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Electronic behavior and structural robustness of
recently synthesized CoO2 nanoscrolls

Guilherme da Silva Lopes Fabris, a Ricardo Paupitz, b

Marcelo L. Pereira Junior c and Douglas Soares Galvão *a

Cobalt dioxide (CoO2) is a metastable material in its two-dimensional (2D) form. However, it can be

stabilized in the form of nanoscrolls, which have been recently synthesized and shown to display long-

term stability and remarkable electronic properties. In this work, we have investigated through Density

Functional Tight-Binding simulations their structural and electronic properties. Nanoscrolls with 1.5, 2,

and 3 turns were considered, exhibiting increasing stability due to van der Waals interactions. The

analysis of the electronic structure confirms the metallic nature of these systems, and the charge density

results emphasize the role of oxygen atoms in charge displacement, with the Highest Occupied Crystal

Orbital (HOCO) and the Lowest Unoccupied Crystal Orbital (LUCO) spatially localized at opposite edges

due to curvature effects. Molecular dynamics simulations demonstrate that the nanoscrolls remain stable

up to 600 K. The optimized interlayer distance of 0.46 nm and the slight structural flattening observed

in the simulations are both consistent with experimental reports. These results provide a coherent

description of the stability, charge distribution, and metallic character of CoO2 nanoscrolls.

1 Introduction

In recent decades, significant advances have been achieved through
research on low-dimensional materials.1–3 Extensive efforts have
been devoted to exploring and tuning the mechanical, electronic,
and chemical characteristics of these materials, often by introducing
modifications or by synthesizing inorganic analogues of
graphene4pt such as silicene,5,6 antimonene,7,8 hexagonal boron
nitride (h-BN),9 or binary compounds.10,11 Among these
low-dimensional structures, polymers,12,13 nanoribbons,14,15

nanotubes,16,17 and nanoscrolls18–21 are particularly relevant.
Nanoscrolls are formed by the continuous rolling of a mono-
layer or multiple layers into a spiral form and have been widely
investigated in recent years, attracting attention due to their
tunable properties and structural versatility.22,23 These low-
dimensional materials are also investigated for their potential
use in technological applications.24–26 Predictive computa-
tional modeling of related low-dimensional systems at compar-
able levels of theory has provided reliable descriptions of their
structural, electronic, and optical properties, in several cases
corroborated by experiment.27,28 They can be synthesized

through different methods and exhibit structural, mechanical,
and electronic properties that can be modulated, which is essen-
tial for the development of advanced nanotechnologies.21,29–33

The literature also reports several graphene inorganic analogues
that can form nanoscrolls, including borophene,34 molybdenum
disulfide (MoS2),33,35 and tungsten diselenide (WSe2),36 among
others.37–39

Among different two-dimensional materials, cobalt oxides
have attracted particular interest due to their electronic struc-
ture, high surface area, and suitability for redox reactions.
Although metastable in their monolayer form, they exhibit a
ferromagnetic ground state and a metallic band structure,
combined with strong electron–phonon coupling, which can
give rise to phonon-mediated superconductivity at tempera-
tures between 25 and 28 K.40–43 More recently, Hettler et al.
synthesized CoO2 nanoscrolls, demonstrating that the scrolled
morphology can stabilize these metastable materials.44

Additional studies have reported remarkable electronic proper-
ties for these systems. These findings underscore the need for a
more detailed theoretical investigation to provide deeper
insight into the structural and electronic behavior of CoO2

nanoscrolls and to assess their thermal stability.
In this work, we have investigated CoO2 nanoscrolls through

Density Functional Tight-Binding (DFTB) simulations, focusing
on their structural and electronic characteristics as well as their
thermal stability. Different scroll geometries were considered to
examine factors that influence stability and charge distribution.
The study establishes a theoretical description that complements
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recent experimental advances and contributes to a deeper under-
standing of transition-metal oxide nanoscrolls as emerging low-
dimensional systems.

2 Computational details

The CoO2 nanoscrolls (Fig. 1) were generated from rectangular
monolayers passivated by O2 at the outer edge and Co at the
inner edge. The creation of these structural models can be
described in polar coordinates as r (y) = a + by, where a
corresponds to the internal scroll radius and b is related to
the interlayer scroll spacing. In this work, we adopted a = 10 Å
and b = 4 Å. Three different scroll structures were considered by
taking y = 5401 (1.5 turns), y = 7201 (2 turns), and y = 10801
(3 turns). We carried out full geometry optimizations of the
layers prior to the rolling process.

Geometry optimizations were performed with the Rational
algorithm under self-consistent charge conditions, adopting
convergence thresholds of 10�8 for total energy, 10�7 Ha for
the SCC cycle, and 0.05 eV Å�1 for the force gradient.

Molecular dynamics simulations were carried out over the
temperature range from 10 K to 600 K in the NVT ensemble,
using the Verlet integration algorithm and a Nosé-Hoover
thermostat. A timestep of 1 fs and approximately 10 000 steps
were used, with the constant-temperature plateau being
reached within about 1 ps and maintained throughout the
remainder of the run. The systems were subsequently heated
to 600 K during 1000 steps and re-equilibrated.

All simulations were carried out within the self-consistent
charge Density Functional Tight-Binding (SCC-DFTB) approxi-
mation using the DFTB+ code,45,46 which enables the evaluation
of structural relaxation, electronic properties, and molecular
dynamics runs at relatively (in comparison to full DFT methods)
low computational cost while maintaining accuracy comparable
to that of some density functional theory approaches.

Within the standard DFTB framework, the Hamiltonian is
constructed considering only two-center contributions. Since
these terms decay rapidly with increasing interatomic separa-
tion, they do not adequately describe long range interactions
such as van der Waals forces. To overcome this limitation, a
dispersion correction is introduced through a Lennard-Jones
type potential as proposed by Zhechkov et al.47 For interatomic
distances larger than the cutoff radius r0, the interaction
potential is given by

UijðrÞ ¼ dij �2
rij

r

� �6
þ rij

r

� �12� �
: (1)

This expression describes the attractive regime of the inter-
action. For short interatomic distances, a repulsive polynomial
form is adopted. In this regime, defined by ro r0, the potential is
written as

Uij (r) = U0 � U1r5 � U2r10. (2)

The transition between the attractive and repulsive regimes is
determined by the cutoff radius r0. The coefficients entering the
repulsive potential follow the definitions introduced in ref.47

and are given by

U0 ¼
396

25
dij ; (3)

U1 ¼ 25=6
672

25

dij

r5ij
; (4)

U2 ¼ �22=3
552

25

dij

r10ij
: (5)

The parameters rij, corresponding to the van der Waals
distance, and dij, corresponding to the potential well depth,
are taken from the parametrization reported by Zhechkov
et al.47 and from the Universal Force Field framework.48 These
parameters are distributed together with the DFTB+ imple-
mentation.46 In order to ensure the reliability of our methodol-
ogy, DFTB description was benchmarked against available
literature data for CoO2, including reported experimental inter-
layer spacing and previously published theoretical/experi-
mental structural parameters.

Fig. 1 (a) Representation of the CoO2 monolayer and the scheme of the
rolling process that leads to the formation of nanoscrolls. The highlighted
unit cell is shown from the top and side views, with cobalt and oxygen
atoms indicated. (b) Initial configurations of CoO2 nanoscrolls with 1.5, 2,
and 3 turns and their final geometries after full structural optimization.
Cobalt and oxygen atoms are shown in blue and red, respectively.
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3 Results and discussion

As previously described, the nanoscroll structures were gener-
ated by rolling up rectangular supercells of the CoO2 monolayer
using a model developed and applied in our earlier work,34

followed by structural optimizations performed with DFTB+.
For the CoO2 monolayer, the results indicate a monoclinic
C1m1 space group consisting of six atoms in the unit cell, with
lattice parameters a = 4.724 Å, b = 2.768 Å, and b = 98.15051. The
Co-O bond lengths range from 1.82 Å to 1.84 Å, while the Co-Co
distance is 2.66 Å. These values are in good agreement with
those reported in the literature based on DFT calculations and
experimental measurements.49

Subsequently, three nanoscrolls were constructed with 1.5,
2, and 3 turns, exhibiting an initial interlayer spacing (d) of 4 Å
and an initial internal radius (r) of 10 Å. In the rolling process,
three rectangular supercells were employed with dimensions of
2.61 Å � 93.76 Å, 2.61 Å � 140.99 Å, and 2.61 Å � 251.92 Å,
corresponding to the 1.5-, 2-, and 3-turn nanoscrolls, respec-
tively (see Fig. 1). In all cases, the periodic simulation cell was
defined to preserve periodicity along the rolling axis and to
avoid interactions between virtual replicas of the system, with
100 Å in the non-periodic directions. The unit cells of the 1.5-, 2-,
and 3-turn CoO2 nanoscrolls contain 129, 180, and 321 atoms,
respectively, and their structures were designed to preserve the
known stoichiometry. Using the spiral construction parameters
adopted in this work, the 1.5-, 2-, and 3-turn nanoscrolls have
external diameters of approximately 3.2, 3.6, and 4.4 nm and an
internal radius of about 1 nm. The periodicity along the rolling
axis effectively represents infinite scrolls, so the models corre-
spond to local cross sections of the much larger nanoscrolls
(external diameters of 120–200 nm and wall thicknesses of about
5 nm) reported in the experimental synthesis.44

After the structural optimization of the nanoscrolls, we
observed that the average interlayer spacing remained approxi-
mately 0.46 nm, regardless of the number of turns. This value,
which is significantly larger than that found for carbon nanosc-
rolls (B0.35 nm),50 closely matches the experimentally reported
value of 0.44 nm,44 with a deviation of only 4.5%. The calcu-
lated Co–O and Co–Co bond lengths were 1.90 Å and 2.71 Å,
respectively, differing by approximately 4.4% and 1.9% from
those found in the monolayer structure. The modest bond-
length deviations relative to the planar monolayer (about 4%
for Co–O and 2% for Co–Co) are consistent with the small per-
atom scrolling energy and indicate that the curvature is accom-
modated mainly by changes in bond orientation rather than by
bond stretching, so that the local octahedral coordination of Co
is preserved upon rolling.

To analyze the stability of the systems investigated here, we
calculated the scrolling energy (Esc) using the expression Esc =
Escroll � Estrip, where Escroll and Estrip correspond to the total
energies of the nanoscroll and the respective planar nanostrip.
The results indicate that nanoscrolls with 1.5 turns or more
present negative Esc values compared to their two-dimensional
counterparts, with thermodynamic stability increasing as the
number of turns increases (�0.01, �0.06, and �0.10 eV per

atom for the 1.5-, 2-, and 3-turn configurations, respectively).
Although none of the rolled configurations exhibits a lower
total energy per atom than the infinite CoO2 surface, which is
itself considered a metastable phase, the nanoscrolls can be
regarded as structurally stable arrangements. The stabilization
mechanism for CoO2 nanoscrolls can be understood as a result
of two competing energetic contributions, namely the increase
in elastic energy due to bending and the van der Waals energy
decrease caused by the approximation of subsequent layers
during the rolling process.

To further understand the formation process of these sys-
tems, Fig. 2 illustrates the relative stability profile throughout
the rolling process. As the structure begins to bend, the energy
cost initially increases due to mechanical strain until a critical
point is reached, at which dispersion forces become dominant
and lead to a net stabilization of the system. This behavior is
consistent with previous reports on carbon nanoscrolls51 and
borophene nanoscrolls,34 in which the rolling mechanism is
also governed by the interplay between bending rigidity and
attractive van der Waals forces. Furthermore, while isolated
planar nanostrips are not experimentally observed after synthe-
sis, nanoscrolls are consistently observed, indicating that the
scrolled configuration is favored under realistic thermodynamic
and kinetic conditions. This agreement between theoretical pre-
dictions and experimental findings reinforces the reliability of our
computational framework. It supports the physical plausibility of
the metastable two-dimensional structures when transformed
into the quasi-one-dimensional systems proposed here.

Molecular dynamics simulations further demonstrated that
the CoO2 nanoscrolls are highly stable, withstanding tempera-
tures up to 600 K without fracture or unscrolling. However, the
degree of structural distortion increases as the number of turns
decreases. Quantitatively, for the two-turn nanoscroll under a 100–
300 K thermal ramp followed by a 300 K plateau (5 ps each), the
spiral topology is preserved throughout the run, with no fracture
or unrolling. The local interlayer distance distribution at 300 K is
bimodal, with a dominant stacked population at hdlocal

int i =
0.458 nm (73%), in agreement with the relaxed value of 0.46 nm
and the experimental spacing of 0.44 nm, and a secondary
expanded-interlayer population centered at 0.72 nm (27%) loca-
lized in angular sectors adjacent to the open outer edge of the

Fig. 2 Relative energy stability values in the CoO2 nanoscroll rolling
process and their corresponding structural configurations.
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spiral. The plateau-averaged value of 0.515 nm is therefore not a
homogeneous thermal expansion but reflects this minority
expanded-interlayer fraction arising from the open-ended geome-
try of the simulation cell. The local interlayer spacing remains
essentially uniform along the body of the scroll, where the relaxed
value is preserved, while the expanded-interlayer fraction arises
from the kinematic constraint imposed by the Co–O–Co bridge
that anchors the outer edges to the previous winding layer and
prevents the spiral from gliding freely under thermal motion,
confining the local relaxation to the scrolled regions adjacent to
the open outer edge.

Regarding the electronic structure, Fig. 3(a), 4(a), and 5(a)
indicate that the major contribution for the density of states near
the Fermi level is due to cobalt d-orbitals, followed by oxygen p-
orbitals, with all other contributions negligibly small. Since these
orbitals remain partially occupied even after bending, the metallic
character is preserved for the scrolled structures. It is interesting to
note that, despite the significant deformation, the electronic struc-
ture modifications were modest, with no signs of flat bands near
the Fermi level or even of Dirac-like features. Fig. 3(b), 4(b), and 5(b)
present the charge differences for the CoO2 nanoscrolls with 1.5, 2,
and 3 turns. In all cases, oxygen atoms play the dominant role in
charge displacement. Oxygen atoms accumulate charge while a
depletion is observed for cobalt. This charge transfer can lead to
polarization effects that should be investigated in the near future.

Mulliken population analysis of the optimized two-turn nanoscroll
yields mean atomic charges of +0.56 � 0.11e on Co and �0.28 �
0.03e on O, quantitatively confirming the Co - O polarization
suggested by the charge density difference. Partitioning the
atoms into the inner and outer walls of the scroll reveals a slight
enhancement of the polarization on the outer wall, with
hqCoiouter = +0.57e versus hqCoiinner = +0.54e and hqOiouter =
�0.29e versus hqOiinner = �0.27e. One Co atom located at the
free outer edge of the scroll carries an anomalously large charge
of +1.16e, consistent with its undercoordinated environment at
the open edge. This site forms unusually short Co–O bonds with
the passivating oxygens of the outer edge (1.63 and 1.70 Å against
1.78–1.91 Å at the bulk-like sites of the scroll), while two further
oxygens of its coordination shell bridge to the adjacent cobalt of
the same outermost turn through Co–O–Co linkages of standard
length, anchoring the terminator to the underlying winding. The
associated local polarization drains charge from the cobalt
atoms at the edges and spatially coincides with the LUCO
localization pattern reported in Fig. 6, identifying the open outer
edge as a natural candidate for preferential adsorption. The
systems considered here are pristine; defect states such as
oxygen vacancies or Co substitutions would be expected to
locally modify the interlayer spacing and to introduce features
close to the Fermi level, weakening in particular the Co–O
polarization quantified above. A systematic defect study lies
outside the scope of the present work and constitutes a natural

Fig. 3 (a) Electronic band structure and the corresponding projected
density of states of the 1.5-turn CoO2 nanoscroll. (b) Charge density
difference showing regions of accumulation (d+) and charge depletion (d�).

Fig. 4 (a) Electronic band structure and the corresponding projected
density of states of the 2-turn CoO2 nanoscroll. (b) Charge density
difference showing regions of accumulation (d+) and charge depletion (d�).
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follow-up. In addition to the charge difference, the HOCO and
LUCO were also calculated to provide a deeper understanding of
the electronic modifications induced by the rolling process. The
results are shown in Fig. 6. The HOCO exhibits significant
accumulation at the inner edge, where bonding to the nano-
scroll’s internal wall begins, with a higher orbital density in this
region.

In contrast, the outer edge exhibits a low HOCO density. The
LUCO reveals the opposite HOCO trend, with a decrease of
orbital density at the inner edge and a substantial increase at
the outer one. Both the HOCO and LUCO display homogeneous
regions except at the inner and outer edges.

4 Conclusions

In conclusion, the results presented in this work provide, for the
first time, a comprehensive theoretical perspective on the structural
and electronic properties of CoO2 nanoscrolls, identifying the
intrinsic metallic character of these nanostructures regardless of
the winding orientation or the number of turns. Oxygen atoms are
shown to play a central role in mediating charge transfer processes,
with pronounced electronic interactions occurring between the
inner edge of the scroll and the adjacent layers. From a structural
standpoint, it is noteworthy that the scroll topology creates a
metastability of CoO2 in its two-dimensional form while preserving

its intrinsic structural and electronic characteristics. The results
presented here are in agreement with recent experimental synthesis
reports, reinforcing the robustness and reliability of the computa-
tional approach adopted.
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Fig. 5 (a) Electronic band structure and the corresponding projected
density of states of the 3-turn CoO2 nanoscroll. (b) Charge density
difference showing regions of accumulation (d+) and charge depletion (d�).

Fig. 6 Lowest Unoccupied Crystal Orbital (LUCO) and Highest Occupied
Crystal Orbital (HOCO) of 2-turn CoO2 nanoscrolls.
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