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Enhancement of hydrogen storage capacity is a great
challenge that the research community is facing. The
challenge lies on the fact of interdependence of hydrogen
storage and release processes. It presents that the hydro-
gen release would be difficult if the hydrogen can be
stored easily or vice versa. This work strategically tackles
this critical issue through density functional theory calcu-
lations by applying defect engineering to graphene, as
well as by changing the hydrogenation/dehydrogenation
and hydrogen diffusion chemical potentials via applying
electric field. It is found that hydrogen molecules are dis-

1 Introduction

In recent years, hydrogen-based fuel systems have
been considered to be a highly important topic of research
for future energy schemes as hydrogen is a more efficient
fuel in comparison to the existing carbonaceous fossil fuels
[1, 2]. Despite many recent technological developments in
the hydrogen-based fuel systems, it is still an enormous
challenge to have a safe and efficient reversible hydrogen
storage system at ambient conditions [2]. One possible way
for hydrogen storage is an efficient and controllable ad-
sorption/desorption system. Carbon based materials, such
as carbon nanotubes and graphene, appear promising for
such a purpose due to their large surfaces and light weight.
It is known that there are two different hydrogen storage
forms: in molecular form (through physical adsorption) or
in atomic form (through chemical adsorption). Although
several mechanisms of hydrogen storage through both phy-
sisorption and chemisorption have been proposed [3-13],
most of these efforts are far to reach the target of 6 wt%
and reversible hydrogen uptake and release for commercial

sociatively adsorbed on N-doped graphene spontaneously
in the presence of a perpendicular electric field F. After
adsorption, H atoms diffuse on N-doped graphene sur-
face with low barrier and the graphene can be fully hy-
drogenated. By removing the electric filed, the stored hy-
drogen can be released efficiently under ambient condi-
tions. Therefore, N-doped graphene is a promising hy-
drogen storage material with both easy hydrogen storage
and release, and the storage capacity is up to 6.73 wt%.
The electric field can act as a switch for hydrogen up-
take/release processes.
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applications specified by U.S. Department of Energy
(DOE).

In this work, only atomic hydrogen storage on gra-
phene will be considered. Due to the high energy barrier
for H, molecules dissociative adsorption on graphene [10],
based on density functional theory (DFT) calculations, dif-
ferent methods, such as applying external electric field and
doping nitrogen into graphene, will be considered to lower
the barrier. Hydrogen diffusion and hydrogen release from
the hydrogen storage material will be also investigated by
DFT calculations.

2 Computational methodology

The DFT calculations were performed using the
DMOL3 code [14]. The generalized gradient approxima-
tion (GGA) with revised Perdew-Burke-Ernzerhof (RPBE)
functional was employed as the exchange-correlation func-
tional [15]. A double numerical plus polarization (DNP)
was used as the basis set, while the DFT semicore pseudo-
potentials (DSPP) core treatment was employed to include

Copyright line will be provided by the publisher
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relativistic effects that replaces core electrons by a single
effective potential. Spin polarization was considered in the
calculations. The convergence tolerance of the energy was
set to 10° Ha (1 Ha = 27.21 eV), and the maximum al-
lowed force and displacement were 0.02 Ha and 0.005 A,
respectively. To investigate the dissociative adsorption and
diffusion pathways of the hydrogen on graphene surface
and hydrogen release from graphene, linear synchronous
transition/quadratic synchronous transit (LST/QST) [16]
and nudged elastic band (NEB) [17] tools in the DMOL3
code were used. These methodologies have been demon-
strated as fantastic tools to search for the structure of the
transition state (TS) and the minimum energy pathway. In
the simulations, three-dimensional periodic boundary con-
ditions were imposed, and all the atoms are allowed to re-
lax. We minimized the interlayer interaction by allowing a
vacuum width of 18 A normal to the layer. The supercell
used to investigate the hydrogen dissociative adsorption on
graphene is shown in Fig. 1.
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Figure 1 The initial (panel a) and final (panel b) structures for a
H, molecule dissociative adsorption on graphene. In this figure
we show a 2x2 supercell where the gray and white balls are car-
bon and hydrogen atoms, respectively. The direction of the elec-
tric field F is indicated by the arrow.

3 Results and discussion

3.1 Dissociative adsorption on pristine gra-
phene

For the case of molecular hydrogen adsorbed on gra-
phene, Fig. 1(a) shows the favourite atomic structure with
the distance between the H, molecule and the graphene
layer dyp.graphene = 2.612 A, and adsorption energy Eppp =
—0.153 eV, which are consistent with other simulation re-
sults of dy-graphene = 2.635 A and Ep. 1o = —0.159 eV in Ref.
[8] and dyp-graphene = 2.8 A and Ep.; = —0.133 eV in Ref.
[18]. For the case of atomic hydrogen adsorption on gra-
phene, the favorable configuration is two H atoms ad-
sorbed on two face-by-face carbon atoms in the same hex-
agon as shown in Fig. 1(b), which is consistent with the re-
ported DFT result [19]. The C—H bond length I is 1.125
A with binding energy E, = —2.184 eV, which agrees
with another DFT result I, = 1.13 A [19]. In addition, the
C atoms bonded with the two H atoms move up toward the
H atoms with about 0.32 A and the C—C bond length Ic_¢ is
1.493 A, which is similar to the sp® bond length of 1.53 A
in diamond and is much longer than 1.420 A for the sp?
carbon length. The reconstruction of the graphene layer
was also reported by others where the C atoms bonded
with the H atoms move out of the graphene plane by 0.35

AT19].
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For atomic hydrogen storage application, we are inter-
ested in the chemical reaction of H, dissociative adsorption
on graphene, especially the reaction energy barrier and re-
action energy. Taking the structure of Fig. 1(a) as the ini-
tial structure (1S) and that of Fig. 1(b) as the final structure
(FS) for this reaction, after LST/QST and NEB calcula-
tions, the detailed reaction pathway is shown in Fig. 2. The
corresponding atomic structures for transition state (TS)
and minimum energy state Statel are also shown in the
figure. Following the reaction coordinate in Fig. 2, the re-
action energy barrier for a H, molecule dissociative ad-
sorption Ey, is 2.734 eV and the reaction energy Eg is
0.828 eV. The result of Ep, is a little smaller than 3.3 eV
found by others [19]. Note that the energy barrier is de-
fined as the energy difference between the initial structure
and the transition state. At TS, the H, molecule is dissoci-
ated into two free H atoms without any binding with the C
atoms. After TS, the two H atoms bind with the C atoms
and move to the exact top sites of the C atoms shown as
the final structure. Therefore, this reaction can be divided
into two steps: H, molecule is dissociated into two free H
atoms, and then the two H atoms bind with the two C at-
oms. Step one needs an energy of 2.734 eV to overcome
the necessary potential barrier and the second step releases
an energy of 1.9 eV. So totally the reaction needs about 0.8
eV, the dissociation of H, is the rate-limiting step because
of larger energy required for this step. In addition, it is re-
ported that surface reaction occur at ambient temperature
when Ep, < 0.75 eV [20]. Therefore, the dissociative ad-
sorption of H, molecules on pristine graphene is very diffi-
cult due to the high reaction barrier.
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Figure 2 The reaction pathway of a H, molecule that undergoes
a dissociative adsorption on graphene. IS, TS, FS, and 1 represent
initial structure, transition structure, final structure, energy mini-
mum state Statel, respectively. Their atomic structures are given
by the inserts. The energy of FS is taken to be zero. Eg, is the en-
ergy barrier and Eg, is the reaction energy.
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3.2 Dissociative adsorption on N-doped gra-
phene

Using ab initio calculations, doing N into carbon nano-
tubes (CNTSs) was reported to reduce the energy barrier of
hydrogen molecule dissociative adsorption [21]. In addi-
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tion, N-doped graphene was prepared by carrying out arc
discharge of graphite electrodes in the presence of H,, He,
and NHjz [22], chemical vapour deposition [23], and
through electrothermal reaction with ammonia [24]. There-
fore, N atoms are considered to be doped into graphene to
investigate the effect on reducing the hydrogen dissociative
adsorption energy barrier. One of the C atoms in Fig. 1 is
replaced by a N atom. After geometry optimization, the N-
doped graphene still keeps planar with a slight deformation
with C-N bond length lc.y = 1.41 A comparing to lcc =
1.42 A in pristine graphene. The binding energy Ey.n be-
tween N and the C atom in graphene can be also deter-
mined by the calculation, which is as strong as -12.65
eV/atom, while the C-C binding energy was reported to be
-9.55 eV/atom [25]. The structure after N doping is shown
in the inserts of Fig. 3.
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Figure 3 The reaction pathway of a H, molecule that undergoes
a dissociative adsorption on N-doped graphene without electric

field (a) and with an electric field of 0.009 au. Their atomic struc-
tures are given by the inserts. The blue balls are N atoms.

The dissociative adsorption pathway of a H, molecule
on the N-doped graphene is shown in Fig. 3(a). It is shown
that the reaction barrier Ep, is 2.522 eV, which is a little
smaller than that in pristine graphene 2.734 eV. This is al-
so constant with the reported result that doping N into
CNTs could reduce the hydrogen dissociative adsorption
barrier [21]. However, the reaction energy barrier is still
too high to go through at room temperature. Alternative
method should be considered to further reduce the barrier.

It is known that an electric field F can effectively modify
the properties of low-dimensional system [26], including
1D quantum wires [27], and 2D graphene layers [28, 29].
For example, Zhou et al. found that the H-C bond length in
graphane could increase with the intensity of an electric
field, and finally the H atoms at one side of graphene
would be desorbed if further increasing the electric field
[29]. The mechanism is believed that a perpendicular elec-
tric field would lead to a polarization of the charge density,
which is considered to be effective for the dissociative ad-
sorption of hydrogen molecules on graphene here as well.
To investigate the effect of an electric field on the hydro-
gen dissociative adsorption on N-doped graphene, an elec-
tric field is applied to the N-doped graphene system. The
direction of the electric field is normal to the surface of
graphene, which is shown as the arrow direction in Fig. 1.
It is found that a positive electric field reduces the barrier
significantly. If we further increase F above 0.009 au (1 au
= 5.14 x 10" V/m), no barrier is found, which means that
the hydrogenation reaction occurs automatically. Note that
the reaction barrier becomes negative when F > 0.005 au.
We also apply a negative electric field in this system, how-
ever, the barrier increases under the negative electric field.
It is understandable that reversing the electric field has an
opposite effect on the energy barrier for hydrogen dissocia-
tive adsorption due to the polarization effect of the electric
field.

The reaction pathway in the presence of an electric
field F = 0.009 au is shown in Fig. 3(b), where the energies
of the initial structure, transition structures, final structures,
reaction barriers and reaction energies are also provided. It
is interesting to notice that the reaction barrier for a H,
molecule dissociative adsorbed on N-doped graphene is
negative, i.e., -0.895 eV. According to the pathway, the
initial structure is reconstructed under the electric field
from IS to State 1, where the H, molecule is dissociated in-
to 2 H atom and bind with two C atoms besides the doped
N atom. However, this configuration is not the energy min-
imum structure. To achieve the energy minimum structure,
which is shown as FS in Fig. 3(d), there are two barriers,
i.e., from Statel to TS1 with a barrier of 0.966 eV and
from State2 to TS2 with a barrier of 0.801 eV, as shown in
Fig. 3(b). It is known from Fig. 3(b) the energy from the
exothermic process of IS to Statel is sufficient to support
the endothermic process from Statel to TS2. Therefore, H,
molecules can be dissociatively adsorbed on N-doped gra-
phene automatically under the electric field. The corre-
sponding atomic structures of 1S, Statel, State2, TS1, TS2
and FS are also provided in the inserts of Fig. 3. After
Statel, one of the two H atoms desorbs from the graphene
surface, adjusts its position and move to the C atom, which
is face to the C atom that the other C atom is binding with.
After the two transition states, the H atom binds with the C
atom and the minimum structure FS is achieved. Note that
the two H atoms are adsorbed at two C atoms that are not
symmetric as shown as FS in Fig. 3(b). In other words, one
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H atom is adsorbed onto the C atom that is the nearest to
the N atom, the other one is adsorbed on the C atom that is
the second nearest to the N atom, not another C atom that
the nearest to the N atom. This is because the adsorption of
the two H atoms does not occur at the same time as shown
in the reaction pathway of Fig. 3(b). The adsorption of the
first H atom changes the electric distribution, thus chemi-
cal potential and reactivity of each C atom. Therefore, the
electric field can act as a catalyst to reduce the hydrogena-
tion barrier of N-doped graphene, and H, molecules disso-
ciative adsorption on N-doped graphene occurs spontane-
ously in the presence of the electric field.

3.3 Hydrogen diffusion and release on/from N-
doped graphene

It is known that H, molecules can be spontaneously
dissociatively adsorbed on N-doped graphene under a per-
pendicular applied electric field. These dissociated H at-
oms prefer to be chemically adsorbed on the C atoms near
the doped N atom. To be an efficient hydrogen storage ma-
terial, N-doped graphene is required to capture as much
hydrogen as possible. Therefore, it is desirable that the ad-
sorbed H atoms bonded with the C atoms near the doped N
atom can diffuse to the other C atomic sites in order to
achieve fully hydrogenated graphene. Subsequently, the
adsorbed H atoms are required to desorb from the surface
and form H, molecules easily to realise hydrogen release
as fuel. Therefore, we are interested in the diffusion behav-
iours of hydrogen on N-doped graphene, hydrogen desorp-
tion and H, formation will also be studied to understand
the release procedure.
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&

Figure 4 Supercell of N-doped graphene used for the diffusion
and desorption calculations. The letters refer to the sites of an ad-
sorbed H atom.

To simplify the investigation, we first consider the dif-
fusion of a single H atom on N-doped graphene. There are
5 different possible adsorption sites as indicated by the let-
ters in Fig. 4. After geometry relaxation, it is found that the
H atom adsorbed on the C atom at site X has the lowest
energy, i.e. this is the most favourable configuration for a
single H atom adsorption and it is considered as the base
structure for studying the diffusion of an individual H atom
on N-doped graphene. As shown in Fig. 4, there are four
possible diffusion pathways: X —» SX, X - O, X —» SX’
and X — O'. After LST/QST and NEB calculations, the
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corresponding diffusion barrier and reaction energy are
given in Table 1. It is found that the energy barrier for a
single H atom diffusion on the N-doped graphene surface
is quite high, around 2.5 eV. In addition, the diffusion
would increase the energy of the system. Therefore, H at-
oms are quite stable on the N-doped graphene surface
comparing with the case of a single H atom adsorbed on
pristine graphene, which has a diffusion barrier of ~ 1eV
[30].

Table 1 Diffusion barriers and diffusion energy of four possible
diffusion pathways for a single H atom on N-doped graphene
with and without an electric field. Er and Ey,, are diffusion ener-
gy and diffusion barrier, respectively.

Electric field (a.u.)  Pathway Er(eV) Egy (eV)

0 X—>SX 0.61 2.21
X—0 0.27 2.48
X—->SX' 0.58 2.48
X—0' 0.66 2.61
0.01 X—>SX 0.55 0.47

X—0 0.29 -0.094

X—>SX' 0.56 -0.10
X—0' 0.62 0.62

However, the high stability of H atoms on graphene
surface is not favourable for hydrogen storage due to the
reversible hydrogen uptake and release requirement. It is
known that H, molecules can dissociatively adsorbed on
N-doped graphene in the presence of an electric field with
F > 0.009 au. Therefore, the diffusion behaviour under F is
interesting for hydrogen storage application. Table 1 also
lists the results of the diffusion along four different path-
ways under F = 0.01 au. It is shown that the diffusion bar-
rier Ep, decreases significantly for all four pathways, and
is even negative for the diffusions of X — O and X — SX’,
while diffusion energy Egr decreases slightly as well. This
indicates that a single H atom diffusion on the N-doped
graphene is favourable under the electric field.

Recently, the diffusion barriers of transition-metal (TM)
atoms on graphene were reported to be in the range of 0.2-
0.8 eV. However, if the TM adatoms are coupled to a va-
cancy, the diffusion barrier would increase to 2.1-3.1 eV
[31]. A similar barrier enhancement was also predicted in
the case of H atom diffusion at the graphene/graphane in-
terface [32]. Therefore, specific defects, such as doping,
vacancies and adatoms, will significantly affect the diffu-
sion behaviour of H on graphene. In this case, the diffusion
of two H atoms on N-doped graphene will be studied to de-
termine the effect of another H atom on hydrogen diffusion.
After LST/QST and NEB calculations, it is found that the
diffusion barrier is less than 0.31 eV under the electric
field of 0.01 au, which can be easily overcome at room
temperature. In addition, it was reported that the ease of
adsorbate diffusion on graphene strongly depends on the
carrier density of graphene [33]. Through a Mulliken anal-
ysis in this study, it is known that the H atoms transfer
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electrons to the N-doped graphene layer. Therefore, with
the presence of more H atoms, the carrier density of gra-
phene is higher, and the H diffusion is much easier. Due to
the low barrier of H atom diffusion on N-doped graphene
under the electric field, N-doped graphene is believed to be
fully hydrogenated under the electric field, and all the H
atoms are adsorbed at a single side of graphene, i.e. this is
the uptake process for hydrogen storage.

Then we are interested in the study of how do the H at-
oms release from the N-doped graphene and combine into
H, molecules. This desorption reaction can be also investi-
gated by LST/QST and NEB calculations. First, we study
the case of 2 H atoms desorption from the N-doped gra-
phene and combine into 1 H, molecule after removing the
electric field. After the structure relaxation, the favourite
configurations before and after desorption are shown as IS
and FS in Fig. 5, respectively. Before desorption, the two
H atoms bind with two nearest C atoms. This is different
from the structure obtained in Ref. [11] where one H atom
binds with the C nearest to the N, the other one binds with
the C the second nearest to the N, due to the different
simulation supercell size in the two studies, which leads to
different interaction between neighbour supercells. After
desorption, the H, molecule takes the hollow site of the C
ring with the doped N atom. This is consistent to the re-
ported result [11]. Taking the configuration before desorp-
tion as the initial structure and that after desorption as the
final structure for the reaction, the detail reaction pathway
is shown in Fig. 5. However, the desorption barrier Ep, =
2.12 eV is quite high; release of hydrogen in this case is
difficult to happen.
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Figure 5 Detailed reaction pathway for 2 H atoms desorption
from N-doped graphene and combination into a H, molecule,
where the structure of IS, TS and FS are also given.

As discussed above, the presence of specific defects,
such as doping, vacancies and adatoms, will significantly
affect the chemical potential of C atom in graphene. In ad-
dition, the hydrogen is expected to be released from the
fully hydrogenated N-doped graphene. Therefore, we are
also interested in the situation where a third H atom is pre-

sent near the two H atoms. The favourite configurations
before and after desorption are shown in Fig. 6 as IS and
FS, respectively. The detailed desorption pathway is also
shown in this figure. As shown in Fig. 6, the 2 H atoms
prefer to desorb from the N-doped graphene and combine
into a H, molecule with the presence of a third H atom as
shown by Statel. This means that the C-H bond in this
case is unstable and hydrogen can released in the form of
the H, molecule spontaneously when the hydrogen concen-
tration is higher than 0.5 wt% where only 2 H atoms left in
the supercell. Subsequently, this free H, molecule can dif-
fuse on the N-doped graphene surface with a very low en-
ergy barrier (insert of Fig. 6), where E'y, and E'r are the
actual reaction barrier and reaction energy, which are de-
fined as the energy differences between TS and Statel,
Statel and FS, respectively. When the hydrogen concentra-
tion is higher, hydrogen release is expected to be easier due
to the weaker C-H bonds and diffusion barrier as discussed
above.
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Figure 6 Detailed reaction pathway for the desorption of 2 H at-
oms from N-doped graphene and combination into a H, molecule
with presence of a third H atom nearby.

Therefore, the highest possible hydrogen storage ca-
pacity of N-doped graphene in the absence of an electric
field is ~0.5 wt%. In the presence of the applied electric
field, due to the low dissociated adsorption barrier for H,
molecules on N-doped graphene and low diffusion barrier
of H atoms on the N-doped graphene surface, the N-doped
graphene is expected to be fully hydrogenated and the hy-
drogen weight ratio can reach up to 7.23 wt%, which is
higher than the target of 6 wt% set by DOE. After remov-
ing the electric field, hydrogen atoms in fully hydrogenated
N-doped graphene release easily until the hydrogen weight
ratio of 0.5 wt%. In this way, the hydrogen storage capaci-
ty of N-doped graphene is 6.73 wt%, while the electric
field is the switch for hydrogen uptake/release processes.
In addition, the 0.5 wt% hydrogen left on N-doped gra-
phene can be further removed by increasing temperature.
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4 Conclusions

Doping N into graphene and applying an electric field
can reduce the energy barrier of hydrogen molecules dis-
sociative adsorption on graphene, thus facilitating the hy-
drogenation process of graphene. In the presence of the
same electric field, the dissociatively adsorbed H atoms
can diffuse on the N-doped graphene easily with low barri-
er. Therefore, a fully hydrogenated N-doped graphene can
be obtained with atomic hydrogen storage capacity of 7.23
wt%. By removing the electric field, the stored hydrogen
can be released efficiently without any barrier when the
hydrogen concentration is higher than 0.5 wt%. Therefore,
N-doped graphene is a promising atomic hydrogen storage
material with a storage capacity of up to 6.73 wt%, and
with reversible hydrogen storage/release manipulated by
the electric field.
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