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Complex three-dimensional graphene structures
driven by surface functionalizationt

Duc Tam Ho, @2 Viet Hung Ho,® Vasudeo Babar,® Sung Youb Kim @ ** and
Udo Schwingenschlogl =

The origami technique can provide inspiration for fabrication of novel three-dimensional (3D) structures
with unique material properties from two-dimensional sheets. In particular, transformation of graphene
sheets into complex 3D graphene structures is promising for functional nano-devices. However, practical
realization of such structures is a great challenge. Here, we introduce a self-folding approach inspired by
the origami technique to form complex 3D structures from graphene sheets using surface functionali-
zation. A broad set of examples (Miura-ori, water-bomb, helix, flapping bird, dachshund dog, and saddle
structure) is achieved via molecular dynamics simulations and density functional theory calculations. To
illustrate the potential of the origami approach, we show that the graphene Miura-ori structure combines
super-compliance, super-flexibility (both in tension and compression), and negative Poisson’s ratio

rsc.li/nanoscale behavior.

Materials with complex 3D structures can exhibit extraordinary
properties such as critical transition to bistability in a square
twist origami, high mechanical strength close to the theore-
tical limit in lightweight classy carbon lattices,> switchable
radio-frequency capacity in morphable mesostructures,® nega-
tive refraction in metamaterials formed by split-ring resonators
and wires,* and negative thermal expansion in origami meta-
materials.” As a result, complex 3D structures are important in
various fields such as micro-electromechanical systems,® bio-
medical devices,” robotics,® and solar cells.” Among the fabri-
cation techniques, self-folding origami is powerful to create 3D
structures from 2D sheets."®"" In the traditional origami tech-
nique 3D objects are created by folding paper sheets by hand,
whereas in self-folding origami other driving forces at pre-
defined areas of the 2D sheets activate folding. For example,
stresses can be introduced in thin films via capillary forces,'*"*
pre-stretching (in active multilayers),"*"” or responsive materials
such as shape memory polymers'®'” and hydrogels."®'® The
introduced stresses act as driving forces to cause out-of-plane
bending of the 2D sheets.

Graphene, a 2D material with many excellent properties,*
can serve as prototypical constituent for forming complex 3D
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structures that have new functionalities not seen in graphene
or macroscale counterparts. From the mechanical point of
view, the high flexibility of the 2D material enables formation
of 3D structures without damages. However, so far only simple
3D graphene structures have been addressed, such as nano-
tubes,*! nanoscrolls,>” and basic polyhedra,*>* using single-
side hydrogenation®'* or nanodroplets that generate capillary
forces® to drive the 3D transformation. The reason is that
the control over the folding angle, which is essential for the
construction of complex 3D structures, is still challenging
even for macroscale objects.'® Therefore, new approaches,
which can control the folding angle, must be developed to
achieve highly complex 3D graphene structures with novel
material properties.

In this study, we combine molecular dynamics (MD) simu-
lations, density functional theory (DFT) calculations, and an
analytical model to demonstrate that surface functionalization
of graphene can be exploited to construct complex 3D struc-
tures from 2D material sheets. The approach requires prepa-
ration of a 2D folding pattern (locations, directions, and
widths of the folds) at which the functionalization is con-
ducted, see Fig. 1a. The pseudo surface stresses induced by
the surface functionalization cause out-of-plane bending of
the 2D material sheet at the functionalized areas. Our analyti-
cal model suggests that the folding angle can be controlled
readily by three parameters: adatom type, width of the folds,
and density of the adatoms. Consequently, many 3D graphene
structures can be obtained from graphene sheets with properly
designed 2D folding patterns. Demonstrations are presented
for three adatom types (hydrogen, nitrogen, and fluorine) to

This journal is © The Royal Society of Chemistry 2020
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Illustration of surface functionalization to transform a graphene sheet into a 3D structure. (a) 2D folding pattern (4 x 4 supercell and zoomed

unitcell) indicating the locations, directions, and widths of the folds where the material will be functionalized. On the lines colored in red the
adatoms are located on the front side of the sheet to generate mountain folds and on the lines colored in blue the adatoms are located on the back
side of the sheet to generate valley folds. Graphene in the gray areas is not functionalized. Shown is the 2D folding pattern for forming a graphene
Miura-ori structure. (b) Potential energy of the graphene Miura-ori structure as a function of the MD simulation time. (c) Structure at an equilibrated
state (marked by an arrow in b). (d) Photograph of a paper Miura-ori structure folded by hand.

construct complex structures (Miura-ori, water-bomb, helix,
flapping bird, dachshund dog, and saddle). Novel mechanical
properties not seen in any previous graphene structure are
found, including super-compliance, super-flexibility (both in
tension and compression), and negative Poisson’s ratio behav-
ior. The introduced approach provides a promising route to 3D
functional nano-devices with unique material properties based
on 2D materials.

Fig. 1a-d displays an example of the surface functionali-
zation approach to transform a graphene sheet into a 3D struc-
ture. We first focus on obtaining a well-known origami tessella-
tion, the Miura-ori structure, using hydrogenation and MD
simulations. We begin with a pre-defined 2D folding pattern,
which is a set of intersecting lines that become future folds
(see Fig. 1a). We note that these lines have finite width in con-
trast to zero width in the traditional origami technique.
Hydrogen atoms are placed onto the lines colored in red in
Fig. 1a on the front side of the graphene sheet with a certain
density (ratio of the number of hydrogen atoms and the
number of carbon atoms) to generate future mountain folds
and onto the lines colored in blue on the back side of the gra-
phene sheet with the same density to generate future valley
folds. We choose a width of the patterning lines of w = 2.5 nm,

This journal is © The Royal Society of Chemistry 2020

density of the hydrogen atoms of p = 15%, and initial size of
the unitcell of 24.3 nm x 24.3 nm. The model of Fig. 1a (4 x 4
supercell) consists of about 385 000 atoms, which are modeled
using the second generation REBO (REBO-II) potential.*® To
eliminate edge effects, we apply periodic boundary conditions
in the in-plane directions. Initially, a molecular statics simu-
lation is carried out using the conjugate gradient method.
Then, the system is equilibrated at 300 K using an isothermal-
isobaric ensemble (for details see Simulation methods
section). Fig. 1b shows that the potential energy as a function
of the MD simulation time decreases and begins to saturate
after about 1200 ps. The structure at 1600 ps (which is marked
by an arrow in Fig. 1b) is presented in Fig. 1c. Fig. 1d shows a
photograph of a paper Miura-ori structure folded by hand,
which is 1.5 x 10° times larger than the graphene Miura-ori
structure (same 2D folding pattern except for the fact that the
width of the patterning lines is negligible for the paper struc-
ture). Our approach of surface functionalization is able to
deliver a pre-defined 3D graphene structure. We also employ
DFT calculations to study the formation of graphene Miura-ori
structures using hydrogen, nitrogen, and fluorine adatoms to
ensure generality of our findings. Due to the high compu-
tational cost, we consider small systems with 144 atoms (see

Nanoscale, 2020, 12,10172-10179 | 10173
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Fig. S1a in ESIY). Our results confirm that Miura-ori graphene
structures can be obtained by hydrogenation, nitrogenation,
or fluorination of graphene sheets (see Fig. Sib in ESIT).
Molecular statics simulations with the REBO-II potential for
the graphene Miura-ori structure using hydrogenation as an
example show excellent agreement with the DFT results
(Fig. S1b in ESIf). Both the DFT and molecular statics results
clearly demonstrate that surface functionalization with
different adatom types can be employed to construct origami
structures from graphene sheets. We will explain the mecha-
nism of the folding in the following.

We next develop an analytical model to understand the
mechanism of the folding using the classical plate theory
(Kirchhoff-Love plate theory) with some modifications. For
simplicity of the analysis, we consider the case that the 2D
folding pattern consists solely of one line with width w and
infinite length L, due to the periodic boundary condition in
this direction, see Fig. 2a. Hydrogenation causes cylindrical
folding of the graphene sheet as demonstrated in Fig. 2a. We
suppose that surface functionalization generates isotropic
pseudo surface stresses serving as driving forces that fold
locally the 2D material sheet. The 2D material sheet is
assumed to be only subject to pure bending due to the pseudo
surface stresses. We predict that the folding angle 6 (Fig. 2a) is
given by (see ESIY)

wah (1)
where 7 is the effective thickness of graphene, s is the pseudo
surface stress induced by the surface functionalization when p
=100%, and D is the bending stiffness of the 2D material. We
note that s depends on the adatom type. Prediction of the
folding angle by eqn (1) requires determination of the para-
meters s and D. For a 2D material, D is not directly related to
Young’s modulus E and Poisson’s ratio v via the relation
EP

T 12(1—v)’
definition of the thickness ¢ is ambiguous in the bending.*”
Rather, D can be calculated by obtaining the strain energy of
the corresponding nanotube as a function of the nanotube
radius.?® To validate the prediction of the analytical expression
of eqn (1), we conduct various molecular statics simulations
(with REBO-II potential) for the 2D folding pattern in Fig. 2a
with different values of w (ranging from 2.7 nm to 10.8 nm)
and p (ranging from 1% to 6%). For the case of hydrogenation
of graphene, we obtain s = 9.7 N m™' and D = 0.225 nN nm
(see ESIY), in good agreement with the experimental value of
0.192 nN nm.*>® We present in Fig. 2b a comparison between
the folding angle predicted by the analytical model and the
results of the molecular statics simulations, showing good
agreement especially at smaller folding angles. When the
deformation becomes very large the mechanical response
becomes non-linear, ie., the linear assumption of our theory
breaks down. Both the analytical model and simulation
demonstrate that the folding angle of a graphene sheet induced

D as in the classical plate theory, because the
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Fig. 2 (a) Schematic indicating the folding mechanism of a graphene
sheet due to surface functionalization with hydrogen. Top: Initial and
relaxed configurations of the molecular statics simulation. Bottom:
Pseudo surface stress and bending moment induced by the functionali-
zation. (b) Model prediction versus molecular statics simulation. The
length of the green bars indicates the difference between the predicted
and simulated results.

by surface functionalization with a given adatom type is
directly proportional to both w and p.

We now employ the surface functionalization to form diverse
complex structures as shown in Fig. 3. A schematic of the 2D
folding pattern for the 3D transformation is provided in each
case. Hydrogen is chosen as the adatom and the folds have
widths of 2.5 nm. The densities of the hydrogen atoms are 20%,
30%, 30%, and 15% for the water-bomb, helix, flapping bird,
and saddle structures, respectively, and for the dachshund dog
structure they range from 10% to 30%. Fig. 3a shows the water-
bomb structure, as an example of a complex tessellation
origami, representative of dome-like structures with positive
average Gaussian curvature (while that of the Miura-ori struc-
ture is zero). Macroscale water-bomb structures are used for
many applications such as medical stents,®® animal robots,*"
and deformable wheels.>* The helix structure of Fig. 3b may be

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Examples of complex 3D structures formed from graphene
sheets by hydrogenation. Left: Schematic indicating the 2D folding
pattern to form the structure. Right: Equilibrated state from an MD simu-
lation at 300 K and photograph of a corresponding paper structure. (a)
Water-bomb. (b) Helix. (c) Flapping bird. (d) Dachshund dog. (e) Saddle.
The width of the patterning lines is 2.5 nm in all cases. The density of
the hydrogen atoms is 20% for the water-bomb structure, 30% for the
helix and flapping bird structures, and 15% for the saddle structure. For
the dachshund dog structure it is independently specified for each line
segment, ranging from 10% to 30%. The scale bars are 20 nm.

used as nanometer-sized molecular spring or as inductor. More
complex flapping bird and dachshund dog structures are shown
in Fig. 3c and d, respectively. To obtain the dachshund dog
structure different densities of the hydrogen atoms must be
used for different line segments. Finally, we show in Fig. 3e the

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

saddle structure (with negative average Gaussian curvature) with
curved instead of straight folds as in the other cases. The
pseudo surface stresses induced by the surface functionalization
in this case not only generate the folding but also trigger global
buckling due to the geometrical constraint.>® As a result, the
obtained structure is characterized by both the folding and
global buckling behaviors. Demonstrations of the self-folding
origami approach so far are restricted to structures with simple
folding patterns even on the macroscale. The ability of produ-
cing complex 3D structures proves the robustness of our self-
folding approach by controlling the folding angle via the
adatom type, width of the folds, and density of the adatoms.
The transformations from graphene sheets to complex 3D struc-
tures by hydrogenation are illustrated in Fig. S4 in the ESI} for
all the cases of Fig. 1c and 3.

We have confirmed that our conclusions do not depend cri-
tically on the ambient conditions (see a comparison of results
at 1 atm pressure in Fig. S5 in ESIT) and that folds with larger
widths can be used without further complications (see Fig. S6
in ESIf for a case with w = 17.2 nm). Our MD simulations also
show that the 2D folding pattern is not compromised by
diffusion of the hydrogen atoms. In addition, defects in the
graphene sheet do not pose a limitation to the effectiveness of
our approach (see Fig. S7 in ESIf for a case with double
vacancies). Importantly, existing fabrication techniques indi-
cate that practical realization of the proposed scheme is likely
to be possible. In particular, surface functionalization of gra-
phene with highly tunable density of adatoms has been rea-
lized by routes such as plasma functionalization,*> thermal
cracking,*® and Birch-type hydrogenation.’” Patterning of
functionalized graphene has been demonstrated with 18 nm
resolution for hydrogenation using electron beam irradiation®*°
and with 40 nm resolution for fluorination using thermo-
chemical nanolithography.*

To illustrate that extraordinary 3D graphene structures can
be obtained by surface functionalization, we demonstrate in
the following a unique combination of mechanical properties
for graphene Miura-ori structures. Fig. 4a shows three equili-
brated structures obtained by MD simulations at 300 K (#1:
w=2.5nm and p = 15%; #2: w = 3.7 nm and p = 15%; #3: w =
2.5 nm and p = 20%). To save computational time, we use a
2 x 2 supercell after confirming that the difference between the
equilibrated structures of the 2 x 2 and 4 x 4 supercell models
is negligible. The geometrical parameters of the three struc-
tures are different due to different folding angles (see Table 1).
Fig. 4b shows stress—strain curves under uniaxial stress in the
x-direction. After equilibration at 300 K, tensile or compressive
strain is applied in the x-direction with a strain rate of 10% s™".
During the loading process, the stress component in the
y-direction is kept at zero to model uniaxial stress. We first
consider structure #2. At small strain (both in tension and
compression) the stress linearly increases as the applied strain
increases. The Young’s modulus E,, is defined to be the
average slope of the stress—strain curve in the small strain
interval from —0.05 to 0.05. It turns out to be 0.60 GPa, about
three orders of magnitude smaller than that of graphene (750

Nanoscale, 2020, 12, 10172-10179 | 10175
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Fig. 4 Graphene Miura-ori structures with super-compliance, super-flexibility (both in tension and compression), and auxeticity. (a) Structures
using 2 x 2 supercells (#1: w = 2.5 nm and p = 15%; #2: w = 3.7 nm and p = 15%; #3: w = 2.5 nm and p = 20%). (b) Stress—strain curves.
(c) Strain in the y-direction due to the applied strain in the x-direction. The arrows indicate the critical strain values at which the structures are

flattened.

Table 1 Effects of w and p (hydrogenation) on the mechanical pro-
perties of graphene Miura-ori structures. L, and L, are the equilibrated
lengths of the simulation box along the x- and y-directions, respectively,
t is the equilibrated thickness, E,, is the Young's modulus in the x-direc-
tion, vy, is the Poisson’s ratio, and e is the critical strain at which the
structure is flattened. By functionalization with different widths of the
folds and densities of the hydrogen atoms the mechanical properties
can be tailored

L, L, t E,. (GPa) Uxy €
Structure #1 39.6 42.1 6.0 1.00 —-0.44 0.25
Structure #2 34.7 40.6 6.6 0.60 -0.30 0.40
Structure #3 30.4 38.7 7.3 0.38 —-0.22 0.60

GPa, obtained by our MD simulation using the same pro-
cedure as for the graphene Miura-ori structure), indicating
super-compliance of the structure. Super-compliance is
required in applications such as epidermal electronics to avoid
mechanical mismatch to soft substrates.*" Under tension the
stress increases significantly as the applied strain reaches a
critical value of &. = 0.40, when the structure is almost flat-
tened. Under compression the magnitude of the stress
increases gradually without structure failure even at a very
large strain of —0.60, whereas it is known that a graphene

10176 | Nanoscale, 2020, 12,10172-10179

sheet is subject to buckling already at small strain. These
results demonstrate super-flexibility of the structure both in
tension and compression. Furthermore, the structure shows
expansion/contraction in the y-direction when stretched/com-
pressed in the x-direction, see Fig. 4c. In other words, it exhi-
bits negative Poisson’s ratio behavior (auxeticity). This auxeti-
city is observed in an extremely wide range of applied strain.
We note that the Young’s modulus, flexibility, and Poisson’s
ratio of the Miura-ori structures depend on the geometry,
which can be controlled by changing the folding angle in
eqn (1) (see Fig. 4 and Table 1). We therefore have shown that
graphene sheets can be transformed into graphene Miura-ori
structures to exhibit simultaneously super-compliance, super-
flexibility (both in tension and compression), and negative
Poisson’s ratio behavior.

The mechanical properties of our graphene Miura-ori struc-
tures cannot be attained from any known graphene structure.
Techniques such as kirigami and scroll**™** can provide super-
compliance and/or super-stretchability for electrodes,** strain
sensors,” and epidermal electronics.*’ However, in these
cases super-flexibility applies to the tension case only, whereas
Miura-ori structures show super-flexibility both in tension and
compression. In addition, although materials and metamater-

This journal is © The Royal Society of Chemistry 2020
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ials with negative Poisson’s ratio behavior have been investi-
gated widely*®*” because of their counter-intuitive behavior,
only few studies have described auxeticity in graphene.*®™!
Even in these cases auxeticity appears only under extreme cir-
cumstances, such as high temperature in graphene with ther-
mally induced ripples (above 1500 K)** and very small applied
strain (less than 0.005) in graphene ribbons.’® Exceptional
work showing auxeticity at room temperature has dealt with
rippled graphene,® but the auxeticity is observed within a rela-
tively small range of applied tensile strain (0.0 to 0.15). On the
other hand, in graphene Miura-ori structures tunable auxeti-
city appears at room temperature and in an extremely wide
range of tensile and compressive strain (—0.6 to 0.6). The
modifications of the mechanical properties of the graphene
Miura-ori structures highlight the great potential of the
surface functionalization approach to design graphene meta-
materials. It is noted that the combination of such excellent
mechanical properties is solely due to the 3D geometry.
Furthermore, material properties of 3D graphene structures
can be tailored by chemical modification and surface corruga-
tion. For example, hydrogenated/chlorinated graphene even
with low coverage density of adatoms has much lower electrical
conductivity than pristine graphene,®>® and surface corruga-
tion opens a band gap in graphene.’® Hydrogenation of gra-
phene strongly affects the photoluminescence.

In summary, we propose a design approach to form
complex 3D structures by locally folding graphene sheets
through surface functionalization. The underlying mechanism
of the folding, which is associated with the pseudo surface
stress induced by the surface functionalization, is studied sys-
tematically. The design approach is based on folds at specific
locations with mountain/valley assignments. The folding angle
is controlled by the adatom type, widths of the folds, and
density of the adatoms. MD simulations and DFT calculations
show that various complex 3D graphene structures can be
created. The obtained graphene Miura-ori structures show a
unique combination of mechanical properties (super-compli-
ance, super-flexibility both in tension and compression, and
auxeticity). The possibilities offered by the proposed design
approach are not restricted to the cases presented here.
Further 3D graphene structures with desirable properties may
be tailored via combinations of 3D geometry, chemical modifi-
cation, and surface corrugation.

Simulation methods
Molecular statics and MD simulations

We employ the LAMMPS code®® for performing the simulations
and the open tool OVITO for visualizations.”” The interaction
between the atoms is modeled by the REBO-II potential.”® The
zigzag and armchair directions of graphene correspond to the
x- and y-directions, respectively. Initially, hydrogen atoms are
randomly attached to the carbon atoms in the designated areas
with given densities. In the case of the Miura-ori structures peri-
odic boundary conditions are applied in the x- and y-directions.

This journal is © The Royal Society of Chemistry 2020
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The system is initially relaxed by a molecular statics simulation
with the conjugate gradient method and then dynamically equi-
librated at 300 K using an MD simulation. The conjugate gradi-
ent minimization is deemed to be convergent when the total
energy change between successive iterations divided by the total
energy is less than 107'®. The MD simulations of the Miura-ori
structures are executed in the isothermal-isobaric ensemble to
ensure that the stress components are zero in the in-plane direc-
tions. The convergence of the potential energy is demonstrated
in Fig. 1b. For the other structures the MD simulations are
carried out in the canonical ensemble. A timestep of 1 fs is
chosen in all MD simulations.

DFT calculations

Three graphene Miura-ori structures with hydrogen, nitrogen, or
fluorine surface functionalization are studied by Kohn-Sham
self-consistent density functional theory, as implemented in the
SIESTA code,’® using a double zeta plus polarization basis set.
The core electrons are described by norm-conserving Troullier-
Martins pseudopotentials and the exchange-correlation inter-
action is treated in the generalized gradient approximation
(Perdew-Burke-Ernzerhof flavor). We consider the 1 x 1 supercell
(16.85 A x 15.81 A) shown in Fig. S1at with 3D periodic boundary
conditions and a 20 A thick vacuum layer along the z-direction.
The reciprocal space is sampled on a Monkhorst Pack 3 x 3 x 1
k-mesh and an energy cutoff of 300 Ry is used. The atomic force
criterion of the structure relaxation is set to 5 mev A™.
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