-zag graphene nanoribbon (GNR-Li) (3))
have been studied using ab initio calculations based on the density functional theory with
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show, on the one hand, that heterolytic hydrogen dissociation can precede with relatively
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low reaction barriers (0.60, 0.45 and 0.56 eV for systems 1, 2 and 3, respectively) along the

Carbon-lithium systems

minimum energy path and, on the other hand, that chemisorption energies are highly
stabilizing (in the range of 1.15e1.54 eV). It is important to note that the highest activation
barrier is found for the unique system, characterized as global minimum, on its corresponding potential energy surface (PES), which is system 1. These findings suggest that
reversibility of the hydrogen absorption/desorption reactions, required in promising
hydrogen storage materials, does not apply in these systems.
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Introduction
The development of reliable and environmentally friendly
approaches for energy conversion and storage is one of the
key challenges that our society is facing nowadays [1e5]. Fuel
cell devices, in which electrical energy is generated by the
conversion of chemical energy via redox reactions at the
anode and cathode, have now become a major research area
[6e10]. The chemical energy density of hydrogen is 142 MJ/kg,
which is more than three times the one of gasoline and the byproduct of its combustion is water. Thus, hydrogen is one of
the most interesting “green” fuels. In this context, graphene
and derived compounds, have been proposed as reliable materials that can help to address the two main issues related to
the use of hydrogen as fuel: (i) production and (ii) storage/
transportation [11e18].
Even though both issues are important, we will now turn
our attention to the latter. Many theoretical investigations
suggest that the adsorption capacity of hydrogen on graphene
is increased by suitable metal doping modifications, thus
making two kinds of molecular interactions possible. The first
one is based on the polarization of H2 by the electric field
established by alkali, or earth alkali metals, leading to H2
binding energies of approximately 0.2 eV [19e23]. The second
one is based on the so-called Kubas interactions [24], where
the transition metal orbitals are combined with the hydrogen
orbitals to achieve binding energies between 0.2 and 0.6 eV.
These stabilizing interactions make these materials potentially useful for hydrogen storage [25e29].
Motivated by this increasing need for suitable hydrogen
storage materials, other researchers have focused on testing
other carbon-based materials. For instance, Sun and coworkers proposed, in silico, the cluster Li12C60 (where each Li
was individually placed in order to cap each of the twelve
pentagons of the fullerene) as a potential hydrogen storage
system [19]. The authors suggested that, due to the difference
in electronegativity between Li and C, the Li atoms have a
positive partial charge, favoring an ion-induced dipole electrostatic interaction with the H2 molecule; which, in turn,
induces the H2 adsorption on this system.
More recently, two lithium edge decorated carbon aromatic
clusters have been proposed as promising systems for
hydrogen storage [30e33]: the hexalithium benzene (C6Li6)
and the C5Liþ
7 cluster [34]. It is important to note that the starshape is the global minimum energy structure for C5Liþ
7 , for
C6Li6 it is only a local minimum on the corresponding potential energy surface [35].
Quantum chemical calculations predicted that the first one
can trap between 6 and 12H2 molecules (involving a nondissociative H2 interaction) with a good gravimetric weight
percentage of adsorbed hydrogen (9.6 wt%) [30,32]. Whereas in
the second one, each Li center can bind up to three H2 molecules, which leads to a noticeable gravimetric weight percentage (28.0 wt%) [31]. However, this exceptional hydrogen
storage capability is supported only on the non-dissociative H2
adsorption on the cluster surface. Moreover, different to what
happens in lithium doped graphene sheets, fullerenes and
nanotubes (where lithium is bonded by electrostatic interactions involving lithium and the delocalized p-cloud of the

systems) [19,36], in lithium edge decorated carbon systems, it
is expected that electrostatic interaction, between lithium and
carbon, mainly involves the s-cloud of the systems. This has
important implications on the reactivity of H2 on this class of
materials.
In order to gain a better understanding of the H2 interaction
with any chemical system, it is mandatory to evaluate the
viability of the H2 dissociative adsorption. If the H2 dissociation were an energetically favored process, it would have two
key implications: on the one hand, the chemisorption would
change drastically the H2 release energies; and on the other
hand, the cleavage and formation of new chemical bonds
could transform the material irreversibly.
In this work we present a computational study to explore
the energetic viability and the mechanism involved in a
dissociative interaction of H2 with three representative
lithium edge-decorated carbon systems. The first two are the
clusters C5Liþ
7 (1) and C6Li6 (2) mentioned above. Whereas,
system 3 consists of a lithium-decorated zig-zag graphene
nanoribbon (GNR-Li), with periodicity along the zig-zag direction, as depicted in Scheme 1.

Computational methods
As a first approximation on the H2 interaction with the CeLi
clusters (systems 1 and 2), collisions between one H2 molecule
and these systems were performed. They were simulated
using BorneOppenheimer molecular dynamics (BOeMD) [37],
with a time step of 1 fs and the total time of the dynamics was
5 ps. The temperature was fixed at 273 K and, in order to keep
the total nuclear energy fixed, the velocities were rescaled at
each step. These calculations were performed at the uB97X-D

Scheme 1 e Equilibrium geometries of the three systems
under study: C5Liþ
7 (1), C6Li6 (2) and GNR-Li (3).
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[38]/6-31G(d) level using the Gaussian09 program [39]. Since
this program only includes the velocity rescaling type of
thermostat in the ADMP (atom centered density matrix
propagation) [40] dynamics, we ran the ADMP dynamics with
the FULLSCF option, which is equivalent to a BOeMD.
The energetic, structural and electronic changes in H2
dissociation process on the 1e3 species were analyzed by
assessing the minimum energy path, identifying a first order
saddle point (transition state (TS)) that connects the corresponding reagents and products. This was performed using
two theoretical approximations with the aim of comparing
and ensuring the validity of our predictions.
Firstly, the maximum energy structures obtained in the
BOeMD calculations were optimized searching for a first order
saddle point (characterized by one imaginary frequency) using
the Berny algorithm [41]. Then, it was verified that these TSs
connect the corresponding reagents and products of the
hydrogen dissociation reaction on systems 1 and 2 by means
of the intrinsic reaction coordinate (IRC) calculations [39].
Geometry optimizations, frequency analysis and IRC calculations were done at the uB97X-D/6-311G(d,p) level with the
Gaussian09 program.
Secondly, the nudged elastic band (NEB) method was used
[42,43] to search the minimum energy path of the hydrogen
dissociation reaction on systems 1 to 3, identifying the corresponding TSs. This method works by optimizing a number
of intermediate structures along the reaction path. In our
approach, the H2 dissociation paths were estimated using ten
intermediate structures. For the initial configuration, we
A from a C atom
considered the optimized geometry of H2 at 5 
of each of the analyzed systems. Whereas for the final
configuration, one of the adsorbed hydrogen was bonded to
one C atom and, the second one was being a part of a lithium
hydride cluster. NEB calculations were performed using spinpolarized density functional theory (DFT) calculations,
implemented in the Quantum Espresso ab-initio package [44].
For the exchange and correlation term, we used the
dispersion-corrected van der Waals density functional
approach [45]. Kohn-Sham eigenfuctions were expanded on a
plane-wave basis set, where the interaction between valence
electrons and ion cores were described by ultra-soft pseudopotentials. Converged results were achieved by using cutoff
energies of 30 Ry on the plane wave and of 180 Ry on the
electronic density.
To build the unit cell of the GNR-Li (system 3), we used the
unit cell of a zig-zag graphene nanoribbon of 11.5 
A width and
decorated it at both edges with Li atoms, following the same
configuration of the carbon clusters, as shown in Scheme 1.
The GNR-Li system was described within a cubic supercell
A3, where a0 ¼ 9.866 
A is the
with a volume of a0 x 30  15 
periodicity along the zigzag direction. Whereas, for the C6Li6
and C5Liþ
7 clusters, we used a supercell with a volume of
20  20  15 
A3. For the Brillouin zone sampling we considered
the G point for the three structures. The systems were fully
relaxed until the residual force on each atomic component
was less than 0.025 eV/
A.
In order to gain further insight into the chemical bonding
evolution along the reaction coordinate, the adaptive natural
density partitioning (AdNDP) [46] method was used. The
AdNDP method analyses the first order reduced density
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matrix in order to represent the electronic structure of a given
system in terms of n-center-two-electron (nce2e) elements,
where n can take values from 1 to 2 which accounts for
localized bonding elements (1ce2e or 2ce2e, i.e. lone pairs and
two-center two-electron s or p bonds) up to the total number
of atoms (delocalized bonding elements).
The full-density matrix in the basis of the natural atomic
orbitals, as well as the transformation between the atomic
orbital and the natural atomic orbital basis sets, were generated at the uB97X-D/6-311G(d,p) level using the NBO 3.1 code
[47] incorporated into Gaussian09. The AdNDP analysis was
performed using the Multiwfn program [48].

Results and discussion
At first, we were interested in knowing what happens when
one hydrogen molecule collides with the systems 1e2. To
model this process, we used BOeMD calculations to simulate
the impact of an H2 molecule (projectile) on the clusters 1 and
2 (targets). Due to the small size of these clusters, it was
possible to explore different impact trajectories using an
adequate level at a relatively short period of time. The relative
orientations considered in the simulations are illustrated in
A
Scheme 2. Initially, the H2 center of mass was placed at 9 
apart from one of the carbons of the clusters. To avoid a huge
number of configurations, we restricted the relative orientations only to the ones shown in the scheme, changing both the
distance b (from 0 to 1 
A) and the angle, a (from 0 to 90 ). In

Scheme 2 e Collision setup used in the BOeMD, the
 0.25 A,
 0.50 A,

parameters considered were b ¼ 0.00 A,






0.75 A, 1.00 A and a ¼ 0.0 , 30.0 , 45.0 , 90.0 .
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addition, the initial velocities were restricted to be longitudinal, transverse or angular to the H2 (see scheme).
At the beginning of the collision, the clusters were at rest.
Initial velocities of H2 were assigned according to the temperature (see computational details). In the case of the interaction between H2 and system 1, the BOeMD showed that
hydrogen dissociation takes place at both, an impact parameter of 0.50 
A or lower and, at angles equal to 0 and 30 according to collision setup A (see Scheme 2). A similar trend
was observed for the interaction between H2 and system 2.
However, in the second case, the hydrogen molecule dissociates even at an impact parameter of 0.75 
A (or 0 , 30 and 45 ).
Over these values, a bouncing back of the hydrogen molecule
is observed. In the case of collision setup B (see Scheme 2) the
bouncing back of the hydrogen molecule was observed for all
of the parameters considered. The potential energy profiles
along the BOeMD simulation for the collision of H2 against
systems 1 and 2 (with an impact parameter of 0 
A and a
collision angle of 0 ) are shown in Figs. 1 and 2, respectively.
The remaining potential energy profiles (for the other collision
parameters considered) are available in the supporting information (Fig. 1-SI to 4-SI).
The BOeMD trajectories allowed us to identify one
maximum energy structure (II) and three minimum energy
structures (I, III, IV) as shown in Figs. 1 and 2. The dynamics
showed that in structure II, the H2 is bonded, by one of the
hydrogen atoms, to one of the carbon atoms. Then, the dissociation proceeds by migration of the other hydrogen towards
one neighboring Li (this process occurs during structure II to
structure III transformation). Finally, the local minimum III is
relaxed to a low-energy isomer IV, where it is clearly observed
that H2 dissociates to form a eCH group and a LiH hydride. The
trajectory dependence and the formation of a CeH bond
observed on the dissociative process, suggests that reaction
proceeds through the s-electrons on the CeLi systems (large
figures and Cartesian coordinates of the structures IeIV are
depicted in Tables 1-SI and 2-SI in the supporting information).
Energetically and structurally, the H2 dissociative process,
according to the BOeMD analysis is similar on both aromatic
clusters, which leads us to ask the following questions: are the

Fig. 1 e Collision between H2 and C5Liþ
7 simulated at 273 K.
 collision angle 0 .
Impact parameter b ¼ 0 A,

Fig. 2 e Collision between H2 and C6Li6 simulated at 273 K.
 collision angle 0 .
Impact parameter b ¼ 0 A,

C5Liþ
7 and C6Li6 systems the only Li edge-decorated carbon
rings that easily dissociate H2? Or is it a general pattern for this
kind of molecules? For example, can H2 be easily dissociated
on a GNR-Li (system 3)?
In an attempt to answer these questions, we calculated the
activation energy (AE) barriers for H2 dissociation on the CeLi
analyzed systems. In order to do this, we identified the TSs
using, as a starting point, the maximum energy structures of
the BOeMD (see computational details). The AE barriers obtained from this approximation are of 0.66 and 0.38 eV for
systems 1 and 2, respectively. These barriers are similar to
those observed in the BOeMDs. So, the picture of the reaction
process obtained from BO-MD simulations, are confirmed by
transition state search (see IRCs in Fig. 5-SI in the supporting
information). Finally, in order to estimate the AE barrier of the
H2 dissociation on the three analyzed systems, the minimum
energy path was calculated using the NEB method (see
computational details). The reaction profiles for H2 dissociation are shown in Fig. 3. The activation energy barriers were

Fig. 3 e Minimum energy paths for H2 dissociation on the
C5Liþ
7 and C6Li6 clusters, and on the Li-decorated zig-zag
graphene nanoribbon (GNR-Li).
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found to be of 0.60, 0.45 and 0.56 eV, for systems 1, 2 and 3,
respectively. It is important to note that the highest activation
barrier is found for the unique system, characterized as global
minimum, on its corresponding PES, which is system 1. The
results for system 1 and 2 were in good agreement with those
obtained with the BOeMD and IRC formalism, within variations of about 0.07 eV, which supports the quality of our NEB
calculations, thus allowing a good estimation for the H2
dissociation energy in an extended system like GNR-Li.
We also evaluated the energetic changes involved in the
following gas-phase reactions:

þ
C5Liþ
7 (D5h) þ 5H2 (D∞h) / Li7C5H10 (C1)

(1)

C6Li6(D6h) þ 6H2 (D∞h) / Li6C6H12 (C1)

(2)

Surprisingly, we found that these gas-phase reactions are
highly exothermic (DE ¼ 6.2 eV and DE ¼ 9.2 eV at the
uB97X-D/6-311G(d,p) level for reaction (1) and (2), respectively). The structures of the reaction products in 1 and 2,
clearly allows to identify the cyclopentadienyl lithium and the
benzene into the complexes Li7C5Hþ
10 and Li6C6H12, respectively (see structures and coordinates in Fig. 6-SI and 7-SI).
These results show that hydrogenation of the clusters 1 and 2,
is an energetically favored process that regenerates the classic
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aromatic hydrocarbons, from which the initial clusters are
their inorganic analogues.

Chemical bonding analysis
An inspection of the canonical molecular orbitals (CMOs) of
the TSs, as well as of the reactants for the H2 dissociation
reaction on 1 and 2, showed that the highest occupied molecular orbital (HOMO) of 1 and 2, combines with the lowest
unoccupied molecular orbital (LUMO) of H2 to form an early
CeH bond in the TS. Therefore, it suggests that the dissociation of H2 is promoted by an initial bonding interaction between the HOMO of 1 and 2 (which is mainly localized on the
carbon like a lone pair) and the empty H2 s*-orbital (see Fig. 8SI and 9-SI in the supporting information).
In order to gain more insight on how chemical bonding
changes during the reaction of H2 with systems 1 and 2, the
AdNDP method was applied to the four selected structures
along the reaction path (IeIV). The AdNDP results for systems
1 and 2 are shown in Figs. 4 and 5, respectively. In the figures,
the p-electronic structure is not included because it remains
constant along the reaction path (see the complete AdNDP
pictures in Figs. 10-SI to 19-SI). The chemical bonding evolution allows us to interpret that the heterolytic dissociation of
H2, to form a eCH group and a LiH hydride, is promoted by an
initial bonding interaction between one 3ce2e LieCeLi s- and

Fig. 4 e Chemical bonding pattern revealed for the different local minima and TS of the C5Liþ
7 -H2 system using the AdNDP
method. There are reported only the s-bonds and lone pairs (LP) for clarity.

Fig. 5 e Chemical bonding pattern revealed for the different local minima and TS of the C6Li6eH2 system using the AdNDP
method. There are reported only the s-bonds and lone pairs (LP) for clarity.
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one empty H2 s*-orbital (at TS, II) in agreement with the preliminary CMO analysis.

Conclusions
The reactivity of molecular hydrogen (H2) on three representative lithium edge-decorated carbon systems (on the clusters
C5Liþ
7 (1) and C6Li6 (2), and on lithium edge-decorated zig-zag
graphene nanoribbon (GNR-Li) (3)) have been studied using ab
initio calculations based on the density functional theory with
dispersion-corrected van der Waals exchange correlation
functional. The calculations showed that hydrogen dissociation on these systems is kinetic and energetically favored.
These conclusions are supported by the analysis of the minimum energy reaction path, which shows relatively low reaction barriers (in the range of 0.38e0.66 eV) and highly
stabilizing chemisorption energies (in the range of
1.15e1.54 eV). It is important to note that the highest activation barrier is found for the unique system, characterized as
global minimum, on its corresponding PES, which is system 1.
Additionally, at 273 K, the BorneOppenheimer molecular dynamics (BOeMD) simulations showed that reactions proceed
effectively as long as they follow trajectories closer to the
molecular plane. Finally, the chemical bonding analysis
shows that the heterolytic dissociation of H2, to form a eCH
group and a LiH hydride, is promoted by an initial bonding
interaction between one 3c-2e LieCeLi s- and one empty H2
s*-orbital. These results suggest that reversibility of the
hydrogen absorption/desorption reactions (required in
promising hydrogen storage materials) does not apply in these
systems.
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