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Two-dimensional (2D) materials with honeycomb, kagome or star lattice have been intensively studied
because electrons in such lattices could give rise to exotic quantum effects. In order to improve structural
diversity of 2D materials to achieve unique properties, here we propose a new quasi-2D honeycomb-
star-honeycomb (HSH) lattice based on first-principles calculations. A carbon allotrope named HSH-Cyq is
designed with the HSH lattice, and its mechanical properties have been intensively investigated through
total energy, phonon dispersion, ab initio molecular dynamic simulations, as well as elastic constants cal-
culations. Besides the classical covalent bonds, there is an interesting charge-shift bond in this material
from the chemical bonding analysis. Additionally, through the analysis of electronic structure, HSH-Cyo
is predicted to be a semiconductor with a direct band gap of 2.89 eV, which could combine the desir-
able characteristics of honeycomb and star lattice. Importantly, by modulating coupling strength, a flat
band near the Fermi level can be obtained in compounds HSH-CgSi4 and HSH-CGe,4, which have poten-
tial applications in superconductivity. Insight into such mixed lattice would inspire new materials with

properties we have yet to imagine.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The unique two-dimensional (2D) lattices, like honeycomb lat-
tice [1], kagome lattice [2] and star lattice [3], have been inten-
sively studied because electrons in such lattices could give rise to
exotic quantum effects. The honeycomb lattice could induce Dirac
bands, while the kagome lattice and star lattice could induce both
Dirac bands and flat bands [1-5]. They are interesting subjects to
study various properties in quantum fields, such as quantum spin
liquid, frustrated spin, and fractional quantum Hall effect [6]. Es-
pecially, the kinetic energy of electrons is quenched in the flat
bands, which is helpful to realize strongly correlated electronic
states, such as superconductivity and Wigner crystal [7,8]. These
lattices not only provide ideal research platforms for understand-
ing novel physics, but also have potential applications in electron-
ics and spintronics [9-14].

Many studies have focused on the practical application of
materials with unique lattices based on the special properties
[15-22] mentioned above. With honeycomb lattice, graphene is
one of the most widely investigated 2D carbon allotropes [23].
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It has also actively encouraged and promoted the research on
other 2D topological materials with honeycomb lattice, like sil-
icene, germanene, and stanine [24-26]. Besides structures with
honeycomb lattice, various structures with kagome lattice have
also been proposed [27-29]. Materials with kagome lattice usually
exhibit interesting properties. For example, it is reported that the
designed phosphorus carbide P,C3 with kagome lattice contains
double kagome bands, which is named from the property that the
flat band in one kagome band accidently crossing the Dirac point
in the other kagome band [30]. And the experimental evidence of
flat band in a kagome lattice has been observed in twisted bi-
layer silicene, making it a possible candidate for realizing exotic
quantum Hall states [31]. Recently, a star carbon monolayer was
also proposed with a flat band near the fermi level [32,33]. By the
tight-binding models on the decorated star lattices, Mizoguchi and
his co-authors proposed a class of carbon-based materials with ex-
otic electronic structures such as Dirac cones and flat bands [34].
To design novel 2D materials, a new route which mixes dif-
ferent lattices in structures has been devised recently. A novel
honeycomb-kagome (HK) lattice was proposed, which could be re-
garded as a mixed lattice composed of honeycomb and kagome lat-
tices [35-39]. Comparing the single lattice, the mixed lattice signif-
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Fig. 1. The top and side views of (a) bilayer honeycomb lattice, (b) star lattice, and
(c) honeycomb-star-honeycomb lattice.

icantly increases the structural diversity of 2D materials and could
provide more opportunities to achieve unique properties [40]. With
experimental synthesis methods making rapid progress, practical
methods are being explored to establish well-defined manufac-
turing techniques to realize the mixed lattices. For example, a
spin-superstructure with honeycomb-triangular lattice was real-
ized experimentally, which the magnetic layers in triangular and
honeycomb lattices exhibit sequential magnetic orderings [41]. It is
noted that the novel 2D materials with a mixed lattice have quickly
attracted significant attention and would be a potential research
focus.

In this study, a new quasi-2D honeycomb-star-honeycomb
(HSH) lattice was proposed. The idea of the lattice was sprung up
by the peculiar features of honeycomb lattice and star lattice. Ma-
terial with such a mixed lattice would combine the desirable char-
acteristics of both honeycomb and star lattices. The carbon-based
materials would induce various characteristic electronic structures,
and thus become our primary consideration to probe the physical
and chemical properties. The dynamical, thermal and mechanical
stability as well as the electronic properties are evaluated. It is ex-
pected that more new materials with exotic properties could be
designed based on this mixed lattice.

In this study, all the studies were conducted based on density
functional theory (DFT), as implemented in the Vienna ab initio
simulation package (VASP) [42,43]. The Perdew—Burke—Ernzerhof
(PBE) [44] exchange-correlation functional and PAW [45] pseu-
dopotential were used. The electronic wave function was expanded
in plane waves to a cut-off energy of 520 eV. For the unit cell and
the p(2 x 2 x 1) supercell, Monkhorst-Pack meshes with 6 x 6 x 1
and 3 x 3 x 1 in Brillouin zone sampling were used, respectively.
To avoid interactions between the repeated images, the vacuum
thickness larger than 16 A was used. All the structures were re-
laxed with no symmetry constraint, and the convergence criteria
for total energy and residual force on each ion were set to 10-3 eV
and 0.01 eV/A, rescpectively. The phonon calculations were per-
formed using PHONOPY package [46] with the forces calculated
from density functional perturbation theory (DFPT) [47] as imple-
mented in VASP. Because the convergence of phonon frequencies
needs higher energy accuracy than normal electronic structure cal-
culations, the total energy was converged to less than 10-8 eV in
all the phonon calculations.

The star lattice can be considered as an expanded honeycomb
lattice which replacing the sites of the honeycomb lattice by tri-
angles. The HSH lattice is a mixed lattice with a star lattice sand-
wiched by two honeycomb lattices, as shown in Fig. 1. Such lattice
would significantly increase the structural diversity of 2D materials
and provide more opportunities to achieve unique properties. Car-
bon is not only containing various allotropes, but also has the rich-
est variety of compounds among all elements. As a preliminary ex-
ploration of the application in real materials, we designed a carbon
allotrope based on the HSH lattice. The honeycomb lattice contain-
ing four atoms and the star lattice containing six atoms, the new
carbon allotrope is named HSH-Cyq.
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Fig. 2. (a) The top and (b) side views of HSH-C;q, (c) the phonon dispersion along
high symmetry directions of Brillouin zone, and (d-f) final structures with ab initio
molecular dynamic simulations under the temperature of 500, 800 and 1000 K.

The top and side views of HSH-Cyq are illustrated in Figs. 2a and
b. From a linear scan on the lattice constant (Fig. S1 in Support-
ing information), the carbon allotrope has a hexagonal cell with
a lattice constant of 6.60 A and two different carbons with three
different bond lengths. Six carbon atoms are marked from C1 to
C6, as shown in Fig. 2a and b. The lengths of three bonds marked
as C2-C6, C1-C2, and C1-C3 are 1.30, 1.51 and 1.67 A, respectively.
The carbon atom in honeycomb lattice is named Cygpeycomb (C1,
C3), while the one in star lattice is named Cs,, (C2, C4, C5, C6).
For comparison, the energy of all the systems is defined as DFT
computed ground-state energy per atom. The energies of graphene
[48], two carbon allotropes (named as C-phase 1 and 2 here) [49],
E-graphene [50], as well as graphdiyne [51] are also calculated,
and details of all the structures are shown in Table 1. Graphene
is the most energetically stable allotrope, and the energy of —9.22
eV/atom is the same as previous DFT simulations [52]. The en-
ergy of HSH-Cyq is —7.80 eV/atom, which is higher than graphene
and graphdiyne (—8.46 eV/atom), but lower than C-phase 1
(=745 eV/atom), and a little higher than C-phase 2 (-7.93
eV/atom) and E-graphene (—7.93 eV/atom). The bond lengths of
151 and 1.67 A in HSH-Cyq are a little higher than the two
kinds of bond lengths for C-phase 2 (150 and 1.59 A), while
the bond length of 1.30 A is much smaller than that in C-phase
2. Furthermore, the recently reported T-carbon has an energy of
—7.92 eV/atom [53], which is closed to the energy of C-phase 2.
Obviously, the relative energy of HSH-Cyq structure is lower than
C-phase 1 and much close to C-phase 2 and T-carbon. Since C-
phase 1 is predicted to be stable at a low temperature [49] and
T-carbon is already realized in the experiments [54], it is believed
there would be a high possibility to realize the HSH-Cyy structure
experimentally based on the energy data.

From a structural analysis, the relatively high energy of this
material comes from the formed hexahedral structure. The four
bonds of Cyjopeycomp atom point to the same side, leading to the
inverted bond Cyopeycomb~Choneycomb (C1-C3) embedded inside a
cage of six wing Cyoneycomb=Cstar Donds, thus generating relatively
high strain energy. Interestingly, the hexahedral structure is the
same as [1.1.1]propellane, which is a hydrocarbon with the molec-
ular formula CsHg and could be synthesized in large quantities
[55,56]. It is reported that this molecule has remarkable stabil-
ity despite the supposed strain energy from the inverted bridge-
head bond [57-61]. For comparison, the structure of [1.1.1]propel-
lane is also shown in Fig. S2 (Supporting information). As listed in
Table 1, the PBE calculated inverted bond length for [1.1.1]propel-
lane is 1.58 A, consistent with the experimental results of 1.59 A
[62], and little shorter than the Cyjoneycomb=Choneycomb bONd length
of 1.67 A in HSH-Cy. As reported [61], the inverted bond is a
charge-shift bond, which is regarded as a third kind of chemical
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Table 1
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The number of carbon atoms in unit cell (N), lattice constants (a and b), total energy per atom (E) and bond length (dc.c) for HSH-Cyo. For comparison, the corresponding
parameters for graphene, two carbon allotropes (named as C-phasel and 2), E-graphene, graphdiyne, and [1.1.1]propellane molecule are also provided here.

Structure N afb (A) Eior (eV/atom) dec (A)
HSH-Cyo 10 6.60/6.60 -7.80 1.30, 1.51, 1.67
graphene [48] 2 2.46/2.46 -9.22 1.42
C-phase 1 [49] 2 2.47/1.65 —7.45 1.51, 1.65
C-phase 2 [49] 8 2.50/7.01 -7.93 1.50, 1,59
E-graphene [50] 8 2.50/6.58 -7.93 1.50, 1.60
graphdiyne [51] 18 9.46/9.46 -8.46 1.43, 140, 1.23, 1.34
[1.1.1]propellane [62] 5 / / 1.52, 1.58
bond in addition to the ionic and covalent bonds. The charge-shift Table 2 ) ) )
bond shows large covalent-ionic resonance interaction energy and E‘;Sem;ie:ftm:lgs“c emﬁ:giﬁ‘:?ﬂ . S(f,géne kbar) and in-plane  stiffness
s . ) = ) 1111 .
depleted charge densities, but the bond itself could well be strong o 8
[57-61]. From the structural connection, it is promising that HSH- Structure Cn C2 Ci Caa Ys
Cyo could be synthesized by the polymerization of [1.1.1]propellane. HSH-C1o 394.14 394.14 348.42 22.86 20
To further confirm the dynamical stability of HSH-C;y struc- Germanene 318.97 318.97 101.89 108.54 43
Silicene 447.10 447.10 137.43 154.83 62

ture, the calculations of phonon dispersion are also performed. A
p(2 x 2 x 1) supercell is used to calculate the vibrational modes
of HSH-C;o along the high symmetry k-points throughout the first
Brillouin zone. As shown in Fig. 2c, the phonon dispersion of HSH-
Cyo has little imaginary frequency less than 4 cm™! close to T
point. As the little imaginary frequency in long wavelength flex-
ural acoustic (ZA) mode close to I" point is the feature of quasi-
2D materials [63-66], the phonon dispersion indicates HSH-C;q
is dynamically stable. Besides, the highest frequency of HSH-Cyq
reaches up to 58 THz (1935 cm), a little higher than that of
graphene (1600 cm!) [67], confirming the robust C-C bonding in
2D HSH-Cyq sheet. There also exists a large direct bandgap of 20
THz (~667 cm!) at the I' point in the phonon band structures,
which would be useful to identify the structure of HSH-C;q in ex-
periments.

Ab initio molecular dynamic simulations in a Nose-Hoover
thermostat are also performed to check the thermal stability. A
p(3 x 3 x 1) supercell containing 90 carbon atoms is built to re-
duce the constraint of periodic boundary condition and explore
the possible structure reconstruction. Molecular dynamic simula-
tions under the temperature of 500, 800, 1000 K for 10 ps are per-
formed, and the final structures are depicted in Figs. 2d-f. With no
bonds breaking in the whole simulation, the structure is stable un-
der the temperature of 500 K. Under the temperature of 800 K,
the charge-shift bond (C1-C3) would fluctuate relatively greatly.
When the temperature is heated to 1000 K, obvious structure re-
construction is found. The molecular dynamic simulations suggest
that HSH-C;q is separated by high energy barriers from other local
minima on the potential energy surface.

The mechanical properties of HSH-Cyq are also studied in this
work. The elastic constants of materials based on theoretical cal-
culations are not only important for the potential applications,
but also could be used to investigate the mechanical stabili-
ties. The finite distortion method is used to calculate the lin-
ear elastic constants [68]. The independent elastic constants Cj
can be then expressed as C; = dF/de;e;, and the strain energy
density function F is expressed as F = Fy + F2g2[2 + 0(&3),
where Fy and F2¢22 are the static energy and the vibrational
contribution, respectively.There are three independent elastic con-
stants for the hexagonal structure, which are C;; (Cy2=Cq;), Cq2
and Cy4. Based on Born-Huang criteria [69], the mechanical sta-
bility for a 2D material needs to satisfy Ci;>Cj; and C44>0. By
fitting the strain energy to the parabolic function of the axial
and biaxial strains, it is obtained that C;; = Cy; = 394.14 N/m,
Ci» = 384.42 N/m, and Cy44 = 22.86 N/m, which also listed in
Table 2. The elastic constants of HSH-C;y satisfy the criteria to
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Fig. 3. (a) The top and (b) side views for electron localization function isosurface
of HSH-Cy¢ with an isovalue of 0.85, and (c) projected crystal orbital Hamilton pop-
ulation (pCOHP) analysis for the bonds of C2-C6, C1-C2, C1-C3. The Fermi level is
set at 0 eV.

be a mechanically stable material. Based on the linear elastic
constant, Young's modulus (Y) can be calculated using the equa-
tion Y = (C332-C122)/Cyq. By multiplying Y and the length of non-
periodic direction of the calculation model, the in-plane stiffness
(Ys) of HSH-Cyg is 20 N/m. It is in the same weight with that of
germanene (43 N/m) and silicene (62 N/m) computed at the same
theoretical level, which have been reported in our previous study
[70]. From the above discussion, it could be concluded that HSH-
Cyo also exhibits good mechanical property.

To get a clear insight of the structural feature displayed in HSH-
Cy0, the chemical bonding is analyzed by the electron localization
function (ELF) and projected crystal orbital Hamilton population
(pCOHP) [71,72]. ELF can be illustrated as a contour picture in
real space with values ranging from 0 to 1. The region 0 means
a low electron density area, while 1 indicates the perfect localiza-
tion of electrons. It plays an important role in understanding the
special characteristics of the chemical bonding. The typical kind of
bonding in HSH-C;y can be seen from ELF isosurface as shown in
Figs. 3a and b. Clearly, the isosurface of ELF at 0.85 mainly com-
prises three localization areas. The first is located in the middle of
the Cyoneycomb~CHoneycomb (€2-C6) within the 2D plane, the second
is located in the middle of the Cygpeycomb-Cstar (C1-C2), and the
third is located around the Cs,, atoms (C1, C3). The C2-C6 bond
length is 1.30 A, considerably shorter than the C1-C2 bond with
1.51 A. Correspondingly, the ELF distribution around the middle of
C2-C6 is higher than that of C1-C2, indicating a stronger covalent
bonding. Interestingly, there is no evident electron localization be-
tween Csgar-Csear (C1-C3). The charge is depleted from the center of
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Fig. 4. The band structures for (a) HSH-C;o and (b) star carbon monolayer, and
(¢, d) atom-decomposed band structures along high symmetry direction of the Bril-
louin zone for HSH-Cyo. The circle sizes indicate the contribution of atoms in hon-
eycomb or star lattice to the band structure. The Fermi level is set at 0 eV.

the hexahedral cage and delocalized onto the bridge carbon atoms,
which is a typical feature of charge-shift bond [57-61,73]. Com-
paring with [1.1.1]propellane, the little longer Cyoneycomb-Coneycomb

(C1-C3) bond length of 1.67 A could be attributed to the change in
the hybridization of the orbitals of the bridgehead carbon atoms
[73]. Importantly, the charge-shift bond leads to the trend that
more electrons are distributed outside the quasi-2D structure, thus
suggesting the potential for applications in molecule adsorption
and as a catalyst [74,75].

To well display pCOHPs, the usual way is used by drawing neg-
ative contributions to the right and positive to the left, so bonding
interaction goes to the right and antibonding interaction goes to
the left. From pCOHPs shown in Fig. 3c, it is noticed that the C2-C6
and C1-C2 bonds only fill bonding levels, while the inverted C1-C3
bond exhibits antibonding levels. This is well agreed with the pre-
vious observation in the literature that the charge-shift bond ex-
hibits anti-bonding character [57,73]. As a comparison, the pCOHP
curves of [1.1.1]propellane is also shown in Fig. S3 (Supporting in-
formation), which exhibits the bonding features similar to HSH-
Cqo- Previous studies have reported that the structure could be well
stabilized by partial population of the C1-C3 o -antibonding/bridge
m-bonding orbitals [57,58]. Combining the ELF to analyze, the C2-
C6 and C1-C2 bonds are the classical covalent bond, while the in-
verted C1-C3 bond is the charge-shift bond. With ELF and pCOHP
curves, the chemical bonding nature of HSH-Cyq is well captured.
As the charge-shift bonding in previous reports normally happens
in unique molecules, HSH-C;o may open the door to the study of
charge-shift bonding in the field of 2D materials.

The structures with a mixed lattice may combine the desirable
characteristics of both the honeycomb and star lattices. From elec-
tronic band structures shown in Fig. 4a, the PBE results indicate
HSH-C;q structure is a semiconductor with a direct band gap of
2.89 eV. It is noted that the PBE band gap for T-carbon is 2.25 eV,
while it is 4.16 eV for diamond [53]. The honeycomb lattice could
induce Dirac bands with the Dirac cone just appear at the Fermi
level [4,76], while the star lattice could induce both Dirac bands
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Fig. 5. The top and side views of (a) HSH-C¢Sis and (b) HSH-CsGey, as well as (c, d)
the band structures along high symmetry direction of the Brillouin zone. The Fermi
level is set at 0 eV.

and flat bands near the Fermi level [3,32], as shown in Fig. 4b.
Comparing graphene with Dirac cone at the Fermi level, the band
gap of HSH-Cyq is opened up by the coupling between Cygpeycomn
and Cg,r atoms, whereas the two groups of Dirac-like bands sepa-
rately located on the two sides of Fermi level. To obtain the cor-
relation between the lattice and electronic structure, the atom-
decomposed band structures (Figs. 4c and d) along high symmetry
direction of the Brillouin zone for HSH-C;q are calculated, and the
contributions of honeycomb and star lattices thus could be clearly
observed. The valence band maximum (VBM) is mainly contributed
from carbon atoms in star lattice while the conduction band min-
imum (CBM) is contributed from atoms in both star and honey-
comb lattices. Three groups of Dirac-like bands and two flat bands
are numbered from 1 to 8. The Dirac-like bands which numbered
as 3, 4 and flat bands numbered as 8 are contributed from the car-
bon atoms in star lattice, while the Dirac-like bands numbered as
1, 2, 5, 6 and flat band numbered as 7 are contributed from the
atoms in honeycomb lattice and star lattice. From the above dis-
cussion, the coupling of honeycomb and star lattices leads to the
result that HSH-C;y loses the metallic character in graphene and
carbon allotrope with star lattice, but it retains some characteris-
tics like flat band and Dirac bands.

The electronic band structure is affected by the strength of cou-
pling between atoms in honeycomb and star lattice, so it could
be modulated by substituting atoms in the HSH lattice. Since sili-
con and germanium atoms have larger covalent radius and higher
energy levels than carbon atoms, they are used to replace carbon
atoms in honeycomb lattice, and the new structures are named as
HSH-CgSi4 and HSH-CgGey. The optimized crystal structures with
top and side views are shown in Figs. 5a and b, and the equilib-
rium lattice constants are estimated to be 7.55 and 7.81 A. The
bond lengths of C-Si and C-Ge are 1.94 and 2.08 A, respectively.
Phonon dispersion indicates that the structures are dynamically
stable, as shown in Figs. S4a and b (Supporting information). The
band structures would be acquired by including the couplings be-
tween the silicon (or germanium) atoms in honeycomb lattice and
carbon atoms in star lattice. Different from HSH-C;y with a large
band gap, the HSH-CgSiy system exhibits semiconductor with a
band gap of 0.21 eV, while HSH-CzGe, is metallic. This is be-
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cause the coupling between the carbon and silicon (or germanium)
atoms is weaker than the Cyopeycomb=Cstar cOUpling in HSH-Cyg. As
illustrated in Figs. 5c and d, a flat band occurs near the Fermi en-
ergy for HSH-CgSiy and HSH-CgGey. Interestingly, the flat band is
attached to the upper Dirac-like band for HSH-CgSi4, while it is
attached to the lower one for HSH-CgGe4. The unique electronic
structure renders HSH-CgSi4 and HSH-CgGe,4 potential 2D materials
for application in nanoelectronics. The coexistence of flat and steep
bands near the Fermi level is regarded as an important condition
for the superconductivity of materials [77,78]. All the results indi-
cate that HSH lattice could combine the electronic characteristics
of both the honeycomb and star lattices and expand the diversity
of 2D materials.

In summary, we designed a new HSH lattice and reported
a new quasi-2D carbon allotrope named HSH-Cyq. Total energy,
phonon dispersion, molecular dynamic simulations, as well as elas-
tic constants calculations indicate the structure has good stability.
Through chemical bonding analysis by ELF and pCOHP, the C2-C6
and C1-C2 bonds of HSH-Cyy are classical covalent bonds, while
the inverted C1-C3 bond is described as a charge-shift bond, which
is strong and shows large covalent-ionic resonance interaction en-
ergy. What is more, the charge-shift bond leads to the trend that
more electrons are distributed outside the 2D plane of HSH-Cyq,
suggesting a potential for applications in molecule adsorption and
as a catalyst. It is expected that the HSH-Cyg could be synthesized
by the polymerization of [1.1.1]propellane, and would be a fasci-
nating 2D carbon allotrope for its unique structure and intrigu-
ing reactivity. As the first reported 2D material with charge-shift
bond, HSH-C;g may open the door for understanding charge-shift
bonding in fundamental chemistry and physics, as well as other
fields in application. The results of the calculated electronic band
structures show that HSH-C;y carbon is a semiconductor with a
direct band gap of 2.89 eV and could combine the desirable char-
acteristics of honeycomb and star lattice. To modulate the elec-
tronic band structure to the potential application in nanoelectron-
ics, by replacing carbon element in honeycomb lattice with silicon
and germanium, new structures named HSH-CgSiy and HSH-CgGey
are also obtained. Different from HSH-C;y with a large band gap,
the HSH-CgSi4 system exhibits semiconductor with a band gap of
0.21 eV, while HSH-CgGe, is metallic. With different elements in
the sub-lattice, combination of the desirable characteristics of both
the honeycomb and star lattices could be realized, and the physical
and chemical properties would be modulated. All the results indi-
cate that HSH lattice would be used to derive the charge-shift bond
family, increase the structural diversity of 2D materials and has
potential in probing or engineering chemical and physical proper-
ties. This study may provide a creative platform to study the ex-
otic properties of HSH lattice and stimulate more efforts on the
research field of mixed lattice.
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