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Nano-makisu: highly anisotropic two-dimensional carbon
allotropes made by weaving together nanotubes

Lei Zhao,® Wei Liu,**® WenCai Yi,® Tao Hu,*® Dalar Khodagholian,® Fenglong Gu,f Haiging Lin,? Eva
Zurek,® Yonghao Zheng,*®" Maosheng Miao*®?

Graphene and carbon nanotubes (CNT) are the representatives for two-dimensional (2D) and one-dimensional (1D) forms
of carbon, both exhibiting unique geometric structures and peculiar physical and chemical properties. Herein, we propose
a family or series of 2D carbon-based highly anisotropic Dirac materials by weaving together an array of CNTs by direct C-C
bonds or by graphene ribbons. By employing first-principles calculations, we demonstrate that these nano-makisus are
thermally and dynamically stable and possess unique electronic properties. These 2D carbon allotropes are all metals and
some nano-makisus show largely anisotropic Dirac cones, causing very different transport properties for the Dirac
Fermions along different directions. The Fermi velocities in the k direction could be ~170 times higher than those in the ky
direction, which is the strongest anisotropy among 2D carbon allotropes to the best of our knowledge. This intriguing
electronic structure feature has only been shown in heavy element materials with strong spin-orbit coupling. These results

indicate that carbon based materials may have much broader applications in future nanoelectronics.

Introduction

Carbon is the most versatile element, forming a plethora of
compounds and allotropes, because it can form bonds in
various hybridizations of atomic orbitals. Hence, it is one of the
most common components in matter, and it comprises a wide
range of systems from living tissues, minerals, to functional
materials.®> The discovery of fullerenes in 1985 set off a tide
of new research devoted towards the synthesis of novel
carbon allotropes, including the synthesis of carbon nanotubes
and the exfoliation of graphene.*’ As the most stable two-
dimensional (2D) carbon material, graphene exhibits many
unusual physical properties such as ballistic carrier transport,

@ School of Optoelectronic Science and Engineering, University of Electronic Science
and Technology of China (UESTC), Chengdu, 610054, P. R. China.

b.Department of Chemistry & Biochemistry, California State University Northridge,
Northridge, CA, 91330, United States.

< Department of Optical Engineering, Zhejiang A&F University, Hangzhou, 311300,
P. R. China.

d.Beijing Computational Science Research Center, Beijing, 100193, P. R. China.

e-School of Physics and Physical Engineering, Qufu Normal University, Qufu,
273165, P. R. China.

f- Key Laboratory of Theoretical Chemistry of Environment, Ministry of Education,
School of Chemistry and Environment, South China Normal University,
Guangzhou, 510006, P. R. China.

9-Department of Chemistry, State University of New York at Buffalo, Buffalo, NY
14260-3000, United States.

h-Centre for Applied Chemistry, University of Electronic Science and Technology of
China (UESTC), Chengdu, 611731, P. R. China.

tElectronic Supplementary Information (ESI) available: [Electron localization

function (ELF), Phonon spectra, Ab initio molecular dynamics simulations (AIMD),

Band structure of Dirac point Ill in M-40-to, Dirac point IlI" in M-40-h, Dirac point Ill

in M-60-h and Partial charge densities of M-40-to/h and M-6-to/h.]. See

DOI: 10.1039/x0xx00000x

room-temperature quantum Hall effect, ambipolar field effect
and extremely high conductivity, etc.”'°© These peculiar
properties render graphene a promising candidate for
applications in many future technologies.'> ¥ The success of
graphene has inspired the search for other novel 2D carbon
materials with very different structures and lattice topologies.
Although most of the 2D carbon allotropes are energetically
metastable, many of them, such as graphdiyne, have been
realized experimentally.'®* Furthermore, the new 2D carbon
allotropes often exhibit unique properties that might
outperform graphene in various aspects, including potential
superconductivity, a negative Poisson’s ratio, and possess
distorted or anisotropic Dirac cones, etc.,'*'” which are
associated with their unique lattice topologies. These results
illustrate the importance of the structure-property relationship
in carbon allotropes.

For many years, it was believed that many geometric features
of graphene are necessary preconditions for the existence of a
Dirac cone. However, after the discovery of several new 2D
Dirac carbon allotropes, such as a-, B-, and 6,6,12-graphyne,**
phagraphene,'’” S-, D-, E-, and r-graphene,'® *° it turns out that
the strictly planar structure, the chemically equivalent and sp?-
hybridized carbon atoms, the honeycomb lattice, and even the
hexagonal symmetry are not prerequisites for the existence of
Dirac cones. Many of these 2D carbon allotropes show largely
distorted Dirac cones leading to electronic properties that are
complementary to that of graphene.!* 2% 2! |n some Dirac
materials, the Dirac cones are remarkably anisotropic, causing
very different transport properties of the Dirac Fermions in
different directions.?% 2227 Such unique properties can provide



more tunability for novel properties and applications.?® 2°
However, such largely anisotropic Dirac cones are rare in
carbon based materials.?°

Carbon nanotubes (CNTs), as a one-dimensional (1D) form of
carbon, are cylindrical carbon allotropes composed of sp?-
hybridized carbon atoms that form hexagonal networks.3°
They exhibit many novel properties such as extraordinary
strength, as well as unique electronic, thermal and mechanical
properties, which give them great potential in a wide range of
applications.3> 32 CNTs have been widely used in composite
and coating materials, drug delivery, heterogeneous catalysis,
energy storage and biotechnology.33®3¢ Furthermore, the
hollow tubular structure enables CNTs to be used as effective
gas and metal containers, as well as host nanoreactors to

promote some chemical reactions through nanoscale
confinement.3” 38 Hydrostatic/non-hydrostatic pressure were
applied on CNTs to build new carbon allotropes both
experimentally and theoretically.3®**> Due to the unique
tubular structure, CNTs usually have a very high length-to-
diameter ratio, which makes many properties of CNTs
extremely anisotropic.

In this work, we propose a family of carbon allotropes, by
interlinking an array of zigzag single-walled carbon nanotubes
(SWNTs), whose structures are analogous to makisu, a mat
woven from bamboo and cotton string and used in Japanese
cuisine. These nano-makisus might combine the advantages of
both graphene and CNTs. Using density functional theory
calculations, their stability and electronic properties are
studied thoroughly. The results show that these carbon
allotropes are dynamically stable, and they are all metallic.
Moreover, highly anisotropic Dirac cones are found in their
band structures. The unusual electronic transport properties
predicted by the calculations suggest that nano-makisu could
be a new family of candidate materials for future

nanoelectronics.

Methodology

The calculations were performed using first-principles density
functional theory (DFT) as implemented in the Vienna ab initio
simulation package (VASP).*68 The exchange and correlation
were obtained within the generalized gradient approximation
(GGA), using the functional of Perdew, Burke, and Ernzerhof
(PBE).*® The projector augmented wave (PAW) method was
used to treat the core states.>* 5! Periodic boundary conditions
(PBC) were applied, and the vacuum between sheets in
neighboring cells along the (001) direction was set to be larger
than 15 A to avoid spurious interactions between periodic
images. For the electronic structure calculations, plane waves
with a kinetic energy cutoff of 500 eV were adopted to expand
the valance electron (2s22p?) wavefunctions. Brillouin zone
(BZ) integrations were carried out using I'-centered sampling
grids with a resolution of 2rt x 0.2 /A. Structural relaxation was
performed using the conjugate gradients (CG) scheme until the
force components were converged to within 0.01 eV/A, and
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the self-consistent field calculations were stopped when the
energy difference between two steps was smaller than 1x108
eV/atom. First-principles molecular dynamic simulations under
constant temperature and volume (NVT) were performed to
examine thermal stability. The phonon spectra was calculated
to examine dynamical stability using the PHONOPY package.>?

Results and Discussion

Nano-makisus are constructed by connecting zigzag (n,0), n =
3-6, SWNTs along the radial directions of the nanotubes. The
neighboring nanotubes are connected by sp3-carbons. The
structures of two representative nano-makisu connected by
direct C-C bonds are shown in Fig. 1a and 1b. Two different
ways of connecting the neighboring zigzag SWNTs are studied
in this work. In one style, the SWNTs are linked together via
hexagonal rings alone (shown in Fig. 1a); while in the other
style, the nanotubes are linked via a combination of tetragons
and octagons (shown in Fig. 1b). Similar connectivities can be
found in previously reported structures (bct C4, Cco-Cg. etc.).”?"
55 The constructed structures are denoted by the chiral indices
(n, m) of the SWNTs, together with the way in which the
neighboring nanotubes are connected. Accordingly, we obtain
M-30-h/to, M-40-h/to, M-50-h/to and M-60-h/to
makisu, where “M” represents nano-makisu, the numbers
indices of the nanotubes, “h”
represents the

nano-
correspond to the chiral

represents the hexagon connection and “to”
tetragon-octagon connection.

M-50-h

Fig. 1. Two-dimensional structures of (a) M-50-h, and (b) M-
50-to, gray and pink atoms are carbons.

The top and side views of the optimized atomic configurations
of eight nano-makisus are shown in Fig. 2a-2d. The pristine
SWNTs only consist of sp?-hybridized carbon atoms located in
a honeycomb lattice, corresponding to a coordination number
of 3. When two neighbouring nanotubes are connected, the
connecting carbon atoms will have 4 neighbouring atoms, and
therefore are in an sp? hybridized state. As shown in Fig. 2, in
each nano-makisu, the pink-coloured sp3-hybridized carbon
atoms are on the same plane and sandwiched between the
sp?-hybridized carbon atoms. After optimization, the cross
sections of carbon nanotubes will change from circular to
elliptical to reduce the stress caused by the sp? hybridization of
the connecting carbon atoms. The nanotubes with larger radii
also show larger deformation. In most cases, the nano-makisu
unit cell consists of two SWNTs, namely, the number of carbon
atoms per nano-makisu unit cell is twice as many as that in the
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unit cell of the nanotube as shown in Table 1. However, nano-
makisu M-40-to and M-60-to are exceptions, due to the fact
that zigzag (4,0), (6,0) SWNTs and the connecting tetragons
and octagons have mirror symmetry. Therefore, the unit cells
of nano-makisu M-40-to and M-60-to consist of only one
SWNT, and they have the same number of carbon atoms per
unit cell as that in zigzag (4,0) and (6,0) SWNTSs, respectively.
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The distance between two neighbouring nanotubes in nano-

makisu mainly depend on the connection style and are slightly
affected by the size of the nanotubes. In “to”-type nano-
makisu, the distance between two nanotubes are 1.58-1.59 A,
which is slightly further than typical sp3-sp? C-C bonds. While
the distances between nanotubes in “h”-type nano-makisu are
much shorter, ranging from 1.44-1.47 A, rendering strong sp?
components in these C atoms.
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Fig. 2. Top and side views of the optimized structures of nano-makisu (a) M-30-h and M-30-to, (b) M-40-h and M-40-to, (c) M-50-
h and M-50-to, (d) M-60-h and M-60-to. Unit cells are marked with gray lines. The lattice parameters, distances between two
neighbouring nanotubes, and thickness of nano-makisu are provided in angstrom (A). Brown balls represent sp?-hybridized
carbon atoms and pink balls represent sp3-hybridized carbon atoms.

To further study the bonding between two neighbouring
nanotubes, the electron localization function (ELF) was
calculated and the detailed results are shown in Fig. S1. The
electrons between two nanotubes are highly localized,
indicating the formation of covalent bonds. The nano-makisu
structures are composed of both sp?-hybridized tube and sp3-
hybridized connecting carbon atoms, shown in brown and pink
in Fig. 2, respectively. Therefore, there are three types of
carbon-carbon bonds in nano-makisu, namely, sp?-sp?, sp*-sp3
and sp3-sp3> bonds. As the diameter of the nanotubes
increases, the curvature of the nanotube surface becomes
smaller. When the nanotubes are connected to form nano-
makisu, the deformation of nanotubes will also reduce the
surface curvature. This will make the three C-C bonds formed
by sp?-hybridized carbon atoms closer to ideal trigonal planar
geometry. Therefore, as the nanotubes become larger, the
average bond lengths of sp?-sp? and sp?-sp> C-C bonds in nano-
makisu will gradually approach the typical bond length without
any tension (1.40 and 1.51 A). The sp3-sp3? bond length in “h”-
type nano-makisu is much closer to the typical sp3-sp® bond
length (1.54 A) than that in “to”-type nano-makisu, which can
be attributed to the formation of large tension tetragons in
to”-type nano-makisu. The detailed data are shown in Table
1. From M-30-h/to to M-60-h/to, the average sp?-sp? and sp?-
sp® carbon bond lengths decrease, while the average bond
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length of sp3-sp® increases, which clearly demonstrates the
stretching process of carbon nanotubes.

The thermodynamic stability of nano-makisu was investigated
by calculating their total energies using first-principles
calculations. The obtained results are shown in Table 1.
Compared with graphene, the most stable 2D carbon
allotrope, nano-makisus are 0.29-0.89 eV per carbon higher in
energy. However, nano-makisu possess lower energies than
many previously reported carbon allotropes, such as a-
graphyne and penta-graphene.'* >® Meanwhile, the energies of
nano-makisus are comparable with two carbon allotropes
previously proposed by our group, bubble-wrap carbons (0.36-
0.81 eV per atom less stable than graphene) and egg-tray
graphenes (0.22-0.33 eV per atom less stable than graphene),
as listed in Table S1. With increasing diameter of the
nanotubes, nano-makisu become more planar and the energy
differences relative to graphene tend to become smaller due
to the smaller tension in larger nanotubes. Moreover, the
energies of “to”-type nano-makisus are somewhat higher than
that of “h”-type, which can be attributed to the fact that
hexagons are more stable than tetragons and octagons. It is
noteworthy that the energies of nano-makisus are lower than
that of the corresponding pristine SWNTs, which means
pristine SWNTs, especially those with small radii, tend to
connect with each other spontaneously and form nano-
makisu. For example, the reactions from separated SWNTs to
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M-30-h/to and M-40-h/to show no barrier (Fig. S2). This is
partially because the connection between two neighbouring
nanotubes can relieve the strain inside carbon nanotubes. In
particular, the energy reduction from SWNT (3,0) to M-30-h/to
is the largest (Fig. S3). Fig. 3 shows how the energy difference
per atom relative to graphene changes as a function of the
percentage of sp3-hybridized carbon atoms in each unit cell for
each nano-makisu. We found that the energies of nano-
makisus possess a proportional relation with the ratio of sp3

carbon atoms, that is, nano-makisu with higher sp® carbon
ratio will have higher energy.

To exam the dynamic stability of nano-makisu, we calculated
the phonon band structure along high-symmetry directions,
the results are shown in Fig. S4. The phonon spectra of all
nano-makisus with the exception of one, M-50-h, show no
imaginary frequencies, indicating they are dynamically stable.
The

Table 1. Summary of the total number of carbon atoms per unit cell, calculated energy difference per atom relative to graphene,
percentage of sp3-hybridized carbon atoms in each unit cell, and average bond length of sp?-sp?, sp?-sp® and sp3-sp3 C-C bonds for

“w n

graphene, various SWNTs and nano-makisu.

means there is no corresponding value.

System Carbons AE/atom (eV) spP3% C-C(sp?-sp?) C-C(sp?-sp?) C-C(sp3-sp3)
Graphene 2 0 0 1.42 - -
SWNT (3,0) 12 1.29 0 1.49 - -
SWNT (4,0) 16 0.77 0 1.46 - -
SWNT (5,0) 20 0.49 0 1.44 - -
SWNT (6,0) 24 0.35 0 1.43 - -
M-30-h 24 0.80 0.17 1.49 1.57 1.54
M-30-to 24 0.89 0.17 1.49 1.56 1.58
M-40-h 32 0.55 0.13 1.47 1.56 1.55
M-40-to 16 0.60 0.13 1.45 1.54 1.58
M-50-h 40 0.39 0.10 1.45 1.55 1.56
M-50-to 40 0.43 0.10 1.45 1.53 1.57
M-60-h 48 0.29 0.08 1.44 1.54 1.57
M-60-to 24 0.32 0.08 1.44 1.53 1.59
1.0+ e were carried out. The simulations were run for 6 ps containing
e M-30-h 4000 MD steps at temperatures up to 1000 K. The nano-
081 mjg"h‘j makisu structures did not experience serious disruption or
> 6] ¢ M40t dissociation, indicating that these 2D carbon materials possess
.2; mggtho good stability. The final configurations for each molecular
204l M-60-h dynamics simulation are shown in Fig. S5.
GCJ *  M-60-to Although the total energy calculations and the MD simulations
. 0.2 indicate that nano-makisu could stay stable, their synthesis
remains a challenging task. However, recently there has been
0.0 extensive experimental progress in the fabrication of low
- T r : dimensional carbon allotropes via several routes, including
0.00 0.05 30'10 0.15 020 bottom-up chemical synthesis®” and the compression of
sp°-C%

Fig. 3. The energy difference per atom relative to graphene
and how it changes as a function of the percentage of sp3-
hybridized carbon atoms in each unit cell for each nano-
makisu.

imaginary frequencies in the phonon spectrum of M-50-h are
extremely small and are likely artefacts present from the
convergence of the phonon calculation, since the calculations
of the force constants for a two-dimensional carbon allotrope
usually require better convergence and larger supercells for
frozen phonons, and the unit cell of M-50-h is already quite
large. However, positive phonon frequencies cannot ensure
that the material is stable at finite temperatures. In order to
further confirm the thermal stability of these predicted
structures, ab initio molecular dynamics simulations (AIMD)
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bundles of zigzag SWNTs. The latter route is more promising.
As a matter of fact, the studies of SWNTs under high pressures
and high temperatures have shown the conversion of the sp?
carbons to sp? carbons 4% 3860 Besides, the simulated x-ray
diffraction patterns of bct C4°3 and Cco-C8°* structures are in
good agreement with the experimental data, revealing the 4-,
6- and 8-member carbon rings in bct C4 and Cco-C8 and the
presence of the sp? interlinking carbons that are very similar to
those found in nano-makisu. These experimental studies
strongly suggest that the proposed nano-makisu could be
fabricated, and as shown by our calculations they can remain
stable once they are made. Indeed, many allotropes with
higher energies such as graphdiyne!3, a C,, cage®® and the
smallest carbon nanotube®? (0.77, 1.14 and 1.15 eV/ atom less
stable than graphene, respectively) have already been
synthesized.

This journal is © The Royal Society of Chemistry 20xx
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Next, we turn our attention to study the electronic properties
of the nano-makisu. The obtained band structures and density
of states (DOS) calculated at the PBE level of theory are shown
in Fig. 4-6, and the results reveal that all the nano-makisus are
metallic. By comparing the band structures of different nano-
makisu, we find that the connecting style of two neighbouring

(@)°

properties of M-30-to/h and M-50-to/h. For example, the band
structures of M-30-to and M-30-h are very similar (Fig. 4a and
b). The same is found for M-50-to and M-50-h (Fig. 4c and d).
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Fig. 4. Band structures and DOS of (a) M-30-to, (b) M-30-h, (c) M-50-to and (d) M-50-h.

The band structures and DOS of M-40-to/h are shown in Fig.
5a and 5b. Interestingly, crossing points with linear bands were
found in both band structures, indicating possible Dirac points

in its first BZ. In M-40-to, two crossing points, denoted as | and
11, are found at (0.1033, 0.0, 0.0) along the line from X to I and
at (0.1077, 0.1097, 0.0) along the line from T to S, respectively.
The 3D band structures around these two crossing points (Fig.

b) '~

_
=0

'
w

|

e Tl
— Pushy
Pz

N

Energy/eV
(=1

Energy/eV
(=]

SEASA

DOs Dos
(states/eV) (states/eV)
© O] ® .
2z S >
/ 2 [ Lo.a o o1s
: 8
. | g Los 000
= ) 2
> 02 98 o2 2 W A1
4;3_‘ 01 R T R T 01 = R AT 015 G20
3O o Kx B Kx
5] | _— oo @ 030
c 00 R o3
o - L 04 2 o015
-0.1 ? 0.00 02 g 0.00
-0.2 WG 018 = ’ | 018
5 \ 0.3 230

"E.D 01 0.2
Ky

0.08 012 016
Ky

Fig. 5. Band structures and DOS of (a) M-40-to and (b) M-40-h. The Fermi level, Eg, is set to 0. (c) 3D Dirac cone formed by
valence and conduction bands in the vicinity of the Dirac point | in M-40-to; (d) Dispersions near the Dirac point | parallel and
perpendicular to the X-I symmetry line; (e) 3D Dirac cone formed by valence and conduction bands in the vicinity of the Dirac
point Il in M-40-to; (f) Dispersions near the Dirac point Il parallel and perpendicular to the I-S symmetry line.
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5c and 5e) clearly reveal they are indeed Dirac points. The two
Dirac cones lie slightly below the Fermi level, which indicates
that M-40-to is a self-doped Dirac material and the electrons
act as charge carriers at both Dirac point | and Il. Remarkably,
these two Dirac cones show highly anisotropic character. In
order to further study its effects on transport properties, we
obtained the Fermi velocities by calculating the slope of the
linear bands along two perpendicular directions (x and y) using
the expression v¢ = E(q)/h[q/. For Dirac cone |, the slopes of
the two crossing bands in the ky direction in reciprocal space
are equal to -33.52 and +13.30 eVA, which correspond to
Fermi velocities of 8.11 x 10°and 3.22 x 10° m/s. These two
velocities are close to that of 8.22 x 10° m/s in graphene.
While in the k, direction, the slopes are -0.74 and +0.70 eVA,
which corresponds to the Fermi velocities of 1.80 x 10% and
1.68 x 10* m/s. The Fermi velocities in the k, direction are 19
to 45 times higher than that in the k, direction, indicating the
highly anisotropic transport properties. The anisotropy is also
confirmed by the band dispersions near point | parallel or
perpendicular to the high symmetry X-I line as shown in Fig.
5d and 5f. For Dirac cone Il, the slopes in the ki direction are -
32.24 (vg = 7.80x10° m/s) and +16.57 eVA (v = 4.01x105 m/s),
in the ky direction they are -0.19 (v, = 4.56x10° m/s) and +4.46
eVA (viy, = 1.08x10° m/s). The Fermi velocities in the Ky
direction are 4 to 171 times higher than that in the ky
direction, which shows a stronger anisotropy while compared
with other 2D Dirac carbon allotropes reported previously
(Table S2). M-40-h possesses four Dirac cones at positions
similar to those of M-40-to (Fig. 5b). This is caused by the fact
that M-40-h is lower in symmetry, and this doubles the size of
its unit cell and correspondingly the bands are “folded”. Partial
charge density distributions of the two Dirac bands in the
proximity of the Fermi level demonstrate that point | and Il

nergyleV

have similar charge distribution and the electron densities in
the highest occupied band (VBM) are delocalized, while the
electron densities in the lowest unoccupied band (CBM) are
highly localized at sp? carbons in the nanotubes (Fig. S7b).
Besides, there is another crossing point of linear bands in both
M-40-to and M-40-h. They located at (0.1270, 0.5, 0.0) (Dirac
point Ill) in Fig. 5a and (0.1247, 0.5, 0.0) (Dirac point III’) in Fig.
5b along the line from S to Y in the first BZ, respectively. The
3D band structures of these two points (Fig. S6a and S6c) also
reveal that they are Dirac points. For Dirac cone Ill in M-40-to,
the slopes of the band energies and the corresponding Fermi
velocities of the two crossing bands in the ky direction are -
34.87 (vi = 8.43x10° m/s) and +29.42 eVA (v = 7.11x105 m/s),
and in the ky direction the values are -0.88 (vg, = 2.14x10* m/s)
and +0.90 (vg = 2.18x10% m/s). The Fermi velocities in the kx
direction are 33 to 39 times higher than that in the k,
direction. The corresponding values in M-40-h are -34.91 (vi =
8.44x10° m/s) and +23.71 eVA (v = 5.73x10° m/s) in the ky
direction, and -32.61 (v, = 7.89x10° m/s) and +19.62 eVA (vf, =
4.74x10° m/s) in the ky direction. These values are comparable
with graphene and other carbon Dirac allotropes predicted in
previous works.'* 17-19 partial charge density distributions of
the highest occupied band show that the holes are delocalized
at Dirac point lll in M-40-to, and localized at the sp? carbons at
Dirac point III’ in M-40-h. In contrast, the electron density in
the lowest unoccupied bands shows that the electrons are
localized at sp? carbons in M-40-to and partially localized in sp?
nanotube carbons in M-40-h (Fig. S7c and d).

The electronic structures of M-60-to/h are shown in Fig. 6.
Similar to M-40-to, two crossings points of linear bands are
found along the high symmetry line X-I' at (0.0909, 0.0, 0.0)
(denoted as point I) and along the high symmetry line I-S at
(0.0889, 0.0884, 0.0) (denoted as point Il) in the first BZ.
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Fig. 6. Band structures and DOS of (a) M-6-to and (b) M-60-h. The Fermi level Eg is set to 0. (c) 3D Dirac cone formed by valance
and conduction bands in the vicinity of the Dirac point | in M-60-to; (d) Dispersions near the Dirac point | parallel and

perpendicular to the X-I' high symmetry line; (e) 3D Dirac cone formed by valance and conduction bands in the vicinity of the

Dirac point Il in M-60-to; (f) Dispersions near the Dirac point Il parallel and perpendicular to the I'-S high symmetry line.

Different to M-40-to, these two points lie slightly above the
Fermi level, causing self-doped holes to be charge carriers. As
shown in Fig. 6¢c and 6e, the calculated 3D band structures
around points | and Il clearly reveal that they are anisotropic
Dirac points. For Dirac cone |, the slopes of the band energies
of the two bands in reciprocal space and the corresponding
Fermi velocities are equal to -34.73 (vf = 8.40x10° m/s) and
+27.97 eVA (vi = 6.76x10° m/s) in the k, direction, -0.69 (vs, =
1.67x10* m/s) and +0.62 eVA (vy, = 1.49x10* m/s) in the k,
direction. For Dirac cone Il, the slopes and the Fermi velocities
are -34.18 (vi = 8.26x10° m/s) and +26.57 eVA (vg = 6.42x10°
m/s) in the ky direction, and -3.81 (vf, = 9.20x10* m/s) and
+0.38 eVA (vr, = 9.20x10% m/s) in the k, direction. The Fermi
velocities in the ky direction are up to two orders of magnitude
greater than that in the k, direction. The highly anisotropic
properties can also be found in Fig. 6d and 6f. The partial
charge densities show that the electrons at point | and Il are
both highly localized at sp? carbons as shown in Fig. S9a.
Similar to M-40-h, M-60-h possesses one Dirac point (denoted
as point Ill) located at (0.0773, 0.5, 0.0) along the line from S to
Y. The calculated 3D bands in the vicinity of this point reveal
that it is a highly anisotropic Dirac cone as displayed in Fig. S8.
The slopes of the crossing bands and the Fermi velocities are -
33.21 (vg = 8.03x105 m/s) and -12.77 eVA (vi = 3.09x10° m/s)
in the ky direction, and -2.20 (vg = 5.32x10* m/s) and -1.79 eVA
(vey = 4.34x10* m/s) in the k, direction, which also illustrates
the anisotropy of M-60-h. The partial charge density
distributions of the two Dirac bands in the proximity of the
Fermi level at Dirac point Ill in M-60-h show that the electrons
at both the lower and upper cones are partially localized at sp?
carbons in nanotubes, as seen in Fig. S9b. Interlinked carbon
nanotubes and fullerenes have been observed or predicted
before.?®  In comparison with those allotropes, nano-makisus
are two dimensional materials featuring anisotropic Dirac
It is interesting that the electronic structure of bct-
C12%, a three-dimensional interlinked nanotube allotrope, is
also very anisotropic. It shows linear dispersion (for Dirac
particles) in one direction (k;) and conventional metallic bands
in the other two directions.

cones.

Conclusions

In summary, we proposed a series of 2D carbon materials with
orderly arranged hollow tubular structures named nano-
makisu. Their stabilities, structural features and electronic
properties are studied by means of first-principles calculations.
Depending on the size of the tubes, many nano-makisus are
energetically very stable compared to other 2D carbon
allotropes. Molecular dynamics calculations indicated that
nano-makisu can withstand temperatures up to 1000 K. The
electronic structure calculations demonstrated that these 2D
carbon allotropes are all metallic. Some nano-makisus possess
highly anisotropic Dirac cones with Fermi velocities varying
from 4.56 x 103 to 8.44 x 10° m/s along different k directions.
The Fermi velocities in the ky direction could be ~170 times
higher than that in the k, direction, which is the largest
anisotropy among 2D carbon allotropes. The strong propensity
of the nanotubes toward interlinking under high pressure
might provide a feasible route to fabricate this new family of
2D cabon allotropes. The high and direction-dependent Fermi
velocities give nano-makisu great potential for future use in
Furthermore, the
hollow tubular structures may also enable nano-makisu to

direction-dependent electronic devices.

effectively constrain gas and metal,species, and to promote
some chemical reactions through nanoscale confinement.
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