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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 morphol-
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ogy, which still remains as a significant challenge. Inspired by recent
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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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raphene has emerged as an extra-

ordinary material with its capability

to accommodate an array of remark-
able electronic, mechanical, and chemical
properties.' 3 Extra-large surface-to-volume
ratio renders graphene a highly flexible
morphology, giving rise to intriguing ob-
servations such as ripples, wrinkles, and
folds*~8 as well as the potential to transform
into other novel carbon nanostructures 8¢
In particular, self-folding of graphene,8 or
graphene origami,'” ' has been subjected
to intensive study due to the need to fabri-
cate unconventional nanostructures via ap-
proaches beyond conventional material
preparation techniques. Progresses in pat-
terning graphene with atomic-scale preci-
sion have further paved the way toward
achieving graphene origami in a program-
mable fashion.'®"2* For example, water
nanodroplet can activate the self-folding
of graphene flake cut in a particular cross
shape.® The unique feature of such an un-
conventional bottom-up nanomanufacture
technique is that a material building block
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can self-assemble into a final folded struc-
ture, which is typically energetically more
favorable and thus more stable than the
original building block.** In general, non-
bonded adhesion, such as van der Waals
(vdW) forces, plays a crucial role in over-
coming the energy barrier (e.g., bending
energy) in order to fold graphene as well
as stabilizing the folded nanostructure
against the perturbation from thermal fluc-
tuation. 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.®~'® On the other hand, manipulating
or neutralizing the interlayer vdW interac-
tion can significantly affect the morphology
of the carbon nanoscroll because of its open
and tunable topology.?> By suitably pro-
gramming the original graphene building
blocks, the resulting folded nanostructures
of graphene can be customized to take vari-
ous unique morphology and topology
that are otherwise impossible in conven-
tional carbon nanostructures, such as carbon
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nanotube and fullerene. Such novel nanostructures
can overcome some intrinsic difficulties that the con-
ventional carbon nanostructures would inevitably suf-
fer for certain applications. For example, the hollow
nature of carbon nanotube®® and fullerene®” has mo-
tivated the proposal of using such materials as hydro-
gen storage medium, yet the fact that large size carbon
nanotubes and fullerene become structurally unstable
poses a practical limitation on storage capacity. By con-
trast, suitably folded graphene nanostructures can
serve as nanocapsules or nanocontainers to host mo-
lecular-scale cargo of desirable quantity,”®2° which has
profound implications in molecular vessel and drug
delivery applications.>® For example, as to be shown in
this letter, a graphene nanocage can stably store hy-
drogen molecules with a weighted percentage of 9.7%,
exceeding US Department of Energy (DOE)'s ultimate
goal of 7.5%.3"

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 graphene3*394°
volves bonding atomic hydrogen to the carbon atoms
in graphene. Such a reaction changes the hybridization
of graphene from sp? into sp>. As a result, the two-
dimensional atomic structure of pristine graphene is
distorted.®'"*! Significant progresses have been
achieved on controllable hydrogenation of graphene.
For example, single-sided hydrogenation of pristine
graphene has been theoretically and experimentally
explored.'®"3241=47 Hybrid superlattices made of
patterned hydrogenation can be fabricated in a con-
trolled fashion on both macroscopic and microscopic
scales.*® Recent studies show that hydrogen chemi-
sorption in graphene can be enhanced by local curva-
ture in a graphene sheet.*>*¥*° |t has also been shown
that a graphene sheet can closely conform to the sharp
features on a substrate surface (e.g., extrusions and
edges),’®? leading to large local curvature in the
graphene. These findings suggest the feasibility of
precise hydrogenation (e.g., in atomic rows) of gra-
phene 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 there-
fore exploring graphene-based novel nanomaterials. In
this letter, we use molecular dynamics (MD) simula-
tions 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 geo-
metric 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, stor-
age, and delivery. To benchmark this unique feature,

in-
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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 gra-
phene generates an sp> carbon—hydrogen (C—H)
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 carbon—carbon (C—C) 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 hydro-
genated graphene (termed as graphane®**) would
overall remain a rather planar morphology because the
local distortions of the C—C bonds neutralize each
other. Nevertheless, if the graphene is single-sided
hydrogenated, the local distortion at each hydroge-
nated carbon atom is accumulated.** 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 demon-
strated an array of unconventional nanostructures
enabled by HAGO, including hexahedral nanocage
(Figure 2), octohedral nanocage, and nanobusket
(Figures S1, S2, Supporting Information). In the simula-
tions, the C—Cand C—H bonds in the graphene as well
as the nonbonded C—C and C—H interactions are
described by AIREBO potential.>® The simulations are
carried out using Large-Scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS).>® Figure 2(a) de-
picts 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 intro-
duced 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 1—6) 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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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. (c—e): 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.

3nm

3nm

L
o _o

Energy variation(eV)
[ARINY
o o

Time(ps)

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 minimiza-
tion toward the formation of a graphene nanocage.

Carbon atoms along the free edges of the graphene
flake are saturated by hydrogen atoms to avoid un-
wanted 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 gra-
phene 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 (1—-2—3
and 4—5—6) 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
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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
aresult, 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 hy-
drogenation. 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 inter-
wall vdW interaction energy plays a key role in main-
taining 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 ex-
pansion of a carbon nanoscroll due to the polarization-
induced decrease of intergraphene-layer adhesion.?
Recently first-principle calculations have revealed
the dependence of the effective dielectric constant
in graphene structures on external electric field.’”*®
For a graphene bilayer, both in-plane and out-of-plane
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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 dipole—dipole interaction energy decreases as the total surface area of the bilayer (e.g., 2(L + dL)W or 2L(W + 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.”” 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/A>” 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 sub-
jected to an electric field parallel to the graphene
plane. The effective interlayer adhesion y. consists
of the contribution of the interlayer vdW interaction
and that of the interlayer dipole interaction; i.e., Yo =
Yvdw + Vdipoles the dipole-induced surface energy can
be deduced as Y gipote = ((dPgipote)/dS), where Dipoe is
the total dipole—dipole interaction energy and S is the
total surface area of the graphene (see Section | in
Supporting Information). Figure 3(a) shows a sche-
matic of dipole orientations when a graphene bilayer
is subjected to an in-plane electric field. Figure 3(c)
plots the normalized ®g,01e 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 ®4iy0le
monotonically decreases as the interlayer sliding pro-
ceeds 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 @, also decreases
as the interlayer separation distance increases, indicat-
ing that interlayer out-of-plane separation is also en-
ergetically favorable. In addition, the hydrogenation
and its induced folding of graphene can also lead to a
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nonuniform charge distribution (thus global polari-
zation) 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 con-
trol 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 gra-
phene nanocage (Figure 4, see Movie M3 in Supporting
Information), an otherwise hard to achieve but highly
desirable mechanism for molecular mass manipula-
tion. To capture the effect of external electric field on
the effective interwall adhesion, the C—C pair potential
is represented by a modified Lennard—Jones potential
Ve =4cceccl(0/r'?) — (08c/r), where ecc = 0.00284 eV,
occ = 0.34 nm, and Acc (£1) is a tuning factor that is
to represent the effect of electric field (e.g., Acc = 1
when there is no external electric field). As shown in
Figure 4, natural vdW interactions facilitate the forma-
tion of a closed nanocage, which can be then opened
up by applying an external electric field. Upon remov-
ing the electric field, the opened graphene nanostruc-
ture 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

A N NS
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Figure 4. Controlled opening and closing of graphene nanocage via tuning effective interwall adhesion. Acc = 1: without
applied electric field, nanocage is closed; 1cc = 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.

(a) Coo._ (b)

(i)

}-CC=1 ACC=1_)0'12

(c) (d) Trapped Ceo
% 5 W

ACC=0'12_)1

Acc=0.12 Acc=0.12-1

Figure 5. (a—d) Controlled opening and closing of a graphene nanocage immersed in a C¢, reservoir can enable the uptake of
Cso molecules by the nanocage. (e—h) After the cargo-loaded nanocage is transported to the destination, the stored Cgo
molecule can be released by the electric field induced opening of the nanocage. (i—I) 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 in-
duced bending energy. On the other hand, sub-
jected to a sufficiently strong electric field, the
effective interwall adhesion decreases, to some ex-
tent 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 gra-
phene nanocages have practical significance, e.g., to be
used as a nanovessel or nanocontainer to achieve
molecular mass delivery.?®3° As a demonstration of
such a functionality, we study the uptake and release
of Cgo molecules using a HAGO-enabled graphene
nanocage. A closed nanocage is first immersed into
a reservoir of Cgo molecules, as shown in Figure 5(a)
(see Movie M4 in Supporting Information). The MD
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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 Cgo molecules. Initially, Cso molecules
evolve to adhere to the outer surface of the graphene
nanocage because of vdW adhesion. When an electric
field is applied (e.g., Acc decreases from 1 to 0.12), the
nanocage opens up. Driven by thermal noise, some Cgq
molecules could migrate into the inner space of the
nanocage. Upon turning off the electric field, the
nanocage closes spontaneously, and these Cgo mol-
ecules are uptaken and stored inside the nano-
cage (Figure 5(a—d), see Movie M4 in Supporting
Information). After the nanocage with the cargo load
(e.g., Cep) 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 Cgo 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. (c—f) Electric field assisted formation of large size graphene nanocage. (g) Evolution of potential
energy from (b—f), 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(e—h), see Movie
M5 in Supporting Information). We have also demon-
strated the uptake and release of other molecular mass
(e.g., silicon nanoparticles, Figure 5(i—I)) 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 im-
plemented by controlling a large amount of HAGO-
enabled graphene nanocages via a global electric field.

An external electric field can also facilitate the for-
mation of graphene nanocages of large sizes that are
otherwise challenging to achieve. Figure 6 shows the
electric field assisted formation of a graphene nano-
cage 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(d—f), 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.
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As a result, the entire graphene structure first partially
opens up to release excessive bending energy and
then gradually evolves toward lower energy config-
uration (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 demon-
strate the feasibility and robustness of the program-
mable HAGO process.

The tunable and robust morphology HAGO-enabled
graphene nanocage as well as its hollow nature with a
volumetric capacity of nearly 1000 nm? (e.g., Figure 6(f))
render attractive attributes for potential applications
such as nanoscale pressure tank.2%*” To benchmark
such potentials, here we demonstrate high density hy-
drogen storage enabled by graphene. Giant fullerenes
have been proposed to serve as a medium of high
density hydrogen storage,” but their closed nature
poses an intrinsic challenge to uptake and release
hydrogen, as such a processes involve breaking cova-
lent C—C 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
afunction 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 in-
deed 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).>>®°

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 tem-
perature. 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%,*" indicating the promising po-
tential 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 p. be
the area density of graphene, pj, be the volume density
of the stored hydrogen, m, and m. 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
((Mnpnl®)/(Mpppl® + 9mcpL?)). Figure 7(b) plots the

METHODS

C—C and C—H bonds in the graphene as well as the non-
bonded C—C and C—H interactions are described by AIREBO
potential.>® The simulations are carried out using Large-Scale
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weighted percentage of hydrogen storage as a func-
tion 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/nm?,
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 avail-
able in Section VIl in Supporting Information).

CONCLUSIONS

In summary, through systematic MD simulations, we
demonstrate a feasible and robust hydrogenation-
assisted 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 mo-
lecular mass uptake, storage, and release, as well as
high density hydrogen storage. These promising ap-
plications of HAGO process and HAGO-enabled novel
nanostructures call for further experimental investiga-
tions to explore their full potential.

Atomic/Molecular Massively Parallel Simulator (LAMMPS).>® 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(c—f) are done in NVT ensemble at 300 K and by
Nose—Hoover thermostat. Molecular dynamics simulations in
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Figure 7(a) are done in NVT ensemble at 70 K and by Nose—
Hoover thermostat. Figure 2 is to demonstrate that HAGO is
intrinsically energetically favorable; therefore, energy minimi-
zation simulations are done in NVE ensemble (not NVT) in
Figure 2. Energy minimization simulations in Figure 2 (also in
Figure 6(a,b)) are first done by conjugate gradient (CG) algo-
rithm followed by steepest descent algorithm until either the
total energy change between successive iterations divided
by the energy magnitude is less than or equal to 107" or the
total force is less than 107> eV A~". However, both conjugate
gradient and steepest descent algorithm are highly possible to
find a local energy minimum point. To gain further approach to
global energy minimum configuration, we adopted an alternate
way of relaxing a system by running dynamics with a small or
limited time step.”® The simulation is then running in NVE
ensemble with the restriction that the maximum distance an
atom can move in one time step is 0.1 A. The time step is set to
be 0.5 fs.
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I. Dipole-dipole interaction

The dipole-dipole interactions®* can be described as V() = 4—H[Iﬁi||§j| 2y pl)(r” p’)]
Teg | B

I751°

where t; is the distance between dipole i and dipole j, p; = 4neooci§ the induced dipole mement,
E the applied electric field, €,the vacuum permittivity, and a; the polarizability of atom i.
Assume E = (E4, 0,0) and the carbon planes are in parallel with the electric field. Only the
dipole-dipole interaction between two layers is considered because they are expected to act
against the vdW adhesion the most. Let ¥;; = (x]- =X, ¥j — VirZj — zi) and assuming constant

polarizability for each carbon atoma; = oj = a, we have

4 2E2 127me a2E2(x;—x;)°
V(i) = —— e e Bi )

((xi=x5)" +(yi-y;)*+d2)

3 5, Where d denotes the interlayer spacing.
2 () +(yimyy) +d2)?

The total dipole-dipole interaction energy is ®gipole = i V(F;), from which the dipole-

. ddy; ddy; _
induced surface energy can be deduced as Yqipole = Z‘S‘"’le = o di‘fi:w). The total dipole-

dipole interaction energy can be calculated as
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3
Ximin X;min y;min y,min ((Xl - Xz)z + (Y1 - YZ)Z + d2)2

12mega?E2(x, — x4)?
—~ o xz = dx; dx, dy, dy,

((x1 —x2)% + (y1 —y2)? + d?)2

where A,and A, are the dipole density along x and y direction.

Il. 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
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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. The temperature is

Dehydrogenated
Octahedron

(e)

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).

I11. Formation of a graphene nanobusket

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)).

V. 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
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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
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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
The above studies clearly demonstrate that HAGO is a rather robust self-assembly process with a

strong tolerance to possible imperfect hydrogenation in practices.

Figures S3 and S4.
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Figure 2. For visual clarity, only hydrogen atoms are shown. (b) A randomly generated defective

Figure S3. (a) Complete single-sided hydrogenation pattern, with 184 hydrogen atoms, as in
hydrogenation pattern, which contains 128 hydrogen atoms (i.e., the perfection rate is 69.6%). (c)



Double-cross shaped graphene flake with the defective hydrogenation pattern of (b). (d) Energy-
minimized 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%
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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%
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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
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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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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/A), 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/A, 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 Nose-
Hoover 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.,Acc = 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
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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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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 cross-
section 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.
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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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VIIl. 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 (¢))

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 MS5. 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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