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ABSTRACT: LiBH4 nanoparticles confined in nanoporous carbon
materials show improved hydrogen storage properties. Using density
functional theory calculations, we study how the thermodynamics of the
decomposition reactions of LiBH4 nanoparticles is affected by the
chemical interactions between the reactant or products and the
nanoporous carbon host. We find that the reversible intercalation of Li
as one of the reaction products into the graphitic carbon host has a large
effect on the reaction enthalpies of small clusters. Explicit calculations
show that small (LiBH4)n, n ≲ 12, clusters decompose at much lower
temperatures in the presence of graphite, leading to the formation of intercalated Li. This route becomes unfavorable for larger
(LiBH4)n clusters, where dehydrogenation leads to the formation of (LiH)n clusters.

1. INTRODUCTION

The ideal hydrogen storage system should have large
gravimetric and volumetric storage capacities, suitable thermo-
dynamic properties, and fast hydrogen absorption and
desorption kinetics.1 As simple (metal)hydrides do not meet
these requirements, attention has focused on more complex
hydrides in recent years.2,3 LiBH4 has a high gravimetric
capacity of 18.5 wt %, which makes it one of the most
interesting complex hydrides for hydrogen storage.4−9 How-
ever, LiBH4 is a relatively stable material that decomposes at a
high temperature (T ≳ 400 °C). Furthermore, rehydrogenation
is possible only at extreme conditions with typical values for
temperature and pressure of 600 °C and 350 bar H2. Moreover,
the de/rehydrogenation kinetics is slow, which is a common
problem in bulk complex hydrides.5,10−12

A recently adopted approach that helps to address such
problems is nanoconfinement in porous materials.13−15 For
instance, experimental and theoretical studies show that
nanoconfinement of NaAlH4 in porous carbon improves the
H2 sorption kinetics and that, somewhat surprisingly, nano-
confinement also alters the decomposition thermodynam-
ics.16−19 This approach can also be applied to LiBH4. Indeed,
improving its sorption properties via nanoconfinement in
porous materials has become the focus of much experimental
work.20−31 Faster dehydrogenation kinetics has been reported
for LiBH4 infiltrated in carbon aerogels, nanoporous carbon,
and nanoporous silica. This is accompanied by a decrease of the
dehydrogenation temperature by at least 100 °C. Confinement
of LiBH4 in nanoporous carbon also leads to a marked
improvement of the reversibility of the hydrogen desorption.
These findings could be the result of changed kinetics, as

obviously nanoconfinement puts a limit on the particle size,
which will reduce the diffusion distance required for mass

transport. Moreover, nanoparticles have a large surface-to-bulk
ratio, which is benificial as decomposition reactions are much
more likely to occur at the surface than in the interior of a
particle.32,33 It is also possible that the cluster size and the
interactions with the host modify the thermodynamics of the
reactions.
In a previous work, we studied the stability of (LiBH4)n

nanoclusters as a function of their size, as well as the stability of
a range of possible nanocluster decomposition products.34 Our
findings suggest that, from a thermodynamic point of view, the
desorption reactions of unsupported LiBH4 nanoclusters with a
diameter larger than ∼2 nm are indistinguishable from those of
bulk LiBH4 (i.e., decomposition to Li2B12H12 followed by a
second decomposition step to LiH and B). Only for clusters
that have a diameter less than ∼1 nm, i.e. (LiBH4)n with n < 12,
is the thermodynamics of the decomposition reaction
significantly different. The thermodynamics of small clusters
is unfavorable, however, and leads to hydrogen desorption
temperatures higher than those of bulk. The reason is that,
although (LiBH4)n clusters are destabilized with respect to bulk,
clusters of possible reaction products are even more
destabilized. This means that the improved (de)hydrogenation
of nanoconfined LiBH4 observed in experiment cannot be
caused by changes in the thermodynamics of the LiBH4

nanoclusters. Such effects could have a kinetic origin or could
be due to a chemical interaction between the reactant or
products and the host material.
Indeed, such chemical interactions have been observed in

NaH, for instance. A recent experiment has shown that the
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improved thermodynamic properties of NaH nanoparticles,
compared to those of bulk NaH, are partly due to interactions
with the nanoporous carbon host.35 An increase in the average
graphene interlayer spacing distance from 3.35 to 3.54 Å has
demonstrated intercalation of Na between the graphene
layers.36 Reversible intercalation of Na into the nanoporous
carbon matrix stabilizes Na relative to its metallic phase, which
lowers the dehydrogenation enthalpy.35

In the case of nanoconfined LiBH4, Li metal is potentially
one of the reaction products of dehydrogenation. Intercalation
of Li into graphite is a well-characterized process. Graphite can
store Li to form Li-graphite with general formula LixC6 (0 ≤ x
≤ 1). The intercalation process is highly reversible, which
makes graphitic carbon one of the most commonly used anode
materials in rechargeable Li-ion batteries.37,38 Our calculations
give a small activation energy for diffusion of Li atoms on
graphene (single-layer graphite) of 0.25 eV,39 which leads to
fast diffusion. A recent experimental study suggests that Li atom
diffusion across the graphene planes is the rate-limiting step in
Li intercalation into graphite. It reports an even smaller
activation energy for diffusion of 0.16 eV, corresponding to a
very large diffusion coefficient D ≈ 5 × 10−6 cm2 s−1 at room
temperature.40 If LiBH4 is in close contact with the nanoporous
carbon host, then during dehydrogenation of LiBH4, Li might
intercalate into the carbon material. Indeed, recent in situ X-ray
Raman spectroscopy of LiBH4 in porous carbon shows that part
of the Li intercalates during dehydrogenation.41 The studies on
Li intercalation show that this process will not result in any
additional kinetic barriers regarding the reversibility of LiBH4
(de)hydrogenation.
In this work we study how the thermodynamics of the

decomposition reactions of LiBH4 nanoparticles is affected by
the chemical interactions of reactant and product particles with
the nanoporous carbon host using first-principles density
functional theory. The carbon host typically contains domains
of regular or irregular stacks of graphene sheets as well as an
amorphous fraction and a large number of voids, see ref 15. We
use graphite and graphene as model systems to represent the
carbon host.42 In particular, we address the effect of Li
intercalation into graphite on the decomposition pathways and
reaction enthalpies.
This paper is organized as follows. In Section 2 we describe

the computational procedures used. In Section 3.1 we calculate
the interaction energies between the reactant/products and
graphene. These data are used in Sections 3.2.1 and 3.2.2 to
study the decomposition reactions of small and large (LiBH4)n
nanoclusters, respectively. Section 4 presents a summary and
the conclusions.

2. COMPUTATIONAL METHODS
First-principles calculations were performed in the framework
of density functional theory (DFT)43,44 using the Perdew−
Burke−Ernzerhof (PBE) generalized gradient approximation
(GGA)45 and the projector augmented wave method
(PAW)46,47 as implemented in the Vienna ab initio simulation
program (VASP).48,49 For H and Li, all-electron PAW data sets
were used, whereas for B and C the 1s core state was kept
frozen. A kinetic energy cutoff of 550 eV was employed for the
plane wave expansion of the Kohn−Sham orbitals.
Van der Waals interactions play an important role in the

intercalation of Li into graphite. Such interactions are not
included in a GGA functional such as PBE. To obtain a proper
intercalation energy, we used the optB88-vdW functional,

which contains the van der Waals density functional of Dion et
al.50 and the optB88 exchange term, and is implemented in
VASP according to an efficient algorithm.51,52 Details of the
calculations of Li intercalation in graphite will be published
elsewhere.53

The energies of nanoclusters were calculated in a periodically
repeated cubic box which included at least 12 Å of vacuum in
each direction to separate the periodic images. The energies of
isolated H2 and B2H6 molecules were calculated in cubic boxes
with sizes of 12 and 14 Å, respectively. The ground-state
geometries of the small clusters are described in detail in ref 34.
The range of the interaction between the clusters and graphite
is typically limited to the top graphite layers, so often we just
use a single graphene layer to model this interaction. In the
next section we discuss the accuracy of this approximation. The
internal atomic positions were optimized with the conjugate
gradient method until the forces on atoms were less than 0.01
eV/Å. This is sufficient to obtain converged total energies. For
the nanocluster/graphene systems, a Γ-centered 3 × 3 × 1 k-
point mesh was used for the Brillouin zone integration, which is
sufficiently accurate as the supercells are large (see the next
section). The Methfessel−Paxton (MP)54 scheme with a
smearing width of 0.2 eV was employed for the occupation
of the electronic levels.
To include the effects of the vibrational degrees of freedom

on the calculated (free) energies, vibrational frequencies were
calculated for some of the isolated clusters55 using finite
difference methods.56 For computational details, see ref 34. We
assume that the cluster vibrations are not appreciably affected
by interaction with graphene or graphite and use the vibrational
densities of states of free-standing clusters. In general, this is a
good approximation because the cluster−graphene interaction
is moderate, and only a few modes are affected by it. We
calculate the free energies of the clusters from the DFT total
energies and the vibrational densities of states,57 where we
assume that the clusters are immobilized by confinement in a
porous material (so we neglect contributions due to transla-
tional and rotational degrees of freedom). The free energies of
H2 gas and B2H6 gas are taken from the literature, using a gas
pressure of 1 bar.58,59 To assess the changes of the Li phonon
modes upon intercalation into graphite, we calculated the
lattice vibrational frequencies of the bulk graphite, LiC6, LiC12,
and Li metal. Upon Li intercalation, the in-plane C−C bond
length is weakened, which leads to lower vibrational
frequencies.
Note that small (LiBH4)n clusters do not show phase

transitions like bulk LiBH4, i.e. the Gibbs free energy of a
cluster is a smooth (i.e., differentiable) curve. For instance, a
small cluster does not have a well-defined melting point, but the
configuration space probed increases gradually as a function of
temperature as higher lying energy regions of the (anharmonic)
potential landscape become accessible. Here we use the
harmonic approximation to approximate the potential land-
scape and neglect any anharmonic effects. The dominant
contributions to the temperature dependence of the free-energy
differences associated with (LiBH4)n decomposition reactions
come from the gases released in the reactions. This suggests
that the errors in the free energies of the clusters, made by
using the harmonic approximation, are relatively small.

3. RESULTS
3.1. (Li)n, (LiH)n, (LiB)n, (B)n, (LiBH4)n, and Li2BnHn (n ≤

12) Nanoclusters on the Graphene Surface. In this section
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we study the interaction of the reactant clusters (LiBH4)n and
several possible product clusters with the graphene surface. In
order to avoid spurious interactions between periodic images,
we repeat the graphene unit cell eight times in both the a and b
directions and use an 8 × 8 hexagonal in-plane supercell, which
has a cell parameter of 19.74 Å and contains 128 C atoms. In
the perpendicular (c) direction, the graphene layers are 20 Å
apart. The binding energy of a nanocluster to the graphene
surface is defined as

= − −−E E E Eb
nc

nc gr gr nc (1)

where Enc−gr and Egr are the total energies of the graphene
supercell with and without the nanocluster at the surface,
respectively, and Enc is the total energy of an isolated
nanocluster. Note that a negative value for Eb

nc indicates a
stable bond. In the following we use clusters with n = 1,4, and
12 formula units (f.u.) as examples.
The binding energies of the nanoclusters to single layer

graphene are summarized in Table 1. For a single LiBH4

molecule (n = 1) on the graphene surface, the most stable
configuration has Li above the center of a C6 hexagon (Figure
1). The binding energy of −0.246 eV is moderate. The Li−B
bond length increases by a paltry 0.04 Å as compared to the
that of the isolated LiBH4 molecule. The calculated binding
energy of LiBH4 on C60 is −0.50 eV,60,61 indicating that a
curved graphene surface might lead to a somewhat stronger
binding. Larger (LiBH4)n clusters, such as (LiBH4)4 and

(LiBH4)12 (see Figure 1), hardly bind to the graphene surface
at all. They have negligible binding energies of −0.033 and
−0.005 eV, respectively. This behavior is consistent with the
binding being dominated by electrostatic forces, which is to be
expected of clusters composed of ions (Li+ and BH4

−). A
(LiBH4)1 molecule has a significant dipole moment, whose field
induces a charge displacement in the (semimetallic) graphene
sheet, and the Li+ end of the molecule can approach the
graphene sheet without steric hindrance. The larger clusters are
more symmetric; the Li+ ions are shielded by the BH4

− ions,
which decreases the local fields and prevents a close approach
to the graphene surface.
As for (LiH)n nanoclusters, which are possible decom-

position products of the (LiBH4)n clusters (see Section 3.2),
the calculated binding energies to graphene are small, i.e.,
∼−0.1 eV (Table 1). Again, these clusters consist of a rather
symmetric stacking of oppositely charged ions (Li+ and H−),
which leads to a rather moderate interaction with graphene.
The Li2BnHn clusters contain a core consisting of a BnHn

2− ion
with two Li+ ions bonded on the outside.34 Both the Li2B4H4

and the Li2B12H12 clusters bind via a single Li ion to graphene,
with moderate binding energies of −0.248 and −0.220 eV,
respectively, consistent with electrostatic bonding. In contrast,
the (LiB)n clusters have a much stronger binding to graphene.
These clusters contain a Bn

−n core with n Li+ ions bonded on
the outside (Figure 1). This geometry makes the Li+ ions easily
accessible for electrostatic bonding to graphene. Indeed, all of
the Li atoms in (LiB)4 and multiple Li atoms in (LiB)12 clusters
bind to graphene, see Figure 1, with significant total binding
energies of −0.894 and −1.587 eV, respectively.
The boron atoms in the Bn clusters considered here form

covalent networks with a rather planar geometry,34 which tend
to interact with graphene only via B atoms on the edges of the
network. The most stable configuration of the B4 cluster has
one boron atom on top of a carbon atom with a binding energy
of −0.521 eV. The binding energy of B12 on graphene is −0.058
eV, i.e. it hardly interacts with graphene at all.
We will use the binding energies of clusters on graphene to

study decompostion reactions of (LiBH4)n clusters in Section
3.2. One may argue that clusters bonded to graphite (multilayer

Table 1. Calculated Binding Energies Eb
nc of (LiH)n, (LiB)n,

(B)n, (LiBH4)n, and Li2BnHn Nanoclusters to a Graphene
Layer

nanocluster Eb
nc (eV) nanocluster Eb

nc (eV)

(LiBH4)1 −0.246 (LiH)4 −0.089
(LiBH4)4 −0.033 (LiH)10 −0.109
(LiBH4)12 −0.005 (LiH)12 −0.110
Li2B4H4 −0.248 Li2B12H12 −0.220
B4 −0.521 (LiB)4 −0.894
B12 −0.058 (LiB)12 −1.587

Figure 1. Optimized geometries of representative nanoclusters at the surface of a single graphene layer. The spheres represent Li (yellow), B (blue),
H (pink), and C (brown) atoms.
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graphene) would be better model systems. We approximate the
binding to graphite by that to graphene and believe this to be a
reasonable approximation. For a single Li atom we find a
binding energy difference of ∼13% between binding to a single
graphene sheet and to a graphite surface. A single Li atom
donates most of its valence electron to graphene or graphite,
and the difference in binding energy is caused mainly by a
difference in electrostatic screening between the two substrates.
Most of the binding energies in Table 1 are quite moderate, and
an error of ∼13% would be tolerable in an absolute sense.
Actually, the binding energies of (LiBH4)n, (LiH)n, and Li2BnHn

clusters are roughly independent of the size n or even decrease
with increasing n, so any error made tends to decrease with
increasing n, if counted per LiBH4 unit (which we will do if we
compare different reactions).
(LiB)n clusters might be a case where one might be more

careful as they bind to graphene with a substantial energy.
However, decomposition of (LiBH4)n to (LiB)n turns out to be
unfavorable with respect to other reaction paths. In order to
have this decomposition reaction become competitive to other
reactions, an increase of the binding of (LiB)n to the substrate
of more than ∼1 eV per LiB is required. It is extremely unlikely
to get such a stabilization by adding graphene layers.62 The
binding of Bn clusters is dictated by local covalent bonding to
the (top) graphene layer where screening effects are of minor
importance.
3.2. Decomposition of (LiBH4)n Clusters. The decom-

position of bulk LiBH4 takes place at a high temperature (T >
400 °C) and is proposed to proceed as63,64

↔ + +

↔ + +

LiBH
1

12
Li B H

5
6

LiH
13
12

H (g) (2)

LiH B
3
2

H (g) (3)

4 2 12 12 2

2

After the first step we have Li2B12H12 as an intermediate.
Recently it has been argued that the first step is actually
different and gives diborane (B2H6) as intermediate according
to

↔ +LiBH LiH
1
2

B H (g)4 2 6 (4)

Then, in a second step at T > 250 °C, the diborane decomposes
to B and H2.

65 It is proposed that Li2B12H12 and an amorphous
Li2B10H10 phase are formed only in a side reaction between
diborane and the unreacted LiBH4 at lower temperatures.
For the two basic bulk dehydrogenation reactions of LiBH4,

i.e., to Li2B12H12 and LiH (reaction 2) and to B and LiH
(reaction 3), we obtain energies of 0.39 and 0.84 eV/LiBH4,
respectively (at T = 0 K, including zero-point energies). These
numbers are in good agreement with calculated values reported
in the literature.2,66−68

3.2.1. Small Clusters. We select two cluster sizes (LiBH4)n
with n = 4 and n = 12. The latter can decompose into
Li2B12H12, which is the smallest cluster that contains a
(B12H12)

2− ion. Such ions are the building blocks of bulk
Li2B12H12 [cf. reaction 2 above]. Hence, n = 12 forms a natural
demarcation between small and large clusters. Very small
clusters can behave very differently from bulk,34 and we use n =
4 as an example of such a cluster. We consider the following
possible decomposition reactions for (LiBH4)n clusters

↔ + + +− n(LiBH ) Li B H (LiH) ( 1)H (g)n n n n4 2 2 2 (5)

↔ + +−
n

(LiBH ) Li B H (Li)
3
2

H (g)n n n n4 2 2 2 (6)

↔ + n
(LiBH ) (LiH)

2
B H (g)n n4 2 6 (7)

↔ + +n n
(LiBH ) (Li)

2
B H (g)

2
H (g)n n4 2 6 2 (8)

↔ + + n
(LiBH ) (LiH) (B)

3
2

H (g)n n n4 2 (9)

↔ + n(LiBH ) (LiB) 2 H (g)n n4 2 (10)

↔ + + n(LiBH ) (Li) (B) 2 H (g)n n n4 2 (11)

We should mention that reaction 10 is unlikely to occur in bulk
LiBH4. Indeed, stoichiometric LiB is not known as a bulk
compound. However, small clusters (e.g., of the sizes n = 4 and

Figure 2. ΔG/f.u. of the (LiBH4)4 cluster as a function of temperature for various possible decomposition reactions without and in the presence of
graphite. In the figure on the right (with graphite), reactions 6, 8, and 11 have Li intercalated into graphite, i.e. (Li)n → n Li @ C∞. Gas pressures are
1 bar.
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n = 12 considered in this work) can behave very differently
from bulk.34 Note that reactions 5 and 6 are specific for n ≤ 12,
where a (B12H12)

2− cannot occur. Reaction 5 is the small-
cluster replacement of reaction 2.
Reversible Li intercalation into the graphitic carbon host

during dehydrogenation of nanoconfined LiBH4 has been
observed in experiment.41,69 Our calculated intercalation energy
is −1.85 eV/Li, which corresponds to intercalating a free Li
atom in the compound LiC12.

53,70 This means that Li
intercalation in graphite has an enormous potential to stabilize
the dehydrogenated state in reactions 6, 8, and 11. The
stabilization is partially offset, of course, by the energy it costs
to dissociate a (Li)n cluster. The net stabilization energy for n Li
atoms result from

→ → ∞n S n(Li) Li( ) Li@Cn
2

1/2 (12)

The first step represents the (positive) dissociation energy of a
(Li)n cluster, and the last step represents the (negative)
intercalation energy of Li into graphite. The energy cost to
dissociate a (Li)n cluster increases with increasing n, so the
stabilization of the dehydrogenated state decreases with
increasing n. We incorporate the stabilization energy in the
energy balance of reactions 6, 8, and 11.
Figure 2 shows the change in free energy ΔG per formula

unit of LiBH4 as a function of temperature for the possible
decomposition reactions 5−11 of the (LiBH4)4 (n = 4) cluster.
It compares the reactions in vacuum to the reactions in the
presence of a carbon host. Reactions that do not have Li as one
of the products are hardly affected, i.e. reactions 5, 7, 9, and 10.
Evidently the interactions of the reactant and product clusters
with the carbon substrate have only a small net effect on the
free-energy change of these reactions. In contrast, the effects for
the three reactions that involve Li as a product are dramatic.
The intercalation of Li into the carbon host shifts the ΔG
curves pertaining to reactions 6, 8, and 11 down by 0.81, 1.27,
and 1.40 eV, respectively.
Reaction equilibrium is achieved at the temperature Td at

which ΔG(Td) = 0. Without graphite, the small (LiBH4)4
cluster decomposes at a very high temperature Td ≳ 1300 K.
The dehydrogenation reaction to 10 (LiB)4 is then most

favorable. With graphite, all reactions leading to intercalated Li
have a much lower ΔG. Indeed, reaction 8, leading to Li,
B2H6(g), and H2(g), has now become most favorable, with a
decomposition temperature Td ≈ 760 K.
For the larger cluster (LiBH4)12 (n = 12), we observe a

similar behavior (Figure 3). The reactions leading to
intercalated Li are stabilized, whereas other reactions are hardly
affected. Without graphite, the (LiBH4)12 cluster decomposes at
Td ≈ 800 K. Most favorable is desorption reaction 5, where
Li2B12H12 and (LiH)10 clusters are formed. Decomposition of
the (LiH)10 clusters takes place at much higher temperatures,
Td ≈ 1200 K. Compared to the smaller cluster of Figure 2,
reaction 10 to (LiB)n has become totally unimportant, as it
outperforms the others only for temperatures T > 1200 K.
With graphite, the (LiBH4)12 cluster decomposes at a much

lower temperature Td = 490 K, according to reaction 6, where
besides Li2B12H12 clusters, (intercalated) Li and hydrogen are
formed. Compared to the graphite-free case, the presence of
graphite promotes the immediate decomposition of LiH
clusters, thus releasing more hydrogen. In contrast to the
case of n = 4, reaction 8, which releases B2H6 in addition to H2,
is not favorable. This means that from a thermodynamic point
of view it is unlikely that B2H6 gas is formed in the
decomposition of larger clusters. This is in agreement with
recent experimental results on the desorption reaction of
nanoconfined LiBH4.

28

3.2.2. Large Clusters. So far, we have considered the
decomposition of (LiBH4)n clusters with n = 4 and 12 by
explicit calculations on these small clusters. Here we want to
model the stabilizing effect of Li intercalation for clusters of a
larger size. One can model the equilibrium shape of large
nanoclusters from calculated surface energies using the Wulff
theorem.34,71 Once the shape of a nanocluster is determined,
we calculate its total energy as

∑ γ= +E n nE A( )
i

i icluster bulk
(13)

where γi is the surface energy of the ith nanocluster face and Ai
is the area of the corresponding face. Ebulk is the bulk total
energy per f.u. With this simple model one can calculate the H2

Figure 3. ΔG/LiBH4 f.u. of (LiBH4)12 cluster as a function of temperature for different possible decomposition reactions without and with the
presence of graphite. In the figure on the right (with graphite), reactions 6, 8 and 11 have Li intercalated into graphite, i.e. (Li)n → n Li @ C∞. Gas
pressures are 1 bar.
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desorption energy as a function of the cluster size n, provided n
is sufficiently large.72 Alternatively, one can calculate the H2
desorption energy as a function of the size of the pores in the
host material. For the latter we assume that the pores are
spherical and of a fixed size and that each pore is filled with the
largest possible crystallite of optimal shape of a single (reactant
or product) compound.
We include the effect of the stabilization mechanism of

reaction 12. So in reactions that would lead to a (Li)n cluster as
a product, we assume that it dissociates immediately and the Li
atoms intercalate into graphite. As Li2B12H12 is a stable
compound, we switch from reactions 5 and 6 to 14 and 15
for larger clusters,

↔ + + n
(LiBH )

1
12

(Li B H )
5
6

(LiH)
13
12

H (g)n n n4 2 12 12 2

(14)

↔ + + n
(LiBH )

1
12

(Li B H )
5
6

(Li)
3
2

H (g)n n n4 2 12 12 2

(15)

Figure 4 shows the desorption energies per H2 released as a
function of (a) n, the number of f.u., and (b) the pore diameter
for the desorption reactions 14 and 9, which lead to Li2B12H12
and B as a product, respectively, besides LiH. In addition,
desorption energies of reactions 15 and 11 are shown, which
also lead to Li2B12H12 and B, but where LiH dissociates
immediately into intercalated Li and hydrogen gas.
For large clusters, the stabilization due to Li intercalation is

unable to push the desorption energy of the reaction with
graphite below those of the reactions without graphite. The
desorption energy of reaction 9 is lower than that of reaction
11, and that of 14 is lower than that of 15. Indeed, for large
clusters, the desorption energy of reaction 9 drops with size
faster than that of reaction 11, and the desorption energy of 15
even increases where that of 14 drops. So there is no apparent
beneficial effect of Li intercalation, except maybe at a very high
temperature, where decomposition of LiBH4 into the elements,
reaction 11, would be favored.
For small pore and cluster sizes, the situation is different. In

the case in which the pores have a diameter ≲1.0 nm, Li

intercalation leads to lower hydrogen desorption temperatures
through reaction 15. For larger pore sizes, the beneficial effect
on this particular reaction is lost. If we consider higher
temperatures where other reactions become important, the
effect of Li intercalation is operative for larger clusters and
pores. For pore sizes ≲2.5 nm, reaction 11 is more favorable
than 9. Indeed, the effect on the hydrogen desorption energy is
0.2 eV/H2 for a 1.0 nm pore diameter. We should mention that
these numbers are on the edge of what is reasonable using the
Wulff construction. If the cluster size n ≲ 40 f.u. or the pore
diameter ≲1.0 nm, one should use calculations on explicit
clusters as in Section 3.2.1.

4. SUMMARY

Recent experimental studies suggest that LiBH4 nanoparticles
confined in nanoporous carbon materials show faster
desorption kinetics and improved reversibility as compared to
those of bulk LiBH4, and even could have more favorable
thermodynamics. However, calculations on isolated LiBH4
nanoclusters show that the reaction energies of such clusters
are very close to that of bulk, if the cluster diameter ≳2 nm, and
even become more unfavorable if the diameter ≲1 nm.34 This
opens up the question whether the thermodynamics of the
dehydrogenation reactions might be altered by chemical
interactions between the reactant and products and the
nanoporous carbon host material. In this work we address
the latter by studying the interaction of the reactant and
product clusters with graphene and graphite and by evaluating
the role of reversible intercalation of Li (one of the possible
reaction products) into graphite.
DFT calculations on small (LiBH4)n, n = 4 and 12, clusters

adsorbed on graphene show that reaction energies are not very
sensitive to the interaction of these nanoclusters and the carbon
surface. Our findings show that intercalation of Li plays a more
important role and has a large potential to stabilize the
dehydrogenated state of reactions where a (Li)n cluster is one
of the products. By dissociating such clusters and intercalating
the resulting Li atoms into the carbon material, we can alter the
reaction pathways and obtain considerably lower decomposi-
tion temperatures for small (LiBH4)n clusters. For instance, the

Figure 4. Calculated desorption energies as a function of (a) the number of formula units and (b) pore diameter. For reactions 11 and 15, the
dehydrogenated state with Li intercalated into graphite is plotted. Horizontal lines are the corresponding bulk desorption energies.
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calculated decomposition temperature Td ≈ 800 K of
(LiBH4)12 to Li2B12H12, LiH, and H2 drops to Td ≈ 500 K
because LiH decomposes immediately to Li and H2, and Li is
intercalated.
For larger (LiBH4)n clusters, the Li intercalation effect in

stabilizing the dehydrogenated state becomes much smaller.
This is partly due to the fact that it costs more energy to break
up larger Li clusters; the net energy gain due to intercalation
saturates at the value of −0.2 eV/Li with respect to Li bulk.
Moreover, as the stability of the (LiH)n clusters increases with
size, the dehydrogenated state with (LiH)n and not (Li)n
clusters becomes more favorable for larger (LiBH4)n clusters.
In conclusion, Li intercalation into graphitic structures is

important in stabilizing the dehydrogenated state in nano-
clusters. It allows for H that is trapped in LiH to be released.
However, only for small clusters can it tip the thermodynamic
balance in favor of this mechanism and reduce the desorption
temperature.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: e.hazrati@science.ru.nl. Phone: +31 (0)243652984.
Fax: +31 (0)243652120.
*E-mail: g.dewijs@science.ru.nl. Phone: +31 (0)243652984.
Fax: +31 (0)243652120.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank Petra de Jongh and Peter Ngene for useful
discussions. The work of E.H. is part of the Sustainable
Hydrogen program of Advanced Chemical Technologies for
Sustainability (ACTS), Project 053.61.019. The work of G.A.W.
is part of the research program of the Foundation for
Fundamental Research on Matter (FOM), which is part of
The Netherlands Organisation for Scientific Research (NWO).

■ REFERENCES
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