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H I G H L I G H T S

• To avoid clustering among V atoms, PG unit cell should contain two V atoms.

• Four H2 are adsorbed around a V atom with the adsorption energy of −0.564 eV/H2.

• Ab initio MD simulation shows six H2 can be adsorbed on both sides of V-PG at 300 K.

• At 300 K and without external pressure, the hydrogen storage capacity is 4.58 wt%.
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A B S T R A C T

Hydrogen storage capacity on vanadium (V) decorated porous graphene (PG) has been studied using first-
principles calculations. The results show, to avoid a tendency of clustering among V atoms, the maximum
number of adsorbed V atoms is two for both sides of the PG unit cell, and four H2 molecules can be adsorbed
around each V atom. Furthermore, at 300 K and without external pressure, ab initio molecular-dynamics si-
mulations results show that six H2 molecules can be stably adsorbed on both sides of unit cell of PG decorated
with V atoms with the gravimetric hydrogen storage capacity of 4.58 wt%.

1. Introduction

Due to its high efficiency, harmlessness and renewable, hydrogen
energy is one of the promising alternative green energy sources.
However, it is still a challenge to design solid state hydrogen storage
materials with high gravimetric and volumetric densities near ambient
temperature conditions [1,2]. Carbon-based nanomaterials such as
graphene have been designed and widely studied for hydrogen storage
due to their high surface-volume ratio and light weight [2–4]. However,
hydrogen adsorption on these pristine carbon-based materials is only
through weak van der Waals forces, hence the adsorption energies of
hydrogen are very low, resulted in decreasing the hydrogen storage
capacity [5]. To improve the hydrogen adsorption ability of carbon
materials, many studies have been devoted to decorate the carbon
materials with alkaline metal atoms [6–8], alkaline earth metal atoms
[9–12] and transition metal atoms (TM) [13–17]. Many researchers
[7,8,18] have thought that Li-decorated graphene can serve as a high-
capacity hydrogen storage medium, but, the adsorption of H2 are still
weak. Very recently, Fay et al. [15] have studied hydrogen storage

properties of Nb-decorated graphene.
Porous graphene is a collection of graphene-related materials with

nanopores in the plane, which exhibits novel properties different from
those of pristine graphene. It owns many good features including light
weight, large surface area and high porosity. In recent years, the ap-
plication of porous graphene in hydrogen storage has gained more and
more attention from researchers. For the first time, Bieri and his co-
workers [19] have synthesized the regular two dimensional porous
graphene (PG), benzene ring is periodically missing in graphene plane,
the distance between the nanopores is 7.4 Å, and the PG unit cell
consists of two C6H3 rings. Then, the electronic properties of the PG
have been studied by density function theory [20] and crystal orbital
methods [21] in detail. The existence of nanopores may be helpful for
separation of metal atoms adsorption on PG, avoiding the metal clus-
tering.

Some works [20,22,24–30] have studied hydrogen storage capacity
of metal-decorated PG based on Bieri’s structure. Du et al. [20] have
studied hydrogen storage capability of Li-decorated PG by VASP code,
the binding energy for a Li atom on PG is much stronger than that on
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pristine graphene, and the hydrogen storage capacity is 12 wt% with
the average adsorption energy of 0.243 eV/H2. Ao et al. [22] have in-
vestigated hydrogen storage capacity of Al-decorated PG using Dmol3

code with Local density approximation (LDA) functional and DFT-D
method, six H2 molecules can be adsorbed around each Al atom. They
have thought the overestimate of the binding energy by LDA functional
can compensate the van der Walls interactions [23], whereas DFT-D
method has considered the van der Walls forces, so the adsorption
energy of H2 is maybe overestimated. Furthermore, the effect of oxygen
atom doping on hydrogen storage capability of Li-decorated PG has
been investigated by SIESTA code [25]. Lu et al. [26] have reported
that boron (B) doping on PG can effectively enhance the interaction
between metal atoms and the PG, but nitrogen doping weaken the in-
teraction. And they have found doping of B atoms on PG can increase
the adsorption energy of H2 molecules on Ca-decorated PG, but slightly
decrease the adsorption energy of H2 molecules on Li-decorated PG.
While Wang et al. [27] reported that nitrogen doping on PG can en-
hance the binding energy of Li atoms.

There is a little study on hydrogen storage properties of TM deco-
rated PG. We have studied the hydrogen storage ability of PG decorated
with TM (Y, Ti and Sc) [28–30]. Based on our previous studies, we
investigate the adsorption of hydrogen on vanadium (V) decorated PG
in this paper. First, the stable adsorption site of V atoms and the
maximum number of adsorbed V atoms on PG unit cell is discussed.
Then, the adsorption ability of H2 molecule on the V-PG system is
discussed by analyzing geometric structures of H2 adsorbed on V-PG,
the adsorption energies of H2, the projected density of states, and the
electron density difference. Finally, the stability of hydrogen adsorption
system at ambient temperature is tested by ab initio molecular-dynaics
(MD) simulation.

2. Method of calculation

We have performed calculations based on Density Functional
Theory using the Cambridge serial total energy package (CASTEP) [31].
The ultrasoft pseudopotentials is adopted, and the exchange-correlation
interaction between electrons has been described by generalized gra-
dient approximation (GGA) with the scheme of PBE functional [32]. As
we all know, the GGA method underestimates the binding energy. To
improve the computational precision, dispersion-corrected density
function theory (DFT-D) method in the Grimme scheme [33] has been
used in all the calculations, which is tested and verified in our previous
work [28]. The energy cutoff and the k-mesh grids have been tested to
confirm the convergence of our calculations (see Fig. S1). Considering
the computational cost, the cutoff energy for the plane-wave basis set is
chosen to be 500 eV, and the k-mesh grids are 6× 6×1 for the PG cell.
The spin-polarized calculations are performed, and all atoms are al-
lowed to relax in calculations. The structures are fully optimized
without any symmetry constraints, the maximum force on each atom is
0.01 eV/Å, and the energy convergence tolerances is 5.0× 10−6 eV per
atom. The convergence threshold is set to 1.0× 10−6 eV/atom in the
self-consistent field (SCF) calculations. The unit cell of PG is used in the
calculation with periodic boundary conditions, the optimized lattice
parameters of the unit cell are a= b=7.49 Å, which are closely con-
sistent with the Bieri’s experimental value [19] and some theoretical
value [20,24,34,35], and a vacuum of 18 Å is employed along the di-
rection of the PG sheet.

The average binding energies of V atom adsorbed on the PG is
calculated as following equation

= − −+E E E nE n[ ]/b nV PG PG V (1)

where +EnV PG is the total energy of the system with n V atom adsorbed
on the PG layer, EPG is the total energy of PG sheet, and EV is the total
energy of an isolated V atom, n is the number of V atoms.

For the case of single side of V-PG system, the adsorption energy and
average adsorption energy of H2 molecules on V-decorated PG system is

defined as

= − −+ + − + +[ ]E E E Ead nH V PG n H V PG H( 1)2 2 2 (2)

= − −+ + +[ ]E E E nE n¯ /ad nH V PG V PG H2 2 (3)

where + +EnH V PG2 , − + +E n H V PG( 1) 2 , +EV PG and EH2 denote the total energy
of the V-decorated PG system with n H2 molecules adsorbed, the total
energy of the system with (n− 1) H2 molecules adsorbed, the total
energy of V-decorated PG system and the total energy of free H2 mo-
lecule, respectively.

3. Results and discussion

3.1. Electronic structure of V-decorated PG

First, we investigate the electronic and structural stability of a V
atom adsorbed on PG. There are two kinds of carbon atoms in PG unit
cell, C1 atoms are connected with two carbon atoms and one hydrogen
atom, and C2 atoms are connected with three carbon atoms. We con-
sider six high symmetry adsorption sites for a V atom on the single side
of PG (see Fig S2), which are the center site above the C hexagon (h),
the center site above the C-H hexagon near the porosity (h0), the bridge
site over C1-C2 bond (b1), the bridge site over C2-C2 bond (b2), the top
site directly above C1 atom (t1), and the top site directly above C2 atom
(t2), respectively. No matter where the V atom is initially placed, it
always moves to h or b2 site after relaxation. The V atom more prefers
to adsorb on the h site of PG by further analyzing the binding energies,
as shown in Table S1.

Fig. 1(a) describes the optimized geometry structure of a V atom
decorated PG, the distance between a V atom and the center of C
hexagon in PG layer is 1.518 Å. By analyzing the Mulliken populations,
we find that the V atom has positive charge of 1.40 e as a V atom
approaching to PG sheet, while all carbon atoms are negatively
charged. Therefore, the electron potential difference causes an elec-
tronic field between the positively charged V and negatively charged C
atoms, leading to enhance the interaction between V and PG. Fig. 1(b)
shows the significant changes of the total DOS of the PG sheet after
adsorption of a V atom, the DOS peaks of PG shift to lower energy after
a V atom is adsorbed, namely, electrons tend to occupy low levels,
which proves high stability for V-PG system. And it can be further
observed that the changes of the total DOS near Fermi surface mainly
comes from the contribution of 3d orbital of a V atom, the V 4s orbital
electrons are almost located above the Fermi energy level, that is, the
occupied 4s orbital becomes a non-occupied state after a V atom ad-
sorbs on PG.

To examine denser coverage of V atoms on PG, the second V atom is
initially set above the other center of C hexagon of the PG on the same
side, two V atoms automatically move to the top sites of the C2 atom
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Fig. 1. (a) The optimized geometry structure of a V atom decorated PG. The
gray, white and blue ball in this and following figures denote C, H and V atoms,
respectively. (b) Total DOS of PG and V-PG system, and the PDOS of V s, p and d
orbital.

L. Yuan, et al. Chemical Physics Letters 726 (2019) 57–61

58



after relaxation, the optimized geometry structure is shown in Fig. 2(a).
For better demonstrating the position of two V atoms on PG, (2×2)
supercell of the PG is shown in Fig. S3, and V atom bonds with its
nearest V atom with the bond length of 1.751 Å. To avoid the V atoms
clustering, the only one V atom should be contained in the single side of
PG unit cell. For the case of two V atoms on double-sided PG, the stable
geometry configuration of two V atoms decorated PG unit cell is shown
in Fig. 2(b). A slight deformation can be seen, each V atom has a charge
of+ 1.31 e, and the average binding energy is−4.423 eV. The distance
between each V atom and the center of hexagon in PG layer is 1.523 Å.

3.2. Adsorption of H2 molecules on V-decorated PG

A details theoretical investigation of H2 adsorption on single side of
V-PG system is discussed firstly. The average adsorption energies, ad-
sorption energies and the average bond length of hydrogen molecules
on the single side of V-PG system are summarized in Table 1. The first
H2 molecule prefers to adsorb on C atom and tend to tilt toward V atom
with adsorption energy of −0.731 eV, and the bond length of H-H is
elongated to 0.851 Å (Fig. S4). By analyzing Mulliken population, each
hydrogen atom carries negative charge of −0.20 e and −0.11 e, and V
is positively charged with charge of 1.40 e, which indicates electrons
transfer from V atom to H atom, and the covalent bond of H2 molecule
becomes polarized and ionic bonding forms through attractive Coulomb
interaction between negatively charged H and positively charged V. No
matter where the second H2 is initially placed, the two H2 molecules are
symmetrically on both sides of the V atom after relaxation (Fig. S4). To
our surprise, when the third H2 molecule is placed, three H2 molecules
are parallel to the PG plane after relaxation. No matter how we adjust
the position of the three H2 molecules, the optimized geometry struc-
ture of system is still consistent with that of the Fig. 3(a), and each
hydrogen atom of H2 molecules carries negative charge of 0.14 e by
analyzing Mulliken population. No matter where the fourth H2 mole-
cule is initially placed, the positions of the three previously adsorbed H2

molecules on the V-PG remain unchanged, and the fourth H2 molecule
is weakly adsorbed by the V atom with adsorption energy of −0.049 eV
and bond length of 0.755 Å (the bond length of free H2 is 0.753 Å that is
consist with the report in reference [24]). If more H2 molecules are
further increase, the H2 molecules always like to occupy the other C
hexagone without V adsorption and the bond length of H-H is not

(a) (b)Top view

Side view 

1.523Å

1.523Å

Fig. 2. The optimized geometry structure of two V atoms adsorbed on single
side and double sides of PG.

Table 1
The average adsorption energies (Ē )ad and adsorption energies (Ead) of H2

molecules on the single side of V-PG system. Lav is the average bond length of n
H2 molecules.

Number of H2 1 2 3 4

Ēad (eV) −0.731 −0.761 −0.736 −0.564
Ead (eV) −0.731 −0.791 −0.685 −0.049
Lav (Å) 0.851 0.843 0.836 0.815

(a) (b)
Top view

Side view 

Fig. 3. The optimized geometry structure of the V-PG with three H2 (a) and four
H2 (b) adsorption. Red digits represent the corresponding bond length of H-H.

(a) (b)

Side view

Top view

Fig. 4. The charge density differences of n H2 adsorbed on V-PG system for
n= (a) 3 and (b) 4. The red and yellow colors represent electron accumulation
and depletion regions. The isovalue is taken to be 0.025 e/Å3. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 5. Partial density of states of H2 1s (red curve) and V 3d (blue curve)
orbitals for adsorption 1–4 H2 molecules in V-PG system. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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elongated, which belong to physisorption.
In order to have an illuminating insight into the nature of H2 mo-

lecules adsorption on the V-PG system, the charge density difference for
the H2 molecules adsorbed on V-PG system is shown in Fig. 4 and Fig.
S5. We can observed depletion of charges between the two H atoms of
the H2 molecule, which correspond to the σ orbital of H2, and the ac-
cumulation of charges around the H2 molecule, which is relevant to the
σ* orbital of H2. This phenomenon reflects the strong Kubas interaction
[36], the filled H2 σ orbital transfers electrons to the V empty 3d orbital,
conversely, V back-donates electrons to the H2 σ* orbital, the adsorption
mechanism of H2 molecules on V-PG has similarities to that of the Ti-
decorated graphene system [37]. The feedback bond forms by the
transfer of 3d electrons of V atoms to σ* orbital of H2 molecules, which
plays a very important role for H2 molecules strongly adsorbed on V-PG
system. Fig. S5(b) shows the charge accumulation between two ad-
sorbed H2 molecules, which also illustrates the interaction between the
H2 molecules and induce an enhancement of the adsorption energy of
the second H2 molecule. Fig. 4(a) shows the charges distribute uni-
formly among H2 molecules, this means that three H2 molecules are
strongly adsorbed around the V atom. From Fig. 4(b), it can be observed
that there is no charges distribution around the fourth H2, which in-
dicates the fourth H2 molecule is weakly adsorbed by the V atom, and
the result is consistent with the conclusion judged by the adsorption
energy of the fourth H2 molecule.

The partial density of states (PDOS) of H2 1s and V 3d orbitals
further gives information of interaction between H2 molecules and the
V atom, as shown in Fig. 5. When the first H2 molecules adsorbed on V-
PG, there are overlap between the H2 σ* (σ) orbital and V 3d orbital at
−0.6 eV (−8.5 eV). This phenomenon reflects the Kubas interaction.
When the second H2 molecule is adsorbed, band broadening of H2

molecules level indicates H2-H2 interaction, and the interaction in-
creases adsorption energies of H2 molecules in turn, so the adsorption
energy of the second H2 molecule is lower than that of the first H2

molecule (see Table 1). The main peak of H2 σ orbital moves to the right
(From −8 eV to −7.4 eV) with the third H2 molecule adsorbed, which
indicates the interaction between H2 and V-PG begins to weaken with
increasing of H2 molecules. After the fourth H2 molecule adsorbed on V-
PG, the main peak of H2 σ orbital continues to move to the right, and
there are no obvious peak overlap of the H2 σ (or σ*) orbital and V 3d
orbital below Fermi level, which indicates very weak interaction be-
tween the fourth H2 molecule and a V atom. From Table 1, the ad-
sorption energy of the fourth H2 molecule is −0.049 eV, indicating
weak adsorption, while the average adsorption energy of four H2 mo-
lecules is −0.564 eV, indicating strong adsorption. The fourth hy-
drogen molecule is weakly adsorbed on the V-PG system through the
above analysis. So, to determine whether the nth H2 molecule can be
strongly adsorbed by the system, the adsorption energy of H2 molecules
is more accurate than the average adsorption energy.

For the case of H2 molecules adsorbed on double sides of PG de-
corated with two V atoms, the H2 molecules are inclined to be parallel

on the PG, the relaxation configurations are shown in Fig. S6. Eight H2

molecules at most can be adsorbed on V-PG, the interaction between H2

molecules and V-PG system become weaker with more H2 molecules
increasing. The adsorption energies of H2 molecules are listed in Table
S2.

In order to test the stability of H2 molecules on the V-PG system at
ambient temperature, ab initio MD as implemented in CASTEP simu-
lations are carried out. NVT (constant number of atoms N, volume V
and temperature T) ensemble has been selected, Nose-Hoover thermo-
stat method is used to control temperatures during the simulations, and
external pressure is not applied. The simulation time step is 1 fs, and
total simulation time is selected 1.5 ps, which is consistent with pre-
vious reports [38,39]. As shown in Fig. 6(a), only one H2 molecule is
away from each V atom because it is more weakly bound by the V atom,
and other H2 molecules are still strongly adsorbed around each V atom.
There is no obvious structure deformation, indicating V atoms stably
adsorbed on the PG surface. So, at the ambient temperature, six H2

molecules can be adsorbed on both sides of V-PG with the gravimetric
hydrogen storage capacity of 4.58 wt%. Fig. 6(b) describes the fluc-
tuations of total energy as function of simulation time at 300 K, we can
clearly see that there is no big fluctuation in curves, but only vibration
in a very small range, which indicates the structure of H2 molecules
adsorbed on V-PG is stable in room temperature.

4. Conclusion

In summary, we have studied the electronic properties of V atoms
adsorbed on PG and the adsorption ability of H2 molecules on V-PG. A V
atom is strongly adsorbed on the center of the C hexagon in the PG
layer, but, two V atoms tend to aggregate with adjacent V atoms if they
are initially placed in the same side of the PG unit cell. So, only one V
atom should be adsorbed on the single side of the PG unit cell. The
maximum number of adsorbed H2 molecules around a V atom is four,
but, only three H2 molecules can be strongly adsorbed around each V
atom by analyzing adsorption energies of H2, which is consistent with
the conclusion of analyzing charge density differences and partial
densities of states. Two adsorption mechanisms contribute to the H2

molecules: the polarization of the H2 molecules under the electric field
produced by the interaction between V and PG, and the orbital hy-
bridization among H2 molecules, V atoms and C atoms. At 300 K and
without external pressure, ab initio MD simulation results show that six
H2 molecules can be adsorbed on both sides of V-PG unit cell with the
gravimetric hydrogen storage capacity of 4.58 wt%, and the structure of
H2 molecules adsorbed on V-PG is stable, which indicates V-decorated
PG can be used as a potential hydrogen storage medium at ambient
conditions.
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