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Abstract

The first principal calculation based on the density functional theory was performed to investigate the hydrogen storage behavior of Li-doped
single-walled carbon nanotubes (SWCNTSs). It was found that, through Li-doping, two new adsorption sites for hydrogen molecules are created in
addition to the inherent three adsorptive sites which are exterior, interior and interstitial regions of pristine SWCNTs: the first site (denoted ‘region
1’) is the nanotube’s sidewall whose electronic distribution status is influenced by the doped Li atoms. The second site (denoted ‘region 2°) exists on
the positively charged Li atoms which result from the transfer of electrons from the Li atoms to the SWCNTs. The calculations show that although
the adsorption energy in region 1 increases somewhat, the adsorption behavior of hydrogen is marginally different from that of pristine SWCNTs.
However, in region 2, at least three hydrogen molecules can be adsorbed by each charged Li-atom, and based on the maximum Langmuir coverage
(of 0.55), 1.1 hydrogen molecules can be adsorbed onto each charged Li-atom. When this result is considered together with the effective specific
surface area, the hydrogen storage capacities of Li-doped SWCNTs with the doping ratio of LiCys are approximately 0.1 wt% in region 1 and
1.17 wt% in region 2 at 10 MPa and 300 K so that the total H, storage capability is 1.27 wt%, which agrees well with previously reported results.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The hydrogen fuel cell is nowadays a worldwide issue since
it is considered to be the most promising solution that could
dramatically decrease pollution and decelerate the depletion of
fossil fuel resources. However, for practical purposes,
particularly for vehicles equipped with hydrogen fuel cell,
we have to find appropriate ways of storing a considerable
amount of hydrogen in a container or adsorbent. Indeed, the
U.S. Department of Energy (DOE) suggested that such an
adsorbent should store 6.5 wt% of hydrogen and/or 62.5 kg/m®
for actual automotive fuel cell applications.

Recently, large hydrogen uptakes by lightweight nanos-
tructured carbon materials such as single-walled carbon
nanotubes (SWCNTSs) have attracted considerable experimen-
tal and theoretical attention [1-4]. For example, high-purity
SWCNTs have been reported to adsorb ca. 8.0 wt% at
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temperatures of 80 K and pressures of over 100 bars [5].
However, since the actual application in automobiles requires
working conditions of ambient temperature and roughly 1-
100 bars, materials as such pristine SWCNTs that require either
high pressures or very low temperatures or both for large
amounts of H, uptake would have many limitations in their
applications to actual automobiles. Moreover, many studies
both experimental [6-9] and dealing with simulations [10,11]
have indeed reported hydrogen storage capabilities of less than
1 wt% at room temperature for nanotubes synthesized and
pretreated with a variety of methods.

Much effort has therefore been expended in finding more
feasible adsorbents for hydrogen storage. For example, multi-
walled carbon nanotubes (MWCNTs) doped with alkali metals,
particularly with Li and K showed enhanced hydrogen storage
capacities at ambient pressure and temperature [12—14]: in a
dry hydrogen atmosphere, the adsorption is of 2.5 wt% for Li-
doped MWCNTs and of 1.8 wt% for K-doped MWCNTs. To
find possible contributing factors of such enhanced hydrogen
adsorption capacities, several theoretical studies have devoted
themselves to understanding the relationships between the
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components in hydrogen/alkali metal/nanotube systems [15—
17]. However, Froudakis merely mentioned the possibility of
enhanced adsorption by alkali atoms for K-doped SWCNTs
[15]. Cabria et al. reported that the physisorption energy of
hydrogen molecules near Li atoms on the Li-doped carbon
nanotubes is twice as large as that of the pristine SWCNTs (4,4)
which is attributable again to the charge transfer from the Li
atoms to the graphitic surface around them. But they performed
local density functional (LDA) calculations which are not
adequate for the calculations of dispersion forces [16]. Thus, all
the abovementioned works may somewhat help understand
what might be happening within the hydrogen/alkali metal/
SWCNTs systems, but do not explain how such a high
adsorption energy can contribute, in quantitative terms, to the
enhancement of the hydrogen adsorption capacities of
SWCNTs. This implies that there still remains a need for a
more systematic study of the hydrogen adsorption behavior on
Li-doped SWCNTs (denoted Li-SWCNTSs) in order to find
more quantitative information. Therefore, we aimed herein at
elucidating the role of lithium in improving the hydrogen
storage capacity of carbon nanotubes by adopting (10,0)
SWCNTs as a model material and the methodology of quantum
mechanical (QM) calculations using general gradient approx-
imation density functional theory (GGA-DFT). Through this
approach, we could find the interaction energies between Li
atoms and SWCNTs, the changes in the electron distributions,
and the most effective adsorption sites. Also, we were able to
calculate the hydrogen capacities of Li-SWCNTs based on
Langmuir coverage together with the effective specific surface
area of the modeled tubes.

2. Computational and theoretical details

The adsorption of hydrogen molecules on carbon materials
is dominated by van der Waals forces and long-range attractive
forces between separated molecules even in the absence of
charges or permanent electric moments. In order to describe van
der Waals interactions effectively, a fully non-local functional
must be adopted since a local density functional is in principle
not capable of describing this long-range, non-local correlation
effect. Therefore, we used the first-principle calculations based
on density functional theories (DFT) with the generalized
gradient approximation (PWO91) suggested by Perdew and
Wang [18]. For the accurate calculation of the interaction
energy of hydrogen molecules on Li-SWCNTs, the DFT
employed here is combined with a double numerical plus
polarization basis set (DNP) as is embodied in the Dmol® code
[19,20]. The DNP basis set consists of two atomic orbitals for
each occupied atomic orbital, being a polarization d-function
on all non-hydrogen atoms and a polarization p-function on all
hydrogen atoms. The standard DNP basis set is equivalent to 6-
31G** which is an analytic basis set. In the calculations, we set
the orbital cut-off distance as 4.4 A and the energy convergence
as 107> Ha. And the model carbon nanotubes were (10,0)
SWCNTs with the diameter of 0.79 nm. All calculations were
carried out using a periodically repeating 3D triclinic lattice
cell. The lattice constants of a and b for the inner and outer

adsorption areas of SWCNTSs were decided to be in the range of
negligible interaction energy between neighboring tubes, and
for the interstitial adsorption area the inter-tube distance of
0.35 nm was found to be the most appropriate stable value. The
geometry of both SWCNTs and Li-doped SWCNTSs were fully
optimized through energy minimization, and the single point
energy calculations were used to find the physisorption energies
of hydrogen molecules. The adsorption energy of hydrogen
molecules on either pristine SWCNTs or Li-doped SWCNTs
were calculated using Eq. (1):

Edsorption = E(host material — H,) — E(host material)
— E(H,) (D

The adsorption coverage (f) that is dependent on the change
of adsorption energy was calculated on the assumption of
Langmuir type coverage [21] using Eq. (2):
_ 1

14 exp((Eadsorption - //L)/kT)

f 2

Here, p is the chemical potential of hydrogen gas, k the
Boltzman constant, and 7 is the adsorption temperature.
Eq. (2) can only be used assuming that Langmuir type mono-
layer adsorption and physisorption are valid. However, due to
dispersion forces [22], the most stable position for an adsorbed
molecule is situated with its center at a distance of about one
molecular diameter from the surface as the attractive field
rapidly diminishes at greater distance. This would indicate that
the adsorption energy of the second layer of adsorbate mole-
cules is almost negligible. Consequently, the adsorption at a
temperature equal or greater than the boiling point of the
adsorbate at a given pressure leads to the adsorption of a
monolayer, which means that the Eq. (2) is applicable to our
simulated model.

3. Results and discussion
3.1. Hydrogen storage on pristine SWCNTs

SWCNTs exist in the state of aggregated long crystalline
bundles consisting of a few tubes to hundreds of individual
nanotubes closely packed into a triangular lattice due to van der
Waals interactions. This structure renders the pristine SWCNTs
into having three adsorptive sites: exterior, interior and
interstitial regions. Also, according to our preliminary
calculations, the adsorption of hydrogen molecules perpendi-
cular to hexagonal ring centers were the most favorable,
although their energy differences when compared to other
configurations perpendicular to a carbon atom is below
0.2 kcal/mol. Consequently, we considered only the adsorption
of hydrogen molecules perpendicular to a hexagonal ring center
in all calculations.

Fig. 1 shows that the adsorption energies on exterior and
interior regions are in the range of —2.19 to —2.20 kcal/mol,
while those on interstitial regions are —6.57 kcal/mol, which
are three times higher than the others. The adsorption capability
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Interstitial : -6.57 kcal/mol

Interior : -2.20 kcal/mol

Exterior : -2.20 kcal/mol

Fig. 1. Three adsorption regions and adsorption energies of the pristine single
walled carbon nanotube.

of the interior region differs slightly to that of the exterior
region, but the difference is negligible when it is compared to
the potential of the H, gas at room temperature. Also, the
adsorption energy was almost the same for the various
configurations of hydrogen molecules on SWCNTs. This
result implies that the pristine SWCNTs do not have any
specific adsorption site so that H, molecules can equally be
adsorbed onto any region of the pristine SWCNTs wall.
Consequently, if no impurities or disordered structures exist,
the hydrogen adsorption sites in the pristine SWCNTs are
limited to three regions: the interstitial, interior and exterior
regions. Assuming that the Langmuir adsorption on pristine
SWCNTs at 10 MPa and 300 K is valid, Eq. (2) yields the
adsorption coverage of hydrogen at 0.85 wt% for the interstitial
region and 0.02 wt% for the interior and exterior regions. This
suggests that the hydrogen storage on the pristine SWCNTSs is
occurs mostly at the interstitial region. Fig. 2 illustrates the
relationship between the hydrogen adsorption coverage and the
adsorption energy.

As far as the hydrogen adsorption energy is concerned,
SWCNTs is somewhat different from that of either flat or
curved graphene layers which may be considered as reference
adsorbents for SWCNTs: the adsorption energy for an isolated
graphene layer was calculated to be —1.79 and —3.50 kcal/mol
for the interlayer of the graphene sheets, which is much lower
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Fig. 3. The adsorption energy and the adsorption distance of Li atoms doped on

pristine SWCNTSs: (a) Li atoms doped on a hexagonal ring center of a SWCNT
sidewall; (b) Li atoms doped on a carbon atom of a SWCNT’s sidewall.

than the adsorption energies on SWCNTs. The effect of the
curvature of graphene sheets on the adsorption of hydrogen can
be neglected in this case, because the adsorption energy in the
concave region is almost equal to that of the convex region. A
question that arises immediately is why the adsorption energy
of the pristine SWCNTs is larger than the adsorption energy of
the graphene sheet. It is not easy at this stage to find a
satisfactory answer to that question, but it seems it may have
something to do with a different electron distribution status due
to the structural differences between SWCNTs and the
graphene sheet.

3.2. Effect of Li-doping on pristine SWCNTs

For the doped Li atoms located above a hexagonal ring
center (Fig. 3a), the adsorption energy was calculated to be
—47.00 kcal/mol and the adsorption distance was ca. 1.6 A,
while, for the doped Li located above a carbon atom (Fig. 3b),
the adsorption energy was —37.43 kcal/mol and the adsorption
distance of the SWCNTs was 2.0 A. This indicates that doping
occurs favorably over a hexagonal ring center of a SWCNT side
wall. In order to see if there is any change in the electron
density, we performed the Mulliken analysis (Fig. 4) for Li-
SWCNTs. Fig. 4 clearly shows that there exist electron
transfers from Li atoms to nanotubes although it is localized

1 0.1 Mpa, 300K
0.8
0.6

f Interstitial
0.4
0.2
0

-12 -10 -8 -6

Adsorption energy (kcal/mol)

-8 6 -4 2
Adsorption energy (kcal/mol)

Fig. 2. The relationship between the hydrogen adsorption coverage (f) and the adsorption energy by Langmuir adsorption at different adsorption pressure.
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Fig. 4. Mulliken analysis of Li-doped SWCNTs showing the status of electrons transferred from Li atom to SWCNTs; Li/C = 1:40 (a) and Li/C = 1:20 (b).

within small areas. The amount of the electrons transferred
increases proportionally with the doping ratio of Li atoms at
approximately 0.4 electrons per Li atom.

3.3. Hydrogen storage behavior of Li-doped SWCNTs

We tried to find the effects of Li-doping on the hydrogen
adsorption behavior of Li-SWCNTSs. The calculations of the
adsorption energies indicated that two distinct adsorption sites
are created by the doped Li atoms as shown in Fig. 5: one is the
region where the distribution status of electrons is influenced by
the doped Li atoms (denoted ‘region 1°) and the other one is the
region of positively charged Li atoms, created due to the
transfer of electrons from Li atoms to SWCNTSs (denoted
‘region 2°).

Fig. 6 shows that the adsorption energy in region 1 is slightly
higher by 0.4 kcal/mol than that of the pristine SWCNTs. As
the doping ratio of Li atom increases, the energy also increases
slightly. This seems to result from the variation in the electron
density due to the doped Li atoms. Indeed, if the electrons are
transferred from the doped Li atom to SWCNTs, then SWCNT's
becomes negatively charged. A local dipole can subsequently
be formed on SWCNTs, which can then induce a dipole on the
molecular hydrogen. These dipole/induced dipole and induced
dipole/induced dipole interactions between negatively charged

Region 1 : far away Li
Region 2 : near Li

Fig. 5. The structural model showing the two newly created possible adsorption
sites in Li-doped SWCNTs.

SWCNTs and hydrogen molecules reinforce the adsorption
energy between SWCNTSs and hydrogen molecules. However,
Langmuir coverage in region 1 is still below 0.1 so that the
hydrogen adsorption capacity will not be greater than that of the
pristine SWCNTSs. On the other hand, in region 2, which is near
to the charged Li atom, the adsorption energy increases
considerably by —4.53 to —4.78 kcal/mol. The number of
absorbable hydrogen molecules per single Li atom is influenced
by a steric effect between hydrogen molecules and by the
geometry of nanotube bundles. At least three hydrogen
molecules can be adsorbed on one positively charged Li atom.
When more hydrogen molecules are adsorbed in region 2, the
adsorption energies will vary as shown in Table 1. When two
hydrogen molecules are adsorbed by one positively charged Li
atom, the adsorption energy is —5.69 kcal/mol and the
Langmuir coverage is about 0.55 at 10 MPa and 300 K.
Therefore, on this condition an average of 1.1 hydrogen
molecules can be stored by one charged Li atom. Because the
adsorption energy between pure Li atom and hydrogen
molecules was, however, ca. —2.35 to —3.13 kcal/mol in
various configurations, we can see that the positively charged Li
atom in Li-SWCNTs has a greater capacity to interact with
more hydrogen molecules.
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(kcal/mol) (kcal/mol)
0.83 at% -2.62 -4.68
1.25 at% -2.66 -4.53
2.5 at% -2.65 -4.78
5 at% -2.81 -4.55

Fig. 6. Hydrogen adsorption energy for each adsorption sites in Li-doped
SWCNTs as a function of the atomic doping ratio of Li atoms.
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Table 1
The variation of the adsorption energy with the number of H, molecules
adsorbed on Li atom

411

Table 2
Specific area and H, storage capacities on region 1 of Li-doped SWCNTs as a
function of the number of individual SWCNTs in a bundle

The number of Adsorption energy Corresponding Average H,
H, molecules (kcal/mol) coverage per Li atom
1 —4.70 0.20 0.2

2 —5.69 0.55 1.1

3 —4.10 0.10 0.3

4 +0.22 - -

In terms of Langmuir adsorption coverage, the hydrogen
adsorption in region 1 of Li-SWCNTs is not better than that of
the pristine SWCNTs. This clearly indicates that the enhanced
hydrogen storage capacity of the Li-SWCNTs, experimentally
reported by earlier studies [12—14], may be due to the additional
adsorption by positively charged Li atoms in region 2.

3.4. Hydrogen storage capacity of Li-SWCNTs

To calculate the hydrogen storage capacity in region 1, we
established a simple model shown in Fig. 7 and evaluated the
effective specific surface area of (10,0) a SWCNT. The dotted
line defines the effective specific surface area available on
SWCNT. In this model, H, molecules were assumed to be
absorbed perpendicularly onto the sidewalls of the nanotube
because that configuration is more favorable energetically in
our preliminarily calculations. The calculations showed that the
equilibrium distance between nanotube walls and hydrogen
molecules is 0.28 nm and the covalently bonded H-H distance
is 0.075 nm. The van der Waals radius of carbon atom is
0.17 nm, so the effective diameter of hydrogen molecule can be
said to be 0.295 nm. Using these parameters we got the
effective specific surface areas as listed in Table 2 as a function
of the number of bundles. The maximum hydrogen storage
capacity of (10,0) SWCNTs was calculated from Eq. (3) on the
assumption that monolayer physisorption is true:

1
(Su,/Sswent X Na/Muy,) + 1
here, Sy, is the surface area occupied by one H, molecule,

Sswent the total surface area of SWCNTSs, N4 the Avogadro
number, and My, is the mass of a H, molecule. To calculate

c(wth) =

3)

Nanotube wall (width 0.34 nm)

"
Quter and inner adsorption surface
Tube diameter : 0.78 nm

The number of Specific Theoretical H, storage
nanotubes in surface maximum capacity at 300 K,
bundle area hydrogen 10 MPa (wt%)
(my/g) capacity (wt%)

1 2664 10.6 0.102

3 1439 6.0 0.058

7 1165 49 0.047
19 808 35 0.034
37 655 2.8 0.027
61 571 2.5 0.024

SH,, we assumed that the spheres had a diameter of 0.295 nm,
which has a volume equivalent to the hydrodynamic volume of
hydrogen molecules, and were closely packed to the surface of
SWCNTs.

Considering the Langmuir coverage (f) at room temperature
and the pressures in the range of 1-100 MPa together with the
maximum storage capacity (c), we then can calculate the
hydrogen storage capacities in any specific condition, e.g. room
temperature and 10 MPa pressure conditions, by simply
multiplying both parameters with each other. The results listed
in Table 2 agree well with other data obtained from GCMC
simulations and experiments at various temperatures and
pressures [23,24]. As SWCNTs usually exist in the form of a
bundles containing between a few to a hundred individual
tubes, the specific surface area of such bundled SWCNTs varies
with the number of nanotubes involved in each bundle. Indeed,
Table 2 shows that the effective specific area decreases
drastically with increasing the number of nanotubes in each
bundle. So, even in the extreme cases, i.e. completely isolated
SWCNTs, the hydrogen molecules can be adsorbed at
maximum of 0.1 wt% in region 1.

In the case of region 2 we already know that one doped Li
atom can accommodate 1.1 hydrogen molecules on average, on
the basis of the maximum Langmuir coverage of 0.55. Taking
this into account, we calculated the hydrogen storage capacities
of Li-doped SWCNTs with the doping ratio of LiC;s5, which
was selected simply because the doping ratio is similar to that
observed in the previous experimental works [4,5]. Fig. 8

Quter adsorption surface in nanotube bundle

Inter-tube distance : 0.34 nm

Fig. 7. Simple model for calculation of adsorption surface area.
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Fig. 8. Hydrogen adsorption capacities of Li-doped (10, 0) SWCNTSs at room
temperature as a function of storage pressure; region 1 (square), region 2 (circle)
and total (triangle).

illustrates the hydrogen adsorption capacity of Li-SWCNTs
with the ratio of LiC,5 as a function of storage pressures. It can
be seen that the hydrogen uptake at 300 K and 10 MPa is
0.1 wt% in region 1 and 1.17 wt% in region 2, and that the total
hydrogen storage capacity of Li-doped SWCNTSs turned out to
be 1.27 wt%. This result is somewhat lower than the
experimentally reported value, but considering the assumptions
made for the Langmuir coverage this value is well within the
range of comparable experimental values.

4. Conclusions

It was found from the first principal calculations using DFT
that Li-doped SWCNTs have two more adsorption sites (or
regions) in addition to the three inherent sites of pristine
SWCNTs: ‘region 1’ is the region where the electron
distribution status is influenced by the doped Li atoms and
‘region 2’ is the region of positively charged Li atoms created
by the transfer of electrons from Li atoms to SWCNTs. The
adsorption coverage in region 1 at moderate temperature and
pressures is not different from that of pristine SWCNTs,
although its adsorption energy is slightly higher than that of
pristine SWCNTs. However, the adsorption energy in region 2
is approximately two times greater than that of pristine
SWCNTs. In addition, at least three hydrogen molecules can be
adsorbed on one charged Li atom in region 2. Based on the
Langmuir coverage, an average of 1.1 hydrogen molecules can
be adsorbed by one charged Li atom at 10 MPa and room
temperature. Consequently, the practical reasons of the increase
in hydrogen adsorption capacity by Li doping were reasoned to

be the enhanced interaction energy and the increased adsorption
by the charged Li atom in region 2.

In this study, we did not consider the effects of the
intercalation and changes in geometry that might happen as a
result of the doping of alkali metals. A further study may be
needed to consider those factors.
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