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Abstract

The structural and electronic properties of the hydrogenated porous graphene nanoribbons were studied
by using density functional theory calculations. The results show that the hydrogenated porous graphene
nanoribbons are energetically stable. The effects of ribbon type and ribbon width on the electronic properties
of these nanoribbons were investigated. It was found that both armchair and zigzag hydrogenated porous
graphene nanoribbons are semiconductors. Their energy band gaps depend on the ribbon width and
topological shape of carbon atoms at the edges of the nanoribbons. The band gap of the nanoribbons decreases
monotonically with increasing the ribbon width. The semiconducting properties of the hydrogenated porous
graphene nanoribbons suggest these ribbons as proper materials for use in future nanoelectronic devices.
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INTRODUCTION

Carbon has the ability to form a variety of
allotropes [1]. Low dimensional carbon allotropes
such as fullerene [2], carbon nanotubes [3],
graphene and graphyne [4, 5] have attracted a
lot of attention due to their special structures
and unique properties. In particular, graphene
has been extensively studied [6-15]. Graphene
is @ monolayer of carbon atoms arranged in a
honeycomb lattice. The unique properties of
graphene, in particular its electronic properties
make it an ideal material for use in future
nanoelectronic devices. The electronic properties
of graphene arise from the existence of Dirac
cones, where the valence and conduction bands
meet linearly at a single point in the momentum
space [6, 16-18]. Hence, graphene is a zero band
gap semiconductor named semimetal. The lack
of band gap limits the practical applications of
* Corresponding Author Email: royamajidi@gmail.com

graphene in nanoelectronics. To overcome this
problem, many methods such as doping, chemical
functionalization, and geometrical restrictions
have been tried to open and control the energy
band gap of graphene [19-32]. For instance, two-
dimensional graphene sheet has been manipulated
to form quasi one-dimensional strips named
graphene nanoribbons [27]. It is shown that the
graphene nanoribbons are semiconductors with
direct energy band gaps and their energy band
gaps are inversely proportional to the ribbon
width [27].

Many other two-dimensional carbon networks
and their derivatives become objects of interest
to optimize the electronic properties of carbon-
based nanostructures [25, 29-36]. For instance,
hydrogenated porous graphene and biphenylene
carbon have been proposed as they have the
advantage of retaining some of the graphene
properties while being intrinsically nonzero gap
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structures [34, 35]. Furthermore, nanoribbons
which use biphenylene as building block were
investigated [35, 36]. It was found that the energy
band gap of nanoribbons depends on the ribbon
width and edge atomic connectivity [35, 36]. In the
present work, we have considered nanoribbons
based on hydrogenated porous graphene. The
structural and electronic properties of these
hydrogenated porous graphene nanoribbons
were studied using density functional theory
(DFT).

COMPUTATIONAL METHOD

All calculations were performed using the
OpenMX3.8 package [37] within the framework
of DFT. The electron exchange correlation was
treated using the Perdew-Burke-Ernzerhof
(PBE) formulation of the generalized gradient
approximation (GGA) [38]. The basis sets were
generated using pseudo atomic orbitals (PAOs).
The PAO basis functions were specified by s2p2d1
(two s-state, two p-state, and one d-state radial
functions) for C and H atoms, within cutoff radii
of basic functions set to the values of 7 Bohr
radii. The cutoff energy for the plane wave basis
set was taken to be 150 Ry. In the band structure
calculations, 21 k-points were considered along I'
(0 0 0) to X (0.5 0 0) direction. The position of all
atoms was fully relaxed until the forces on each
atom were smaller than, 0.05 eV/A. The periodic
boundary conditions were applied. A vacuum
space of 20 A was considered between two
adjacent ribbons to eliminate interaction between
the original structure and its periodically repeated
images. The charge density difference was also
calculated to better understand the nature of
bond characteristic.

The cohesive energy, E_,, was calculated to
have a measure of the stability of each structure.
The cohesive energy represents the energy that
would be required to decompose the structure
into isolated atoms. It was defined as:

E = Ey =(cEc —nyEy) (1)
coh ne +n,

where, £, , E. ,and E} are total energy
of the ribbon, C and H atoms, respectively. 1~
and n, denote the number of C and H atoms,
respectively. Here, negative cohesive energy

implies an energetically stable structure.
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RESULTS AND DISCUSSION

Before studying the electronic properties of
hydrogenated porous graphene nanoribbons,
the structural and electronic properties of
hydrogenated porous graphene sheet were
discussed. The structure of hydrogenated porous
graphene sheet can be described as a network
of CH, benzene-like units, interconnected
through C-C bonds [31]. The primitive unit cell of
hydrogenated porous graphene sheet contains
12 C and 6 H atoms [31, 34]. We have used a
supercell with 24 C and 12 H atoms as shown
in Fig. 1a to model the infinite hydrogenated
porous graphene sheet. Our calculated cohesive
energy for hydrogenated porous graphene sheet
is -5.87 eV/atom. The negative cohesive energy
denotes hydrogenated porous graphene sheet
is energetically favorable and can be achieved
experimentally. The stability and cohesive energy
of hydrogenated porous graphene sheet were
reported in previous study [26]. Top view of
charge density diagram for hydrogenated porous
graphene sheet is illustrated in Fig. 1b. Here,
charge density isosurface value of 0.012 e/A3 is
chosen for the given diagrams. Electron loss and
gain are represented by cyan and yellow color
isosurfaces, respectively. The results show that
electron accumulation is mainly located within the
C bonds, while electron depletion occurs around C
atoms. It means that the C—C bonds are covalent
in nature.

The electronic band structure and density of
states (DOS) of hydrogenated porous graphene
sheet are shown in Fig. 2. Our results give a band
gap of 2.097 eV for hydrogenated porous graphene
sheetin good agreement with previous studies [29,
31, 32, 39]. In previous studies, DFT calculations
determined the values of 3.2, 2.35, and 2.48 eV,
whereas a value of 3.7 eV was measured using the
crystal orbital methods [29, 31, 32, 39].

The armchair and zigzag hydrogenated porous
graphene nanoribbons were obtained by cutting
through an infinite hydrogenated porous graphene
sheet along two directions indicated as x and y
directions in Fig. 1a, respectively. The nanoribbons
were named armchair and zigzag depending on
the topological shape of the carbon atoms on
the edges. In both cases, we have considered
hydrogen termination. Fig. 3 show configurations
of the armchair and zigzag hydrogenated porous
graphene nanoribbons with widths of 24.61 and
24.16 A, respectively. The ribbon width, W, is
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Fig. 1. (a) Atomic structure and (b) top view of charge density difference for hydrogenated porous graphene sheet. (The yellow and
cyan regions show the gain and loss of electron, respectively).
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Fig. 2. (a) Electronic band structure and (b) density of states of hydrogenated porous graphene sheet.
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Fig. 3. Atomic structures of (a) armchair nanoribbon with width of 24.61 A and (b) zigzag nanoribbon with width of 24.16 A.

measured from the carbon atoms. The unit cell of
the armchair and zigzag nanoribbons are marked
in Fig. 3, respectively. The lengths of the unit cell,
T, are 12.79 and 7.38 A for the armchair and zigzag
nanoribbons, respectively.

As an example, charge density diagrams of
the armchair and zigzag hydrogenated porous
graphene nanoribbons with widths of 24.61 and
24.16 A are presented in Fig. 4. Similar to the sheet,
electron accumulation and depletion sites are
mainly located within the C bonds and around the
C atoms, respectively. The C—C bonds are covalent
in hydrogenated porous graphene nanoribbons.

Int. J. Nano Dimens., 11 (2): 112-118,, Spring 2020

The cohesive energies of these nanoribbons as
a function of ribbon width are shown in Fig. 5. The
negative cohesive energies denote the possibility
of experimentally producing hydrogenated porous
graphene nanoribbons. Our results also indicate
that the cohesive energy of the nanoribbons
converges to the cohesive energy of the sheet
with increasing the ribbon width (Fig. 5). It
means the wide nanoribbons are as stable as the
hydrogenated porous graphene sheet.

To study the effect of quantum confinement
in the hydrogenated porous graphene sheet,
electronic properties of the hydrogenated porous
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Fig. 4. Top view of charge density difference for (a) armchair nanoribbon with width of 24.61 A and (b) zigzag nanoribbon with width
of 24.16 A. (The yellow and cyan regions show the gain and loss of electron, respectively).
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Fig. 5. Cohesive energy of armchair and zigzag nanoribbons as a function of ribbon width.

graphene nanoribbons were studied. For, instance, to have a direct band gap between top of the
the electronic band structures and DOS of the valence band and bottom of the conduction band
armchair and zigzag nanoribbons with widths of at the I point, and the zigzag nanoribbons have a
24.61 and 24.16 A are plotted in Fig. 6 and Fig. 7, band gap at a point between the I and X point.
respectively. The armchair nanoribbons are found The DOS is zero at the Fermi level. Hence, these
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Fig. 6. (a) Electronic band structure and (b) density of states of armchair nanoribbon with width of 24.61 A.
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Fig. 7. (a) Electronic band structure and (b) density of states of zigzag nanoribbon with width of 24.16 A.

nanoribbons have semiconducting properties.
The energy band gap of hydrogenated porous
graphene nanoribbons as a function of the ribbon
width is plotted in Fig. 8. In the present study,
the narrowest armchair nanoribbon with width
of 9.84 A and the narrowest zigzag nanoribbon
with width of 11.37 A present band gap of 2.32
eV larger than the band gap of the hydrogenated
porous graphene sheet (2.097 eV). Here, the
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widest considered armchair nanoribbon with
width of 54.15 A and the widest considered zigzag
nanoribbon with width of 62.52 A have band gap
of 2.01 eV. It is clear that the band gap decreases
monastically as the width of the ribbon increases.
The band gap converges to 2.01 eV which is 0.087
eV smaller than the band gap of the hydrogenated
porous graphene sheet (2.097 eV). This is because
the valence band maximum and the conduction
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Fig. 8. Energy band gap of armchair and zigzag nanoribbons as a function of ribbon width.

band minimum are determined by edge-states
[40]. Our results also indicate that the confinement
effects decrease and become negligible with
increasing the ribbon width.

CONCLUSION

We have studied the structural and electronic
properties of hydrogenated porous graphene
nanoribbons using DFT. The cohesive energy,
charge density difference, electronic band
structure, and DOS were calculated. The negative
cohesive energy indicates the considered
hydrogenated porous graphene nanoribbons.
The C-C bonds of hydrogenated porous graphene
sheet and nanoribbons are covalent in nature. The
hydrogenated porous graphene nanoribbons with
armchair and zigzag type edges were considered.
The calculations show that both armchair
and zigzag hydrogenated porous graphene
nanoribbons present semiconducting properties
similar to the hydrogenated porous graphene
sheet. The band gap of these nanoribbons
decreases monotonically with increasing ribbon
width and converges to almost the energy band
gap of hydrogenated porous graphene sheet.
The rich variety of the electronic properties of
hydrogenated porous graphene nanoribbons
suggests that these ribbons could be proper
materials for use in nanoelectronic devices.
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