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Abstract: In this work, the (n, n)-type nanotube systems rolled up from the B/N substituted Me-
graphene (i.e., Me-CBNT and Me-CNN, respectively) were investigated with the aid of the density
functional theory (DFT). Due to the lattice dynamic instabilities until n = 10, the (n, 0) and (n, m)

nanotube systems were not involved in this study. According to our calculations at the Perdew-Burke-
Ernzerhof (PBE) level, the (n, n) Me-CBNT and Me-CNNT systems possess excellent mechanical
strengths. The Young’s moduli of Me-CBNTs can reach 60% of single-walled carbon nanotubes
(SWCNTs), while their mass densities are only around 70% of SWCNTs. Based on the fully relaxed
geometric configurations at the PBE level, the electronic configurations of the related nanotubes
were evaluated by using the global hybrid functional B3LYP with 36% Fock exchanges. The (n, n)
Me-CBNTs are metallic, while the (n, n) Me-CNNTs are semiconductors with the inherent band gaps
in the range of 3.08 eV to 3.31 eV. The Bloch flat bands appear on both sides of their Fermi levels,
indicating the localized charge carriers. Their band edge arrangements imply that these materials are
promising candidates for the photocatalytic water splitting reactions at certain pH values.

Keywords: Me-graphene; nanotube; substitution; bloch flat band; DFT

1. Introduction

The four valence electrons in the outer shell of a carbon atom may hybridize into
sp, sp2, and sp3 states to form a variety of allotropes. In the recent two decades, the low-
dimensional carbon materials have attracted great attention in the research community
owing to their excellent mechanical strength and unique electronic features. Many two-
dimensional (2D) carbon allotropes beyond graphene have already been successfully
synthesized, e.g., carbon ene-yne graphyne [1,2], γ-graphyne [3–5], graphdiyne [6,7], and
Biphenylene network [8]. There are even more theoretical proposals for the 2D carbon
allotropes with sterling physical natures, e.g., α- and β-graphynes [9], 6,6,12-graphyne [10],
pentagraphene [11], pentahexoctite [12], T-graphene [13], octagraphene [14], and so on.

Generally, the 2D materials, especially the one-atomic thick ones, can easily be rolled
up to form the corresponding nanotube systems with further reduced dimensions. The
most famous example is, of course, the single-walled carbon nanotubes (SWCNTs) rolled
up from graphene. The bending strains and chirality can modulate the band structures
of certain SWCNT systems but with almost unaffected mechanical strengths [15–18]. Fol-
lowing this train of thought, many 2D carbon allotropes have also been rolled up to
construct their 1D nanotube systems. The theoretical study on the 6,6,12-GNTs based
on the monolayer 6,6,12-graphyne revealed an even–odd relation in the (n, 0) tubes [18].
The nanotubes rolled-up from the α-, β-, and γ-graphynes exhibit unique mechanical and
electronic properties [19–23], although only γ-graphyne has been successfully synthesized
thus far [3]. After the experimental synthesis of the monolayer graphdiyne [6,7], its nan-
otube system (GDYNT) has also been synthesized with a wall thickness of 40 nm [24]. The
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GDYNT arrays possess excellent field emission performance, which is even higher than
that of other semiconducting carbon nanotubes [24]. A recent study has reported that the
MXene/GDYNT composite films can be used as a free-standing and flexible solid-state
supercapacitor [25]. The single-walled boron nitride nanotubes (SWBNNTs) can be re-
garded as the counterpart of the corresponding SWCNTs, which have also been intensively
studied [26–28]. Other than them, the multi-atomic thick 2D films composed of metal
oxides or metal (transition-metal) sulfides have also been used to construct the nanotube
systems [29–32]. TiO2 nanotube is a typical example with significant photocatalytic perfor-
mance and application potentials in the solar energy conversion field [33–35]. It is worth
noting that there are usually more obvious bending effects in the tube systems based on
the corresponding multi-atomic thick 2D films than that based on the one-atomic thick 2D
systems with the similar tube radius because the thicker the wall of the tube system, the
greater the difference between the inner and outer walls.

Very recently, a new 2D carbon allotrope, Me-graphene (or labeled as C568), has also
been predicted by using DFT calculations [36,37]. This material consists of both sp3 and sp2

carbons with P4m2 symmetry. According to the GW calculation, where G represents the
one-body Green’s function, and W denotes the dynamically screened Coulomb interaction.
Me-graphene is a semiconductor with an indirect band gap of 2.04 eV. Further investiga-
tions indicate that its physical features can be effectively regulated by stacking, strains,
hydrogenation, adsorption, and many other methods [37–41]. Using Me-graphene as a
template, some of new 2D materials can be designed. Substitutions of the sp3 hybridized
C-atoms in Me-graphene with certain metal atoms can significantly enhance its feasibil-
ity of working as an electrode in Li-ion batteries [42]. Especially in the Al-substituted
Me-graphene, its specific energy capacity reaches 1097 mAh/g, which is almost three
times that of graphite (372 mAh/g). Furthermore, the migration energy barrier on the
Al-substituted Me-graphene system is very low to be considered as promising candidate
for ultrafast charging system. On the other hand, the substitutions of the sp2 C-atoms in
the 5-membered rings with B-, N-, or Si-atoms lead to new 2D boron carbide (Me-C8B4C),
carbon nitride (Me-C8N4C), or silicon carbide (Me-C8Si4C), respectively [43]. The almost
flat 2D Me-C8B4C is actually metallic, indicating its application potential as electromagnetic
shielding. Moreover, owing to the high concentration of the B-atoms in this flat system, it
may also be employed as the neutron absorption material with an excellent mechanical
strength. The 2D Me-C8N4C is a semiconductor with an inherent indirect band gap of
1.869 eV, as predicted at the HSE06 level [43], which implies its application potentials in
the field of photocatalysis and energy conversion. The band structure of 2D Me-C8N4C is
also very sensitive to the external stress. Its indirect band gap can be turned into a direct
one under a moderate strain. The gap can also be linearly adjusted under strains in its
elastic range to meet a wider application range. Me-graphene and its derivatives can be
considered as multi-functional nanomaterials, and, thus, provide more options for high
performance nanodevices.

In the present work, the so-called Me-CBNT and Me-CNNT nanotube systems are pro-
posed by rolling-up the 2D carbides Me-C8B4C and Me-C8N4C. Considering the structural
stability and our computational capability, the (n, n)-type nanotubes are carefully inves-
tigated with the aid of the DFT calculations. Their geometric configurations, mechanical
strengths, and electronic configurations are systematically discussed. We hope that this
study can expand the family of the nanotube materials, and provide some new ideas for
their applications.

2. Materials and Methods

The majority of the calculations in this study were carried out within the framework
of density functional theory (DFT) with the general gradient approximation (GGA) using
the CRYSTAL17 package [44]. The full geometry relaxations (not only for the atomic
configurations, but also for the lattices) of the related 1D Me-CBNT and Me-CNNT systems
were performed at the Perdew-Burke-Ernzerhof (PBE) level [45], and their mechanical
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features were also estimated at the same level. Note that the PBE functional was also
employed in the original works for the prediction of the monolayer Me-graphene [36,37].
In order to compare the geometric configurations of the tube systems with the original 2D
Me-graphene and its derivatives, the PBE functional is still used in this work for geometry
optimizations. To describe one-electron states in the nanotubes, the Gaussian all-electron
basis sets of triple-ζ Valence with Polarization [46] for the species related in this work were
employed. A dense enough 16 × 16 × 1 Monkhorst-Pack (MP) grid was set for the integral
sampling in the corresponding Brillouin zones.

Considering the fact that the pure DFT functionals will always underestimate the band
gap of a semiconductor, the electronic properties were evaluated with the aid of the global
hybrid functional B3LYP [47] based on the optimized configurations at the PBE level. How-
ever, according to the previous studies [48,49], the original hybrid functionals, e.g., B3LYP,
PBE0, and HSE06, also underestimate the band gaps of 2D materials to a certain extent. The
GW method is recommended for such calculations, especially when the non-local dielectric
screening effect is significant [50,51]. On the other hand, the GW method is very expensive.
Therefore, considering the balance between the accuracy and computational consumption,
a hybrid functional with adjusted hybridized exchange term may be a more appropriate
choice. After careful testing [52], the global hybrid B3LYP functional with a 36% Fock ex-
change can provide an indirect band gap of 2.05 eV for the monolayer Me-graphene, which,
indeed, agrees excellently with the GW result of 2.04 eV [36]. Note that the relative weights
of the nonlocal parts in the exchange and correlation potentials in the employed B3LYP
functional are set to be 0.90 and 0.81, respectively. Therefore, the electronic properties of
the related nanotube systems in the present work were estimated with the aid of the B3LYP
functional with a 36% hybrid exchange term.

3. Results
3.1. Geometric Configurations and Stabilities

The related nanotubes are actually based on the B/N substituted monolayer Me-graphene
systems, where their sp2-hybridized carbon atoms bonding with the sp3-hybridized center
carbon are replaced by the B- or N-atoms, respectively. The stabilities of these substituted
Me-graphene systems (i.e., Me-C8B4C and Me-C8N4C) have been carefully verified in the
previous work [43]. The lattices of the new 2D systems are still primitive tetragonal with
the P4M2 symmetries. The square lattice indicates that any roll-up vector for these new 2D
systems is possible [53]. In other words, any (n, m) nanotubes based on the 2D Me-C8B4C or
Me-C8N4C systems can be mathematically established with the corresponding periodicity
along its tube axial direction. According to our previous study on the nanotubes rolled from
the pristine Me-graphene [52], the physical properties of a chiral tube system (n, m) with
n ≥ m lie just between the corresponding (n, 0) and (n, n) systems. Therefore, the present
work focuses only on the tube systems (n, 0) and (n, n). As sketched in Figure 1, the B- and
N-doped Me-graphene systems possess clearly different thicknesses, which are only 0.004 Å
and 1.460 Å, respectively. The different configurations of the valence electrons on the B-
and N-atoms lead to different bonding between the heteroatoms and carbons, and thus
result in the different thicknesses. The energy band maps indicate that the 2D Me-C8B4C
system is metallic, while the 2D Me-C8N4C system is a semiconductor. More detailed
discussion about their electronic properties will be provided in the following section. In
this work, the related nanotubes rolled from Me-C8B4C and Me-C8N4C are labeled as
Me-CBNT and Me-CNNT, respectively. As examples, the (7, 0) and (7, 7) Me-CBNT and
Me-CNNT systems are also sketched in Figure 1. In comparison with the diameters of the
related nanotube systems, the (n, n) tube is naturally thicker than the (n, 0) one with the
same n. Considering the collapse probability of the nanotube with a large diameter [18,54],
the system with a tube size n > 30 is not involved in the present investigation. Note that
in the following discussions, the carbon atoms in the related tube systems are still labeled
as sp2- and sp3-hybridized carbons inherited from the original monolayer Me-graphene
system to identify its position in the corresponding monolayer system, although the band
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bending caused by the curvature will change the degree of the orbital hybridization to
some extent.
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C8B4C. (b) Sketches for the monolayer Me-C8N4C and the corresponding (7, 0), (7, 7) Me-CNNTs
after full geometric optimizations at the PBE level, as well as the band structure of the monolayer
Me-C8N4C. Note that in the band maps, the dashed lines are obtained from the PBE calculations,
while the solid lines represent the results at the B3LYP level with 36% Fock exchange.

The cohesive energies of the related nanotubes are estimated by using the common
definition as follows:

Ecoh =
1

n + m
(Etot − nµC − mµX) (1)
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where Etot and µ represent the total energy of the corresponding nanotube system and
the chemical potential of the C-, B-, or N-atom, respectively. The numbers of the C- and
B/N-atoms are labeled as n and m, respectively. Based on our understanding, the chemical
potential of a species can be influenced by many factors, such as temperature, pressure,
and system composition [55]. Following the common theoretical strategy [56–58], the total
energy of the isolated atom is used here to replace the corresponding chemical potential.
The estimated cohesive energies of the related nanotubes are plotted in Figure 2a. The
cohesive energies of the tube systems are of course higher than that of the corresponding
2D systems, while they decrease exponentially with the increases of their radii and finally
approach the values of the monolayer systems. The more obvious changes of the cohesive
energies of the Me-CNNT systems are caused by the bonds and bond angles between
the sp3-C and the surrounding N-atoms. The patterns of the cohesive energy curves are
determined by the corresponding bending strain energies, as plotted in Figure 2b, which
are estimated according to the following definition:

Es =
1
m
(Etot − mEuc) (2)

where Etot and Euc denotes the total energy of a nanotube and the energy of a unit cell of
the corresponding monolayer system and m denotes the number of the used unit cells of
the corresponding monolayer system, respectively. Obviously, although the radii of the
(n, 0) and an (m, m) Me-CNNT systems are very close (e.g., the (10, 0) and (7, 7) ones
with the radii of 8.62 Å and 8.65 Å, respectively), the bending strain energies of the (n, 0)
systems are higher than that of (m, m). The extra strain energy of an (n, 0) Me-CNNT
occurs due to the further bending of the C–N bonds along the rolling vector. The bending
strain may significantly change their electronic properties, but it also raises the possibility
of structural instability. The nonmonotonic section at the small radii in Figure 2 appears in
Me-CBNTs. As shown in Figure S1, the change of the wall-thickness of a Me-CBNT system
is more significant. Due to the electron-deficient B-atom, the electronic structures of the
Me-CBNT systems at small radii are obviously different compared with the ones with large
radii, which will be clearly discussed in the following section. The change of the electronic
structure of an Me-CBNT system with a small radius leads to the nonmonotonic variations
of the cohesive and strain energies. Moreover, the strain energy of the Me-CBNT system
with a large radius fluctuates obviously as shown in the inset in Figure 2b. However, it
should be noted that these values are almost zero at large radii. Thus, this fluctuation is, in
fact, a calculation error.

The phonon dispersion relations of the related Me-CBNT and Me-CNNT systems
confirm the instability raised by the excessive strain energies. As exhibited in Figure S2,
the lattice dynamic stabilities of both (n, 0) Me-CBNT and Me-CNNT systems cannot yet
be satisfied even with a large tube size n = 10. Generally, the vibration branch with
negative frequencies is also called as soft mode in solid state physics. Along the soft mode,
the lattice of the related system can find another configuration with even lower energy.
Therefore, a phonon map with soft mode can be used to confirm the instability of the
corresponding system from the lattice dynamic perspective. Considering the affordability
of our computational consumption, the further discussion on the (n, 0)-type systems is
therefore abandoned in this work. As exhibited in Figure 3, the thinnest (n, n) Me-CBNT
and Me-CNNT with lattice stabilities are the (4, 4) and (6, 6) ones with the radii of 5.499 Å
and 7.420 Å, respectively. It can be certain that the other Me-CBNT and Me-CNNT systems
with respective larger tube sizes should also be lattice dynamic stable due to their even
smaller bending strain energies. The instability of a related tube system with small radius
is mainly caused by the large curvature. As shown in Figure 2b, the strain energy increases
significantly with a small tube radius. On the other hand, the strain energy of an (n, 0)
tube system (not only Me-CNNTs but also Me-CBNTs) is obviously higher than that of
the corresponding (m, m) one with the similar radius. Of course, there are also some other
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influences caused by the electron redistribution, which is actually still the result led by the
bending strain.
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3.2. Mechanical Properties

For a 1D nanotube system, its mechanical strength can be evaluated by using its
Young’s modulus:

Y1D =
1

2πrhl
∂2E
∂ε2 =

C1D

2πrh
(3)

where E represents the total energy, ε denotes the uniaxial strain, and C1D is the elastic
constant for the 1D system. r, h, and l represent the radius, wall-thickness, and length of
the unit cell of a nanotube, respectively. The effective cross-section of a nanotube system
is actually not readily obtainable. The key point is the definition of its wall thickness. In
this work, the wall thickness h is defined as the sum of the geometric wall thickness d of
the corresponding nanotube and the distance 3.40 Å of the conventional van der Waals
interaction, i.e., h = d + 3.40 Å. The geometric wall thicknesses d of the related nanotube
systems are plotted as functions of the tube index n in Figure S1.

The positive Young’s modulus, or, rather, the positive elastic constant, already satisfies
the Born-Huang criteria for a 1D system, which implies its mechanical stability. Similar
to SWCNTs [18], the mechanical strengths of the Me-CBNT and Me-CNNT systems are
not significantly related to the curvature as shown in Figure 4, when the tube sizes are
not particularly small, especially the Me-CNNT systems. The Young’s modulus of an
(n, n) Me-CNNT is almost a constant, regardless of the increasing tube index n, because its
geometric wall thickness reaches the value of the 2D Me-C8N4C system (around 1.460 Å)
after n = 9 and remains almost unchanged in the following data, as exhibited in Figure S1.
The corresponding stable value is around 462 GPa, which is even about 4.5% higher than
the Young’s modulus of the 2D Me-C8N4C system (around 442 GPa). On the contrary, the
geometric wall thickness of an Me-CBNT system with a relatively large curvature becomes
obviously larger than that of the monolayer Me-C8B4C, as plotted in Figure S1. However,
this single factor (in comparison with the relatively large van der Waals distance 3.40 Å)
cannot bring a significant mechanical degradation, as shown in Figure 4. Although the
Young’s modulus of an Me-CBNT finally approaches 600 GPa, it is only about 70% of the
monolayer Me-C8B4C (around 868 GPa). This significant degradation is actually caused
by the reduction of the attenuations of the C–B bonds due to the electron redistributions
during rolling up. The electron redistributions of the related systems will be discussed in
the following section. It is worth mentioning that the mass densities of Me-CBNTs and
Me-CNNTs are around 1.55 g/cm3 and 1.87 g/cm3, respectively, which are lower than
the density of the monolayer graphene (around 2.25 ∼ 2.27 g/cm3) [59,60]. Therefore,
the reported nanotube systems, especially Me-CBNTs, can be considered as strong and
lightweight 1D materials.

3.3. Electronic Properties

Trivially, the strain, caused not only by axial stress but also by bending, can lead to
electron redistributions to some extent. The effective charges of the atoms in the related
nanotubes are qualitatively evaluated by using Hirshfield-I analysis, while the overlap
populations on the covalent bonds are estimated with Mulliken analysis. In the smallest
Me-CBNT case, i.e., (4, 4) Me-CBNT, the large curvature leads to more charge transfer by
around 12 me from the B atoms to the central sp3-C atom. The B atom donates 504 me to
the adjacent C-atoms in (4, 4) Me-CBNT due to its low electronegativity. Although the
overlap population between the B atom and the sp3-C atom remains almost unchanged,
the corresponding bond length is reduced by around 0.009 Å. Moreover, considering the
direction of the rolling vector, there are three different C–C bonds between the sp2-C atoms,
i.e., the one perpendicular and the one parallel to the axial direction, as well as the rest
bonds in the 8-membered carbon ring. Note that the C–C bonds perpendicular and parallel
to the tube axis belong to the 5- and 8-membered rings at the same time, while the others
belong to the 6- and 8-membered rings. In (4, 4) Me-CBNT, the parallel C–C bonds are
slightly shorted but with reduced overlap populations from 364 me to 344 me, implying
the strength reduction of this covalent bond. Moreover, the overlap populations on all
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B–C bonds also reduce several millielectrons in comparison with the values in the flat
Me-C8B4C system. The bond angle ∠BCB also reduces from 179.82◦ in the 2D system to
168.30◦, resulting in the change of its geometric wall thickness. The general reductions
of the overlap populations on the effectively stressed chemical bonds and the increase of
the wall thickness imply the decline of the mechanical strength of an Me-CBNT. On the
other side, in (6, 6) Me-CNNT, the effective charges of the N- and C-atoms, the average
bond lengths, and the overlap populations remain almost unchanged in comparison with
that in the 2D Me-C8N4C system. Moreover, the bond angle ∠NCN is increased by only
around 5.59◦ from 122.09◦ in the corresponding 2D Me-C8N4C system. These factors
avoid the significant loss of the mechanical strength of Me-CNNT. To more intuitively
present the changes of the configurations caused by the curvatures of the tube systems, the
changed bond lengths and angles in the (4, 4) Me-CBNT and (6, 6) Me-CNNT systems are
sketched in Figure S3, while as references for comparisons, the bond lengths and angles
in the corresponding monolayer Me-C8B4C and Me-C8N4C systems are also illustrated in
Figure S3.
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According to our previous study [52], the global hybrid functional B3LYP with 36%
Fock exchange term can provide a reasonable band structure of Me-graphene with the band
gap of 2.05 eV, which agrees excellently with the GW result of 2.04 eV [36]. The further
calculations based on this strategy indicate that the 2D Me-C8B4C is metallic, while the
2D Me-C8N4C is a semiconductor with a direct band gap of 3.32 eV. For convenience, the
hybridization ratio (36%) of the employed B3LYP will not be emphasized in the following
at the PBE level, the bending strain does not open a band gap for Me-CBNT (as exhibited
in Figure 5a), while the band gaps of Me-CNNTs are reduced to some extent (as shown in
Figure 5b). The change of the band gaps of (n, n) Me-CNNTs is plotted in Figure 6a as a
function of tube index n. The gap exponentially increases from 3.08 eV to 3.31 eV as its
curvature decreases approaching the 2D one. These band gaps fall into the visible light
range. Moreover, the variations of the band gaps are mainly caused by the changes of
VBMs, as exhibited in Figure 6b. The density of states (DOSs) profiles of the (4, 4) Me-
CBNT and (6, 6) Me-CNNT systems are the same as the examples illustrated in Figure 7a,b
respectively. The (4 4) Me-CBNT system is metallic. The bands near its Fermi level are
mainly from the sp2 hybridized C-atoms. In the semiconducting (6, 6) Me-CNNT system,
the conduction band minimum (CBM) is mainly from the sp2 hybridized C-atoms, while
the valence band maximum (VBM) is contributed by the sp2 C-atoms and the N-atoms
together. Furthermore, the band edges of the 1D (n, n) Me-CNNTs are extremely flat,
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as exhibited in the band maps in Figure 6b. This is actually inherited from the 2D Me-
C8N4C, as reported in our previous work [43]. The similar Bloch flat bands have also been
predicted in a polar twisted bilayer h-BN system with a twist angle smaller than 3.89◦ [61].
In advantage, the Bloch flat bands are inherent in 1D (n, n) Me-CNNTs without moiré
superlattices. The flat band edges in Me-CNNTs indicate the diverging effective masses
of their charge carriers with vanished group velocities in the high temperature phase.
Therefore, a large binding energy of the excitons in such systems can be expected and result
in the self-trapped excitons. Apparently, this will lead to difficulties in carrier separation.
The non-dispersive flat bands are mainly caused by the absence of localized dielectric
screening in low-dimensional systems. However, considering the practical applications, the
surrounding water molecules, solvents, and the adjacent materials in a nanotube bundle
or composite system can provide enough screening effects to effectively abate the binding
energy of excitons.
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4. Conclusions

In summary, the (n, n) type nanotubes rolled up from the 2D Me-C8B4C and Me-
C8N4C systems (i.e., Me-CBNT and Me-CNNT) were studied with the aid of the DFT
calculations. Their geometric and electronic configurations were systematically discussed
until the tube index n = 30. Considering the structural instabilities with n ≤ 10 and
the huge computational consummations, the (n, 0) type nanotubes were discarded in the
present work. According to the analyses of the phonon dispersion relations, the thinnest
Me-CBNT and Me-CNNT are the (4, 4) and (6, 6) ones with the radii of 5.499 Å and
7.420 Å, respectively. The related nanotubes exhibit high mechanical strengths with low
mass densities. The Young’s moduli of Me-CBNTs, especially, can even reach 60% of
SWCNTs, but with only 70% the mass density of SWCNTs. Based on the fully relaxed
geometric configurations of the related nanotubes at the pure PBE level, their electronic
configurations were evaluated by using the global hybrid functional B3LYP but with 36%
hybridization. Following this strategy, the calculation results indicate that the (n, n) Me-
CBNTs are all metallic, while the (n, n) Me-CNNTs are semiconductors with flat band
edges. According to their band gaps varied in 3.08∼3.31 eV, the (n, n) Me-CNNTs can be
considered as promising candidates for the solar energy applications. We hope that this
work can bring some new ideas for the further developments of low-dimensional materials.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13050829/s1, Figure S1: The thicknesses of the tube walls as
functions of the tube index n; Figure S2: The phonon dispersion relations of the related Me-CBNT and
Me-CNNT (n, 0) systems. The profiles are obtained after full relaxations at the PBE level; Figure S3:
The comparison of the bond lengths and angles between the tube systems and the corresponding 2D
systems.
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