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Abstract

The storage of hydrogen in different carbon nanostructures has been investigated using classical Monte—Carlo simulations
techniques. Very low hydrogen uptakes ( < 1% wt) have been calculated for single-walled and double-walled carbon nanotubes, as
well as for graphite nanofibers at 293 K and 10 MPa. The amount of hydrogen uptake strongly depends on the porosity within the
nanostructure network where optimal arrangements give rise to the formation of a well-defined two-dimensional adsorbed hydrogen
layer. The presence of metallic impurities within single-walled nanotube bundles was modeled by disseminating atomic particles,
characterized by a highly attractive potential, throughout the nanotube network. It has been found that the presence of metallic
particles significantly enhances the hydrogen uptake, but not to a point where this could be considered a promising storage solu-

tion.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen storage in carbon nanostructures (CNS)
remains a controversial topic because early work that
showed very promising storage capacity in single-walled
carbon nanotubes (SWNTs) and graphite nanofibers
(GNFs) has not been clearly reproduced [1-4]. For
example, high hydrogen uptakes from 4.2% to 65% wt
have been reported for SWNTs and GNFs at 300 K
under around 10 MPa [2,4]. This strongly contrasts with
the low hydrogen uptakes (< 1% wt) claimed in other
recent experimental works [5-7]. On the other hand,
most of the theoretical and numerical studies agree,
predicting a relatively low storage capacity in purified
carbon nanostructures (SWNTs, GNFs) at room tem-
perature [8-12]. In addition, recent experimental work
on hydrogen adsorption has clearly demonstrated the
influence of metallic impurities on the final hydrogen
uptake [13]. For example, titanium alloy particles orig-
inating from the degradation of the probe during a
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sonication treatment of SWNT samples increase the
amount of adsorbed hydrogen to about 1.47% wt when
the titanium loading is 59.6% wt. Therefore, it clearly
appears that the amount of stored hydrogen gas in a
purified sample would be much lower than the 2010
DOE target of 6.0% wt [14].

Other metallic impurities or particles such as Fe, Ni
and Co could originate from the residual catalyst used
during carbon nanostructure synthesis. Even very
sophisticated purification techniques can only reduce
their amount to approximately 1-2% wt. Similarly to
supported metal particles, the existence of metallic
atoms, clusters or particles within a carbon nanostruc-
ture network can significantly modify the apparent
amount of adsorbed hydrogen [15]. The hydrogen
adsorption into CNS can occur through several mech-
anisms, such as chemisorption on metallic particles [16],
dissociative adsorption on metal followed by atomic
hydrogen spillover into the CNS matrix [17,18], or
through a direct dissolution of hydrogen into the
metallic particles to form a hydride phase [19]. Follow-
ing these last possible pathways, activated processes
could take place during adsorption, and finally lead to a
rather complex desorption spectrum where different
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hydrogen phases could be observed. Although a careful
theoretical and experimental investigation of the differ-
ent possible mechanisms would be necessary, the effect
of impurities in a CNS network on the adsorption
capacity first needs to be addressed.

In this study, the adsorption of hydrogen in several
different CNS (SWNTs, double-walled nanotubes
(DWNTs) and GNFs) has been examined as a function
of the van der Waals gap or distance between the
cylindrical walls in the case of tubes or between the
sheets in the case of fibers. The influence of disseminated
metallic particles within a CNS network on the final
hydrogen storage adsorption has also been addressed.
Although the approximation considered in the descrip-
tion of the potential energy between hydrogen and
metallic impurities was crude, the significant variation
observed in the amount of adsorbed hydrogen is dis-
cussed in terms of the possible storage capacity of
metallic-doped carbon nanostructures as reservoirs for
hydrogen.

2. Computational details

Grand canonical Monte-Carlo (GCMC) simulations
of hydrogen adsorption at room temperature (293 K)
and moderate pressure (10 MPa) were carried out with a
modified version of the BigMac package [20-22]. This
GCMC software was adapted to study Hy/CNS models,
and to include quadrupolar interactions in the evalua-
tion of the total potential energy. During the simula-
tions, the events of creation, destruction or displacement
of hydrogen in configurational space were equiprobable
(33%). A typical simulation performed 10° steps to en-
sure that an equilibrium configuration was reached,
followed by 2x10° steps to evaluate the number of
hydrogen molecules (Ny,) in the volume considered.

The standard unit cell, where periodic boundary
conditions were applied, is shown in Fig. 1, where we
also identify the intra- and intertubular adsorption sites.
For the (n,0) SWNT and DWNT models considered,
the most stable hexagonal arrangement of nanotubes
within a bundle [23] was used. The amount of adsorbed
hydrogen was computed as a function of two structural
parameters: the nanotube diameter (Dyr) and the van
der Waals (vdW) gap. Due to the boundary conditions,
we have mostly considered hydrogen adsorption in
periodic arrays of nanotubes. The amount of hydrogen
adsorbed on the outer surface of a hypothetical finite
nanotube bundle was not explicitly evaluated, but rather
estimated for a few cases from the variation of hydrogen
density with the vdW gap. The structural parameters
and the C-C bond distance (1.42 A) of the CNS model
were kept fixed during GCMC runs, and the interaction
energy between carbon atoms was not evaluated
explicitly. The sum of the interaction energies between N

van der Waals
distance

—ntratubular site

—ntertubular site

Fig. 1. A typical unit cell containing a hexagonal arrangement of
(20,0) SWNTs, where tri-dimensional periodic boundary conditions
were applied. The different adsorption sites in the SWNT rope, as well
as the van der Waals distance (gap), are also identified.

hydrogen molecules and the M carbon atoms in the
CNS models is estimated with the classical 6-12 Len-
nard—Jones (L-J) potential (see Eq. (1)), where r;; is the
distance between the centre of mass of the different
molecules and Ay is Boltzmann’s constant.

N M 12
OH,—
UH27X = 4kB6H2—X E E W(rij) [( I:zx)
j i

+ quadrupole interactions

(1)

A similar equation was used for H,-H, interaction
except that the second summation was performed over
j=1i+1to M in order to avoid double counting. The
parameters of the L-J potential, ey, x = 28.2 K (36.7 K)
and oy, x = 0.3400 nm (0.2958 nm) used for X =C
(H,), are similar to parameters used in previous studies
[8-10]. The cutoff function (W (r;;)) limits the evaluation
of the potential energy between particles i and j to a
critical radius fixed at 1.538 nm. In order to simulate the
chemisorption of hydrogen on the metallic particles, a
highly attractive and localized L-J potential, taking
en, metal = 2820 K and oy, metar = 0.1700 nm, was used.
Although the use of a more complex potential for this
H,-metal interaction would allow a more rigorous
description of the chemisorption process, this approxi-
mate potential should be sufficient to qualitatively
evaluate the effect of metallic particles such as atoms or
small clusters disseminated in the CNS network.

The gravimetric (p,,) and volumetric (p,) densities of
hydrogen were calculated using Egs. (2) and (3),
respectively. Np,, Nc and Ny are the number of
hydrogen molecules, carbon atoms and impurity parti-
cles in the unit cell of volume V. Molar masses my, and
mc are respectively equal to 2.0 and 12.0 g/mol. We
arbitrarily fixed mpe at 58.7 g/mol, the molar mass of
nickel. N, is Avogadro’s constant.
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3. Results and discussion
3.1. Adsorption in pure CNS

In this section, we compare the storage capacity of
SWNTs, DWNTs and GNFs (T =293 K, P = 10 MPa)
as a function of the porosity. For simplicity, we asso-
ciate the porosity to the vdW gap, which is the inter-
planar distance between the nanotubes or graphene
sheets. Fig. 2 shows the gravimetric and volumetric
amount of adsorbed hydrogen in SWNTs, DWNTs and
GNFs as a function of the van der Waals gap, and Fig. 3
illustrates the distribution of hydrogen within the car-
bon network. Each snapshot of Fig. 3 represents the
configuration of hydrogen at the end of a numerical
simulation. In a general manner, the amount of ad-
sorbed hydrogen in all carbon nanostructures remains
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Fig. 2. Gravimetric (A) and volumetric (B) density of hydrogen in
SWNT: (20,0), DWNT: (17,0)@(26,0) and GNF as a function of the
porosity. Simulations were performed at 7 = 293 K and P = 10 MPa.
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Fig. 3. Snapshots of adsorbed hydrogen in single-walled nanotubes
(SWNT), double-walled nanotubes (DWNT), and graphite nanofibers
(GNF), for vdW gap of (A) 1.0 nm, (B) 0.7 nm and (C) 0.4 nm.

relatively small for the porosity considered and is
smaller than 0.6% wt (7.1 kg/m?) for nanostructures in
which the vdW gap is similar to the bulk interplanar
distance in graphite, i.e., 0.3355 nm.

The curves for SWNTs show three distinct regimes
between 0.2 and 1.2 nm. Below 0.3 nm, hydrogen is
mostly located within the tubes, a small amount is lo-
cated directly in the interstice between three tubes (3-
fold interstice), and there is practically none in the
porosity between two tubes (2-fold interstice) due to
the small spacing (see also Fig. 3C). From 0.3 to 0.7 nm,
the amount of hydrogen increases significantly. At
0.34 nm, it would correspond to the usual structure
found for SWNT bundles [23], in which case the com-
puted hydrogen density is 0.60% wt (7.1 kg/m?). A local
maximum of the density can be distinguished around 0.7
nm, and corresponds to the optimal distance for
adsorbing a single quasi-2D layer of hydrogen around
each nanotube. This quasi-2D structure of adsorbed H,
monolayer can be clearly observed in Fig. 3B for the
three CNS considered. For a vdW gap between 0.7 and
1.2 nm, the gravimetric density of hydrogen increases
almost linearly with the vdW gap, or in other words,
with the total volume of the reservoir, but the volu-
metric density is gradually decreasing. These last trends
are not really surprising; we can expect the Ny, /Nc ratio
(where Nc is constant) to increase with the reservoir
volume, and the volumetric density to approximately
converge to the compressed hydrogen value, i.e., 7.4 kg/
m?, for very large vdW gaps. In addition, Fig. 3A shows
that hydrogen is randomly distributed throughout the
available CNS structure with large vdW gaps.

It is interesting to note that SWNTSs show their lowest
storage capacity for a vdW gap around 0.34 nm, i.c., at
the bulk graphite distance, and that the volumetric
density of hydrogen (7.1 kg/m?) is even lower than for
compressed hydrogen (7.4 kg/m?). This observation is a
direct consequence of the boundary conditions used in
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which we have not explicitly considered hydrogen
adsorption on the outer surface of finite nanotube
bundles. This is particularly crucial for systems with a
small vdW gap. For bundles with a large vdW gap, the
entire surface of the individual nanotubes is accessible,
and represents the upper limit of the adsorption capacity
of a bundle. As shown by Williams and Eklund, a
maximal hydrogen gravimetric density (<1.5% wt at 300
K and 10 MPa) can be reached with a bundle made of
individual nanotubes [12]. We found a similar hydrogen
density for an array of nanotube with a vdW gap around
0.7 nm, and for which the entire outer surface is acces-
sible to hydrogen. From this result, we can roughly
estimate the contribution of the outer surface of a finite
bundle to the amount of adsorbed hydrogen. For
example, if we consider that half of the surface of na-
notubes in the outer region of a bundle with vdW gap of
0.34 nm are participating in hydrogen adsorption, then
the gravimetric hydrogen density should increase from
0.55% wt for a periodic array of nanotubes (see Fig. 2A)
to 0.85% wt and 0.67% wt for bundles made of 7 and
91 nanotubes, respectively. Obviously, the variation in
hydrogen density between a periodic array and a finite
bundle becomes smaller as the number of nanotubes in
the bundle increases.

A similar picture of adsorption curves can be derived
for DWNTs but here the weight fraction is approxi-
mately a factor of 2 lower due to the presence of two
nanotube walls. First, we notice in Fig. 3 that no
hydrogen adsorbs between the two walls of a single
DWNT because of the small spacing (0.3355 nm) be-
tween them. Due to the presence of this dead volume in
DWNTs, the amount of adsorbed hydrogen remains
below the compressed hydrogen value of 7.4 kg/m? over
a large range of vdW gaps. A maximal value of 8.6 kg/
m? is reached for a vdW gap of 0.7 nm. Nevertheless,
although this illustrates the low storage capacity of
DWNTs, an interesting structural effect associated to
the presence of two walls can be noted. This effect al-
ready occurs for SWNTs, where the density of hydrogen
increases when the vdW gap is decreased from 0.35 to
0.20 nm (see Fig. 2A and B), i.e., where hydrogen is
essentially located in the intratubular region. This
increasing amount of hydrogen is partly related to the
presence of an additional attractive potential energy
produced by the next nanotube wall, and leads to a
combination of the two L-J potentials in which the
hydrogen—carbon interaction is slightly more attractive.
Consequently, hydrogen appears more strongly bonded.

For DWNTs, this structural effect mainly occurs for
an increasing porosity where the variation in the amount
of adsorbed hydrogen for a (17,0)@(26,0) DWNT is
more important (+3.5 kg/m?) than for a (25,0) SWNT
(+2.33 kg/m?®) when the vdW gap is increased from 0.33
to 0.70 nm. A comparison of the hydrogen configura-
tions in SWNTs and DWNTs at a large porosity shown

in Fig. 3A and B clearly demonstrates the consequence
of this structural effect. Finally, if we extend these results
for DWNTs to the case of multi-walled nanotubes
(MWNTs) where the dead volume between nanotube
walls is much more important, the volumetric and
gravimetric densities of adsorbed hydrogen in MWNTs
would be very small. This result strongly contrasts with
previous works on MWNTs in which the gravimetric
hydrogen density varies from 0.25% wt at 300 K and 0.1
MPa [25], to 5% wt at 300 K and 10 MPa [26].

The results obtained for GNFs clearly show the
importance of porosity on hydrogen adsorption and
reinforce our interpretation of the adsorption of
hydrogen within nanotubes. For GNFs with a vdW gap
smaller than 0.6 nm, no hydrogen adsorption appears
feasible. Nevertheless, in this range, SWNTs and
DWNTs show significant amounts of adsorbed hydro-
gen located mainly within the nanotubes, with a small
fraction located in the porosity due to 3-fold interstices
created from the packing of the cylindrically shaped
nanotubes. From 0.6 to 0.7 nm, the amounts of ad-
sorbed hydrogen in GNFs increases sharply to a maxi-
mum similar to the case of SWNTs, with the maximum
corresponding to a single quasi-2D layer of adsorbed
hydrogen (see Fig. 3B). For larger porosity, the gravi-
metric amount of hydrogen increases linearly with the
porosity as observed for SWNTs, and its volumetric
density slowly converges to the compressed hydrogen
value of 7.4 kg/m?. From these results, hydrogen
adsorption within graphite sheets or carbon nanofibers
does not seem an interesting possibility, except if one
could significantly expand the graphite interplanar
distance by a factor of around 100%, i.e., from 0.34 to
0.70 nm.

These results suggest that carbon nanostructures do
not appear to be very interesting candidates for use as
hydrogen storage reservoirs. Even the possibility of
significantly improving the porosity of the systems,
which would be experimentally very difficult, does not
increase the amount of adsorbed hydrogen to a level
adequate for practical hydrogen storage.

3.2. Influence of metallic particles

Although most of the samples used in hydrogen
adsorption experiments are purified through drastic
chemical means, these pretreatments are always insuffi-
cient to remove the entire amount of transition metals
originating from the catalyst used for the synthesis of
the carbon nanostructures [24]. In addition, the transi-
tion metal left after purification can be found in various
forms such as atoms, clusters or nanoparticles which
would react differently with molecular hydrogen. How-
ever, the modeling of the interaction of hydrogen with
transition metals constitutes a tremendous and chal-
lenging task, especially in the context of Monte—Carlo
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simulations where many different configurations would
have to be considered. Several mechanisms such as
molecular adsorption, dissociative adsorption, diffusion
and desorption can occur [18,28], and have to be taken
into account for an accurate description of the interac-
tion. Even if we reduce the number of possible mecha-
nisms to a strict minimum, i.e., only molecular
chemisorption on metallic atoms is taken into account,
we can still obtain valuable information on the effect of
metal on the amount of adsorbed hydrogen.

In our models, a random dispersion [30] of metal
atoms within the structure made up of 3-fold interstices
in a SWNT network was used. The metal-hydrogen
interaction is described by a highly attractive L-J po-
tential (eép,-meta = 2820 K, 0n,-metat = 0.1700 nm) where
e and o were approximated from experimental data for
hydrogen chemisorbed on Fe, Ni and Co [31]. The ratio
between impurity and carbon atoms was kept constant
at Nimp/Nc = 1/480 which would roughly correspond to
a 1.0% wt content of nickel impurities. Although large
particles would preferably sit on the outer surface of the
carbon nanotube ensemble, the presence of atomic
particles within the network constitutes a possible dis-
tribution that is reminiscent of intercalated graphite
materials [29].

Fig. 4 shows the gravimetric (A) and volumetric (B)
density of adsorbed hydrogen as a function of the vdW
gap for systems of both pure SWNTs and SWNT +
impurities. Fig. 5 compares different views of the hydro-
gen distribution within systems of SWNT + impurities
for vdW gap of 1.0 (A), 0.7 (B) and 0.4 nm (C). The
presence of impurities in Fig. 5 is clearly identified by the
dark spheres within the 3-fold interstices of the SWNT
network. As observed for pure SWNTs with intertube
distances below 0.30 nm, hydrogen mainly fills the
intratubular porosity, with a small amount located in
the 3-fold interstices. At this stage, the impurities are not
playing a significant role, but even though the available
3-fold volume is small, a few hydrogen molecules are
bonded to metallic particles. For vdW gaps between
0.30 and 0.70 nm, the hydrogen density increases quite
rapidly, in a similar fashion for both pure and metal-
doped SWNTs. Nevertheless, the presence of impurities
induces an additional 10% of adsorbed hydrogen for a
vdW gap of 0.72 nm which corresponds to a volumetric
density increase from 10.6 to 11.7 kg/m?. This increase
occurs at a fairly small vdW gap; once the hydrogen is
not energetically restricted to occupy the centre of the 3-
fold interstices, the impurities become rapidly saturated
with hydrogen and their contribution to the total
amount of adsorbed hydrogen become constant. For
vdW gaps larger than 0.72 nm, the variation in the
volumetric density is very similar for both systems.

In addition, we have found a linear dependence be-
tween the amount of adsorbed hydrogen and the
impurity content that allows us to estimate that an
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Fig. 4. Gravimetric (A) and volumetric (B) density of hydrogen in
SWNT containing impurities as a function of the porosity. Simulations
were performed at 7 =293 K, P = 10 MPa.
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Fig. 5. Snapshots of adsorbed hydrogen in SWNT containing metallic
impurities for porosity (A) 1.0 nm, (B) 0.7 nm and (C) 0.4 nm.
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impurity content of around 45% wt in a (20,0) sample
with a vdW gap of 0.72 nm would be necessary to reach
the target fixed by the DOE. In this case, hydrogen
adsorption would occur essentially on the “impurities”,
with the SWNTs simply playing the role of a supporting
matrix. It should be mentioned that we considered the
presence of atomic-like particles which are totally
accessible to hydrogen and can chemisorb up to around
three (3) hydrogen molecules. In reality, the size of the
metallic particles could be much larger, and the metallic
atoms are thus not totally accessible to chemisorb
hydrogen since most of them are within the bulk of the
particles.

Hirscher et al. [13] have shown that a sample con-
taining as much as 60% wt of a titanium alloy with
particle sizes up to 1 pm increases the hydrogen gravi-
metric density to only about 1.47% wt. Furthermore,
since the maximum storage capacity of pure Ti is 4% wt
[32], corresponding to a TiH, hydride phase, it is clear
that the DOE target cannot be reached easily at room
temperature under a moderate pressure (10 MPa) by
simply increasing the titanium alloy content. Our results
are in agreement with this last observation and other
similar studies [18]; reasonable volumetric density of
hydrogen (in kg/m?) can be reached, but only with high
metal loading. In contrast, the high atomic weight of
transition metals would significantly lower the hydrogen
gravimetric density (in% wt) with respect to the DOE
target (6.0% wt). A possibly interesting alternative
material for hydrogen storage could possibly be ob-
tained by dispersing promising small metal-hydride [33]
particles (LaNis, MgNi) in these porous CNS materials.
This would allow an increase of the exposed surface area
of the metal-hydride, thus creating an additional source
of potential hydrogen adsorption sites.

4. Conclusions

Hydrogen uptake in different carbon nanostructures
at 10 MPa and 293 K using grand canonical Monte—
Carlo numerical simulations have been calculated. Our
results indicate that hydrogen adsorption is strongly
influenced by the structure porosity. A maximum
hydrogen uptake is computed for a porosity of around
0.70 nm, which corresponds to the formation of 2D-like
layer of adsorbed hydrogen. However, our simulations
indicate that pure carbon nanostructures could not
reach a hydrogen uptake of 6.0% wt. The amount of
adsorbed hydrogen in SWNTs, DWNTs (MWNTs) and
GNFs is lower than 1.4% wt for the optimum porosity
around 0.70 nm. For standard carbon nanostuctures in
which the porosity is similar to the bulk interplanar
distance in graphite (0.34 nm), the amount of adsorbed
hydrogen is lower than 0.6% wt. The presence of
metallic impurities in a SWNT network would improve

the hydrogen adsorption capacity of CNS but it still
remains far below the DOE target.
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