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High-capacity hydrogen storage in Al-adsorbed graphene
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A high-capacity hydrogen storage medium—Al-adsorbed graphene—is proposed based on density-
functional theory calculations. We find that a graphene layer with Al adsorbed on both sides can store hydrogen
up to 13.79 wt % with average adsorption energy —0.193 eV/H,. Its hydrogen storage capacity is in excess of
6 wt %, surpassing U. S. Department of Energy (DOE’s) target. Based on the binding-energy criterion and
molecular-dynamics calculations, we find that hydrogen storage can be recycled at near ambient conditions.
This high-capacity hydrogen storage is due to the adsorbed Al atoms that act as bridges to link the electron
clouds of the H, molecules and the graphene layer. As a consequence, a two-layer arrangement of H, mol-
ecules is formed on each side of the Al-adsorbed graphene layer. The H, concentration in the hydrogen storage
medium can be measured by the change in the conductivity of the graphene layer.
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I. INTRODUCTION

Recent developments in materials science have shown a
rapid expansion of research toward discoveries of materials
for sustainable energy. Hydrogen is being considered as an
important element for future energy schemes because of its
efficiency, abundance, and environmental friendliness.! To
achieve economical feasibility, hydrogen storage materials
with high gravimetric and volumetric densities, as specified
by the DOE targets of 6.0 wt % mass ratio and 45 kg/m?
volumetric capacity by 2010, must be developed, and hydro-
gen recycling should be performed reversibly under near am-
bient conditions.!? Therefore, another important criteria is
the binding energy per hydrogen molecule which should be
within the range of —0.2 to —0.6 eV.?

Due to their light weight and high surface to volume ratio,
carbon-based nanomaterials are widely studied for their ap-
plications in hydrogen storage.*~'° However, pristine carbon
nanostructures are chemically too inert to act as a possible
hydrogen storage medium.> One possible approach to in-
crease their chemical activity is to modify the nanostructures
by doping or adsorption, such as doping by alkali metals,5~
transition metals,'? etc. Very recently, based on density-
functional theory (DFT) calculations, Ca atoms adsorbed on
graphene layers and fullerenes were found to result in high-
capacity hydrogen storage mediums, which could be re-
cycled at room temperature.* In these systems, the adsorbed
Ca atoms become positively charged and the semimetallic
graphene changes into a metallic state, while the hydrogen
storage capacity (HSC) can be up to 8.4 wt %. However, a
recent report claimed that DFT calculations overestimated
significantly the binding energy between the H, molecules
and the Ca*' cation centers.!! On the other hand, Al-doped
graphene where one Al atom replaces one C atom of a
graphene layer was reported as a promising hydrogen storage
material at room temperature with HSC of 5.13 wt %.' It
was found that Al alters the electronic structure of both the
graphene layer and the H, molecules. The underlying mecha-
nism of HSC enhancement is caused by the overlapping
bands of the H, with those of Al and C.

In this work, we apply density-functional theory and
study hydrogen adsorption on graphene with Al atoms. The
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favorite adsorption configuration of Al atoms on single side
and on both sides of a graphene layer are determined. The
obtained materials are studied for adsorption of H, molecules
and we discuss its hydrogen storage properties.

II. CALCULATION METHODOLOGY

Previous studies'?>”'* have shown that prediction of the
physisorption energies of H, on the surface of graphite and
carbon nanotubes as based on the local-density approxima-
tion (LDA) are in good agreement with experiments. The
reliability of LDA is based on the following two facts:!3 (1)
when the electron densities of H, and graphene overlap
weakly, the exchange-correlation energy density functional
produces an attractive interaction even without any electron-
density redistribution; (2) the overestimate of the binding
energy by LDA (Refs. 15 and 16) is almost compensated by
the neglect of the van der Waals interactions.'? In contrast,
DFT calculations using a uniform generalized gradient ap-
proximation (GGA) usually produced purely repulsive inter-
actions. For example, using a GGA-PW91 functional, a re-
pulsive interaction between H, and a graphene layer and also
between H, and a (6,6) carbon nanotube was found.!” This
contradicts the experimental findings of Ref. 2. It is worthy
to note that LDA calculations well reproduce the empirical
interaction potentials between graphitic layers and also in
other graphitic systems, although LDA is not able to repro-
duce the long-range dispersion interaction, such as van der
Waals interaction.'® These facts motivated us to select the
LDA for our present work. In our calculations, identical con-
ditions are employed for the isolated H, molecules, the Al
atom and graphene, and also for the adsorbed graphene sys-
tem. The k point is set to 20 X20X 1 for all slabs, the con-
vergence tolerance of energy is 1.0X107® hartree
(1 hartree=27.21 eV), and that of maximum force is 1.0
X 107* hartree/A.

All DFT calculations are performed using the DMOL3
code.! Double numerical plus polarization is taken as the
basis set, which has been shown to be highly accurate.'® In
our simulation, three-dimensional periodic boundary condi-
tions are applied and the H-H bond length is set to Iy
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FIG. 1. (Color online) Three different sites for an Al atom ad-
sorbed on graphene. H, B, and T denote the hollow of hexagon,
bridge of C-C bond, and top site of C atom, respectively. In addi-
tion, the charges of atoms near the adsorbed Al atom are also given,
where the unit of charge is one electron charge e which is not given
in the figure for clarity. The gray (dark) and pink (light) balls in this
figure and figures below are C and Al atoms, respectively.

=0.74 A identical to the experimental value.’ The compu-
tational unit cell consists of a 2X2 X 1 graphene supercell
with a vacuum width of 18 A to minimize the interlayer
interaction. As shown in Fig. 1, the supercell contains eight
C atoms. All atoms are allowed to relax in all calculations.

The binding energy of Al atoms onto graphene Ei ,; is
defined as

Eb—Al = [EnAl—graphene - (Egraphene + nEAl) ]/l’l > ( la)

where E,ajgraphenes Egraphenes @and Ej are the energy of the
system with n Al atoms adsorbed on the graphene layer, the
energy of the pristine graphene layer, and the energy of one
Al atom in the same slab, respectively. The binding energy of
H, molecules onto Al-adsorbed graphene layer E\-H, is de-
fined as

Eb—H2 = [EiH2+Al»graphene - (EAl—graphene + iEHz)]/i (lb)

where the subscripts iH,+ Al-graphene, Al-graphene, and H,
denote the system with i H, molecules adsorbed, isolated
Al-adsorbed graphene, and a H, molecule, respectively.

To investigate the potential effects of different methodolo-
gies on our results, we carried out a calculation using the
cluster model with both LDA and wave-function approaches
with the Mpgller-Plesset second-order perturbation (MP2)
within the Gaussian modules where the 6-331++G™ basis set
was taken and maximum step size was set to 0.15 A. Note
that the cluster configuration shown in Fig. 2 was used be-
cause of the requirement of Gaussian modules and the sys-
tem was recalculated by LDA for purposes of comparison. In
this calculation, a cluster with 24 carbon atoms and with one
Al atom and two H, molecules adsorbed over the carbon
surface was simulated where the dangling bonds of the C
atoms at the boundary are terminated with H atoms.

III. RESULTS AND DISCUSSION
A. Adsorption of Al atoms on a graphene layer

On the basis of the published results, one may assume that
the uptake capacity of hydrogen would increase if more
metal atoms are adsorbed on the surface of a graphene
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FIG. 2. (Color online) A cluster model for two H, molecules
adsorbed on graphene with an Al atom adsorbed on its one side. The
white balls are hydrogen atoms in this figure and figures below.

nanostructure.>® Furthermore, the binding between metal at-
oms and a surface would be strengthened if more charge is
transferred between the metal atoms and the graphene nano-
structure. Obviously, the binding can also be enhanced by
adding more metal atoms with concomitant additional
charges available for electronic transfer. However, metal at-
oms intend to aggregate into clusters when their concentra-
tion is large due to their high cohesive energies compared
with those of metal atoms adsorbed on graphene, which may
significantly reduce the hydrogen uptake.?! For Al, the cohe-
sive energy is —3.39 eV.??> To examine the validity of this
assumption, a unit cell with eight C atoms and one Al atom is
used in the present study, which is shown in Fig. 1. The ratio
Al:C=1:8 is quite moderate and moreover strictly obeys the
doping rules for high coverage metals,>>** which makes it
possible for us to achieve a relatively high storage capacity.
This rule ensures that the Al-Al distance is sufficiently large
avoiding clustering of Al on graphene.

The favorite adsorption position of this Al atom on
graphene is then determined. There are three different ad-
sorption sites as shown in Fig. 1, which are the hollow of the
carbon hexagon (H), the bridge of C-C bond (B), and the top
site of the C atom (T), respectively. The Al-Al interaction is
indeed negligible owing to the large distance of about
4.92 A.1tis found that the Al adsorbed at the H site has the
lowest energy and is therefore the favorite adsorption con-
figuration with a binding energy of —0.824 eV and the dis-
tance between Al and the graphene layer d; is about
2.079 A. In Fig. 1, the charges of atoms near the adsorbed
Al atom are given, which are obtained by Mulliken analysis.
The adsorbed Al atom has a positive 0.266e charge while
each C atom nearby has a negative charge —0.049¢. Note that
the other two C atoms in the simulation cell contribute the
rest of the electron charge to the negative C atoms. There-
fore, the long distance of Al-Al, the relative strong bonding
between the Al atom and the graphene layer, and the Cou-
lomb repulsion between the Al atoms prevent metal aggrega-
tion on graphene.

Due to the positive charge on the Al atoms and the nega-
tive charge on the carbon atoms, an electric field is induced
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FIG. 3. (Color online) Six different adsorption sites for the sec-
ond Al atom on the other side of the graphene layer. The charges of
atoms near the adsorbed Al atoms are also given, where the unit of
charge is one electron charge e.

between the Al atoms and the graphene layer, which in turn
leads to a backtransfer of charge from the graphene layer to
the Al atom. Hence, by increasing Al coverage, adsorbed Al
atoms would become less positively charged, which would
decrease the Coulomb repulsion between the Al atoms, and
eventually this may lead to metal aggregation. This also
agrees with the doping rules.?>?*

To further confirm the stability of Al atoms on graphene,
the diffusion behavior of an Al atom on graphene was stud-
ied by the transition search (TS) method in order to obtain
the diffusion barrier. We have shown above that the most
stable configuration of an Al atom on graphene corresponds
to adsorption on the H site of graphene. Consequently, we
next consider the diffusion scenario of an Al atom on
graphene between two H sites in order to study surface dif-
fusion. Based on the TS calculation, we found that the clas-
sical barrier for surface diffusion is 0.104 eV. Notice that the
calculated diffusion barrier corresponds only to a classical
hopping model of diffusion. In practical cases, quantum tun-
neling effects should also be considered.?® In addition, be-
cause only a single Al atom is involved in the simulation
cell, the Al-Al distance is kept unchanged. While in actual
diffusion, the Al-Al distance would be shortened and repul-
sive Coulomb interaction among positively charged Al atoms
would increase, leading to a significant increase in the diffu-
sion barrier, which will prevent aggregation of adsorbed Al
atoms on graphene.

We consider next the adsorption of Al atoms on both sides
of the graphene layer in order to increase the available sur-
face area for hydrogen storage since the charged metal atoms
are the nucleation centers for hydrogen adsorption.*® As
shown in Fig. 3, there are six different sites for the second Al
atom to be positioned on the other side of the graphene layer.
After geometry optimization of the six configurations, we
found that the lowest-energy configuration is realized for the
second Al atom adsorbed on the H2 site with energy Ej
=-1.096 eV and the average Ey_,; for the two Al atoms is
—0.960 eV. As shown in Fig. 3, the two Al atoms are posi-
tioned on two shoulder-by-shoulder carbon hexagons but on
opposite sides of the graphene layer. The repulsive Coulomb
interaction between the positively charged Al atoms on the
upper and lower parts of the graphene plane is screened by
the negative charge on the C atoms. The graphene layer is
now more negatively charged as compared to the previous
single Al atom case while the adsorbed Al atoms are more
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FIG. 4. (Color online) Atomic structures of H, molecules ad-
sorbed on Al-adsorbed graphene. (a) One H, molecule adsorbed on
graphene with Al adsorbed on the single side, (b) two H, molecules
adsorbed on graphene with Al adsorbed on a single side of
graphene, (c) three H, molecules adsorbed on graphene with Al
adsorbed on one side of graphene, (d) four H, molecules adsorbed
on each side of graphene with Al adsorbed on its both sides, and (e)
six Hy molecules adsorbed on each side of graphene with Al ad-
sorbed on its both sides. In this figure, we plotted 4 X4 X 1 super-
cells to better display the adsorption sites of the H, molecules. In
(d) and (e), due to the Al atoms and H, molecules adsorbed on both
sides of graphene, Al atoms and H, molecules below the graphene
layer are shown as orange and yellow, respectively. Meanwhile, in
order to show the two-layer adsorption arrangement of H, mol-
ecules, initial simulation cells of side view are also given in the
nether part of (d) and (e).

positively charged (the charges of the atoms on the Al and C
atoms are given in Fig. 3). It leads to a stronger binding
energy for the Al atoms on the graphene. In addition, d,
~2.138 A which is slightly larger as compared to the case
of single side adsorption, which is counterintuitive. The rea-
son is that the small increase in d, is a result of the Coulomb
repulsion between the two positively charged Al atoms lo-
cated above and below the graphene layer, which is screened
by the charged graphene layer.

B. Adsorption of H, molecules on Al-adsorbed single
side graphene

For the case of one H, molecule adsorbed on graphene
with Al atoms adsorbed on a single side of graphene, the
configuration after relaxation is shown in Fig. 4(a) where a
4 X4 X1 supercell is taken in order to better display the
atomic structure, especially the adsorption site of the H, mol-
ecule. It indicates that the H, molecule would take the center
site of equilateral triangles formed by adsorbed Al atoms.
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FIG. 5. (Color online) PDOS of Al, H,, and C in the systems of
one and two H, molecules adsorbed on graphene with Al adsorbed
on the single side. The Fermi level is at 0.

The vertical distance between the H, molecules and the
graphene layer is d,=2.830 A, while d, decreases slightly to
2.060 A, and the adsorption energy for the first H, molecule
is Eb_H2=—().182 eV/H,. In the figure, we see that a paral-
lelogram formed by the adsorbed Al atoms has two center
sites of equilateral triangles. However, due to the limitation
of interaction among adsorbed H, molecules, H, would take
just one of the two center sites. When more H, molecules are
adsorbed, the two center sites would be both occupied as
shown in Fig. 4(b) where two H, molecules are adsorbed.
The adsorption energy for the second H, molecule is Ey i
=-0.273 eV/H,, which gives an average adsorption energy
for the two H, molecules of —0.227 eV/H,. Figure 4(c)
gives the atomic structure of three adsorbed H, molecules.
Two H, molecules take the two center sites as in Fig. 4(b),
the other H, molecule would take the top site of the Al atom.
The distance of the three H, to the Al atom are, respectively,
2.786 A, 2.879 A, and 2.903 A with average binding en-
ergy of —0.176 eV/H,. If we further increase the number of
H, molecules, after relaxation, the result shows that the
fourth H, molecule cannot be adsorbed. Therefore, we con-
clude that the maximum number of H, molecules adsorbed
on a single side of a 2 X2 X 1 graphene unit cell is 3.

For the cases of one and two adsorbed H, molecules, we
found that the H, molecules are parallel to the graphene layer

(@)

- 3.000e-1

- 1.500e-1
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and all H, molecules are equidistant from the Al atoms. Once
the number of H, absorbed on each Al atom exceeded two,
the absorbed H, molecules tend to tilt toward the Al atoms
because of the increased positive charge of the Al atoms and
the symmetry of the bonding configuration of the H, mol-
ecules. This phenomenon is similar to the case of adsorption
of H, molecules on Ca-adsorbed graphene.’

In addition, we notice that the E,-H, of the second H,
molecule is much larger than that of the first one, i.e., it is
about 50% larger. In order to understand this enhancement,
the projected density of states (PDOS) of Al, C atoms, and
H, molecules are plotted and shown in Fig. 5. It was reported
that the band broadening of the molecular level of H, below
the Fermi energy indicates a significant H,-H, interaction
that in turn increases its binding energy to the substrate.> The
same mechanism is found here where the band broadening of
about —6 eV appears in Fig. 5. In fact, the binding energy of
the first H, molecule to the Al atom which prefers to be
parallel to the graphene layer is generally small.’

Figure 6 displays the electron density of the system with
one and two adsorbed H, molecules. Notice that there is
nonzero electron density in the region between the graphene
layer and the adsorbed Al atom. This is the reason why Al
atoms are strongly adsorbed on the graphene layer. In addi-
tion, some electronic distribution also appears among the H,
molecules, the Al atom, and the graphene layer. For H, mol-
ecules adsorbed on pristine graphene, no electron density
was found between the H, molecules and the graphene
layer.'> Therefore, H, adsorption is enhanced in the Al-
adsorbed graphene system due to the adsorbed Al atoms that
act as bridges to link the electron clouds of the H, molecules
and the graphene layer. Furthermore, Fig. 6(b) also shows
that there is some electron distribution between the two ad-
sorbed H, molecules. This means that the interaction be-
tween the H, molecules will change the electron distribution
and may induce an enhancement of the adsorption energy as
found in Fig. 5.

Very recently, Cha et al.'! investigated the mechanism of
H, adsorption onto Ca-cation centers using both DFT and
wave-function approaches. They found that DFT calculations
overestimated significantly the binding energy between the
H, molecules and the Ca!* cation centers. In light of this
paper, we carried out a calculation on two H, molecules

3.000e-1

1.500e-1

- 0.000

(b)

FIG. 6. (Color online) Electron-density distribution in the systems of one and two H, molecules adsorbed on graphene with Al adsorbed

on a single side of graphene.
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adsorbed on an Al-coated graphene using the cluster model
with both LDA and wave-function approaches with MP2
within the Gaussian modules. The average binding energies
for H, in this cluster system were found to be —0.196 eV/H,
and —0.185 eV/H, with LDA and MP2, respectively. Thus
the two values differ by less than 6% giving some credibility
to our numerical obtained binding energy. In other words, the
significant overestimation by DFT as found earlier for the
binding of H, molecules onto Ca'* system does not occur for
our system.

In addition, in order to investigate the effect of the simu-
lation cell size on the results we also performed calculations
using a 4 X4 X 1 supercell with H, molecules adsorbed as
shown in Fig. 4(a). We found almost the same results as
obtained with the 2 X2 X 1 supercell. In the 4 X4 X1 sys-
tem, the H, molecules are adsorbed on the center sites of the
equilateral triangles of Al atoms, as shown in Fig. 4(a). The
distance between the H, molecules and the graphene surface
are, respectively, 2.884 A and 2.825 A in 2X2X1 and 4
X4X1 systems, while Epp, in 4X4X1 system is
—0.190 eV/H, and E} 1;p=—0.182 eV/H, in 2X2X 1 sys-
tem.

C. Adsorption of H, molecules on Al adsorbed on both sides
of graphene

For the case of hydrogen adsorption on Al that is adsorbed
on both sides of graphene, the situations of one, two, and
three H, molecules adsorbed on each side of graphene are
rather similar to the above case of adsorption on a single side
of graphene. In other words, two H, molecules will take the
center sites of equilateral triangles formed by the adsorbed
Al atoms as shown in Figs. 4(a) and 4(b), and the third H,
will take the top site of the Al atom as in Fig. 4(c). Previ-
ously, we saw that a maximum of three H, molecules per
2 X2 X1 unit cell can be adsorbed on one side of graphene.
However, for the case of adsorption on both sides of the
graphene layer, each side can adsorb more than three H,
molecules. In Fig. 4(d) with four H, molecules adsorbed on
each side, we show a 4 X4 X 1 supercell. Two of them take
the center sites of equilateral triangles and the other two are
located on the bridge sites of two Al atoms. However, the
four H, molecules are in two different planes with distances
to the graphene layer being 2.672 and 4.675 A. The dis-
tances of the four H, molecules to the Al atom are, respec-
tively, 2.444 A, 2.531 A, 2918 A, and 2.947 A. The aver-
age E,pp is —0.209 eV/H,. If we further increase the
number of H, molecules, the two H, molecules in the center
sites of the equilateral triangles will hop to the bridge sites of
the two Al atoms while keeping the two-layer structure.
Therefore, each Al atom can adsorb a maximum of six H,
molecules due to the two-layer adsorption structure and each
Al atom has six nearest Al atoms with each adsorbed H,
molecule shared by two Al atoms. Figure 4(e) gives the cor-
responding atomic structure with H, molecules fully ad-
sorbed. It shows that all the H, molecules are located at the
bridge sites of Al-Al and are arranged into two layers on
each side of graphene. Note that the adsorption of H, on both
sides of graphene will automatically change the sites of ad-
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FIG. 7. (Color online) X-dependent average adsorption energy
Ep(X) of Hy on graphene with Al adsorbed on both sides of
graphene.

sorbed Al atoms from the center site of the carbon hexagon
to nearly the bridge site of the C-C bond as shown in Figs.
4(d) and 4(e). The different location of the Al atoms in the
presence of adsorbed H, for single side and both sides of
graphene is a consequence of: (1) the different charges of Al
atoms adsorbed on one side of graphene and on both sides of
graphene, and (2) the different number of adsorbed H, mol-
ecules. Therefore, HSC is up to 13.79 wt % with an average
Ey1o=-0.193 eV/H,. Note that the obtained HSC is in ex-
cess of 6 wt %, surpassing DOE’s target, and the obtained
Ey 1 is almost within the required range of —-0.2 to
-0.6 eV/H,.?® For practical purpose, Ej, y, is required to be
a weak function of the adsorption coverage X of H, mol-
ecules on graphene, so that the adsorbed H, molecules can
be desorbed to almost zero X. In our case, Ey p, is about
—0.2 eV/H, and we found that the amount of coverage has
only a weak effect on Ey p,. The coverage dependence of
Epp(X) is shown in Fig. 7 with E ,(X) varying within
15%. Note that E p, is the lowest when four H, molecules
were adsorbed. This is because adsorption is strongest when
H, molecules are located on the center sites of equilateral
triangles formed by the adsorbed Al atoms. This was con-
firmed above in Fig. 4(a) where one H, molecule was first
adsorbed at the center sites of the equilateral triangles. Due
to the interaction between the H, molecules as shown in
Figs. 5 and 6 and discussed above, adsorption with two H,
molecules on each side on the center sites of equilateral tri-
angles is strongest.

When 12 H, molecules are adsorbed on both sides of a
2X2X1 supercell of graphene, the H, molecules on each
side of graphene will be arranged into two layers as shown in
Fig. 4(e), the distances of each layer to the graphene surface
are, respectively, about 2.5 A and 5.0 A, while d, is about
2.2 A. As discussed above, the adsorption energy E, » for
adsorption on both sides of graphene is larger than that for
single side adsorption. At the same time, the Al atoms are
more positively charged, and the C atoms are more nega-
tively charged when the Al atoms are adsorbed on both sides
of graphene. As found previously hydrogen adsorption is
mainly induced by charged metal atoms and the strength of
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the adsorption depends on the amount of the transferred
charge.®® Thus, the graphene layer when Al is adsorbed on
both sides of graphene has a larger capacity for H, storage.
However, due to the limited space between the Al atoms and
the repulsive interaction between the adsorbed H, molecules,
some adsorbed H, molecules move upwards, over the Al
atoms. This is also the reason why H, molecules can form a
two-layer arrangement in the case of Al adsorbed on both
sides of graphene, only a single H, layer is found for the
corresponding single side system.

To test the stability of the hydrogen storage system, we
performed ab initio molecular-dynamics (MD) simulations
on a 12H,-Al-graphene system which is shown in Fig. 4(e).
The MD simulation in the NVT ensemble, i.e., constant
number of atoms N, volume V, and temperature 7, was per-
formed over a time of 1 ps with a massive generalized
Gaussian moments (GGM) thermostat at 300 K and without
external pressure. We found that only the outer two H, mol-
ecules are escaping from each side of the graphene layer
because they are more weakly bound than the other H, mol-
ecules. For example, the first H, molecule that is released has
a binding energy of —0.129 eV. In this case, the HSC be-
comes 9.64 wt %, which is still much higher than DOE’s
target. While ab initio MD simulation is quite computation-
ally time consumption, 1 ps is not enough to get statistically
meaningful values for the desorption temperature. However,
it does suggest that the system keeps a rather high hydrogen
storage capacity at room temperature. This is even the case
in the absence of external pressure and it is thus possible to
release H, molecules without removing the Al atoms. Note
that the system stability of hydrogen storage in Ti-decorated
carbon nanotubes was tested in similar conditions, where the
MD calculations lasted 1.5 ps.27 In addition, the release of
H, molecules can be further prevented by decreasing the
temperature or increasing the pressure of storage to increase
its HSC.2

To investigate the effect of the concentration of adsorbed
Al atoms on its hydrogen storage capacity, we considered a
4 X4 X1 graphene supercell with one Al atom on the center
site of the carbon hexagon above and below the graphene
layer. We found that each Al atom can maximally adsorb six
H, molecules with average E}_;,=-0.172 eV/H, resulting
in a HSC of 5.19 wt %. The adsorption configuration is
shown in Fig. 8. Note that the HSC is much lower than the
13.79 wt % we found for the 2 X2 X 1 supercell system. In
the case of H, adsorbed in the 2 X2 X 1 system, the H, mol-
ecules are adsorbed on the bridge sites of Al-Al and are
arranged into a two-layer configuration. Thus, each adsorbed
H, molecule interacts with the nearest two Al atoms. In the
4 X4 X1 system, which corresponds to a lower density of
adsorbed Al, the distance between two Al atoms is very long,
up to 9.84 A. Thus, each H, interacts with one Al atom and
the graphene layer, and there is more space available for the
adsorbed H, molecules which are located in a single layer.
The corresponding adsorption energies Ey y, also decrease
slightly as the Al-Al distance increases. For single H, mol-
ecule and two H, molecules adsorbed on a 4 X4 X1 super-
cell, Ey 4y are —0.169 and —0.178 eV/H,. In case of a 2
X 2 X1 supercell we found that E, y, are —0.182 eV/H, and
—-0.227 eV/H,, respectively.
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FIG. 8. (Color online) The configuration of H, molecules ad-
sorbed in a 4 X4 X 1 supercell system.

For practical applications, it is desirable to know the exact
charge status of the hydrogen storage material. From it we
can obtain information whether the hydrogen storage mate-
rial is fully charged or the adsorbed H, molecules are com-
pletely released. The charge exchanged with the graphene
layer can be determined by the conductivity of the graphene
layer, which is strongly determined by the DOS at the Fermi
level.”®?° The X dependence of the latter quantity is given in
Fig. 9. The result shows that the DOS at the Fermi level
decreases as X increases and this dependence becomes
weaker at high X.

IV. CONCLUSION

In conclusion, the adsorption of Al atoms on a graphene
layer and of H, molecules on Al-adsorbed graphene was
studied using density-functional theory. We found that the Al
atoms are strongly adsorbed on graphene. A graphene layer
with adsorbed Al atoms on both sides has an excellent hy-
drogen storage capacity up to 13.79 wt %, which is in ex-
cess of 6 wt %, surpassing DOE’s target, where a two-layer
arrangement of H, molecules is formed on each side of
graphene. The average adsorption energy of H, on Al-
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FIG. 9. (Color online) X-dependent number of band states at the
Fermi level.
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adsorbed graphene is —0.193 eV/H, which is also in a
range, such that hydrogen adsorption/desorption can be re-
cycled at near ambient conditions. After analyzing the den-
sity of states and the electron-density distribution of the ad-
sorbed systems, we found that the hydrogen storage
enhancement mechanism is due to the adsorbed Al atoms
that alter the electron distribution of both the H, molecules
and the graphene layer and bridge their electron clouds,
which leads to a strengthening of the adsorption of H, mol-

PHYSICAL REVIEW B 81, 205406 (2010)

ecules. Furthermore, the conductivity of the graphene layer
depends on X, which suggests that the concentration of H,
stored in this material can be detected by measuring its con-
ductivity change.
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