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ABSTRACT: A new type of carbon nanotube, based on the graphenylene motif, is
investigated using density functional and tight-binding methods. Analogous to conventional
graphene-based nanotubes, a two-dimensional graphenylene sheet can be “rolled” into a
seamless cylinder in armchair, zigzag, or chiral orientations. The resulting nanotube can be
described using the familiar (n,m) nomenclature and possesses 4-, 6-, and 12-membered
rings, with three distinct bond lengths, indicating a nonuniform distribution of the electron
density. The dodecagonal rings form pores, 3.3 A in diameter in graphenylene, which
become saddle-shaped paraboloids in smaller-diameter nanotubes. Density functional theory
predicts zigzag nanotubes to be small-band gap semiconductors, with a generally decreasing
band gap as the diameter increases. Interestingly, the calculations predict metallic
characteristics for armchair nanotubes with small diameters (<2 nm), and small-band gap
semiconducting characteristics for larger-diameter ones. Graphenylene nanotubes with
indices mod(n—m,3) = O exhibit a band gap approximately equal to that of armchair
graphenylene nanotubes with comparable diameter.

C arbon nanotubes (CNTs) have undergone intense
investigation due to their vast array of exciting properties.
A CNT can be considered conceptually as a two-dimensional
(2D) sheet of graphene which is rolled along a particular axis to
form a seamless cylinder, and its electronic properties are
determined by the chirality and diameter of the resulting tube.
However, graphene is not the only structural motif on which a
nanotube can be based; in theory, nanotubes based on a variety
of 2D carbon allotropes are possible.1 In the past decade, there
has been a rapid expansion in the family of 2D carbon
allotropes, owing to the unique chemical properties of carbon,
which is able to form networks of various dimensionalities
based on combinations of sp-, sp>-, and sp*-hybridized carbon
atoms. Recently investigated 2D carbon allotropes based on sp-
and sp*-hybridized carbon include graphynes,' graphenylene,”
pentahexoctite’ and a host of others consisting of networks of
polygons ranging from linear chains to dodecagons.*
Graphenylene has recently become the focus of several

Figure 1. (a) 2D unit cell of graphene and (b) graphenylene. L, L,,
and L; represent the three distinct bond lengths found in

investigationsz’5_7 due to its unique geometry. Its structure has graphenylene. (c) Band structure of graphene and (d) graphenylene
been characterized as highly favorable for hydrogen separation from DFT calculations in this work. Although graphene is a known
applications,” and it has been shown through density functional zero-gap semimetal, DFT calculations in this work predict a small,
theory (DFT)-based simulations to be a promising anode direct band gap of 0.033 eV for graphenylene. The inset in (d) shows

material for lithium-ion batteries.” The unit cell of graphe- detail of the direct band gap at the K-point conduction valley.

nylene, shown in Figure 1b, contains two six-membered carbon

rings connected by a four-membered (cyclobutadiene) unit. Molecular fragments of graphenylene have already been
Geometry relaxations in the framework of DFT,>® including in successfully synthesized in linear, armchair, and zigzag form,’®
the present work, have predicted three distinct bond lengths,
labeled L), L,, and L; in Figure 1b. Each six-membered ring Received: August 5, 2015
contains two distinct alternating bond lengths, and thus a Accepted: September 16, 2015
heterogeneous electron density around the ring. Published: September 16, 2015
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although large-scale synthesis has not yet been achieved.
However, Brunetto et al.° have shown through DFT-based
molecular dynamics simulations that large-area graphenylene
sheets could potentially be synthesized via dehydrogenation of
highly ordered porous graphene, a process which results in
spontaneous interconversion to graphenylene.

The electronic properties of graphenylene have been scarcely
studied thus far. The band structure is of particular interest
because the zero band gap of graphene gives it semimetallic
character and limits its potential electronic applications. Song et
al.’ calculated the electronic properties of graphenylene using
DFT methods with a variety of exchange-correlation functionals
and reported an extremely narrow, direct band gap of 0.02S eV.
As explained below (and as seen in the band structure of Figure
1d), a band gap of 0.033 eV is predicted in the present study.
However, it is understood that DFT tends to significantly
underestimate band gap values.” For this reason, Brunetto et
al’ employed DFT-based tight-binding calculations, which
predicted a direct band gap of 0.8 eV.

Nanotubes based on a graphenylene motif have so far only
been briefly alluded to in terms of their geometric
configuration,” but their electronic properties and exact
geometry have yet to be investigated. Just as a sheet of
graphene can be geometrically rolled into armchair, zigzag, and
various chiral orientations, graphenylene nanotubes (GNTs)
are possible. Because the unit cell of the graphenylene sheet has
the same rhombic character as that of graphene, the traditional
(n,m) nomenclature used to describe CNTs can be retained.

In this work, the structure and electronic properties of
graphenylene nanotubes of armchair and zigzag (and a few
chiral) orientations are investigated using DFT, and the results
are compared to DFT-based tight binding results. One unique
aspect compared to CNTs, readily seen in Figure 2, are the

Figure 2. Three-dimensional views of (a) a conventional (nm) =
(10,0) CNT, (b) a (3,3) armchair GNT, and (c) a (5,0) zigzag GNT.

dodecagonal rings on the sidewalls, which form pores which
may be advantageous for materials transport for applications in
materials storage and electrochemical charging processes.
Graphenylene nanotubes can be geometrically constructed
by rolling a slice of a 2D graphenylene sheet into a seamless
cylinder, in the same way that a CNT can be considered as a
rolled sheet of graphene. This allows arbitrary GNTs to be
constructed by defining the chiral indices # and m. As in CNTs,
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zigzag GNTs correspond to (1,0) chiral indices and armchair
GNTs to (nn) indices. A MATLAB script was written to
generate the initial GNT atomic coordinates using the
coordinates for 2D graphenylene and the parameters defined
for CNTs, which are applicable to GNTs, such as the nanotube

chiral vector C, and translational vector T 10

N

C, = n;; + m—a_; = (n,m) (1)

T =ta, + t,a, = (t,t,) )
where

(= 2m +n

! gcd(2n + m, 2m + n) (3)

(= m+ 2n

g ged(2n + m, 2m + n) (4)

and gcd denotes greatest common divisor. Similar to CNTs, the
lattice vectors are

©)

(6)

but with a, being the translational distance between 12-
membered rings, as shown in Figure 1b, rather than the
distance between second-nearest neighbor carbon atoms as in
CNTs.

Two approaches were used for evaluating the band structures
of the GNT nanotubes. DFT calculations for the nanotubes
were performed using SIESTA software package'' in the
generalized gradient approximation (GGA), with the variant of
the Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional parametrized for solids, known as PBEsol.'” This
functional has been used in the literature to calculate the
electronic properties of 2D graphenylene® and results in
improved equilibrium geometries and lattice constants,
particularly for carbon nanotubes' and close-packed struc-
tures,'” over the commonly used original PBE functional.
Interactions of the valence electrons with the nuclei and core
electrons were described through fully nonlocal Troullier—
Martins pseudopotentials'* obtained from the Abinit pseudo-
potential database. A double-{ basis set with polarization
orbitals and an energy cutoff of 50 meV was used for the
valence electrons. Given the fact that periodic boundary
conditions in all directions were used in the SIESTA
calculations, interactions between neighboring tubes were
avoided by spacing the tubes at least 15 A apart from edge to
edge. This value was determined by a systematic study on the
effects of lateral spacing on electronic structure, and the energy
bands were not affected at intertube spacings of >15 A. Real-
space integrations were performed on a grid with a cutoff
energy of 250 Ry. The one-dimensional Brillouin zone was
sampled via a Monkhorst—Pack scheme with 50 points along
the single unit vector in k-space. The atomic positions were
relaxed by conjugate gradient minimization until forces on the
atoms were less than 0.01 eV/A. The unit cell was relaxed
together with the atomic coordinates.

Additionally, density functional-based tight-binding (DFTB)
calculations were performed to predict the band structure of
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GNTs using DFTB+ software package,'® for the purposes of
comparison with the 2D graphenylene study by Brunetto et al.’
Briefly, in the DFTB method, the Kohn—Sham eigenenergies
from DFT enter as diagonal elements of the Hamiltonian, and
the nondiagonal matrix elements (including the overlap matrix)
are calculated in a two-center approximation and stored as a
table for interatomic distances up to 10 au. The Hamiltonian
matrix elements are modified by a self-consistent redistribution
of Mulliken charges. Atomic and diatomic contributions
calculated from DFT used a PBE functional. DFTB has been
used to predict the structural and electronic properties of a vast
array of carbon allotropes'® and has accurately predicted the
opening of a band gap in graphene induced by patterned
hydrogen adsorption.'” The DFTB+ calculations were carried
out using the optimized geometries from SIESTA calculations.

The relaxed geometry of 2D graphenylene obtained from
SIESTA calculations performed in this study exhibits three
distinct bond lengths. As previous studies have indicated,” the
relaxed structure of graphenylene exhibits alternating bond
lengths around each six-membered carbon ring, indicating
nonuniformity of the distribution of the electron density among
the corresponding ¢ bonds around the ring, unlike the case in
benzene or graphene. According to our DFT calculations, the
band gap of 2D graphenylene is 0.033 eV, in reasonable
agreement with a previous DFT study.’ The bond lengths in
2D graphenylene predicted from geometry relaxations using
DFT calculations in this work are listed in Table 1, and are in

Table 1. C—C Bond Lengths and Unit Cell Length in
Graphenylene Compared with Graphene

graphene graphenylene
L, L, L,
C—C bond length (A) 1.428 1.378 1.468 1.481
ay (A) 2473 6.788

good agreement with literature.”® These calculations also
predict an average pore diameter of 3.3 A, using the method
described by Song et al,’ measuring from the edge of the
electron density isosurface at a value of 0.2 au.

GNTs also exhibit heterogeneous electron density distribu-
tion and, consequently, three distinct bond lengths, according
to our DFT calculations. Figure 3 shows the electron density
(including both ¢ and 7 contributions) of a zigzag and armchair
GNT, plotted at an isovalue of 0.27 e/A,* which clearly shows
the greater density near the L, bond (not shared with the four-
membered rings) compared with the L, and L; bonds (shared
with the four-membered rings).

Examining the dimensions of the pores formed by the
dodecagonal rings as a function of GNT diameter provides
some insight into the evolution of the pores. When
graphenylene is rolled into a tube, the pores are bent around
the circumference of the tube, resulting in paraboloid or saddle-
shaped pores. Small-diameter GNTs contain pores that are
significantly narrowed in the transverse direction, whereas the
pores found in large-diameter GNTSs approach a circular
geometry 3.3 A in diameter. In the relaxed GNT geometry, the
pores generally follow the model of a rolled sheet.

The pore diameters found in GNTs are similar in scale to the
kinetic diameters of a few gases,18 as seen in Figure 4a. Like 2D
graphenylene, large-diameter GNTs contain pores which are
larger than the kinetic diameter of H, but smaller than the
kinetic diameters of O,, N,, and CO. Consequently, diffusion of
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Figure 3. Total electron density (in yellow) of (a) a (2,2) armchair
GNT and (b) a (4,0) zigzag GNT section, at an isosurface value of
0.27 ¢/A% In both cases, a higher electron density is clearly observed
along the L, bond, outside of the four-membered ring, compared with
the L, and L; bonds, which form the four-membered rings.

0,, N,, and CO, as well as larger gas molecules, is expected to
be thermodynamically unfavorable compared with H,, making
GNTs an attractive candidate for hydrogen storage and
separation. Furthermore, small-diameter GNTs offer a range
of pore diameters from 1.5 to 3.3 A in the transverse direction.
GNTs thus provide a wide range of selectivities for gas
diffusion, dependent upon chiral index.

DFT calculations predict that graphenylene is less energeti-
cally favorable than graphene by 0.66 eV/atom, as calculated
using the exchange-correlation parameters mentioned pre-
viously (GGA, PBEsol). Table 2 shows the predicted total
energy per atom for a few carbon allotropes relative to
graphene. A (5,5) CNT is shown as a reference for GNTs with
very similar diameter.

The diameter of each GNT also has a significant and
predictable effect on its total energy. Shown in Figure 4b is the
curvature energy EC = Etot,GNT - Etot,Graphenylene) that is, the total
energy per atom for each GNT relative to 2D graphenylene.
Similarly to what is observed in ab initio studies of CNTs,'” the
curvature energy per atom increases with increasing curvature
following a strict 1/R* dependence, with R being the radius of
the GNT. In the commonly referenced classical theory of
elasticity, the curvature energy is given by’

W Q
o=

a

2UR R (7)
where Y is the Young’s modulus of the 2D sheet, h is the
thickness of the tube wall, and Q is the atomic volume. The
DFT calculations predict energies which correspond well to this
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Figure 4. (a) Pore diameter of GNTs as a function of tube diameter,
with reference to the kinetic diameters of a few gas molecules. Each
line segment corresponds to a particular GNT, wherein the top data
point is the diameter in the longitudinal direction and the bottom data
point is the diameter in the transverse direction. (b) Curvature energy,
that is, total energy per atom for graphenylene nanotubes relative to
2D graphenylene, which follows closely a 1/R? relationship, where R is
the GNT tube radius.

Table 2. Total Energy Per Atom Relative to Graphene for
Various Carbon Allotropes”

(55) 22 (o)
graphene  CNT  graphenylene ~ GNT GNT
total energy (eV/ 0 0.17 0.66 0.76 0.79

atom)

“The GNTs shown here have tube radii similar to the (5,5) CNT.

relationship (with statistical 7 = 0.9988), where o = 1.4746 eV-
A%/atom. If h for GNTs is considered to be the same as that of
CNTs, then the ratio of the Young’s moduli of 2D
graphenylene and graphene19 is simply ((agraphenylene)/
(Agraphene)) = ((1.4746 eV-A’/atom)/(2.14 eV-A’/atom))
69%. The applicability of continuum elasticity in describing the
bending energy per atom in other fullerenes has been reported
in the past.”'

The band structures of a selection of GNTs are shown in
Figure Sa and b. These bear some resemblance to those of
conventional carbon nanotubes. In general, armchair (n,n)
GNTs exhibit smaller (or zero) band gap values compared with
their zigzag (n,0) GNT counterparts of similar diameter. The
band gaps of zigzag GNTs tend to generally decrease as
nanotube diameter increases, with the exception of GNTs with
index n being a multiple of 3, where the band gaps are similar to
those of armchair GNTs with similar diameter. This is reflected
in the density of states (DOS) plots in Figure Sa, which show a
small region of zero states around the Fermi level in each case
except the (6,0) GNT. The similarity of these characteristics to
those of CNTs, is a consequence of the similar hexagonal
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Figure S. (a) Band structures and density of states plots of various
zigzag and (b) armchair GNTs, according to DFT calculations. (c)
Band gaps from DFT calculations of GNTs as a function of nanotube
diameter, compared with 2D graphenylene. The lines are meant to

help guide the eye.

Brillouin zones and location of the conduction valley at the K-
point of both graphenylene and graphene. As the diameter
becomes large, the limits imposed by the circumferential
periodic boundary condition become less significant, and the
band gap values approach the 0.033 eV value calculated for 2D
graphenylene.

The DFT calculations show that the sub-bands nearest to the
Fermi level in armchair GNTs cross each other in small-
diameter nanotubes, as exemplified by the (2,2) and (4,4) band
structures in Figure Sb. This effect disappears for large-diameter
nanotubes, in which case those sub-bands become separated to
form a small band gap which approaches that of 2D
graphenylene. This effect is also seen in DFT calculations of
small-diameter zigzag CNTs and is commonly attributed to o*
-t rehzrbridization due to the effects of curvature of the
nanotube.””** In the DOS plot, states exist at the Fermi level
for small-diameter armchair GNTs, but a small gap in the DOS
opens for the largest diameters (as seen by the fact that the
DOS briefly reaches the value of 0 for the case of the (10,10)
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nanotube shown on Figure Sb). The overall trend in GNT
band gap values can be seen in Figure Sc.

DFT-based tight-binding calculations show a similar trend in
band gap values, as seen in Figure 6, with two key differences.

0.7r (2
0.6 ===~ T
(10,10)
05 J4.4)
':_"0.4 L
o
0.3 —T>
—O— Armchair|
02 —@—Zigzag
@ Chiral
0.1 , 1 . . s ;
0 0.5 1 1.5 2 25 3 35
Diameter (nm)

Figure 6. Band gaps from DFT-based tight-binding calculations of
GNTs as a function of nanotube diameter, compared with 2D
graphenylene. The lines are meant to help guide the eye.

First, the band gap values calculated using this method are
consistently larger than those obtained using DFT calculations,
as expected. Second, the decrease in band gap of armchair
GNTs as diameter decreases is more severe according to these
calculations, and the band gaps of small-diameter zigzag GNTs
are lower than expected when compared to DFT calculations.

GNT chiralities with mod(n—m,3) = 0 exhibit band gap
values that distinctly follow those of armchair GNTs of similar
diameter, readily observed in the (4,1), (5,2), (9,0), (12,0), and
(15,0) cases in Figure Sb. The band gaps of large-diameter
GNTs approach the band gap of 0.6 €V for 2D graphenylene, in
comparison to 0.8 €V as predicted by Brunetto et al.,” with the
difference presumably due to the exchange-correlation func-
tional used to calculate the TB parameters.

Finally, we return to possible material-storage applications of
graphenylene by briefly considering the case of lithium
adsorption. In the study on 2D graphenylene by Yu,” it was
shown that lithium atoms can be dispersed remarkably well on
graphenylene, both in monolayer and bilayer form, and the
intercalation of lithium atoms was shown to have little effect on
the structure of graphenylene, meaning graphenylene-based
materials would retain their mechanical properties during
charging cycles in lithium-ion battery applications. GNTs offer
a very unique and promising structure for lithium storage. We
performed geometry relaxations in SIESTA on a (previously
relaxed) (4,0) GNT with four Li atoms located just outside of
the nanotube, a few angstroms radially outward from the center
of the dodecagonal rings, in order to determine the equilibrium
position of the Li atoms. Interestingly, the relaxed positions of
the Li atoms were just inside the nanotube, as shown in Figure
7. This is in contrast to the relaxed positions of the ions near a
(10,0) CNT, which are located outside of the tube. Therefore,
when comparing GNTs and CNTs of the same diameter, Li
intercalation may be significantly enhanced in GNTs, allowing
greater storage density due to the smaller overall volume
occupied by the nanotube and Li atoms together. This indicates
that GNTs may be a promising material for lithium ion battery
applications, and further study on lithium adsorption and
diffusion is warranted.

In summary, DFT calculations predict a new family of
nanotubes based on 2D graphenylene, with geometric and
electronic properties similar to those of CNTs, with a few key
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Figure 7. Relaxed positions of Li atoms placed outside (a) a (4,0)
GNT and (b) a (10,0) CNT. The equilibrium positions of the Li
atoms are located inside the GNT but outside the CNT.

differences. In terms of geometry, the dodecagonal rings found
in graphenylene are bent around the circumferential axis of the
tube, resulting in saddle-shaped pores. Pore diameters in the
transverse direction of the tube range from 1.5 to 3.3 A
depending on chiral indices, offering a range of selectivities for
materials transport applications. Concerning electronic struc-
ture, 2D graphenylene exhibits a smooth, narrow, direct band
gap of 0.033 eV at the K-point of k-space, rather than a zero-
gap Dirac point, according to DFT calculations. Consequently,
GNTs with large diameter also exhibit a 0.033 eV band gap
according to DFT calculations, although the actual band gap
value is likely higher because DFT tends to underestimate band
gaps. For small-diameter GNTs, zigzag GNTs exhibit larger
band gap values than armchair GNTs of similar diameter, with
the exception of chiral indices where 7 is a multiple of 3, as in
the case of CNTs. In armchair GNTs of smaller diameter, as
curvature increases, the sub-bands nearest to the Fermi level
cross each other, which in CNT literature is attributed to
o*—n* rehybridization due to the effects of curvature of the
nanotube. DFT-based tight-binding calculations show similar
behavior of the electronic structure, only with significantly
larger band gap values (0.6 eV for 2D graphenylene). Although
GNTs have not yet been synthesized experimentally, their
interesting properties warrant further investigation.
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