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Abstract:

Carbon has abundant allotropes with superhardness, but few of them are metallic.
From first-principles calculations, we propose a stable metallic carbon allotrope
(Hex-Cy4) phase with superhardness. The Hex-C,4 can be thought of as a superlattice
of carbon nanotubes and graphene nanoribbons composed of sp’- and sp’-hybridized
carbon atoms. A possible synthetic route to Hex-Cy4 from graphyne multilayers is
evaluated by calculating the transition states between the two phases. Our calculations
show that at the uniaxial pressure of around 25 GPa, the energy barrier of this
endothermic transition is estimated to be 0.04 eV atom™, while at the pressure of 34
GPa, the transition is barrierless for specific initial configurations. The cohesive
energy, elastic constants, and phonon frequencies unambiguously confirm the
structural stability. The hardness of the Hex-Cy4 is estimated to be exceeding 44.54
GPa, which is 1/2 of diamond. The Hex-C,4 phase is metallic with several bands
across the Fermi level. Both mechanical and metallic properties of Hex-Cps are

anisotropic.
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1. Introduction

One of the greatest challenges in materials design is to identify materials with
superhardness because they are not only of great scientific interest, but also of
practical importance 2. The strong covalent compounds of carbon, such as diamond,
lonsdaleite 3, M-carbon *, bet C4 carbon ¢, W-carbon and Z-carbon 7, R-carbon and
P-carbon '°, X- and Y-carbon'' are expected to be powerful superhard candidates.
Most of the superhard materials including these carbon allotropes are insulators or
semiconductors '>. While superhard materials with conductibity are quite promising
for the uses in petroleum drilling tools, geological exploration, mining engineering,
cutting tools, grinding tools and special wear-resistant parts. One important focus has
been the search for novel materials with superhardness and conductibity ' '.
Meanwhile carbon exhibits numerous phases with distinct sp-, sp’- and sp’-hybridized
bonds, yielding various allotropes such as graphite, diamond, carbyne "°, fullerenes '°,
nanotubes '’, graphene '*, graphynes ', and so on. But the richness of its phase
diagram does not end there. In fact, many other structures have been proposed during
the past years. Pressure-induced changes of bonding from sp’ to sp’ for graphite,
fullerenes, and carbon nanotubes (CNTSs) have stimulated considerable scientific
interest where high pressure serves as a powerful tool to tune the mechanical and
electronic properties of carbon allotropes 2°. This technique has been applied to
investigate a number of carbon allotropes including graphite %1221 C¢) and its
derivatives **?*, and CNTs **. Attractive physical, chemical, and mechanical

properties have been identified in these materials under compression .

Graphyne, a new layered carbon allotrope, was first designed by inserting two
sp-hybridized carbon atoms into the sp2 —sp2 bonds of graphene forming linear -C=C-
linkages '°. The presence of acetylenic groups introduces a rich variety of optical and

19, 30

electronic properties that are quite different from those of graphite , e.g., the
natural band gap opening due to the asymmetric © bindings. Considerable effort has

been devoted to growing this novel material, and numerous monomeric and

2
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oligomeric substructures have already been synthesized *'**. More excitingly,
large-area graphdiyne, which belongs to the same family as graphyne, has recently
been successfully grown on the surface of copper via a cross-coupling reaction using
hexaethynylbenzene *. The fabrication of graphyne can be greatly expected in the
near future, since theoretical work shows that it is energetically more stable than
graphdiyne '°. The recent progresses on the fabrication of graphene are also helpful
for the realization of this novel carbon allotrope. However, it is noteworthy that the
chemical potential of carbon atom in this graphyne is higher than those in graphene
and graphite, due to the under-coordinated (sp-hybridized) carbon atoms in the
acetylenic linkages make these structures less stable than both graphene and graphite
30-36 1t is therefore naturally expected that under high pressure graphyne multilayers
may undergo structural transition to a more stable carbon allotrope as what happened
in the formation of diamond from graphite. Theoretical investigations on this
structural transition as well as the resulting carbon allotrope are highly desirable, both
from the fundamental research standpoint and for its potential applications.

Here, from first-principles calculations, we propose a possible endothermic
transition of graphyne to a novel carbon allotrope termed hexagonal carbon with 24
atoms in one unite cell (Hex-Cy4). Our calculations indicate that at zero pressure the
energy barrier of this transition is about 0.21 eV atom™, and decreases drastically with
the increase of pressure. At 25 GPa pressure, the energy barrier becomes 0.04 eV
atom™. This value is much lower than that of the transition of graphite to diamond at
ultrahigh pressure (around 0.15 eV atom™')® " From an energetic point of view,
Hex-C,4 is more stable than the parent material (graphyne) by about 0.36 eV atom™,
and comparable to diamond. The calculations of phonon spectrum and elastic
constants also confirm the dynamic and mechanical stability of this novel carbon
allotrope. The hardness of Hex-C,4 evaluated from the present calculations is over
44.54 GPa, which is about half of diamond. More interestingly, in contrast to most of
superhard materials with covalent bonds which are either insulating or
semiconducting, this Hex-C,4 is metallic with several bands across the Fermi level.

Such conductive carbon allotrope with superhardness is quite promising for the device
3



Journal of Materials Chemistry C

applications under extremely conditions

2. Method and computational details

All calculations were performed within the density functional theory (DFT)
implemented in the CASTEP package *°. The exchange-correlation functional was
treated wusing a generalized gradient approximation (GGA) according to
Perdew-Burke-Ernzerhof *°. The energy cutoff of the plane-wave basis was taken to
be 400 eV. The k-point separation in the Brillouin zone of the reciprocal space was set
at 0.02 A according to the Monkhorst-Pack method *! The internal coordinates and
lattice constant were optimized using the so-called
Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme **. The structural
relaxation was performed until the total energy, the maximum ionic displacement, the
maximum stress, and the maximum ionic Hellmann-Feynman force were less than
5x107% eV atom™, 5x10*A, 0.02 GPa, and 0.01 eV A™, respectively. The linear or
quadratic synchronous transit (LST/QST) method * combined with conjugate gradient
refinements was adopted for the transition state (TS) search that was implemented in
the DMol3 package #.45 To determine if the TS connects to the relevant reactant and
product, we performed minimum-energy pathway (MEP) calculations within the
nudged elastic band (NEB) method % To evaluate the dynamical stability, we
calculated the phonon band structure using the Phonon package *’ with the forces
from VASP calculations ** %,

On the basis of the equilibrium structure, series of incremental stress were applied
to the crystal to determine the structural response to the stress. At each step, a desired
target-stress component was set to a certain value while other components were kept
zero. The lattice vectors and atomic positions were then relaxed simultaneously to
obtain the final structures and the corresponding strain. In this way, the ideal strength

was obtained as the structure collapses.

3. Results and discussion

The atomic framework of the graphyne monolayer can be viewed as carbon
1
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hexagons interconnected by acetylenic -C=C- linkages. Different from graphene that
is composed solely of sp>-hybridized carbon atoms, graphyne is made up of sp- and
sp’-hybridized carbon atoms. Sp-hybridization is not energetically preferable for the
carbon atom. Thus, it is not surprising that graphyne is less stable than graphene and
graphite. Our first-principles calculations indicate that the graphyne monolayer is less
stable than graphene by about 0.84 eV atom™, which is in good agreement with
previously reported theoretical models '**°. Driven by the high chemical potential of
carbon atoms, especially the sp-hybridized carbon atoms, graphyne multilayers may
have a strong tendency to bond together via interlayer covalent bonds instead of weak
van der Waals interactions and form more stable structures under certain conditions,
e.g. high pressure. Analogous to the formation of diamond from graphite, we
proposed that a novel carbon allotrope can be generated by compressing graphyne
multilayers.

Carbon atoms in a basal plane bind to the two adjacent layers alternately through
covalent bonds, forming a hexagonal crystal with the space group P63/mem (D). It
contains 24 atoms per primitive cell (denoted as Hex-C,4 hereafter; Figure 1(a) and
1(b)). The formation of interlayer covalent bonds is accompanied by the sp to sp” and
sp’ to sp’ hybridization transition of carbon atoms. In contrast to graphyne, the
framework of Hex-C,4 is composed of sz_ and sp3—hybridized carbon atoms only
without sp-hybridized atoms. The Hex-C,4 can be thought of as a superlattice of
CNTs and graphene nanoribbons (GNRs). The sp’-hybridized atoms form narrow
GNRs with armchair-shaped edges, while sp’-hybridized atoms form ultrathin (3, 0)
CNTs (Figure 1(c)). Notably, the (3, 0) CNT in this framework differs significantly
from the isolated (3, 0) CNT because the carbon atoms in the former are
sp’-hybridized.

Structural optimization of the conventional unit cell containing 24 atoms gives the
lattice constants of a =b = 6.826 A and ¢ = 4.173 A. The two nonequivalent carbon
atoms occupy the 12k (0.000, 0.215, 0.936) and 12k (0.000, 0.412, 0.413) Wyckoff
positions. The density of this Hex-Ca4 (2.84 g cm™) is between graphite (2.06 g cm™)

and diamond (3.62 g cm™). Obviously, Hex-C4 is a porous material and the
5
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interstitial sites could accommodate other species such as hydrogen and alkali metals
and thus holds great promise as a shape-selective catalyst, molecular sieves, and
absorbents %,

Interestingly, the Hex-C,4 is more energetically favorable than graphyne by about
0.36 ¢V atom™ (Table 1 and Figure 2(a)). The cohesive energy of the Hex-Ca4 is even
comparable to those of diamond and bct C4 at zero pressure. Compared with graphyne,
Hex-Cy4 is free from sp-hybridized atoms instead of sp’-hybridized carbon atoms.
Therefore, it is not surprising that the Hex-C,4 is energetically advantageous over
graphyne. The length of the sp’- sp” bonds in the center part of GNR component of
Hex-Co, is about 1.40 A, which is very close to graphene’s value of 1.42 A, whereas
that of the sp’- sp’ bonds in the armchair edges is shorten to about 1.36 A. The
shrinking of edge bonds have been reported for isolated GNRs with armchair edges
*® The length of the sp’-sp’ bonds in the CNT component is 1.56 A, which is
comparable to diamond’s value of 1.53 A. The length of the sp’-sp® bonds connecting
CNTs and GNR is 1.50 A. The bond angles deviate slightly from the corresponding
standard values of diamond (109.5°) and graphene (120°). The stability of the Hex-Caq4
is also checked by computing the phonon dispersion along the high-symmetric
orientations in the Brillouin zone. We adopted a linear-response theory in the
framework of DFT to calculate the phonon spectrum of Hex-Cy4 as shown in Figure
2(b). No imaginary frequencies are observed in the phonon spectrum confirming the
dynamic stability of this novel carbon allotrope.

The Hex-C,4 can be obtained from direct compression on multilayer graphyne. We
then turned to the structural transition of graphyne to Hex-C,s. We refered the
previous calculations ' and then considered four possible stacking patterns (a, B1, B,
and B;) along the z-axis of graphyne film from symmetry considerations using
first-principles calculations. However, for B, model, when the interlayer distance is
3.65 A with the pressure of 2 GPa, it transformed into B;. In the following
calculations, these three models (a, Bi, and B3 shown in Figure 3(I)) were adopted as
the start point in the transition. Our MEP calculations give a possible pathway for the

structural transitions indicated in Figure 3. It is noteworthy that due to the limitation
6
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of the LST/QST strategy implemented in the present DMol3 package that the lattice
constants are fixed during the TS searching processes, we employed compressed
graphynes and stretched Hex-C,4 with identical lattice constants as two adjacent
intermediate states as shown in Figure 3(II) and (IV) to search for TS configurations
This roughly mimics the transition processes at different pressure through varying the
lattice constants. Recently, a generalized solid-state nudged elastic band (G-SSNEB)
method has been presented for determining reaction pathways of solid-solid
transformation involving both atomic and unit-cell degrees of freedom ', Furthers
studies are therefore needed in future to find the activation pathways between
graphyne film and Hex-C,4 within a larger configuration space using this effective
method. The present calculations, however, give the upper limits of the energy
barriers, due to the fixed lattice constants.

For all the three models, the structural transitions have one common property: there
are three stages in the process of transformation. The interlayer spaces are first
compressed gradually. Sliding and rotating motions between the adjacent layers also
take place a little during this stage, but the hybridization of carbon atoms in graphyne
is preserved. For these three stacking models, the interlayer distances were set to be
identical to 2.60 A, which correspond to a uniaxial pressure of 34, 26, and 25 GPa
along the z-direction (Figure 3(1I)). As these are achieved, the graphyne layers begin
buckling and bind together. We have obtained these TSs along the transition pathway
as shown in Figure 3(III). No TS is found for o model, which means that the critical a
state can transform into a stable Hex-C,4 phase with a little pressure. For B; and B3,
TSs have features characteristic of AB stacking mode except the buckling. Driven by
the interlayer covalent bonds, graphyne layers slide to form AA stacking sequences as
shown in Figure 3(IV). And finally convert to stable Hex-Cy4 phase (Figure 3(V)).
The global energy barriers along the pathway measured from the start point to the TSs
are only 0.21 eV atom™ for the three processes, corresponding to the energy barriers
at zero pressure. However, measured from the initial configurations at the pressure of
34, 26, and 25 Gpa, the energy barriers are 0, 0.04, and 0.04 eV atom™, respectively.

These values are lower than the energy barrier in the transition of graphite to diamond
7
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at high pressure (around 0.15 eV atom™ ') ® 7 % The low energy barrier of the
transition of graphyne to Hex-C,4 is related to the high chemical potential of the
sp-hybridized atoms in graphyne, which makes the sp-sp’ hybridization transition
occur easily. Additionally, the phase transition of graphyne to Hex-C,4 is an
exothermic process while those of graphite to diamond or other compressed phases

are endothermic > 7%

. The low energy barrier and the exothermic features of the
graphyne-Hex-C,4 transition imply that the fabrication of the Hex-Cy4 from graphyne
may be achieved under less rigorous conditions than that of the graphite-diamond
transition.

The mechanical and electronic properties of the unique framework of Hex-C,4 are
quite interesting because whatever the graphyne, (3, 0) CNT or the GNR components
have been predicted to have fascinating properties due to their quantum confinement
effects. For example, the intersheet adhesion and out-of-plane bending stiffnesses of
graphyne are comparable to graphene, despite the density of graphyne being only
one-half of that of graphene **. CNTs have high stiffness along the axial direction but
flexibility in the radial direction, while GNRs possess high stiffness in both radial and
axial directions *°. We evaluated the elastic constants and elastic modulus of Hex-Cy4
and present them in Table 2. The corresponding values of diamond were also
calculated for comparison. The number of independent elastic constants is related to
the structure symmetry of materials. The Hex-C,s has five independent elastic
constants: C;;, Cz3, Cyu Cjz, and C;3. From Table 2, it is obvious that these elastic
constants satisfy the mechanical stability conditions for hexagonal crystal: Cyy > 0,
Ciy > Cp, (Cip + 2C1p) x Cs3 > 2C;5°. The mechanical stability implies the
plausibility of the Hex-C,4 from another point.

The elastic constants and modulus of the Hex-C,4 exhibit clear anisotropy. Along
the z-direction (axial-direction of the two components) the elastic constant (Cs;) and
the Young’s modulus (Y,) are comparable to the corresponding values of diamond,
while along the radial directions (x- and y-direction), the Young’s moduli are about
half the diamond value. We also evaluated the bulk modulus (B) and shear modulus

(G) on the basis of elastic constants using Voigt-Reuss-Hill (VRH) approximations
8
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(see Table 2). Based on these values, we evaluated the Vickers hardness (H,) using
two different empirical models as follows:
(a) Chen et al. model: *

In this model, the hardness of polycrystalline materials is correlated with the shear
modulus (G) and bulk modulus (B) by the formula H, = 2(K’G)"* — 3, where k = G/B
is the Pugh’s modulus ratio 62 The hardness of Hex-Ca, given by using this formula is
44.54 GPa.

(b) Gao et al. model: **
H :350XN2/3 Xe—l.l‘)l/i /d245

The formula correlates the Vickers hardness with the electron density (N,) of
valence electrons per A’, the ionicity of the chemical bond (f;) in the crystal on
Phillips scale, and the bond length (d). It has been widely used in the calculations of
the H, of crystals. Using this model, the H, values of the carbon allotrope is estimated
to be 91.66 GPa, which is comparable to diamond crystal.

Most researchers agree on the definition according to which ‘‘superhard’’ materials
are those with H, exceeding 40 GPa ®. Although there are notable differences
between the results of the two empirical models, both of them exceed 40 GPa,
suggesting that Hex-Ca; is a super-hard material. Recent works >> 5 have showed that
the Gao’s model overestimated the H, of extremely anisotropic compound. We
therefore deduce that the hardness of Hex-C,4 should be approximately 44.54 to 91.66
GPa, close to the value of ¢-BN crystal (64.50 GPa) .

A useful concept for understanding high mechanical strength is based on the ideal
strengths, which represents the maximum stress required to break a perfect crystal 67.68,
Our calculations showed that the ideal tensile strength of diamond along the [111]
direction is 90.91 GPa, in good agreement with previous literatures ® . Using the
same strategy, we evaluated the ideal tensile strengths of Hex-C,4 along the [1010]
[1210], and [0001] directions, as shown in Figure.4. The corresponding tensile
stresses are found to be 75.50, 68.50 and 79.60 GPa at strains of 0.19, 0.18, and 0.14,
respectively. The sp’-sp’ bonds connecting CNTs and GNR is more vulnerable to

rupture than the sp’-sp® bonds in the CNT component and the sp’- sp” bonds in the

9
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GNR component, although it has a shorter bond length (0.06 shorter) than the sp’-sp’
bond. Clearly, along the radial directions in the (0001) surface, Hex-C,4 has the lowest
ideal tensile strength of 68.50 GPa at a strain of 0.18, similar to the cases of
monolayer graphyne along the zigzag direction *°. The shear strength in the
(0001)[1010] and (2110)[1010] slip system are 57.00 and 51.70 GPa with the
strains of 0.20 and 0.29, respectively. All these results are consistent with the high H,
values evaluated from the two empirical models.

The covalent bonds between the sp’- and sp’-hybridized carbon atoms behave
differently under stress. Tetrahedral sp’-hybridized bonds cannot tolerate large
deformations and will abruptly decompose with stress, whereas sp’-hybridized bonds
can sustain large distortions through out-of-plane bending. Consequently, diamond
composed purely of sp’-hybridized carbon atoms is extremely brittle, while graphene
and graphite formed by sp”-hybridized carbon atoms are more ductile. The ductility of
the Hex-Cyp4 consisting of sp’- and sp’-hybridized carbon atoms is therefore quite
interesting. Here, we adopted a so-called Pugh modulus ratio k (=G/B) “ as a
quantitative criterion for determining the ductile or brittle nature of this novel carbon
structure. When £ is less than 0.57, the material is regarded as a ductile material,
otherwise it is brittle 2. Our calculations show the k value of Hex-Cy4 1s 0.88,
indicating that Hex-Cy4 is brittle. We attribute the brittleness to the sp3—sp3 covalent
bonds orientating along the z-direction. The high hardness and brittleness of this
carbon material with a suitable density, would have wide industrial applications
including as abrasives and acrospace materials.

Finally, we turned to the electronic structure of the Hex-Cys. The electronic band
lines of the Hex-C,4 obtained from the DFT calculations within PBE functional are
plotted in Figure 5(a). Obviously, Hex-Cys has the metallic nature at equilibrium.
Several bands cross the Fermi level, resulting in electron density of states of 0.12
states eV at the Fermi level. The PDOS projected onto the two carbon atoms (C1 and
C2 as labeled in Figure 1(a)) are shown in Figure 5(b). It is clear that the electronic
states in proximity of the Fermi level come mainly from the 2p orbitals of the

sp’-hybridized carbon atoms in the GNR component, whereas the contribution from
10
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the sp’-hybridized carbon atoms is very small. The carrier velocity from the K point
to the H point in the Brillouin zone can calculated from the formula v = %% (E is

the energy and k is the wavevector), which can reach the 0.67x10° m s™'. This value is
very close to that of graphene which is 0.86x10° m s™ from the present calculations.
The direction from K point to the H point in the reciprocal space corresponds to axial
direction of the GNR component in the real space. It means that the Hex-Cy4 crystal
may be able to conduct anisotropically. The metallic property of Hex-Cys derived
chiefly from the sp’-hybridized carbon atoms in the GNR component, while it is
almost insulating along the radial direction. These features can also be visualized by
the isosurfaces of the Kohn—Sham wavefunctions of the -0.6 ~ 0.2 eV near the Fermi
surface of Hex-Cy4 in Figure 6. The spatial distribution of the wavefunction implies
that Hex-C,4 has channels for carriers moving along the axial direction (z-direction),
whereas the conductivity is interrupted in the radial direction. Moreover, the electron
band lines near the Fermi level are dominated by the m interactions between
sp’-hybridized carbon atoms. The band lines due to the sp’-hybridized carbon atoms
are away from the Fermi level. The conductivity of the Hex-Cy4 is contrast to the most
superhard carbon materials which are either insulating or semiconducting and thus is

quite promising for the device applications in extremely conditions.

4. Conclusions

From first-principles calculations, we propose a novel carbon allotrope (Hex-Cys )
composing of sp’- and sp’-hybridized carbon atoms. It can be synthesized by
compressing graphyne film under high pressure. Our calculations imply that the
critical pressure is less than 34 GPa and the energy barrier is less than 0.04 eV atom’ .
It is energetically more favorable than the parent graphyne by about 0.36 eV atom™ at
zero pressure. The mechanical and dynamic stability of Hex-Cys has also been
unambiguously confirmed by the elastic constants and phonon spectrum calculations.
The hardness of the Hex-C,4 was estimated to be 44.54 — 91.66 GPa, which exceeds

1/2 of diamond, and the ideal tensile strengths and shear strength along highly

11
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symmetric directions are higher than 68.50 and 51.70 GPa, respectively. More
interestingly, the superhard Hex-C,4 is metallic with several bands across the Fermi
level and dispersive electron wavefunction along the axial direction, arising from the
sp>-hybridized carbon atoms. The void framework, super-hardness, and metallicity
make Hex-Cy4 quite attractive for the applications such as hydrogen storage, advanced

abrasives and electronic devices working at extremely conditions.
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Figure captions

Figure 1 (color online) Atomic structure of Hex-C,4 composing of sp’- and
sp3-hybridized carbon atoms. (a) Top view, (b) Side view, (c) Schematic
representation of the superlattice of (3, 0) CNTs and GNRs.

Figure 2 (color online) (a) The total energy per atom of carbon allotropes as a function
of atomic density. The total energies of T-carbon >, h-carbon ** and yne-diamond
proposed in previous works are also presented for purpose of comparison. (b) Phonon
band structure of Hex-Cag.

Figure 3 (color online) A possible pathway of the structural transition of graphyne to
Hex-Cys. The energy of the product (Hex-C,4) is set to zero and the numbers in
parentheses are the energy referenced to the product (eV atom™). [ (reactant), II
(critical state), III (TS), IV(intermediate) and V (product) columns show the key
states in the reaction process. (a), (b), and (c) rows show the transition processes of a,
B1, and B3 structure.

Figure 4 (color online) The orientation-dependent stress-strain relations for the tensile
and shear deformation in Hex-Csq.

Figure 5 (color online) (a) The electronic band structures of Hex-C,s along high
symmetry direction in Brillouin zone. (b) The electron density of states (PDOS)
projected onto the s- and p-orbitals of the carbon atoms with different hybridization
(C1, and C2 as labeled in Figure 1(a)). The energy at the Fermi level was set to zero.
All the results were obtained from the DFT calculations within PBE functional.

Figure 6 (color online) The isosurfaces of the Kohn-Sham wavefunctions of -0.6 ~ 0.2
17
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eV near the Fermi surface of Hex-C,4. The energy at the Fermi level was set to 0 and
the isovalue was set to 0.006 A", Top and side views are plotted in the left and right

columns.
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Table captions

Table 1. The crystal system (system), space groups (groups), equilibrium
density p (g cm™), cohesive energy E.., (eV atom™), energy band gap E,
(eV), of diamond, graphite, graphdiyne, graphyne, T-carbon, bct C,, and
Hex-C,4 at zero pressure.

Table 2. The calculated elastic constants (C;;, Csy, Csz, Cuy Css, Css, Co,
Ci3 Ciyand Cy;), Young’s modulus (Y, Y, and Y.), bulk modulus (B),
shear modulus (G), hardness(H,) and Pugh modulus (k) of diamond and
Hex-Cy4. The units of these parameters except Pugh modulus are GPa.
Noting that for diamond with cubic lattice, there are only four

independent elastic constants.
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Table 1. The crystal system (system), space groups (groups), equilibrium

density p (g cm™), cohesive energy E.., (eV atom™), energy band gap E,

(eV), of diamond, graphite, graphdiyne, graphyne, T-carbon, bct C,, and

Hex-C,4 at zero pressure.

system groups p E on E,
diamond  Our Fd3m 3.62 8.20 4.40
Cub
Ref? 227 352 737 545
graphite Our P6/mmm 2.06 8.35
Hex --
Ref 191 297 7.37
P6/mmm
graphdiyne Our Hex 191 -- 7.65 0.53
graphyne Our Hex P6/1n91r1nm -- 7.77 0.47
Fd3m
T-carbon Our Cub 297 1.56 7.05 2.12
[4/mmm
bet C,4 Our Tetra 342 7.99 3.71
139
Hex-Cp,  Our Hex T 631/;3‘"m 2.84 8.13 -

 Reference 50.
b Reference 51.
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Table 2. The calculated elastic constants (C;;, Css, Csz, Cuy Css, Css, Co,

Ci3 Ciyand Cy;), Young’s modulus (Y, Y, and Y;), bulk modulus (B),

shear modulus (G), hardness(H,) and Pugh modulus (k) of diamond and

Hex-C,4. The units of these parameters except Pugh modulus are GPa.

Noting that for diamond with cubic lattice, there are only four

independent elastic constants.

? Reference 63, 64.
b Chen’s result.

¢ Gao’s result.

Diamond  Hex-C,4
Our/Refs.?

Ciy 1085.45/1079 609.03
Cs; - 1102.69
Cus 582.11/578 325.78
Ci 113.39/124 188.88
Cs - 82.77
Y, 1064.00/1063 547.47
Y, - 547.47
Y. - 1085.52
B 437.41/442 330.38
G 541.55/ 536 290.67
H, 99.03/96+5 44.54°/91.66°
k 1.24/1.21 0.88
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Atomic structure of Hex-C24 composing of sp2- and sp3-hybridized carbon atoms. (a) Top view, (b) Side
view, (c) Schematic representation of the superlattice of (3, 0) CNTs and GNRs.
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(a) The total energy per atom of carbon allotropes as a function of atomic density. The total energies of T-
carbon 53, h-carbon 54 and yne-diamond 55 proposed in previous works are also presented for purpose of

comparison. (b) Phonon band structure of Hex-C24.
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A possible pathway of the structural transition of graphyne to Hex-C24. The energy of the product (Hex-
C24) is set to zero and the numbers in parentheses are the energy referenced to the product (eV atom-1).
I (reactant), I (critical state), I (TS), IV(intermediate) and V (product) columns show the key states in
the reaction process. (a), (b), and (c) rows show the transition processes of a, B1, and B3 structure.
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The orientation-dependent stress-strain relations for the tensile and shear deformation in Hex-C24.
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(@) The electronic band structures of Hex-C24 along high symmetry direction in Brillouin zone. (b) The
electron density of states (PDOS) projected onto the s- and p-orbitals of the carbon atoms with different
hybridization (C1, and C2 as labeled in Figure 1(a)). The energy at the Fermi level was set to zero. All the
results were obtained from the DFT calculations within PBE functional.
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From first-principles calculations, a novel carbon material with superhardness and

metallicity is proposed and a possible endothermic transition is evaluated.
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