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Here we study in van der Waals-corrected DFT calculations the dehydrogenation mecha-

nism of the light metal hydrides LiBH4 and LiAlH4 by focusing on the effect of the addition

of the carbon fullerene C60 as catalyzing agent. The results show a rather significant gain in

the energy cost for H desorption in the presence of the catalyst, which is substantially even

more pronounced when considering boron-doping the fullerene. In the source of this effect

is the disturb introduced in the distribution of bonding charge upon the hybridization of

states in the interplay cluster-fullerene with a consequent weakening of the hydrogen

bonds, leading therein to an enhanced kinetics for the hydrogen release.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

With the urge for producing clean energy, since we have far

more oil that we can safely burn, hydrogen, as a energy car-

rier, is nowadays considered as one of the best alternatives for

mobile and stationary power sources for both propulsion and

fuel cells. One of the major drawbacks of this technology is

however the problem of storing hydrogen safely, since in both

liquid and gas form this demands high pressure or cryogenic

reservoirs. A promising solution could be the use of solid state

hydrogen storage. Among the materials which are good can-

didates for this purpose are the complex light metal hydrides

[1e15], where the hydrogen atoms are held by strong covalent

bonds. Particularly attractive is LiBH4, which has a high
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volumetric hydrogen density (18.5 wt%) [16]. However, being

highly stable, high temperatures are required for the hydrogen

desorption. As an attempt to surpass this difficulty the addi-

tion of catalysts has been considered, and among them, Ti has

indeed proven to be a feasible option to facilitate the release of

molecular hydrogen at low temperatures [17,18].

The addition of catalysts to complex hydrides is aimed to

enhance the hydrogen sorption properties. Studies on the use

of carbon nanomaterials as catalysts in conjunction with

complex metal hydrides showed remarkable properties

[19e21]. For instance, the buckminsterfullerene C60 has

proved to be an excellent catalyst for hydrogen desorption

when added to Mg(BH4)2, NaAlH4, LiAlH4 and LiBH4 [22e24]. A

fullerene-LiBH4 composite demonstrates remarkable catalytic
azil. Fax: þ55 48 3721 9946.
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effect [25]. Besides enhancing both the uptake and release of

hydrogen, it provides lower hydrogen desorption tempera-

tures as well as regenerative rehydrogenation at a relatively

low temperature (350oC) in addition to a reversible hydrogen

capacity of 4.0 wt % over multiple cycles [23]. At higher

fullerene contents, in composites comprised of C60 with

NaAlH4 and LiAlH4, hydrogen is desorbed at lower tempera-

tures. The resultant alkali metal fulleride containing com-

posites were found to be capable of reversible hydrogen

storage. This catalytic effect has been discussed as probably

originating from C60 interfering with the charge transfer from

Li to the BH4 complex, resulting thereof in weaker BeH bonds.

Experimental results of laser vaporization of a graphite pellet

containing boron nitride powder was found to produce ful-

lerenes in which one or more atoms of the hollow carbon cage

was replaced by a boron atom [26].
Fig. 1 e Optimized geometries for LiBH4 supported on both pris

(bond lengths (�A) are indicated).
In this work we investigate the hydrogen desorption from

the light metal hydrides LiBH4 and LiAlH4 by considering the

effect of the use of a nanostructured carbon catalyst, i.e., the

buckminsterfullerene C60. Besides a comparison between the

performance of the lithiumborane and alanate in this reaction,

in this study we focus also on the effect of boron-doping the

fullerene, and therein following the consequent changes in the

equilibrium geometries, charge distribution, binding energy

and energy cost for hydrogendesorption. The results show that

upon boron-doping the catalysing agent the one-electron defi-

ciency disturbs the local symmetry in the adduct complexes

and affects the coordination centre of the metal hydrides in

such a way that results in weaker intracluster interactions,

thereby contributing to ease the dehydrogenation process. This

study provides new insight in the understanding of the

hydrogen sorption mechanism of the light metal hydrides.
tine and B-doped C60 as one and two H atoms are removed
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Method

The vdW-DFT calculations are based on the density functional

theory as implemented in theQuantumEspresso code [27]. For

the pseudopotentials we adopted the Vanderbilt ultrasoft

form with non-linear core corrections, generated by employ-

ing the Becke-Lee-Yang-Parr (BLYP) functional. For the treat-

ment of the van der Waals dispersion interactions, which

results from dynamical correlations between fluctuating

charge distributions, we use the Grimme's DFT-D2 semi-

empirical model [28e30], where the van der Waals in-

teractions are described via a simple pair-wise force field [31].

For the geometry optimization the atomswere distributed in a

simple cubic supercell with a lattice size of 25�A, taken as large

enough in order to prevent or minimize any interaction be-

tween the clusters. For the sampling in the Brillouin zone only

the G point was considered in single point calculations. The

planewave cutoff was taken at 40 Ry, and the total energywas

converged to 10�6 eV. All geometries were fully relaxed until

the tolerance for interatomic forces were smaller than

0.001 eV/�A. In order to assure that the obtained equilibrium

geometries are indeed the ground state structures, the relax-

ation process was performed with several different starting

configurations.
Results and discussion

In Fig. 1 are shown the equilibrium geometries of the LiBH4

cluster supported on the carbon fullerene C60 as the H atoms

are successively removed. Near the C60, the cluster stands at

an upward orientation, where the Li atom is seen hovering

close to a CeC bridge, distant of 2.50 �A from the nearest C

atom. By removing one H atom, the LiBH3 cluster (middle

panel) assumes a sideway orientation, where the boron atom

from the BH3 complex is seen bonded to a C atom with bond

length 1.75 �A. The fullerene is seen slightly distorted locally.

The Li atom becomes farther away from the B atom (2.10 �A),
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Fig. 2 e Energy cost D E (eV) for H-removal f
and it is also seen bonded to a C atom (2.25�A). Upon the next H

removal the LiBH2 cluster gets even closer to the fullerene, and

the B atom is now seen tightly bonded to a C atom (1.62 �A).

Interestingly enough is the fact that the Li atom still keeps the

same distance from the fullerene (2.25 �A). Note how the C

atoms are slightly pushed out of the structure of the fullerene

in this reaction, whereas the BeH bond lengths remain prac-

tically unchanged.

On the right panels of Fig. 1 we show the samemechanism

of H removal now by considering the doping of the fullerene

with a boron atom replacing one C atom. In the top panel of

Fig. 1 note the formation of a stronger LieC bond (2.16 �A) and

how one H atom binds strongly to the B impurity in the C59 B

fullerene, with a BeH bond length of 1.39 �A, and therein

resulting in an elongation of the BeH bond length (1.34 �A)

within the ligand complex. Relatively to the pristine C60 we see

now a local distortion in the doped buckyball. After the

removal of one H atom, the LiBH3 gets closer to C59 B, giving

rise to the formation of stronger bonds: BeC (1.63 �A), BeH

(1.37 �A) and CeLi (2.10 �A). Nevertheless, the fullerene is seen

only slightly distorted. Upon the removal of the second H

atom we see the LiBH2 cluster going farther away from the

cluster, with BeC and LieC bond lengths of 2.36 and 2.25 �A,

respectively. The remaining H atoms stand tightly bonded to

the B atom of the ligand. The amount of energy necessary for

removing n(H) atoms from the LiBH4 cluster is calculated as

DEn ¼ E½LiðBH4Þ� � E½LiBH4�n� � E½nðHÞ�, and the results are

showed in the histograms of Fig. 2. The energy cost necessary

for removing one H atom from the LiAlH4 cluster decreases

from 4.34 to 3.26 eV in the presence of C60. For the doped C59 B

system, this is even lower, i.e., 2.99 eV, thus characterizing a

catalytic behavior for the fullerene. For the removal of the

next H atom DE decreases from 4.99 to 3.54 eV, when adding

the pristine C60. With the boron-doping however, the energy

cost increases to 4.08 eV, which is still lower than the result

without the catalyst. This behavior arises from the fact that

after the first H removal the LiBH3 cluster becomes more

strongly bonded to the doped fullerene, as pointed out above.

The gain in energy for the first H removal when using the C60
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rom LiBH4, LiBH4@C60 and LiBH4@C59B.
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Fig. 3 e Optimized geometries for LiAlH4 supported on C60 and C59 B as H atoms are removed.
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Fig. 4 e Energy cost D E (eV) for H-removal from LiAlH4, LiAlH4@C60 and LiAlH4@C59B.

Table 1 e Calculated binding energy Eb and charge
transfer Q of LiBH4 and LiAlH4 clusters supported on the
pristine and B-doped C60 fullerene inasmuch as n(H)
hydrogen atoms are removed.

n(H) LiBH4@C60 LiBH4@C59B LiAlH4@C60 LiAlH4@C59B

Eb (eV)

0 0.39 0.31 0.57 0.05

1 1.20 1.66 0.33 1.56

2 2.84 2.58 1.86 1.83

Q (e)

0 �0.05 0.42 0.00 0.00

1 0.30 0.64 0.52 0.56

2 0.43 0.45 0.93 0.57
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and C59 B fullerenes as catalysts are thus 25% and 31%,

respectively.

The equilibrium geometries of the alanate clusters sup-

ported on C60 are showed in Fig. 3. Note that the LiAlH4 cluster

assumes a similar configuration in the presence of the

fullerene as compared to the borane.We can see that upon the

addition of the catalyst, the integrity of the LiAlH4 cluster is

still preserved; the LieC bond length is 2.40 �A. After removing

one H atom from the ligand radical of the LiAlH3 we see some

resemblance with the orientation assumed by the borane

cluster, i.e., it stands also in a sideway configuration. The LieC

and AleC bond lengths are 2.23 and 2.06 �A, respectively. Note

how the remaining H atoms get closer to the Al atom. By

removing another H atomwe see almost the disruption of the

alanate, which now is tightly bonded to the surface of the

fullerene. On the right panels in Fig. 3 we can see the

remarkable effect on this reaction of the boron doping the

buckyball. Initially the AleLi bond length is slightly shorter

(2.49 �A), near the catalyst. The Li atom stay farther away from

the fullerene too. With the first H removal the LiAlH3 binds to

the surface of the fullerene, showing longer AleC bond length

(2.25 �A) as compared to the pristine fullerene, whereas keep-

ing practically same LieC and LieAl bond lengths. After

removing twoH atoms the cluster tends to disrupt, and both Li

and Al atoms get more strongly bonded to the C atoms.

Nevertheless, despite the slight distortion of the buckyball as

the LieAl cluster binds to it, we can see that the integrity of its

shape is still sustained. The calculated energy cost for

removing one and two H atoms from the LiAlH4 cluster are

3.92 and 4.07 eV, respectively, as depicted in the histogram

plots of Fig. 4. In the presence of the C60 this decreases to 3.08

and 3.63 eV, respectively, which represents a gain of about

21% for the first H removal. When using the B-doped C59 B

fullerene the equivalent change in D E are 2.31 and 3.80 eV,

respectively, which equals to a remarkable gain of about 41%

for the first H removal from the LiAlH4 cluster.
A L€owdin population analysis was performed in order to

determine partial atomic charges in these clusters. For

LiBH4@C60, the valence charge assigned to the Li, B and H

atoms are 2.54, 3.56 and 0.99 e (on average), respectively,

which implies a net charge of þ0.46, �0.56 and þ0.01 e,

respectively. Boron is an acceptor while Li is a donor for

electrons. The BeH bonds are of covalent nature, whereas the

LieB bonding is primarily ionic. With the removal of one and

two H atoms, the charge on the Li atom remains at about 2.43

e, whereas on the B atom it decreases to 3.33 and 3.16 e,

respectively, and the average charge on the H atoms decreases

slightly to 0.98 to 0.97 e, respectively. In this way, by using the

boron-doped fullerene in this reaction the partial charges on

the Li atom changes from 2.44 to 2.42 and 2.47 e, whereas on

the B this changes from 3.34 to 3.18 and 3.11 e, respectively, for

the first and second H removal. The average charge on the H

atoms now changes from 0.95 to 0.92 and 0.98 e, respectively.

For LiAlH4@C60, the partial charge on the Li, Al and H atoms

are 2.63, 2.44 and (average) 1.24 e, respectively. Both Al and Li

are acceptors. By removing one and two H atoms the charge

on the Li atom changes to 2.50 and 2.49 e, while on the Al atom

it decreases to 2.27 and 2.13 e, and on the H atoms it changes

http://dx.doi.org/10.1016/j.ijhydene.2016.09.124
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to 1.23 and 1.25 e (on average), respectively. For the boron-

doped system these are: Li (2.64, 2.56 and 2.84 e), Al (2.45,

2.25 and 2.54 e), H (average 1.23, 1.21 and 1.23 e), respectively.

The binding energy of the LiBH4 cluster to C60 is calculated

as

Eb ¼ E½LiðBH4Þ@C60� � E½LiBH4� � E½C60�
which is a measure of the stability of the cluster. In this case

Eb ¼ 0.39 eV, indicating weak interaction. The calculated re-

sults are showed in Table 1. Upon the removal of one and two

H atoms the binding energy increases to 1.20 and 2.84 eV,

respectively. When using the boron-doped fullerene,

Eb ¼ 0.31 eV for the LiBH4@C60 system, and by removing one

and two H atoms Eb increases significantly to 1.66 and 2.58 eV,

respectively, revealing therein much stronger interaction. For

the alanate cluster the calculated result for the binding energy

is 0.57 eV, and upon the successive first and second H re-

movals Eb changes to 0.33 and 1.86 eV, respectively. For the

LiAlH4@C59 B system, the calculated binding energy is 0.05 eV,

1.56 and 1.83 eV, when considering 0, 1 and 2 H removals,

respectively. These results therefore show a much weaker

interaction between the alanate cluster and the fullerene,

which becomes even more weaker upon boron-doping, and

provide a reasoning for understanding the observed increase
Fig. 5 e Electronic energy levels of LiBH4 and LiAlH4 clusters sup

The Fermi level is shifted to the origin.
in the energy cost after the first H removal as being due to the

onset of stronger interactions cluster-fullerene.

Let us now discuss the charge transfer mechanism: the

calculated electron affinity of LiBH4 and LiAlH4 are 2.35 and

2.52 eV, whereas for C60 and C59 B it is 2.80 and 3.34 eV,

respectively. Laser photo-detachment measurements on the

C60 anion cooled in a storage ring yield an electron affinity

value of 2.666 ± f 0.001 eV [32]. Notwithstanding its lower

electron affinity, when LiBH4 is supported on C60 it gets a small

net influx of charge (�0.05 e) from the fullerene, which goes

primarily to the B atom. The interaction between Liþ and BH�4
is therefore of ionic nature, whereas the LieC bond has co-

valent nature. As it can be seen in Table 1, with the removal of

one and two H atoms from LiBH4@C60 there is a loss of charge

(Q) of 0.30 and 0.43 e from the cluster to the fullerene, whereas

in the LiBH4@C59 B system, this corresponds to 0.64 and 0.45 e,

respectively. Note in Table 1 that Q ¼ 0 for both LiAlH4@C60

and LiAlH4@C59 B systems, and how there occurs a significant

outflow of charge upon the H removal. In Fig. 5 is showed a

diagram of the electronic energy levels (the Fermi level is

shifted to the origin). Note the evolution of the gap between

the valence states and the virtual (empty) bound states, and

how the valence band edge is shifted upwards to higher en-

ergies in this reaction. Besides, with the hybridization which
ported on C60 and C59 B fullerenes as H atoms are removed.
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takes place upon the binding of the cluster to the surface of

the fullerene we can see the lifting of the degeneracy for the

valence states. The loss of coupling upon the B-doping is

clearly depicted in this diagram, as it can be seen with the

increase in the energy of the bonding states. It is intriguing

that the electron affinity does not play a major role. The

cluster donates charge to the catalyst, an effect even more

pronounced upon the B-doping. This reflects the stronger

interaction which arises from the enhancement in the hy-

bridization of the p-states which takes place in this reaction

which in turn eases the transfer of electrons in the interplay

between their hydride cluster and fullerene. It is worth to

mention that alanates usually are less stables than the bo-

ranes, a feature which is also evidenced by the present cal-

culations. Finally, this study shows that the performance of

carbon fullerenes as catalysts for the dehydrogenation of the

light metal hydrides LiBH4 and LiAlH4 is manifestly evident,

and the boron-doping introduces a significant gain in the en-

ergy cost for this reaction to occur.
Conclusions

Summing up, first-principles calculations based on density

functional theory are performed with the Quantum Espresso

code to study the mechanism of hydrogen desorption from

light metal hydrides by using the buckminsterfullerene C60 as

catalyzing agent. In the presence of the catalyst the changes in

the energy of the electronic states favor the onset of a weaker

cohesion in the combined system, which in turn eases the H

removal. Upon boron-doping the fullerene, besides keeping

the integrity of its shape as well as of the hydride cluster, also

contributes to establish a favorable mechanism of charge

transfer and redistribution of bonding charge in the interplay

between the alkali metal cluster and fullerene, and therein to

weaken the interactions within the ligand complex which

eases the hydrogen desorption. The present results show

unequivocally a substantial decrease in the energy cost for

hydrogen desorption after the addition of the nanostructured

carbon catalyst, an effect which is particularly even more

pronounced upon boron-doping. After binding to the fullerene

the dehydrogenation process is favored as a result of

enhanced instability of the hydride clusters driven by a shift of

the hybridized electronic states towards higher energies at the

molecular level.
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