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that triggers these interesting findings, and in addition we 
provide a new strategy for the design of 2D structures with 
multiple carbon rings.

1 Introduction

Due to the rich electronic hybridization configurations of 
sp, sp2, and sp3 orbitals, carbon is the most versatile element 
and able to form many allotropes, of which zero-dimensional 
fullerenes [1], one-dimensional carbon nanotubes [2], and 
two-dimensional (2D) graphene [3] are the three most typi-
cal examples. Among them, the unique 2D inorganic hon-
eycomb structure and the fascinating physical properties of 
graphene have greatly motivated researchers to explore new 
2D carbon materials [4–7]. Many allotropes of carbon with 
peculiar properties have been discovered, such as penta-gra-
phene [8], which has a negative Poisson’s ratio and ultra-
high ideal strength. Furthermore, 2D carbon allotropes such 
as QPHT-graphene [9], h567 [10], net-τ [11], Kust-I [12], 
Thgraphene [13], and Bp-sheet 5 [14] have been predicted. 
These new carbon allotropes exhibit various electronic prop-
erties ranging from metals to semimetals and semiconduc-
tors [15].

The biphenylene network (BPN) [16], a fully sp2-hybrid-
ized carbon allotrope with a planar structure, has recently 
been successfully synthesized in an experiment. In addition, 
theoretical predictions of the 2D M-C crystals [17] can also 
be made using the already synthesized structure γ-graphyne 
[18]. This has greatly promoted theoretical prediction stud-
ies of 2D carbon allotropes. Based on previous research, 
researchers have been able to achieve the construction of 
2D graphene allotropes in two ways. The first approach is to 
obtain 2D carbon allotropes by exfoliating them from known 
materials, such as penta-graphene from T12 carbon [19]. 
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QHOD-net is metallic with no bandgap in the entire BZ 
region and one band crosses the Fermi level. At the Fermi 
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performed the 3D stacked structure of the two-dimensional 
structure QHOD-net, and the results of our study indicate 
that the stacked structure is a super-hard 3D carbon material 
(74.8 GPa nm). The two-dimensional structure QHOD-net 
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The second method is theoretical design without changing 
the periodicity and symmetry of crystals, such as QPHT-
graphene, net-τ, and Kust-I. Although many 2D carbon 
allotropes have been proposed, considering the unparal-
leled advantages of elemental carbon, the search for new 
2D carbon-based materials with outstanding properties is 
far from complete.

In the present work, a new 2D carbon allotrope named 
QHOD-net, composed of tetragonal, pentagonal, hexagonal, 
octagonal, and decagonal carbon rings, was predicted using 
first-principles calculations. The energetic, dynamic, ther-
mal, and mechanical stability were assessed. Interestingly, 
analysis of the electronic structures showed that QHOD-
net is a metallic carbon allotrope possessing anisotropic 
mechanical properties. Significantly, we have also studied 
a three-dimensional (3D) extended QHOD-net stacked 
structure.

2  Computational Methods

First-principles calculations were performed using the 
CASTEP code based on density function theory [20]. 
Ultrasoft pseudopotentials were used to study ion–electron 
interactions [21], and GGA and PBE functions were used to 
model the exchange–correlation potential of electrons [22]. 
To avoid the influence of adjacent layers, a vacuum space of 
15 Å was set along the C-axis, based on the Monkhorst–Pack 
method [23, 24] with a cutoff energy of 500 eV and K-mesh 
of 2π × 0.03 Å−1. To ensure better structural optimization, 
the total energy converged to 1.0 ×  10−6 eV/atom and the 
interatomic forces converged to  10−3 eV/Å. To calculate an 
accurate electronic band structure, the Heyd–Scuseria–Ernz-
erhof (HSE06) hybrid functional was used [25]. The phonon 
spectrum was verified for kinetic stability using the density 
functional perturbation theory [26]. This method uses first-
principles molecular dynamics simulation to study the ther-
mal stability of QHOD-net under canonical ensemble [27].

3  Results and Discussion

3.1  Structure and Stability

The optimized structure of QHOD-net is shown in Fig. 1, 
which can be viewed as a rectangular primitive cell with 
22 atoms, including seven chemically non-equivalent 
carbon atoms, labelled as C1–C7 and colored differ-
ently. The lattice constants of QHOD-net are a = 6.246 Å, 
b = 10.085 Å, respectively. Wyckoff position coordinates 
are 2j(0.886, 1.0, 0.5), 4z(0.810, 0.865, 0.5), 4z(0.619, 
0.795, 0.5), 4z(0.619, 0.652, 0.5), 4z(0.798, 0.572, 0.5), 
2n(1.0, 0.643, 0.5), and 2n(1.0, 0.782, 0.5). The bond 

lengths were plotted as d1–d11. The maximum bond length 
(1.485 Å) has been found to be rather large compared with 
other bonds (1.383–1.481 Å). In particular, the individ-
ual carbon bond lengths of the four-membered rings are 
longer than those of any other carbon ring (d3 = 1.485 Å, 
d4 = 1.445 Å, d5 = 1.481 Å). All of these bond lengths 
are comparable to graphene, and they exhibit similar sp2 
hybrid bonding properties to those of graphene, but there 
are differences from the physical and electronic properties 
of graphene [28]. In addition, QHOD-net has numerous 
8- and 10-carbon rings, which makes the atomic density of 
QHOD-net much lower than that of graphene. This result 
strongly suggests that the total energy of QHOD-net is 
likely to be higher than that of graphene.

To confirm the stability of this structure, the energy of 
QHOD-net and other 2D graphene allotropes was investi-
gated. The results show that the relative energy of QHOD-
net is higher than that of graphene (Fig. 2a), which may be 
due to a change in bond length leading to an increase in total 
energy, indicating lower stability for QHOD-net. It is worth 
noting that the energy of QHOD-net is lower than that of 
net-C, BPC, and graphene, suggesting that QHOD-net is 
energetically more stable than these structures.

To verify whether it is dynamically stable, we calculated 
the phonon spectrum of QHOD-net (Fig. 2b). No imaginary 
frequencies have been measured in the Brillouin zone, indi-
cating that QHOD-net is dynamically stable [29].

MD simulation results for QHOD-net are shown in 
Fig. 2c. The geometry of QHOD-net is found to be well 
retained at temperatures of 300 K for 3 ps with a time step of 
1 fs. Furthermore, the total potential energies of the QHOD-
net supercell only vary around a constant value [30]. The 

Fig. 1  Atomic configuration of QHOD-net
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dynamic stability of QHOD-net is further confirmed by 
these calculations.

In addition, to ensure the mechanical stability of a 2D 
material, the strain energy of QHOD-net was also calculated 
for different stress planes (Fig. 2d). The elastic strain energy 
U(ε) for a 2D material per unit area was calculated using 
standard Voigt notation as [31]:

 where �xx and �yy are uniaxial strains along the a and b direc-
tions, and �xy is the equi-biaxial strain. C11, C22, C12, and C44 
are components of the independent elastic stiffness tensor. 
By fitting the strain energy curves associated with uniaxial, 
biaxial and shear strains, we calculated elastic stiffness ten-
sor C11, C22, C12, and C44 to be 289.93, 265.83, 86.45, and 
24.81 GPa nm, respectively. The calculated independent 
elastic constants must satisfy the Born–Huang criteria [32] 
(C11C22–C12

2 > 0 and C44 > 0). It is clear that they satisfy the 
Born–Huang criteria, indicating QHOD-net is mechanically 
stable.
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3.2  Mechanical Properties

The mechanical properties of QHOD-net can be described 
by material independent intrinsic constants, namely Young’s 
modulus and Poisson’s ratio. From the elastic constants, we 
can derive the Young’s modulus (E) and Poisson’s ratio (v) 
for any angle, expressed as:

For isotropic (anisotropic) materials, the polar plots of 
Young’s modulus and Poisson’s ratio are generally circu-
lar (non-circular). We may conclude that QHOD-net is 
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Fig. 2  a Total energy per atom 
as a function of the 2D crystal 
area per atom for QHOD-net 
in comparison with some other 
2D carbon allotropes. b Phonon 
band structure of QHOD-
net. c Total potential energy 
fluctuation of QHOD-net during 
AIMD simulation at 300 K. d 
Strain energy of QHOD-net 
under different kinds of in-plane 
strain in the harmonic region
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anisotropic based on the plots of Young’s modulus and Pois-
son’s ratio (Fig. 3). In addition, as shown in Table 1, the 
Young’s modulus values along the a- and b-axes are 261 
and 240 GPa nm, respectively, which are lower than gra-
phene, h567, and net-τ, but higher than Kust-I. This means 
that QHOD-net is softer than graphene, h567, and net-τ, 
and a little stiffer than Kust-I. Hence, we can conclude that 
QHOD-net has good ductility. Additionally, Poisson’s ratio 
shows a tendency to increase and then decrease from the 
a to b direction. The maximum value of Poisson’s ratio of 
0.75 occurs in the 45° direction with the a direction and the 
minimum value of 0.29 in the b direction. QHOD-net is a 
ductile carbon material (Poisson’s ratio > 0.25) compared to 
graphite, h567, and net. The high Poisson’s ratio indicates 
that QHOD-net has excellent ductility. In addition, we found 
that the Poisson’s ratio of QHOD-net is smaller than that of 
Kust-I, which may be related to the fact that Kust-I has a 
large number of 10-carbon rings.

3.3  Electronic Properties

To understand the electronic structure and properties of 
QHOD-net, we calculated the energy band diagram and 
density of states of QHOD-net, respectively. The elec-
tronic band calculation results for HSE06 and GGA-PBE 
are shown in Fig. 4a. The DFT indicates that QHOD-net 
is metallic since there is no bandgap in the entire BZ zone 
and one band crosses the Fermi level. The HSE06 hybrid 

Fig. 3  Polar diagrams for a 
plane Young’s modulus E and b 
Poisson’s ratio υ for QHOD-net

Table 1  The elastic constants 
and Young’s modulus and 
Poisson’s ratio of the relevant 
2D carbon allotropes

Structure (sp2) Elastic Constant (GPa nm) E (GPa nm) υ

C11 C22 C12 C44 Ea Eb va vb

Graphene [3] 361.70 362.72 66.47 147.59 349.48 350.53 0.18 0.18
h567 [10] 325.32 325.32 73.49 125.91 308.71 308.71 0.23 0.23
net-τ [11] 229.40 305.46 67.64 20.69 286 215 0.30 0.22
QHOD-net 289.93 265.83 86.45 24.81 261 240 0.33 0.29
Kust-I [12] 264.82 251.37 95.67 25.04 216.8 228.4 0.38 0.36

Fig. 4  Electrical properties of QHOD-net. a Band structure of 
QHOD-net. b Total density of states (TDOS) of QHOD-net. c Pro-
jected density of states (PDOS) of seven unequal carbon atoms (C1-
C7) calculated using the PBE function
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functional calculated result agrees with the GGA- PBE. The 
density of states (DOS) is shown in Fig. 4b, and the DOS 
value of 0.297 states/eV per atom implies a large density of 
states in the metallic carbon structure of QHOD-net. This 
is twice that of QPHT-graphene (0.15 states/eV per atom), 
four times that of 5.3 Å diameter (4, 4) carbon nanotubes 
(0.07 states/eV per atom) [33], and three times that of planar 
T-graphene (0.11 states/eV per atom) [34].

To understand the origin of QHOD-net metallicity is very 
important, so we calculated the projected density of states 
(PDOS) of seven non-equivalent carbon atoms by using the 
PBE function (Fig. 4c). PDOS analysis reveals that the elec-
tronic states near the Fermi level are mainly from  pz orbitals, 
and  pz orbitals occupy the bonding and antibonding states 
simultaneously, and generating a delocalized π-network in 
a–b plane.

In particular, to compare the contribution of non-equiv-
alent carbon atoms to the charge density. We visualize the 
charge distribution around the Fermi energy level by cal-
culating the decomposition charge density of the occupied 
bands (bands 44 and 45) in Fig. 5a. The results show rela-
tively high electron accumulation around C3, C4 and C7 
atoms, and relatively low electron accumulation around C2 
and C5 atoms, which is consistent with the size of the elec-
tronic states on the Fermi energy level of PDOS.

Furthermore, to probe the local electronic character 
around non-equivalent carbon atoms, the electronic local-
ized function (ELF) was also calculated [35]. The value of 
electron localization ranges from 0.0 to 1.0, and the slice 
is clearly seen to be uniformly distributed (Fig. 5b). Mov-
ing 1 Å up from the plane forms an off-domain π-network 
(ELF = 0.5) [36], and the metallicity of QHOD-net 
improves the charge transfer efficiency. As can be seen from 
ELF = 0.75 in Fig. 5b, the equivalents that are inside the 
four-membered rings move outward toward the rings, which 

decreases the strength of the related bonds, so these bonds 
become longer, and this electron distribution also weakens 
the structural stability, leading to a higher energy of QHOD-
net than graphene.

We also studied a three-dimensional (3D) extended 
QHOD-net stacked structure, as shown in Fig. 6a. It is 
composed of 44 carbon atoms. It consists of 44 carbon 
atoms with sp3 hybridization. In this structure, the orange-
red atoms are separated by layer gaps with a minimum of 
1.62 Å and a maximum of 1.83 Å, and the blue atoms are 
separated by a distance of 2.85 Å.

In order to investigate the electronic properties of the 
3D stacked structure, its electronic energy band diagram 
was calculated as shown in Fig. 6b. The results show that 
the 3D stacked structure has a band gap of 2.791 eV, and 
the valence band top and conduction band bottom are the 
high-symmetry points of S and Γ, respectively, and that 
the 3D stacked structure is a semiconductor with an indi-
rect band gap. The large band gap range can also extend 
the range of absorbable light, which also indicates that 
the 3D stacked structure has potential applications in 
photocatalysis.

The 3D stacked structure of QHOD-net is an orthorhom-
bic lattice with 9 independent elastic constants C11, C22, 
C33, C44, C55, C66, C12, C13, and C23 calculated as 953, 
933, 590, 257, 404, 303, 224, 119, and 60 GPanm, respec-
tively. The stability conditions for the stiffness matrix of 
an orthorhombic crystal need to satisfy the following nec-
essary and sufficient Born criteria [37]: C11 > 0, C44 > 0, 
C55 > 0, C66 > 0, C11C22C33 + 2C12C13C23 − C11C2 23 
− C22C2 13—C33C2 12 > 0, C11C22 – C2 12 > 0. Therefore, 
the 3D stacked structure of QHOD-net is mechanically 
stable. The Young’s modulus of the 3D stacked structure 
is not circular in three directions, as shown in Fig. 6c. The 
3D stacked structure is anisotropic. The Young’s modulus 

Fig. 5  a decomposed charge 
density of occupied band (No. 
44, 45 bands). b Electron locali-
zation function (ELF)
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has a maximum value of 890 GPa nm and a minimum 
value of 567 GPa nm. According to the definition of hard-
ness Hv = 2

[

(G∕B)2G
]0.585

− 3.0 , the hardness of the 3D 
stacked structure has different values in the three direc-
tions as shown in Fig. 6d. The maximum and minimum 
values are 74.8 and 40 GPa nm, respectively. In the H-xz 
direction, part of the area is larger than the T-carbon (61.1 
GPa nm) [38].

4  Conclusions

Herein, we systematically studied the structural and elec-
tronic properties of QHOD-net using first-principles simula-
tion. The structure is composed of quadrangular, pentagonal, 
hexagonal, octagonal, and decagonal carbon rings. The ener-
getic results show that QHOD-net is metastable compared 
to graphene. The dynamic, mechanical, and thermal stabili-
ties of QHOD-net were assessed by phonon spectroscopy, 
Born–Huang criteria, and molecular dynamics calculations, 
respectively. The elastic constant calculations showed that 
QHOD-net displays anisotropic mechanical properties, and 
its smallest and largest in-plane stiffness were calculated 
to be Ca = 261 GPa nm and Cb = 240 GPa nm, respectively, 
which are lower than graphene, h567, and net-τ, but higher 
than Kust-I. This means that QHOD-net is softer than gra-
phene, h567, and net-τ, and a little stiffer than Kust-I. Inter-
estingly, the electronic structure of QHOD-net was further 

explored, and QHOD-net was found to be metallic with a 
high electronic state at the Fermi energy level of ~ 0.297 eV/
states per atom. The 3D stacked structure of QHOD-net is of 
greater hardness (74.8 GPa nm) than that of T-carbon in the 
H-xz direction in some regions. The findings further expand 
our understanding of the structural and electronic properties 
of carbon allotropes.
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