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ELECTRONIC PROPERTIES OF FUNCTIONALIZED
GRAPHENE NANORIBBONSPACS 73

Distributions of valence electron density in and the electron energy spectrum of graphene
nanoribbons covered with hydrogen, fluorine, or oxygen atoms have been calculated ab ini-
tio in the framework of the density functional and pseudopotential theories. The emergence of
a forbidden gap for graphene nanoribbons with zigzag edges and 9.23 Å in width and its absence
in an unconfined graphene plane are shown. The forbidden gap is demonstrated to decrease, as
the graphene nanoribbon width increases. For graphene nanoribbons with hydrogen-decorated
edges, the energy gap disappears. The interaction between a hydrogen atom and carbon atoms
in the graphene nanoribbon plane that are coordinated in accordance with the sp2-hybridization
is shown to induce local changes of the hybridization to the sp3 type.
K e yw o r d s: graphene nanoribbons, electron density functional method, pseudopotential
method.

1. Introduction

The influence of edges in graphene nanoribbons
(GNRs) on their electron structure is rather strong,
so that the chemistry of GNRs considerably differs
from that of massive graphene. This problem has at-
tracted a close attention since the first works by Louie
et al. [1] had been published, in which a semimetal-
lic ferromagnetic state of zigzag graphene edges was
predicted on the basis of the results of calculations
in the framework of the electron density functional
method. The majority of works on this topic are cal-
culation ones – see, e.g., works [2–6] – and are aimed
at the determination of factors that govern the elec-
tron structure of GNRs and change their conducting,
magnetic, heat-conducting, and transport properties.

Graphene nanoribbons are prolonged strips of
graphene with a finite width. They can be produced
by cutting the graphene plane along certain direc-
tions or using the lithographic methods [7–9]. Owing
to a lattice structure of graphenes, two prototypes
of their edges are possible. These are the armchair
(Fig. 1, b) and zigzag (Fig. 1, c) ones with a differ-
ence of 30◦ between the directions of their orienta-
tions. Besides two indicated “perfect” edge shapes,
more complicated GNR edge geometries combined of
armchair and zigzag fragments can also be realized.

The atomic structures of GNRs with armchair and
zigzag edges and the corresponding unit cells are
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sketched in Fig. 2. According to conventional rules
[10], GNRs with both armchair and zigzag edges
are classed by the number N of dimer or zigzag
lines, respectively, across the strip width, as is shown
in Fig. 2.

In 2010, Cai et al. [11] succeeded in synthesizing
an armchair GNR with defect-free edges and a defi-
nite width of 7 lines. It became a seminal event in
the domain of activities aimed at the creation of sub-
stances with predicted properties. At the same time,
a similar synthesis for other GNRs turned out not
so successful. A typical lithographic manufacture of
GNRs includes their treatment with oxygen plasma,
which makes the passivation of GNR edges not only
by hydrogen very probable. In this case, it is very
important to know how the edge and surface func-
tionalizations affect the physical properties of GNRs.
On the other hand, the functionalization can be car-
ried out purposely in order to change GNR properties
for possible practical applications.

In general, the influence of the real edges of GNRs,
their width, and the state of their surface on the elec-
tronic GNR properties is not clear enough, so that
those very important problems need to be researched
further.

2. Objects and Methods of Research

In this work, the electronic properties of functional-
ized GNRs are studied by carrying out ab initio cal-
culations with the use of electron density functional
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Fig. 1. Lattice structure of graphene (a) with distin-
guished armchair and zigzag directions. Graphene nanoribbons
(GNRs) are cut out from an ideal graphene plane along two
highly symmetric directions, being called armchair (aGNRs)
(b) and zigzag (zGNRs) graphene nanoribbons (c)

Fig. 2. Carbon N -aGNRs (a) and N -zGNRs (b) composed
of N armchair or zigzag lines, respectively. White and black
circles identify carbon atoms related to two different sublat-
tices, A and B. Rectangles confine unit cells in corresponding
GNRs. The enumerated atoms correspond to the number of
zigzag chains or dimer lines across the nanoribbon width

and pseudopotential methods. The results were ob-
tained with the help of author’s program code [12,13].
The latter realizes either the algorithm of quantum-
mechanical dynamics if the variables describing the
electron and nuclear subsystems of a multiatomic
structure are optimized simultaneously, or the algo-
rithm of self-consistent solution of Kohn–Sham equa-
tions if only the electron variables are determined for
fixed atomic cores.

The ground states of electron-nuclear systems were
determined by solving self-consistently the Kohn–
Sham equations, i.e., only the electron variables were
determined, by assuming the atomic core to be fixed.
Following the Kohn–Sham approach, the electron
density is written down in terms of occupied or-
thonormalized one-particle wave functions,

n(r) =
∑
i

|ψi(r)|2. (1)

The point on the potential energy surface in the
Born–Oppenheimer approximation was determined
as a minimum of the energy functional with respect
to the wave functions,

E [{ψi}, {Rj}, {αν}] =
∑
i

∫
Ω

d3rψ∗i (r)×

×
[
− ~2

2m
∇2

]
ψi(r) + U [{n(r)}, {Rj}, {αν}], (2)

where the notation {Rj} means the coordinates of
core atoms, and {αν} includes all possible external
influences on the system.

In the standard formulation, the minimization of
the energy functional (2) with respect to one-particle
orbitals that obey additional orthonormalization con-
ditions brings about one-particle Kohn–Sham equa-
tions,{
− ~2

2m
∇2 +

∂U

∂n(r)

}
ψi(r) = εiψi(r). (3)

The distribution of electrons over the energy bands
in the Γ-state of structures concerned was ob-
tained numerically by calculating the derivative
limΔE→0(ΔN/ΔE), where ΔN is the number of al-
lowed states in the energy interval ΔE. The required
quantities were calculated in the course of diagonal-
ization of the Kohn–Sham matrix for the one-particle
energy spectrum, in which the number of values was
controlled by the size of the wave function expansion.
According to the ideology of the electron density func-
tional theory, the states occupied at T = 0 K (the
states in the valence bands and the state in the en-
ergy gap associated with defects) were found. This
allows us to determine the position of the Fermi level
as that of the last occupied state. The number of
occupied states was put equal to half a number of
electrons, because the electron spin was neglected.

The algorithm of calculations supposed the pres-
ence of the translational symmetry for the atomic sys-
tem under study. Therefore, an artificial supercell of
tetragonal type was created first. (Its parameters and
atomic basis were regarded as the research objects.)
In such a way, the translational periodicity in three
directions was introduced into the atomic system. In
other words, an artificial three-dimensional periodic
system was created. It consisted of either graphene
ribbons repeated in three directions and of graphene
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Fig. 3. Distributions of states at the Γ-point of the Brillouin zone in a superlattice that simulates the graphene plane (a),
the 5-zGNR (b), the 7-zGNR (c), and the 7-zGNR with hydrogen-decorated edges (d). The upper distribution in the group
corresponds to the valence band states and the lower one to the valence band states and the next allowed state. The energy in
electron volts is reckoned along the abscissa axis, and the number of states is shown on the ordinate axis

planes repeated in two ones. But the cell parameters
and the atomic coordinates in the basis were so se-
lected that there was no interaction between spatially
repeated ribbons (planes), which allowed a single in-
finite graphene ribbon (a plane) to be analyzed.

3. Results of Calculations
and Their Discussion

In order to study the evolution of the electronic prop-
erties of graphene-like structures when H, F, and O
atoms join them, the atomic bases of a primitive cell
in an artificial superlattice were created to simulate
a nanoribbon that is infinite in one direction. The
cell parameters were so selected to simulate the rib-
bon with infinite length in the X-direction, the con-
finement of the ribbon by so-called edges in the Y -
direction, and free surfaces in the Z-direction. The
confinement of a graphene plane in one direction,

the nanoribbon edges terminated by hydrogen atoms,
and the adsorption of hydrogen, fluorine, or oxygen
atoms on the surface change the electron structure of
the material.

While carrying out researches, five or seven zigzag
chains of carbon atoms were taken, which determined
the zGNR width (N -zGNR, N = 5 or 7, see Fig. 2).
For the sake of comparison, the calculations were car-
ried out for an infinite graphene plane as well, using
the superlattice technique. In so doing, the parame-
ters of the primitive cell were so selected to simulate
an infinite plane in the X- and Y -directions, and free
surfaces in the Z-direction. The atomic bases cre-
ated for all calculation objects had a symmetry that
contained only two operations in its point group: the
identical and inverse transformations. Using author’s
software, the electron spectrum for the Γ-point of the
Brillouin zone in the three-dimensional superlattice,
the spatial distributions of valence electron density,
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Fig. 4. Distributions of states at the Γ-point for the 7-zGNR with H-decorated edges (a); the same GNR as in panel (a),
but with two additional H atoms located above the neighbor C atoms on the different sides from the GNR plane (b); for the
same GNR as in panel (b), but with two additional F atoms located over C atoms on the different sides from the GNR plane
at positions that are the nearest to H atoms (c); for the same GNR as in panel (c), but with two additional O atoms instead
of F ones (d). In each group of distributions, the upper distribution corresponds to valence band states, and the lower one to
valence band states and the next allowed state. The energy in electron volts is reckoned along the abscissa axis, and the number
of states is shown on the ordinate axis

and their cross-sections were calculated. Attention
should be paid to the fact that the Γ-point for super-
lattice calculations has the sense of the Baldereschi
mean-value point [13], which represents all vectors in
the Brillouin zone.

In Fig. 3, the distributions of valence electron states
calculated for various graphene-like structures are
shown. In order to determine whether the energy gap
exists, two distributions are depicted for each of the
studied structures. One of them describes only states
occupied at T = 0 K (the right energy limit of the
distribution defines the Fermi level and is designated
as 0 eV), the other also includes the next free state
allowed at T = 0 K. This state in the conduction
band is either unseparated from the previous occu-
pied state within the plot resolution or separated by

an appreciable forbidden energy gap. One can ob-
serve the emergence of the energy gap in the 5-zGNR
9.23 Å in width (Fig. 3, b) and its absence in the
case of unconfined graphene plane (Fig. 3, a). For
the 7-zGNR 13.42 Å in width (Fig. 3, c), additional
states associated with dangling bonds of C atoms at
the ribbon edges are located very close to the conduc-
tion band in this GNR (in Fig. 3, c, the last occupied
state and the first free one merged together for the
given plot resolution), i.e. the forbidden gap dimin-
ishes, as the zGNR width increases. For GNRs with
hydrogen-decorated edges (Fig. 3, d), the forbidden
gap disappears.

In Fig. 4, the distributions of valence electron states
at the Γ-point of the Brillouin zone in the superlat-
tice for the 7-zGNR with hydrogen-decorated edges
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Fig. 5. Longitudinal (a) and transverse (b) cross-sections of the spatial distribution of valence electron density over an unconfined
graphene plane drawn through the centers of atoms, spatial distribution of valence electron density within the interval of 0.6–0.7
of the maximum value (c); the same as in panel (c), but for the interval of 0.1–0.2 of the maximum value exposed in different
perspectives (d) and (e)

are exhibited for the following conditions of atomic
adsorption on the GNR surface.

(i) There are two hydrogen atoms per unit cell.
They are adsorbed at a distance of 1.07 Å from the
graphene plane and located above the neighbor car-
bon atoms on the different sides from the plane. For
the selected size of the unit cell, such a number of H
atoms in the atomic basis corresponds to a concen-
tration of adsorbed hydrogen atoms of 14.3%.

(ii) There are four atoms per unit cell. Two of them
are hydrogens, which are located as was described
above. The two others are fluorine or oxygen atoms
with a concentration of 14.3%, which are distanced
from the GNR plane by 1.41 or 1.43 Å, respectively,
being located at the positions that are the nearest to
H’s on the different sides from the plane. The total
concentration of atoms adsorbed on the GNR surface
equaled 28.6% in this case.

For the sake of comparison, Fig. 4, a exhibits
the calculated distribution for the 7-zGNR with
hydrogen-decorated edges but clean surfaces. In
Figs. 4, c and d, the arrows point to the states of
p-electrons in O and F atoms. The analysis of the pre-
sented distributions brings us to a conclusion that the
adsorption of hydrogen to a concentration of 14.3%
onto the 7-zGNR devastates additional electron states
in the graphene ribbon, which are densely grouped
into a band near the conduction band bottom (see the
group of states on the right-hand side in Fig. 4, b).
The additional adsorption of F and O atoms to a
concentration of 14.3% on the 7-zGNR surfaces previ-
ously hydrogenated to a concentration of 14.3% leads
to a separation of additional states in the upper sec-
tion of the forbidden gap.

a

b
Fig. 6. Distributions of valence electron density for the 5-
zGNR: longitudinal cross-section through the centers of atoms
(left panel) and transverse cross-section in a vicinity of the C
atom the most distant from the edges (right panel) (a); spatial
distribution of valence electron density within the interval of
0.8–0.9 of the maximum value for the C atom the most distant
from the edges (b)

In order to study how the concentration of hydro-
gen atoms adsorbed on the surface of 7-zGNR with
hydrogen-decorated edges affects the electronic prop-
erties of GNR, a unit cell with a larger number of
atoms has been created. In particular, it included
42 carbon atoms against 14 ones used earlier, which
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Fig. 7. Longitudinal and transverse cross-sections of the spatial distributions of valence electron density for the 5-zGNR with
hydrogen-decorated edges (a) in a vicinity of the C atoms the most distant from the edges and (b) in a vicinity of the C atoms
that confine the ribbon and interact with hydrogen atoms. Panels (c) and (d) illustrate the same distributions for the same
positions of atoms described above, but for the 7-zGNR

Fig. 8. Distribution of valence electron density within the interval of 0.5–0.6 of the maximum value in a unit cell of the 7-zGNR
with H-decorated edges and adsorbed H atoms (to a concentration of 14.3%) at positions located on the different sides from
the graphene plane over the neighbor C atoms that are the most distant from the edges (a). Longitudinal and transverse cross-
sections of the spatial distribution in a vicinity of the C atom with a hydrogen atom being adsorbed above (b) and in a vicinity
of the same C atom, but in the GNR with an additionally adsorbed O atom at the position that is nearest to this C atom (above
the neighbor carbon atom) (c)
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Fig. 9. Distribution of valence electron density within the interval of 0.8–0.9 of the maximum value in a unit cell of the 7-zGNR
with H-decorated edges and adsorbed H atoms (to a concentration of 4.8%) at positions located on the different sides from the
graphene plane over the neighbor C atoms that are the most distant from the edges(a). The same as in panel a, but for the
concentration intervals of 0.5–0.6 and 0.1–0.2, respectively, of the maximum value (b) and (c). Longitudinal and transverse
cross-sections of the spatial distribution in a vicinity of the C atom with a hydrogen atom being adsorbed above (d)

allowed the calculated concentration of adsorbed hy-
drogens to be reduced to 4.8%. Comparing the mag-
nitudes of energy ranges for states occupied by va-
lence electrons at T = 0 K in the 7-zGNRs with
hydrogen-decorated edges but free of adsorbed hy-
drogen atoms, and with hydrogen coatings to con-
centrations of 4.8, 14.3, and 100%, a conclusion can
be drawn – on the basis of broadening of those ranges
in GNRs hydrogenated to concentrations of 4.8 and
14.3% with respect to the 0%-concentration values –
that the states leave the valence band and pene-
trate into the energy gap, which is more significant
for GNRs with a higher hydrogen concentration. A
complete coating of 7-zGNR surfaces with hydrogens
strongly narrows the interval of allowed states, which
reduces the total energy of the system and increases
its inertness.

The spatial distributions of valence electron den-
sity and their cross-sections at various points of the

studied graphene structures are depicted in Figs. 5 to
9. The distribution in an unconfined graphene plane
is uniform over the plane (Fig. 5), in contrast to the
distributions in GNRs. The following characteristic
features can be indicated for the latter. For non-
decorated GNRs, which are confined in one direction,
the non-uniformity of the distributions is determined
in two mutually perpendicular directions, along the
infinite ribbon and along the direction of its confine-
ment (cf. Figs. 5 and 6). For GNRs with hydrogen-
decorated edges, this non-uniformity becomes even
more pronounced (Fig. 7).

Adsorption of hydrogen atoms by carbon ones,
which belong to the graphene plane and are com-
pletely coordinated in correspondence with the sp2-
hybridization, gives rise to the change from this
hybridization to the sp3-one. This can be seen
from a distribution typical of diamond-like struc-
tures, which was formed in the GNR plane un-
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der hydrogen atoms (Figs. 8, a and b). The elec-
tron density redistribution of such a type consist-
ing in the appearance of a cord with a higher con-
centration was observed for the 7-zGNRs, which
adsorbed so many hydrogen atoms that the re-
gions in which the electron density in graphene
changed under hydrogens became overlapped (a
hydrogen concentration of 14.3%). If hydrogen
atoms were adsorbed to lower concentrations –
e.g., 4.8% – and the regions of electron den-
sity in graphene under hydrogens were not over-
lapped, no change of the hybridization type was
observed (Fig. 8).

Additional adsorption of atoms of a different kind,
e.g., fluorines or oxygens, on the preliminary hydro-
genated GNR surface into positions that are the near-
est to hydrogen atoms (according to the authors of
work [14], such adsorption is the most beneficial, be-
cause this GNR site is the most perturbed one) re-
stores the hybridization type of carbon electrons back
to sp2 (see Fig. 9, c).

The authors of works [15, 16] predicted the ap-
pearance of effective partial bonds of the sp3 type
in ribbon graphene structures with damaged chem-
ical sp2 groups. The cited authors assert that the
presence of such point defects can be used as a
useful engineering approach to the creation of a
new class of carbon semiconductors, which can be
used in nano-electronics, in particular, for the cre-
ation of field-effect transistors. A similar trans-
formation of the triangular coordination of carbon
atoms into that close to the tetrahedral one, which
takes place in fluorinated nanotubes, was also ob-
served in single-wall clean nanotubes [17]. The
latter transformation is possible only if the sp2-
hybridization of valence states of carbon atoms in
initial tubes is replaced by the sp3-one in nanotubes
with fluorine atoms attached normally to the sur-
face. Such an arrangement of fluorine atoms on
the nanotube wall after the fluorination process was
observed experimentally [18]. Having analyzed the
structure of x-ray absorption spectra obtained for the
fluorine–carbon phase, the cited authors drew con-
clusion that, at the fluorination of a carbon nan-
otube, the fluorine atom does not substitute the
carbon one, but becomes bound to it normally to
the wall by forming a C2pz state and, hence, form-
ing a spatial rather than plane configuration for the
carbon atom.

4. Conclusions

The methods of electron density functional and
pseudo-potential theories were used to calculate, ab
initio, the distributions of valence electron densi-
tys and the energy spectra of electrons for graphene
nanoribbons decorated with hydrogen, fluorine, or
oxygen atoms.

The emergence of the energy gap in the 5-zGNR
(23 Å in width) and its absence in the unconfined
graphene plane were demonstrated. The forbidden
gap width decreases with the growth of the GNR
width to that of 7 atomic chains (13.42 Å). For
GNRs with hydrogen-decorated edges, the energy gap
disappears.

Adsorption of hydrogen atoms to a concentration
of 14.3% by the surface of 7-zGNR devastates ad-
ditional electron states, which are densely grouped
into a band near the conduction band bottom. If the
7-zGNR surface is preliminarily hydrogenated to a
concentration of 14.3%, it additionally adsorbs F or
O atoms to a concentration of 14.3%, the additional
states in the upper section of the energy gap become
separated.

The conclusion was drawn concerning the separa-
tion of states from the valence band and their re-
moval into the energy gap in GNRs hydrogenated to
H concentrations of 4.8 and 14.3% in contrast to non-
hydrogenated ones, with the effect being more pro-
nounced for GNRs with a higher hydrogen concentra-
tion. At the same time, the full coating of 7-zGNR
surfaces with hydrogen strongly narrows the interval
of allowed states, which reduces the total energy of
the system and increases its inertness.

The distribution of valence electron density was
demonstrated to be uniform over the unconfined
graphene plane. On the contrary, the following char-
acteristic features can be distinguished for those dis-
tributions in GNRs. For non-decorated GNRs con-
fined in one direction, the non-uniform distributions
are observed in two mutually perpendicular direc-
tions, namely, along the infinite ribbon and along
the direction of its confinement. For hydrogen-
decorated GNRs, this non-uniformity becomes even
more pronounced.

Interaction between hydrogen atoms and carbon
atoms coordinated in the GNR plane according to the
sp2-hybridization was shown to result in local changes
of the hybridization to the sp3 type.
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A transformation of the electron density into
a continuous “cord” with a higher concentration
value was observed for 7-zGNRs, on which so
many hydrogens were adsorbed that the regions
of electron density transformation in graphene un-
der hydrogen atoms became overlapped (a hydro-
gen concentration of 14.3%). If hydrogen atoms
were adsorbed to a lower concentration (4.8%)
and the regions of electron density transforma-
tion in graphene under hydrogens did not over-
lapped, no change in the hybridization type was
observed.

Additional adsorption of different atoms – e.g., flu-
orines or oxygens – on already hydrogenated GNRs
into positions that are the closest to hydrogen atoms
was shown to restore the type of hybridization for
carbon electrons back to the sp2 one.
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ЕЛЕКТРОННI
ВЛАСТИВОСТI ФУНКЦIОНАЛIЗОВАНИХ
ГРАФЕНОВИХ НАНОСТРIЧОК

Р е з ю м е

Методами функцiонала електронної густини та псевдопо-
тенцiалу iз перших принципiв отриманi розподiли густи-
ни валентних електронiв та електроннi енергетичнi спектри
для графенових нанострiчок, декорованих воднем, фтором
або киснем. Продемонстровано вiдкриття забороненої зони
для графенових нанострiчок шириною в 9,23 Å iз зигзаго-
подiбним краєм, за її вiдсутностi у необмеженiй графеновiй
площинi. Заборонена зона зi збiльшенням ширини графе-
нових нанострiчок зменшується. Для графенових нанострi-
чок, декорованих по краях воднем, заборонена зона зникає.
Продемонстровано, що взаємодiя атомiв водню з атомами
вуглецю площини графенових нанострiчок, що координова-
нi вiдповiдно до sp2-гiбридизацiї, приводить до локальних
змiн гiбридизацiї до типу sp3.
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