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1. Introduction

Graphene is an atomically thick monolayer formed by hexagonally arranged carbon atoms
with sp2 planar covalent bonds [1]. It has unique mechanical [2], electronic [3], optical
[4], and transport properties [5], leading to many potential applications [6]. Its low-energy
electron excitations are 2D massless chiral Dirac fermions [3], moving 300 times slower
than light [7]. These fermions have nearly ballistic transport and high mobility at room
temperature [3, 5, 7–9]. In magnetic fields, their motion is associated with several quantum
Hall effects, observable at room temperature [10, 11]. Many methods have been proposed
to fabricate large-area semiconducting graphene materials, such as chemical [12–14],
sonochemical [15], and lithographic [16, 17] methods. Graphene is a great candidate for
electronic applications [6], especially upon further functionalization [18–20]. Graphene was
modified by wrapping [21–24], oxidation [25–27], etching [12, 28, 29], covalent [20, 30–34],
noncovalent [20, 35], and biological [36] functionalization.

Despite the fact that graphene has excellent transport characteristics, its applicability in
semiconductor industry is limited, since it lacks a significant band gap ≫ kT [3]. Therefore,
graphene conductance can not be easily modified by doping and electric fields, as in silicon
[37]. However, a band gap can be opened in geometrically restricted graphene [5, 38–42].
The simplest restrictions originate in edges [43], giving graphene unique structural [44–46],
electronic [39, 41] and chemical properties [47]. Graphene edges have been modified [48, 49]
by selective chemical bonding [50] and etching [29, 51]. They have been controlled by
electrochemical [52] and optical [53] means, and characterized spectroscopically [54–56].
When graphene is restricted by two parallel edges, a graphene nanoribbon (GNR) is formed
with armchair (AGNR) or zig-zag edges (ZGNR). Metallic or semiconducting GNRs can be
obtained by cutting graphene [57], carbon nanotubes or by purely organic means [58]. While
tight-binding calculations showed that AGNRs appear to be metallic at certain widths [59],
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DFT calculations predicted that all AGNRs are semiconducting, with a band gap roughly
inversely proportional to the GNR width [59–62], but all ZGNRs are semimetallic.

Alternatively, graphene can be restricted by perforation with nanopores, in analogy to a
two-dimensional Swiss cheese [63, 64]. Graphene nanopores can be functionalized to create
materials with rich applications in physics [65], chemistry [66, 67], biology [68] and various
technologies [69, 70], such as molecular separation [63, 71–75] and electronics [6, 62, 76].
Chemical functionalization of graphene nanopores can improve their separation ability
[63, 77–83], and detection [74, 84]. For example, oxidation of packed multilayered graphene
sheets could allow selective ultrafast water flows through these layers, and prevent the
passage of helium, nitrogen, argon, and hydrogen [80]. Nitrogen substitutions of carbon
atoms in the pore rims are important for a quick separation of 3He and 4He nuclei [77].
Diamond-like carbon nanosheets with nanopores can selectively filtrate organic solvents [81],
such as ethanol and azobenzene.

2. Preparation of porous nanocarbons

The porous graphene can be prepared by top down and bottom up approaches. In the
top down approach, nanopores can be drilled in graphene by electron beams [73, 85–87] or
by oxidative [64, 75, 88] and steam [89] etching. In Fig. 1 (left), an electron-beam drilled
nanopore in graphene is shown [73]. This pore has been used to detect the passage of ionic
solutions and DNA molecules [73, 86, 87]. Graphene nanopores prepared by oxygen plasma
etching [64] have homogeneous distribution of sizes, which leads to opening of an effective
energy gap of 100 meV in the graphene material. Steam etching of graphene by water vapor
in a seal vessel at 200 K temperature is a rather slow process [89], but with a better control
of the porosity by the etching time.

Figure 1. (left) Experimentally prepared graphene nanopore by electron beam drilling. From Ref. [73]. (right) Synthetic growth

of porous graphene from organic molecules covalently bound on the surfaces of metals. From Ref. [90].

Precise graphene nanopores could also be prepared by bottom up approaches, where porous
graphene can be grown from conjugated aromatic molecules covalently interconnected on
the surfaces of other materials (metals). In Fig. 1 (right), we show graphene nanopores with
precisely functionalized rims experimentally prepared in this manner [90]. This procedure
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uses surface-assisted coupling of molecular precursors into linear polyphenylenes and their
subsequent cyclodehydrogenation. The porous graphene was synthesized by depositing
hexaiodo-substituted macrocycle cyclohexa-m-phenylene (CHP) on Ag (111) surface, and
annealing to temperatures above 570 K initiates the polymerization reaction. Six-fold
aryl-aryl coupling of the CHP monomers resulted in a 2D polyphenylene network. This
contained periodic nanopores in a hexagonal pattern in the polymerized graphene layer, also
with atomic precision. Another bottom up approach used the self-assembly of close-packed
polystyrene nanospheres to synthesize semiconducting porous graphene networks [62].
Highly ordered networks of carbon atoms based on non-covalent interactions, such as
hydrogen bonding, metal coordination, or aromatic interactions have also been grown on
various single crystalline substrates [58, 90, 91].

Although both the bottom up and top down approaches create porous graphene with
a band gap, the amount of imperfections is significantly smaller in the first approach.
This is of importance for electronic and optical applications [6]. Field effect transistors
made of porous graphene fabricated in a top down way demonstrate a high hole mobility
at room temperature [64]. In a functionalized and modified graphene, spectroscopic
methods are used to characterize the electronic states [51, 92] and chemical structures before
[92–98] and after [99–101] modifications. These methods include Raman [99, 102–105],
resonance-Raman [51], surface-enhanced Raman [106], infrared [95, 107–109], plasmon [110],
nuclear magneto-resonance [111], scanning tunneling [95, 112], photoemission [113] and
Auger electron spectroscopies [114].

3. Ionic and molecular separation by graphene nanopores

Biological ionic channels play a key role in many cellular transport phenomena [115]. The
large selectivity of these proteins is realized by precisely arranged arrays of charged amino
acids that can efficiently recognize and guide the fast passing ions [116]. Much simpler
non-biological ionic and molecular channels are made from zeolites [117], carbon [118], silica
[119] and other materials [120, 121]. For many industrial applications, these channels are
often not selective and transparent enough. Therefore, ion and molecular channels with
novel structures and recognition principles need to be designed.

Molecular dynamics studies have predicted [122] and experiments have demonstrated
fast transport of gases [123, 124] and liquids [125–128] through carbon nanotube (CNT)
membranes. Hydrated ions could also pass through CNTs of large enough diameters
[129]. Recently, graphene [1] and boron-nitride [130] monolayers have been prepared
and intensively studied [131–133] for their many potential applications. The first is a
semimetal that can screen free charges (screening length of 4 Å [134]), while the second
is a semiconductor with a large band gap that screens charges very little.

3.1. Ionic and atomic separation by graphene nanopores

Note that graphene layer is impermeable to even small atoms, such as helium [135]. However,
recently, functionalized nanopores in graphene monolayers have been theoretically designed
and have shown that they could serve as ionic sieves of high selectivity and transparency
[63], in analogy to natural functional proteins [136–138].
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Figure 2. Functionalized graphene nanopores. (Left) The F-N-terminated nanopore. (Right) The H-terminated nanopore. From

Ref. [63].

In Fig. 2, we display the studied chemically modified graphene nanopores. The F-N-pore
(left) is terminated by negatively charged nitrogens and fluorines, favoring the passage of
cations. The H-pore (right) is terminated by positively charged hydrogens, favoring the
passage of anions. These nanopores could be formed in the graphene monolayers by ion
etching [139], and their chemical modifications could be realized by local oxidation, similarly
as on graphene edges [140, 141].

We modeled the passage of hydrated ions from the first and seventh periods through these
tiny nanopores. Our molecular dynamics (MD) simulations [142–144] were performed with
the NAMD package [145], based on the CHARMM27 force field [146]. The model graphene
sheets (sizes of 23x23 Å) have chemically modified nanopores in their center. The atomic
charges of these sheets are obtained ab initio with B3LYP density functional [147], using the
Gaussian03 package [148]. These calculations show that when the ion passes through the
graphene nanopore, the semimetallic sheet becomes highly polarized.

Therefore, a screening charge of the same size but opposite sign to that of the ion goes to
the pore rim and an opposite charge remains spread on the rest of the sheet. In the presence
of water the screening charge should be more delocalized at the pore entrance, due to water
polarization. In the MD simulations, we model these effects by homogeneously spreading
the screening charge for the studied ion on the first atomic layer of the pore and the atomic
ligands attached to it. The screening charge is kept there during the whole simulations,
since its presence is little affecting the dynamics when the ion is far away from the pore. The
opposite polarization charge on the sheet is neglected, for simplicity, so the combined system
of the ion and the sheet is kept neutral.

In the simulations, the sheet is placed in a periodic unit cell with 10 Å of water (320 waters
in total) on each side. One ion is placed in the cell and driven by an electric field E applied
in the direction perpendicular to the graphene sheet. Each simulation run typically lasts
100-500 ns. It turns out that the F-N-pore is only passed by the Li+, Na+ and K+ ions, while
the H-pore is only passed by the Cl− and Br− ions. This selectivity of the nanopores, even
in the presence of large driving field of E = 0.1 V/nm, is caused by the Coulombic coupling
between the ion and the functionalized nanopore rim. At this field, the passage rates of Li+,
Na+ and K+ have the ratio of 9:14:33, while those of F−, Cl− and Br− have the ratio of
0:17:33. Therefore, the nanopores are also highly selective to the sizes of the ions. The Li+

and F− ions have the lowest passage rates, because of their small radii and large coupling to
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Figure 3. (left) The time-dependent distance d between the Na+ and Cl− ions and the centers of the F-N-pore and H-pore,

respectively, at the field of E = 6.25 mV/nm. The ion passages through the two nanopores have very different dynamics. (right)

The passing ions are surrounded by two water half-shells, but only Cl− has relatively stable binding to the pore. From Ref. [63].

the water molecules in their hydration shells. On the contrary, K+ and Br− have large radii,
so it is relatively easy to break their hydration shells in the pores.

In Fig. 3 (right insets), we also show the configurations of the selected Na+ and Cl− ions
passing through the two nanopores. The polar and charged rims replace some of the water
molecules from the first hydration shell of the ions passing through the nanopores. Due to
the atomic thickness of the graphene layer, the passing ion is surrounded by two separated
first hydration half-shells at its both sides. The close contact between the pore rim and the
ion leads to the high selectivity of the ion passage.

Fig. 3 (left insets) displays the time-dependent distance d between the ions and their pore
centers, obtained at the low field of E = 6.25 mV/nm. The character of the obtained
fluctuations reveals that the ion passages through the two nanopores have very different
dynamics [149]. The Na+ ion passes the F-N-pore rather fast, without binding with it. It
rarely gets closer than 5 Å to the pore center and stays most of the time in the water region
(d > 10 Å). The ion does not pass through the pore center, but rather through one of the
three smaller holes in the nanopore with the C3 symmetry. This asymmetric hole can not
easily break the hydration shell of the Na+ ion. The K+ ion binds weaker to its hydration
shell and it starts to bind to the pore.

The Cl− ion has more stable binding to the symmetric H-pore, where it already stays for
about 70% of the time. The electric field decreases the ion-pore binding, which is reflected
in shorter time periods spent by the ion in the pore. At the field of E = 0.1 V/nm, the Cl−

ion already stays in total only 30% of the time inside the pore. The unidirectional ion flow in
the presence of electric field is reflected in the slight left-right asymmetry in the number of
entrances of the ion in the nanopore and exits out of it.

Figure 4 shows the results of the ion flow through the system at different fields E. We
display the field dependence of the average number of Na+ and Cl− ion passages, rNa and
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Figure 4. (right axis) Dependence of the rNa and rCl flow rates of the hydrated Na
+ and Cl− ions through the F-N-pore and

H-pore, respectively, on the applied electric field E. (left axis) The average time tCl spent by the Cl− ion inside the H-pore. From

Ref. [63].

Figure 5. A graphene nanopore functionalized by nitrogen atoms, used in the separation of 3He and 4He isotopes. From

Ref. [77].

rCl , through the F-N-pore and the H-pore, respectively. Both rates monotonously grow with
the field, showing the accelerated passage of the ions through the pore and the surrounding
water layers. We also show the field-dependence of the average residence time tCl of the Cl−

ion in the H-pore, defined as the time during which the ion stays within the 5 Å distance
from the pore center. We can see that tCl decreases monotonously with the field that helps
the ion to overcome the Coulombic binding to the nanopore.
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Figure 6. The EDLC simulation cell. Upper panel: the simulation cell consists of a BMI-PF6 ionic liquid electrolyte surrounded by

two porous electrodes (CDC-1200) held at constant electrical potentials (blue: C atoms, red: the three sites of BMIC and green:

PF6 ions; a coarse-grained model is used to describe these ions). Lower panel: structure of the electrode for various voltages.

For each value, the same snapshot is shown twice: The ionic distribution is shown on the left. The degree of charging of the

electrode atoms is shown on the right, where the carbon atoms are coloured according to the charge q they carry (green:

q < 0, red: q > 0 and yellow: q = 0). From Ref. [151].

The above results have shown that chemically functionalized nanopores in graphene
monolayers can have a high selectivity for the passage of hydrated ions. These ionic and
molecular nanopores could be optimally designed [150] by choosing the type of monolayer
material, the pore sizes and the structure/number of ligands attached to their rims. These
ultrasmall nanopores could be applied in molecular separation, desalination and battery
technologies.

Selective atom passage through graphene nanopores was also studied by first principle
techniques [77]. In Fig. 5, we show the configuration of one of the studied systems with
a chemical structure possibly matching the separated 3He and 4He isotopes. The tunneling
rates of the isotopes through the different nanopores were calculated. The barriers for 3He
to pass through the three nanopores were found to be very different one from another. The
hydrogen, half-nitrogen (one side), and full-nitogen (both sides) terminated nanopores had
the barriers, ≈ 0.078 eV, ≈ 0.025 eV, and ≈ 0.0076 eV, respectivelly. To achieve a high flux
through the nanopore, while keeping a large difference in the transimission probabilities of
3He and 4He isotopes through the nanopore, the one-sided nitrogen doped pore (the second
pore) was chosen, as shown in Fig. 5. The transmission ratio between 3He and 4He was 2 at
20 K, and raised with decreasing temperature to 19 at 10 K.
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Figure 7. The graphene nanopore used in separations of hydrogen and nitrogen gases. The graphene sheet is represented

by a yellow plane with white points referring to carbon atoms, and the pore shape is colored by red; hydrogen and nitrogen

molecules are colored by green and blue, respectively. From Ref. [152].

Porous graphene could also be used as a unique material for electrodes in supercapacitors
and batteries, as shown in recent simulations with polarizable force fields [151]. In Fig. 6
the studied system is shown. Upon charging the porous nanocarbon electrodes, ionic liquid
electrolytes could enter into them through the nanopores. The anode retains more anions
than cations, and the cathode retains more cations than anions. The supercapacitor formed
could store charges with a very high efficiency.

3.2. Molecular separation by graphene nanopores

In the separation of neutral molecules by graphene nanopores, van der Waals interactions
are crucial, since size exclusion is the main separation mechanism. Recently, for example, the
separation of nitrogen and hydrogen gases in graphene nanopores have been examined by
MD simulations [152], as shown in Fig. 7. In the minimal graphene nanopore size studied
here, hydrogen molecules could pass through the pore and nitrogen molecules were totally
excluded. When the graphene pore size became larger, N2 passed through the nanopore
much faster than H2 due to a different mechanism. It was found that N2 was largely adsorbed
on the graphene surface, due to strong van der Waals attraction, and it diffused on it, before
reaching the pore. On the other hand, H2 was much less adsorbed on the graphene, and it
had to diffuse in the 3D space before reaching the nanopore.

It was also shown by MD simulations that graphene nanopore could enhance the separation
of carbon dioxide from nitrogen molecules [153]. Separation of hydrogen molecules from
methane molecules based on the size exclusion mechanism was also investigated by ab initio
methods [71]. The potential energy surfaces of a hydrogen and methane molecules passing
through a chemically modified graphene nanopore were obtained by density functional
methods. A dramatic difference between these two potential energy surfaces was found,
which caused a highly efficient separation of hydrogen molecules from methane molecules.
It was also shown that methane could be separated from air by graphene nanopores [154],
which could serve as atmospheric nanofilters [155].

The flow of water through graphene nanopores was also simulated [72] in a configuration
shown in Fig. 8. The passage of a single water molecule through such a small graphene
nanopore necessitates it to break most of its hydrogen bonds, which significantly slows down
the water flux through the nanopore (two water molecules that are separated by the graphene
nanopore have one hydrogen bond in common). As the pore size increase so does the flux.
Graphene nanopore of a diameter d > 0.8 nm were proven to have higher water flux than
a carbon nanotube of the same diameter. Therefore, porous graphene could have significant
applications in desalination [156].
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Figure 8. (a) Graphene membrane with a nanopore of diameter davg = 0.75 nm (left) and davg = 2.75 nm (right). (b) Simulation
setup. Cyan color represents carbon atom, red color and white color represent the oxygen and hydrogen atoms of a water

molecule, respectively. Two water reservoirs are attached to each side of the porous graphene membrane. Ly = Lx = 4 nm
when the pore diameter is 0.75 nm, and Ly = Lx = 6 nm when the pore diameter is 2.75 nm. In the shaded region (z = 1
nm), external forces are applied on water molecules to create a pressure drop across the membrane. From Ref. [72].

It was shown that graphene with nanopores could be a good candidate for water desalination
[156, 157]. Traditional water desalination industry applied polymeric reverse osmosis
membranes, which had high salt rejection, but with a very low water flux rate. Graphene
nanopores could selectively reject salt [157], and with a water flux several orders of
magnitude higher than polymeric reverse osmosis membranes. The salt rejection mechanism
is based on size exclusion [157], since salt ions have hydration shells that are much bigger
than single water molecules. The maximal diameter of the hydrogen-terminated nanopore
that could reject salt is 5.5 Å. The salt rejection rate decreases at higher pressures, since the
ion hydration shells break. Since, large areas of graphene can be grown on copper foils [158],
it is likely that graphene membrane can have industrial applications for water desalination
in the future.

Recently, other graphene-based filtration membranes were studied as well. For example,
small pieces of graphene oxide (GO) were packed to form multilayered membranes [80],
shown in Fig. 9 (a-b). In each layer of the membrane, the GO pieces were disconnected, with
empty space between the pieces, as shown in Fig. 9 (c). When water was adsorbed on the
membrane, it found empty spaces in each GO layer and protruded toward the next layer. In
this way, water was able to penetrate through the whole membrane. However, such water
permeable GO membranes prevents the leakage of He gas, as shown in Fig. 9 (d).

Graphene nanopores could also be used for DNA sequencing [73, 86, 87, 159]. Previous
sequencing nanopores were relatively thick and retained multiple DNA base pairs inside the
nanopore during the sequencing process, so the detection of these bases were not efficient.
On the contrary, graphene nanopores can provide detection within an atomically thick
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Figure 9. He-leak through GOmembranes. (A) Photo of a 1-mm-thick GO film peeled off of a Cu foil. (B) Electron micrograph of

the films cross section. (C) Schematic view for possible permeation through the laminates. Typical L/d is 1000. (D) Examples of

He-leak measurements for a freestanding submicrometer-thick GO membrane and a reference PET film (normalized per square

centimeter). From Ref. [80].

monolayer. The detection of DNA basis might be possible to deduce from the fluctuations of
ionic currents passing simultaneously with the DNA through the graphene pores.

In the experiments [73], double stranded DNA molecules and solvated ions were
electrophoretically passed through a 5 nm graphene nanopore, shown in Fig. 1 (left). Ions
could pass smoothly through the nanopore, and their electric current is proportional to the
applied voltage. However, other molecules present in the nanopore reduce the ion current.
When a DNA molecule passes through the nanopore, it causes electric current blocade, and
reduces the current for a certain time, which can reflected the size and conformation of the
passing DNA. If the DNA molecule is folded, then the blocade duration is short (e.g. on the
order of 10 microseconds). When the DNA is unfolded, it passes the nanopore as a linear
chain, and the current blocade lasts for a longer time (e.g. 200 microseconds). In this way,
details about the DNA molecule and its passage through the graphene nanopore could be
detected.

The passage of DNA through a graphene nanopore was also investigated by MD simulations
in the presence of electric fields [74, 160]. To make sure that DNA translocation through
the nanopore completes within a time scale that is accessible for molecular dynamics, a bias
voltage of φ = 2.1 V was applied to the system. It turned out that additional charges at the
nanopore also influenced the field-driven DNA passage through the nanopore. A positively
charged nanopore allowed faster transport of DNA through the nanopore than negatively
charged ones, since DNA alone is negatively charged. Figure 10 shows a trajectory of DNA
conformations during the translocation through the nanopore within 15 ns in the electric
field. The partially folded DNA had various conformations while passing through pore,
and the electric current fluctuated with these conformations. When part of the DNA was
inside the nanopore, the current had different peaks signifying the translocation events.
It was shown that poly(A-T)20 and poly(G-C)20 duplexes passing through the nanopore
produce different ionic current profiles. This means that A-T and G-C base pairs could
be distinguished. Molecular and atomic species passing through graphene nanopores
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Figure 10. Translocation of partially folded DNA. The three dotted lines correspond to plateaus in ionic current signature.

Snapshots of DNA conformation during translocation is shown in (a-e). (a) Initial conformation of DNA; (b) DNA captured by

pore mouth; (c) both chains of folded DNA in the pore; (d) one chain leaves pore; (e) DNA exits the pore completely. The

diameter of the pore is 3 nm and the bias voltage was 2.1 V. From Ref. [74].

could in principle be detected electronically from the change of the electronic structure of
porous nanocarbons in the presence of passing molecules [71]. For example, the electron
transmissivity of porous nanocarbons may significantly vary when the particular molecule
passes through the pore [161–163].

4. Electronic Structure/Transport in Porous Nanocarbons

Given the discussed possibilities of molecular separation and detection in graphene
nanopores, it is important to understand the electronic structure of porous graphene in
vacuum and in the presence of molecular fields. Therefore, we review the electronic
properties of porous nanocarbons (PNCs), as shown in Fig 11. In general, PNCs are
derived from graphene, carbon nanotubes (CNT), and nanoribbons (GNR) by introduction
of functionalized pores. These nanopores allow tuning of their electronic structures, which
can be useful in a wide range of electronics applications [164–169].

4.1. Electronic structures of porous nanocarbons

The main effects that the pores cause in pristine nanocarbons are: 1) the energy band gap
opening; 2) the emergence of midgap energy states; 3) flat and quasi-flat bands at zero
and low non-zero energies. Although, partial results for the electronic structures of porous

Porous Nanocarbons: Molecular Filtration and Electronics
http://dx.doi.org/10.5772/56247

129



Figure 11. Examples of PNCs.

graphene [167–169] and other PNCs have been obtained [5, 59, 170–173], general principles
that would unify their electronic structures are missing.

Graphene and its derivatives were studied theoretically by a variety of methods, such
various DFT and tight-binding (TB) approaches, using semiempirical parametrization of
electron-electron interactions in model Hamiltonians [168, 169]. The pseudo-relativistic
behavior of electrons close to the Fermi level in graphene can be modeled by a Dirac equation
(DE) [167]. Semiempirical approaches were also used, such as the Hückel molecular orbital
method [170, 173], crystal orbital methods [174], or mean-field resonating-valence-bond
theories designed to treat unpaired π-electrons in benzenoid carbon species [175]. The
principal problem for any theoretical approach dealing with PNCs is to determine the
correlation between geometrical structure of PNCs and their electronic structures. Therefore,
we will focus on this correlation and describe it separately for different PNCs systems.

Porous graphene nanoribbons (PGNRs)

Graphene and its nanoribbons can be directly grown on material surfaces. Therefore,
graphene-based materials could have direct applications in nanoelectronics. In contrast to
pristine 2D graphene sheets and CNTs, GNRs have (armchair, zigzag, or mixed) edges.
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Figure 12. Band structure of: a) pristine 11-AGNR, b) 11-AGNR with centered SP, c) 11-AGNR with shifted SP, e) pristine

10-ZGNR, f) 10-ZGNR with centered SP, g) 10-ZGNR with shifted SP. The energy scales for (b, c, f, g) cases are the same. Density

of states: d) centered and shifted SP in 11-AGNR, h) centered and shifted SP in 10-ZGNR. Insets: Unit cells for 11-AGNR and

10-ZGNR with the standard pore (a is the lattice constant of the supercell). From Ref. [76].

Although pristine GNRs can be metalic or semiconducting, their metallicity can be tunned
by local changes of their morphology and edge chemistry [14, 38, 59–61, 164, 171, 176–181].

We begin our review by examining the band structures of porous armchair (AGNR) and
zigzag (ZGNR) graphene nanoribbons, which are studied by large scale ab-initio DFT
calculations [76]. We have used SIESTA 3.0 [182] in supercells of (> 40 atoms), and neglected
(in most cases) spin degrees of freedom. The calculations were done with the Perdew-Zunger
LDA functional [183] and pseudopotentials with the cutoff energy of 400 Ry (double-zeta
basis and polarization orbitals, 13 and 5 orbitals for C-atom and H-atom, respectively). See
other details in Ref. [76].

All the GNRs are classified by the number of carbon dimers, N, that form the ribbon (N-GNR)
[5]. As an example, we have studied the porous 11-AGNR and 10-ZGNR (both metallic
when pristine), with the distances between nanopores of 12.78 Å and 12.3 Å, respectively,
and elementary cells are shown in Figs. 12 (d, h). We have described PNCs perforated with
pores of different shapes, sizes, and locations. Most of the results are obtained for arrays of
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honeycomb-shaped pores, called the “standard pore" (SP) [90, 155], where in each pore six C
atoms (one benzene ring) are excluded from the studied nanocarbon and the dangling bonds
are terminated by hydrogens.

In Figs. 12 (a, b), one can see that the introduction of a periodic array of SPs in the center
of 11-AGNR causes a significant band-gap opening (0.15 − 0.92 eV). On the other hand, both
pristine and porous (same pores) 10-ZGNR have no energy band gap, as seen in Figs. 12 (e,
f). When the SPs are displaced by one honeycomb cell towards the GNR-edge, the band gap
in 11-AGNR shrinks ≈ 3.75 times, while 10-ZGNR remains metallic, as shown in Figs. 12 (c,
g). We also checked that the PGNR band structures monotonously approach their pristine
form as the separation between adjacent pores is increased. The densities of states (DOS) for
the band structures presented are displayed in Figs. 12 (d, h).

The energy band gaps in ZGNRs and AGNRs are known to arise from a staggered sublattice
potential and a quantum confinement [38, 60], respectively, and they depend on the ribbon
width and its functionalization [166, 184, 185]. The wave functions of the HOMO and LUMO
bands in AGNRs, which contribute directly to the area near E f , are localized at the center
of the ribbons, keeping their edges chemically stable [166]. In ZGNRs, these wavefunctions
are localized at the ribbon edges. Consequently, when the SPs are positioned at the center
of 11-AGNR a band gap opens in its band structure, while 10-ZGNR remains metallic. The
metallicity of ZGNRs is caused by flat bands present at E f , originating from highly localized
states formed at the zigzag edges [166], as discussed below. When the pore is closer to
the edge of 11-AGNR, its band structure is influenced less, while no significant change is
observed in 10-ZGNR. These results can be generalized for other PGNRs provided that the
pore is honeycomb like.

Porous graphene (PG)

Porous graphene (graphene antidot lattice) consists of a periodic arrangement of holes in a
graphene sheet [167]. PG has been studied in a number of works [186–188], but in most
studies hexagonal lattices of near-circular holes are considered [167–169]. Here, we use
the {L, R} PG superlattice classifaction [167] where L and R are measured in units of the
graphene lattice constant a = 2.46 Å (see Fig. 13).

Various approaches have been used to describe the band structure of PGs. In TB approaches,
a single-electron Schrödinger equation for an effective potential is solved. In the simplest
version of TB, the Bloch wavefunctions are expanded over only localized atomic π orbitals
of the carbon lattice atoms calculated with LCAO method and only nearest-neighbor overlap
matrix elements are retained. These overlap matrix elements are regarded as emperical
parameters fitted to the experimental data (e.g. the Fermi velocity). The DE can improve the
bands close to their linear crossing points. In contrast to TB calculations, DFT approaches do
not imply particle-hole symmetry around the Fermi level, as seen in Fig. 14.

The energy band gaps calculated in PG lattices by DE, TB and DFT methods are summarized
in Table 15. The study of many different graphene antidot lattices disclosed a simple scaling
law between their pore sizes and band gaps, Eg = K

√
Nhole/Ncell, where Nhole is the number

of carbon atoms that have been removed from the pristine unit cell containing Ncell carbon
atoms and K ≈ 25 eV [167, 168]. Therefore, the band gaps increase with the increasing hole
size and decreasing lattice constant.
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Figure 13. Unit cells of three hexagonal graphene antidot lattices with different side lengths L and hole radii R. The structures
are denoted as L, R with both lengths measured in units of the graphene lattice constant a ≃ 2.46 Å. The edges of the holes
have been hydrogen-passivated (hydrogen shown as white atoms). From Ref. [167].

Figure 14. Band structures of three representative graphene antidot lattices. Full lines indicate results obtained using DFT,
while TB results are shown with red dashed lines. From Ref. [167].

Figure 15. Band gaps of three representative graphene antidot lattices obtained by solving the DE, via TB, and using DFT.
Values in parentheses are obtained using the DE. The band gaps are given in eV as well as in dimensionless values relative to
the size of the band gap for the {L, R} = {12, 3} structure [167].
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Figure 16. Band structure of an antidot lattice with triangular antidots calculated with TB method with t ≈ 2.8 eV. Only bands
above the Fermi level E = 0 are shown. Γ, K, M stand for the high-symmetry points in the Brillouin zone. The flat band at the
Fermi level is a) sixfold degenerate and b) ninefold degenerate. Adapted from Ref. [169].

The emergence of midgap energy states and corresponding quasi-flat bands around the
Fermi level is another well pronounced effect related to the modification of the intact
graphene lattice with nanopores. These states are relatively isolated, they have a minimal
overlap of their wavefunctions, and thus they form flat bands. Graphene is known to
be a bipartite lattice that can be divided into two sublattices A and B. According to the
Lieb’s theorem [189, 190], in a system where NA and NB are the total number of sites on
the respective sublattices there should be NA − NB zero energy states (so called, a global
sublattice imbalance). The corresponding total magnetic moment per unit cell is just a half
of this difference [167, 169].

In antidot graphene lattices, flat bands form at E f due to the sublattice imbalance along
the edges (zigzag GNRs) and pore rims. The electronic states corresponding to the zero
energy flat bands (see Fig. 16) are predominantly localized in the vicinity of the pore rim
(e.g. triangular pore). These localized states at zigzag rims were also studied in different
types of pores, called “anti-molecules", where a set of simple rules was shown to link the net
number of unpaired electrons with the degeneracy of flat bands [164, 167, 169, 174, 191]. It
was shown that even a small number of zigzag-type of sites (local sublattice imbalance) per
unit cell is enough to generate flat bands and related magnetism [176].

In previous studies, it was assumed that the perforation of graphene by nanopores opens up
the energy band gap. The only exclusion from this trend was related to triangular pore
shapes, due to their global sublattice imbalance. We have performed extensive ab initio
calculations of electronic structures of PG-superlattices with different arrangements of the
SPs [76]. SPs, largely used in our study, keep the global sublattice balance of the unit cell,
but their short zigzag-like rims break the local balance and may still give rise to flat bands.

In Figs. 17 (a-d), we show the band structures of (edgeless) PGs with one honeycomb and
three different rectangular SP-superlattices defined by NA, NZ, and displayed in Figs. 17 (e, f).
Fig. 17 (g) also shows the studied rectangular superlattice with triangular-shape pores. The
honeycomb SP-superlattice has flat bands around E ≈ −1.5 eV (Fig. 17 a), which are absent
in the rectangular SP-superlattices (Figs. 17 (b-d)). According to [169], such quasi-flat bands
at non-zero energy might be ascribed to the local sublattice imbalance (globally nA = nB).
However, the local sublattice imbalance due to SPs can not be the origin of flat bands in the
band structure of the honeycomb SP-superlattice, since it has the same pores as the other
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Figure 17. (top) Band structure of a) a honeycomb SP-superlattice in e) and three rectangular SP-superlattices with b) NA = 15,
NZ = 4, c) NA = 7, NZ = 2, and d) NA = 7, NZ = 8. (bottom) e) honeycomb SP-superlattice, f) rectangular SP-superlattice
characterized by NA, NZ, g) rectangular superlattice with triangular-shape pores. From Ref. [76] (see Fig. 16)

structures with no flat bands. Therefore, the flat bands are most likely related with the
honeycomb SP-arrangement, which might produce differently localized states. These results
show that the small number of zigzag sites at the very short SP-rim can not generate flat
bands at the Fermi level or at its vicinity. In contrast, even the smallest triangular-shape
pores break the global sublattice balance and generate an unbalanced π-electron density
[175], associated with the appearance of rim-localized states and flat bands at E f (compare
with Fig. 16).

With these observations, we can now relate the band structures of PGNRs and PGs. Since SPs
do not break the global sublattice balance in the PGNRs, their presence does not generate
any new flat bands at E f (see Fig. 12); on the contrary, we found that when AGNRs are
perforated with triangular-shape pores, their band structure always contains flat bands at
E f . Even though the SPs do not create flat bands at E f in GNRs, they still influence their
band structure. While the band structures of AGNRs (Figs. 12 (b, c)) is influenced a lot, the
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Figure 18. (top) Effective replacing of porous N-AGNR by “daughter" pristine N1- and N2-AGNR (N = 14, N1 = 5, N2 = 6).
(bottom) Effective replacing of rectangular SP-superlattice with NA > NZ by set of pristine AGNRs (NA = 15, NZ = 4). From
Ref. [76].

band structures of ZGNRs with flat bands at E f (local sublattice imbalance caused by zigzag
edges) can not be significantly modified by SPs. Therefore, we conclude that all porous
ZGNRs are metallic (checked by calculations).

Interestingly, we found that rectangular PG-superlattices perforated with SPs and larger
pores of honeycomb symmetry can be both metallic and semiconducting [76]. It turns out
that we can generalize these observations into a hypothesis that, in the first approximation,
the electronic structure of these superlattices has the same type of conductivity as many
parallel AGNRs or ZGNRs (of effective widths NA or NZ), depending on the ratio ρ =

NA/NZ (see Fig. 18 bottom). If ρ ≫ 1, one can see the superlattice as being “cut" into
separated NA-AGNRs, while for ρ ≪ 1 the same is true for separated NZ-ZGNRs.

The above hypothesis was largely confirmed by our follow up calculations. For example, the
conductivity in the PGs with NZ = 2 is the same as in the corresponding AGNRs: metallic
for NA = 5, 11, 17... and semiconducting for NA = 7, 9, 13, 15... (see also Table. 1). If we
continue with the NA = 9, 15, 21, ... semiconducting AGNRs and increase the initially small
NZ = 2, we find that the PGs remain semiconducting for (roughly) NZ < NA, with the band
gap shrinking with increasing NZ, signaling the transition to the ZGNR-dominated metallic
conductivity. If we continue with the the NA = 11 metallic AGNRs, the PGs become metallic
for all the NZ, since the ZGNRs that take over at NZ > NA are all metallic. Finally, when we
continue from NA = 7, 13..., the metallicity appears abruptly at NZ ≥ 4. In other cases, we
expect that the transition between the AGNR and ZGNR-type of behavior occurs somewhere
around the “diagonal", ρ = 1. Our calculations also show that the metal-semiconductor
transitions predominantly occur in two regions of the Brillouin zones, as seen in Figs. 17
(b-d), and the bands can be partially flat in the ky direction (NA = 7, 13, ..a.).
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Porous nanotubes

Unlike porous graphene and porous nanoribbons, the electronic structure of porous carbon
nanotubes (PCNTs) was studied much less [173, 192]. However, there is a tight connection
between CNTs and GNRs and clear correspondence between the electronic structures of
pristine CNTs and structurally analogous GNRs. Moreover, the electronic structures of PNCs
are similar to those of pristine GNRs [76].

We follow the Ezawa’s notations [178] in description of GNRs and CNTs. While ZGNRs
indexed by 〈p, 0〉 are metallic for all p, only one third of AGNRs indexed by 〈p, 1〉 are
metallic. Since, only one half of AGNRs can be rolled into ZCNTs, only one third ZCNTs
are metallic [178]. We found that this mapping can be generalized to the point that
every metallic/semiconducting CNT corresponds to a metallic/semiconducting GNR. The
unambiguous relationship can be expressed in terms of the chirality index, p, and the number
of GNRs carbon dimers, N, as follows

ZCNT〈p, 0〉 ⇒ N-AGNR, where N = 2p + 2 ,

ACNT〈p, p〉 ⇒ N-ZGNR, where N = 2p + 1 .

Intuitively, we can look at this CNT-GNR correspondence as a consequence of CNT “cutting"
(Figs. 19 (top, middle)), which preserves the type of conductivity. The AGNRs and ZGNRs
that do not match any CNTs are all semiconducting and metallic, respectively, as summarized
in Table. 1.

Table 1. Correspondence rule for GNRs and CNTs. N - number of dimers forming GNR, p - index for the chirality vector in
GNR and CNT; cond. - conductivity property (semiconducting (s) or metallic (m)); geometry defines the symmetry with respect

to the mirror plane perpendicular to the ribbon and containing its axis: symmetric (s), asymmetric (a). Examples of AGNRs for

N = 7, ...14 and ZGNRs for N = 5, ...12 are illustrated. From Ref. [76]

Analogously, porous CNTs might have band structures similar to porous GNRs.
Tight-binding calculations predicted [173] that a line of SPs (separated by ∼ 12.8 Å) should
cause band gap opening in ACNTs, whereas porous ZCNTs should be semiconducting
regardless of the pore shape. These results are in contradiction with our ab-initio calculations,
which show that the metallicity of pristine ACNTs (Fig. 20 a) is preserved in the porous
ACNTs (Fig. 20 e), even for triangular-shape pores with clear zigzag-like rims. In metallic
ZCNTs, the SP-perforation causes band gap opening, as shown in Figs. 20 (b, f), while in
semiconducting ZCNTs, it causes band gap shrinking, as seen in Figs. 20 (c, g).

The above observations allow us to build a unified model that can predict the type of
conductivity in porous nanocarbons perforated with SPs and other pores that do not break
the global sublattice balance. The model is based on the assumption that when nanocarbons
(NCs) are perforated by a line of relatively close SPs, the type of conductivity in these PNCs
is the same as in the (daughter) systems obtained from these nanocarbons by removing all
C atoms within a stripe going in the direction of the pores and having the same width as
the pores (all dangling C bonds are H-terminated). We call these modified NCs the daughter
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Figure 19. Cutting of: (top) (10,0)ZCNT into 〈19, 1〉AGNR and (middle) (9,9)ACNT into 〈18, 0〉ZGNR (opening of the GNRs is
schematically shown). (bottom) Removal of atoms from porous (10,10)ACNT leading to 〈17, 0〉ZGNR. From Ref. [76].

Figure 20. Band structures in pristine CNTs: a) ACNT (10,10), b) ZCNT (9,0), c) ZCNT (10,10); d) DOS. Porous CNTs: e) ACNT

(10,10), f) ZCNT (9,0), g) ZCNT (10,10); h) DOS. The energy scales for (b,c) and (f,g) cases are the same. From Ref. [76].
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systems of the original NCs (two GNRs for PGNRs, one GNR for PCNTs, and a GNR-lattice
for PG). This rule predicts that: (1) Porous ACNTs are metallic as the (daughter) ZGNRs;
Fig. 19 (bottom) shows effective replacing of porous ACNT by pristine ZGNR. Perforating
the resulting ZGNRs (and the other half of ZGNRs that can not be rolled up into CNTs)
gives two metallic ZGNRs, preserving the ZGNR-metallicity. (2) Porous ZCNTs may give
semiconducting or metallic AGNRs. Cutting all the AGNRs may give pairs of AGNRs with
any conductivity. These results were confirmed by ab initio calculations.

We now use these rules to predict metallicity in porous AGNRs with SPs. We assume that
their band gaps are EBG ≃ min (E1BG; E2BG), where E1BG, E2BG are band gaps of their
two daughter AGNRs (see Fig. 18 (top)). With this inference, we can derive an analytical
expression describing the dependence of the band gap on the width of the porous AGNRs.
For simplicity, we consider SPs positioned in the middle of AGNRs of the width of W =

a
√

3 (N − 1)/2, where a is the C-C distance and N is the number of dimers. By evaluating
the widths of the pristine daughter AGNRs, we find that porous N-AGNRs are potentially
metallic if the number of C-C dimers is given by at least one of these equations

N =
(

6k + 11 + (−1)k
)

/2 , N = 6k + 3 + 2 (−1)k ,

N = 12k + 9, (k = 0, 1, 2...) , (1)

i.e., if N = 5, 6, 7, 8, 9, 12, 14, 17, 18, 19, 20, .... In Fig. 21 (top), we compare the ab-initio energy
band gaps in pristine [59, 180] and porous AGNRs to validate the above model. In contrast
to the pristine ribbons, where the metallic points emerge with the period of 3, (Nmet =
3m + 2), the band gaps of porous AGNRs have a more complex dependence. Nevertheless,
the positions of the band gap minima agree with Eqn. 1.

We can extend the assumptions used in Eqn. 1 to PNCs perforated with larger and shifted
honeycomb-like pores. Their presence may still be reduced to removing from the AGNRs a
layer of atoms of the width given by the pore size, where the minimum band gap of the two
resulting AGNRs can determine the band gap of the porous AGNR. For example, when the
SP is shifted in the 11-AGNR by one honeycomb from the ribbon center, the two daughter
pristine 4-AGNRs are replaced by 2-AGNR and 6-AGNR (all semiconducting). This should
lead to a band gap shrinkage, in agreement with our ab-initio calculations, presented in
Figs. 12 (b, c). Alternatively, we can replace the SP by a double-size hexagonal pore with 24
C-atom excluded. If the 11-AGNR and 12-AGNR are perforated by such pores, they become
semiconducting, since their cutting leads to semiconducting 2-AGNRs and 2- and 3-AGNR,
respectively. These results are in agreement with ab-initio calculations, giving in 11-AGNR
and 12-AGNR the band gaps of 1.1 eV and 1.18 eV, respectively. We have also tested the
triple-size hexagonal pore (54 C-atoms excluded) in order to check how its long rims affect
band structure of GNRs. Our calculations show that no additional features (e.g. flat bands at
the Fermi level) appear when the GNR are perforated by these pores. In contrast, when these
AGNRs are perforated with SPs in the ribbon center, only the 11-AGNR is semiconducting.

Finally, we discuss porous ZCNTs that can have any conductivity. In Fig. 21 (bottom), we
present the energy band gap of porous ZCNTs in dependence on the chirality index, p. It
exhibits similar periodicity as in the pristine ZCNTs. However, the model is not reliable in
porous ZCNTs. For example, the porous ZCNT(7,0) and ZCNT(8,0) have band gaps similar
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Figure 21. (top) Dependence of the band gap in the pristine and porous AGNR on the number of dimers (the central position

of the SP). (bottom) The same dependence in ZCNT on the chirality index. From Ref. [76].

to the daughter 11-AGNR and 13-AGNR, respectively. But the same is not true for the porous
ZCNT(9,0) and ZCNT(10,0) paired with the daughter 15-AGNR and 17-AGNR, respectively.
In principle, this failure might be caused by the fact that the AGNRs are not calculated
deformed as the corresponding daughter ZCNTs [193, 194]. However, our calculations show
that the bent 17-AGNR has almost the same band gap as the pristine 17-AGNR. Therefore, a
more quantitative approach needs to be used here.

It is of interest to see if other types of periodic modifications can also be used to tune the band
structures of nanocarbons. To briefly examine this idea, we have replaced SPs by Stone-Wales
55-77 defects [195]. In Fig. 22, we show the band structures of 11-AGNR, 10-ZGNR, and
graphene superlattices modified in this way. The periodic array of SW 55-77 defect in
11-AGNR leads to small bang gap opening, as shown Fig. 22 (a), in analogy to 11-AGNR
with SPs (Fig.12 b). The band structure of 10-ZGNR, shown in Fig. 22 (b), is not sensitive to
this perturbation, as in the SP-perturbations (Fig.12 f). On the other hand, when we replace
in graphene superlattices SPs with the SW 55-77 defects, we can obtain qualitatively different
band structures. In particular, the band structure of graphene modified by SW 55-77 defects
in the array with NA = 7 and NZ = 4 (Fig. 22 c) is similar to that of the SP-superlattice with
the same NA and NZ, but here we also observe opening of a small band gap. In Fig. 22 (d),
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Figure 22. Band structures of nanocarbons with periodic 55-77 Stone-Wales defects: a) 11-AGNR, b) 10-ZCNT, c) graphene

superlattice with NA = 7 and NZ = 4, d) graphene superlattice with NA = 9 and NZ = 4. Figures (e-h) show unit cells for the
respective cases. From Ref. [76].

Figure 23. 10-ZGNR edge magnetism. The alternation of spin imbalance as result of introduction of 55-77 SW defects. From

Ref. [76].

we show the band structure of the SW-graphene superlattice (NA = 9 and NZ = 4), which is
semiconducting as the PG-superlattice with the same NA and NZ. These observations show
that periodic defects could also be used to tune band gaps in nanocarbons, but the rules
might be slightly different.

For completeness, we have recalculated some of the above structures including spin
polarization (we used a set of LDA and GGA functionals). It turns out, the band structures of
nanocarbons can be modified by the spin polarization (zigzag edges) [164], but the presence
of SPs does not introduce additional magnetic features beyond the changes described already
in the non-magnetic calculations. Interestingly, the presence of arrays of SW (55-77) defects in
ZGNRs can alternate mutual orientation of the magnetic moments localized at the opposite
edges, due to topological changes in the sublattices, as shown in Fig. 23.
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We have shown that the formation of nanopores in PNCs can lead to the appearance of
band gaps, midgap states and quasi-flat bands around the Fermi level. We have discussed
a unified picture of electronic structures in PNCs, where the formation of periodic arrays of
nanopores can be regarded as an effective cutting. We have also seen that nanopores can
induce a local spin imbalance related to a non-zero magnetic moment. All these effects show
that the electronic parameters of PNCs are highly tunable, which can be used in numerous
potential applications.

Additional control of the electronic structure in PNCs

The electronic structure of PNCs can be further influenced and controlled by the chemistry of
the edges and pore rims, various defects, mechanical deformations, etc. For example, it was
shown that hydrogen adsorbate structures on graphene are thermodynamically stable well
above the room temperature, and the resulting band gap opening is stable against a weak
disorder [165, 185]. Extensive studies of GNRs and PGNRs with chemically functionalized
edges were carried on [166, 184]. It was shown that edge or bulk functionalization or atomic
substitution in PNCs (n/p doping) is an efficient mean to change electronic characteristics
of nanocarbons. In particular, chemical functionalization of zigzag-type of edges breaks the
spin degeneracy, as shown in Fig. 24 [166]. It promotes a metal-semiconductor transition or
a half-semiconducting state with two spin channels (spin-dependent band gap or opposite
spin polarizations in the valence and conduction bands).

An edge functionalization of AGNRs does not lift the spin degeneracy and it can generate
electronic states within a few eV away from the Fermi level in the valence band with no
effect on their energy band gap [166]. Substitutions of carbon atoms with N and B atoms
can produce various effects, depending on the position of the substitutional site [166]. In
particular, edge substitutions at low density do not significantly alter the band gap, while
bulk substitutions promote the onset of metal-semiconductor transitions, as shown in Fig. 25
[166].

Mechanical deformations, such as application of uniaxial or shear strains and out-of-plane
deformation or bending, can also modify the energy band gap. Compared to a graphene
sheet where the band gap remains close to zero even if a large strain is applied, the band
gap of GNRs and PGNRs depends strongly on their edge shape [194]. For AGNRs, a weak
uniaxial strain changes the band gap in a linear fashion, whereas a large strain results in
periodic oscillation of the band gap. In contrast, the shear strain always reduces the band
gap. In ZGNRs, a strain changes the spin polarization at the edges, and thereby modulate the
band gap. Out-of-the-plane radial deformations can cause a semiconductor-metal transition
in GNRs, due to the hybridization of σ and π orbitals and modifications of orbital interactions
[193]. Mechanical deformations may also be related with other interesting phenomena, such
as a piezoelectricity in a boron-nitride analogue of graphene [196].

4.2. Electron transport in porous nanocarbons

Electronic structures in graphene-based systems determine their electronic transport
properties. Specifically, electronic transmission through such systems under bias
(current-voltage characteristics) strongly depends on their energy band gap, densities of
states, bands lineup, spin states, and the reciprocal positions of an Fermi energy level of
their electrodes with respect to their HOMO and LUMO bands [197–199].
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Figure 24. Spin density of α (red solid line) and β (black solid line) for functionalized ZGNRs in comparison with a clean
ribbon (black dotted line). 6-ZGNR functionalized with a) NH2, b) OH, c) COOH, d) stable-NO2, e) metastable-NO2 and f) O

radicals in one of the ribbon edges, resulting in (a)-(f) lifting of the spin degeneracy, (a)-(d) spin-selective band gap, or (e) and

(f) semiconductor-metal transition. g) Oxygen edge substitutional atom favoring a semiconductor-metal transition. (h) 6-ZGNR

with a nitrogen bulk substitution in the center of the ribbon. i) Nitrogen bulk substituted ribbon shown in h) with an extra single

NH2 at the edge of the opposite carbon sublattice, with the maximum distance between N and NH2 in the periodic direction,

resulting in a semiconductor-metal transition. From Ref. [166].

The quantum transport in biased graphene nanoribbons (GNRs) was extensively studied
[48, 200–202]. For example, it was shown that spin-valve devices based on GNRs can
exhibit magnetoresistance values that are thousands of times higher than previously reported
experimental values [203]. GNR doping was shown to significantly affect their transport
properties [48, 199, 204]. Modeling of electron transport in GNRs was done using the
Landauer-Buttiker formalism [205], non-equilibrium Green’s function (NEGF) techniques
[206], and other methods.

In Fig. 26, we show the calculated quantum conductances of two pristine armchair GNRs of
different widths and a pristine zigzag GNR in anti-ferromagnetic and ferromagnetic states
[200]. One can see that the energy band gap of armchair GNRs depends on the ribbon
widths. The step-like behavior of the transmission spectrum is related with the available
conductance channels (bands) [201]. In zigzag GNRs, the electron transport is dominated by
edge states which are spin-polarized. Depending on the edge spin configuration (↑↓ or ↑↑)
the zigzag GNRs are predicted to be semiconducting or semi-metallic, which is reflected in
the presence or absence of the energy interval of zero transmission, respectively.

We have calculated by NEGF techniques the electron transmission through porous armchair
GNRs. The system setup and the electron transmission spectra are shown in Fig. 27. As
one can see, the perforation of 11-AGNR with a pore can significantly affect its conductance.
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Figure 25. Spin density of α (red solid line) and β (black solid line) for functionalized AGNRs in comparison with a clean ribbon
(black dotted line). 12-AGNR functionalized with a) NH2, b) N, c) B edge substitutional atoms, N and B bulk substitutions are

shown in d) and e), where a semiconductor-metal transition occurs. f) and g) Two pyridinelike substitutional doping in the bulk

resulting in a metallic behavior. Arrows indicate impurity levels due to substitutional atoms. The DOS of the clean ribbon is

shifted for the bulk N and B substitutions, so that the edges of the valence band of clean and doped ribbons coincide. From

Ref. [166].

The most pronounced effect is the emergence of additional regions of zero transmission
that proves its dependence on the pore position. The plausible reason of this effect is the
quantum interference [207] between different spatial paths that electrons can follow in the
scattering region. Such a sensitivity may be used for molecular passage detection via electric
measurements.

5. Conclusions

In the last decade, intensive research of graphene, its precursors and derivatives revealed
the great potential of nanocarbons. These materials have unique mechanical, chemical and
electronic properties. Modulating the atomic structure of nanocarbons with chemically
functionalized nanopores was found to be an efficient way to impart to them the desired
properties and functions. The spectrum of nanocarbon applications can cover electronics,
optics, and materials for general use, such as molecular filtration, sensing, detection,
and recognition. In electronics, we should mention that perforation of nanocarbons with
nanopores can not only trigger a metal-semiconductor transition but also a subtle magnetic
phase transition, making porous nanocarbons promising materials for spin current filters
and magnetoresistors. When it comes to molecular sensing and detection, one can use
the exceptional sensitivity of PNC electronic structures to the presence of molecules and
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Figure 26. Quantum transport in graphene nanoribbons at zero bias. Atomic structures and electronic transmission of (a)

16-armchair GNR; (b) 17-armchair GNR, 8-zigzag GNR with (c) anti-parallel or (d) parallel spin orientations between the two

magnetic edges. The spin-dependent transport is evaluated for both magnetic configurations of the 8-zGNR (c and d) but is

only visible for the parallel spin orientations (ferromagnetic one). In such case, one spin orientation is labeled majority-spin (in

black) while the other is labeled minority-spin (in red). Adapted from Ref. [200].

Figure 27. Quantum transport in 11-AGNR (see inset in Fig. 12) at zero bias. (top) Schematic view of two-probe porous AGNR

with edges passivated by hydrogen atoms. Central scattering region, left and right electrodes are indicated. (bottom) Electron

transmission spectra for the pristine 11-AGNR, 11-AGNR with centered pore, 11-AGNR with shifted pore.
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passage through their pores. However, in order to benefit from material properties of
porous nanocarbons more research is needed in the preparation of atomically precise porous
nanocarbons.
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