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ABSTRACT: We investigated the effects of vacancy, void, substitu-
tional impurity, isolated adsorption of selected adatoms, and their
patterned coverage on the physical and chemical properties of
metallic carbon and silicon monolayers in a biphenylene network.
These monolayers can acquire diverse electronic and magnetic
properties to become more functional depending on the repeating
symmetry, size of the point defects, and on the type of adsorbed
adatoms. While a carbon monovacancy attains a local magnetic
moment, its void can display closed edge states with interesting
physical effects. Adsorbed light-transition or rare-earth metal atoms
attribute magnetism to these monolayers. The opening of a gap in
the metallic density of states, which depends on the pattern and
density of adsorbed hydrogen, oxygen, and carbon adatoms, can be used as the band gap engineering of these two-dimensional
materials. The energy barriers against the passage of oxygen atoms through the centers of hexagon and octagon rings are
investigated, and the coating of the active surfaces with carbon monolayers is exploited as a means of protection against oxidation.
We showed that the repulsive forces exerting even at distant separations between two parallel, hydrogenated carbon monolayers in a
biphenylene network can lead to the superlow friction features in their sliding motion. All these results obtained from the
calculations using the density functional theory herald critical applications.

KEYWORDS: carbon and silicon monolayers in biphenylene network, functionalization, adatom coverage, mono- and divacancy formation,
void formation, chemisorption of selected atoms, hydrogenation, oxidation, carbonation, superlow friction, coating of active surfaces,
band gap engineering

■ INTRODUCTION

Further to graphene, the synthesis of another two-dimensional
(2D) allotrope of carbon in a biphenylene network has been
achieved.1,2 This allotrope, a nanosized but nonhexagonal,
atomically thin layer of carbon consists of adjacent octagon-
(o), hexagon- (h), and square- (s) rings, which is briefly
specified as an ohs structure in the text. It is a semiconductor for
narrow quasi-one-dimensional (1D) nanoribbons but is a
metal for wide nanoribbons and 2D monolayers. Similar
structures for carbon3−9 and BN10 have been proposed/
predicted or treated theoretically. Motivated by the recent,
experimental work by Fan et al.,2 we performed an extensive
theoretical study11 not only on carbon in ohs structure but also
on ohs monolayers of group IV elements (Si, Ge) and group
IV−IV (SiC, GeC, SnC), III−V (BN, BP, BAs, BSb, AlN, AlP,
GaN, InN), and II−VI (ZnSe) compounds and their
multilayers as well as three-dimensional (3D) periodic ohs
crystals. We investigated their dynamical and thermal stabilities
and their mechanical and electronic properties. Our study,11

which predicted many interesting features of these ohs
structures, unveiled a new class of 2D materials as the
counterpart of the same elements or compounds in the
honeycomb network.12−16 In contrast to the free-standing,

semimetallic, 2D graphene,17 and silicene and germanene12−16

monolayers showing massless Fermion behavior, C, Si, and Ge
ohs monolayers are found to be good metals. It has been
shown that the 2D ohs monolayers can form also quasi-1D
nanotubes and nanoribbons6 with diverse edge geometries.11

Furthermore, when some of these monolayers are stacked,
stable bilayers, multilayers, and stable 3D layered structures
like graphite can form under the weak van der Waals
interaction. Conversely, in specific bilayers and multilayers
like Si, Ge ohs and compounds like GaN ohs, strong vertical
bonds are constructed between layers forming a network of
connected octagon and square rings in the side view. More
importantly, 3D layered C ohs, which is an analogue of
semimetallic graphite in a honeycomb network, was also found
to be a good metal with high state density at its Fermi level to
constitute a new, 3D metallic allotrope of carbon.
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In the past, monitoring electronic, magnetic, and optical
properties of 2D materials like graphene, to make them
functional for a given purpose, has been extensively exploited
theoretically and experimentally. For example, point defects,
like vacancy and divacancy in either isolated or patterned
forms in the monolayer,18−22 were shown to lead to serious
local modifications in the electronic structure of graphene.23−26

It was shown that semimetallic graphene can acquire different
electronic states upon the coverage of selected atoms. Upon
hydrogenation,27−31 oxidation,32−36 fluorination, or chlorina-
tion,37−39 semimetallic graphene becomes a semiconductor.
Not only electronic structures of 2D monolayers but also their
mechanical, optical, and magnetic properties are modified to
obtain new functional properties.40−48 As an example, the in-
plane stiffness and Poisson’s ratio of graphene decrease when
hydrogenated from both sides to form graphane.40 Each
hydrogen vacancy created in graphane attributes a magnetic
moment.49 While the solar absorbance of graphene is
enhanced with glycine coating,42 upon the coverage by specific
adatoms and molecules graphene-based nanostructures can
change to be a high capacity hydrogen storage medium.43−45

Recently, it has been shown that silicene covered by Gd atoms
changed to a 2D ferromagnetic material;50,51 this magnetic
state by itself underwent a change like ferrimagnetic,
antiferromagnetic depending on the thickness.
In this study, we explored how the properties of C ohs and

Si ohs monolayers can be modified locally through the
formation of point defects, such as vacancy, divacancy, voids,
substitution, and chemisorption of individual atoms. We also
investigated the changes of the electronic and magnetic states
upon the decorating/coating of their surfaces by selected
adatoms. To this end, we considered the formation of
individual vacancy, divacancy, patterned hole (antidot), and
substitution of foreign atoms and investigated the resulting
equilibrium atomic structure together with associated for-
mation energies and local changes in the electronic structure.
The adsorption of individual adatoms, such as H, O, C, Si, F,
Ti, and Gd, were examined to find the equilibrium binding site
and related binding energy. Furthermore, we considered the
decoration and full coverage (or coating) of C ohs and Si ohs
by H, O, and C and explored novel functionalities thereof with
possible applications as a proof of concept. Earlier studies
showed that the adatoms considered in this study can form
strong bonds with graphene and silicene and modify their
physical properties significantly depending on their decoration.
In particular, Gd-coated graphene and silicene have gained
importance recently because of their 2D magnetism. We
believe that the interaction of these adatoms with 2D metallic
ohs monolayers can lead to interesting physical effects.
Highlights of our results obtained from first-principles

density functional theory (DFT) calculations can be
summarized as follows: (i) While an isolated monovacancy
in C ohs acquires a local magnetic moment, that in Si ohs is
nonmagnetic. (ii) Isocoric substitutional atoms in C ohs can be
constructed, which can yield n- or p-type localized impurity
levels in the band gap of its semiconductor state constructed by
its hydrogenation. (iii) Adsorption of selected adatoms can
give rise to resonance states in the spectrum, which can be
localized only when adatom−adatom distances decrease at
relatively higher coverage/concentration. (iv) When adsorbed,
Ti and Gd atoms can attribute local magnetic moments to
these metallic layers. (v) An energy band gap can open in the
metallic state density, and local magnetic moments can be

acquired depending on the value and symmetry of the coverage
of H adatoms adsorbed to C ohs. (vi) It is found that the
coating of active surfaces by C ohs constitutes a weaker barrier
to their oxidation as compared to that of graphene due to
octagon rings having relatively larger holes. (vii) The
calculated interaction force between two parallel, fully
hydrogenated C ohs monolayers is repulsive for a wide range
of the separation of those monolayers. This situation can be
exploited for superlow friction in the sliding motion of these
monolayers.

■ METHOD
Calculations based on the DFT were performed using VASP52

packages. Projector-augmented wave potentials53 and the
exchange-correlation potential within the generalized gradient
approximation with the Perdew, Burke, and Ernzerhof (PBE)
functional54 were used. Electronic wave functions were
expanded by plane-wave basis sets up to the electron kinetic
energy cutoff of 520 eV. The dipole correction and the van der
Waals correction within the method of Grimme (DFT-
D3)55,56 were taken into account. The effect of the dipole
correction on the results is found to be minute. Brillouin zone
(BZ) integration was performed with a Γ-centered k-point grid
in all the electronic calculations. Ionic relaxation was realized
by a conjugate gradient algorithm. All atoms in the supercell
were relaxed until the energy difference between the successive
steps was less than 10−5 eV and the force on each atom was
less than 10−2 eV/Å. In addition, maximum pressure on the
lattice was lowered to 0.1 kbar. A dense k-mesh like 12 × 14
was used for the primitive cells based on a convergence
analysis; the k-mesh was rescaled according to the size and
symmetry of the supercells used in each calculation. Also, the
Heyd-Scuseria-Ernzerhorf (HSE06) hybrid functionals meth-
od57 was applied to obtain corrected band gap values. An
HSE06 functional is constructed by mixing 25% of the Fock
exchange with 75% of the PBE exchange and 100% of the PBE
correlation. Small magnetic moments of some functional
surfaces are confirmed by performing calculations using a local
basis set.58

To account for the on-site Coulomb interaction59 in a Gd
adatom including 4f orbitals,60−62 calculations were performed
by including a Hubbard U correction to PBE, with interaction
parameters of U = 6.7 eV and J = 0.7 eV.51

Earlier, the stability of all ohs structures in a different
dimensionality was assured by the dynamical and thermal
stability analyses.11 The adsorption of a single adatom on an
extended C ohs or Si ohs is not expected to lead to a structural
instability of these monolayers, except local deformations. Here
we tested the stability of C ohs and Si ohs, which are fully
covered by adatoms. In addition, the stability of the functional
surfaces constructed on a Si ohs monolayer in a relatively
smaller supercell is tested in consideration of the possibility
that the weak π−π interaction due to long Si−Si bonds might
make defected or adatom-covered functional Si ohs structures
prone to the instability. Hence, the structural stability of all the
functional surfaces reported here are assured based on
extensive stability tests. The dynamical stability analysis was
performed by using the density functional perturbation theory
(DFPT), to calculate phonon spectra.63 The structures having
vibration modes with frequencies ω2 > 0 for all k in the first BZ
are considered to be stable. The thermal stability of the same
systems is tested by ab initio molecular dynamics (AIMD)
calculations at finite temperature. The time step between ionic
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iterations was taken to be 2 fs. After every 50 steps, the
velocities were rescaled to match the desired temperature. The
net charge on selected adatoms was calculated by a Bader
analysis.64 All the structures were visualized in the VESTA
code.65 In order to resolve the electronic structure originating
defects or adatoms, we used a small Gaussian broadening with
a smearing energy of 0.05 eV.

■ BARE C OHS AND SI OHS MONOLAYERS

We start with a brief outline about the atomic and electronic
structure of C ohs and Si ohs monolayers as background
information to be used in forthcoming sections. For further
details, one can refer to ref 11. In both monolayers, each atom
is threefold-coordinated to allow sp2 hybridization of atomic
orbitals like their counterparts in a honeycomb network.
However, since the bond angles in the ohs monolayers deviate
from 2π/3, sp2 hybridization becomes deformed to result in
different orbital combinations at different atomic sites and
different bond lengths. This situation gives rise to two different
atomic sites, namely, A-site (carbon atoms situated at the
corners shared by two adjacent octagons and one hexagon)
and B-site (carbon atoms situated at the corner shared by an
adjacent octagon, hexagon, and square), which are distin-
guished in the C ohs monolayer (see Figure 1a). Accordingly,
the interaction of C atoms with foreign atoms and point defect
formation in a C ohs monolayer becomes rather site-specific.
Moreover, three different rings, namely, octagons, hexagons,
and squares, constitute also different regions of charge density
and crystal potential in the monolayer; the landscape of the
potential near their centers is also different. In this respect, ohs

structures display differences from those in hexagonal counter-
parts. While C ohs monolayer is planar, the Si ohs structure is
buckled and has A and B sites with more complex orbital
character. In Figure 1, the atomic structure, energy band
structure, total and orbital projected densities of states (DOS)
of C ohs and Si ohs monolayers are presented.
Notably, because of the deformation of sp2 hybridized

orbitals, bands mainly derived from pz orbitals cross the Fermi
level at different k-points of the Brillouin zone and give rise to
a significant state density at the Fermi level. On the one hand,
this situation attributes a good metallicity to both C ohs and Si
ohs monolayers. Here, the metallic charge is expected to screen
the local disturbances in the crystal potential. On the other
hand, if the defects and adatom coverage are extended, the
coupling between them can open a band gap between valence
and conduction bands.

■ POINT DEFECTS

We first investigate the selected point defects in C and Si ohs
monolayers. These are the formation of vacancy, divacancy,
antidot and some substitutional atom (impurity) defects. We
examine the local structural deformations together with the
energies involved in their formation and their effects on the
electronic energy spectrum and the magnetic state. As vacancy,
we consider only the single vacancy formed at either the A or B
site; we consider divacancy as being formed at adjacent A and
B sites together and void or antidot. In order to mimic an
isolated point defect and hence to hinder defect−defect
interactions within the periodic boundary conditions, we use
supercell geometry. Isolated vacancies in C ohs monolayer are

Figure 1. Atomic structures, calculated energy band structures, and state densities. (a) (left) Primitive unit cell of C ohs monolayer (shaded) in
planar geometry with top and side views of the atomic structure. Two different atomic sites A and B are shown. Together with the A and B sites, the
D, E, and H sites indicate possible adsorption sites for the chemisorption of adatoms. (middle) Map of electron localization function of C ohs
monolayer. (right) Energy-band structure of C ohs with the corresponding total and orbital projected DOS. Zero of the energy is set to EF shown
by a dotted line. (b) Same for Si ohs monolayer, which is buckled.
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examined using its (4 × 5) supercell comprising 120 host
atoms and allowing the minimum separation between two
point defects of ∼18 Å. Relatively larger lattice constants of Si
ohs monolayer allow us to use a relatively smaller (3 × 4)
supercell. The final equilibrium atomic structure of these point
defects was attained first by removing a host atom at a specific
site(s) of a bare monolayer and then by optimizing the atomic
structure to attain minimum total energy and lattice pressure.
The calculation of the formation energy of a vacancy

(without entropy contribution) began with a known
expression,66 and it is cast in a simple form, since the size of
the supercell is as large as ∼18 Å × 18 Å, and the maximum
pressure on the lattice was lowered to 0.1 kbar. Accordingly,
the effect of the relaxation of the large repeating volume on the
energy is negligible, and the supercell has a minimum in the
Born−Oppenheimer surface. This form, which has been
commonly used in various theoretical studies66−70 in terms
of energies obtained in first-principles calculations, can be
expressed as EVf = ET[VS] − (N − n)ET[BS]/N. Here, N and n
stand for the total number of atoms in the bare supercell
without vacancy and the number of missing atoms in the
defected supercell, respectively. ET[VS] and ET[BS] stand for
the total energies of the supercell with and without vacancy,
respectively. In this expression, EVf is given with reference to
the host atom in a perfect monolayer. Positive values of EVf
indicate that energy is needed to create an isolated vacancy.
The formation energy of a vacancy determines the
concentration of this defect at a given temperature according
to the Arrhenius relation. The effect of any isolated point
defect or vacancy on the electronic energy structure was
clarified by the total density of states (TDOS) and the local
density of states (LDOS) at the host atoms surrounding the
defect.
In Figure 2, the optimized structures of a supercell of C ohs

comprising a single vacancy defect at A and B sites and also a
divacancy are shown. The state density around the defect is
shown by the density of states projected to the atoms
(indicated by numerals) surrounding the missing atoms. Local
changes of the optimized atomic structure of C ohs monolayer
upon the formation of a single vacancy at the A-site can be

seen in Figure 2a. A hexagon ring between two squares
changed to a pentagon ring, and two adjacent octagon rings
joined and formed an irregular ring surrounded by 13 carbon
atoms. This structural change accompanied by a big hole in the
monolayer took place at the expense of EVf = 6.45 eV per
vacancy. As for the vacancy formed at the B site, an adjacent
square ring, two adjacent hexagon rings, and one adjacent
octagon ring have changed to one pentagon ring, one hexagon
ring, and a large hole surrounded by nine carbon atoms in
Figure 2b. The formation energy is calculated to be EVf = 5.12
eV. This indicates that the B-site vacancy concentration is
higher than that of the A-site vacancy. Notably, vacancies
formed at the A site and B site acquired a permanent magnetic
moment of μ = 1.0 μB per cell due to an unpaired spin. The
spin-polarized density of states projected on the host atoms
surrounding the missing host atom (LDOS) indicate changes
in the electronic structure caused by the formation of a
vacancy. Because of the twofold coordination of specific C
atoms around the A- and B-site vacancy, sharp peaks of state
density of opposite spin polarization occur above and below
the Fermi level. These are, actually, resonance states occurring
at specific energies of the spectrum. Calculated magnetic
moments of these specific C atoms have the highest value on
twofold coordinated ones as seen in Figure 2a,b. In the case of
a divacancy constructed by removing C atoms at the adjacent
A and B sites, one hexagon ring, one square ring, and two
octagon rings changed to one trigonal ring and one large ring
surrounded by 10 C atoms.
Divacancy is nonmagnetic and has formation energy of 5.64

eV; it is smaller than that of monovacancy formed at the A site
but larger than that at the B site. Under small and comparable
entropy effects and at low temperature, their concentrations
normally follow the same order of the formation energies
calculated above. This is an interesting and unusual situation
that occurs due to the rebondings originated from nonuniform
C−C bonding in the C ohs structure. The effects of this
nonmagnetic divacancy on the electronic energy structure are
shown in Figure 2c. The contribution of atoms surrounding
the removed, two carbon atoms are rather uniform. We note
that divacancies formed in adjacent A and A sites or B and B

Figure 2. Optimized atomic structures (left) and the associated TDOS and LDOS at nearest host atoms (specified by numerals) surrounding the
missing atom(s) (right) calculated for various point defects (single vacancy and divacancy) formed in C ohs monolayer. The calculated magnetic
moments of the atoms surrounding the missing atom of a single vacancy (in Bohr magneton, μB) are indicated. The zero of energy is set at the
Fermi level. (a) Single vacancy formed at the A site. (b) Single vacancy formed at the B site. (c) Divacancy formed at A and B sites together. (d) A
void or antidot surrounded by 16 host C atoms with closed edge states constructing sharp peaks in LDOS.
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sites can lead to different defect structures but are left out of
the scope of the present study.
While the metallicity of C ohs monolayer is maintained in a

system including a single (noninteracting) vacancy, a mesh of
vacancy defect allowing some coupling between adjacent
defects is expected to lead to diverse electronic and magnetic
states. At this point, we investigated a void or simple antidot
surrounded by 16 C atoms described in Figure 2d. Such a void
can be considered also as a patterned defect with some defect−
defect interaction owing to its relatively large size in the (4 ×
5) supercell. One sees that the state density at EF is decreased,
but the states derived from C atoms surrounding the void have
given rise to a sharp peak below −2 eV and above +3 eV. Some
of the states contributing to these peaks are identified to be
edge states of the antidot. The charge density isosurfaces
demonstrate that these edge states have given electronic charge
localized on the C atoms forming the edge of the void as
shown in Figure 2d. We attribute importance to these closed
edge states because they bear upon various physical effects.
First of all, edge-state electrons are expected to construct
persistent currents under the magnetic field applied perpen-
dicular to the monolayer. Second, the Aharonov-Bohm effect
related to these closed edge states can be of fundamental
interest.
In addition to the vacancy defects, we also studied the

doping of C ohs monolayer by the substitution of a single B
and N atom at either the A or B site. Substitutional defects (or
impurities) are known to be important for semiconducting
host crystals, since there are n- or p-type localized states of
impurities, which may occur at the band gap edges and, hence,
may extend the applications of host crystal in electronics.
Although C ohs monolayer being a good metal will not allow
the occurrence of localized impurity states, localized gap states
can occur when C ohs is hydrogenated to open a band gap.
The formation energy in the substitution of C ohs by atoms
like B and N can be calculated with reference to the energies of
the substituting and substituted host atoms in their stable
structures (molecules) using the expression71,72 ESf = ET[ SD]
− ET[BS] − ET[SA] + ET[HA]. Here, ET[SD], ET[BS],

ET[SA], and ET[HA], are, respectively, the total energies of the
supercell including one substituting atom, the bare supercell,
the substituting atom in its stable structure, and the C host
atom in its C ohs monolayer. We note that the last two
energies, namely, ET[SA] and ET[HA], include their cohesion
(binding) energies in addition to their free atom energies, and
all were calculated in comparable cells using the same
calculation parameters. ESf > 0 indicates that the formation
of a substitutional atom defect requires energy. The calculated
formation energies are relatively small, since these atoms are
adjacent to the host atom in the periodic table; hence, they are
isochoric. The formation energies ESf are 0.79 and 0.33 eV for
a B atom substituting a C atom at A and B sites, respectively.
Those for a N atom substituting a C atom at A and B sites are
1.02 and 0.54 eV.
The vacancy defects in Si ohs monolayer differ from those in

C ohs monolayer since the defect formed in a small supercell
causes squeezing of the structure resulting in a decrease of 2D
lattice constants. However, the extended squeezing would be
minute for an isolated vacancy. Hence, the calculation of
vacancies in the (3 × 4) supercell of Si ohs monolayer was
performed only by the optimization of atomic positions in the
supercell. Accordingly, the EVf of the vacancy at the A and B
sites of Si ohs is found to be 1.70 and 1.98 eV, respectively.
The formation energy of divacancy formed by removing Si
atoms situated at adjacent A and B sites is calculated to be 2.29
eV. In Figure 3, we show the optimized atomic structures of
vacancy and divacancy, which are reminiscent of those created
in C ohs in Figure 2.
Cumulative LDOS at the atoms surrounding the removed

host atom in Figure 3 shows that the prime effects of vacancies
on the electronic structure appear at ∼1 eV below and above
the Fermi level as resonance states. For divacancy, the
resonance states become dispersed with a maximum density
at −2 eV. However, the contribution of states associated with
vacancy and divacancy at the Fermi level is negligible. This
may imply the opening of a band gap in Si ohs at a high
concentration of these point defects. The vacancy and
divacancy created in Si ohs here are nonmagnetic.

Figure 3. Atomic structures (top) and the LDOS, at nearest host atoms surrounding the defect (bottom) calculated for various point defects
formed in Si ohs monolayer. (a) Vacancy formed at the A site. (b) Vacancy formed at the B site. (c) Divacancy formed at A and B sites together.
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Earlier, Rahaman et al.6 tested the stability of C ohs
monolayer against the formation of various point defects
including the specific vacancies and the divacancy discussed
above. On the basis of structure optimizations performed using
a similar method and AIMD calculations at T = 300 K, they
concluded that the optimized local structure of point defects
and the rest of the C ohs monolayer around the defect remain
robust. The optimized atomic structures corresponding to the
ones treated in this study are in agreement. We note that our
objectives here are to calculate the formation energies of these
defects and to reveal how they modify the electronic structure
of the bare C ohs monolayer for purposes of functionalization.
Additionally, the present study shows that similar isolated
point defects formed in a stable Si ohs monolayer can have
differences from those in C ohs.

■ CHEMISORPTION OF INDIVIDUAL ATOMS
To functionalize graphene27−39,73−75 and silicene,76−79 the
chemisorption of adatoms to these monolayers has been
treated experimentally and theoretically in the past. These
monolayers have uniform structures consisting of planar and
buckled hexagons. However, because of deformed sp2

hybridization, adsorptions of adatoms to C ohs and Si ohs
monolayers are expected to be rather different and can reveal
crucial inputs for the functionalization of these metallic
monolayers through decoration and coating. When decorated
with selected atoms, it is anticipated that C ohs and Si ohs
monolayers can acquire rather unique properties for different
applications. Here, we first investigate the chemisorption of
selected individual atoms like H, O, C, Si, F, Ti, and Gd to C
ohs and Si ohs monolayers. To this end, we use the supercell
geometry as described in the previous section to mimic
isolated adsorbed adatoms. This way, the adatom−adatom
interactions are minimized. We used the (4 × 5) supercell for
C ohs and the (2 × 2) supercell for Si ohs. Since Si ohs

monolayer is an open structure as compared to C ohs and,
hence, is buckled, we tested the possible effects of the size of
the supercell on the calculated atomic and electronic structure
due to the single adatom adsorption. Our results obtained
using the (2 × 3) supercell did not differ from those obtained
using the (2 × 2) supercell.
The binding energy of an adatom is a critical value in the

chemisorption and is calculated by the expression Eb = ET[BS]
+ ET[A] − ET[AS] in terms of the total energies of the bare
supercell ET[BS], free adatom ET[A], and of single adatom
adsorbed to supercell ET[AS]. Note that, according to this
definition, Eb > 0 indicates that the adatom can be bound to
the substrate, or stated differently, the adsorption process is
preferred. The equilibrium geometry and hence the strongest
binding energy of an adatom is determined by placing the
adatom above the various possible adsorption sites of these
monolayers and subsequently by optimizing the atomic
structure to attain minimum total energy and minimum lattice
pressure. Possible sites of adsorption are A and B sites and also
H (above the center of hexagon), D (above the center of
square), and E (above the center of octagon) sites and bridge
sites above either A−A or B−B bonds. These sites are
described in Figure 1a. It is noted, however, that, in some
cases, the equilibrium binding occurred at a location different
from what the structure optimization using conjugate gradient
started initially. Hence, our search for the equilibrium site is
not limited to the above possible adsorption cites. Carrying
optimization calculations for all these sites, the one that attains
the lowest total energy (or highest binding energy) is set as the
equilibrium site for a given adatom on the substrate in hand. In
Figure 4, we show the calculated equilibrium atomic structures
of the selected adatoms adsorbed to C ohs monolayers and
their relevant state densities. The equilibrium binding energy
calculated by PBE+(DFT-D3), Eb, and the bond length

Figure 4. Optimized atomic structures (top and side views) of adatoms adsorbed to C ohs corresponding to the equilibrium binding geometries
(maximum binding energy) and their TDOS and LDOS calculated at the adatom and nearest host atoms. The zero of energy is set to the Fermi
level. (a) H atom. (b) O atom. (c) C atom. (d) Si atom. (e) Gd atom. (f) Ti Atom.
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corresponding to nearest adatom-host atom distance d are
listed in Table 1.
A single H atom is adsorbed to the B site of the (4 × 5)

supercell of C ohs with Eb = 2.38 eV contributing to the band
states below ca. −1.0 eV but mainly at −2.0 eV (see Figure
4a). The host carbon atom underneath is pulled up to make an
sp3-like hybridization. As one can infer from the chemisorption
of a single H atom to graphene, the adsorbed H atom becomes
positively charged by donating electrons to carbon atoms. A
Bader analysis64 results in an effective charge of ca. +0.1 e on H
adatom. The equilibrium position of O is found at the B−B
bridge site with a binding energy of Eb = 3.41 eV and
contributes to the band states mainly near −2.0 eV. According
to the Bader analysis,64 adsorbed O has an effective charge of
ca. −0.8 e. A single C adatom having four valence electrons is
bound above the D site by forming four bonds with underlying
four C host atoms at the corners of the square ring. Si adatom
being a group IV element like the host C atom is also adsorbed
at the D site with a major contribution to the density of states
at −3.3 eV. The binding energy Eb = 3.17 eV. The fluorine
adatom is adsorbed to C ohs monolayer with Eb = 2.03 eV. Its
major contribution to valence band states occurs at −3.0 eV.
The adsorption of specific adatoms like Gd and Ti is of

interest, since they can attribute magnetic properties through
their incomplete 3d and 4f shells, respectively, when adsorbed
to C ohs monolayers (see Figure 4e,f). Note that 2D
magnetism has been a field of current interest owing to
possible spintronics applications. Recent studies showed that
silicene monolayer acquired a ferromagnetic ground state at
finite temperature upon Gd adatom coverage.50,51 Here, Gd is
adsorbed to the A−A bridge site with Eb = 2.89 eV and
acquires a magnetic moment per unit cell of 7.86 μB
constructed mainly from 4f orbitals of a Gd atom. If the size
of the supercell allows a significant adatom−adatom
interaction, the magnetic moments of these magnetic adatoms
can be aligned to construct a ferro- or antiferromagnetic order
depending on their exchange interaction. The transition
temperatures of these magnetic ground states can be
determined by carrying out Monte Carlo calculations.51 A Ti
adatom adsorbed to the H site with a binding energy Eb of 4.08
eV attains a total magnetic moment of ∼1.0 μB per unit cell.
Earlier, light transition-metal atoms, Sc, Ti, and V, adsorbed to
graphene were known for their high capacity H2 molecule
storage.43−45 A Ti adatom adsorbed also to the same site on C
ohs monolayer is expected to form the same kind of weak
bonds with each hydrogen molecule around it to hold as many
as four of them. Although Ti coverage of C ohs monolayer is
beyond the scope of the present study, the clustering or dimer
formation of Ti atoms adsorbed nearest hexagons does not
occur here, since equilibrium H sites are wide apart.43−45

In Figure 5 the charge density isosurfaces of one H or O
adatom absorbed to the (4 × 5) supercell of C ohs monolayer
are presented. In contrast to the finite charge density at the

center of the square ring, holes are seen at the center of
octagon and hexagon rings. A relatively larger hole at the
center of octagon may enhance the diffusion of atoms and
molecules through the monolayer. The charge distribution
around the adatoms is in compliance with the Bader analysis
discussed above. Charging of H or O adatom covered surfaces
of C ohs monolayer attributes critical functionalities to ohs
monolayers as discussed in the forthcoming sections.
Single adatoms (H, O, C, Si, F, Ti, and Gd) adsorbed to Si

ohs monolayer display significant differences from those on C
ohs due to longer Si−Si bonds and hence weaker π-bonds. Si
ohs being a metal, the adsorption of an isolated adatom can
have also little effect on the state density, and its metallicity is
normally maintained. However, the supercell size of (2 × 2)
used for Si ohs monolayer may not be sufficiently large to
mimic the isolated adsorption for C and O adatoms; strong
back bonds with specific adatoms may open a narrow band gap
between conduction and valence bands.
A hydrogen adatom is adsorbed to the B site of a (2 × 2)

supercell of Si ohs with a binding energy of 2.81 eV as
described in Figure 6a. Upon chemisorption of H adatom, the
host Si atom underneath is pulled up, but the metallic state is
not altered. For the same supercell, the equilibrium adsorption
site of O occurs above the A site by forming bridge bonds with
two Si atoms of different square rings with a binding energy of
6.98 eV. This structure, however, opens a band gap of 0.4 eV in
the metallic state density of Si ohs. Upon Heyd-Scuseria-
Ernzerhorf (HSE) correction, the band gap rises to 0.56 eV.
This result is important and indicates that two bands crossing
just above the Fermi level are split and open a band gap upon
the formation of strong O−Si bonds with three host Si atoms
underneath. The majority of the contribution of the adsorbed
O adatom and its bonds with nearest host atoms to the
electronic structure occurs near −4 eV. The above results
concerning H and O chemisorption did not change when these

Table 1. Equilibrium Binding Energies Eb (in eV) of Various Adatoms Adsorbed to C ohs and Si ohs Monolayers Calculated
Using PBE+(DFT-D3) and Their Distances to Nearest Host Atom d (in Å)a

H O C Si F Gd Ti

C ohs Eb (eV/atom) 2.38 3.41 4.12 3.17 2.03 2.83 (7.86) 4.08 (0.95)
d (Å) 1.11 1.28 1.28 1.80 2.29 2.25 1.68

Si ohs Eb (eV/atom) 2.81 6.98 8.14 5.09 5.65 5.48 (7.13) 5.17 (0.87)
d (Å) 1.50 1.71 1.84 2.38 1.64 2.86 2.56

aLocal magnetic moments (in Bohr magneton, μB per supercell) of adatoms attaining a magnetic state are indicated in parentheses.

Figure 5. Top and side views of charge density isosurfaces of single H
and O adatoms adsorbed to C ohs at the equilibrium binding sites.
(a) H and (b) O adatoms.
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adatoms adsorbed to the (2 × 3) supercell of Si ohs. Because
of a strong C−Si interaction, a C adatom on Si ohs leads to a
massive deformation on the atomic structure, as described in
Figure 6c, constructing a tetrahedron-like configuration with
four C−Si bonds with their angles ranging from 81° to 121°. In
a (2 × 2) supercell strong interatomic interactions including
vdW forces can modify the atomic structure and lattice
parameters significantly. Accordingly, the binding energy of an
optimized structure is already high and 7.90 eV and increases
to 8.14 eV by the inclusion of a vdW interaction. In the end, an
indirect band gap of 0.14 eV is opened. Apparently, the
adsorption O and C treated using (2 × 2) supercells are low
coverage, patterned decorations rather than an isolated
chemisorption. They can give rise to stable structures assured
by AIMD at T = 1000 K, which may be modified significantly
from original bare ohs monolayers and can be used to tune
their band gap.
When adsorbed at the A site, the Si adatom pushes the host

Si atom underneath and eventually forms a dumbbell-like
structure, which also occurred in silicene monolayer. The
dumbbell-like atomic structure continued to exist at T = 1000
K. Because of this reconstruction of atoms, the bands around
EF are modified, but the system continued to be a metal.

Fluorine F, having higher electronegativity relative to Si, is
adsorbed at the B site with Eb = 5.65 eV forming flat bands at
ca. −5.5 eV. Even if the bands near the Fermi level are
modified, they continue to maintain the system in a metallic
state. The atomic structure around F adatom remains stable
even at T = 1000 K.
The Gd atom adsorbed near a H site in the supercell

acquires a total magnetic moment of μ = 7.13 μB per unit cell
as depicted in Figure 6f. However, these magnetic moments
prefer to have an antiferromagnetic order, since it is 7 meV
more favorable energetically as compared to the ferromagnetic
order despite a small Gd−Gd coupling. On the one hand, this
situation is in contrast with the ferromagnetic order, where one
Gd atom is adsorbed to each H site of silicene monolayer.51

On the other hand, the equilibrium binding energy of Gd to Si
ohs is stronger than that Gd atom adsorbing at the H site of
silicene. This can be due to deformed sp2 hybridization in Si
ohs, which can construct stronger bonds with the adsorbed Gd
atom.51 The equilibrium site for the adsorbed Ti adatom on
the (2 × 2) supercell of Si ohs is deduced between the H site
and B−B bridge site, as shown in Figure 6g. The binding is
rather strong, and Eb = 5.17 eV. After the adsorption of Ti

Figure 6. Optimized atomic structures (top and side views) of single adatoms adsorbed to the (2 × 2) supercell of Si ohs corresponding to the
equilibrium binding geometries (maximum binding energy) and their TDOS and LDOS calculated at the adatom and the nearest host atoms
forming bonds with it. Atoms labeled with chemical symbol. (a) H. (b) O. (c) C. (d) Si. (e) F. (f) Gd. (g) Ti.
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adatom, the (2 × 2) supercell acquires a total magnetic
moment of μ = 0.87 μB per unitcell.
We now address an interesting issue of whether C ohs

monolayer can prevent active surfaces from oxidation (or
corrosion) like its counterpart graphene.80,81 On the one hand,
as an atomically thin, metallic layer, C ohs would be an
excellent coating material to protect surfaces from oxidation.
On the other hand, one may contemplate that the hole at the
center of the octagon being relatively larger than the hole at
the center of the hexagon (see Figure 5) may weaken this
capacity of C ohs. In this study, we present a simple analysis to
explore the capacity of C ohs in protecting surfaces from
oxidation. For the sake of comparison, we did the same analysis
also for Si ohs monolayer. To this end, we calculated the
energy barrier posed to oxygen atoms as they are passing
through the holes at the centers of hexagons and octagons.
This barrier is an obstacle that oxygen atoms must overcome as
they are diffusing through C ohs and Si ohs monolayers to
arrive at the active surface underneath. We considered that a
single O atom starts from a height above the H(E) site and
goes to an equivalent point below the monolayer following a
straight path. For each fixed position of O atom on this path
we performed the total energy calculations by relaxing the
position of all host atoms. Our results in Figure 7 summarize
our analysis. The energy barrier against the passage of O atom
is rather high through the hexagons of C ohs (21.4 eV), even
higher than that through the hexagons of graphene calculated
earlier to be 10.12 eV.81 As found in graphene, the actual
barrier energy can be smaller than the calculated barrier
through a straight path, since the diffusing O atom can follow a
minimum energy path. Thus we expect that the energy barrier
on the minimum-energy path passing through the hexagon of
C ohs is still higher than that found for graphene.
Unfortunately, the passage of an O atom from the atmosphere
through the hexagon is not the only available path. In fact, the
passage through the octagon provides with a more open hole
exerting even a smaller barrier. This barrier energy following a
straight path is calculated to be 5.8 eV, close to one-fourth of
that through the hexagon. Hence, the energy barrier can even
be smaller, when an O atom follows a minimum energy path.
In this respect, the capacity of C ohs monolayer in protecting
the active surfaces from oxidation is relatively lower as
compared to graphene. As for Si ohs monolayer with relatively
longer bonds and larger holes, it poses only a small barrier of
0.4 eV through the hexagon but no barrier at all for the
diffusion through the octagon.

■ COVERAGE/COATING OF C OHS AND SI OHS

High and full coverages of C ohs and Si ohs monolayers by the
selected adatoms like H, O, C, and F on a single side or both
sides lead to hydrogenation, oxidation, carbonation, and
fluoridation, which are of particular interest. In the end, their
physical and chemical properties can undergo dramatic
changes. For example, while both monolayers are good 2D
metals, they may undergo a metal−insulator transition and
have an energy band gap varying with the coverage. In fact, as
shown in the foregoing section, even at the low coverage of Si
ohs monolayer, like one single O atom adsorbed to each (2 ×
2) supercell, the metallic state has changed to a semiconductor.
Moreover, the width of a band gap can change with coverage
pattern allowing a kind of band engineering in the 2D
materials.
In the past, hydrogen coverage of graphene has been a focus

of interest. Because of relatively smaller C−C bond lengths and
uniformity of C sites in graphene, hydrogenation has been
achieved by saturating alternating C atoms by H adatoms from
different sites. In this fully hydrogenated graphene, named as
graphane, sp2 hybridized bonding is modified to sp3-like
bonding accompanied by the buckling of alternating carbon
atoms. The situation is, however, different in C ohs due to its
deformed sp2 hybridization leading to diverse bond lengths and
bond angles.11 For the same reason, C atoms exhibit
inequivalent chemical activities. In view of the results obtained
from the adsorption of a single H adatom to the (4 × 5)
supercell of C ohs, we first examined the hydrogenation of C
ohs from a single side, which would easily be achieved for C
ohs grown on a substrate. However, on the one hand, we found
that the full hydrogenation (each C atom saturated by one H
adatom) cannot be achieved on a single side; it is unfavorable
energetically. On the other hand, a patterned coverage of H
adatom at low concentration can be achieved on a single side,
and the electronic and magnetic states are modified. As an
example, calculations performed using PBE, HSE,57 and a local
basis58 resulted in a nonmagnetic state, if single hydrogen is
adsorbed to (1 × 1), (2 × 1), (2 × 3), (3 × 3), and (4 × 5)
cells. However, the adsorption of a single H atom to (1 × 2),
(2 × 2), (3 × 2) leads to a magnetic state with the magnetic
moment μ ≈ 0.9 μB. We believe that the alternation of the
magnetic state with the symmetry/size of the repeating cell (or
pattern) is beyond the numerical error. It is interesting to note
that HSE calculations on the (1 × 2) supercell of C ohs with
one single H adatom adsorbed predict an integer magnetic
moment μ of 1.0 μB rendering a ferromagnetic semiconductor.

Figure 7. Variation of the optimized energy as a function of the distance from the monolayer calculated for O atoms passing from the top to the
bottom side through the center of hexagon (dark blue curve) and octagon (light green curve) on a straight path (indicated by red dots). The
heights of the energy barriers are indicated by arrows. (a) C ohs monolayer. (b) Si ohs monolayer.
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In addition to these diverse magnetic states, the electronic state
can also undergo striking changes depending on the patterned
coverage. For example, in the half coverage, where the host C
atoms at one side are saturated alternatingly by H adatoms, the
metallic C ohs monolayer undergoes a metal insulator
transition and changes to a ferromagnetic semiconductor.
This result demonstrates that one can construct 2D materials
with unusual properties from the metallic C ohs via a patterned
adsorption of adatoms.
After this discussion of patterned coverage or decoration of

ohs monolayers, we now return to their full coverage. A recent
theoretical study found that specific full hydrogenation of C
ohs is a ground state and has the formation energy only ca.
−12 meV/atom smaller than that of graphane like hydro-
genation.82 We believe that, experimentally, this ground state
of H coverage may be difficult to realize due to the
uncertainties of incoming H atoms to select well-determined
sites on C ohs. Here, as a proof of concept, we consider
graphane-like full coverage, where C atoms are saturated
alternatingly from the top side and bottom side as shown in
Figure 8a. Upon this coverage of H, carbon atoms raised and

lowered to have a buckling of 0.42 Å to construct sp3-type
bonding. The average binding energy is calculated to be E̅b =
2.75 eV. By performing ab initio phonon and AIMD
calculations at high temperature, we assured this H-covered
C ohs has a dynamical and thermal stability. It is a wide band
gap semiconductor with an indirect band gap of 3.82 eV
calculated by PBE. The flat bands with energy between −2 and
−4 eV are derived from C−H bonds. We expect that the width
of the band gap can further increase in HSE calculations. We
specify this hydrogenated monolayer as CH ohs.
At this point, we will address an important issue related to

the hydrogenated CH ohs monolayer. Earlier, it was shown

that the friction constant between two slidings, diamond-like
carbon-coated surfaces in relative motion was lowered
dramatically upon the hydrogenation of the surfaces leading
to a superlow friction.83 In view of the progress made on the
atomic-scale friction,84,85 we propose a system of superlow
friction consisting of two parallel CH ohs monolayers as
described in Figure 9a. Normally, an interaction or adhesion
force Fi acts, when the spacing between nearest H atoms in
different surfaces of these hydrogenated monolayers is small.
Here, the variation of the interaction energy Ei between these
surfaces, with the spacing z and the force Fi = −∂Ei/∂z thereof,
is calculated from first principles and is presented in Figure
9b,c, respectively. The force acting between the hydrogenated
surfaces starts to become repulsive already for z < 1.9 Å, where
Ei has a minimum value. Surprisingly, this spacing is almost 3
times the bond distance of a H2 molecule. The excess positive
charge on H atoms of both surfaces, which occurred due to
electron donation to host C atoms, is responsible for this
repulsive force range, which starts even at a large separation.
The repulsive force acting from a large z prevents the asperities
or bonds of sliding surfaces from going into each other. Even
under a perpendicular loading force FN, hydrogenated surfaces
are kept apart from each other, so that the elastic deformation
of C−H molecules through bending is reduced. Accordingly,
the elastic energy stored in the stick phase of the stick−slip
motion86 will excite a limited number of phonon modes in the
slip phase. On the one hand, at the end, the friction between
sliding surfaces can be reduced by coating with CH ohs
monolayers. On the other hand, in the sliding motion of a bare
and flat metal surface under the normal loading force, z is
small, and hence atoms (or bonds) at each surface undergo
large displacements from their equilibrium positions in the
course of slip, and a large amount of mechanical energy is
converted to elastic energy. When released suddenly in the
course of slip, the large amount of phonon density is excited,
and hence the mechanical energy is dissipated in the sliding
friction leading to a high friction constant. Most recently, the
band gap engineering through the decoration of C ohs by H
atoms was investigated.87 Zhang et al. predicted that the
thermal transport of C ohs is suppressed significantly upon the
full coverage of H due to enhanced phonon scattering rate.88 A
modification of magnetic and electronic properties of C ohs
through hydrogen coverage and decoration can lead to future
applications as discussed in the forthcoming section.
Oxidation of C ohs through oxygen adatoms forming bridge

bonds on B−B bonds of the square ring alternatingly from the
top and bottom as shown in Figure 8b is another critical
coverage we took into consideration in this study. Once C ohs
is covered by O adatoms, a direct band gap of 2.76 eV is
opened in the metallic state density of bare C ohs; the bands
with low dispersion at the edge of conduction and valence
bands carry a significant contribution of O adatoms. Most
recently, on the basis of DFT calculations Liu et al. showed
that C ohs is a metal-free candidate for facilitating the
electrochemical oxygen reduction reaction for fuel-cell
technologies.89

Carbonation of C ohs monolayer can be achieved by
adsorbing C adatoms above the center of each square ring (D
site), which was demonstrated to be an equilibrium position
for the chemisorption of an individual C adatom in the
foregoing section. The stability of this carbonation is ensured
by the phonon calculations as well as AIMD simulations at T =
1000 K. The major effect of the carbonation is the opening of a

Figure 8. Full coverage of C ohs monolayer by H and O atoms.
Atomic configuration of coverage with top and side views, energy
band structure, and the TDOS together with LDOS at adatom. (a)
CH ohs. H adatoms are shown by gray balls saturating host C atoms
alternatingly from the top and bottom. (b) C ohs monolayer covered
by O atoms. O atoms are represented by red balls forming bridge
bonds with B−B bonds of the square ring alternatingly from the top
and bottom. Zero of energy is set to the top of the valence band.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.2c00459
ACS Appl. Electron. Mater. 2022, 4, 3056−3070

3065

https://pubs.acs.org/doi/10.1021/acsaelm.2c00459?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00459?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00459?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00459?fig=fig8&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c00459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


very small direct band gap of 40 meV in the metallic state
density. Fluorine atoms can provide full coverage of C ohs by
adsorbing to the host carbon atoms at the top site alternatingly
from the top and bottom side. The full coverage of C ohs with
F is assured to be stable. Upon fluorination, the metallic C ohs
monolayer changes to a semiconductor with an indirect band
gap of 3.07 eV.
Because of its relatively longer Si−Si bonds, Si ohs can be

hydrogenated fully by saturating each Si atom by one H
adatom from a single side as well as from both sides, like
graphane. However, the latter described in Figure 10a is 443
meV more favorable energetically relative to the single-side
coverage. The calculated average binding energy E̅b is 2.88 eV.
An indirect band gap of 2.30 eV is opened in the metallic state
density of bare Si ohs. Flat bands between −2 and −3 eV are
derived from Si−H bands. Hence, upon the hydrogenation of
Si ohs, the metallic monolayer changes to a semiconductor
with a wide band gap and becomes further stabilized. This state
of fully hydrogenated Si ohs keeps the promises of various
applications as pointed out above for C ohs.
In the full coverage of Si ohs, O adatoms form A−A and B−

B bridge bonds from top and bottom. This coverage geometry
has been arrived at by attaching O atoms first to the sites
revealed for its individual/isolated adsorption. Upon relaxa-
tion, the coverage geometry described in Figure 10b occurred,
where six O atoms are adsorbed to each unit cell of Si ohs by
forming bridge bonds above and below each A−A and B−B
bond. In this coverage configuration, an indirect band gap of
0.65 eV is opened to attribute a semiconducting state to
otherwise metallic Si ohs. Upon coverage of O adatoms flat
bands at ca. −3 eV are derived from Si−O bonds.

■ DISCUSSIONS AND CONCLUSIONS

The physical and chemical properties predicted after the
formation of point defects, isolated chemisorption of adatoms,

such as H, O, C, Si, F, Ti, and Gd, and high/low coverage of
selected atoms like H, O, C, and F have revealed critical and
fundamental features. In this section, we will discuss these
features with underlying physics and their prospective potential
technological applications.

Figure 9. (a) Two parallel CH ohs monolayers. Carbon and hydrogen atoms are shown by large orange and small gray balls, respectively. The
distance between H atoms in opposite surfaces is z. (b) The calculated interaction energy Ei, between these monolayers as a function of z. At z =
1.9 Å, Ei attains its minimum value. (c) The calculated interaction (or adhesion) force Fi. For z < 1.9 Å, Fi becomes repulsive.

Figure 10. Full coverage of Si ohs monolayer by H and O atoms. (a)
Top and side views of the atomic structure of Si ohs monolayer
saturated by H atoms alternatingly from the top and bottom side.
Energy-band structure with an indirect band gap of 2.30 eV.
Hydrogen atoms saturating Si host atoms are indicated by small
blue balls. (b) Same for oxygen adatoms (indicated by red balls)
covering Si ohs from both sides. Zero energy is set to the top of the
valence band.
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(i) The local changes in the electronic potential induced by
individual/isolated point defects and adatoms are usually
screened by the 2D metallic electron density of C and Si
ohs monolayers. The emerging electronic states are
localized if their energies fall in the band gap, but they
usually become resonance states in the valence- and
conduction-band continua. While single vacancies
formed at A and B sites are magnetic via the twofold
coordinated C atoms, the divacancy formed at the
adjacent A and B sites is nonmagnetic. However, the
formation energy of the divacancy is found to be smaller
than that of the A-site single vacancy but larger than that
formed at the B site. This situation indicates additional
rebonding in the formation of divacancy. We predict that
neither isolated monovacancy nor divacancy in Si ohs is
magnetic.

(ii) An isolated void or antidot formation in C ohs or Si ohs
can lead to the formation of edge states on the host
atoms surrounding the void. The persistent currents
through these closed edge states and the Aharonov-
Bohm oscillations therein can be a fundamentally
attractive subject both theoretically and experimentally.
A periodically repeating or patterned void is expected to
display interesting electronic and magnetic structures
depending on the geometry, size, and lattice symmetries
of the voids.

(iii) C ohs monolayers including isolated monovacancy and
also adsorbed single Ti or Gd adatom attain nonzero
magnetic moments due to unpaired electrons or unfilled
orbitals. When decorated with these defects or adatoms,
the 2D structure can attain diverse magnetic states, such
as planar and columnar ferromagnetic, ferrimagnetic,
antiferromagnetic ground states, and even skyrmions,
which may lead to interesting 2D spintronic devices. The
2D magnetic states and the underlying exchange
interactions in these functional systems deserve further
study.

(iv) Ti adsorbed on C ohs can be of particular interest
because of its capacity to weakly bind many hydrogen
molecules and hence to store hydrogen energy. Earlier, it
was demonstrated43−45 that Ti atoms adsorbed to the H
site of graphene from both sides were shown to serve as
a high-capacity hydrogen storage medium. In this
process, the complex charge exchange mechanism
among Ti adatom, C host atom, and H2 molecule
underlies the weak binding interaction with many (four
to five) H2 molecules around Ti.

(v) In many functional systems in this study, we showed that
different effects can give rise to the opening of a band
gap in a metallic-state density with widths varying
depending on various parameters, hence, enabling the
band gap engineering. A band gap is opened due to the
change in the s−p hybridization as a result of the
adsorption of adatoms and also due to enhanced
coupling between them. The interaction through the
back bonds with C or Si host atoms at relatively low
coverage may set the opening of a small gap. The
process of full coverage of C ohs and Si ohs by selected
adatoms may involve an interesting interplay between
the time variation of the concentration and coverage
landscaping due to deformed sp2 hybridization and local
changes in the electronic potential induced by
adatoms.90

(vi) Full coverage of C and Si ohs ends with a metal−
semiconductor transition. The metallic 2D monolayers
change to wide band gap semiconductors. This situation
brings about so many alternative composite systems and
structures with potential device applications. First, by
dehydrogenation or deoxidation of stripes on fully H- or
O-covered C ohs and Si ohs monolayers, one can
construct various lateral composite structures consisting
of commensurate bare and adatom-covered zones of ohs
monolayers. Depending on the pattern and size of these
zones one can construct novel materials of unusual
electronic and magnetic properties, such as alloys,
heterostructures, quantum wells, antidots, and antirings.
Similar effects can be realized by the vertical stacking of
CH ohs and C ohs mono- or multilayers and can be
exploited as metal−semiconductor junctions with a well-
defined Schottky barrier or energy-storing nanodevices.
Our extensive study on this method enabling the
realization of various quantum structures and devices
thereof will be published elsewhere.

(vii) Another interesting feature is related with the excess
charge on the adatoms, which fully cover the metallic
monolayers. For example, on the one hand, we showed
that H adatoms fully covering C ohs attain some positive
charge. On the other hand, both surfaces of C ohs fully
covered with O or F adatoms are negatively charged. We
presented a physical discussion about how one can
reduce the energy dissipation to attain a (super) low
friction coefficient in the sliding motion of active metal
surfaces coated with CH ohs monolayers.

(viii) In this study we calculated the energy barriers against
the penetration of a single O atom through the centers
of hexagons and octagons of C ohs. We found that the
energy barrier to an O atom passing through the center
of an octagon ring is much smaller than that of hexagon.
Therefore, the capacity of C ohs monolayer in protecting
the active surfaces from oxidation is relatively lower as
compared to graphene. Perhaps, this drawback can be
overcome by multilayer C ohs coverage.

In conclusion, we showed that the physical and chemical
properties of C ohs and Si ohs monolayers can undergo
significant changes by the creation of point defects like
monovacancies, divacancy, antidot and substitutional impur-
ities, chemisorption of adatoms, and their patterned as well as
full coverage. The variations of these changes with symmetry
and size of these defects were explored extensively. The
unusual physical effects revealed on these 2D materials keep
the promises of extensive technological applications as well as
active experimental studies. It was demonstrated that these
changes can be associated with important features, which make
these 2D materials functional. We discussed the physics
underlying these features and pointed out the viable
applications.
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