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Tunable topological electronic states in the
honeycomb-kagome lattices of nitrogen/oxygen-
doped graphene hanomeshesf

*

The rich and exotic electronic properties of graphene nanomeshes (GNMs) have been attracting interest

due to their superiority to pristine graphene. Using first-principles calculations, we considered three
graphene meshes doped with nitrogen and oxygen atoms (C1oNs, CoN4 and C19O3). The electronic band
structures of these GNMs in terms of the proximity of the Fermi level featured a two-dimensional (2D)

honeycomb-kagome lattice with concurrent kagome and Dirac bands. The position of the Fermi level

can be regulated by the doping ratio, resulting in different topological quantum states, namely

Received 26th February 2022
Accepted 6th April 2022

topological Dirac semimetals and Dirac nodal line (DNL) semimetals. More interestingly, the adsorption

of rhenium (Re) atoms in the voids of the C;oNz (Re@ C19N3) GNMs induced quantum anomalous Hall
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Introduction

The discovery of topological insulators (TIs)*™* has aroused
extensive investigation into topologically nontrivial phases in
quantum materials, bringing about new concepts for next-
generation devices. The topological phases are closely corre-
lated to the symmetries of materials, such as time-reversal
symmetry, particle-hole symmetry, chirality and the lattice
symmetries. TIs exhibit topologically protected conductive edge
states on their surfaces or boundaries due to the spin-orbit
coupling effect (SOC). In terms of two-dimensional (2D) topo-
logical insulators, the back scattering of conductive electrons
on the one-dimensional (1D) boundary is completely forbidden,
which allow electrons to be conducted loss-free at the bound-
aries of 2D TIs, which are then immune to impurity scattering
and other disturbances. Therefore, 2D TIs are quite promising
for low-energy electronics and spintronics. The incorporation of
magnetic atoms into TIs can break the time-reversal symmetry,
leaving conductive electrons with a particular spin transport on
the boundary and realizing the quantum anomalous Hall effect
(QAHE).>™® One promising approach to achieve this strategy is to
deposit transition metal (TM) atoms onto the surface of TIs, e.g.
5d TM metals onto graphene.’** However, the TM metal atoms
deposited on graphene have a strong clustering tendency due to
the relatively weak anchoring ability of graphene to the TM
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(QAH) states, as verified by the nonzero Chern numbers and chiral edge states. These GNMs offer
a promising platform superior to pristine graphene for regulating multiple topological states.

atoms, which makes the topological states difficult to achieve in
experiments.™

In contrast to normal metals, topological semimetals have
an intersection of their valence and conduction bands accom-
panied by a conical linear energy-momentum dispersion rela-
tionship.*»*® According to the modes of band -crossing,
topological semimetals can be classified into three types:
topological Dirac semimetals,'” topological Weyl semimetals'®
and Dirac nodal line (DNL) semimetals.'® For Dirac semi-
metals and Weyl semimetals, the valence band and the
conduction band intersect at isolated points, which are
quadruple degenerate and double degenerate, respectively,
while DNL semimetals have a continuous closed curve inter-
section of their valence and conduction bands in the
momentum space. The linear dispersion relation at the Fermi
level of topological semimetals contributes to many exotic
properties, such as ultra-high carrier mobility,” high-
temperature linear quantum reluctance,”?® oscillating
quantum spin Hall effect® and giant reluctance effect.****

Motivated by these intriguing properties, a series of topo-
logical semimetal materials have been proposed theoretically
and realized experimentally. For example, graphene has been
demonstrated to be a 2D Dirac semimetal with stable Dirac
cones due to the weak SOC of carbon atoms, which are pro-
tected by time-reversal symmetry and inversion symmetry.** The
Weyl semimetallic features of TaAs, TaP, NbAs and NbPd have
been demonstrated theoretically and/or experimentally.*®?3-*
DNL semimetals have also been proposed in three-dimensional
(3D) and two-dimensional (2D) materials, such as Cu,Si*® and
MX (M = Pb, Pt; X = S, Te, Se) monolayers.*”
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Graphene-based nanomeshes (GNMs) with arrays of nano-
holes show diverse electronic band structures distinct from
pristine graphene. Graphitic carbon nitride, g-C;N,, has been
experimentally synthesized for decades.*® Likewise, holey
generated C,N has also been synthesized by a bottom-up wet-
chemical reaction in recent years.*® However, most graphitic
carbon nitrides are semiconductors with relatively large band
gaps, e.g., 2.97 eV for g-C;N,.*° In this contribution, we propose
three GNMs doped with nitrogen and oxygen atoms with the
stoichiometries of C;,N3;, CoN, and C;,0;, whose electronic
band structures in the proximity of Fermi level feature a 2D
honeycomb-kagome lattice. The concurrent Dirac bands and
kagome bands lead to Dirac and DNL semimetallic states at the
Fermi level, which can be regulated by the doping ratio. The
porous configurations of the GNMs facilitate anchoring the TMs
to avoid clustering. The adsorption of rhenium (Re) atoms to
the voids of C;oN; (Re@ C;oN3) GNMs leads to quantum
anomalous Hall (QAH) states. The GNMs offer a promising
platform superior to pristine graphene for regulating the topo-
logical states.

Methods and computational details

First-principles calculations were carried out using density
functional theory (DFT) implemented in the Vienna ab initio
simulation package (VASP).*»** The generalized gradient
approximation (GGA) in the formula proposed by Perdew,
Burke, and Ernzerhof (PBE) was adopted for the exchange-
correlation functional.*® The electron-ion interaction was
described by the projector-augmented-wave (PAW) potentials.**
The Brilloiun zone (BZ) integration was sampled on a grid of 7
x 7 x 1 k-points according to the Monkhorst-Pack method for
structural optimization. The energy cutoff employed for plane-
wave expansion of the electron wavefunction was set to
520 eV. Structural optimizations were carried out using
a conjugate gradient (CG) method until the remaining force on
each atom was less than 0.01 eV A=, The supercell was repeated
periodically along the x- and y-directions, while a vacuum space
of up to 20 A was applied along the z-direction to exclude the
interaction between neighboring images. Maximally localized
Wannier functions (MLWF) were constructed using the WAN-
NIER90 and the Wannier Tools packages.*>*®

Results and discussion
A. Tight-binding model for the honeycomb-kagome lattice

We considered a 2D hybrid lattice comprised of a honeycomb
and a kagome sublattice, as shown in Fig. 1(a). The unit cell
contained five sites with two equivalent basis vectors with an
angle of 60° between them. By placing one p, atomic orbital on
each site and considering the electron hopping between adja-
cent sites in each sublattice and the nearest-neighbor hopping
between the two sublattices without SOC, the effective tight-
binding (TB) Hamiltonian is written as

H= AeZc[*ci + 1ty Z e+ Z chei+ tax Z e (1)

<ij> <ij> <ij>
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where Ae is the onsite energy difference between the honey-
comb and kagome sublattices, c;/c; is the creation/annihilation
operator of an electron on the i-th site, and ¢y, tx, and tux
represent the electron-hopping energies within and between the
honeycomb and kagome sublattices, respectively, as shown in
Fig. S1.T We set these parameters of Ag, ¢y, tx, and tyg as 1.2,
—0.3, —0.4, and 0.1 eV, respectively. The diagonalization of the
above Hamiltonian generated five electronic bands in the
reciprocal space labeled from 1 to 5, as shown in Fig. 1(b). It was
interesting to see that two sets of bands derived from the
honeycomb and kagome sublattices intersected each other,
forming a DNL and two Dirac cones, as shown in Fig. 1(c), which
enabled us realize different topological quantum states by
regulating the position of the Fermi level (the number of elec-
trons of the system), labeled by Ey,, Er, Er3. The intersection of
the Dirac bands (1 and 2) and the kagome bands (3-5) could be
adjusted by varying the onsite energy difference between them.
Moreover, with the increase in the coupling strength (tyx), the
Dirac cones in the honeycomb bands and kagome bands moved
upward and downward, respectively, which regulated the posi-
tion of the nodal line, as shown in Fig. S2.f When ¢k exceeded
a critical value, the two sets of bands separated and the inter-
secting nodal line disappeared, but the Dirac cones were
preserved. More details about the tight-binding model are pre-
sented in the ESIt.

B. Atomic and electronic structures of the GNMs

To realize the Dirac and DNL states of the honeycomb-kagome
lattice, we considered two GNMs with arrays of hexagonal voids,
where the edge carbon atoms were replaced by N or O atoms, as
shown in Fig. 1(d), yielding the stoichiometries of C;,N; and
C,003, respectively. Further substituting the center C atom of
C;0N; with an N atom led to a CoN, GNM. Structural optimi-
zations revealed the lattice constants of 9.71, 9.64, and 9.66 A
for the C;¢N;, CoNy, and C;00; GNMs. The planar configura-
tions were well preserved in the GNMs, ensuring the sp*
hybridization of the p, orbitals perpendicular to the basal plane
to form a conjugated 7 orbital throughout the frameworks.
The electronic band structures of the three GNMs obtained
from the DFT calculations were depicted in Fig. 2(a)-(c). These
GNMs showed very similar band structure characteristics, i.e.,
containing two bands derived from the honeycomb lattice and
three bands from the kagome lattice. To reveal the origins of the
five special bands, we calculated the spatial distribution of the
charge density at the points A-F, which arose from the kagome
and Dirac bands, respectively. From Fig. 2(d)-(i), one can find
that the states of A, B, and C were mainly contributed by the p,
orbitals of the central atom and some of the surrounding atoms,
while the D, E, and F states stemmed mainly from the p, orbitals
of the atoms except the central one. The features of the charge
density distribution basically accorded with the characteristics
of the honeycomb and kagome sublattices. Therefore, these
GNMs can be regarded as candidate materials to realize the
topological semi-metallicity of the honeycomb-kagome lattice.
The orientation-dependent Fermi velocities determined from
the gradient of bands near the Fermi level are presented in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic diagram of the honeycomb-kagome lattice and the first Brillouin zone. The honeycomb lattice is connected by red lines,
while the kagome lattice is connected by blue lines. The red dotted line represents the unit cell. (b) The band structure of the honeycomb-
kagome lattice based on the TB model. Dirac cone and DNL appear in turn as electrons are doped. (c) The 3D diagram of the Dirac cone and DNL.

(d) The structure of a GNM, taking C;0N3 GNM as an example.

Table 1, from which we can see that these GMNs have Fermi
velocities comparable to graphene (8.45 x 10° m s '),* SiC;
(5.91 x 10° m s~ 1),* silicene (5.36 x 10° m s~ '),* germanene
(5.30 x 10°> m s7"),* and higher than Si;C (4.92 x 10° m s~ '),
2D MOF [Pb(C¢Hs)s] (1.72 x 10° m s~ %), [NipCpaSeH1o] (1.25 X

(a

~

(b)

10° m s7'),% etc. Moreover, the conjugated 7 orbitals of gra-
phene were largely preserved in these GMMs, which were
responsible for the semimetallic features. For g-C3N, and C,N,
the conjugated 7 orbitals were destroyed due to the high N
concentrations, which thus lead to a semiconducting nature.
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Fig.2 (a)—(c) Band structures of C;9N3, CoN4and C100s3, respectively. (d)—-(f) Charge densities of the A, B and C states, respectively, decomposed
from Dirac bands. (g)-(i) Charge densities of the D, E, and F states, respectively, decomposed from kagome bands. The isosurface values for (d) to

(i) were set at 0.002 e A3,
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Table1 The Fermi velocity at the linear intersection at the Fermi level

Fermi velocity

(10° ms™) I - K K—-T r—-Xx X—>K
C10N; —6.22 6.42 / /

CoN, / / —7.87 3.51
C1003 —5.42 5.28 / /

Notably, these GNMs had different positions of Fermi level.
This can be attributed to the different numbers of valence
electrons of C, N, and O atoms in these GNMs. For C;,N; GNM,
the Fermi level resided right at the Dirac point of the kagome
bands. When the center C atoms were replaced by N atoms
(CoN,), two more electrons were added into the unit cell.
According to the TB model of the honeycomb-kagome lattice,
the Fermi level will be pushed upward to the position of the
DNL. As the edge N atoms of CoN, GNM were substituted by O
atoms (C;(0s), six electrons per unit cell were introduced, and
the Fermi level moved upward to the Dirac point of the Dirac
bands. Therefore, the Dirac cones at the Fermi level have
different origins for the C;(,N; and C;00; GNM. This offers
a promising strategy to regulate the topological electronic states
of GNMs.

C. Topological properties of Re@C;,N;

Considering the porous structure and rich adsorption sites of
the GNMs, we studied the effects of TM dopants on the elec-
tronic and topological properties of the GNMs. We chose Re as

View Article Online
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Table 2 The binding energy, charge transfer and bond length
between the Re atom and the CNO material. Among these, a negative
binding energy means a more stable structure, while a higher charge
transfer means a stronger bond between atoms. Besides, the bond
length can also indicate the stability of the bond

Ey (eV) AQge — cnvo (€7) Lge-n(0) A)
Re@C1oN3 —4.65 1.14 1.98
Re@C,N, —4.54 1.10 1.94
Re@C1005 0.78 0.53 2.16

the dopant and tested the most stable adsorption configuration
and binding energy (E,) on the GNMs. Wherein, the binding
energy can be defined as Ep, = Eiot — Egnm — Erm, Where Ey,
Egnm and Eqy are the energies of TM@GNM, GNM, and TM,
respectively.”>** Three initial adsorption sites labeled 1-3 were
considered, as shown in Fig. S3.f The results showed that Re
tends to stay at site-2 and lies in the holes of C;,N; and CoNy,
but above the hole of C;,03, as depicted in Fig. 3(a) (Re@C1,N3)
and Fig. S41 (Re@CoN, and Re@C;,03). Bader charge analysis
indicated that the electrons transferring from Re to the GNMs
were respectively 1.14 |e| (C1oN3), 1.10 |e| (CoNy), and 0.53 |e|
(C1003), as listed in Table 2, which were consistent with the
different charge density profiles plotted in Fig. 3(b) (Re@C;,N3)
and Fig. S51 (Re@CyN, and Re@C;,03). The length of the bonds
between the Re and edge atoms were 1.98, 1.94, and 2.16 A for
C10N3, CoNy, and C4003, respectively. C;oN; had the strongest
binding strength to the Re atom with E, = —4.65 eV, whereas

(d)

CAAAA T e
IA I g 0.50
&U 0 & ? 0.00

=
. -0.50
0-0—0-30-0-0 0.78
-1.00

(e)
"Y& ‘\v* "

)
) 09‘}’2? ? 2.0

[—]
S a0

\’\

E=0eV

Fig. 3

(a) The most stable adsorption configuration of Re@C1oNs. The upper panel is a top view, the lower panel is a side view. (b) The charge

density difference of the Re@C;oN3 adsorption configuration; yellow and cyan regions represent electron accumulation and depletion,
respectively. The isosurface values for (b) were set at 0.007 e A=3. (c) and (d) the band structures of Re@C;0N3 without and with considering SOC,
respectively. The red and blue colored bands without SOC represent the spin-up and spin-down character, respectively. (e) and (f) the Berry
curvature at the Fermi level and the energy at —0.78 eV when considering SOC, respectively.
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C;100; had the weakest binding strength of —1.36 eV. Therefore,
we focused on the electronic and topological properties of Re@
C;0N; in the following section.

The electronic band structures of Re@C,,N; without and
with SOC were depicted in Fig. 3(c) and (d). The band without
SOC was spin-polarized, from which we can see that the Fermi
level had moved upward compared with the pristine C;,N3
GNM, which can be attributed to the electron transfer from Re
to C;oN;. The Dirac cones moved down to the region of about
0.78 eV below the Fermi level. New band crossings also emerged
near the Fermi level. The calculated orbital-resolved band
structures, as shown in Fig. S6,T showed that the band crossings
near the Fermi level and the Dirac cones —0.78 eV below the
Fermi level were mainly contributed by C-p,, N-p,, and Re-
d orbitals. The contributions of Re atoms would harbor
a significantly strong SOC strength. When SOC was involved,
the Dirac cones were opened up with a band gap of 120 meV,
while the band crossings near the Fermi level were also gapped
by 1.47 meV and 88.28 meV, respectively.

Generally, such SOC-induced band evolution is a typical
scenario for the existence of topologically nontrivial electronic
states. We therefore revealed the topological characteristics by
means of the maximally localized Wannier functions (MLWFs)
implemented in the WANNIER90 and the WannierTools pack-
ages in combination with DFT calculations.***® According to the
origins of these electronic states, we constructed the MLWFs
using the d orbitals of the Re atoms and the p, orbitals of the C
and N atoms. We calculated the k-resolved Berry curvature Q(k)
by using the Kubo formula:****
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Fig. 4
number at the two energy levels, respectively.
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Q(k) = f(Eq(k))2,(k) (2)
<\[/nk |UX N/mk) <¢mk ‘Uy | ll’nk)
Q,(k) = 21 ;
) ==2m ) ) - Ex (k) @

where the summation is over all of the occupied states, E,(k)
represents the eigenvalue of the Bloch function y,,, fis the Fermi-
Dirac distribution function, and v,/v, are the velocity operators in
the x/y direction. Then, the Chern number (C) can be obtained by
integrating the Berry curvature over the first Brillouin zone:

1

C:E

J Q(k)d*k (4)

The Chern number can also be viewed as the number of
electronic charges pumped across the unit cell in the course of
a cycle, which is evaluated from the evolution of the hybrid
Wannier charge centers during a time-reversal pumping
process. Moreover, the chiral edge states appearing within the
band gap can also be evidence of the topological properties.

Using the above strategy, we first checked the topological
aspects of the band gap near the Fermi level. From the Berry
curvature depicted in Fig. 3(e), one can find a peak appears at
every band gap but was almost zero in the other regions. The
calculated Chern number for the band was C = 2, which was
consistent with the winding numbers shown in Fig. 4(c).
Accompanied by the nonzero Chern number (C = 2), two dis-
sipationless and topologically protected edge states emerged on
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(@) and (b) the edge states along the [010] orientation at the Fermi level and the energy at —0.78 eV, respectively. (c) and (d) the winding
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each side of a Re@C;,Nj; ribbon. As shown in Fig. 4(a), the bulk
states were connected by two topologically nontrivial edge states
with the same orientation, which was consistent with the
magnitude of the Chern number. For the band gap 0.78 eV
below the Fermi level, the calculated Chern number was C =
—2, which was in good agreement with the winding numbers
shown in Fig. 4(d) and two topologically nontrivial edge bands
with opposite directions shown in Fig. 4(b). Therefore, both
band gaps were topologically nontrivial, and thus are promising
for achieving QAH effects.

Conclusions

In summary, we proposed a single-orbital TB model of
a honeycomb-kagome lattice with a concurrent Dirac cone and
DNL. By means of first-principles calculations, we predicted
three GNMs (C4(N3, CoNy4, and C;,03) as candidate materials to
realize this TB model. The electronic band structures of these
GNMs exhibited similar characteristics of Dirac and DNL
semimetals depending on the valence electron numbers of the
dopant atoms that regulate the position of the Fermi level. The
adsorption of rhenium (Re) atoms to the voids of C;oN (Re@
C10N3) GNMs induced QAH states with nonzero Chern numbers
and chiral edge states. Beside the topological aspects of
TM@GNMs, the active TM atoms anchored onto the GNMs also
offer a promising strategy for single-atom catalysis (SAGs).
Topological surface states are expected to act as an electron
path in catalytic processes and thus may affect the catalytic
activity.>** Our work provides an ideal candidate system for the
study of topological catalysis, where the catalytic efficiency is
highly correlated to the topological aspects of materials.
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