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Abstract Finite saturated regular carbon nanotubes
(CNTs) are predicted to exhibit higher capacity as hydro-
gen storage media compared to unsaturated regular CNTs.
In the present study, molecular hydrogen physisorption
energies (MHPEs) for finite saturated and unsaturated
bumpy defected CNTs were calculated by density func-
tional theory (DFT-D3) methods at the B3LYP/6-
31G(d) theory level, with rigorous inclusion of van der
Waals interactions. The calculated MHPEs for both regular
and bumpy defected armchair, chiral and zigzag CNTs
with similar diameters and lengths, with and without
nitrogen doping, were compared in terms of Eph/H,,
defined as the MHPE per hydrogen molecule adsorbed
inside the nanotube. For all studied systems, Eph/H,
increased with the number of physisorbed hydrogen
molecules. Nitrogen doping of regular and bumpy CNTs
resulted in an increase in the Eph/H, values, with the
exception of bumpy chiral nanotubes. The results of this
study demonstrate that bumpy defects are important nan-
otube structural features whose effects depend on nanotube
chirality. For instance, bumpy defects were beneficial for
undoped and doped zigzag nanotubes, resulting in a
decrease in Eph/H, values for regular structures from 0.5
and 0.74 to 0.26 and 0.42 eV, respectively. By contrast, for
doped armchair regular structures with an Eph/H, value of
0.38 eV, bumpy defects increased Eph/H, to 0.45 eV.
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These Eph/H, values for bumpy doped armchair and the
zigzag nanotubes are all within the range of 0.1-0.5 eV/H,
reported as ideal for reversible hydrogen storage under
environmental conditions.
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Introduction

Carbon nanotubes (CNTs) are interesting carbon structures
because their properties are compatible with many appli-
cations in various fields [1-7]. The properties of CNTs
depend on their molecular structure. The structure of
nanotubes can change depending on the arrangement of
carbon atoms, described as chirality. Nanotube diameter
and length also affect the properties of CNTs. Structural
changes affect the surface area, local charge distribution,
radius of curvature of CNTs and, consequently, the inter-
action of CNTs with other structures. For example, CNTs
can incorporate other molecules and have consequently
been assessed as drug carriers [8, 9] or hydrogen storage
materials [10-22].

Several studies, some of them controversial [19, 23-25],
have concluded that the structure of nanotubes allows both
hydrogen chemisorption and physisorption, achieving val-
ues near those recommended by the U.S. Department of
Energy (DOE) [26]. However, the consensus of the anal-
ysis of hydrogen uptake by CNTs is that CNTs have a very
small storage capacity at room temperature. For economi-
cal use, the content of adsorbed hydrogen must be
improved while allowing desorption of hydrogen at room
temperature and moderate pressure. Thus research is
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needed on new structural features that facilitate both
requirements.

In addition to their regular structure, nanotubes can
exhibit defective structures. Regular structures include only
six-membered rings in specific arrangements (also called
chirality) that give rise to armchair, zigzag and chiral
nanotubes. Defects appear in nanotubes that contain other
ring sizes, e.g., five-, seven- or eight-membered rings [27].
Depending on the distribution of these rings, bumpy-type,
zipper, multizipper and Stone—Wales nanotubes may form,
among other defects [28]. For example, nanotubes with
bumpy-type defects generated by the presence of five- and
seven-membered rings, which produce a change in the
curvature of the nanotube and the inner and outer surfaces,
have a higher local volume at the defect site. Consequently,
the properties of nanotubes with defects are likely different
from those of regular nanotubes.

We previously demonstrated that hydrogenation and the
presence of N increased the potential of regular nanotubes
as hydrogen storage media [29, 30]. We then wished to
investigate the properties of bumpy nanotubes and how the
presence of defects (five- and seven-membered rings)
contributes to the potential of nanotubes as a hydrogen
storage material.

Hydrogen physisorption energies were determined for
bumpy defected nanotubes with hydrogenation and with
different chirality in the presence or absence of N via
density functional theory (DFT) calculations at B3LYP/6-
31G(d) level. These energies were compared with the
hydrogen physisorption energies for the respective regular
nanotubes calculated under similar conditions. In both
cases, the dispersion forces, which represented a significant
component of the total energy, were evaluated.

The hydrogenated armchair and zigzag nanotubes, with
or without N, with bumpy defects exhibited a hydrogen
physisorption energy within the range of 0.1-0.4 eV/mo-
lecule considered ideal for reversible hydrogen storage [12,
13, 31].

Methods

Four categories of nanotube models were built [28]:
(i) regular CNTs; (ii) bumpy defected CNTs (hereafter
referred to as bumpy nanotubes); (iii) exo-hydrogenated
or saturated regular CNTs; and (iv) exo-hydrogenated or
saturated bumpy CNTs. The carbon atoms on nanotubes
in categories (i) and (ii) are sp2 hybridized, whereas the
carbon atoms on nanotubes in categories (iii) and (iv) are
sp” hybridized. The four categories were nitrogen doped
or undoped. For each category, the nanotube chirality
could be zigzag (n,0), chiral (n,m) or armchair (n,n)
[27, 32].

@ Springer

Fig. 1 Representation of the B3LYP/6-31G(d) optimized structure of
a saturated bumpy nanotube with 15 H, molecules inside
(Cy64N4H310), showing the final distribution of the physisorbed H,
molecules colored in red for better visualization. Lateral and front
views (Color figure online)

Each individual structure and the systems containing
molecular hydrogen inside the nanotubes were optimized
via an initial AM1 (Austin Model 1) optimization as
implemented in the program Hyperchem [33], followed by
a subsequent DFT optimization step over the AMI1-opti-
mized geometry by means of the program Jaguar v8.1 [34]
at the level B3LYP/6-31G(d). For a better understanding,
Fig. 1 shows the optimized structure of a C;c4N4H, ¢ sat-
urated bumpy nanotube, depicting the distribution of phy-
sisorbed H, molecules. Real harmonic vibrational
frequencies at the same level of theory indicated that all of
the structures considered were at a minimum. Finally, a
DFT-D3 van der Waals correction was performed using the
approach of Grimme et al. [35, 36], which has been proven
to be a very accurate method compared with other
approaches for the determination of dispersion forces [37].
This methodology was validated through DFT-non-local
methods employed in the evaluation of hydrogen
physisorption energies for some regular, nitrogen-doped
CNTs in a previous work [30]. No symmetry constraints
were imposed. Different initial geometries gave final
results with no significant final differences, probably
because the initial AM1 optimization arranges H, mole-
cules in a similar way regardless of the input distribution:
H, molecules are arranged along the nanotube axis with a
higher number of H, molecules in the bumpy region as



Struct Chem (2016) 27:1479-1490

1481

shown in Fig. 1. In regular nanotubes, several H, mole-
cules were often launched outside the nanotube. In that
case, a smaller number of H, molecules were used for those
nanostructures. So, results are perceived as representative.

The hydrogen physisorption energy for one hydrogen
molecule, Eph/H,, was calculated according to the fol-
lowing expression (1):

Eph/HZ = [E(nanotube+hH2) - E(nanotube) — hEH, + de]/h7
(1)

where E(nanotube + iH,) a1 E(nanotube) are the total energies of
the saturated CNTs with and without physisorbed molec-
ular hydrogen, respectively; % is the number of physisorbed
hydrogen molecules inside the nanotube; and EH, is the
total energy of a hydrogen molecule. These parameters
were all calculated at the same level of DFT [B3LYP/6-
31G(d)]. vdW is the contribution of dispersion energy from
the van der Waals interactions among hydrogen molecules
and nanotube systems, as calculated by the DFT-D3
method implemented in Jaguar v8.1. A positive value of
Eph/H, indicates that the hydrogen physisorption process is
endothermic.

The notation used in this work first specifies the
Hamada indices for indicating chirality [(zigzag (n,0);
chiral (n,m); armchair (n,n)], followed by the number of
nitrogen atoms in the nanotube (pyrimidinic nitrogens,
i.e., in a six-membered ring comprising N1-C2-N3-C4—
C5-C6, as shown in Fig. 2). The third component of the
notation denotes the hydrogenation state. “H” indicates a
fully exo-hydrogenated nanotube. The absence of “H”
indicates an unsaturated nanotube (sp2 hybridization).
“B” indicates bumpy nanotubes. “R” is used for regular
nanotubes. Occasionally, FB indicates a fully bumpy
nanotube, whereas PB indicates a partially bumpy nan-
otube, as shown in Fig. 3. Finally, the number of carbon-
atom layers defining the nanotube length is indicated. For
example, the notation (5,5)-4N-H-B-15mol-16c¢l indicates
an armchair (5,5) nanotube with four nitrogen atoms
(located in the central part of the nanotube) that is satu-
rated and has bumpy defects (fully), 15 physisorbed H,
molecules and 16 carbon-atom layers as represented in
Fig. 4.

C5 C4

Cé N3 C5

N1 Cc2 N1 Cc2

Fig. 2 Numbering of both the six-membered ring with the pyrim-
idine disposition N1-C2-N3-C4-C5-C6 present in the N-CNTs and
the five-membered ring as used in Table 1

Fig. 3 Structures of a a FB nanotube with four bumpy defects and
any six-membered rings around the defect zone comprising coupled
five-membered rings only and b a PB nanotube with two bumpy
defects exhibiting some six-membered rings in the nanotube defect
zone

Saturated
structure
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Fig. 4 Schematic representation of the specific nanotube notation
employed in this work

Results and discussion

In this section, the structural characteristics of the CNTs,
such as C-C and C-N distances, angle values and net
charges on each atom of the pyrimidine rings contained in
the N-CNTs, and the hydrogen physisorption energies for
saturated and non-saturated, regular and bumpy, doped and
undoped CNTs are presented. For clarity, Fig. 5 presents
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Fig. 5 Structural relationships of the different molecular nanostruc-
ture types studied in this work

the types of nanostructures studied and their structural
relationships.

Structural features

Saturated regular CNTs are stable compounds, particularly
exo-hydrogenated structures [10], and most of the regular
and bumpy nanotubes studied in this work are stable as
well. Table 1 presents the C-N and C-C distance values
for both pyrimidine rings in non-saturated and saturated
(partial and full) bumpy doped nanotubes. Chiral and zig-
zag saturated FB structures that contain nitrogen atoms in
two imidazole rings (instead of pyrimidine rings) are also
considered (the last two rows of Table 1).

The optimized, non-saturated PB N-CNTs exhibited
1.42 A average C—C distances, in agreement with both the
C-C bond lengths in graphene (1.42 A) and the average
value of the C—C distance in optimized [B3LYP/6-31G(d)]
non-saturated regular nanotubes [38, 39]. The average C—N
bond lengths of 1.40-1.43 Aarein agreement with the 1.42
A average C-N bond length reported for regular armchair
N-CNTs [40]. The average C2—-N bond lengths (C-N Avl
in Table 1) were shorter than the other average C-N bond
lengths (C—N Av2 in Table 1) for non-saturated N-CNTs,
indicating that the C2-N bond is stronger than the rest of
the C-N bonds in these structures. The armchair and chiral

Table 1 Values of the C-N and C—C averages bond lengths for the armchair, chiral and zigzag fully optimized [B3LYP/6-31G(d)] bumpy non-
saturated N-CNTs with similar diameters and the corresponding saturated N-CNTs

Type Distances on ring 1 Distances on ring 2 C-N C-N C-C
C2-N1 C2-N3  C6-NI C4-N3  C2-NI C2-N3  C6-Nl1 C4-N3  Avl Av2 Av

(5,5)-4N-PB-8cl 1.383 1.379 1.433 1.407 1.384 1.380 1.433 1.406 1.381 1.420 1.404
(6,3)-4N-PB-8cl 1.369 1.405 1.438 1.414 1.389 1.376 1.413 1.387 1.385 1.413 1.420
(8,0)-4N-PB-8cl 1.431 1.418 1.462 1.439 1.431 1.418 1.462 1.439 1.425 1.450 1.430
(5,5)-4N-H-PB-8cl 1.446 1.459 1.471 1.461 1.476 1.498 1.489 1.485 1.470 1.476 1.563
(6,3)-4N-H-PB-8cl 1.433 1.492 1.469 1.471 1.443 1.491 1.479 1.505 1.465 1.481 1.584
(8,0)-4N-H-PB-8cl 1.494 1.524 1.499 1.522 1.489 1.505 1.494 1.508 1.503 1.506 1.562
(5,5)-4N-H-FB-8cl 1.486 1.452 1.478 1.451 1.456 1.490 1.466 1.471 1.471 1.467 1.552
(6,3)-4N-H-FB-8cl 1.469 1.501 1.465 1.483 1.447 1.447 1.456 1.460 1.466 1.466 1.559
(8,0)-4N-H-FB-8cl 1.480 1.429 1.499 1.449 1.517 1.406 1.489 1.442 1.472 1.478 1.568
(6,3)-4N-H-FB-8cl* 1.487 1.447 1.452 1.503 1.449 1.455 1.487 1.455 1.460 1.474 1.547
(8,0)-4N-H-FB-8cl* 1.484 1.484 1.478 1.502 1.487 1.483 1.495 1.482 1.484 1.489 1.612

The C-N Avl1 bond length values are for the average between the N1-C2 and C2-N3 bond lengths for both rings of each nanotube. The C-N Av2
bond length values are for the average of the N3—-C4 and C6-N1 bond lengths for both rings of each nanotubes The C-C Av bond length values
are for the average between C5-C4 and C5-C6 of both nanotube pyrimidine rings. All bond lengths are in A. Numbering is as in Fig. 2

# Nitrogen atoms are located in an imidazole five-membered ring
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Table 2 Values of bond angles (in degrees) and diameters (in A) for the armchair, chiral and zigzag tully optimized [B3LYP/6-31G(d)] bumpy
non-saturated N-CNTs and for the corresponding bumpy saturated N-CNTs

Type N1-C2-N3 C2-N3-C4 N3-C4-C5 C4-C5-C6 C5-C6-N1 C6-N1-C2 Diameter
Angles on ring 1

(5,5)-4N-PB-8cl 116.3299 122.2749 120.3160 116.9924 118.2451 119.8857 8.3843
(6,3)-4N-PB-8cl 119.5574 119.0885 120.3565 118.0690 118.1112 120.0065 7.9672
(8,0)-4N-PB-8cl 119.5574 119.0885 120.3565 113.6144 118.1112 120.0065 6.3039
(5,5)-4N-H-PB-8cl 106.3765 103.6336 114.7631 114.2326 115.3360 114.6449 9.0042
(6,3)-4N-H-PB-8cl 116.1589 102.8134 113.8745 118.8272 110.7508 119.4934 7.8688
(8,0)-4N-H-PB-8cl 112.2507 100.2589 117.2638 110.1915 118.4236 117.3039 8.5307
(5,5)-4N-H-FB-8cl 109.1203 106.3979 111.9813 114.8864 118.1203 105.1755 9.7166
(6,3)-4N-H-FB-8cl 108.8807 103.4745 114.7223 117.1555 117.1174 107.5771 8.7006
(8,0)-4N-H-FB-8cl 112.4443 107.6113 113.1708 117.9849 115.9918 107.2108 5.9783
(6,3)-4N-H-FB-8cl* 102.6040 104.9208 101.0549 104.7418 96.2848 8.0846
(8,0)-4N-H-FB-8cl* 98.4359 92.5382 101.8010 102.5882 102.5882 5.9712
Angles on ring 2

(5,5)-4N-PB-8cl 116.2811 122.3755 120.1581 117.1746 118.2721 119.9894
(6,3)-4N-PB-8cl 122.1363 118.1581 118.1344 121.4693 115.6012 121.4557
(8,0)-4N-PB-8cl 122.1363 118.1581 118.1344 113.5716 115.6012 121.4557
(5,5)-4N-H-PB-8cl 108.3736 101.7335 111.7698 113.5554 118.3328 109.7441
(6,3)-4N-H-PB-8cl 106.8990 101.6378 116.3408 110.8893 118.3936 106.7257
(8,0)-4N-H-PB-8cl 115.5575 103.4185 120.3056 110.4389 118.2372 117.9467
(5,5)-4N-H-FB-8cl 108.0725 109.6388 115.5756 114.5026 118.2599 108.8253
(6,3)-4N-H-FB-8cl 107.3268 108.6908 111.3110 109.0719 116.9454 110.6141
(8,0)-4N-H-FB-8cl 118.2559 109.6203 110.8046 113.2186 114.1636 107.1184
(6,3)-4N-H-FB-8cl* 100.1187 95.6515 101.4550 104.8608 95.5511
(8,0)-4N-H-FB-8cl* 99.4453 94.6007 102.2701 103.3177 93.3108

# Nitrogen atoms are located in an imidazole five-membered ring

non-saturated PB nanotubes exhibited C2-N bond length
values very close to the X-ray crystal structure values of
1.341 and 1.335 A for C2-N bond lengths in a pyrimidine
derivative [41]. Bond lengths between 1.375-1.383 and
1.377-1.379 A for C—C bonds and between 1.322-1.353
and 1.329-1.344 A for C-N bonds have been reported for
pyrimidine rings in crystallized derivative structures [42].
The saturated bumpy N-CNTs, including PB and FB
structures with pyrimidine or imidazole rings, exhibited
average C—C bond lengths of 1.57 A and average C-N
bond lengths of 1.47-1.49 A. These values are expected for
sp> hybridization [a typical (sp>)C—C(sp>) bond length is
1.54 A; the C-N bond length for amines is 1.479 A] and are
similar to those of saturated regular N-CNTs [39]. The H-
H bond length for physisorbed H, molecules of 0.733 A, on
average, was almost 0.010 A shorter than the H-H bond
length for a free H, molecule.

Table 2 presents the corresponding angles for all atoms
of both pyrimidine rings for non-saturated and saturated
bumpy nanotubes and imidazole rings for saturated chiral
and zigzag bumpy N-CNTs. The non-saturated structures

exhibited N1-C2-N3, C-N-C, N-C-C and C-C-C angles
of approximately 116°-122°. These values are consistent
with those reported for pyrimidine rings of crystallized
derivative structures [42] and with the expected values for
sp® hybridization. The saturated structures exhibited N1—
C2-N3, C-N-C, N-C—-C and C—-C—C angles of 100°-120°.
The C2-N3-C4 angles in both six-membered rings
exhibited lower values of approximately 100°-103°,
smaller than the expected values for sp* hybridization. The
saturated FB nanotubes containing imidazole rings instead
of pyrimidine rings exhibited much smaller angles com-
pared to the corresponding six-membered rings.

The net charges of the N1, C2 and N3 atoms in each
pyrimidine and imidazole ring in the nanotube structures as
well as their dipole moments are presented in Table 3. The
net charges did not differ significantly for nitrogen atoms
located in six-membered or five-membered rings. Chirality
also did not appear to affect net charge atomic values. The
net charge of the C2 atom decreased by half when non-
saturated structures were compared with saturated struc-
tures, regardless of whether the saturated nanotubes were
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Table 3 Values of the net

atomic charges of the N1, C2 Type Charges on ring 1 Charges on ring 2 Dipole moment (D)

and N3 atoms of both six- N1 2 N3 N1 C2 N3

membered rings of the bumpy

non-saturated and saturated (5,5)-4N-PB-8cl —0.3158 0.1240 —-0.2939 —0.3158 0.1240 —-0.2939 3.6990

a’mchtgn Ct’)”'mé and ﬁg{fg . (6,3)-4N-PB-8cl —0.2639 0.1176 —0.2639 —0.2635 0.1186 —0.2638 3.1851

nanotubes, based on an

calculated at B3LYP/6-31G(d) (8,0)-4N-PB-8cl —0.2604 0.1184 —0.2645 —0.2604 0.1184 —0.2645 1.9479
(5,5)-4N-H-PB-8cl  —0.2799 0.0678 —0.2796 —0.2796 0.0681 —0.2796 0.9242
(6,3)-4N-H-PB-8cl  —0.2801 0.0681 —0.2796 —0.2796 0.0681 —0.2796 1.8705
(8,0)-4N-H-PB-8cl  —0.2801 0.0680 —0.2796 —0.2801 0.0680 —0.2796 1.1154
(5,5)-4N-H-FB-8cl  —0.2799 0.0678 —0.2796 —0.2799 0.0678 —0.2796 0.9242
(6,3)-4N-H-FB-8cl  —0.2799 0.0678 —0.2796 —0.2796 0.0675 —0.2796 1.9801
(8,0)-4N-H-FB-8cl  —0.2796 0.0676 —0.2861 —0.2796 0.0676 —0.2861 1.3205
(6,3)-4N-H-FB-8cl* —0.2785 0.0681 —0.2784 —0.2784 0.0682 —0.2784 2.0150
(8,0)-4N-H-FB-8cl* —0.2785 0.0676 —0.2785 —0.2785 0.0676 —0.2785 0.9018

# Nitrogen atoms are located in an imidazole five-membered ring

PB, FB or had imidazole rings. The charges of the N1, C2
and N3 atoms in both non-saturated bumpy pyrimidine
rings did not differ significantly from those in the corre-
sponding regular nanotubes [39]. That is, neither the
presence of a bumpy defect itself in a nanotube nor the
presence of five-membered rings necessarily altered the net
atomic charges or the dipole moments, which remained less
than 3.7 D for the different structures, as shown in Table 3.

A bumpy defect itself did not significantly change the
atom—atom distances, angles or net atomic charges of the
atoms present in the defect region of the nanostructure or
the molecular dipole moment. The only exception was
saturated structures, which exhibited angles smaller than
the expected value for sp* hybridization, with no significant
differences in charge.

Hydrogen physisorption energies

The term physisorption energy refers to the interaction
energy between molecular hydrogen and the nanotube

(a) 08 1 |
0.7 4 |O0N-H-7mol-8cl
06 1 B 4N-H-7mol-8cl
% 05 A
f 04 -
£ 03
(=%
w 024
0.1
0 - T T
01 1 BER B.3)-R B.0)-R

Regular nanotube chirality

Fig. 6 Representation of the dispersion-corrected B3LYP/6-31G(d)-
calculated Eph/H, for both a regular armchair (5,5), chiral (6,3) and
zigzag (8,0) nanotubes; and b bumpy armchair (5,5), chiral (6,3) and
zigzag (8,0) nanotubes, all featuring eight carbon-atom layers and
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without the formation of a covalent bond or any associated
carbon hybridization change. In this work, the only
molecular hydrogen positions considered were inside the
nanotube, and no molecular hydrogen was located on the
external nanotube surface. The saturated nanotubes con-
sidered here were full exo-hydrogenated finite open full
bumpy hydrogen-terminated nanotubes.

To analyze the ability of bumpy defects to enhance the
hydrogen storage capability of the nanotubes, the hydrogen
physisorption energy associated with a single hydrogen
molecule Eph/H,, was calculated for different bumpy
nanotubes containing different numbers of hydrogen
molecules according to Eq. (1), taking into account the
dispersion forces due to van der Waals interactions [35,
36]. The DFT-D3 method for calculating van der Waals
interactions used in this work has been reported to be very
precise compared with other methods used to perform the
same calculations [37].

Figure 6 presents the Eph/H, values for both regular and
bumpy defected saturated armchair (5,5), chiral (6,3) and

(b) 0s
0.7 A
06 A
05 4
04 -
03 A
02 A
0.1 1

OON-H-7mol8cl
@ 4N-H-7mol-8cl

Eph/Hz (eV)

0 T =
o1 G5B 6.3):B @08 |

Bumpy hanotube chirality

seven physisorbed hydrogen molecules inside. White and red columns
represent undoped and nitrogen-doped structures, respectively (Color
figure online)



Struct Chem (2016) 27:1479-1490

1485

zigzag (8,0) CNTs with seven physisorbed H, molecules.
We have used seven physisorbed H, molecules for prac-
tical reasons because for that condition, it was possible to
obtain the data necessary to compare the hydrogen
physisorption energies for regular and bumpy nanotubes
with different chirality. Some regular nanotubes are not
able to physisorb more than seven H, molecules. The
nanotubes become “saturated” with a much lower number
of H, molecules than bumpy analog structures. For
instance, regular (5,5)-ON-H-R-8cl nanotube is not able to
physisorb more than 7 hydrogen molecules compared to
the more than 18 hydrogen molecules physisorbed by their
bumpy counterpart, (5,5)-ON-H-B-8cl nanotube. The reg-
ular nanotubes considered in Fig. 6 had nearly identical
diameters (7.46-7.50 A) and lengths (eight carbon-atom
layers in each nanotube: 8.8, 7.2 and 6.9 A for armchair,
chiral and zigzag nanotubes, respectively). The armchair
and zigzag bumpy nanotubes exhibited lengths of 8.4 and
8.1 A, respectively, whereas the chiral bumpy structure
exhibited a length of 11.7 A. The columns in white rep-
resent data for undoped nanotubes, and the columns in
red represent data for nanotubes doped with four nitrogen
atoms in each nanotube.

Doped and undoped regular nanotubes with different
chirality (Fig. 6a) exhibited similar relative behaviors: All
of the nitrogen-doped regular CNTs exhibited higher
physisorption energies than the undoped regular nanotubes,

(b)

Fig. 7 Frontier orbitals HOMO (a, ¢) and LUMO (b, d) for
optimized FB (a, b) and PB (c, d) zigzag (8,0) N-CNTs with seven
physisorbed hydrogen molecules inside. For each orbital, the lateral

and the energies of both doped and undoped CNTs
increased in the order armchair < chiral < zigzag.

Nearly identical behavior was observed for the armchair
(5,5) and zigzag (8,0) bumpy CNTs (Fig. 6b), i.e., they
exhibited higher physisorption energies when nitrogen
doped. In these nanostructures, nitrogen probably enhances
molecular local polarizability, in turn enabling higher
hydrogen physisorption. This effect was observed in most
nitrogen-doped CNTs. By contrast, the undoped chiral
(6,3) bumpy CNTs exhibited very high hydrogen
physisorption energies compared with the corresponding
nitrogen-doped CNTs. The nanotube curvature and geo-
metrical distribution of both nitrogen and carbon atoms in
the doped chiral structures, together with the bumpy
defect, probably allow these CNTs to behave as a flexible
or weak hydrogen host: Hydrogen can easily enter and exit
the nanotubes. By contrast, the undoped chiral bumpy
nanotubes behaved like a harder host because once
hydrogen is adsorbed, higher energy is required for des-
orption. These results indicate that the bumpy defect, and
not the presence of nitrogen, seems to be the main struc-
tural feature affecting the hydrogen host behavior of chiral
nanotubes. One manifestation of the bumpy defect in chiral
nanotubes is exhibited in the length of the nanotube. Chiral
nanotubes are significantly longer than armchair and zig-
zag nanotubes with all of the same number of carbon
layers, as was shown previously.

and front views are shown in the upper and lower parts, respectively.
Nitrogen is contained in a five-membered ring
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Fig. 8 Frontier orbitals HOMO (a, ¢) and LUMO (b, d) for
optimized FB (a, b) and PB (¢, d) chiral (6,3) N-CNTs with seven
physisorbed hydrogen molecules inside. For each orbital, the lateral

The data in Fig. 6 demonstrate that a bumpy defect is an
important nanotube structural feature whose effects differ
depending on nanotube chirality. For instance, bumpy
defects were beneficial for undoped and doped zigzag (8,0)
nanotubes and resulted in decreases in the Eph/H, values
for regular nanotubes from 0.5 and 0.74 to 0.26 and
0.42 eV, respectively. By contrast, for the armchair (5,5)
doped regular nanotubes, which had an Eph/H, value of
0.38 eV, the bumpy defect increased that value to 0.45 eV,
although both values and those for the zigzag bumpy
nanotubes are all within the ideal range of 0.1-0.5 eV/H,
for reversible hydrogen storage under environmental con-
ditions [31, 43] and in agreement with the range of
0.16-0.4 eV/molecule reported from thermodynamic esti-
mations of hydrogen nanotube binding energy [12, 13, 44].

To further characterize the effect of a full round of bumpy
defects (called FB) around the central part of the nanotube
versus a pair of bumpy defects (one defect in front of the
other, called PB) in that region, the frontier orbitals HOMO
(highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) for doped FB and PB zigzag
nanotubes are presented in Fig. 7. This analysis again clearly
highlights the importance of the bumpy defect: Most of the
atomic orbitals contributing to the frontier orbitals belong to
atoms in the bumpy defect zone. The contribution of nitro-
gen orbitals is less important.

@ Springer

and front views are shown in the upper and lower parts, respectively.
Nitrogen is contained in a five-membered ring

In the bumpy chiral (6,3) and zigzag (8,0) nanostruc-
tures, N is located in five-membered rings (as described in
Fig. 2). The Eph/H, values of doped and undoped regular
zigzag nanotubes (Fig. 6a) with nitrogen located in six-
membered rings and those of doped and undoped bumpy
zigzag nanotubes (Fig. 6b) with nitrogen in five-membered
rings followed the same trend: Doped zigzag nanostruc-
tures had higher Eph/H, values than undoped zigzag nan-
otubes. Bumpy chiral nanotubes, however, behaved
differently, as discussed previously. The frontier orbitals of
the FB and PB chiral N-CNTs (see Fig. 8) also exhibited a
different pattern compared with the zigzag N-CNTs,
explaining in part the observed chiral nanotube behavior.
Only a few of the atoms of FB chiral N-CNT contribute to
the HOMO (Fig. 8a), whereas for the PB chiral N-CNT
(Fig. 8c), nearly all of the atoms associated with the bumpy
defect contribute to the HOMO. A similar trend was
observed for LUMO orbitals (Figs. 6d, 8b). The (n,m) chi-
ral CNTs are special structures. As a function of their
relative n, m values, the structures can behave as semi-
conductors or as conductors if » minus m results in a
number divisible by 3.

Data in Fig. 9 depict the hydrogen physisorption ener-
gies for doped and undoped armchair (4,4) nanotubes with
8 and 12 carbon-atom layers with 2-24 molecules of
physisorbed hydrogen molecules.
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Fig. 9 Representation of the molecular hydrogen physisorption
energy per adsorbed H, molecule for hydrogenated armchair (4,4)
nanotubes as a function of the number of physisorbed hydrogen
molecules calculated at the B3LYP/6-31G(d) level considering
dispersion forces correction. The filled and empty forms are
nitrogen-doped and undoped nanotubes, respectively. Square and
triangle forms are 12 carbon-atom layer regular and bumpy
nanotubes, respectively. Circle forms are the eight carbon-atom layer
bumpy structures

As shown in Fig. 9, the Eph/H, value increases with the
number of physisorbed hydrogen molecules. This effect
was more relevant for shorter bumpy defected structures (8
carbon-atom layer) and for regular structures. Nanotube
nitrogen doping also clearly increased the value of Eph/H,,
particularly for regular structures. By contrast, the bumpy
defect in nanotube structures caused a significant decrease
in the Eph/H, values in a more significant manner than for
the doped nanotubes. This effect was more relevant for
nanotubes with a higher number of physisorbed H, mole-
cules. For instance, the Eph/H, values for doped regular
and doped bumpy defected nanotubes containing 15 phy-
sisorbed H; in each were 0.82 and 0.35 eV, respectively,
thus differing by 0.47 eV. The corresponding Eph/H, val-
ues for undoped structures were 0.62 and 0.29 eV,
respectively, resulting in a difference of 0.33 eV. As shown
in Fig. 9, a higher number of carbon-atom layers in the
nanostructures also decreased Eph/H, significantly. These
data suggest that bumpy defected armchair (4,4) nanotubes
(with or without nitrogen doping) with a 12 carbon-atom
layer and 10-15 physisorbed H, molecules will behave as
an ideal system for reversible hydrogen storage as a clean
source of energy due to their Eph/H, values in the range of
0.1-0.4 eV [12, 13, 44]. Figure 10 shows a comparison
between the two 12 carbon-atom layer nanotubes and a
longer one of a 20 carbon-atom layer. All of the nanotubes

1487
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12cl 12cl 20cl

Number of carbon-atom layers

Fig. 10 Representation of the dispersion-corrected B3LYP/6-
31G(d)-calculated Eph/H, for armchair (4,4) saturated bumpy
nanotubes with 12 and 20 carbon-atom layers and 15 physisorbed
hydrogen molecules inside for undoped (first column from the left)
and nitrogen-doped structures (second and third columns)

have Eph/H, values in the ideal range. As expected, the 20
carbon-atom layer has a lower value of Eph/H,. The trend
observed in Fig. 8 related to the increasing values of Eph/
H, for a higher number of physisorbed hydrogen mole-
cules, suggests that longer saturated bumpy nanotubes have
a higher and wider range of hydrogen molecules to be
physisorbed in the 20 carbon-atom layer case, starting, for
instance, with 15 H, molecules.

Table 4 presents the hydrogen physisorption energies,
the vdW term and the dispersion-force-corrected corre-
sponding energies for hydrogenated full bumpy defected
armchair (4,4) nanotubes with an 8-20 carbon-atom layer
and 2-24 physisorbed H, molecules (run no. 1-26) and
some bumpy nanotubes with different chirality and similar
diameters (run no. 27-41). The main trend observed for all
systems confirms that Eph/H, increases when the number
of physisorbed H, molecules is higher.

The nitrogen-doped bumpy defected nanotubes exhib-
ited slightly higher hydrogen physisorption energies com-
pared to the regular nanotubes as observed from Fig. 9.
When analyzing data from Figs. 9, 10 and Table 4 for
saturated nanotubes, it is important to note that the fol-
lowing systems are all predicted to have good hydrogen
desorption behavior because they exhibit Eph/H, values in
the range 0.1-0.4 eV, recognized as an ideal range for
reversible hydrogen storage at room temperature and low
pressure [31, 43]: (i) regular doped armchair (4,4) nan-
otubes with 12 carbon-atom layers; (ii) bumpy doped
armchair (4,4) nanotubes with 12, 16 and 20 carbon-atom
layers (run 23, 25 and 26), (iii) bumpy undoped armchair
(4,4) nanotubes with 8 (run 4 and 5) and 12 carbon-atom
layers (run 16 and 17), with 7, 9, 15 and 18 physisorbed H,
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Table 4 The number of physisorbed hydrogen molecules (n), the terms, the corrected hydrogen physisorption energies (Eph) and the
hydrogen content, the dipole moment (u), the hydrogen physisorption Eph associated with a single hydrogen molecule (Eph/H,) for the
energies (Ep) at the B3LYP/6-31G(d) level, the vdW correction hydrogenated armchair, chiral and zigzag bumpy nanotubes

Run Type n (no.) Hydrogen content (%) DFT DFT-D3

u (D) Ep (eV) vdW term (eV) Eph (eV) Eph/H, (eV)

1 (4,4)-ON-H-B-8cl” 2 9.6 0.54 0.1990 —0.4776 —0.2786 —0.1393
2 (4,4)-ON-H-B-8cl* 3 9.8 0.56 0.4946 —0.7557 —0.2611 —0.0870
3 (4,4)-ON-H-B-8cl* 5 10.2 0.57 1.3744 —1.3683 0.0061 0.0012
4 (4,4)-ON-H-B-8cl* 7 10.6 0.57 2.8885 —1.9414 0.9471 0.1353
5 (4,4)-ON-H-B-8cl* 9 10.9 0.53 5.5925 —2.3799 3.2125 0.3569
6 (4,4)-ON-H-B-8cl* 12 11.5 0.43 9.7791 —3.0919 6.6872 0.5573
7 (4,4)-4N-H-B-8cl* 2 9.2 1.19 0.1727 —0.5401 —0.3674 —0.1837
8 (4,4)-4N-H-B-8cl* 3 9.3 1.12 0.4586 —0.8572 —0.3986 —0.1329
9 (4,4)-4N-H-B-8cl* 5 9.7 1.44 1.8262 —1.4322 0.3940 0.0788
10 (4,4)-4N-H-B-8cl* 7 10.1 1.21 3.6673 —1.9349 1.7324 0.2475
11 (4,4)-4N-H-B-8cl* 9 10.5 0.89 6.7976 —2.3860 4.4116 0.4902
12 (4,4)-ON-H-B-12cl 3 9.2 0.13 0.6698 —0.6220 0.0477 0.0159
13 (4,4)-ON-H-B-12cl 5 9.4 0.10 0.9983 —1.1976 —0.1993 —0.0399
14 (4,4)-ON-H-B-12cl 7 9.7 0.06 1.6812 —1.7888 —0.1076 —0.0154
15 (4,4)-ON-H-B-12cl 9 9.9 0.06 2.5730 —2.3386 0.2345 0.0261
16 (4,4)-ON-H-B-12cl 15 10.7 0.15 8.3855 —3.9897 4.3959 0.2931
17 (4,4)-ON-H-B-12cl 18 11.1 0.18 12.0554 —4.6847 7.3708 0.4095
18 (4,4)-ON-H-B-12cl 20 11.4 0.30 15.9889 —5.1423 10.8467 0.5423
19 (4,4)-ON-H-B-12cl 24 11.9 0.13 22.3650 —6.0876 16.2774 0.6782
20 (4,4)-4N-H-B-12cl 3 8.8 0.66 0.1482 —0.7737 —0.6255 —0.2085
21 (4,4)-4N-H-B-12cl 5 9.1 0.63 0.7500 —1.3606 —0.6106 —0.1221
22 (4,4)-4N-H-B-12cl 7 9.5 0.91 1.5413 —1.9284 —0.3871 —0.0553
23 (4,4)-4N-H-B-12cl 15 10.4 1.08 9.4058 —4.0954 5.3103 0.3540
24 (4,4)-4N-H-B-12cl 20 11.0 1.96 15.5515 —5.0425 10.5091 0.5255
25 (4,4)-4N-H-B-16¢l 12 9.5 1.72 4.1379 —3.3590 0.7788 0.0649
26 (4,4)-4N-H-B-20cl 15 9.4 1.26 5.9062 —4.1977 1.7084 0.1139
27 (5,5)-ON-H-B-8cl 3 9.7 0.92 0.3342 —0.6655 —0.3313 —0.1104
28 (5,5)-ON-H-B-8cl 5 10.0 0.90 1.0867 —1.1825 —0.0958 —0.0192
29 (5,5)-ON-H-B-8cl 7 10.3 1.00 1.6235 —1.7562 —0.1327 —0.0190
30 (5,5)-ON-H-B-8cl 9 10.6 0.98 3.3096 —2.2783 1.0313 0.1146
31 (5,5)-ON-H-B-8cl 12 11.0 1.11 5.8702 —3.0209 2.8493 0.2374
32 (5,5)-ON-H-B-8cl 15 11.5 0.87 9.3790 —3.6425 5.7365 0.3824
33 (5,5)-ON-H-B-8cl 18 11.9 0.75 12.3155 —4.0622 8.2533 0.4585
34 (5,5)-4N-H-B-8cl 3 9.3 1.11 0.2683 —0.7605 —0.4923 —0.1641
35 (5,5)-4N-H-B-8cl 5 9.6 1.59 3.2550 —0.8129 2.4421 0.4884
36 (5,5)-4N-H-B-8cl 7 9.9 1.98 4.4736 —1.3383 3.1353 0.4479
37 (5,5)-4N-H-B-8cl 9 10.2 1.95 6.4137 —1.7495 4.6642 0.5182
38 (6,3)-ON-H-B-8cl* 7 10.3 1.43 6.0281 —1.5275 4.5006 0.6429
39 (6,3)-ON-H-B-8cl* 7 9.9 1.98 1.6085 —1.8016 —0.1931 —0.0276
40 (8,0)-ON-H-B-8cl* 7 10.6 0.07 3.5638 —1.7598 1.8041 0.2577
41 (8,0)-ON-H-B-8cl* 7 10.1 0.90 4.6457 —1.7065 2.9392 0.4199

 Nitrogen atoms are located in an imidazole five-membered ring
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molecules together with undoped armchair (5,5) nanotubes
with 9-15 physisorbed H, molecules (run 30-32 in
Table 4) and (iv) bumpy zigzag doped and undoped nan-
otubes with seven physisorbed H, molecules (run 40—41 in
Table 4). Therefore, several saturated bumpy nanotubes
exhibit low endothermic hydrogen physisorption energies
within the reported ideal range for reversible hydrogen
storage. The hydrogen content for all of the nanotubes is
approximately 11 %. The dispersion force correction val-
ues are important in the evaluation of the hydrogen
physisorption energies for bumpy saturated CNTs, as they
were for similar regular nanostructures [30].

Conclusions

Hydrogen physisorption energies were calculated for
bumpy CNTs using DFT-D3 methods at the B3LYP/6-
31G(d) level of theory and considering dispersion forces.
Finite open nanotubes terminated with hydrogen were
considered. Armchair, chiral and zigzag CNTs that were
undoped or nitrogen doped with non-saturated or saturated
structures were studied with the aim of understanding how
structural features can favor hydrogen storage behavior.

The calculation results predict that bumpy nanotubes
can adsorb a much higher number of hydrogen molecules
in the interior of the nanotubes than similar regular nan-
otubes, probably because the specific geometry of bumpy
nanotubes increases the internal volume.

The van der Waals energy correction is an important
component of the hydrogen physisorption energy for both
saturated and non-saturated bumpy CNTs.

The results of both the calculated hydrogen physisorp-
tion energies for a single hydrogen molecule, Eph/H, and
the frontier orbital analysis suggest that the bumpy defect is
indeed an important nanotube structural feature that toge-
ther with nanotube chirality, can improve the value of Eph/
H, to the level of 0.1-0.5 eV/molecule considered ideal for
reversible hydrogen storage.

The Eph/H, value increased with the number of physi-
sorbed hydrogen molecules for all studied structures.

In armchair nanotube structures, the bumpy defect
caused a significant decrease in the Eph/H, values that was
even more pronounced for nitrogen-doped nanotubes. The
Eph/H, value decreased significantly as the number of
carbon-atom layers in the nanostructures increased.

Both smaller diameters and larger lengths decrease the
hydrogen physisorption energies of saturated bumpy
N-CNTs.

The final results indicate that it is possible to design
saturated bumpy defected armchair and zigzag nanotubes
(with or without nitrogen doping) that can behave as an

ideal system for reversible hydrogen storage. Chiral
counterparts need to be further investigated to better
understand how to predict their behavior as a hydrogen
storage material.
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