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ABSTRACT: Using density functional calculations, we study
the structural, energetic, and electronic properties of a triplet

form of (5,0) carbon nanotube. In contrast to the weak (5,0) SWNTs 0

tube—tube interactions found in a bundle of large diameter
nanotubes, the ultrasmall (5,0) tubes within the triplet are
covalently connected and appear like a three-blade electric fan
from a top view. The triplet is energetically most favorable and is
the only semiconductor among all the small bundles of (5,0)
tubes. Due to its unique atomic configuration, chemisorptions
of hydrogen on the triplet show interesting site dependence.
When the physisorptions are also included in the system, the
hydrogen storage capacity can reach 10.4 wt %.
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1. INTRODUCTION

Carbon nanotubes observed in the experiments usually self-
organize into a crystalline bundle where the tubes are arranged in
a two-dimensional hexagonal lattice,”* and a van der Waals
(vdW) interaction is generally assumed between them. The
bundle exhibits various pore structures including the interior of
tube, the interstitial channels between the tubes, and the groove
sites separating two adjacent tubes on the outer surface. As a
result, a bundle of nanotubes is an ideal candidate for ion
intercalation or molecule adsorption and may have potential applica-
tions in energy storage,%6 as sensors,” quantum sieving,lo’11
and isotope separation.'>" In addition, superconductivity has
been observed in carbon nanotube bundles,"* ' and the super-
conducting transition temperature T is supposed to be affected
by the intertube Josephson coupling.'”

The tube—tube interactions within a bundle have attracted a
lot of attention from the science community.'® ** Tersoff
investigated the vdW interaction in a series of carbon nanotube
bundles and found that the tubes with a diameter less than 10 A
will keep rigid cylindrical shape, while those larger than 25 A will
be reshaped into a honeycomb configuration.'® However, an-
other simulation shows that such weak interaction could be
changed into strong chemical bonds in the (10,10) carbon
nanotube bundle, and it will be coalesced into a multiwall
nanotube under thermal treatment.? In this work, we will focus
on the (5,0) carbon nanotube which has a diameter of about 4 A,
probably at or close to the theoretical limit. It should be
mentioned that there are actually three kinds of 4 A carbon
nanotubes, namely, the zigzag (5,0), the armchair (3,3), and the
chiral (4,2), and all of them are known to be fabricated using a

v ACS Publications ©2011 american chemical Society

template method.”> While these tubes are usually confined inside
the AFI zeolite channels, the AFI can be dissolved by acid to
recover them as standalone entities. Due to the large curvature,
these ultrasmall nanotubes are expected to be more reactive than
larger-diameter ones and might self-organize into crystalline
bundles from a well aligned initial geometry. It is thus natural
to ask whether such a bundle is stable and what are the tube—
tube interactions. We will find from density functional calculations
that the (5,0) tubes prefer to form the bundle state by strong
chemical bonds rather than the weak vdW interactions. The most
energetically favorable product contains three covalently con-
nected (5,0) tubes which appears like a three-blade electric fan
from a top view. The electronic properties of such a triplet bundle
are compared with those of the freestanding (5,0) tube, and
hydrogen adsorptions on the triplet are discussed in detail.

2. COMPUTATIONAL DETAILS

Our density-functional calculations have been performed
using the projector-augmented-wave (PAW)** method within
the framework of local density approximation (LDA). The code
is implemented in the Vienna ab initio Simulation Package
(VASP).>*"*” We adopt a standard hexagonal supercell with
dimensions of 24 A x 24 A x 4.22 A for the bundle structure, and
32 A x 32 A x 4.22 A for the case of hydrogen adsorption. Such
large separation allows for negligible interaction between the
bundle and its periodic images. The plane-wave cutoff is set to
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Figure 1. Ball-and-stick model of (a) freestanding (5,0) tube, (b) (5,0)
doublet bundle, and (c) (5,0) triplet bundle. (d) Side view of c.

400 eV, and the Brillouin zone of the supercell is sampled with 1
X 1 X 20 Monkhorst meshes. The atomic positions are fully
optimized until the magnitude of the forces acting on all atoms
become less than 0.05 eV/A.

3. RESULTS AND DISCUSSION

We begin our investigation with the bundle structure contain-
ing only two (5,0) tubes. During the calculations, the initial
tube—tube distance is set to 3.4 A, and their relative orientations
are carefully checked to find the minimum energy configuration.
The fully relaxed doublet structure is shown in Figure 1b. We see
that two (5,0) tubes are joined together with one bridging bond,
and the cross-section becomes elliptical compared with the
freestanding case (Figure la). A similar shape can be found in
the triplet bundle where the three (5,0) tubes are covalently
connected and appears like a three-blade electric fan from a top
view (Figure 1c). It is interesting to find that the center of the
(5,0) triplet is actually a (3,0) nanotube with sp® hybridization of
the carbon atoms (Figure 1d). We have also considered the
bundle of four (5,0) tubes and find that the quadruplet product
with the lowest energy is composed of a triplet covalently
connected by a single (5,0) tube (not shown here). This
structure has obviously lower symmetry compared with those
of the doublet and triplet.

To investigate the energetic stability of these small bundles, we
have calculated the average heat of formation E}, which is defined
as:

E, = [E(bundle) — n x E(tube)]/n

where E(bundle) is the total energy of the bundle consisting of n
(5,0) tubes, and E(tube) is the total energy of a freestanding tube.
A negative value of E, indicates stronger binding and higher
stability of the system. The calculated Ej, for the above-mentioned
doublet, triplet, and quadruplet bundles are —1.01 eV, —2.39 ¢V,
and —2.04 eV per unit cell, respectively. Note that the periodicity
along the bundle axis is 4.26 A, and these values correspond to a
E, of —0.24 eV, —0.56 eV, and —0.48 eV per unit length,
respectively. We see that all the systems have a negative heat of
formation which means that the aggregations of the (5,0) tubes
to form small bundles should be energetically favorable. More-
over, the considerably large number of Ej, indicates that there are
strong tube—tube interactions within a (5,0) bundle. Indeed,
these (5,0) tubes are found to be covalently connected as shown
in Figure 1. This finding is very different from previous results for
most bundles where a weak vdW interaction is responsible for

their stability. The reason is probably related to the ultrasmall
diameter of the (5,0) tube where the strong curvature makes the
tube walls more reactive. To verify this point, we have considered
the doublet bundle of (6,0) and (8,0) tubes which have relatively
larger diameters. Unlike the (5,0) tube, we find that two (6,0) or
(8,0) tubes can be weakly bound at a distance of about 3.2 A. The
calculated Ey, (per unit cell) are —0.07 eV and —0.08 eV for the
(6,0) and (8,0) doublets, respectively. It should be mentioned
that bundle state with strong chemical bonds can be also found
for the (6,0) and (8,0) tubes when they get close to each other at
a distance of about 1.5 A. The heat of formation (per unit cell) is
—1.03 eV for the (6,0) and —0.3S eV for the (8,0) products. To
estimate the energy barriers between the weakly and strongly
bound states, eight intermediate images of each system are
constructed between them and the corresponding energies are
calculated. This approach gives the minimum energy path, and
the estimated energy barriers are 0.12 and 0.38 €V for the (6,0)
and (8,0) tubes, respectively. In contrast, there is no energy
barrier when two (5,0) tubes are put closer to each other and
form the strongly bound doublet. This explains why there is no
weakly bound state for the (5,0) tubes, and we always obtain the
covalently connected bundle. We further find that with the
increasing of tube diameter, the energy barriers become larger
which only favors the existence of the weakly bound state of the
vdW type, as usually mentioned in the literature. It should be
noted that we have also done calculations for the (3,3) tube
which has almost the same diameter as the (5,0) tube but with
quite different chirality. Unlike the (5,0) tube, we find that it is
energetically unfavorable to form the (3,3) triplet. The corre-
sponding heat of formation (per unit cell) is 0.35 eV compared
with —2.39 eV of the (5,0) triplet. This observation suggests that
in addition to the tube diameter, the chirality also plays an
important role in the formation of carbon nanotube bundle.

The strong tube—tube interactions within the (5,0) bundle
can also be indicated by investigation of the differential charge
density contour, which is defined as the difference between the
charge density of the bundle and that of the freestanding (5,0)
tube. Figure 2 shows the differential charge density contour on
the plane perpendicular to the tube axis. We see that for both the
doublet and triplet bundles, there are obvious charge accumula-
tions between carbon atoms from neighboring tubes. Again this
contour plot confirms the fact that the (5,0) tubes are covalently
connected by the sp® carbon atoms to form the bundles.

Figure 3 shows the calculated energy band structures of the
above-mentioned bundles of (5,0) tubes. The band structure is
plotted with S0 uniform k points along the tube axis. For
comparison, the result for a freestanding (5,0) tube (or singlet)
is also shown. As known,*® a (5,0) tube is metallic due to its
strong curvature effect. When two (5,0) tubes are covalently
connected, we see from Figure 3b that the doublet is still metallic
and those bands near the Fermi level are similar in topology to
those of the singlet (see Figure 3a). However, the degenerated
bands are now separated due to the elliptical distortion of the
(5,0) tubes. In contrast, we see from Figure 3c that the triplet is a
semiconductor with an indirect band gap of 0.51 eV caused by
strong repulsion between the & and 5 bands around the Fermi
level. We have also calculated the band structure of the quad-
ruplet (not shown here) and find it is also metallic and appears
like an overlap of the bands of the singlet and triplet. The distinct
semiconducting behavior of the triplet bundle is probably related
to more severe deformation of the tubular structure and espe-
cially its larger ratio of sp> carbon atoms. It was previously found

9228 dx.doi.org/10.1021/jp1120433 |J. Phys. Chem. C 2011, 115, 9227-9231



The Journal of Physical Chemistry C

160

140

100

80

60

. . . . . . . . . -300
20 0 20 40 60 80 100 120 140

b) B

400
300

200

-100

-200

40 L L L L L

-
T

T
Energy (eV)

Energy (eV)
Energy (eV)

[
-

(a) (b)

Figure 3. Calculated energy band structures of (a) freestanding (S5,0)
tube, (b) (5,0) doublet bundle, and (c) (5,0) triplet bundle. The Fermi

level is at zero.

that the elliptic-like deformation of the (5,0) tube could lead to a
metal—semiconductor transition due to the band splitting.*’
Considering that the triplet has C3 symmetry, as a test we have
calculated the band structure of just one-third of the triplet (a
deformed tube). We find that the system remains metallic which
suggests that the covalent bonding between the (5,0) tubes and
the resulting large ratio of sp> carbon atoms should play a more
important role in the gap opening. It is also reasonable to expect
that controlling the concentration of sp® carbon atoms might be
an effective way to manipulate the energy bands of carbon
materials.

As the triplet is energetically the most favorable among all the
small bundles of (5,0) tubes, we will focus on it in the following
discussions. Due to its porous structure and large specific surface
area, the (5,0) triplet may be at advantage in molecules adsorp-
tion and energy storage. Here we take hydrogen as an example.

(c)

Figure 4. Possible adsorption sites for H, on the triplet (5,0): (a)
“vertical chemisorptions”, (b) “horizontal chemisorptions”. (c and d)
Initial and optimized configurations, respectively, for the highest hydro-
gen concentration with a nominal formula of C4oHgs.

We first consider chemisorptions of H, on the outer surface of
the triplet. As shown in Figure 4a and 4b, there are four
inequivalent adsorption sites in each blade, which are marked
as 12, 34, 56, 78 for the C—C bonds along the tube axis (vertical
chemisorptions), and 19, 14, 45, 58 for the C—C bonds around
the tube circumference (horizontal chemisorptions). The calcu-
lated H, binding energies for these sites are summarized in
Table 1. Here the binding energy is defined as:

Ey, = [E(triplet + H,) — E(triplet) — n x E(H,)]/n
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Table 1. Calculated Binding Energy and H—H Distance for
H, Chemisorbed on Different Sites of (5,0) Triplet Marked in
Figure 4a and 4b

sites 12 34 56 78
E, —242 eV —1.69 eV —0.73 eV —0.81 eV
dun 1.96 A 1.99 A 203 A 2.04 A
sites 19 14 45 58
E, —1.68 eV —1.37 eV —0.62 eV —0.18 eV
dyy 232A 228 A 216 A 208 A

where E(triplet+H,) is the total energy of the triplet with n
chemisorbed H,, E(triplet) is the total energy of the pristine
triplet, and E(H,) is the total energy of a H, molecule. We see
from Table 1 that all the binding energies are negative, which
suggests that the chemisorptions are exothermic if the chemical
potential of hydrogen is set as that of a H, molecule. Moreover,
we find that the calculated binding energies show an interesting
site dependence, with the order E;, < E34 < Ess & Eg for the
“vertical chemisorptions”, and E;g < Ej; < E45 < Esg for the
“horizontal chemisorptions”. This is reasonable since the unique
configuration of the triplet bundle induces an anisotropic curva-
ture which is largest at the tip site (site 12 or 19) and smallest
around the groove site (site 56, 58, or 78). The larger the
curvature, the more reactive it will be. Note that the hydrogen
binding energy at site 12 (—2.42 eV) is significantly lower than
that of the freestanding (5,0) tube (—1.58 eV), which suggests
that the triplet (5,0) is more favorable for hydrogen adsorption.
On the other hand, if we compare those sites which are close to
each other, we see from Table 1 that “vertical chemisorptions”
always have a lower binding energy than those of “horizontal
chemisorptions”. This is consistent with the observation that the
H—H distance of “vertical chemisorptions” is always smaller than
that of “horizontal chemisorptions” and again can be attributed
to the curvature effect.

It would be interesting to estimate the maximum hydrogen
storage capacity of the triplet bundle. The negative numbers
listed in Table 1 suggest that the hydrogen atoms can be
adsorbed with a large amount. Among the 60 carbon atoms in
the unit cell, there are 48 atoms with sp” hybridization, and all of
them could be saturated by hydrogen atoms. Thus, the highest
concentration of chemisorptions on the triplet is CgoHyg with a
binding energy of —0.46 eV/H,. In addition, we find that the
outer space of the triplet is suitable for physisorptions. In our
calculations, 18 hydrogen molecules are introduced into three
groove sites between adjacent tubes and are symmetrically
arranged. The initial and optimized configurations are respec-
tively shown in Figure 4(c) and Figure 4d with a nominal formula
of CgoHgy. At this higher concentration, the calculated hydrogen
binding energy is —0.32 eV/H,, which is an average of strong
chemisorptions (—0.46 eV/H,) and relatively weak physisorp-
tions (—0.15 eV/H,). Among the 18 physisorbed hydrogen
molecules, our additional LDA calculations find that the average
binding energyis —0.17 eV/H, for the inner layer and —0.10 eV/
H, for the outer layer. Both values are larger than the limiting
LDA value of —0.06 eV/H, for the H, clusters.’® This is
reasonable since we are considering a different system where
the triplet bundle and the chemisorbed hydrogen will enhance
the binding. Moreover, our calculated results indicate that the
outer layer H, should interact with both the inner layer H, and
the chemisorbed triplet. All these confirm that physisorptions of

those 18 hydrogen molecules are likely to occur on the groove
sites. Note that our calculated binding energies for physisorp-
tions are reasonable compared with other LDA calculations in
the literature for similar systems. For example, Okamoto et al.
found that the binding energy of H, physisorbed on graphene
is —0.10 eV/H,.*" Arellano et al. gave a binding energy of —0.17
eV/H, for H, physisorbed inside the (5,5) carbon nanotube.*?
Ao et al. reported that for H, physisorbed on different sites of
Al-doped graphene, the corresponding binding energy ranges
from —0.136 eV/H, to —0.159 eV/H,.* Summarizing our
results, it is thus reasonable to expect that the maximum
hydrogen storage capacity can be reached to CH, 4 (or 10.4%
by weight), which includes contributions from both the physi-
sorptions (4.4 wt %) and chemisorptions (6.0 wt %). It should be
noted that LDA is known to overestimate binding energies, and
the standard density functional theory (DFT) calculations
usually could not properly treat the long-range dispersion inter-
actions involved in the physisorptions of H,. Our calculated
energy value thus does not mean that there is a strong interaction
between the physisorbed H, and the triplet bundle. Instead, it
should be interpreted as the upper bound for the interaction
strength. We expect that more accurate treatments such as the
many-body coupled cluster or Moller—Plesset perturbation
method*** could give an improved prediction of the binding
energies. However, we believe that the basic physics reported here
should not be changed. As for the desorptions, we first note that the
18 H, molecules physisorbed on the groove sites can be readily
released. We further find from Table 1 that H, molecules
chemisorbed on the sites 56 and 78 have smaller binding energies
and may have relatively smaller desorption barriers.*® It is thus
reasonable to expect that H, molecules on these two sites (and
those equivalent sites) can be also released by reasonable energy
input. The total number of H, molecules that can be desorbed is
thus estimated to be 30, which has a weight percentage of 7.5%.
The significantly enhanced storage capacity, favorable binding
energy, and relatively large desorption amount suggest that (5,0)
triplet could be a very promising system for the future applications
of hydrogen storage and supply.

4. SUMMARY

In summary, our density functional calculations indicate that
the (5,0) tubes prefer to form small bundles by strong chemical
bonds rather than the generally believed vdW interactions. The
bundle state is energetically favorable and also kinetically stable.
Among all the investigated (5,0) bundles, the triplet is the most
favorable possibility, which shows a distinct semiconducting
behavior. The unique atomic configuration gives the (5,0) triplet
many unusual properties such as very large hydrogen storage
capacity for practical use. Other possible applications including
gas sensors and molecular motors will be the subject of our

further work.
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