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bstract

We examined first-principle calculation to investigate hydrogen adsorption mechanism on a carbon nanotube (CNT) in which aluminum nanowire
as wrapped. The adsorbed hydrogen atoms were stabilized on inner and outer walls of the Al-doped CNT. Hydrogen chemisorptions occurred
n inner and outer sides of the Al-doped CNT with 2.81 and 2.93 eV of the binding energy, respectively. These energies were larger than those of

he CNT without Al atoms. We also carried out the molecular dynamics (MD) simulations and found that a H atom doped in the Al-doped CNT

oved along the axis when a H atom had more than about 4 eV of the kinetic energy. Furthermore the adsorption and desorption mechanism of a
2 molecule on the CNT surface was studied by the MD simulation. The electronic properties of the systems described above were discussed in

erms of quantum energy densities.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Carbon nanotubes (CNTs) have drawn much attention since
hey were found at first in 1991 [1] because of their marvelous
tructure, nanometer dimension, high stability, and excellent
onductivity or semiconductivity [2]. Young’s moduli of CNT
re known as more than 1 TPa [3–5], and their radius and chirali-
ies control the electronic properties such as band gaps [6–10]. In
articular, a great interest in CNTs as effective hydrogen-storage
aterials for fuel-cell applications has recently increased. A lot

f experimental [11–17] and theoretical [18–32] reports have
een published. Some experimental results reported that CNTs
ould be covered with hydrogen species: Dillon et al. succeeded
o contain hydrogen molecules (H2) in single-walled CNTs from
to 10 wt.% at 133 K and 300 Torr [11], and Chen et al. reported

ithium and potassium-doped CNTs could absorb hydrogen from
4 to 20 wt.% at the moderate pressure and room temperature

12]. According to these results, metallic species such as alkali
etals are known as effective ones to change the electronic struc-

ure of CNTs [16]. Reviews of experimental results are shown
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n Refs. [13,14]. On the other hand, theoretical studies showed
hat surfaces of CNTs were occupied by sp2 hybridized orbitals
nd � electrons and that this fact would cause the potential bar-
ier to hydrogen adsorption [25,32]. Gülseren et al. investigated
dsorption of H and metallic atoms on CNT and reported that
harge transfer form metallic atoms or H atoms to CNT was
ffective to stabilize the systems [21]. Furthermore, they calcu-
ated the binding energy of hydrogen adsorption as a function of
adius of CNTs [28]. Theoretical studies on hydrogen adsorption
n CNTs were summarized by Froudakis in Ref. [25]. Recently
ome reports have described obvious agreements between
xperimental results [15–17] and first-principle calculations
26,32].

As a novel nano-structured hydrogen-storage material, we
tudied aluminum (Al) nanowires, which had great potential of
ydrogen adsorption [33]. The surfaces of bare Al nanowires,
owever, are not so stable that not only hydrogen but also other
pecies will be absorbed [34]. To control the instability of the
urfaces of Al nanowires, we suggested a structure such as Al
anowires wrapped in CNT and investigated the electronic prop-

rties of them in our previous paper [35].

In this paper, we have extended our study on dynamic aspects
f the hydrogen adsorption on an Al-doped CNT introduced in
ef. [35], using first-principle electronic structure calculations.

mailto:akitomo@scl.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2006.04.023
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. Computational details

Fig. 1 shows an imaginary model of (8,0) zigzag CNT in
hich an Al nanowire is wrapped. The optimized diameter of

his CNT is 6.28 Å and the Al nanowire is the most stable on
he central axis of the CNT, which was confined in our previ-
us paper [35]. The supercell has orthorhombic system where
= b = 16.00 Å and c = 4.22 Å as shown in Fig. 1(a) and 32 C
toms and one Al atom are contained in it. In this study, we dis-
uss the effect of Al nanowire wrapped in the CNT on hydrogen
dsorption by means of a potential energy surface (PES) analysis
nd MD simulation.

Electronic structures under the periodic boundary condition
ere calculated by density functional theory (DFT) with plane-
ave basis set and the energy cutoff was taken up to 680 eV
50 Ry). The generalized-gradient approximation formulated by
erdew and Wang [36,37] was used for exchange–correlation

nteractions, and Hamann’s norm-conserving pseudopoten-
ials [38] were adopted for each atom. In each electronic-

ig. 1. Super cell of (8,0) zigzag CNT in which Al wire is wrapped and cell
arameters: cross-sections (a) perpendicular to and (b) parallel to the c-axis.
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tructure computation, the sampled k point was limited only Γ
oint.

In the procedure of MD simulations whose results are dis-
ussed in the Section 3.2, Newton’s equation of motion was
olved using Verlet method as follows [39]:

(t + δt) = �r(t) + δt�v(t) + 2

3
δt2�a(t) − 1

6
δt2�a(t − δt), (1)

(t + δt) = �v(t) + 1

3
δt�a(t + δt) + 5

6
δt�a(t) − 1

6
δt�a(t − δt), (2)

here the forces on atoms were derived from Feynman’s formu-
ation [40] by carrying out first-principle calculations. Eqs. (1)
nd (2) were solved iteratively with the time step δt of atomic
otions. In the Section 3.3, we discuss the results solved using

nother Verlet method as follows:

(t + δt) = 2�r(t) + δt2�a(t) − �r(t − δt), (3)

(t + δt) = �v(t) + 1

3
δt�a(t + δt) + 5

6
δt�a(t) − 1

6
δt�a(t − δt). (4)

Electronic interactions in each model were analyzed in terms
f the quantum energy density based on the regional density
unctional theory [41–47]. In this paper, we discuss the elec-
ronic kinetic energy density [41–44]:

T (�r) = 1

2

∑
i

νi

({
− h̄2

2m
�ψ∗

i (�r)
}
ψi(�r)

+ψ∗
i (�r)

{
− h̄2

2m
�ψi(�r)

})
, (5)

nd the electronic tension density [33–36], �τS(�r) =
τS1(�r), τS2(�r), τS3(�r)), as follows:

Sk(�r) = h̄2

4m

∑
i

νi

(
ψ∗
i (�r)∂�ψi(�r)

∂xk
− ∂ψ∗

i (�r)
∂xk

�ψi(�r)

+ ∂�ψ∗
i (�r)

∂xk
ψi(�r) −�ψ∗

i

∂ψi(�r)
∂xk

)
, (6)

or k = 1, 2, and 3. Furthermore the electronic stress tensor den-

ity [45,46],
↔
τ
S

(�r) = (τSkl(�r)), as follows:

Skl(�r) = h̄2

4m

∑
i

νi

(
ψ∗
i (�r)∂

2ψi(�r)
∂xk∂xl

− ∂ψ∗
i (�r)
∂xk

∂ψi(�r)
∂xl

+ ∂2ψ∗
i (�r)

∂xk∂xl
ψi(�r) − ∂ψ∗

i (�r)
∂xl

∂ψi(�r)
∂xk

)
, (7)

or {k, l}= {1, 2, 3} where m is the mass of an electron, and
i(�r) and νi are the electron wave function and occupation num-
er of the ith state, respectively. nT (�r) divides the space into the
lectronic drop region RD (nT (�r) > 0) where valence electrons
an move freely in the meaning of classical mechanics and the

lectronic atmosphere region RA (nT (�r) < 0) where electrons
an move according to the quantum mechanical effect. �τS(�r)
hows the force on the electron density due to the kinetic energy
ensity. In the stationary state, this force density is in balance
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potential well caused by the Al atom and could not leap over the
well when it was excited within 3 eV of its kinetic energy. When
the activation energy reached to 4 eV, the H atom could jump
over the potential wall and run along the Al wire. In the MD
H. Nakano et al. / Journal of P

ith the electronic external force density, Lorentz force density,
ecause the total electronic force density is equal to zero at each

oint. The positive and negative eigenvalues of
↔
τ
S

(�r) represent
he tensile and compressive stress, respectively, and this plot
eveals the properties of chemical bonds [45,46]. In this paper
e show the largest component of the eigenvalues and eigen-
ectors of stress tensor density. All of computational methods
n this paper have been implemented in Periodic Regional DFT
rogram package [47].

. Results and discussion

.1. Potential energy surfaces

First, we calculated the PESs with respect to a H atom around
he Al-doped CNT and pristine (8,0) zigzag CNT, and these
esults were shown in Figs. 2 and 3, respectively. Four cross-
ections were sampled as shown in Fig. 2(a), denoted as I through
V, and the total energies were calculated on the surfaces. As a
esult, continuous stable regions extended round the centered Al
tom inside the nanotube. This result denotes H atoms strongly
nteract with Al atoms even in the CNT. On the other hand,
utside the CNT, a H atom tended to be bound on one of C
toms composed of the wall although a H atom did not seem to
e absorbed inside the wall. It was considered from these results
hat, because of the convex curve of the wall, electrons composed
f 2p� delocalized orbitals on the carbon network appeared to be
ocalized on each C atom and induced rehybridization of them to
p3 orbitals. The properties of C–H bonds on CNT, strengthened
y the change of the electronic structure of the carbon network,
ere discussed by some other groups [15,21,24]. Fig. 3 shows
ESs of a H atom close to inner and outer walls of the pristine
NT, drawn by the same way as those of the Al-doped CNT.
utside the CNT wall, the H atom tended to adsorb on C atoms
ut it was not as strong as the adsorption on the Al-doped CNT.
nside the wall, although there are a few stable points of a H
tom, the H atom tends to repulsively interact with C atoms.
his picture is contrary to the C H bond outside the wall and
enotes the convex structure of CNT is effective for hydrogen
dsorption.

Fig. 4 shows the energy diagrams of the electronic state cal-
ulation. Fig. 4(a) shows that the pristine CNT is stabilized by a

adatom and the H atom is more stable on the outer wall than
n the inner wall. The binding energy Eb of the H atom on the
wo kinds of CNT is defined as follows:

b = ECNT,(Al) + EH − ECNT,(Al),H, (8)

here ECNT,(Al), EH, and ECNT,(Al),H denote total energies of
he Al-doped CNT or pristine one, H atom, and whole system,
espectively. Outside the CNT, Eb was estimated to be 2.56 eV,
nd inside it, Eb was 1.27 eV in the vicinity of C atoms. As
hown in Fig. 4(b), when the H atom was bound on a C atom of

he Al-doped CNT, the system was more stabilized and Eb was
.93 eV. This means that Al atoms influence the binding energy
f C–H bond on the wall and make the system more stable. Inside
he nanotube, a H and Al atoms made a chemical bond and this

F
a
r
s
1
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aused the drastic increase of Eb up to 2.81 eV although to wrap
l atoms in the CNT was endothermic by 0.37 eV as shown in
ig. 4(c). However the interaction between a H and Al atoms
here Eb was estimated as 4.18 eV was so strong that the Al

tom was effective enough to hydrogen adsorption on each side
f the CNT.

.2. Molecular dynamics simulation of a hydrogen atom on
he inner wall of (8,0) CNT

We carried out MD simulations to discuss the motion of acti-
ated H atoms in the (8,0) CNT. In this section, the dynamic
spects of hydrogen adsorption and desorption are shown, com-
aring with the static properties described above. In the MD
imulations, at starting point, a H atom was located on one of
he most stable points in the Al-doped CNT and activated by
he kinetic energy, 3, 4, and 5 eV. The directions of the initial

omenta were decided at random. The C and Al atoms were
xed at the optimized positions in a series of the simulations,
nd the total energies given at the starting point were conserved
y our original scaling method [48–51]. The time step δt used
o solve the equations of motion, Eqs. (1) and (2), was set to
.0 fs in the numerical differential procedure. Fig. 5 shows the
rajectories of the H atom projected on a cross-section paral-
el to the c-axis of the CNT. The H atom was trapped in the
ig. 2. (a) Four layers, (I), (II), (III), and (IV), on which PESs are calculated
nd PESs, (b), (c), (d), and (e), corresponding to the four layers from (I) to (IV),
espectively. Rings with gray line denote out lines of the CNT. A mark, “×”,
hown in (b) is one of the most stable points. The interval between each layer is
Å.
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imulations, it is difficult for the H atom to run through the min-
mum energy paths as calculated by PESs because the thermally
xcited atoms collided with other atoms and were scattered in
he various directions. Fig. 6 shows the potential energy transi-
ions corresponding to the trajectories shown in Fig. 5. The more
rastic change of the potential energy was appeared when the H
tom initially got 5 eV of its kinetic energy. The higher kinetic
nergy was given, the more frequently the H atom collided with
he potential walls. In this study, the Al and C atoms were fixed
nd only the H atoms could move freely. Comparing between the

esults of MD simulations and PESs described above, it is obvi-
us to transport H atoms smoothly in the nanotubes the thermal
xcitation is required more in the real system than in the ideal
ESs.

o
a
5
r

inued ).

.3. Molecular dynamics simulation of a hydrogen atom on
he outer wall of (8,0) CNT

Next, we discuss the hydrogen adsorption on the outside of
he Al-doped CNT and pristine one. In this simulation, all of Al
nd C atoms were released from the constraints as well as a H
tom. The time step δt was set to 2.5 fs. In case of the simulation
n the pristine CNT, a H atom was located at a point 6.00 Å away
rom the central axis of the nanotube, and its momentum was
nitially set to zero. The distances from the H atom to the center

f mass of the CNT and to the surface of the CNT are plotted
s a function of time in Fig. 7. The H atom oscillated around
Å from the center of mass of the CNT and quivered within the

ange from 0.5 through 1 Å away from the surface. In case of the
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Fig. 3. PESs of a H atom in the pristine CNT, (a), (b), (c)

l-doped CNT, the initial position of a H atom was set to 5.41 Å
rom the central axis of the CNT and the Al atom was initially on
he central axis. Fig. 8 shows the plots of the distances between
he H atom and the Al-doped CNT in a similar manner to Fig. 7.
n this case, the H atom quivered on the surface in the same way
s on the pristine CNT but the Al wire seemed to suppress the
istortion of the CNT. The oscillation between the H atom and
he center of mass of the Al-doped CNT appeared to be calm
omparing Fig. 7(a) with Fig. 8(a).

Furthermore the effect of the Al wire to suppress the distortion
f the CNT is revealed by calculating the dispersion of the CNTs

s follows:

�r2
〉

=
N∑
i=1

|�ri − �r0i|2, (9)

f
o
C
8

(d), corresponding to the four layers shown in Fig. 2(a).

here N is the number of C atoms and �ri and �r0i denote the
ositions of the ith C atom as a function of time and at time zero,
espectively. The origin of these position vectors was the center
f mass of the CNT at each time. This quantity as a function of
ime, as shown in Fig. 9, estimates the dispersion of the CNT
rom the initial structure. It was clarified that the pristine CNT
as strained more markedly by the H atom than the Al-doped
NT and the Al wire controlled the transformation of the CNT.

n this simulation, however, the Al atom did not seem to affect
he motion of the H atom.

Snapshots picked up at 500 and 800 fs during the MD steps

or the Al-doped CNT are shown in Fig. 10. At 500 fs, the H atom
utside the CNT was located at 0.69 Å away from the nearest
atom and 5.60 Å from the Al atom inside the CNT. While at

00 fs, the H atom was at 0.71 Å away from the nearest C atom
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Fig. 4. Relative-energy diagrams of the binding energy: (a) and (b) a H atom on out
Al atom in the pristine CNT, and (d) a H atom on the Al wire.

Fig. 5. Trajectories of a H atom in the Al-doped CNT during the MD simulations.
The H atom initially had 3.0, 4.0 and 5.0 eV of the kinetic energy and was located
at the most stable point in Fig. 2(b).
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er and inner walls of the pristine CNT and Al-doped CNT, respectively, (c) an

nd 3.25 Å from the Al atom. We paid attention to these two
oints when the H atom was close to the wall but the distances
etween the H and Al atoms did not seem to be correlated. The
inding energies of these two were given by 4.40 eV at 500 fs and
.92 eV at 800 fs and these values were larger, by over 1 eV, than
he energy estimated by PES analysis in the previous section. In
ddition, we calculated the binding energies of the same geome-
ry without the Al atom, and the values were given by 3.48 eV at
00 fs and 2.48 eV at 800 fs. These results show that the binding
nergies of the H atom at 500 and 800 fs were not so different,

ut the existence of Al atom affected the binding energy and
specially the point at 800 fs where the distance between the H
nd Al atoms was short.

ig. 6. Transitions of each potential energy corresponding to the trajectories in
ig. 5.
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Fig. 7. Transitions of distances during the MD simulation: (a) distance between
the H atom and the center of mass of the pristine CNT and (b) that from the H
atom to the surface of the CNT.

Fig. 8. Transitions of distances during the MD simulation: (a) distance between
the H atom and the center of mass of the Al-doped CNT and (b) that from the
H atom to the surface of the CNT.
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ig. 9. Dispersion of the CNTs described as
〈
�r2
〉

. The solid line and the dotted
ine denote the dispersions of the Al-doped CNT and pristine CNT, respectively.

.4. Molecular dynamics simulation of a hydrogen
olecule

Next, we show the results of MD simulations of a H2 molecule
n the Al-doped CNT. At the starting point, the center of mass of
H2 molecule was located at 4.16 Å from the central axis of the
NT and several values of the length between two H atoms were
ttempted to excite its oscillation. In these simulations, the time
tep of the atomic motion was set to 1.0 fs. Fig. 11(a) shows the
ransitions of the potential energy as a function of time, and (b)
nd (c) stable structures after some steps corresponding to the
rst and second attempts, respectively. When the bond length of
H2 molecule was 0.97 Å at the initial position corresponding
o the first attempt, the H2 molecule was firstly attracted to the
all, collided with the wall, and left away from the CNT as
molecule. In case of the second attempt, when the distance

ig. 10. Snapshots at (a) 500 and (b) 800 fs during the MD simulation. At 500 fs,
he H atom was 0.69 Å away from the wall of the CNT, and at 800 fs, the H atom
.71 Å away from the wall.



132 H. Nakano et al. / Journal of Power Sources 163 (2006) 125–134

Fig. 11. (a) Potential-energy transition during the MD simulation in which a H2

molecule interacted with Al-doped CNT. (b) The snapshot at 50 fs corresponding
to the first trial. When the bond length was initially 0.97 Å, a H2 molecule
c
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Fig. 12. Contour maps of energy density at the most stable configuration of a H
atom on the pristine CNT. (a) The kinetic energy density nT (�r) of a cross-section
on which the H and C atoms exist. RD is shown by contour lines and gray-scale
gradation. The tension density �τS (�r) is also shown by vectors. (b) Contour maps
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ollided against the CNT surface and left from it. (c) The snapshot at 50 fs
orresponding to the second trial. When the bond length was stretched to 1.7 Å,
H2 molecule was resolved into two H atoms and then adsorbed on the surface.

etween two H atoms got longer to 2.0 Å at the starting point,
wo isolated H atoms adsorbed on the C atoms. This is because
H2 molecule gets stable as H atoms approach the surface of

he CNT. It was calculated that a H2 molecule which had 2.0 Å
f the bond length was more stable on the CNT by 1.1 eV than
hat which had 0.97 Å of the length. It was clarified from these
esults that some activation energy was required to dissociate a

2 molecule to two H atoms to adsorb them on the CNT. We,
owever, have not investigated the details of the reaction path
f the hydrogen adsorption process yet. Lee et al. estimated the
otential barrier required for dissociative adsorption of a H2
olecule on (5,5) CNT as between 2.70 and 3.07 eV [27].

.5. Quantum energy density

We discuss electronic states of the most stable structure of the
l-doped and pristine CNT. We analyzed those electronic struc-

ures in terms of electron energy density, e.g. kinetic energy
ensity, tension density, and stress tensor density [41–46].
igs. 12 and 13 show these densities picked out from the cross-

ections along the c-axis on which C, H, and Al atoms are
ocated. From these electron-energy-density plots it was found
hat H atoms made covalent bond with Al and C atoms in the
table states.

a
t
i
c

f the stress tensor density
↔
τ
S

(�r) whose positive values are represented by gray

cale. Short lines denote eigenvectors of
↔
τ
S

(�r).

Fig. 12(a) shows the distribution of the kinetic energy den-
ity nT (�r) in a system of the pristine CNT and H atom. The
lectronic drop region RD, where electronic kinetic energy den-
ity presents plus value wrapped a H and C atoms. This means
lectrons between the H and C atoms can be exchanged with-
ut tunneling between these atoms. The tension density �τS(�r)
hown by vectors represents the force density caused by elec-
ron kinetic energy density and this force density is in balance
ith Lorentz force density in the equilibrium state. Fig. 12(b)

hows the largest eigenvalues of the stress tensor density
↔
τ
S

(�r)
nd those eigenvectors represented by short lines. The tensile
tress represented by plus values appears between the H and C

toms and this means the generation of covalent bonds between
hese atoms. One of the interesting properties of the tensile stress
s that spindle structures appear between two atoms bonding
ovalently, as clearly shown in Fig. 12(b). Fig. 13 shows the
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Fig. 13. Contour maps of energy density at the most stable configuration of a H
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tom in the Al-doped CNT. (a) The kinetic energy density and tension density
nd (b) the stress tensor density are represented in the same way as Fig. 11. In
his case, the H, C, and Al atoms are located on the same plane.

inetic energy density and the stress tensor density where a H
tom is in the Al-doped CNT and H, Al, and C atoms are on
he same plane. The kinetic energy density is dense between not
nly H and C atoms but also H and Al atoms. Electrons can
e exchanged between these atoms. The stress tensor density
hown in Fig. 13(b) shows covalent bonds and spindle struc-
ures between Al–H as well as C–H. These results attribute to
he stability of the systems in which the H atom adsorbs on the
ristine CNT or Al-doped one.

. Conclusions

In this paper, we studied hydrogen adsorption mechanism on

8,0) carbon nanotube with Al dopant. Electronic structures of
he models were computed using DFT method with pseudopo-
entials, and MD simulations based on the first-principle calcu-
ation were carried out to understand the dynamical properties of
Sources 163 (2006) 125–134 133

he hydrogen adsorption and desorption on the CNT. The poten-
ial energy analysis gave the result that in the Al-doped CNT the

atom stabilized not close to the C atoms but around the Al
tom with the binding energy of 2.81 eV, and on the outer wall
t stabilized the most just above a C atom of the CNT with that
nergy of 2.93 eV. On the other hand, the binding energies of a H
tom were 1.27 and 2.56 eV at inside and outside of the pristine
NT, respectively. This result concludes that hydrogen is more

table in the vicinity of CNT with Al dopant than pristine one.
We found that a H atom contained in Al-doped CNT ran

long the axis direction when the H atom activated by 4 eV of
he kinetic energy at the most stable point. It was difficult for
H atom to pass through the lowest potential barrier because
ESs had narrow valley as shown in Fig. 2.

An Al atom and (8,0) CNT were activated by the vibration
f a H atom on the CNT surface, and the H atom was settled
t within the range from 0.5 to 1 Å on the surface. The binding
nergy of the hydrogen adsorption was influenced by the Al
tom when the distance between the Al and H atoms was short.
t was found that the Al atom changed electronic structure of the
ristine CNT and suppressed the deformation of it. Therefore
he activated Al atom has an important role for the motion of the

atom in the vicinity of the CNT.
We also studied the desorption mechanism of a H2 molecule

n the Al-doped CNT. By means of the MD simulations based
n first-principle calculation, a H2 molecule left away from the
anotube when the length between two H atoms was 0.97 Å,
hile two H atoms bonded to the C atoms when the bond length

tretched to 1.7 Å.
Furthermore, we analyzed the properties of electrons in terms

f quantum energy densities [41–46]. These density plots can
ive more information about electronic interactions between
toms. The large adsorption energy of a H atom on the Al-doped
NT was reflected by the interaction between the Al and H atoms
s well as the covalent bond between the H and C atoms, repre-
ented by spindle structure in terms of the stress tensor density.
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