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Hydrogenation-Assisted Graphene
Origami and Its Application in
Programmable Molecular Mass
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ABSTRACT The malleable nature of atomically thin graphene

makes it a potential candidate material for nanoscale origami, a
promising bottom-up nanomanufacturing approach to fabricating
nanobuilding blocks of desirable shapes. The success of graphene
origami hinges upon precise and facile control of graphene morphology, which still remains as a signiﬁcant challenge. Inspired by recent
progresses on functionalization and patterning of graphene, we demonstrate hydrogenation-assisted graphene origami (HAGO), a feasible and robust
approach to enabling the formation of unconventional carbon nanostructures, through systematic molecular dynamics simulations. A unique and desirable
feature of HAGO-enabled nanostructures is the programmable tunability of their morphology via an external electric ﬁeld. In particular, we demonstrate
reversible opening and closing of a HAGO-enabled graphene nanocage, a mechanism that is crucial to achieve molecular mass uptake, storage, and release.
HAGO holds promise to enable an array of carbon nanostructures of desirable functionalities by design. As an example, we demonstrate HAGO-enabled
high-density hydrogen storage with a weighted percentage exceeding the ultimate goal of US Department of Energy.
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G

raphene has emerged as an extraordinary material with its capability
to accommodate an array of remarkable electronic, mechanical, and chemical
properties.13 Extra-large surface-to-volume
ratio renders graphene a highly ﬂexible
morphology, giving rise to intriguing observations such as ripples, wrinkles, and
folds48 as well as the potential to transform
into other novel carbon nanostructures.816
In particular, self-folding of graphene,8 or
graphene origami,1719 has been subjected
to intensive study due to the need to fabricate unconventional nanostructures via approaches beyond conventional material
preparation techniques. Progresses in patterning graphene with atomic-scale precision have further paved the way toward
achieving graphene origami in a programmable fashion.1823 For example, water
nanodroplet can activate the self-folding
of graphene ﬂake cut in a particular cross
shape.8 The unique feature of such an unconventional bottom-up nanomanufacture
technique is that a material building block
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can self-assemble into a ﬁnal folded structure, which is typically energetically more
favorable and thus more stable than the
original building block.24 In general, nonbonded adhesion, such as van der Waals
(vdW) forces, plays a crucial role in overcoming the energy barrier (e.g., bending
energy) in order to fold graphene as well
as stabilizing the folded nanostructure
against the perturbation from thermal ﬂuctuation. A direct example is that a carbon
nanoscroll can hold its spiral morphology
rather stably via vdW forces distributed
among interlayers over a large surface
area.816 On the other hand, manipulating
or neutralizing the interlayer vdW interaction can signiﬁcantly aﬀect the morphology
of the carbon nanoscroll because of its open
and tunable topology.25 By suitably programming the original graphene building
blocks, the resulting folded nanostructures
of graphene can be customized to take various unique morphology and topology
that are otherwise impossible in conventional carbon nanostructures, such as carbon
VOL. 8

’

NO. 3

’

* Address correspondence to
lit@umd.edu.
Received for review January 2, 2014
and accepted February 24, 2014.
Published online February 24, 2014
10.1021/nn500025t
C 2014 American Chemical Society

2864–2872

’

2014

2864
www.acsnano.org

ZHU AND LI

we demonstrate using HAGO-enabled nanocage
for controllable uptake and release of fullerenes and
nanoparticles as well as ultrahigh density of hydrogen
storage.
RESULTS AND DISCUSSION
Hydrogenation of a carbon atom in pristine graphene generates an sp3 carbonhydrogen (CH)
bond, which induces a local structural change around
that carbon atom. The chemically adsorbed hydrogen
atom attracts its bonded carbon atom while it repels
other neighboring carbon atoms. Therefore, the three
initially planar carboncarbon (CC) bonds associated
with the hydrogenated carbon atom would locally
bend away from the hydrogen atom. If the graphene
is hydrogenated on both sides, the resulting hydrogenated graphene (termed as graphane32,39) would
overall remain a rather planar morphology because the
local distortions of the CC bonds neutralize each
other. Nevertheless, if the graphene is single-sided
hydrogenated, the local distortion at each hydrogenated carbon atom is accumulated.54 For example, if
hydrogenation lines are introduced in one side of a
graphene, the accumulated distortion can eﬀectively
fold the graphene along the hydrogenation lines to a
certain angle. Figure 1 shows that such a folding angle
at equilibrium increases when the number of rows of
hydrogenation increases. In particular, it is found that
the folding angle can be tailored to be close to 90° (e.g.,
Figure 1(b,e)), which oﬀers the possibility to potentially
form a stable folded substructure that consists of two
faces that are folded nearly perpendicularly along the
hydrogenation lines. The HAGO process often involves
a cascade of or simultaneous events of such folding
steps, as to be shown below.
Using MD simulations, we have successfully demonstrated an array of unconventional nanostructures
enabled by HAGO, including hexahedral nanocage
(Figure 2), octohedral nanocage, and nanobusket
(Figures S1, S2, Supporting Information). In the simulations, the CC and CH bonds in the graphene as well
as the nonbonded CC and CH interactions are
described by AIREBO potential.55 The simulations are
carried out using Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).56 Figure 2(a) depicts our simulation model to achieve HAGO-enabled
hexahedral graphene nanocage. The double-cross
shaped graphene ﬂake is cut out of a rectangular
graphene with a length L = 13.2 nm and a width W =
7.1 nm. Rows of single-sided hydrogenation are introduced along the expected edges, which demarcate the
graphene ﬂake into nine regions. Hereinafter, each
such region is referred to as a graphene wall. Each of
the six outer graphene walls (labeled 16) has three
free edges, and the center graphene wall (labeled 7)
has only two free edges, while the remaining two
graphene walls (labeled 8 and 9) have no free edges.
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nanotube and fullerene. Such novel nanostructures
can overcome some intrinsic diﬃculties that the conventional carbon nanostructures would inevitably suffer for certain applications. For example, the hollow
nature of carbon nanotube26 and fullerene27 has motivated the proposal of using such materials as hydrogen storage medium, yet the fact that large size carbon
nanotubes and fullerene become structurally unstable
poses a practical limitation on storage capacity. By contrast, suitably folded graphene nanostructures can
serve as nanocapsules or nanocontainers to host molecular-scale cargo of desirable quantity,28,29 which has
profound implications in molecular vessel and drug
delivery applications.30 For example, as to be shown in
this letter, a graphene nanocage can stably store hydrogen molecules with a weighted percentage of 9.7%,
exceeding US Department of Energy (DOE)'s ultimate
goal of 7.5%.31
The two-dimensional nature of graphene makes the
chemical functionalization of graphene a promising
approach to modulating the graphene properties.3238
For example, hydrogenation of graphene32,39,40 involves bonding atomic hydrogen to the carbon atoms
in graphene. Such a reaction changes the hybridization
of graphene from sp2 into sp3. As a result, the twodimensional atomic structure of pristine graphene is
distorted.10,11,41 Signiﬁcant progresses have been
achieved on controllable hydrogenation of graphene.
For example, single-sided hydrogenation of pristine
graphene has been theoretically and experimentally
explored.10,11,32,4147 Hybrid superlattices made of
patterned hydrogenation can be fabricated in a controlled fashion on both macroscopic and microscopic
scales.40 Recent studies show that hydrogen chemisorption in graphene can be enhanced by local curvature in a graphene sheet.45,48,49 It has also been shown
that a graphene sheet can closely conform to the sharp
features on a substrate surface (e.g., extrusions and
edges),5053 leading to large local curvature in the
graphene. These ﬁndings suggest the feasibility of
precise hydrogenation (e.g., in atomic rows) of graphene in a programmable fashion. These advances on
programmable bonding of atomic hydrogen to carbon
atoms in pristine graphene open up new avenues for
manipulating the morphology of graphene and therefore exploring graphene-based novel nanomaterials. In
this letter, we use molecular dynamics (MD) simulations to demonstrate the hydrogenation-assisted
graphene origami (HAGO), in which initially planar,
suitably patterned graphene can self-assemble into
three-dimensional nanoscale objects of desirable geometric shapes. We further demonstrate that the HAGO
process can be modulated by an external electric ﬁeld,
enabling programmable opening and closing of the
resulting three-dimensional nano-objects, a desirable
feature to achieve molecular mass manipulation, storage, and delivery. To benchmark this unique feature,
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Figure 1. Top view and side view of graphene structures folded to an angle due to single-sided hydrogenation along various
lines at equilibrium. (a) One-line and (b) two-line hydrogenation are introduced along zigzag direction of graphene lattice,
respectively. (ce): One-line, two-line, and three-line hydrogenation are introduced along arm-chair direction of graphene
lattice, respectively. The bottom row plots the variation of the folding angle at 300 K over time, which is shown to be
minimum, indicating robust stability of the folded substructure.

Figure 2. (a) Double-cross shaped graphene ﬂake to
achieve HAGO-enabled hexahedral graphene nanocage.
Insets show the hydrogenation lines, which demarcate the
graphene ﬂake into nine regions (labeled by numbers). (b)
Energy-minimized structure by conjugate gradient (CG) and
steepest descent algorithm. (c) Further energy minimization toward the formation of a graphene nanocage.

Carbon atoms along the free edges of the graphene
ﬂake are saturated by hydrogen atoms to avoid unwanted bond formation during the self-assembling
process. Figure 2(b) shows the structural conﬁguration
after the initial energy minimization (see Methods
and Movie M1 in Supporting Information). Figure 2(c)
shows the further structural evolution (see Movie M2 in
Supporting Information). At 18 ps, all six outer graphene walls are in the process of bending upward,
which later fold along the hydrogenated edges up to
about 90°. At 26 ps, the two graphene walls (labeled 8
and 9) are in the process of bending upward, which
causes the two sets of folded graphene walls (123
and 456) to come close to each other, resembling
the closing of a venus ﬂytrap. At 40 ps, the two sets
of folded graphene walls overlap with each other.
Because of geometrical constraints and interwall vdW
interaction, an outer graphene wall on the left slides
ZHU AND LI

above or beneath another outer graphene wall
on the right. The vdW interaction further drives the
tightening of the folded structure and serves as the
interwall adhesives to stabilize the ﬁnal structure. As
a result, a quasicubic hexahedral graphene nanocage
is formed.
In practice, hydrogenation process of graphene may
not be as perfect as the ideal case (e.g., Figure 2(a)). In
other words, defective hydrogenation (e.g., missing
hydrogen atoms) could occur in a random fashion. To
this end, we have carried out further simulations of
patterned graphene with random imperfection in hydrogenation. These further studies reveal that HAGO is
a rather robust self-assembly process with a strong
tolerance to possible imperfect hydrogenation. For
example, we show that the graphene nanocage can
still be successfully formed even if only less than 70%
of single-side hydrogenation from the ideal case is
achieved (as detailed in Section IV in Supporting
Information).
In the HAGO-enabled graphene nanocage, the interwall vdW interaction energy plays a key role in maintaining the nanocage structural stability. Therefore,
manipulation of such an interaction energy potentially
oﬀers the morphological tunability of the graphene
nanocage (e.g., controllable opening and closing). We
next show that an external electric ﬁeld can eﬀectively
reduce the interwall adhesion. Therefore, by tuning the
external electric ﬁeld, facile control of the morphology
of graphene nanocage can be achieved. An external
electric ﬁeld can cause the polarization of carbon
atoms in graphene. As a result, the intergraphene-layer
interaction can be changed. For example, it is shown
that an electric ﬁeld can eﬀectively cause the radial expansion of a carbon nanoscroll due to the polarizationinduced decrease of intergraphene-layer adhesion.25
Recently ﬁrst-principle calculations have revealed
the dependence of the eﬀective dielectric constant
in graphene structures on external electric ﬁeld.57,58
For a graphene bilayer, both in-plane and out-of-plane
VOL. 8

’

NO. 3

’

2864–2872

’

2866

2014
www.acsnano.org

ARTICLE
Figure 3. (a) Under an external electric ﬁeld parallel to the plane of a graphene bilayer, point dipoles of the same direction as
the electric ﬁeld form in the graphene bilayer. (b) Schematics of in-plane sliding (left and middle panels) and out-of-plane
separation (right panel) of the graphene bilayer. (c) As the two graphene layers slide oﬀ each other in the plane, the
normalized dipoledipole interaction energy decreases as the total surface area of the bilayer (e.g., 2(L þ dL)W or 2L(W þ dW))
increases. (d) Similarly, as the two graphene layers separate out-of-plane, such an energy also decreases as the separation
distance increases.

polarizations are shown to increase as the electric ﬁeld
increases.57 When a graphene bilayer is subjected to an
out-of-plane electric ﬁeld, the interlayer adhesion is
reported to decrease with increasing electric ﬁeld
intensity, and the two graphene layers can be easily
separated when the electric ﬁeld intensity reaches
above 1.8 V/Å.57 Here we show that the eﬀective
interlayer adhesion of a graphene bilayer (e.g., the
overlapping walls in the HAGO-enabled graphene
nanocage) also decreases when the bilayer is subjected to an electric ﬁeld parallel to the graphene
plane. The eﬀective interlayer adhesion γeﬀ consists
of the contribution of the interlayer vdW interaction
and that of the interlayer dipole interaction; i.e., γeﬀ =
γvdW þ γdipole; the dipole-induced surface energy can
be deduced as γdipole = ((dΦdipole)/dS), where Φdipole is
the total dipoledipole interaction energy and S is the
total surface area of the graphene (see Section I in
Supporting Information). Figure 3(a) shows a schematic of dipole orientations when a graphene bilayer
is subjected to an in-plane electric ﬁeld. Figure 3(c)
plots the normalized Φdipole as a function of S as the
graphene bilayer slide oﬀ each other (i.e., dS = 2L dW or
dS = 2W dL, Figure 3(b)). Figure 3(c) shows that Φdipole
monotonically decreases as the interlayer sliding proceeds in two representative directions, indicating that
under an in-plane electric ﬁeld, in-plane sliding of a
graphene bilayer is energetically favorable. Figure 3(d)
further shows that normalized Φdipole also decreases
as the interlayer separation distance increases, indicating that interlayer out-of-plane separation is also energetically favorable. In addition, the hydrogenation
and its induced folding of graphene can also lead to a
ZHU AND LI

nonuniform charge distribution (thus global polarization) in the HAGO-enabled graphene nanocage
(Figure S6, Supporting Information). We have further
shown that such a global polarization can also facilitate
the opening of the nanocage when subjected to an
external electric ﬁeld (See Section V in Supporting
Information). The above analysis suggests that an
external electric ﬁeld can reduce the eﬀective interwall
adhesion in a HAGO-enabled graphene nanocage, a
unique feature that can potentially enable facile control of the morphology of graphene nanocage via
tuning the external electric ﬁeld.
Inspired by the above feature, we next demonstrate
controlled opening and closing of HAGO-enabled graphene nanocage (Figure 4, see Movie M3 in Supporting
Information), an otherwise hard to achieve but highly
desirable mechanism for molecular mass manipulation. To capture the eﬀect of external electric ﬁeld on
the eﬀective interwall adhesion, the CC pair potential
is represented by a modiﬁed LennardJones potential
6
12
6
VCC = 4λCCεCC((σ12
CC/r )  (σCC/r )), where εCC = 0.00284 eV,
σCC = 0.34 nm, and λCC (e1) is a tuning factor that is
to represent the eﬀect of electric ﬁeld (e.g., λCC = 1
when there is no external electric ﬁeld). As shown in
Figure 4, natural vdW interactions facilitate the formation of a closed nanocage, which can be then opened
up by applying an external electric ﬁeld. Upon removing the electric ﬁeld, the opened graphene nanostructure closes spontaneously, driven by vdW interactions.
The controlled opening and closing of the graphene
nanocage are reversible and repeatable by turning on
and oﬀ the external electric ﬁeld. Such a change of
nanocage morphology can be readily understood as
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Figure 4. Controlled opening and closing of graphene nanocage via tuning eﬀective interwall adhesion. λCC = 1: without
applied electric ﬁeld, nanocage is closed; λCC = 0.12: under an applied electric ﬁeld, interwall adhesion decreases, leading to
the opening of the nanocage under thermal ﬂuctuation. The simulation is done in the NVT ensemble at 300 K.

Figure 5. (ad) Controlled opening and closing of a graphene nanocage immersed in a C60 reservoir can enable the uptake of
C60 molecules by the nanocage. (eh) After the cargo-loaded nanocage is transported to the destination, the stored C60
molecule can be released by the electric ﬁeld induced opening of the nanocage. (il) Release of a silicon nanoparticle from a
graphene nanocage under the same mechanism.

follows. In the HAGO-enabled formation of graphene
nanocage, the closing of the nanocage leads to
the decrease of interwall vdW interaction energy,
which counterbalances the increase of folding induced bending energy. On the other hand, subjected to a suﬃciently strong electric ﬁeld, the
eﬀective interwall adhesion decreases, to some extent that is not able to hold up the nanocage. As a
result, the nanocage opens up to relax the excessive
bending energy.
The controlled opening and closing of such graphene nanocages have practical signiﬁcance, e.g., to be
used as a nanovessel or nanocontainer to achieve
molecular mass delivery.2830 As a demonstration of
such a functionality, we study the uptake and release
of C60 molecules using a HAGO-enabled graphene
nanocage. A closed nanocage is ﬁrst immersed into
a reservoir of C60 molecules, as shown in Figure 5(a)
(see Movie M4 in Supporting Information). The MD
ZHU AND LI

simulation using AIREBO potential is carried out with
NVT ensemble at a temperature of 300 K.
Reﬂective wall boundary condition is imposed in all
three dimensions of the simulation box to simulate a
constant feed of C60 molecules. Initially, C60 molecules
evolve to adhere to the outer surface of the graphene
nanocage because of vdW adhesion. When an electric
ﬁeld is applied (e.g., λCC decreases from 1 to 0.12), the
nanocage opens up. Driven by thermal noise, some C60
molecules could migrate into the inner space of the
nanocage. Upon turning oﬀ the electric ﬁeld, the
nanocage closes spontaneously, and these C60 molecules are uptaken and stored inside the nanocage (Figure 5(ad), see Movie M4 in Supporting
Information). After the nanocage with the cargo load
(e.g., C60) is transported to a designated destination,
release of the cargo load can be achieved by applying
an electric ﬁeld to open up the nanocage, followed by
the migration of the C60 molecules out of the nanocage
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Figure 6. (a) Patterned graphene is suitably hydrogenated to form a graphene nanocage of large size. (b) Morphology after
initial energy minimization. (cf) Electric ﬁeld assisted formation of large size graphene nanocage. (g) Evolution of potential
energy from (bf), indicating that the electric ﬁeld can help prevent the graphene nanostructure trapped in unwanted
metastable state (c) and facilitate the formation of the ﬁnal nanocage (f), a thermodynamically stable state.

driven by thermal ﬂuctuation (Figure 5(eh), see Movie
M5 in Supporting Information). We have also demonstrated the uptake and release of other molecular mass
(e.g., silicon nanoparticles, Figure 5(il)) using the
HAGO-enabled graphene nanocage under the same
mechanisms. Note that, despite the possible uncertainty
of the thermally driven process, programmable uptake,
storage, and release of molecular mass could be implemented by controlling a large amount of HAGOenabled graphene nanocages via a global electric ﬁeld.
An external electric ﬁeld can also facilitate the formation of graphene nanocages of large sizes that are
otherwise challenging to achieve. Figure 6 shows the
electric ﬁeld assisted formation of a graphene nanocage with a size of 9 nm by 9 nm by 12 nm. Figure 6(a,b)
shows two snapshots during the energy minimization
process. When the graphene ﬂake becomes larger, it
becomes easier to ﬂuctuate out-of-plane. As a result,
neighboring graphene walls evolve to partially attach
to each other driven by vdW adhesion, preventing the
desirable formation of a nanocage. Such an unwanted
feature can be overcome by the help of external
electric ﬁeld. As shown in Figure 6(df), upon applying
an electric ﬁeld followed by turning it oﬀ, the initially
collapsed graphene structure ﬁrst partially opens up
and ﬁnally folds up into a rather regular hexahedron
nanocage (see Movie M6 in Supporting Information).
The eﬀect of the electric ﬁeld in such a process can be
understood as follows. In the presence of an electric
ﬁeld, the eﬀective interwall adhesion decreases, which
cannot balance the excessive bending energy in the
initially collapsed and distorted graphene structure.
ZHU AND LI

As a result, the entire graphene structure ﬁrst partially
opens up to release excessive bending energy and
then gradually evolves toward lower energy conﬁguration (Figure 6(d,e)). After such a priming process
and followed by restoring the natural interwall vdW
adhesion by turning oﬀ the electric ﬁeld, the graphene
structure ﬁnally evolves into a regular nanocage as
desired, which corresponds to the lowest energy level
as shown in Figure 6(g). In other words, the electric ﬁeld
can help prevent the graphene structure getting stuck
in unwanted metastable states and thus facilitate the
formation of the thermodynamically stable graphene
nanostructure. Results in Figure 6 further demonstrate the feasibility and robustness of the programmable HAGO process.
The tunable and robust morphology HAGO-enabled
graphene nanocage as well as its hollow nature with a
volumetric capacity of nearly 1000 nm3 (e.g., Figure 6(f))
render attractive attributes for potential applications
such as nanoscale pressure tank.26,27 To benchmark
such potentials, here we demonstrate high density hydrogen storage enabled by graphene. Giant fullerenes
have been proposed to serve as a medium of high
density hydrogen storage,27 but their closed nature
poses an intrinsic challenge to uptake and release
hydrogen, as such a processes involve breaking covalent CC bonds and thus are irreversible. By contrast, a
HAGO-enabled graphene nanocage can be repeatedly
opened and closed via facile control of an external
electric ﬁeld, making reversible uptake and release of
hydrogen feasible. Although the graphene nanocage
is not fully sealed by covalent bonds as in a giant
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Figure 7. (a) High density hydrogen storage in HAGO-enabled graphene nanocage, with a weighted percentage of 9.7%,
beyond the US DOE ultimate goal of 7.5% for hydrogen storage. For visual clarity, only half of the nanocage is shown. See
Movie M7 in Supporting Information. (b) Weighted percentage of hydrogen storage in HAGO-enabled graphene nanocage as
a function of the side length of a cubic graphene nanocage, for four diﬀerent hydrogen volume densities inside the nanocage.
Dashed lines denote US DOE ultimate goal and year 2017 goal on hydrogen storage density.

fullerene, the interwall adhesion over large areas indeed allows it to sustain suﬃciently high pressure (thus
store a large amount of hydrogen molecules inside). In
addition, when an empty nanocage is immersed in a
hydrogen reservoir, a slight opening of the nanocage
eﬀectively gives rise to the formation of gaps or pores
along the edge and corner of the nanocage, a feature
that allows the adsorption of hydrogen atoms into the
inner volume of the nanocage (See Section VI in
Supporting Information).59,60
As shown in Figure 7(a) (see Movie M7 in Supporting
Information), the graphene nanocage in Figure 6 can
host 47 880 hydrogen atoms in its inner volume at a
temperature of 70 K. During the MD simulation, no
escaping of the hydrogen is observed at such a temperature. The graphene nanocage contains 37 130
carbon atoms and 1468 initially chemically adsorbed
hydrogen atoms. Therefore, the weighted percentage
of the hydrogen storage is about 9.7%, which exceeds
the US DOE target of 5.5% for the year 2017 and the
ultimate goal of 7.5%,31 indicating the promising potential of HAGO-enabled graphene nanocage as a high
density hydrogen storage medium. The hydrogen
storage density using graphene nanocage depends
on the nanocage size, which can be estimated by a
simple model. Consider a cubic graphene nanocage
formed via HAGO process with side length of L, let Fc be
the area density of graphene, Fh be the volume density
of the stored hydrogen, mh and mc be the atomic
mass of hydrogen and carbon atoms, respectively.
The weighted percentage of hydrogen storage in
such a graphene nanocage can be estimated by
((mhFhL3)/(mhFhL3 þ 9mcFcL2)). Figure 7(b) plots the

weighted percentage of hydrogen storage as a function of graphene nanocage size L, for four diﬀerent
hydrogen volume density. As shown in Figure 7(b), the
hydrogen storage capacity increases as the graphene
nanocage size increases, in an approximately linear
fashion. For example, to reach the DOE's ultimate goal
for hydrogen storage density, graphene nanocages of
size greater than 12 and 6 nm are needed, for the
hydrogen volume density of 30 and 60 atom/nm3,
respectively. We have also shown that such hydrogen
volume density levels can be feasibly achieved by
tuning the ambient hydrogen reservoir pressure (see
Section VI in Supporting Information). In this sense, the
above estimation oﬀers a rule-of-thumb guideline for
the design of graphene nanocage to achieve certain
hydrogen storage density. The hydrogen atoms stored
inside the graphene nanocage can also be eﬀectively
released by elevating the temperature (details available in Section VII in Supporting Information).

METHODS

Atomic/Molecular Massively Parallel Simulator (LAMMPS).56 The
time step for all simulations is set to be 0.5 femtoseconds (fs).
Molecular dynamics simulations in Figure 1, Figure 4, Figure 5,
and Figure 6(cf) are done in NVT ensemble at 300 K and by
NoseHoover thermostat. Molecular dynamics simulations in

CC and CH bonds in the graphene as well as the nonbonded CC and CH interactions are described by AIREBO
potential.55 The simulations are carried out using Large-Scale
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CONCLUSIONS
In summary, through systematic MD simulations, we
demonstrate a feasible and robust hydrogenationassisted graphene origami (HAGO) process. We further
reveal that a HAGO-enabled graphene nanocage can
be reversibly opened and closed in a programmable
fashion via the facile control of an external electric ﬁeld,
a desirable feature that can enable controllable molecular mass uptake, storage, and release, as well as
high density hydrogen storage. These promising applications of HAGO process and HAGO-enabled novel
nanostructures call for further experimental investigations to explore their full potential.
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I. Dipole-dipole interaction
The dipole-dipole interactionsS1 can be described as V(r⃗ij ) =
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where r⃗ij is the distance between dipole i and dipole j, p
⃗⃗i = 4πϵ0 αi ⃗E⃗ the induced dipole mement,
⃗E⃗ the applied electric field, ϵ0 the vacuum permittivity, and αi the polarizability of atom i .
⃗⃗ = (Ex , 0,0) and the carbon planes are in parallel with the electric field. Only the
Assume E
dipole-dipole interaction between two layers is considered because they are expected to act
against the vdW adhesion the most. Let r⃗ij = (xj − xi , yj − yi , zj − zi ) and assuming constant
polarizability for each carbon atomαi = αj = α, we have
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, where d denotes the interlayer spacing.

The total dipole-dipole interaction energy is Φdipole = ∑i≠j V(r⃗ij ) , from which the dipoleinduced surface energy can be deduced as γdipole =
dipole interaction energy can be calculated as

S1
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where λx and λy are the dipole density along x and y direction.
II. Formation of octohedral nanocage
We demonstrate the HAGO-enabled formation of octahedral graphene nanocage. A graphene
bilayer is patterned into a shape with four triangular flaps and its outer surface is suitably
hydrogenated, as shown in Figure S1 (a). Different from those in the case of forming hexahedron
graphene nanocage, all free edges in the graphene bilayer are not saturated by hydrogen atoms to
allow the desirable bonding formation to seal the edges. The initial separation distance between
the two graphene layers is 0.34 nm and the simulation is carried out with Canonical Ensemble at
a temperature of 900K to facilitate the covalent bonding formation between neighboring free
edges. Single-sided hydrogenation in the center region leads to accumulated distortion of each
graphene layer (Figure S1 (b)). As a result, the center region of each graphene layer bulges out
and separate, causing the four triangle flaps in the top graphene layer curve down and those in
the bottom layer curve up. When the free side edges of neighboring triangle flaps come close to
each other, covalent bonds form between the unsaturated carbon atoms along the free edges
(Figure S1 (c)). Meanwhile, the four basal edges in the top graphene layer also bond with the
corresponding four basal edges in the bottom graphene layer, as the curving of both layers occurs.
Finally, an octahedron graphene nanocage with closed topology is formed. (Figure S1 (d)). If
needed, the resulting nanocage can undergo a thermal dehydrogenation process. The temperature

S2

is first gradually increased to 1400K in 100 picoseconds and maintained at 1400K for another
100 picosecond to allow the hydrogen atoms to desorb from the graphene completely. Then the
temperature is cooling down to 300K gradually in 100 picoseconds.

(a)

(b)

0 ps

(c)

(e)

(d)

2 ps

The temperature is

1 ps

21 ps

Dehydrogenated
Octahedron

Figure S1. Snapshots of the formation of octahedron graphene nanocage and resultant
hydrogen-free nanostructure after dehydrogenation. (a) Initial configuration. (b) Single-sided
hydrogenation causes the central parts to bulge out and separate. (c) As neighboring free edges
come close to each other, covalent bonds form to seal the edges, leading to an octahedron
graphene nanocage (d). Further dehydrogenation can result in a hydrogen-free octahedron
graphene nanocage (e).
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controlled by a Nose-Hoover thermostat and is relaxed every 0.1 picosecond. The resulting
hydrogen-free octahedron graphene nanocage is shown in Figure S1 (e).

III. Formation of a graphene nanobusket

(a)

(b)

(c)

Figure S2. Snapshots of the formation of a graphene nanobasket.
We further show the formation of a graphene nanobasket, as shown in Figure S2. The molecular
dynamics simulation is carried out with Canonical Ensemble at a temperature of 900K. A
monolayer graphene is first patterned into a shape of four trapezoidal flaps connecting to a
square base (Figure S2 (a)). Two rows of hydrogenation are introduced along the four sides of
the central square base. The hydrogenation induced bending causes the four flaps to curve up
and come close to each other, so that covalent bonds form between neighboring free edges,
leading to the formation of a stable graphene nanobasket (Figure S2 (c)).

IV. Effect of imperfection in hydrogenation pattern on HAGO
We further investigate the formation of graphene nanocage with the influence of the defective
hydrogenation. To this end, we employ the same simulation methodology as in Figure 2 in order
to make direct comparison. As a reference, Figure S3 (a) shows the complete hydrogenation
pattern as in Figure 2 with 184 hydrogen atoms (the carbon atoms are not shown for visual
S4

clarity). Defective hydrogenation patterns are generated by randomly removing hydrogen atoms
from the complete hydrogenation pattern. Three defective levels are considered, with 20, 40 and
56 hydrogen atoms removed from the complete hydrogenation pattern, corresponding to the
perfection rate of 89.2% (Figure S4 (a)), 78.3% (Figure S4 (b)) and 69.6% (Figure S3 (b)),
respectively. It turns out that in all three cases of defective hydrogenation, the HAGO-driven
formation of graphene nanocage can still be achieved. Figure S3 (e) plots the sequential
snapshots of the nanocage formation and the corresponding energy evolution for the case of
perfection rate of 69.6%, which reveal a process quite similar with the case of complete
hydrogenation as shown in Figure 2. Figure S4 (a) and (b) further show the final shape of the
nanocages formed under the hydrogenation perfection rate of 89.2% and 78.3%, respectively.
No appreciable difference in the final shapes is found in all simulation cases once the graphene
nanocage is finally formed.
To further illustrate the effect of the imperfection in hydrogenation on the kinetics of nanocage
formation, Figure S4 (c) compares the energy evolution of the simulated structure under
hydrogenation perfection rates of 100% (complete hydrogenation, as in Figure 2 (c)), 89.2%,
78.3% and 69.9%, respectively. Figure S4 (a) and (b) show the defective hydrogenation pattern
with the perfection rate of 89.2% and 78.3%, respectively, and also the final shape of the
resulting nanocage structure. Similar significant drops of energy as the patterned graphene folds
up and the nanocage forms occur in all four cases. The time needed to form a graphene nanocage
as well as the equilibrium energy level increases slightly as the hydrogenation perfection rate
decreases. Nonetheless, all curves in Figure S4 (c) suggest that the HAGO-driven process of
patterned graphene with defective hydrogenation is energetically favorable. To further
demonstrate the robustness of HAGO-driven process is insensitive to the randomness of the
S5

defective hydrogenation, Figure S5 shows another set of three randomly generated defective
hydrogenation patterns with perfection rate of 89.2%, 78.3%, and 69.9%, respectively, all of
which leads to successful formation of a graphene nanocage in a similar fashion as shown in
Figures S3 and S4.
The above studies clearly demonstrate that HAGO is a rather robust self-assembly process with a
strong tolerance to possible imperfect hydrogenation in practices.

(a) Ideal hydrogenation pattern

(c)

Defective hydrogenation pattern
(b)
Perfection rate: 69.6%

(d)

(e)
48 ps

21 ps

33 ps

74 ps

Figure S3. (a) Complete single-sided hydrogenation pattern, with 184 hydrogen atoms, as in
Figure 2. For visual clarity, only hydrogen atoms are shown. (b) A randomly generated defective
hydrogenation pattern, which contains 128 hydrogen atoms (i.e., the perfection rate is 69.6%). (c)
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Double-cross shaped graphene flake with the defective hydrogenation pattern of (b). (d) Energyminimized structure in (c) by conjugate gradient and steepest descent algorithm. (e) Further
energy minimization towards the formation of a graphene nanocage.

(a) Defective hydrogenation pattern. Perfection rate: 89.2%

(b) Defective hydrogenation pattern. Perfection rate: 78.3%

(c)

Hydrogenation perfection rate:

Figure S4. (a) Randomly generated defective hydrogenation pattern with 164 hydrogen atoms
(perfection rate 89.2%) and its resulting graphene nanocage. (b) Randomly generated defective
hydrogenation pattern with 144 hydrogen atoms (perfection rate 78.3%) and its resulting
graphene nanocage. (c) Comparison of the energy evolution for different hydrogenation
perfection rates towards the formation of nanocage. The curve for 100% perfection rate is
replotted from Figure 2 (c) for comparison.
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(a) Defective hydrogenation pattern. Perfection rate: 89.2%

(b) Defective hydrogenation pattern. Perfection rate: 78.3%

(c) Defective hydrogenation pattern. Perfection rate: 69.6%

Figure S5. Another set of randomly generated defective hydrogenation patterns and their
resulting graphene nanocages. Hydrogenation perfection rate: (a) 89.2%. (b) 78.3%. (c) 69.6%.

V. Effect of hydrogenation and folding induced global polarization on the morphology of
graphene nanocage under an external electric field
Beside the local point dipoles induced by an external electric field, intrinsic global polarization
could also occur in a HAGO-enabled nanostructure. Such an intrinsic polarization results from
the non-uniform distribution of charges in the resulting nanostructures due to hydrogenation and
folding. Figure S6 (a) shows the charge distribution in the resulting graphene nanocage. The
initial charge for every atom in the graphene nanocage structure is set to zero. The equilibrium
S8

charge distribution is calculated by the ReaxFF potential implemented in LAMMPS package.
Due to the difference of electronegativity between hydrogen and carbon atoms, the hydrogen
atoms that reside on the edges of the nanocage have the highest positive charge; The carbon
atoms that are bonded to those hydrogen atoms have the highest negative charge while other
carbon atoms have charges with extremely low magnitude. Subject to an external electric field,
the positively charged hydrogen atoms and the negatively charged carbon atoms that are bonded
to these hydrogen atoms would experience local electrostatic forces in opposite directions. As a
result, the folded edges in the nanocage would subject to localized electrostatic moments. Figure
S6 (b) further clarifies the distribution of the positive and negative charges in the nanocage,
which adopts an alternating pattern. For example, most part of the top surface is negatively
charged, while the edges are positively charged. Similarly, the middle portion of the side surface
is negatively charged, while the edges and some portion near the edges are positively charged.
Such alternating polarization patterns give rise to the formation of large molecular dipoles within
the nanocage. An external electric field can interact with such dipoles and thus change the
morphology of the graphene nanocage. To demonstrate such an effect of external electric field
on the morphology change of the graphene nanocage, we explicitly prescribe a constant electric
field in the MD simulation, which is carried out in NVT ensemble at a temperature of 300K. The
electric field is assigned along a fixed direction and the effect of electric field intensity is studied.
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(a)

(b)

-0.16

Negative

0.16

(d)

(c)

32 ps (E=0.4V/Å)

(f)

62 ps (E=0V/Å)

Positive

(e)

49 ps (E=0.4V/Å)

55 ps (E=0.4V/Å )

(h)

(g)

68 ps (E=0V/Å)

74 ps (E=0V/Å)

Figure S6. (a) Hydrogenation and folding induced non-uniform charge distribution in the
graphene nanocage. (b) Mapping of positive and negative charges in the graphene nanocage.
(c)-(e) The opening process of the graphene nanocage under the electrostatic force induced by
an external electric field. (f)-(g) Upon removing the external electric field, the partially open
graphene nanocage closes up spontaneously.

Subject to a weak electric field (e.g., with an intensity of 0.1V/Å), no appreciable morphology
change of the nanocage is observed as the resulting electrostatic force or moment is not strong
enough to overcome the stabilizing interactions such as inter-wall vdW forces. However, subject
to an electric field of intensity of 0.4V/Å, the graphene nanocage becomes unstable and fails to
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maintain its hexahedral shape. Figure S6 (c) to (e) show the sequential snapshots of the resultant
opening process of the graphene nanocage under such an electric field. When the electric field is
turned off after the nanocage opens up, the partially unfolded structure can gradually recover its
hexahedral configuration, as shown in Figure S6 (f) to (h). The above analysis reveals that the
hydrogenation and folding induced intrinsic polarization of the graphene nanocage indeed
facilitates the programmable opening of the nanocage via an external electric field.

Section VI: Hydrogen storage process in a graphene nanocage immersed in a hydrogen
reservoir
We investigate the hydrogen storage process using a graphene nanocage. Figure S7 (a) shows the
simulation model, an initially empty cubic graphene nanocage (about 3 nm by 3 nm by 3 nm)
formed by HAGO process is placed in a hydrogen reservoir with a cubic cavity of proper size to
fit the nanocage. A cubic simulation box (8.6 nm by 8.6 nm by 8.6 nm) is used with periodical
boundary condition prescribed in all three principal directions. Effectively, such a simulation
models the senario of a large number of empty graphene nanocages immersed in a vast hydrogen
reservoir in a periodical fashion. The simulation is done in 70K in NVT ensemble and by NoseHoover thermostat. Figure S7 (b) shows a typical cross-section view of the hydrogen reservoir
when the nanocage remains closed in a dynamics simulation (for visual clarity the nanocage is
not shown). Figure S7 (b) shows a cross-section view of the hydrogen reservoir when the
nanocage remains closed in simulation. When an electric field is applied (𝑖. 𝑒. , 𝜆𝐶𝐶 = 0.05 in
Figure S7(c)), the slight opening of the nanocage against the outer pressure from the hydrogen
reservoir creates gaps and pores along the edges and corners of the nanocage, through which the
hydrogen can diffuse into the inner volume of the nanocage. Figure S7 (d) shows several
S11

snapshots of the cross-section views of the hydrogen reservoir, revealing the gradual adsorption
process of hydrogen into the inner volume of the nanocage. The adsorption process lasts for 400
ps, during which the electric field is first on for 50 ps and then off for 50 ps, and such a pattern is
repeated during the 400 ps.
Figure S7 (e) further plots the number of hydrogen atoms adsorbed into the nanocage and the
corresponding weighted percentage of hydrogen storage at four stages shown in Figure S7 (d). It
is shown that, a weighted percentage of hydrogen storage of 2.51% can be achieved using a
graphene nanocage with a dimension about 3 nm by 3 nm by 3 nm. This weighted percentage is
smaller than that shown in Figure 7 (a) due to the relatively smaller nanocage dimension used
here. Figure S7 (f) plots the evolution of the effective volume density of hydrogen adsorbed
inside the graphene nanocage, which shows an increasing trend of the hydrogen volume density
inside the nanocage. At the equilibrium, the hydrogen atoms adsorbed inside the nanocage
reaches a volume density comparable to the ambient hydrogen volume density (defined as the
total number of hydrogen atoms in the simulation box divided by the volume of the simulation
box). This result suggests that it is possible to tune the hydrogen storage density in graphene
nanocage by varying the pressure of the hydrogen reservoir (e.g., a higher storage density
achieved by increasing the reservoir pressure), a desirable feature for hydrogen storage.
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(a)

(b)

(c)

(d)

100 ps

200 ps

2.21%

1.18%
0.97%

(e)

Hydrogen Volume

2.51%

300 ps

400 ps

Ambient hydrogen
volume density

(f)

Figure S7. (a) Simulation model of an empty graphene nanocage immersed in a hydrogen
reservoir. (b) A cross-section view of the hydrogen reservoir when the graphene nanocage is
closed in a dynamics simulation (for visual clarity, the nanocage is not shown). (c) The slight
opening of graphene nanocage gives rise to gaps and pores along the edges and corners. For
visual clarity, the ambient hydrogen atoms are not shown. (d) Sequential snapshots of the crosssection view of the hydrogen reservoir showing the adsorption of hydrogen into the inner volume
of the nanocage. For visual clarity, the nanocage is not shown. (e) The evolution of the number
of hydrogen atoms adsorbed into the nanocage and the corresponding weighted percentage of
hydrogen storage. (f) The evolution of the effective volume density of hydrogen adsorbed inside
the graphene nanocage. The dashed shows the level of ambient volume density of hydrogen
atoms.
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VII. Temperature-modulated release of hydrogen atoms from graphene nanocage
To demonstrate a feasible and safe approach to releasing the hydrogen atoms stored in the
graphene nanocage (e.g., Figure 7 (a)), we further investigate the effect of temperature on
hydrogen release. When the temperature is elevated, the kinetic energy of the hydrogen atoms
increases. As a result, the pressure exerted by the hydrogen to the graphene nanocage increases.
Since the graphene nanocage is not covalently bonded but rather sealed via vdW interaction, the
increase in the kinetic energy of the hydrogen atoms could eventually outweigh the vdW
adhesion energy that holds the graphene nanocage if the temperature is sufficiently high. As a
result, the graphene nanocage could partially open up so that hydrogen atoms can escape from
the nanocage. To demonstrate the above effect, we use the hydrogen-filled graphene nanocage
structure in Figure 7 (a) as the starting configuration and perform molecular dynamics
simulations in NVT ensemble to increase the temperature to 300 K by Nose-Hoover thermostat.
As shown in Figure S8, at a higher temperature, the four edges of the graphene nanocage that are
not covalently sealed start to open up under the increased internal pressure from the hydrogen
atoms. As a result, pressurized hydrogen atoms spray out from the open edges. At 193 ps,
majority of the hydrogen atoms initially stored inside the graphene nanocage are successfully
released and fill up the entire simulation box. These results suggest that elevating temperature
can be an effective and feasible mechanism to release the hydrogen atoms stored inside the
graphene nanocage.

S14

(a)

(b)

0 ps

(c)

25 ps

34 ps

(e)

(d)

52 ps

193 ps

Figure S8. Release of hydrogen stored inside a graphene nanocage at an elevated temperature
(300K). Starting configuration is the same structure as in Figure 7 (a). Increasing pressure of
stored hydrogen at elevated temperature causes the partial opening of the four edges of the
graphene nanocage that are not covalently sealed, which allows the hydrogen atoms to spray out.
After 193 ps, majority of stored hydrogen atoms are released. The simulation is in NVT ensemble
and by Nose-Hoover thermostat. Hydrogen molecules are colored in red.
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VIII. Supplementary Movies
Movie M1. Initial energy minimization of the patterned graphene (corresponding to Figure 2 (b))
Movie M2. HAGO-enabled formation of a hexahedral graphene nanocage (corresponding to
Figure 2 (c))
Movie M3. Controlled opening and closing of HAGO-enabled graphene nanocage via an
external electric field (corresponding to Figure 4)
Movie M4. Uptake of a C60 molecule by graphene nanocage via controlled opening and closing
(corresponding to Figure 5 (a-d))
Movie M5. Release of the trapped C60 molecule via controlled opening and closing of the
graphene nanocage (corresponding to Figure 5 (e-h))
Movie M6. HAGO-enabled formation of a large graphene nanocage (corresponding to Figure 6
(b-f))
Movie M7. High density hydrogen storage in a HAGO-enabled graphene nanocage
(corresponding to Figure 7 (a))
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