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a b s t r a c t
Many of the functional properties of graphene heavily depend on its morphology. Here we systematically
and computationally investigate the mechanistic and quantitative role of different surface functionalized
dopants on the architectural variation of nanoscale graphene by chemical functionalization. An intriguing
correlation between electron orbital occupancy of doped atoms and the resultant folding angle of graphene sheet is established. Meanwhile, we demonstrate that density of doped foreign atoms adds the
dimensionality of design space for regulating the folding angles of graphene sheet, providing an invaluable way for quantitatively controlling the graphene folding and a guideline to design novel graphenebased unconventional nanodevices.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Graphene has emerged as a remarkable material for diverse
applications owing to the large-scale synthetic route to produce
it in monolayer form; its extraordinary carrier mobility, conductivity, and versatility for band structure engineering [1]; and the
strength of shaped graphene such as carbon nanotubes [2]. The
nature of these unique and unprecedented functional properties,
such as electronic [3], magnetic, mechanical [4], and chemical
properties, of graphene is, to a large extent, determined by its
exceptional morphology [5]. Controllably tailoring graphene’s
structure with selective synthetic method could better shape this
two-dimensional material for use in a broad region. Recent experiments have shed crucial lights on the notion that grafold, a threedimensional form of graphene, possesses the peculiar and distinct
properties unachievable in the two dimensional pristine graphene
[2]. For example, theoretical studies suggest that folded graphene
can exhibit riveting electronic properties under magnetic ﬁeld
[6,7], such as interferometric effects due to the interplay between
the gauge ﬁelds created by the fold and external ﬁelds. Bonding of
atomic hydrogen to graphene has been shown to reconﬁgure the
planar hexagonal conﬁguration by pulling one carbon atom in an
out-of-plane direction, thereby altering the electronic structure
and properties by opening the band gap at the Dirac point [2].
Hence, morphology manipulation opens up new avenues for controlling and optimizing graphene properties, especially in the three
dimensional structures, and thereby enabling the exploration of
graphene-based novel nanomaterials. Therefore, tremendous
efforts have been devoted to developing mechanisms, such as
graphene folding by growth and transfer from patterned surfaces
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[8], by ion radiation [9], by capillary forces [10], by mechanical
strain [4,11,12] and by chemical functionalization [13,14], to controllably design 3D architectures of graphene with exotic physical
properties.
With respect to chemical functionalization, the hydrogenated
graphene has gained the most appreciable attentions owing to its
unparalleled capability to easily overcome difﬁculties imposed by
treatment with radicals in wet chemistry approaches. The reaction
of atomic hydrogen with a graphene sheet converts its hybridization from sp2 to sp3 by creating a geometric distortion that extends
over multiple lattice positions [15]. Beside the excellent stability,
hydrogenation methodology holds other conspicuous advantages
such as controllability and long-term usability [16]. In addition
to hydrogenated graphene, other atomic species or chemical
groups, such as ﬂuorine [17], oxygen [18,19], hydroxyl [20,21],
and transition metals [22], have been utilized in the chemisorption
process to tailor the pristine graphene’s architecture and properties. However, only a small portion of chemical groups, such as
hydrogen, nitrogen, hydroxyl and other organic species [14,23],
and few of the individual elements in the periodic table have been
targeted in the previous studies to chemically functionalize the
pristine graphene with extraordinary properties Novel functionalization has the potential to lead to new astounding capabilities,
and should be intensively studied in order to maximize the capabilities of graphene-based devices [24,25]. Thus, there is a critical
need to perform a holistic study of graphene folding by doping different atomic species in the periodic table and a variety of organic
chemical groups as well as investigate the fundamental mechanism that governs the formation of graphene folding with precise
control.
Along with experimental techniques to explore the chemical
functionalized graphene with unparalleled accuracy, computational modelling and simulation have evolved into predictive tools
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that complement experimental investigations at comparable
length- and time-scales. The past several years have witnessed
the explosive growth of interest in the ﬁrst principle molecular
simulation on the chemical functionalization of graphene with a
variety of chemical groups, such as hydrogen, to explore the electrical, optical, and mechanical properties of these hybrid structures
[22,26–30]. Despite its many outstanding attributes, ﬁrst principle
molecular simulation is plagued with the computational efﬁciency
and capability limitation imposed by a large system, especially
those involving multiple chemical components. Thus, molecular
mechanics simulation may provide a feasible way to systematically
investigate the effect of surface dopants on the folding process of
pristine graphene.
Having noticed the elusive situation in the atomic-level understanding of effects of diverse atomic species on the folding of
graphene as well as the difﬁculty in analysing the morphology of
doped graphene by ﬁrst principle molecular simulation, herein,
we will employ a molecular mechanics simulation to determine
the folding angle generated by doping a pristine graphene sheet
with certain foreign atoms in a linear pattern in the periodic table
by virtue of the energy minimization approach. In particular,
the present study will clearly provide a holistic assessment of the
effect of different chemical groups in the periodic table on the
pristine graphene, and serve as an invaluable platform to design
the graphene-based 3D architectures for a plethora of applications
in diverse areas.

Figure 1. Deﬁntion of angle deviation due to doping effects from chemical
functionalization (Unfolded graphene colored cyan with white hydrogen, folded
graphene colored purple with green hydrogen. The angle measured is the black arc
theta). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

graphene folding, we create several simulation models with
methyl, benzyl, and the amino acids L-glycine and L-alanine to
make an intriguing comparison.

3. Results and discussions
2. Simulation methodology

3.1. Effect of doping density on graphene folding

Our molecular mechanics simulations are performed using energy minimization at temperature 0 K. In order to facilitate studies
of a variety of atomic dopants on pristine graphene, we have
adopted the comprehensive interatomic potential Universal Force
Field (UFF) [31]. It should be emphasized that UFF provides the
invaluable ability to extend the force ﬁelds to the entire periodic
table through comprehensive procedures while most popular force
ﬁelds, such as Tersoff potential, are limited to particular combinations of atoms, thereby hindering their applicability and controllability. UFF includes bond stretching contributions, bond angle
bending contributions, dihedral angle torsion contributions, inversion contributions, and the non-bonded contributions from van der
Waals and electrostatic interactions, thereby enabling a quantitatively accurate description of bond–bond interactions as well as
covalent bond formations during the graphene folding due to
doped foreign atoms or groups. To achieve the most favourable
structure of graphene after doping foreign atoms, the conjugated
gradient algorithm has been employed until the total energy
change between two successive iterations divided by the energy
magnitude is less than or equal to 108.
The simulation sample is a pristine graphene of length
L = 1.5 nm and width W = 3 nm with 195 carbon atoms doped by
a group of foreign atoms along the centre of the sheet in the y-axis
direction as depicted in Figure 1. There is no periodic boundary
condition imposed in all directions. To better illustrate the graphene folding process due to the foreign atoms, an angle h is deﬁned
by the deviation from the initial x–y plane. All simulation sheets
except those with speciﬁcation are doped in a singly armchair
manner (i.e., a line which bisects the hexagonal cells and intersects
two atoms from each cell). To test the effect of chirality on the
graphene folding by dopants, seven samples with different chirality from (6, 0) to (6, 6) are created. It should be noticed that the
graphene with chirality (6, 6) is doped in a perfect zigzag formation
(i.e., a line which runs between two columns of hexagonal cells and
forms a ‘zigzag’ pattern). To test the folding capability of organic
chemical groups and add the dimensionality of design space for

From an energetic perspective, folding a sheet of graphene
requires a sufﬁciently large driving force to overcome the strain
energy barrier due to the bending process. The reaction of atomic
species with the carbon atoms of a graphene sheet generates a geometric distortion which provides the driving force needed to tackle
the energy barrier.
When the carbon atoms are doped, two main factors cause the
graphene to fold in the manner shown in Figure 1: (i) the hybridization of the carbon bonds and the resultant geometry, and (ii)
the van der Waals forces between the dopants and the graphene.
In the pristine state, carbon atoms in graphene have sp2 hybridization, forming three equidistant co-planar bonds with their neighboring carbon atoms. Upon forming a fourth bond, the
hybridization changes to sp3, and the doped carbon atoms seek
an energetically preferential state wherein all formed bonds seek
to be as far from each other as possible. This leads to a nearly
tetrahedral arrangement which, as the other three bonds are constrained by surrounding carbon atoms, pushes the graphene on
either side of the newly created bond away from where the bond
is formed. When many co-linear carbon atoms in the graphene
are doped simultaneously this induces the bending depicted in
the Letter. For the graphene to fold towards the dopants all of
the bonds on the sp3 hybridized carbons would be on a single
hemisphere of the carbon atoms which would generate instability
in the doped system.
With regards to the van der Waals interactions between the
graphene and the dopants, the London dispersion component of
the van der Waals force is weakly attractive, but it is overpowered
by the effect of the hybridization force. The Keesom interaction
component of the van der Waals force is non-existent, as there
are no dipole–dipole interactions. The ﬁnal component of the van
der Waals force is the Debye interaction, which will be discussed
later on.
The extent of how the density of doped hydrogen atoms affects
the graphene folding remains elusive; in what follows, we devise a
simulation test to demonstrate the role of doping density on the
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graphene folding. Figure 2 shows the evolution of potential energy
as the simulation time for the system with a single row of doped
hydrogen atoms. After energy minimization is initiated, the graphene sheet near the functionalization reconﬁgures quickly followed
by the adjustment of the further sections of sheets. For the graphene with a single armchair row of hydrogen atoms, the dopants are
arranged in a single straight line, thus interactions between hydrogen atoms are orthogonal to the direction of bending. This means
that hydrogen–hydrogen interactions do not exert a bending force
on the graphene sheet and so the entirety of the angle deviation
from planar is due to the combined effects of the change in hybridization of the doped carbon atoms from a planar sp2 to a tetrahedral sp3 conﬁguration and the effects between the hydrogen and
carbon atoms. Our ﬁrst simulation shows that single-sided hydrogenation leads to an angled graphene, revealing a promising
approach to overcome the energy barrier of folded graphene
formation.
If a single row of functionalization produces a certain angle
deviation, how does this deviation change by adding more rows
of doped atom? Figure 3 shows the angle deviation of the folded
graphene sheet with a variety of doping density of hydrogen
atoms. The angle deviation tends to increase as the number of
hydrogenation line increases followed by a saturation plateau.
The angle deviation for two adjacent rows is close to double the
deviation for a single row (101.5° and 54.3°, respectively). The
angle deviation for three rows of hydrogen atoms approximately
triples that of a single row (164.1°). The angle deviations of a
graphene sheet with two and three rows of hydrogen atoms are
nearly multiples of the angle deviation for a single row, implying
that the interatomic interaction between different rows of hydrogen atoms are comparatively small. The partially folded graphene
has a much higher possibility of having its two pristine portions
interacting and adhering to each other, leading to a full folding of
graphene. Figure 3 also shows that graphene with a 4 or more rows
of single-side hydrogenation can spontaneously form a 2-ply
graphene. Given the ever-maturing techniques of controlled
hydrogenation of graphene, this Letter reveals abundant opportunities toward programmable formation of 3D graphene structures
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by hydrogen chemical functionalization. To explore these fertile
opportunities in this task, we will extensively further our pilot
study to investigate the asymmetric hydrogenation assisted formation of 3D graphene structure.
3.2. Effect of chirality on graphene folding
The folding of graphene is not as simple as the folding of a sheet
of paper, a macroscopically isotropic material without preference
for folding axes. In graphene folding, one must consider the direction of folding lines in a way that accounts for the hexagonal lattice
symmetry and registry between the two halves of the sheet after
folding. As graphene has six-fold radial symmetry, only a rotation
of 60° is necessary to extrapolate a complete rotation. Chirality
here has a profound effect on both the angle deviation from normal
and on the total minimized energy of the system as shown by Figure 4. As the graphene sheet is rotated the dopant line is kept the
same, so that the dopant line progresses from armchair pattern to
zigzag pattern and the folding angle grows, with a maximum angle
of 98.0° for the zigzag-doped conﬁguration. This makes sense, as
the dopant density is higher in the zigzag conﬁguration
with 2
0
dopants per unit cell with a cell space of 2.46 Å
A than in the armchair conﬁguration with
2 dopants per unit cell, but with a higher
0
cell spacing of 4.25 Å
A. The zigzag geometry is not as perfectly
aligned as the armchair conﬁguration, and the resultant hydrogen
atoms are staggered. The combination of the forces between the
dopants and the graphene and the sp3 hybridization geometry
signiﬁcantly contributes to the bending of the graphene. Since perfect trilateral symmetry would be the end result of a perfect row of
tetrahedrons, sp3 hybridization on its own can account for no angle
greater than 60°, indicating that past a certain degree of rotation
the inter-hydrogen forces acquire a prominent role.
3.3. Effect of chemical groups on graphene folding
To test the effects of chemical groups in the periodic table on
graphene folding, and to determine the dominating factor between
electron orbital occupancy and atomic mass of the doped atoms on

Figure 2. Evolution of potential energy of hydrogenated graphene as simulation time.
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Figure 3. Angle deviations of different doping densities of hydrogen on graphene.

Figure 4. Angle deviation and energy proﬁle of different chirality of H-doped graphene.

the angle deviation of folded graphene, we perform two studies
with different chemical groups: (a) individual elements and (b)
simple organic molecules.
The elements show several interesting trends when organized
with respect to their periodic table Group, which also means orga-

nized with respect to their outer electron shell conﬁguration.
Groups I, II and XIII–XVII are tested for the ﬁrst 5 periods (the transition metals are excluded to concentrate on the effects of s and p
outer electron shells). The folding angle for each element is shown
in Figure 5 and the energy of the total system is shown in Figure 6.
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Figure 6. Energy proﬁle for graphene doped by different chemical element groups.
Figure 5. Angle deviations for graphene doped by different chemical element
groups.

The folding angle and energy are much lower for the ﬁrst two
Groups (s-shell only) than those of Groups XIII–XVII (full s-shell
and for elements with atomic number greater than 30, full d-shell
with partial f-shell). Groups I and II (with the exception of helium)
have angle deviations which decreases as the atomic weight goes
up. A closer look at the change in angle deviation and energy for
Group I elements is shown in Figure 7. Aluminum and silicon
produce the largest angle deformation in all of single atoms, with
carbon and nitrogen the lowest of those elements with a partial
f-shell. As seen in the inset for potassium in Figure 5 larger dopants
begin moving away from each other, forming two lines when
viewed from the edge of the graphene. The dopants which exhibit

this intriguing phenomenon are boron, carbon, and every element
with one or more completed d-shells. All of the single element
dopants fall in the range of 50–60° angle deviation, suggesting that
the main force for the bending is the transition of the doped
carbons from planar sp2 to tetrahedral sp3 conﬁgurations. Quite
interesting is that Groups I and II seem to be converging in terms
of angle deviation around 52°, whereas Groups XIII–XVII seem to
be converging around an angular deviation of 58°, suggesting that
as the total number of electrons increases, the deviation angle is
more dependent on the outermost electron shell (s or f), rather
than the number of electrons within that shell.
Figure 8 gives a more comprehensive look at the angle change
with respect to the number of valence electrons. It is interesting
to note that for Groups XIII, XIV, and XV the inclusion of a completed d-shell has a marked increase on the angle deviation;

Figure 7. Angle deviation and energy proﬁle of hygenerated graphene.
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Figure 8. Angle deviation for doped graphene arranged by chemical groups. Blue
bars represent average and standard deviation. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Figure 9. Energy proﬁle for doped graphene arranged by chemical group. Blue bars
represent average and standard deviation. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

whereas for Groups XVI and XVII the change is far less pronounced.
This implies that as the total number of electrons rise, the effect of
the number of valence electrons is diminished. This conclusion is
also upheld by the observation that for Groups XIII–XVII, the elements of Period 5 cause a remarkably similar amount of bending,
within one half of a degree, regardless of the Group the element belongs to.

In addition to the degree of bending, there are notable trends to
be seen when the total energy of the system is arranged by periodic
table Group, as shown in Figure 9. Groups I and II, in concordance
with their smaller folding angle, also have much lower total system
energy than Groups XIII–XVII. Certain elements from Period 2 create a lower energy system than the rest of their Group, to the extent that the ﬂuorine functionalized graphene has total system

Figure 10. Effect of various organic molecules on the angle deviation of doped graphene.
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energy almost as low as those functionalized with elements from
Groups I and II. This seems to indicate once again the signiﬁcance
of the non-covalent d orbitals in determining the behavior of the
functionalized graphene sheets.
In addition to the individual element species, several simple organic molecules are chosen to investigate how the folding caused
by multi-molecular complexes changes as the shape and complexity of the functionalization groups varies. Figure 10 shows the angle deviation for these selected organic molecules. The organic
molecules of interest are common biological functional groups:
methyl, benzyl, and the amino acids L-glycine and L-alanine., which
represents the potential and promising chemical functionalized
groups for the folding of graphene. From the effect of the four neutral groups, it is noticed that the van der Waals forces have significant impact on the conﬁguration of the graphene sheet. The
benzene has by far the strongest effect on the folding of the graphene, due to the proximity of its bound electrons to the plane. As
shown in the inset ﬁgures in Figure 10 the functional groups tested
also show a tendency towards a staggered formation.
The Debye interaction, where a dipole exerts a force on an uncharged molecule due to a charge from the dipole preferentially
moving the electrons of the uncharged molecule, could further
help explain some of the differences in folding amongst the species. This effect is reﬂected by the tendency for dopants which form
strong dipoles (e.g., lithium, ﬂuorine) to cause a slightly smaller
deﬂection in the graphene than those which are more neutral
(e.g., boron, carbon).
To summarize, the gross geometry of the system is determined
by the hybridization of the doped carbon atoms, while other interatomic forces affect the variations in folding of the individual
dopants.
4. Concluding remarks
In summary, we have performed molecular mechanics simulation to investigate the inﬂuence of chemical atoms or groups on
the angle deviation of functionalization-induced graphene folding.
It has been indicated that the folding angle of graphene is strongly
dependent on the orientation and density of the dopants. The folding angle is also altered by the nature of the dopant, responding to
both the physical size and electron density of the attached chemical group. By combining these novel ways to tailor the natural folding angle of a graphene sheet a wide range of folding angles of
graphene sheets can be manipulated, resulting in programmable
and unique ‘origami-like’ folded structures. These fundamental
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ﬁndings provide a promising platform for quantitatively controlling the folding process of the graphene and can also serve as a
guideline to design novel graphene-based unconventional nanomaterials and nanodevices.
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