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Abstract The adsorption of molecular hydrogen on few-
layer graphene (FLG) structures is studied using molecular
dynamics simulations. The interaction between graphene
and hydrogen molecules is described by the Lennard-Jones
potential. The effects of pressure, temperature, number of
layers in a FLG, and FLG interlayer spacing are evaluated in
terms of molecular trajectories, binding energy, binding
force, and gravimetric hydrogen storage capacity (HSC).
The simulation results show that the effects of temperature
and pressure can offset each other to improve HSC. An
insufficient interlayer spacing (0.35 nm) largely limits the
HSC of FLG because hydrogen adsorbed at the edges of the
graphene prevents more hydrogen from entering the struc-
ture. A low temperature (77 K), a high pressure, a large
number of layers in a FLG, and a large FLG interlayer
spacing maximize the HSC.
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Introduction

Hydrogen is a potential next-generation clean fuel for replac-
ing fossil fuels. It can reduce CO2 emissions and air pollution
due to its high power of combustion, clean combustion, and

renewability. Hydrogen-based fuel cells [1] have been ap-
plied to efficiently produce electricity for mobile applica-
tions. A critical requirement is hydrogen storage systems that
can operate at ambient conditions with sufficient gravimetric
and volumetric capacities.

Carbon-based nanomaterials (i.e., carbon nanotubes (CNTs)
and fullerences) that comprise carbon atoms with sp2 hybridi-
zation are relatively light and inexpensive, and have a high
adsorption surface area for hydrogen storage. Graphene, which
consists of single-atom-thick sheets of carbon, is the basic
structural element of these carbon nanomaterials. Graphene
has excellent mechanical (Young’s modulus ∼1.0 TPa), thermal
(thermal conductivity ∼3000 W/mK), and electronic properties
[2–4]. Several theoretical studies on graphene have demonstrat-
ed that it can absorb up to an 8∼9 % mass ratio of hydrogen,
which is close to the desired gravimetric capacity set by the US
Department of Energy for hydrogen storage (9 wt% by 2015).

Understanding the mechanisms of hydrogen adsorption on
graphene under various environments would benefit various
fields, including motor vehicles, fusion reactor design, and
hydrogen storage [5]. Molecular dynamics (MD) simulations
of a graphene–hydrogen interface can be used to explore the
nature of surface adsorption. Atomistic simulation can effec-
tively avoid experimental noise and turbulence problems.
Many nanosystems have been analyzed using MD, such as
metal films [6], nanowires [7, 8], nanoimprinting [9], and dip-
pen nanolithography [10, 11]. Herrero and Ramirez [12] stud-
ied the diffusion of hydrogen in graphite and found that
hydrogen atoms jump from a C atom to a neighboring one
with an activation energy of about 0.4 eV. Compared to the
adsorption of atomic hydrogen on graphene,molecular hydrogen
has a much smaller activation energy and faster diffusion speed
due to the interaction of physisorption [13, 14] with graphene.
Lamari and Levesque [15] studied hydrogen adsorption on
graphene and found that at a temperature of 77 K and a pressure
of 1 MPa, the excess hydrogen physisorption is estimated to be
equal to ∼7 wt%, and decreases with increasing temperature.
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Tozzini and Pellegrini [16] studied a reversible hydrogen storage
process on graphene utilizing density-functional theory. The
reversible storage and release of hydrogen are controlled by the
extent of graphene buckling, which leads to a high gravimetric
capacity of up to 8 wt%. Graphane is a fully saturated hydrocar-
bon compound derived from a single graphene sheet with for-
mula CH, which has a high gravimetric capacity of 7.7 wt%with
great stability [17].

This work investigates the mechanism of molecular hy-
drogen adsorption and gravimetric capacity on a few-layer
graphene (FLG) structure using MD simulations. To opti-
mize the operation parameters, the effects of pressure, tem-
perature, number of layers in a FLG, and FLG interlayer
spacing are studied. The results are discussed in terms of
molecular trajectories, binding energy, binding force, and
gravimetric hydrogen storage capacity (HSC).

Methodology

Figure 1 (a) shows an initial physical model of a
hydrogen/graphene interface. The single-layer graphene
comprises C atoms and is arranged in the form of a honey-
comb lattice. Hydrogen molecules with a face-centered cubic
(fcc) structure are placed above and below the graphene. The
hydrogen molecules are treated as single spherical molecules
to simplify the model. The graphene sheet has dimensions of
5 (length)×5 nm (width). There are 4000 hydrogen mole-
cules in the simulated system, whose dimensions are 7
(length)×7 (width)×10 nm (height), corresponding to a gas
density of 1.4 g/m3. Periodic boundary conditions are ap-
plied in all three dimensions. To focus on the hydrogen
adsorption mechanism, the graphene is considered to be
ideally rigid to increase computational efficiency.

The computer simulation codes incorporating Hamiltoni-
an dynamics were developed in-house by the authors to
simulate the hydrogen adsorption. The systems were
maintained at constant temperatures and pressures by the

velocity and volume rescalings [18], respectively. The
isothermal-isobaric (NPT) ensemble is used in the system.
The Lennard-Jones potential [19] is adapted to describe the
van der Waals (VDW) interactions of C/H2 and H2/H2. The
potential parameters are listed in Table 1. A cut-off radius of
1.0 nm is used to evaluate the number of hydrogen molecules
adsorbed on the graphene. The time step is fixed at 1 fs. The
pressure, temperature, FLG interlayer spacing, number of
layers in a FLG are set in the ranges of 6 to 15 MPa, 77 to
400 K, 0.35 to 1.40 nm, and 1 to 4 layers, respectively, to
determine their effects on HSC. The hydrogen interacting
with the FLG begins after all hydrogen underwent a MD
equilibrium run of 100 ps in order to achieve thermal equi-
librium and a uniform distribution in the system.

Results and discussion

Effects of pressure and temperature on HSC of single-layer
graphene

Pressure and temperature are the two most significant param-
eters for the control of gas storage in addition to material
selection. The effects of pressure and temperature on the
hydrogen adsorption on single-layer graphene are individually
discussed. Pressure values of 6, 8, 10, and 15 MPa are used in
the system to investigate the pressure effect. The system
temperature is maintained at 77 K. Figures 2 (a) and (b) show
variations of binding energy and binding force with time for
pressures of 6 to 15 MPa, respectively. The binding energy
and binding force are calculated by summing the interactive
energy and force from the graphene interacting with hydro-
gen, respectively. Note that both binding energy and binding
force are negative values and decrease with increasing number
of hydrogen molecules adsorbed onto the surface. In Fig. 2 (a)
and (b), in the first 150 ps, the energy and force curves rise
with time. This is due to the instant repulsive interactions
between C and H2 due to an overlap, indicating an unstable
adsorption period. Both curves then significantly decay with
increasing time, which indicates that the amount of adsorbed
hydrogen gradually increases. The result shows that an in-
crease in system pressure leads to a lower (negative) binding
energy and binding force. The binding energy and binding
force converge after 1500 ps. Figure 3 (a) shows the variation
of gravimetric hydrogen with time for these pressures. Gravi-
metric hydrogen is defined as the mass ratio of hydrogen
molecules adsorbed on the graphene to all atoms in the sys-
tem. According to the curves, the hydrogen adsorption process
can be divided into three periods. At the time period of
0∼325 ps, gravimetric hydrogen increases. A more rapid
increase appears in the following time period (325∼910 ps).
Then, the increase becomes slow, indicating a gradual con-
vergence (close to a saturate state). After 1500 ps, two to three

Fig. 1 Initial MD physical model of a hydrogen/single-layer graphene
interface
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molecular layers of hydrogen naturally form on the graphene
surface due to the VDW interaction. A larger density of
hydrogen layers on graphene can be obtained by increasing
system pressure, as shown in snapshots of Fig. 3 (a). The
gravimetric hydrogen increases 1.29-, 1.45-, and 1.73-fold
when the system pressure is increased from 6 to 8, 10, and
15 MPa, respectively.

The effect of temperature is studied using temperatures of
100, 200, 300, and 400 K. The system pressure is fixed at
10 MPa. Figure 3 (b) shows the variation of gravimetric
hydrogen with time for these temperatures. The gravimetric
hydrogen largely decreases with increasing temperature due
to an increase in the kinetic energy of hydrogen molecules.
Due to a weak C-H2 binding energy (approximately units of
kcal mol−1) [20], the hydrogen molecules adsorbed on
graphene are easily desorbed when their kinetic energies
increase with temperature, which is in agreement with pre-
vious reports [15, 21]. At stage I, high-speed adsorption
appears. The gravimetric hydrogen then gradually slows
down with time (stages II and III). The gravimetric hydrogen
obtained at 77 K (Fig. 3(a) and (b)) is higher than that
obtained at higher temperatures. The gravimetric hydrogen
increases 1.27-, 1.45-, and 1.71-fold when the system tem-
perature is decreased from 400 K to 300, 200, and 100 K,
respectively. The results indicate that HSC has a strong
dependence on pressure and temperature. The effects of the
two parameters are expected to partially offset each other to
improve HSC. HSC is optimal in a system with a high
pressure and a low temperature.

Effect of number of layers in a FLG

FLG is considered better than single-layer graphene as a
hydrogen storage material due to its larger adsorbable area.
FLG consists of multiple weak interlayer interfaces which
are combined by VDW interaction. An interlayer spacing of
0.35 nm in a FLG was obtained through both experiment
[22] and theory [23]. However, in the present study, the
simulation of FLG-hydrogen adsorption reveals that hydro-
gen cannot easily enter the FLG structure due to the insuffi-
cient interlayer spacing, and thus the hydrogen molecules
adsorb only at the outer surface. This indicates that the
efficiency of hydrogen storage for a FLG might be improved
by suitably adjusting the interlayer spacing. Figure 4 shows
the variation of gravimetric hydrogen with the number of
layers in a FLG at a temperature of 77 K and a pressure of
10 MPa. An interlayer spacing of 0.70 nm is used. When the
interlayer spacing is increased from 0.35 to 0.70 nm, a few
hydrogen molecules flow into structure and are adsorbed
inside, as shown in the snapshots of Fig. 4. The gravimetric
hydrogen significantly increases with the number of layers in
a FLG due to an increase in the internal storage space. It
increases 4.06, 6.91, and 11.15 wt% when the number of
layers is increased from 1 to 2, 3, and 4, respectively. The
results show that increasing the number of layers in a FLG
can significantly improve the amount of gravimetric hydro-
gen under a sufficient interlayer spacing.

Effect of interlayer spacing

This section focuses on the effect of FLG interlayer spacing on
hydrogen storage. Interlayer spacings of 0.35, 0.70, 1.05, and
1.40 nm are used. The FLG is set to four layers. Figure 5 shows
snapshots of hydrogen adsorption and the variation of gravi-
metric hydrogen at a temperature of 77 K and a pressure of
10 MPa for various interlayer spacings. The lowest hydrogen

Table 1 Lennard-Jones potential parameters [19]

Bond σ (Å) ε (J mol−1)

H-H 2.64 2.385×10−3

C-H 2.99 2.233×10−3

Fig 2 Variations of (a) binding energy and (b) binding force with time at a temperature of 77 K for pressures of 6∼15 MPa
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storage appears at an interlayer spacing of 0.35 nm (original),
which is insufficient. The hydrogen molecules only adsorbed at
the outer surfaces and around the edges of the FLG. With an
interlayer spacing of 0.70 nm, a few hydrogen molecules flow
into the interlayer spaces from the edges and gather inside
through VDW interaction. At an interlayer spacing of
1.05 nm, more hydrogen molecules are adsorbed inside. The
hydrogen molecules stored in the FLG form one to two layers
of molecules adsorbed on the inner surfaces at an interlayer
spacing of 1.40 nm. The gravimetric hydrogen increases 3.48-,
4.00-, and 4.21-fold when the interlayer spacing is increased
from 0.35 to 0.70, 1.05, and 1.40 nm, respectively. The results
indicate that gravimetric hydrogen can be effectively increased
by increasing the FLG interlayer spacing, which significantly

increases the adsorbable area and storage space. For the four-
layers graphene, the saturated gravimetric hydrogen of about
9.6 wt% appears at an interlayer spacing of 1.60 nm. However,
the amount of gravimetric hydrogen still slightly increases with
further increasing interlayer spacing due to an increase in
internal storage space instead of adsorbable area.

Effects of pressure and temperature on HSC of FLG

The effects of pressure and temperature on the HSC of FLG
are studied using a physical model of four-layer graphene. A
large interlayer spacing of 1.40 nm is used to study the HSC
of FLG. Figure 6 shows the relationship between gravimetric
hydrogen and pressure (6 to 15 MPa) at a temperature of
77 K. When the pressure is increased from 6 MPa, the

Fig. 3 Variation of gravimetric hydrogen with time at (a) a temperature of 77 K for pressures of 6∼15 MPa and (b) a pressure of 10 MPa for
temperatures of 100∼400 MPa

Fig. 4 Variation of gravimetric hydrogen with number of layers in a
FLG for an interlayer spacing of 0.70 nm at a temperature of 77 K and a
pressure of 10 MPa

Fig. 5 Variation of gravimetric hydrogen with interlayer spacing for
four-layer graphene at a temperature of 77 K and a pressure of 10 MPa
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gravimetric hydrogen only slightly increases because the
surfaces and internal structure of the graphene are almost
filled with hydrogen (near saturation). The gravimetric
hydrogen increases 0.33-, 0.53-, and 1.32-fold when the
pressure is increased from 6 to 8, 10, and 15 MPa, re-
spectively. Figure 7 shows the relationship between gravi-
metric hydrogen and temperature (77 to 300 K) at a
pressure of 10 MPa. The hydrogen adsorbed on the
graphene becomes unstable when the temperature is in-
creased from 77 to 150 K. This is due to the kinetic
energy of hydrogen being beyond its physisorption energy
on graphene. Less hydrogen can stay in the graphene
when the temperature is increased from 77 K. The theo-
retical HSC obtained at room temperature is close to an

experimental HSC of 0.9 wt% [24]. The gravimetric hy-
drogen decreases 6.70-, 8.09-, and 8.45-fold when the
temperature is decreased from 77 to 150, 230, and
300 K, respectively. The results show a strong dependence
of HSC on temperature.

Comparison of various carbon-based systems for hydrogen
storage

Hydrogen storage on various bare carbon-based systems
has been studied theoretically and experimentally. The
HSCs of single-walled carbon nanotubes (SWCNTs)
obtained by experiments are about 4 wt% (at 0.1 MPa
and 77 K) [25] and 1 wt% (at 0.1 MPa and 295 K) [26].
For double-walled carbon nanotubes (MWCNTs), the
HSCs are close to 5 wt% (at 10 MPa and 300 K) [27]
and 0.25 wt% (at 0.1 MPa and 300 K) [28]. The HSC of
MWCNTs depends on their size of shells and number of
shells. Studies have shown that the HSC of SWCNTs is
better than that of MWCNTs. Graphite nanofibers are
layered graphite nanostructures which have high HSCs
of 6.5-10 wt% (at 12 MPa and 300 K) [29, 30]. The
HSC of graphene is 0.9 wt% (at 10 MPa and 298 K)
[24]. These results reveal that for carbon-based systems,
higher HSCs are obtained at higher pressures and lower
temperatures, and for systems with a larger adsorbable
surface area. However, for a given carbon-based system,
the theoretical HSCs are much larger than those obtained
by experiments due to the assumption of an ideal crys-
talline material and an ideal environment. For example,
SWCNTs and graphene have theoretical HSCs of 11.2 wt% (at
10MPa and 77 K) [31] and 7.0 wt% (at 1MPa and 77 K) [15],
respectively. The maximum (theoretical) HSC might thus be
achieved by properly designing the material and controlling
the environment.

Some metal decorated systems are attractive for hy-
drogen storage materials at room temperature. They
have higher hydrogen wt% capacity than bare carbon
materials due to a larger bond strength interacting with hydro-
gen and hydrogen absorption ability. Transition metal-
ethylene complexes formed by laser ablation exhibit a high
HSCs of 12.0 wt% (at 0.1 MPa and 298 K) [32]. The HSCs of
multi-functionalized naphthalene with Ti and Li metal atoms
are 6.72 and 3.73 wt% (at 0.1 MPa and 298 K), respec-
tively [33]. Nanoscale titanium-benzene complexes have a
HSC of 6.0 wt% (at 0.1 MPa and 298 K) [34]. The HSC
of C2H2Ti and C2H2Li complexes are 12.0 and 19.65 wt%
(at 0.1 MPa and 300 K) [35], respectively. The HSC of
C2H4V and C2H4V

+ organometallic compounds are 11.32
and 13.28 wt% (at 0.1 MPa and 298 K) [36], respectively.
The HSCs of Ti-acetylene (C2H2Ti) and Li-acetylene
(C2H2Li) complex are 12.0 and 19.65 wt% (at 0.1 MPa
and 298 K) [37], respectively.

Fig. 6 Variation of gravimetric hydrogen with pressure for four-layer
graphene with an interlayer spacing of 1.40 nm at a temperature of 77 K

Fig. 7 Variation of gravimetric hydrogen with temperature for four-
layer graphene with an interlayer spacing of 1.40 nm at a pressure of
10 MPa
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Conclusions

MD simulation was used to investigate hydrogen adsorption
on a FLG structure. The effects of pressure, temperature,
number of graphene layers, and FLG interlayer spacing on
HSC were analyzed. For the effect of temperature, high-
speed adsorption appears in the first 325 ps, whereas for
the effect of pressure, it appears in the time period of
325∼910 ps. The effects of temperature and pressure can
offset each other to improve HSC. The hydrogen adsorbed
on graphene is sensitive to temperature due to a weak C-H2

binding energy. The hydrogen molecules adsorbed on
graphene are easily desorbed when their kinetic energies
increase with temperature. The HSC of FLG can be im-
proved by increasing the FLG interlayer spacing, which
significantly increases the adsorbable area and storage space.
A low temperature (77 K), a high pressure, a large interlayer
spacing, and many layers maximize the HSC of FLG.
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