Journal of Materials Science and Chemical Engineering, 2018, 6, 1-12
http://www.scirp.org/journal/msce

ISSN Online: 2327-6053

ISSN Print: 2327-6045

/
oo Resmurch
0.00 Publishing

First Principles Calculations of Hydrogen
Storage on Calcium-Decorated,

Boron-Doped Bilayer

Graphene

Xiaojing Zhu

Shanghai University of Engineering Science, Shanghai, China

Email: m17621329279@qq.com

How to cite this paper: Zhu, X.J. (2018)
First Principles Calculations of Hydrogen
Storage on Calcium-Decorated, Boron-Doped
Bilayer Graphene. Journal of Materials
Science and Chemical Engineering, 6, 1-12.
https://doi.org/10.4236/msce.2018.611001

Received: January 18, 2018
Accepted: November 27, 2018
Published: November 30, 2018

Copyright © 2018 by author and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

In this paper, the adsorption and storage of hydrogen on calcium-decorated,
boron-doped bilayer graphene was investigated using first principles calcula-
tion. The calcium-decorated bilayer graphene was investigated and it was
shown that the binding energy of H, molecule adsorbed on the cal-
cium-decorated bilayer graphene is —0.02 eV and the energy does not belong to
reversible usage range of —0.2 - —0.6 eV. Substitutional boron doping can im-
prove the adsorption energy of Ca to bilayer graphene with the empty p, orbital
of boron atoms. Our calculations show that calcium atoms can be solidly ad-
sorbed on the interlayer (Ca/B/Graphene) and outerlayer (2Ca/B/Graphene
and 3Ca/B/Graphene) of B-doped bilayer graphene. Hydrogen molecule
binds with Ca/B/Graphene, 2Ca/B/Graphene and 3Ca/B/Graphene system
with an energy that belongs to reversible usage range of —0.2 - —0.6 eV. The
overlap between Ca 3d and H,o orbitals just below the Fermi energy demon-
strates the charge transfer between the Ca atom and the H atom and the role
of hybridization of the 3d orbita of Ca with the o orbitals of H, in efficient
adsorption of hydrogen molecules. The charge from hydrogen bonding orbit-
al transfers to empty 3d orbitals of the Ca atom, and then from the 3d orbitals
of the Ca atom donated to H2¢* antibonding orbital. Hydrogen moleculars
can be adsorbed on the interlayer and outerlayer of Ca-decorated B-doped
bilayer graphene.
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1. Introduction

Energy crisis and environmental problems are the focus of the world, and also
the research focus of researchers. As a kind of clean energy, hydrogen can be re-
garded as the most ideal secondary energy, because of its abundant reserves,
pollution-free, easily synthesized, renewability, sustainability and high utiliza-
tion rate [1] [2] [3] [4] [5]. However, hydrogen energy is mainly in the gaseous
form of hydrogen and it is very easy to explode. Therefore, the storage and
transportation of hydrogen energy has become a hot topic in academic research
in various countries. Hydrogen can be easily absorbed and released at room
temperature when the optimal hydrogen adsorption energy is between —0.2 -
—0.6 eV/H, [6] [7], and hydrogen can be stored efficiently and reversibly. The
range of energy is intermediate between physical adsorption and chemical ad-
sorption. However, the adsorption energy of pure graphene and hydrogen is
between —0.01 - —0.09 eV/H,, which cannot meet the requirement of efficient
reversible storage of hydrogen. There have been a lot of researches on hydrogen
storage materials such as metal hydride, carbon material and metal organic
frame. However, these technologies have some disadvantages, such as low capac-
ity, irreversible or security problems. In recent years, carbon nanomaterials with
high specific surface area have been widely studied in hydrogen storage.

Graphene is a two-dimensional carbon sheet that is connected by the hybridi-
zation of sp’ arranged into a hexagonal honeycomb lattice. The thickness of
graphene is about 0.335 nm, which is the thinnest of two-dimensional nanoma-
terials [8] [9]. Since the discovery of graphene, it has received a lot of attention
from fundamental nanoscience and applicable nanotechnology [10]. Due to the
successful production of single-layer graphene, through experiment and theo-
retical study, many efforts have been devoted to the study of graphene’s
two-dimensional materials [11] [12] [13]. Because of its stable structure, light
weight, high specific surface area, easy modification and unique physical and
chemical properties, graphene has become a potential hydrogen storage me-
dium. The target value of the hydrogen storage system as specified by the de-
partment of energy (DOE) includes a weight capacity of 10 wt% and volume 4.0
vol% by 2017. In recent years, many studies have focused on functionalizing the
surface of carbon nanostructures with transition metals (TMs) to enhance bind-
ing energy and hydrogen storage capacity of carbon nanostructures. However,
because the cohesive energy of the TM atom itself is greater than the binding
energy on the surface of carbon nanomaterials, a cluster of TM atoms can
change the properties of hydrogen bonds, and the hydrogen storage capacity is
greatly reduced. For estimation of capacity, TM atoms were assumed to be
evenly distributed on the surface.

Calcium is the first atom to have an empty 3d orbit and has recently become
the preferred material for improving the storage capacity of carbon nanostruc-
tures [14] [15] [16] [17]. Recently, it has been found that the Ca and other alkali

metal atoms can adsorb on the pure carbon nanostructure without clustering
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and have high hydrogen storage capacity [18]. The empty p, orbital of boron is
used as a strong charge receptor, thus improving the adsorption capacity of Ca
on graphene. Boron can be easily combined in the hexagonal structure of gra-
phene, and boron doped graphene has been synthesized experimentally. Pre-
vious researchers have done a great deal of research on the adsorption of hydro-
gen on calcium-decorated graphene, but little research has been done on bilayer
graphene. In this paper, we mainly study the adsorption of hydrogen on cal-
cium-decorated, boron-doped bilayer graphene. We simulated and analyzed the
structure, hydrogen storage performance and state density of the modified bi-
layer graphene, and found the stable configuration and optimal hydrogen sto-

rage performance.

2. Calculation Details

Our calculations were carried out using DFT and VASP software packages. In
the study, the supercell a 3 x 3 bilayer graphene contains 36 carbon atoms. The
interaction potential of ions and electrons is approximated by using the projec-
tion augmented wave method. The exchange-correlation functional is approx-
imated with the local density approximation (LDA). According to the monk-
horst-pack plan, the Brillouin zone was sampled by (5 x 5 x 1) special mesh
points in K space for (3 x 3) bilayer graphene cells [19]. Considering the com-
putational cost, the energy cutoff value of the plane wave is chosen to be 450 eV.
For all the geometry optimization using conjugate gradient (CG) algorithm,
convergence criterion was that we allow all internal coordinates relaxed until the
most residual force was less than 0.01 eV/A and total pressure of the system was
less than 0.1 kbar per unit cell. The convergence criterion of energy is selected to
be less than 1077 eV. The theoretical estimate of pure graphene lattice constants
is 2.46 A. In order to avoid the interaction between the adjacent layers of gra-
phene, the height of vacuum layer in the z direction of the graphene sheet is 15
A

Bilayer graphene has two configurations: AA and AB stackings. We construct
the structures of bilayer graphene with both AB and AA stackings as shown in
Figure 1. AA-type bilayer graphene is refers to the structure of the upper layer
and lower layer are consistent, AB-type bilayer graphene is a carbon atom of the

AA stacking AB stacking

Figure 1. Typical configurations of bilayer graphene.
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upper layer in the center of hexagonal lattice of the lower layer.
The binding energies of Ca atom adsorbed on the bilayer graphene structures
are calculated as following equation

Epyco =Ecyc —Ec, —Ec (1)

The binding energies of Ca-decorated B-doped bilayer graphene structures are
calculated as following equation
Epyc, = ECa/B/C -E., _EB/C (2)

a

where E, . is the total energy of the system with Ca atom adsorbed on the bi-
layer graphene, E. g is the total energy of Ca-decorated B-doped bilayer
graphene system, Ey . is the total energy of the system with B atom adsorbed
on the bilayer graphene, E_ is the total energy of bilayer graphene sheet, and
E., isthe total energy of an isolated Ca atom.

And the average adsorption energy of H, molecules on Ca-decorated B-doped

bilayer graphene system is defined as

Ecopsoan, = Ecamc —1H,
Ead-H2: /B/G/nH, p /B/ (3)

where E., pm, > Ecyse and E, denote the total energy of the Ca-decorated
B-doped bilayer graphene system with n H, molecules adsorbed, the total energy
of the system with (n — 1) H, molecules adsorbed, the total energy of
Ca-decorated B-doped bilayer graphene system and the total energy of free H,

molecule, respectively.

3. Results and Discussion

3.1. Stable Configuration of Ca Adsorption

We first studied the atomic structure pure AA-type and AB-type bilayer ga-
phenes. The optimized interlayer distance of AA-type bilayer gaphenesis 3.55 A,
The optimized interlayer distance of AB-type bilayer gaphenesis 3.33 A, which is
consistent with other results [20] [21]. The bond length between two carbon
atoms is 1.41 A for AA and AB structure. In the paper, we study atomic struc-
ture of AA stacking bilayer graphene. According to the calculations in the pre-
vious section, the interlayer distance of bilayer graphene is too small to store hy-
drogen. So we need to modify the bilayer graphene.

Calcium is the first atom to have an empty 3d orbit and has recently become
the preferred material for improving the storage capacity of carbon nanostruc-
tures.In this paper, a Ca atom is decorated in the middle of two layers of gra-
phene, and the adsorption of Ca atoms can be calculated by using Equation (1).
The binding energies of Ca atom adsorbed on bilayer graphene structures can be
2.48 eV, which is greater than the internal cohesive energy (1.8 eV), indicating
that clusters are not easily formed. But the total energy of the Ca-decorated bi-
layer graphene system with one H, molecule adsorbed is —0.02 eV, and this value
is not between —0.2 eV - —0.6 eV. So the Ca-decorated bilayer graphene system

can’t store hydrogen. Because the empty p, orbital of boron is a strong electron
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acceptor, it can improve the adsorption energy of Ca to bilayer graphene. Boron
can easily be substituted in graphene’s hexagonal structure, while B-doped gra-
phene is synthesized experimentally. Considering the periodicity, B is substi-
tuted for the same position of the upper graphene and the lower graphene. The
total energy of the Ca-decorated B-doped bilayer graphene system was —5.72 eV
by Equation (2). We found that the adsorption energy of B-doped system was
smaller and more stable. The bond lengths between B and C atoms in B-doped
bilayer graphene are found to be all 1.47 A for AA stackings. The interlayer dis-
tances of B-doped bilayer graphene are found to be changed from 3.55 A to 3.30
A, compared with those of pristine graphene. On the other hand, the B-C bond
length is much longer than the C-C bond length in a pristine bilayer graphene,
and it is almost the same value as that of the B-doped monolayer grapheme [22]
[23]. As we have shown in Figure 2, pure graphene showed typical semicon-
ductor band structure properties, the B-doped graphene of the density of states
are shifted above the Fermi level, as the empty p, orbital of the boron acts as a
strong charge accepting center. As a result, boron-doped graphene forms an
electron-deficient structure and it can easily accept excess electrons. Graphene is
converted from a semiconductor to a metal property.

As show in main information Figure 3 and Figure 4, we used Ca atom to
modify B-doped bilayer graphene, considering the relative positions of Ca atom
and B atom, there are five different adsorption sites. In order to increase the
calculation speed, spin-polarization has not been considered first in determining
the stable position of a Ca atom on B-doped graphene. The binding energy and
interlayer distance of different configurations of the Ca atom on B-doped bilayer
graphene are listed in main information Table 1. It is found that the most fa-

vorable adsorption site of a Ca atom on the bilayer graphene is the hollow site by

—— Pristine graphene
—— B-doped graphene

DOS (state/eV)

E (eV)

Figure 2. The density of states (DOS) for Pristine graphene and B-doped graphene.
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Figure 3. The top view of five different structures of calcium-decorated bilayer graphene (The grey represents
C, green for B, and blue for Ca).

Figure 4. The side view of five different structures of calcium-decorated
bilayer graphene (The grey represents C, green for B, and blue for Ca).

Table 1. Binding energy and interlayer distance of different structures.

E,/eV de-c/A
a -5.35871 4.44489
b —5.36365 4.36278
¢ -5.71103 4.41173
d —5.71256 4.31396
e -5.71244 4.41117

calculation. At this time, the adsorption energy is minimum and the interlayer
spacing is 4.4 A. The Ca atoms on different initial position automatically move
to the hollow site above the center of the hexagon after relaxation, and binding
to the hollow site is energetically more favorable by analyzing the binding ener-

gies, and little deformation of bilayer graphene geometry structure can be seen.
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3.2. H; Molecule Adsorbed on Ca-Decorated B-Doped Bilayer
Graphene System

In order to understand the hydrogen storage capacity of the bilayer graphene, we
calculated and analyzed the adsorption structure of a hydrogen molecule in this
active position. The stable configuration of a hydrogen molecule between two
layers of bilayer graphene is shown in Figure 5.

According to Figure 5, the optimal position of hydrogen adsorption on
Ca-decorated B-doped bilayer graphene system is the hollow site, which is con-
sistent with the experiment of ambo et a/. [5]. In order to improve the hydrogen
storage capacity of the bilayer graphene, we considered the modification of the
interlayer and outerlayer of the bilayer graphene at the same time. Similar to the
interlayer modification of Ca-decorated bilayer graphene, we assume that Ca
atoms can be uniformly covered the bilayer graphene, and then study the ad-
sorption behavior of Ca atoms in the bilayer graphene. Previous study found
that the most stable position of the Ca atoms adsorbed on the bilayer Graphene
is the hollow site, so it is decided to adsorb the Ca atom at the hollow position
outside the double graphene. The stable configurations has been shown in Fig-
ure 6. Based on the below construction of the optimized 2Ca/B/Graphene and
3Ca/B/Graphene, we continued to study the adsorption capacity of the active
system on hydrogen, and we simulated the adsorption of hydrogen molecules on
this structure. Figure 7 is the stable configuration of bilayer graphene adsorbing
hydrogen molecules.

According to Table 2, the continuous adsorption energies of 1Ca/B/Graphene,
2Ca/B/Graphene and 3Ca/B/Graphene were found to be —0.21 eV, —0.26 eV and
-0.25 eV, respectively. The ideal adsorption energy of the hydrogen is —0.2
eV/H, to —0.6 eV/H,, and the average adsorption energy of hydrogen of the three
system is in this range, so it can control the behavior of hydrogen absorption
and release under ambient temperature and pressure conditions. The range of

energy is between physical adsorption and chemical adsorption. Compared with

(®)

Figure 5. (a) (b) show a top view and the side view of the bilayer graphene by adsorbing a
hydrogen molecule, respectively (violet represents a hydrogen atom, gray represents a
carbon atom, blue represents a calcium atom, green represents a boron atom).
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() (d)

Figure 6. The figure represents the top and side views of the stable configuration of the
Ca atoms on the bilayer graphene, respectively (gray represents a carbon atom, blue
represents a calcium atom, green represents a boron atom).

() (d)

Figure 7. (a)-(d) show a top view and the side view of the bilayer graphene by adsorbing
hydrogen molecules, respectively (violet represents a hydrogen atom, gray represents a
carbon atom, blue represents a calcium atom, green represents a boron atom).
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Table 2. Average adsorption energy of hydrogen molecules, bond length of hydrogen
molecule, distance between Ca atoms and graphene atoms and the interlayer distance of

bilaye graphene.
Ead-H, (eV) dH-H (A) dCa-G (A) dc-C (A)
H,/1Ca/B/G —-0.20891 0.7811 2.2476 4.4952
2H,/2Ca/B/G -0.26127 0.78705 2.1495 4.4699
3H,/3Ca/B/G —-0.25889 0.78564 2.1955 4.4988

isolated molecular hydrogen, the bond length of the system extends from 0.76 A
t0 0.78 A.

The binding mechanism of H, on Ca-decorated B-doped graphene has similari-
ties to that of TM coated graphene. In order to further analyze the mechanism of
action, we did the total and partial density of states of 1H,/Ca/B/Graphene,
2H,/2Ca/B/Graphene and 3H,/3Ca/B/Graphene system, as shown in Figure 8.
Figure 8 illustrates the partial density of states for the H,o and Ca 3d orbitals for
three cases, respectively. The overlap between Ca 3d and H,o orbitals just below
the Fermi energy demonstrates the charge transfer between the Ca atom and the
H atom and the role of hybridization of the Ca 3d orbital with the o orbitals of
H, in efficient adsorption of hydrogen molecules. First charge from hydrogen
bonding orbital transfer to empty 3d orbitals of the Ca atom, and then from the
3d orbitals of the Ca atom donated to H,o* antibonding orbital. Both can inte-
ract through charge transfer, this is a typical Kubas interaction. This mechanism
will result in changes of electron cloud density of hydrogen molecules, including
the decrease in bonding orbital and the increase in antibonding orbital. It will
weaken the interaction of hydrogen atoms, which can lead to molecular hydro-
gen bond length increases, but not enough to decomposition hydrogen mole-
cules. In this study, the hydrogen storage capacity can be greatly improved by

modifying the interlayer and outerlayer of the bilayer graphene simultaneously.

4. Conclusion

In conclusion, we have studied hydrogen adsorption properties on Cal-
cium-decorated, Boron-doped bilayer graphene. The empty p, orbital of boron is
a strong electron acceptor; it can improve the adsorption energy of Ca to bilayer
graphene. The results show that a stable and uniform structure of Ca-decorated
bilayer graphene can be obtained by replacing boron doping. Our calculations
show that calcium atoms can be solidly adsorbed on the interlayer (Ca/B/Graphene)
and outerlayer (2Ca/B/Graphene and 3Ca/B/Graphene) of B-doped bilayer gra-
phene. Hydrogen molecule binds with Ca/B/Graphene, 2Ca/B/Graphene and
3Ca/B/Graphene system with an energy that belongs to reversible usage range of
—0.2 - —0.6 eV. The hydrogen storage capacity of bilayer graphene was further
improved due to meet the standard of best adsorption energy. Our work offers
the possibility of using a metal atom modify bilayer graphene as a hydrogen sto-

rage material.
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Figure 8. (a) (b) (c) shows the total and partial density of states of 1H,/Ca/B/Graphene,
2H,/2Ca/B/Graphene and 3H,/3Ca/B/Graphene, respectively.
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