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Electronic properties of graphene oxide:
nanoroads towards novel applications†

Almaz I. Khabibrakhmanov *a,b,c and Pavel B. Sorokin *a,b

In this work, we suggest an approach to manipulate the electronic properties of graphene oxide in a con-

trollable manner. We study graphene nanoroads paved inside graphene oxide using density functional cal-

culations. We show that this patterning allows transforming an insulator, graphene oxide, into a semi-

conductor or metal depending on the orientation of the nanoroads and their magnetic state. As a semi-

conductor, patterned graphene oxide is characterized by notably low effective masses of charge carriers.

Additionally, we demonstrate the possibility to force the transition from a semiconducting to a half-metal-

lic state in a controllable manner, by application of an external electric field. We believe that this remark-

able opportunity to combine and control the electronic and magnetic properties of a material within a

single sheet of graphene oxide paves the way towards new applications of graphene-oxide-based devices

in 2D optoelectronics and spintronics.

Introduction

Graphene oxide (GO) is a rising star among two-dimensional
materials and has attracted significant attention in the last
two decades due to its easily scalable and low-cost synthesis.1,2

GO was suggested as a promising material for numerous appli-
cations in sensing, energy storage, 2D electronics and opto-
electronics, photocatalysis, and memristors.2,3 This great tai-
lorability of GO properties is apparently due to a rich variety of
possible chemical compositions and structures.

Generally, GO can be imagined as a single graphene sheet
functionalized by oxygen-containing chemical groups, and
according to the available experimental data the elemental
ratio of C : O : H in GO can vary from 6 : 2.33 : 1.2 to
6 : 3.7 : 2.83 depending on the synthesis method and chemical
conditions.4 To further extend the practical applications of
GO, it is highly important for the whole GO community to sort
out the connections between the chemical composition,
atomic structure and electronic properties of GO.

The synthesized GO with a high oxidation level is com-
monly believed to be an insulator with the band gap ∼2–4

eV,5–8 which limits the potential applicability of GO in elec-
tronics. So, numerous researchers attempted to narrow the
band gap of GO, mainly by a controlled reduction of as-syn-
thesized GO.9–11 However, due to the statistical nature of GO
as a material, experiments can give only the average picture of
the processes occurring in GO, and a more detailed under-
standing is often lacking.

At this point, ab initio calculations come into play, since
they are a powerful tool providing an insightful physical–
chemical picture of various effects in materials at the atomic
level. At the moment, ab initio calculations have proven them-
selves well in the studies of GO providing useful insights into
the atomic structure, thermodynamic stability, and electronic
properties of GO.12–24 To perform a computational study, it is
important to choose the appropriate structural model of GO.
Since the GO phase diagram is very rich, it is not surprising
that its atomic structure still stays a subject of active dispute.24

Nevertheless, some important structural motifs of GO are
already well identified experimentally as well as theoretically
and might be considered as commonly accepted.

One of the GO structural models widely used was proposed
by Lerf and Klinowski25,26 based on NMR measurements. In
this model, GO is depicted as randomly distributed flat aro-
matic (unoxidized) graphene islands separated from each
other by oxidized regions with epoxide (–O–) and hydroxyl
(–OH) functional groups dominating inside them. Later, exten-
sive experimental research using transmission electron
microscopy, X-ray absorption, and Raman spectroscopy tech-
niques confirmed the dominance of epoxide and hydroxyl
groups in GO and demonstrated that islands of clear graphene
and oxidized regions alternate on a nanometer scale.27–30
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The tendency of oxygen groups to aggregate on graphene
was also reported in the numerous theoretical studies of
GO.12,13,19,20,23,24,31 In particular, Yan et al.12,13 found out that
the lowest-energy structures of partially oxidized GO are those
with graphene ribbons in the unit cell. Recently, Mouhat
et al.24 directly compared semiordered and random structural
models of GO. The random models were created by uniformly
distributing oxygen groups over a graphene surface, whereas in
the semiordered models oxygen groups were partially clustered
together with pristine graphene regions in between forming a
kind of nanoroad. Interestingly, semiordered structures were
reported to be energetically more favorable.24 Thus, a fully oxi-
dized GO matrix patterned by graphene nanoroads (GONR′)
may be regarded as a reasonable structural model for the
ab initio study of GO electronic properties.

The electronic properties of graphene nanoroads paved in
graphane and fluorographene (GNR′) were studied theoreti-
cally by the Yakobson group.32,33 It was revealed that GNR′
demonstrate a non-trivial dependence of the electronic
structure on the nanoroad width and interface type (arm-
chair or zigzag). It is believed that the physical origin of the
peculiar electronic properties observed is the quantum con-
finement of massless Dirac electrons of graphene.32,33

However, the experimental creation of such confined gra-
phene structures using hydrogen atoms still remains a big
challenge. In contrast, GO is much easier to synthesize com-
pared to graphane or fluorographene. Similar to graphane
and fluorographene, GO has a wide band gap, which allows
one to expect similar effects of quantum confinement for
electrons in nanoroads. These facts suggest that using GO
as a host matrix may be a promising approach for practically
obtaining graphene nanoroads. Therefore, it is especially
interesting to systematically study the electronic properties
of GONR′.

Another reason to study GONR′ is the resistive switching
effect that was experimentally found in GO.34–40 Resistive
switching means that properly fabricated GO samples can
switch between high and low resistance states depending on
the external electric field. Although this phenomenon has
been studied for a decade already,34–40 its detailed mechanism
at the atomic level remains largely unknown. Interestingly, one
of the proposed mechanisms consists of the formation of con-
ductive graphitic channels in the GO matrix.35,36,38,40 So,
obtaining knowledge about the electronic properties of various
GO compositions under the impact of an electric field may
give some insights into the resistive switching mechanism in
GO.

Summing up, through this work we would like to show that
GO is a prospective two-dimensional material with widely
tunable electronic properties, which was not commonly recog-
nized before. We carried out a comprehensive ab initio study of
how the electronic properties of GO can be modified by paving
graphene nanoroads, and we demonstrate that GO can serve as
a perfect host matrix for the realization of the peculiar elec-
tronic properties of graphene nanoroads. We begin with the
study of possible periodic GO structures fully covered by

epoxide and hydroxyl groups and find the most thermo-
dynamically stable phases among them. Furthermore, we con-
sider GONR′ with armchair and zigzag orientations paved
inside the host matrix of these energetically favorable GO
structures. We thoroughly study their thermodynamic, elec-
tronic (band gap and effective masses), and magnetic pro-
perties. Finally, we investigate how a lateral electric field can
affect the electronic structure of GONR′ and show the possi-
bility for a smooth switch from a semiconducting to a half-
metallic state.

Computational details

All calculations were done in the framework of density func-
tional theory (DFT).41,42 Electron exchange–correlation was
treated in generalized gradient approximation as proposed by
Perdew–Burke–Ernzerhof (GGA-PBE).43 For the case of zigzag
GONR′, the spin-polarized formalism was utilized.

The calculations of the atomic structure and electronic
properties of fully oxidized GO and GONR′ were carried out
using the projector augmented wave (PAW) method,44,45 as
implemented in VASP.46,47 The plane wave energy cutoff was
set equal to 550 eV. Periodic boundary conditions (PBCs) were
employed along in-plane lattice vectors of simulation cells,
whereas the out-of-plane lattice vector was set as long as 20 Å
to prevent unphysical interactions between periodic images.
Both lattice vectors length and atomic coordinates were
allowed to relax until interatomic forces converged to within
0.01 eV Å−1. The stress tensor components for unit cells were
found to be less than 0.5 GPa after the relaxation. The k-point
sampling of the 2D Brillouin zone was done adopting Γ-cen-
tered Monkhorst–Pack grids48 with a uniform spacing of 2π ×
0.02 and 2π × 0.01 Å−1 for geometry relaxations and DOS calcu-
lations, respectively. Additionally, the energies of pristine gra-
phene, O2, and H2 molecules were calculated with the same
computational setup to enable the evaluation of fully oxidized
GO and GONR′ formation enthalpies.

The effect of a lateral electric field on the electronic struc-
ture of zigzag GONR′ was evaluated using SIESTA code49 with
the double-ζ plus polarization (DZP) basis set of numerical
atomic orbitals.50 Core electrons were replaced by norm-con-
serving Troullier–Martins pseudopotentials51 in their fully
nonlocal representation,52 and the real space mesh cutoff was
set to be equal to 300 Ry. For this part of our study, 1D ribbons
were produced out of 2D periodic supercells of zigzag GONR′.
PBCs were retained in the direction along a nanoroad, whereas
a vacuum as thick as 20 Å was additionally introduced to a
supercell in the direction perpendicular to the ribbon edge.
The ribbon edges were passivated by H atoms, and the atomic
geometry was reoptimized. The same density of k-points and
atomic force convergence criteria as above were preserved. The
external electric field (ε) was simulated through a periodic saw-
tooth-type potential applied perpendicular to the ribbon edge,
with the slab dipole correction to electrostatic potential and
energies enabled.53

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

by
 M

os
co

w
 I

ns
tit

ut
e 

of
 P

hy
si

cs
 a

nd
 T

ec
hn

ol
og

y 
on

 2
/1

7/
20

22
 4

:5
8:

10
 P

M
. 

View Article Online

https://doi.org/10.1039/d2nr00251e


Results and discussion
Fully oxidized GO

Let us begin with the study of various fully oxidized GO struc-
tures. We consider these structures as the host matrices,
inside which we then pave graphene nanoroads. Therefore,
we found it reasonable to limit ourselves to moderate size
periodic unit cells at this stage. In previous theoretical
studies,12,13,15,19–23 mainly epoxide-rich phases of GO were
investigated and several ground-state structures with C8O4 stoi-
chiometry were proposed. For hydroxyl-rich GO, existing
studies agree on a single energetically most favorable periodic
structure with the formula C8(OH)8.

12,13,22,23

To resolve the mentioned ambiguity with the C8O4 ground-
state atomic structure, we selected the favorable structures
reported in the literature and carried out their geometry relax-
ation to directly compare the total energies. The obtained
atomic geometries were found to be in full agreement with
those reported in the reference papers.12,13,15,19–23 Fig. 1a dis-
plays the energetic diagram of the considered C8O4 structures.
The phases C8O4-i and C8O4-ii were first suggested in the
work19 where C8O4-i was found to be slightly lower in energy,
and therefore it attracted some interest also later.20,21 In agree-

ment with Šljivančanin et al.,19 we also found that C8O4-i is
lower in energy than C8O4-ii though the energy difference is
quite small (31 meV per unit cell). The structures labeled as
iii, iv, and v in Fig. 1a were reported by Guilhon et al.22 with
C8O4-iii and C8O4-iv also being considered in earlier
studies.12–15 The authors22 used the cluster expansion
approach along with the DFT-PBE calculations to find all poss-
ible symmetry-degenerate periodic phases of fully oxidized GO.
C8O4-iii was reported to be the lowest energy phase of C8O4

stoichiometry in that work. However, our results show that in
fact the structures C8O4-i and -ii have lower energies. This con-
tradiction can be easily explained since the search was con-
strained by the initial hexagonal shape of the unit cell with 8
atoms,22 whereas C8O4-i and -ii possess an orthorhombic sym-
metry (see Fig. 1a). This explains why these structures were
overlooked in the work22 despite adopting the robust statistical
method of cluster expansion.

To understand the relationship between the energy and the
structure of C8O4, one should consider the latter in more
detail. All five C8O4 structures follow a favorable oxidation
pattern when the neighboring oxygen atoms are adsorbed
from the opposite sides of a graphene sheet. This induces
buckling of the carbon backbone in the opposite directions,

Fig. 1 (a) The energy diagram of the favorable GO phases with C8O4 stoichiometry. Side and top views are shown for each phase. The unit cells are
marked with black dashed lines. The total energy differences ΔEtot on the left are given with the reference to the lowest energy structure C8O4-i
which we call “epoxy-GO”. On the right scale, the calculated formation enthalpies ΔHf are displayed. (b) The energetically favorable structures of
fully oxidized GO with different compositions (left to right): epoxy-GO, mixed GO, and hydroxy-GO. The hydrogen bond network is schematically
shown by purple dashed lines. (c) The dependence of band gap (black circles) and decomposition enthalpy ΔHdec (azure diamonds) on the fraction y
of OH-groups for the mixed GO phases. For the images of the corresponding atomic structures we refer the reader to Fig. S1 of the ESI.† The tri-
angles display decomposition enthalpy ΔHdec for the two most favorable mixed structures C8O2(OH)4 and C8O3(OH)2 reported by Guilhon et al.23

Note the different y-axes on the left and right. The cubic polynomial fitting of the band gap dependence is shown with a black dotted line, and the
enthalpy data points are connected with solid azure lines to guide the eye.
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and strains induced in the graphene lattice by the oxidation
are compensated better.12,13 The energy differences between
C8O4 phases should then originate from the arrangement of
epoxide groups within one side of the sheet. As it can be seen
from Fig. 1a, C8O4-iii, -iv, and -v are very close in energies that
can be explained by the similarity of their oxidation patterns.
Also, the distances between the two nearest oxygen atoms in
them are quite close being 2.59, 2.64, and 2.49 Å, respectively.
In contrast, C8O4-i and -ii are significantly (∼0.7 eV per unit
cell) lower in energy due to a more homogeneous and distant
arrangement of oxygen atoms. The most optimal pattern is
observed in C8O4-i where oxygen atoms form a regular
rhombic sublattice with the period of 3.38 Å. The largest
spatial separation of neighboring epoxides allows the minimiz-
ation of the electrostatic repulsion between their electronic
clouds and thus the minimization of the total energy. A
similar explanation applies also to the stability of C8(OH)8 that
is achieved by the antiparallel arrangement of OH-groups into
1,2-pairs on the hexagonal graphene backbone (see Fig. 1b).
1,2-hydroxyl pairs on both sides of the sheet are lined up
along the armchair direction of the graphene lattice. This is
due to the presence of hydrogen bonds (showed by a purple
dash in Fig. 1b), which additionally stabilize the structure.

To further analyze the thermodynamic stability of fully oxi-
dized GO structures, the formation enthalpy (ΔHf ) of GO (EGO)
with respect to pristine graphene C8 (EC), O2 (EO2

) and H2 (EH2
)

molecules was computed via the formula:

ΔHf ¼ 1
NC

EGO � 1
8
NCEC � 1

2
NOEO2�

1
2
NHEH2

� �
; ð1Þ

where NC, NO, and NH are the number of carbon, oxygen, and
hydrogen atoms in the structure, respectively. The formation
enthalpy is normalized per the number of carbon atoms.

The results obtained for C8O4 are also shown in Fig. 1a and
prove the importance of finding the appropriate ground-state
structure. As one can see, only C8O4-i and -ii have negative for-
mation enthalpy, whereas the other structures which were con-
sidered stable earlier22 exhibit positive enthalpy and therefore
should be thermodynamically unstable relative to graphene
and oxygen molecule. As for C8(OH)8, it possesses negative
ΔHf = −1.59 eV per carbon atom and is highly stable. Thus, for
the chosen size of the unit cell, we find C8O4-i and C8(OH)8 to
be the ground-state structures of epoxide- and hydroxyl-rich
GO, so we named them as “epoxy-GO” and “hydroxy-GO”,
respectively.

To complete the description of fully oxidized GO, we also
considered the structures of mixed compositions (i.e., contain-
ing both –O– and –OH groups). Such GO models were also the
objects of the previous studies.12–15,18,23 It is useful to view
them as composed of three components: graphene, epoxy- and
hydroxy-GO. Within this approach, all possible GO stoichi-
ometries are conveniently represented on a ternary phase
diagram, which was shown to be helpful for the thermo-
dynamic analysis in the earlier studies.12,13,23 For the case of
fully oxidized GO, the ternary phase diagram reduces to a

binary one, with the epoxy- and hydroxy-GO on its ends. To
create mixed GO structures, we first used the insights from
studies by Yan et al.12,13 and combined various proportions of
epoxy- and hydroxy-GO unit cells within the new mixed cell. We
shall recall this as a “cut-and-glue” approach (see C16O4(OH)8 in
Fig. 1b and the other structures in Fig. S1 of the ESI†). As a
second option, we included into the analysis the most favorable
mixed structures C8O2(OH)4 and C8O3(OH)2 (Fig. S1†) reported
by Guilhon et al.23 Finally, we considered structures where the
elementary building blocks C2O and C2(OH)2 were randomly
placed inside a graphene unit cell comprising 8 carbon atoms
(Fig. S1†). We chose C2(OH)2 as an elementary block rather than
C1(OH)1 since it is well-known from the previous studies of the
GO atomic structure12,13 that adsorption of an unpaired –OH
group is less likely due to the breakage of the conjugated
π-electronic system of graphene and appearance of an unpaired
π-electron that increases the energy.

Overall, the stoichiometry of the considered mixed GO
phases can be represented as [COx(OH)y]8m, where m is a
natural and 8m = NC, 0 ≤ x ≤ 0.5 and 0 ≤ (y = 1 − 2x) ≤ 1. After
the geometry optimizations, we retrieved the total energies
Emix and evaluated the enthalpy of decomposition ΔHdec of the
mixed GO into pure epoxy-GO (Eep) and hydroxy-GO (Ehyd)
according to the equation:

ΔHdec ¼ 1
NC

ðEmix � 2xmEep � ymEhydÞ: ð2Þ

As in the case of ΔHf, this enthalpy is normalized per carbon
atom. We found that ΔHdec is positive for our randomly created
models, i.e. thermodynamically they tend to decompose into
pure epoxy- and hydroxy-GO. The negative ΔHdec values were
found for the cut-and-glue structures and also for C8O2(OH)4
and C8O3(OH)2 suggested by Guilhon et al.,23 i.e. for the struc-
tures where the local atomic environment was preserved as in
epoxy- and hydroxy-GO. We note that this observation is in
agreement with the previous general conclusions12,13 made
regarding the stability of various GO structures.

The dependence of ΔHdec on the fraction y of –OH groups
in mixed GO phases is presented in Fig. 1c. For C8O2(OH)4 and
C8O3(OH)2 (marked by triangles), we obtained ΔHdec equal to
−18 and −3 meV per C atom, or −0.142 and −0.024 eV per unit
cell, respectively. We remark that our values differ from the
ΔHdec values originally reported

23 for C8O2(OH)4 (−0.72 eV per
unit cell) and C8O3(OH)2 (–0.67 eV per unit cell). This is due to
the alternative choice of the reference structure in the original
paper23 as C8O4-iii, which is, however, not stable by itself in
terms of the formation enthalpy ΔHf (Fig. 1a). As for the cut-
and-glue structures, they are all characterized by the negative
decomposition enthalpy with the largest magnitude among
the considered mixed GO phases. The lowest value ΔHdec =
−44 meV per C atom is achieved for the C16O4(OH)8 phase
shown in Fig. 1b.

Now let us briefly overview the electronic properties of fully
oxidized GO. To extract the band gap Δ, we calculated the elec-
tronic density of states (DOS) and band structure for the cut-
and-glue mixed GO phases, and for epoxy- and hydroxy-GO as
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well. The dependence of the band gap on the fraction y of –OH
groups is shown in black in Fig. 1c. As one can see, the band
gap of fully oxidized GO smoothly changes in the wide range
from 4.3 eV to 2.6 eV, with these extreme values being deter-
mined by the limiting cases of epoxy- and hydroxy-GO. The
band gaps calculated in this work and reference papers for
epoxy-, hydroxy-, mixed GO and graphane (for comparison) are
presented in Table 1 along with the data on their structure and
thermodynamics. As one can see, our values of Δ show a good
agreement with the previous DFT results and fall well within
the range of the reported experimental values. The differences
between our calculations and those done using hybrid
functionals18,21 are due to a well-known systematic underestima-
tion of band gaps within the DFT-PBE approximation. So, the
good correspondence of our PBE results for 100% oxidized GO
to the experimental band gaps should be rather attributed to
the incomplete oxidation of experimental GO samples, since
full oxidation is hard to achieve and rarely observed in practice.
Nevertheless, we believe that the PBE results allow us making
correct qualitative predictions, as it was shown previously.15,20,21

The trend in Fig. 1c indicates that the fundamental gap of GO
can be widely tuned by controlling its chemical composition.
Furthermore, we are going to demonstrate that patterning GO
by graphene nanoroads is a way to achieve even more subtle
control over the electronic properties of GO.

Atomic structure and energetics of GONR′

We considered graphene nanoroads of various widths paved in
fully oxidized GO. To cover the variety of GO compositions, we
chose three fully oxidized GO phases that were discussed in
the previous section: epoxy-GO and hydroxy-GO as the limiting
points on the GO phase diagram, and C16O4(OH)8 as the
mixed GO phase with the lowest decomposition energy ΔHdec

(Fig. 1a and b).
Analogous to the studies of graphane and fluoro-

graphene,32,33 GONR′ were designed by removing functional
groups from fully oxidized GO to form a pristine graphene
nanoroad terminated by armchair (AC) or zigzag (ZZ) inter-
faces, and the resulting structures are named as NAC-(x)-
AGONR′ or NZZ-(x)-ZGONR′, respectively. Here, NAC and NZZ

characterize a nanoroad width and denote the number of gra-
phene dimer lines (Fig. 2a) and zigzag chains (Fig. 3a), accord-
ingly, whereas (x) is the name of the parental fully oxidized GO

phase: “epoxy”, “hydroxy”, or “mixed”. Note that due to the
specific arrangement of oxygen groups only nanoroads with
even NAC are possible in epoxy-GO, whereas there are no
restrictions in all the other cases.

In the study of nanoroads, it is important to ensure that a
well-defined and sharp (at the atomic level) GO/graphene
interface can be formed. To verify this, we designed perfect
GO/graphene interfaces, then removed the functional group
from the interface, and calculated the energy penalty for
placing the group to the closest adsorption site in the gra-
phene domain (i.e. an interfacial defect was introduced). We
performed these calculations for increasing unit cell widths to
obtain the dependence of the penalty energy on the interfacial
defect concentration (Fig. S2†). The obtained ultimate values
of penalty energy Epen(–O–) = 1.5 eV and Epen(–OH) = 2.7 eV for
the removal of isolated epoxy- and hydroxy-groups from the
perfect interface are comparable to the respective value for
hydrogen in graphane (2.32 eV).32 This indicates that atomic-
ally perfect GO/graphene interfaces should be highly stable
since the energy cost for interfacial defect formation cannot be
overcome at reasonable temperatures.

Next, we evaluated the perfect GO/graphene interface for-
mation energies γAC and γZZ along the armchair and zigzag
directions, respectively. We also included in our analysis nano-
roads in graphane to enable a direct comparison. For these cal-
culations, supercells containing wide nanoroads (NAC > 10,
NZZ ≥ 6) and a graphene domain of the same width were gener-
ated. The atomic geometries were relaxed as described in the
Computational details section, and the total energies were
retrieved. Furthermore, we adopted the computational method
introduced by Yakobson et al.55,56 to extract the interface for-
mation energies γAC and γZZ. The results acquired are pre-
sented in Table 1. In all cases, we found armchair interfaces to
be preferable over zigzag ones by their excess energy. The
values of γAC = 0.14 eV Å−1 and γZZ = 0.17 eV Å−1 for graphane
are in a good agreement with DFTB results by Singh et al.55

(0.12 and 0.18 eV Å−1, respectively). As for the GO phases, they
all appear to form more favorable interfaces than graphane.
Hydroxy-GO demonstrates especially low values of both γAC
(0.02 eV Å−1) and γZZ (0.06 eV Å−1). Interfaces with epoxy-GO
have the highest formation energy among GO phases (γAC =
0.09 eV Å−1 and γZZ = 0.14 eV Å−1), whereas mixed GO rep-
resents an intermediate case between epoxy- and hydroxy-GO

Table 1 The structural parameters, energetics, and band gap values of the three selected fully oxidized GO phases in comparison with those of gra-
phane C8H8. aAC and aZZ are the orthorhombic lattice constants along the armchair and zigzag directions of the carbon backbone, respectively. The
corresponding PBE values for pristine graphene are aAC,gr = 4.275 Å and aZZ,gr = 4.936 Å. The formation enthalpy ΔHf is calculated according to eqn
(1). γAC and γZZ are the energies of the armchair and zigzag interfaces between the considered structures and pristine graphene. Values of the band
gap Δ obtained in this work are compared to the previous theoretical results.

aAC, Å aZZ, Å ΔHf, eV per C atom γAC, eV Å−1 γZZ, eV Å−1 Δ, eV

C8O4-i 4.422 5.113 −0.081 0.09 0.14 4.3a, 3.9b, 4.1c, 6.5d

C16O4(OH)8 4.474 10.254 −0.878 0.09 0.12 4.1a, 5.0e, 4.1 f

C8(OH)8 4.513 5.310 −1.589 0.02 0.06 2.6a, 2.8 f, 4.3g

C8H8 4.402 5.081 −0.204 0.14 0.17 3.5a, 3.2h, 3.5i

a This work. b PBE.20 c PBE.21 d B3LYP.21 e PBE.15 f LDA.12 gHSE.18 h PBE.32 i PBE.54
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(γAC = 0.09 eV Å−1 and γZZ = 0.12 eV Å−1). Overall, these results
indicate that perfect GO/graphene interfaces can be formed at
relatively low energy costs, and the consideration of the model
structure patterned with nanoroads is justified. For more
detailed information about the results and calculation
methods used in this part of our study, we refer the reader to
the ESI (Fig. S3†).

To carry out a systematic study of the electronic properties
of GONR′, narrower structures were designed for all three GO
compositions, with the nanoroad widths NAC and NZZ taking

all possible values up to 12 and 6, respectively. The examples
of the relaxed atomic geometries for AGONR′ and ZGONR′ are
presented in Fig. 2a and Fig. 3a, b. Similar to the cases of gra-
phane and fluorographene, the geometry of all AGONR′
remained flat, whereas among zigzag GO nanoroads only
hydroxy-ZGONR′ manifested a tilt in the graphene domain that
was observed for zigzag nanoroads in graphane and fluorogra-
phene. The tilt emerges due to the positions of –OH groups at
the zigzag edges which cause the opposite buckling directions
of the opposite nanoroad sides across the nanoroad (Fig. 3a).

Fig. 2 (a) The atomic structure of 8-mixed-AGONR’ (top and side views are given). The dashed box shows the orthorhombic unit cell used in calcu-
lations. The numbers (1, 2, 3, …, NAC) indicate the number of dimer lines constituting the nanoroad width. (b) The dependence of AGONR’ band gap
Δ on the nanoroad width NAC for the three considered GO compositions: epoxy-GO (red), mixed GO (orange), and hydroxy-GO (green). The inset
shows their formation energies ΔHf calculated via eqn (1). The dashed line denotes a division of the studied structures onto two families with varying
(NAC ≤ 10) and roughly constant (NAC > 10) ratios of sp2-carbon atoms within the unit cell (see the text). (c) The band structures of 4-, 5-, and
6-hydroxy-AGONR’. The valence band maximum (VBM) was set to zero. The insets illustrate: (NAC = 4) calculation of the effective masses; (NAC = 6)
band-decomposed charge density isosurfaces (1.5 × 10−3 e Å−3) for the top valence band (VB) and the bottom conduction band (CB) of 6-hydroxy-
AGONR’. See also Fig. S4† for the other GO compositions. (d) The effective masses of holes (upper panel) and electrons (lower panel) as a function
of the AGONR’ index. Colors agree with the frame (b), and the insets show the same dependences magnified for the widths NAC > 4. All pictures of
the atomic structures and charge density distributions in this work are made using the VESTA software,57 and the band structures are plotted with
the aid of the pymatgen library for materials analysis.58
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As for epoxy- and mixed-ZGONR′, these nanoroads remained
flat, despite also having zigzag edges.

This difference with the previous cases can be easily
explained, since –H, –F, and –OH groups are all monovalent
and turn sp2-hybridized graphene into a sp3-hybridized layer
with the alternate buckling of two graphene sublattices. This
is, however, not the case for epoxy-groups which form covalent
bonds with two carbon atoms simultaneously.

As a result, buckling of neighboring atoms is compensated
along both AC and ZZ directions in epoxy- and mixed GO
(e.g., see 6-mixed-ZGONR′ structure in Fig. 3b), and all
nanoroads created in these GO phases retain a flat atomic
structure.

It is also important to mention that all AGONR′ considered
in this study exhibit a negative formation energy ΔHf (see the
inset in Fig. 2b). The vertical dashed line in this graph for ΔHf

denotes the division of GONR′ considered in this work into
two families. The first includes nanoroads with NAC up to 10
which were paved within the supercell of a fixed size.
Subsequently, the fraction of sp2-carbon atoms in these
AGONR′ linearly increases together with NAC, and thus ΔHf as
defined by eqn (1) also grows linearly with NAC. In contrast, the
remaining AGONR′ were designated for the interface energy
calculations and therefore had varying supercell sizes but
approximately the same ratio (∼50%) of the sp2-graphene
therein. This leads to the roughly constant values ΔHf as one

can see in the described graph. The same holds for ZGONR′ as
well, with the only difference in a borderline value of NZZ = 6
(Fig. 3d). Thus, the seeming non-homogeneity of ΔHf trends
for both AGONR′ and ZGONR′ is not a physical effect but
rather emerges due to the diversity of the studied systems.
Both AGONR′ and ZGONR′ studied in this work appear to be
thermodynamically stable.

Furthermore, we calculated the electronic density of states
and band structure for the considered GONR′ structures,
including those designed for the calculation of interface ener-
gies. Thus, the electronic properties of GO patterned by nano-
roads were studied in a wide range of nanoroad widths (1 ≤
NAC ≤ 20, 1 ≤ NZZ ≤ 12) for the three different chemical compo-
sitions. The following two sections provide a detailed descrip-
tion of our results.

Electronic properties of AGONR′

From the band structure analysis, we revealed that all AGONR′
are direct band gap (except NAC = 1) semiconductors, indepen-
dent of the original GO composition. Moreover, AGONR′ of the
three compositions show very similar oscillating dependence
of band gap on NAC (see Fig. 2b). The notable differences can
be observed only at small widths due to the differences in
band gaps of the parental GO phases (see Table 1) and the sig-
nificant influence of the interfaces. With increasing NAC, the
data points for different GO compositions become closer, and

Fig. 3 The atomic structures of (a) 6-hydroxy- and (b) 6-mixed-ZGONR’ (top and side views). The dashed boxes denote the orthorhombic unit cells
used in calculations. The numbers (1, 2, …, NZZ) mark zigzag carbon chains making up a graphene nanoroad. Additionally, in panel (b) the isosurface
(0.01 e Å−3) of spin density corresponding to the AFM spin arrangement is shown. Yellow and cyan colors denote α- and β-spin densities, respect-
ively. (c) The differences of total energy ΔEtot (per unit cell) between AFM, FM, and NM spin configurations of hydroxy-ZGONR’ as a function of the
nanoroad width. The energy differences are calculated relative to the AFM configuration as a ground state. The gray solid line displays the fitting of
EFM – EAFM energy difference with the inverse square law (see the text). (d) The formation enthalpy ΔHf of AFM ZGONR’ for various nanoroad widths
NZZ. As in the case of AGONR’, all studied structures can be divided into two families with varying (NZZ ≤ 6) and roughly constant (NZZ > 6) ratios of
sp2-carbon atoms within the unit cell.
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they are almost identical for the widest nanoroads considered.
This fact confirms the common physical nature of the emer-
ging band gaps – quantum confinement, as in graphane and
fluorographene.32,33

The band gap behavior can be divided into three hierarchi-
cal families for NAC = 3p, 3p + 1, and 3p + 2, where p is a posi-
tive integer. Each family displays an almost monotonous des-
cending trend with increasing width keeping the rule Δ3p+2 <
Δ3p+1 < Δ3p for p > 1. This behavior is different from the one
found for armchair graphene nanoribbons59 but similar to
that observed for nanoroads in graphane and
fluorographene,32,33 or graphene with periodically adsorbed
hydrogen chains.60–62

The typical band structures of hydroxy-AGONR′ are presented
in Fig. 2c (see Fig. S4 of ESI† for epoxy- and mixed AGONR′). As
shown in the inset, the charge densities corresponding to the
top valence band (VB) and the bottom conduction band (CB)
are mostly confined in a graphene domain with a small leakage
to the GO matrix, which indicates the dominating role of gra-
phene nanoroads in the charge carriers’ transport. We also
would like to draw attention to the fact that both VB and CB
manifest well-pronounced dispersion. Since the curvature of
bands is directly related to effective masses of charge carriers in
semiconductors, one might expect the effective masses to be
quite low in AGONR′. To quantify our observation, we calculated
the effective masses of electrons (me) and holes (mh) in AGONR′.
We used the textbook definition:

m*¼ℏ2 @2E
@k2

� �‐‐1

ð3Þ

and performed the parabolic fitting for the top VB and the
bottom CB in the vicinity of their extrema (see the inset in
Fig. 2c). The obtained results are presented in Fig. 2d. For
both electrons and holes, the effective masses obey the rule
m3p+2 < m3p < m3p+1 (for p > 1) displaying a monotonous
decay in magnitude with increasing p. It is also appealing
that starting from NAC = 5 effective masses me and mh

become identical and both oscillate in the range 0.04–0.38m0

(m0 is the free electron mass). These masses are comparable
(or even less) than those in ordinary semiconductors like Si
and Ge,63 and very similar to those in armchair graphene
nanoribbons (0.05–0.17m0,

64 0.07–0.22m0).
65 In the limit

of infinite graphene, the effective masses tend to zero
as they should. In general, our results in this section
demonstrate how patterning GO by armchair nanoroads
allows combining the properties of an insulator and a semi-
conductor with low effective masses within a single atomic
sheet.

Electronic and magnetic properties of ZGONR′

It is well known that zigzag edges of graphene are character-
ized by the localized low-energy π-states,66,67 and these states
were also observed experimentally by scanning tunneling
microscopy techniques.68,69 It was realized that zigzag edge
states can give rise to edge magnetism in graphene
ribbons,66,67 in graphene nanoroads32,33 and in graphene with

periodically adsorbed hydrogen chains.62 Therefore, the elec-
tronic properties of ZGONR′ should be studied taking into
account the possible magnetic arrangements of zigzag edge
states. We considered three magnetic configurations: non-mag-
netic (NM, was obtained in non-spin-polarized calculations),
ferromagnetic (FM), and antiferromagnetic (AFM). The latter
two terms refer to the parallel or antiparallel (see Fig. 3b) orien-
tation of magnetic moments located on two graphene sublat-
tices of a nanoroad, respectively. We revealed that only the NM
configuration exists for the narrowest 1-ZGONR′, whereas for
NZZ > 1 the AFM arrangement is the one with the lowest energy.
The FM configuration was found to emerge starting from NZZ =
3, and it is intermediate in energy between AFM and NM states.

We found that the exact chemical composition of GO does
not influence this energetic hierarchy of ZGONR′ magnetic
states, leading just to somewhat scattered values of energy
differences for them (see Fig. 3c and Fig. S5 of the ESI†). The
energy difference ENM − EAFM saturates at NZZ = 6 to the values
∼100–130 meV per unit cell‡ that agrees very well with
∼110 meV reported by Singh and Yakobson32 for nanoroads in
graphane. The difference EFM − EAFM is even smaller (Fig. 3c)
and it rapidly decreases from ∼30–50 meV per unit cell for
3-ZGONR′ to 7–8 meV per unit cell for 12-ZGONR′ (that is,
being comparable to the error of the computations). This
decrease can be fitted with the inverse square law A/(N2

ZZ + B),
where A ∼1.2 × 103 and B ∼15–30 depending on the GO compo-
sition (see the gray solid lines in Fig. 3c and Fig. S5†). The
scaling EFM − EAFM ∝ w2 arises due to the superexchange inter-
edge coupling present between the spin states from the oppo-
site sides of a nanoroad.70 Similar trends in energy differences
EFM − EAFM and ENM − EAFM were also reported for graphene
nanoribbons.71

The found energetic ordering AFM-FM-NM is in full agree-
ment with that established for graphene nanoribbons with
widths up to NZZ = 32.72 Moreover, our findings on magnetic
ZGONR′ in GO are consistent with the previous results for
ZGNR′ in graphane and fluorographene32,33 and show very
similar trends. The increasing energy difference between non-
magnetic and magnetic phases (Fig. 3c and Fig. S5†) indicates
that the magnetism should be maintained also in wider
nanoroads.

Antiferromagnetic ZGONR′ are semiconductors with spin-
degenerate bands (Fig. 4a and Fig. S6,† left panels), whereas
all ferromagnetic ZGONR′ are found to be metallic in both
spin channels (Fig. 4a and Fig. S6,† right panels). The width
dependence of the antiferromagnetic ZGONR′ band gap is
shown in Fig. 4b. Mostly, the behavior of the band gap is very
similar for all three GO compositions. Starting from NZZ ≥ 4 it
falls off via the inverse law Δ = A/(NZZ + B) from 0.4–0.5 to
0.2–0.3 eV, very similar to the cases of GNR59 and nanoroads

‡Note that mixed-ZGONR′ structures have their unit cells twice bigger than
epoxy- and hydroxy-ZGONR′ due to the different periodicity of the parental
mixed GO structure C16O4(OH)8 in a zigzag direction. Therefore, for the case of
mixed GO the calculated energy differences are additionally divided by two to
enable a direct comparison.
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in fluorographene.33 Deviation from this law for smaller
widths can be attributed to stronger quantum confinement
and interface effects. This is proven also by the dependence of
local magnetic moments on the outermost atoms of nano-
roads (see the inset in Fig. 4b). In addition, we estimated the
effective masses of charge carriers for antiferromagnetic
epoxy-ZGONR′, as it was done for AGONR′ above. We found
that there is a significant difference between the masses of
electrons and holes. Namely, me increases with broadening a
nanoroad and reaches 3.2–3.5m0 for NZZ > 4, whereas mh

decreases from 0.27m0 to 0.13m0 in the range of NZZ = 4–12
(see Fig. S7 of the ESI†).

Apparently, magnetic states on the two opposite edges of a
nanoroad become spatially separated enough only for NZZ > 4,
which is expressed in a further saturation of the local magnetic
moment. The same is also true for the ferromagnetic ZGONR′
(Fig. S8†) and for ferromagnetic GNR.71 There is also a corre-
lation between the values of the magnetic moment and band
gap for different GO compositions. Namely, the ZGONR′ with a
larger magnetic moment has a wider band gap at a given nano-
road width (Fig. 4b). The fact that the magnetic moment and
band gap are influenced by the GO composition throughout
the whole range of nanoroad widths can be explained if we
consider the spin density distribution. The spin density is
mainly localized near the nanoroad interfaces (see Fig. 3b) and
exponentially decays to its center,72 therefore even in relatively
wide nanoroads the magnetic moment and band gap remain
sensitive to the GO matrix composition. This is in notable con-
trast with the case of AGONR′ (Fig. 2b), where the charge
density is delocalized over a nanoroad and the distinctions in
band gap between different GO compositions vanish when
increasing the nanoroad width (due to a diminishing contri-
bution from the interfaces).

Here we should also note the earlier study of GO thermo-
electric properties by Zhou et al.73 where the electronic pro-

perties of GONR′ were explored to some extent as well.
However, this was not the main focus of the work,73 and the
consideration therein was limited to two GO models, both of
them containing epoxide groups alone. One of them (type I73)
corresponds to our C8O4-iii phase that is not the ground-state
for GO of the C8O4 composition, as we showed above. We
additionally considered the second model (type II73) which
appeared to be even less favorable with the formation enthalpy
of ΔHf = +43 meV per C atom. This choice of the parental GO
phases for patterning by nanoroads explains why the for-
mation enthalpies of GONR′ reported73 are always positive in
contrast to our results (see the inset in Fig. 2b and Fig. 3d).

Despite this fact, we would like to note a remarkable agree-
ment in the band gap vs. NAC obtained for AGONR′ in our
work and the reference73 (see Fig. 2b of both manuscripts).
However, there are some differences in the case of ZGONR′ (cf.
Fig. 4b with Fig. 2b73). For type I ZGONR′, Zhou et al.73 pre-
dicted much larger band gaps than what we found, and on the
contrary, almost vanishing band gaps (below 0.1 eV for NZZ >
2) were calculated for type II ZGONR′. We think these discre-
pancies are due to the disregard of spin polarization in the dis-
cussed work73, which is crucially important when it comes to
the determination of the ground state of ZGONR′.

Nevertheless, the results obtained by Zhou et al.73 represent
the study of non-magnetic ZGONR′ configurations, and there-
fore they may be considered as complementing the present
study that is mainly focused on AFM and FM arrangements. In
the next section we investigate how the lateral electric field
might influence the electronic properties of AFM ZGONR′.

Electric-field-induced half-metallicity of ZGONR′

The antiferromagnetic arrangement of zigzag edge states in
ZGONR′ enables manipulating the electronic structure by
applying the electric field ε across a nanoroad. This idea was
first suggested by Son et al.72 who showed that in such a way

Fig. 4 (a) Typical band structures of the AFM (left) and FM (right) configurations at the example of 6-hydroxy-ZGONR’. In the case of AFM, all bands
are spin-degenerate. VBM is set to energy zero. Band structures for the other compositions can be found in Fig. S6.† (b) The dependence of anti-
ferromagnetic ZGONR’ band gap Δ on the nanoroad width NZZ. The fitting (starting from NZZ = 4) with the hyperbolic law is shown with solid lines
of the corresponding colors. Here, A and B are the constants different for each composition. In the inset, local magnetic moments μAFM (in μB per
atom) projected onto the outermost atoms of ZZ nanoroads with AFM spin arrangement (see Fig. 3b) are plotted against NZZ. The dotted lines are to
guide an eye. For the analogous dependence in the case of FM spin arrangement please see Fig. S8.†
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zigzag graphene nanoribbons can be turned into a half-metal.
Here we show that a similar effect can also be observed for
ZGONR′. As described in the Computational details section,
the ribbons for this part of our study were formed out of 6-, 8-
and 10-ZGONR′ structures of all three GO compositions,
having equal widths of graphene and GO regions (see Fig. 5a).
Dangling bonds on the ribbon edges were passivated by hydro-
gen atoms. The so-obtained ribbons were reoptimized with the
sufficient vacuum space provided in two directions.

We switched to the SIESTA code for this type of calculation,
since the localized basis set of atomic orbitals is expected to
suit better the simulations where localized electronic states are
subjected to the external electric field, comparing to the plane-
wave basis set. Another, more practical reason to switch to
SIESTA is due to a notably higher computational cost of plane-
wave calculations for simulation cells with a large vacuum
space which we have to use here. We note that in all previous
studies of this effect in graphene nanoribbons72,74,75 ab initio
codes with the localized basis sets were employed as well. To
provide consistency with the previous parts of our study, in
our SIESTA calculations we used the same theoretical approxi-
mations and, when possible, the same numerical algorithms
and convergence criteria, as we employed before in VASP. An
excellent agreement between the two codes was obtained that
is proven by the comparison of calculated atomic and band
structures of the same ZGONR′ (Fig. S9†).

With this said, let us turn to the discussion of our results
for considered ribbons with the embedded ZGONR′. The
example of the atomic structure together with spin density dis-

tribution is shown in Fig. 5a. Except for the small distortion
due to the absence of PBCs in the transverse direction and
hydrogen passivation of the edges, the atomic structure of the
ribbons remained almost the same as that of the respective
ZGONR′. The same holds also for their band structure in zero
electric fields (see Fig. S9†).

With the transverse electric field applied, the band gap for
the electrons with β-spin narrows, whereas the gap for the
opposite spin electrons widens (Fig. 5b). Therefore, there
should be a critical value of the electric field when the gap for
β-spin electrons vanishes, i.e. it becomes metallic. Since α-spin
electrons only increase their energy gap, this means that the
system makes a transition from a semiconducting to a half-
metallic state. The gap for β-spin electrons is closed indirectly,
resulting in both electron and hole channels at EF (see the
inset in the right panel of Fig. 5b). For 10-epoxy-ZGONR′ the
transition occurs at ε = 0.2 V Å−1, two β-spin bands cross the
Fermi level, and the nanoribbon becomes half-metallic.

The physical explanation of the effect is due to the localized
edge states in ZGONR′. The electric field leads to the shifts of
the electrostatic potentials in the opposite directions for the
left and right edges of ZGONR′. Since the opposite spin states
are localized on the opposite sides of ZGONR′, the electric
field ε pushes β-spin states towards each other, whereas the
α-spin states are pulled apart (see the scheme in Fig. 5c). We
would like to note that our findings are consistent with the
original work by Son et al.72 on the analogous effect in GNR.

Since it is the difference of the electrostatic potential
between the left and right sides of ZGONR′ which determines

Fig. 5 (a) Ribbon formed out of 10-epoxy-ZGONR’ in the transverse electric field (the direction is indicated by a gray arrow). The ribbon is periodic
in the direction orthogonal to the field, the unit cell boundaries are shown with black dashed lines. Antiferromagnetic spin density distribution (0.01
e Å−3 isosurface) in the ground state, without the external field, is also displayed. Yellow and cyan colors denote α- and β-spin densities, respectively.
(b) Band structure of the ribbon from panel (a) in the varying electric field (left to right): ε = 0, 0.05, and 0.2 V Å−1. The Fermi energy (EF) is set to
zero. Red solid and black dashed lines denote the bands with α- and β-spins, respectively. The inset in the right frame shows the magnified behavior
of bands in the vicinity of EF (horizontal line). (c) The schematic illustration of the spin-resolved local DOS of the AFM ribbon without the external
field (left frame) and with the applied transverse electric field (right frame). “Left” and “right” in the picture refer to the opposite sides of the nanoroad
embedded in the ribbon, as indicated in panel (a). (d) Scaled band gaps for α- and β-spin electrons as a function of wε for the three nanoroad
widths: NZZ = 6 (triangles), 8 (diamonds), 10 (circles). α- and β-spins are not distinguished explicitly by colors but this should not lead to ambiguity,
since always δβ ≤ 1 and δα ≥ 1. See Fig. S10† for the same data presented separately for each GO composition.
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the energy shifts for electrons, the critical electric field
required for half-metallic transition is expected to decrease
with the widening of ZGONR′. Our results for ZGONR′ of a
fixed GO composition and varying width verify this consider-
ation showing a monotonous decrease of critical ε values
(Fig. S10†), in coherence with the findings for GNR.72,74 The
key role of the electrostatic potential difference in the effect
can be additionally confirmed, if we consider the scaled band
gaps for two spins defined as δα,β = Δα,β(w,ε)/Δ0(w), where
Δα,β(w,ε) is the band gap for α(β)-spins of the ZGONR′ with a
width w in external field ε, and Δ0(w) = Δα(w,ε = 0) = Δβ(w,ε =
0). The dependence of dimensionless δα,β on the product wε,
i.e. on the voltage drop, is shown in Fig. 5d. We emphasize
that despite different nanoroad widths and compositions, δα
and especially δβ show the universal behavior that can be
described by a single function of wε, as in the case of graphene
nanoribbons.72 This fact again evidences that the electronic
properties of ZGONR′ are weakly influenced by the exact
chemical composition of the parental GO, which is the impor-
tant result of our work. Discrepancies observed in Fig. 5d for
the α-spin gap of mixed and hydroxy-GO are attributed just to
the changed order of valence bands when compared to epoxy-
GO. Contribution to the VBM state in mixed and hydroxy-GO
becomes dominated by oxygen atoms, whereas in the case of
epoxy-GO this oxygen-dominated band lies lower in energy and
therefore both CBM and VBM come from carbon-dominated
bands (see Fig. S11† for the detailed explanation). Anyway, this
affects only the α-spin gap and therefore does not change our
conclusion about the universal character of the half-metallic
transition in ZGONR′. We found the threshold value of wε to
be in the range 2.85–3.15 V depending on the GO composition
and nanoroad width which gives 3.0 V on average. This can be
compared to 3.0 V obtained for graphene nanoribbons using
DFT-LDA calculations.72

Finally, we find it important to mention that our results
may shed some light on the mechanism of resistive switching
that is well-known to take place in GO.34–40 One of the most
common hypotheses is that when the electric field of a certain
strength is applied to GO (so-called “forming voltage”), the
conducting graphene filaments are formed in the originally
insulating GO matrix due to the surface migration of oxygen
groups. Then, the so-formed GO can demonstrate the switch-
ing between high and low resistance states at the operating vol-
tages that can be already significantly lower than the forming
voltage. This switching is also thought to be achieved by the
migration of oxygen groups which in this case interrupts the
conducting graphene channels. We believe that GO patterned
by graphene nanoroads might also serve as a model structure
for GO in the formed state. As demonstrated by this work, the
formed nanoroads manifest various band gaps depending on
their width, and even a subtle change of a nanoroad (e.g. due
to the oxygen group migration) can drastically change its elec-
tronic properties, which may result in the observed resistive
switching behavior. We also showed here that the external elec-
tric field can influence electronic properties as well, at least for
zigzag nanoroads. We suppose that all these effects might con-

tribute to the complex mechanism of resistive switching, and
once nm-scale GO nanoroads are synthesized, this hypothesis
might be checked experimentally.

Conclusions

In this manuscript, we presented the results of our complex
computational study of graphene oxide as a material with
widely tunable structure and electronic properties. Using
density functional calculations, we considered various phases
of fully oxidized GO and determined the most favorable struc-
tures among them. For the three selected stoichiometries, arm-
chair and zigzag graphene nanoroads were paved in GO, and
their thermodynamic, electronic, and magnetic properties
were thoroughly studied for a broad range of nanoroad widths.

We showed that graphene nanoroads form highly stable,
low-energy interfaces with GO and demonstrate the non-trivial
dependence of electronic properties on a nanoroad width.
Armchair nanoroads are characterized by the oscillating
decrease of the band gap when widening a nanoroad, and the
same trend was observed for the charge carriers’ effective
masses with their lowest values being in the range 0.05–0.2me

for wide enough nanoroads that sounds promising for appli-
cations of patterned GO as a 2D semiconductor. Our results
provide a possible explanation for the wide range of GO band
gaps observed experimentally.

The electronic properties of zigzag nanoroads were found
to be intimately connected to their magnetic state. Non-mag-
netic and ferromagnetic states are metastable and lead to a
metallic conductivity, whereas an antiferromagnetic arrange-
ment was found to be a semiconducting ground state for
zigzag nanoroads. We have also demonstrated that AFM zigzag
nanoroads can change their conductivity from a semiconduct-
ing to a half-metallic type when subjected to an external elec-
tric field.

All mentioned effects are manifested very similarly for all
three GO stoichiometries, which allows us to conclude that the
electronic properties of GONR′ are mainly determined by gra-
phene regions and weakly depend on the exact chemical com-
position of the GO matrix. In principle, this should relieve
experimentalists from the need to thoroughly control the com-
position of the synthesized patterned GO without losing its
remarkable electronic properties. Together with its cheapness
and wide availability, this means that GO could finally become
a material where graphene nanoroads with their exciting elec-
tronic properties can be observed and measured
experimentally.

We believe that the fabrication of the structures patterned
by nanoroads of nm width is something that is already poss-
ible nowadays. This is by no means an easy task; however, pat-
terning nanoroads is already not just a theoretical concept as
well. For example, it was demonstrated already in 200976 that
graphene nanoroads can be patterned on hydrogenated gra-
phene. The authors reported the width of the patterned
regions to be below 20 nm (5 nm for the narrowest) that was
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achieved by the electron-stimulated hydrogen desorption with
an STM tip. It is also worth mentioning that the authors
noticed drastic changes in the electronic properties caused by
the graphene patterning.76

Another good example is a recent experimental work,77

where the authors managed to manipulate an ensemble of
hydrogen atoms with sub-nanometer precision to create gra-
phene nanopatterns. They used STM for this, and the narrow-
est nanoroads obtained had a width of just 2 nm. Moreover, in
the further experiments the authors managed to observe the
quantum confinement of electrons in graphene.77

Apart from STM, it is also possible to create nanoroads by
electron irradiation, as it was shown e.g. for fluorinated gra-
phene.78 In that work, the authors managed to achieve a decrease
of 7 orders of magnitude in resistivity of the electron-irradiated
samples, although the obtained nanoroads were relatively wide
(40 nm at least). Combining this approach with patterned masks
may also allow researchers to study smaller widths.

Finally, we would like to mention dip-pen nanolithography
methods, which are rapidly evolving nowadays.79 This is a
powerful technique allowing nanostructures such as nanowires
or nanoribbons to be fabricated with a precise control over their
size and shape. For example, dip-pen nanolithography was suc-
cessfully used earlier to produce graphene nanoribbons.80

Summing it up, we believe that using state-of-the-art experi-
mental techniques, such as STM, electron beam irradiation
and nanolithography, it should be possible to create graphene
nanoroads. Although currently there is no direct evidence for
graphene oxide, we believe that these methods successfully
applied to hydrogenated and fluorinated graphene can be gen-
eralized to the case of oxygen groups as well. We assume that
our theoretical predictions may serve as a good motivation for
experimentalists to go in this direction, since the possibility to
transform GO into a semiconducting structure demonstrated
in our work has great potential for practical applications.

By this work, we also hope to attract the researchers focus-
ing on the electronic and transport properties of 2D materials
to study GO, which was not widely considered before by their
community as a prospective semiconducting material. We
hope that our results would be useful for people working in
the GO community and beyond.
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