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The structural properties, formation energy, adsorption energy, and electronic properties of vacancy
graphene are studied by first-principles analysis. We found that the formation energy and adsorption
energy of double vacancy graphene (DVG-4) are the largest. A single defect in DVG-4 can adsorb at
least nine hydrogen molecules, and compared with Ti modified single vacancy graphene (SVG-Ti), the

adsorption capacity is increased by 80%. When DVG-4 adsorbs the second, third, and fourth hydrogen
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Accepted 6th April 2021 molecules, the adsorption energy is greater than 0.7 eV, which is not conducive to the release. Density
of state (DOS) and electron density difference (EDIFF) results reveal that charge transfer occurs among
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Introduction

In recent years, multifarious studies have been carried out on
the safe storage of hydrogen with the development of the new
energy automobile industry."” In the field of hydrogen storage
materials research, two-dimensional carbonaceous materials,*™
especially graphene,*” have attracted considerable attention
due to their characteristics of a large specific surface area, high
ductility, and high adsorption speed.*'* Generally, two basic
processes are employed for hydrogen storage: (i) the polariza-
tion of H, molecules is induced by generating an electric
field,"** and (ii) H, molecules are hybridized with impurity
atoms or substrates by the Kubas action.>** The adsorption
energy between hydrogen molecules and solid materials ranges
between 0.2 eV and 0.6 eV, which is conducive to the storage
and release of hydrogen at room temperature.'***

The adsorption energy of hydrogen molecules on pure gra-
phene is very low, thus they cannot be stably adsorbed on gra-
phene.'®"” Researchers have applied different methods, such as
doping and defect modification,'®'*** to modify the surface of
graphene to improve its interaction with hydrogen mole-
cules.””?* Metal atoms are dispersed better on vacancy graphene
than on pure graphene.® Vacancy graphene can enhance the
interaction between impurity atoms and hydrogen molecules
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33%. DVG - 4 has the potential to become an excellent hydrogen storage material.

due to the presence of unsaturated C atoms, leading to
enhanced hydrogen storage capacity.”®

The influences of vacancy defects on the hydrogen storage
performance of graphene have been studied extensively.”®*
Rangel group® investigated the hydrogen storage performance
of Li-modified graphene based on the density functional theory.
It was found that a single lithium atom was adsorbed on the
vacancy site of graphene, and its binding energy was greater
than the cohesive energy of lithium. The system was found to be
stable, and it could store up to 6.2 wt% hydrogen at atmospheric
pressure. Further, the average adsorption energy of hydrogen
molecules by the system was too large (0.875 eV/H,), making it
difficult to release hydrogen molecules.® Fair group® studied
the adsorption of stable double carbon vacancies (DCVs) by 12
metal atoms through first principles. It was noticed that DCVs
stably adsorbed Ca, Sc, Sr, and other atoms, and the binding
energies were greater than their cohesive energies. Among
them, Ca and Sr had the largest binding capacity (six H,
molecules).”® However, theoretical and experimental investiga-
tions found that Ti-decorated graphene was suit practical
applications in hydrogen storage.*

In previous studies, vacancy graphene was modified by doping
to improve the hydrogen storage performance. The effects of the
size and location of defects on the electronic and hydrogen storage
properties of vacancy graphene are still not clear. In the present
work, the electronic properties and stable hydrogen storage
structures of single vacancy graphene (SVG) and double vacancy
graphene (DVG-N (N = 1-5)) were studied by first-principles
calculations. The hydrogen storage capacity and adsorption
energy of SVG, DVG-4, and Ti-decorated double vacancy graphene
(DVG-4-Ti) and the electronic properties of hydrogen molecules
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adsorbed by the constructed systems were investigated by the state
density and the differential charge density.

Methodology

In this paper, the structure of Ti-decorated vacancy graphene
has been optimized by first principles analysis using CASTEP
software. The adsorption performance of the optimized struc-
ture was calculated to obtain the most stable hydrogen storage
capacity and adsorption energy.

In the geometric optimization process, the graphene struc-
ture was optimized by the PBE functional of the generalized
gradient approximation (GGA)*®* of the electron exchange-
correlation potential.** The adopted electron exchange poten-
tial could not accurately estimate the energy of the structures,
therefore, the “Grimme” dispersion correction was employed in
the optimization process and hydrogen adsorption processes.
The ultra-soft pseudo-potential was used to describe the elec-
trons—-ion interactions, and the self-consistent iterative method
(SCF) was employed to perform energy calculations. A5 x 5 x 1
supercell model was selected for calculations. The Z-direction of
the supercell was perpendicular to the graphene plane, and
a vacuum layer of 20 A was added to nullify the effects between
different layers. In the inverted K space, the truncation energy of
the plane wave expansion was set to 500 eV. The k-point value of
the Brillouin region was 4 x 4 x 1. The structures are fully
optimized without any symmetry constraints, and the geometry
optimization structure are obtained by relaxation until the force
on each atom is less than 0.02 eV A™* and the energy tolerances
is less than 1.0 x 10—5 eV per atom. The convergence threshold
of 1.0 x 10—6 eV per atom is selected in the self-consistent field
(SCF) calculations.

The vacancy formation energy was calculated by the
following formula:**

Evac = (E(G+Vac) - ((n - l)/n)E(G))/]

where Eg.vac), Ec) are the total energies of vacancy graphene
and graphene, respectively, n is the number of C atoms in
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graphene, thej is the number of vacancy in graphene. The metal
binding energy (E},) and adsorption energy (E,q) of graphene for
hydrogen molecules were calculated by the following
formulae:****

Ey = (EGrvac) T Eiri)y — E(G+vactmTi)/m

where EGivactmri) E(ri) are the total energies of Ti-decorated
defective graphene and Ti atoms, respectively, m is the
number of Ti atoms in graphene.

Eaq = (EGvac+itty — (E(Gvae) T iEw,)))i

where E(Givac+in,) and Ey,) are the total energies of i hydrogen
molecules adsorbed by vacancy graphene and hydrogen mole-
cules, respectively. (i is the number of hydrogen molecules
adsorbed by vacancy graphene.

Results and discussion

In the present section, the geometric structure of vacancy gra-
phene with different defect sizes and positions, adsorption
position tests, adsorption energy size and capacity, and the state
density and differential charge density of the structure after
hydrogen storage are discussed.

Structure of vacancy graphene

Induced defects had a great impact on the geometry of the
graphene substrate. Fig. 1 displays the optimized geometries of
SVG and DVG-N (N = 1-5). The structures became distorted due
to the effect of unsaturated C atoms. The SVG structure with-
stood an external force of 2.3 MPa, and the external force on
DVG-N changed between 1.2 and 9.2 MPa according to the
defect position. The external force effectively dispersed the
impurity atoms modifying the graphene surface, changed the
electronic properties of graphene, and improved the hydrogen
storage performance.** The adsorption energy and hydrogen
storage capacity of vacancy graphene were improved as
compared to pure graphene. The ¢ and II bonds of C atoms

Fig.1 SVG, DVG-N (N = 1-5) structure, the gray is C atom.
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Table1 C-C bond lengths of SVG and DVG-N structures
Dc_c(A) SVG DVG-1 DVG-2 DVG-3 DVG-4 DVG-5
Carbocycle I Dcsi-co1 1.403 1.474 1.372 1.513 1.483 1.377
Dcr1-can 1.415 1.423 1.436 1.416 1.423 1.412
Dcos-co3 1.409 1.323 1.460 1.372 1.397 1.423
Dcas-can 1.375 1.204 1.480 1.338 1.376 1.489
Carbocycle 11 Dc3s-caa 1.375 1.323 1.425 1.345 1.377 1.428
Dcss-caa 1.409 1.385 1.396 1.411 1.401 1.382
Dcas—cas 1.415 1.478 1.382 1.428 1.436 1.396
Dcas—can 1.403 1.524 1.426 1.481 1.483 1.424
Carbocycle IIT Dcas-cat 1.390 1.432 1.489 1.405 1.440 1.478
Dcai-cao 1.401 1.400 1.422 1.391 1.389 1.461
Dcao-cso 1.408 1.389 1.412 1.399 1.394 1.436
Dcso-cs1 1.390 1.401 1.357 1.401 1.431 1.372

connected to the defects were destroyed, and free electrons
appeared on the outermost layer of C atoms, increasing the
surface activity of graphene.>*

Point defects had an effect on the geometry of graphene, and
a pentagon-like structure was formed at point defects. The
changes in the C-C bond lengths of carbocycles I, II, and III are
presented in Table 1. The bond length changed greatly after the
defect was introduced (original C-C bond length = 1.420 A). The
maximum and minimum values of the bond lengths were
detected as 1.524 A and 1.204 A, respectively. The changes in the
bond lengths of carbocyclic rings IV, V, and VI were similar to
those of carbocyclic rings I, II, and III.

The calculations indicate that the energy bandgap of the SVG
structure increased to 0.215 eV, whereas the energy bandgap of
DVG-N changed between 0.159 eV and 0.169 eV according to the
defect position. The DVG-N structures has a lower bandgap
lower than SVG and manifested semi-metallic properties,*
improving the adsorption capacity and energy of graphene. We
recalculate the SVG and DVG-4 energy bandgaps using the

Energy(eV)

(b)
® °
AL FEFOIT &
(d)

Fig. 2 (a) The adsorption energy and defect formation energy of
hydrogen molecules on SVG, DVG-N (N = 1-5) structures, (b)
Adsorption sites, (c) and (d) are the optimized structure of Ti-DVG-4
by molecular dynamic.
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HESO06 hybrid density functional because standard PBE func-
tional would underestimate the energy gaps of semiconductors.
The result show that the energy bandgap of the SVG structure is
0.334 eV, whereas the energy bandgap of DVG-N changed
between 0.245 eV and 0.259 eV.

Adsorption site

Fig. 2(a) show that the defect formation energy, and the
adsorption energy and of hydrogen molecules on SVG, DVG-N
(N =1-5) structures and Fig. 2 (b) show that the adsorption sites
of Ti atom at graphene.

Fig. 2 (a) reveals that with the change of the position of two-
point defects, the formation energy of a single defect varied
between 7.41 eV and 8.35 eV, which is similar to the formation
energy of single-defect graphene (7.7-7.8 eV).*” The adsorption
energy of two hydrogen molecules on DVG-N first increased and
then decreased with the increasing number of defects. The
formation energy of DVG-4 is the highest, so the hydrogen
storage capacity of DVG-4 structure will be studied in the
following part. To confirm the structural stability of DVG-4
structure, we have recalculated it using molecule dynamic.
The result shows that the structure of DVG-4 does not have
obvious deformation at 300 K, and its energy changes in a small
range.

The elastic property of crystal determines the mechanical
stability of crystal structure. In order to obtain the stability of
SVG and DVG-4 structures, we calculated their elastic constants.
Table 2 show that the elastic stiffness constants of G, SVG and
DVG-4. C;; and C,, reflect the linear compression along the
directions a and b of the material elastic constants, and C,, is
the indentation hardness.’® Table 2 show that the size of Cy;
and C,, are decreasing from G, SVG, DVG-4. It indicates that the
incompressible performance gradually decreases under
uniaxial stress along a and b directions of G, SVG and DVG-4
structural system, and C,, is greater than C;;, which means
that the incompressible performance of b axis is harder than a.
From Table 2, the C,, increases gradually, which indicates that
the indentation hardness increases of the systems. Table 2
shows that the plane of G, SVG and DVG-4 structure is weak in
resisting shear deformation due to the value of C,, are all small.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Elastic stiffness constants of G, SVG and DVG-4

Elastic stiffness constants C;; (GPa)

Systems G111 Gy Gopy Gy

G 514.240 88.289 517.973 0.605
SVG 74.130 17.945 465.488 1.055
DVG-4 —110.858 —113.368 227.611 1.441

The most stable adsorption sites of Ti atoms and H, mole-
cules in SVG and DVG-4 were investigated before studying the
hydrogen storage structure of SVG and DVG-4. The periodic
vacancies graphene structure of 5 x 5 x 1 was constructed. Ti
atoms and H, molecules had three adsorption sites on SVG: top
(T) site - the added atom was located directly above the Cs,
atom, hollow (H) site - the added atom was located at the center
of the defect center, and bridge (B) site - the added atom was
located in the middle of C,; and C3, bond (Fig. 2), Ti atoms and
hydrogen molecules had six adsorption sites on DVG-4: HH, BB,
TT, HB, HT, BT respectively.***

The binding energies of Ti atoms adsorbed on the H, B, and
T sites of SVG were calculated to be 4.05 eV, 3.94 eV, and 3.93¢€V,
respectively through E; = (Egivac) T Epmri) — E(Givactmri)/M-
Hence, the entire structure was more stable when Ti atoms were
adsorbed on the H-sites of SLG. The adsorption energies of H,
molecules at the H, B, and T sites were 0.26 eV, 0.08 eV, and
0.08 eV, respectively, and it reveals that H, molecules were easily
adsorbed at the H-sites of SVG.

The binding energies of Ti atoms at the adsorption sites
(HH, BB, TT, HB, HT, BT) were tested, and their corresponding
binding energies were found as 4.07 eV, 4.05 eV, 4.03 eV,
3.69 eV, 3.95 eV, and 3.96 eV, respectively. So the binding energy
of Ti atoms at the HH-site of DVG-4 was higher than other sites.
Although the binding energy are smaller than the cohesive
energy of bulk Ti-metal (4.85 eV), the two Ti atoms in Ti-DVG-4
did not form a cluster. Because the distance between the two Ti
atoms remained about 6.562 A before and after geometric
optimization, which is far greater than the distance between the
two Ti atoms when they form cluster, which is show in the
Fig. 2(c) and (d). The adsorption energies of H, molecules at the
adsorption sites (HH, BB, TT, HB, HT, BT) of DVG-4 were found
to be 0.26 €V, 0.08 eV, and 0.08 eV, 0.16 eV, 0.12 €V, and 0.10 eV,
respectively. Hence, it can be inferred that Ti atoms and H,
molecules were stable at the H-site of DVG-4.

Adsorption energy of hydrogen molecular

Fig. 3 (a)—(c) display the structures of SVG-Ti, DVG-4, and DVG-
4-Ti, and Fig. 3 (d)-(f) are the molecular models of SVG-Ti,
DVG-4, DVG-4-Ti after hydrogen adsorption. Fig. 3(b) reveals
that the three carbon rings connected to the defects became
distorted, destroying the basic graphene structure. Fig. 3(c)
shows that the distortion of DVG-4 structure is significantly
reduced due to the orbital hybridization between Ti atoms and
C atoms.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) (b)

Fig. 3 The hydrogen adsorption geometries. (a)-(c) The SVG-Ti,
DVG-4, DVG-4 + Ti after hydrogen molecules are adsorbed wherein
the blue sphere is Ti atom, gray is a C atom, white is H atom.

A single hydrogen molecule was added to the SVG-Ti struc-
ture, whereas two hydrogen molecules were gradually incorpo-
rated into DVG-4 and DVG-4-Ti to study the adsorption capacity
and energy of hydrogen molecules, and the corresponding
results are presented in Fig. 4. The hydrogen storage capacity
and adsorption energy of DVG-4 were much larger than those of
SVG-Ti, and the hydrogen storage capacity of DVG-4-Ti was,
respectively, smaller and greater than those of DVG-4 and SVG-
Ti.

Fig. 4 reveals that in the SVG-Ti structure, the adsorption
energy first increased and then decreased with the increasing
number of hydrogen molecules. When the SVG-Ti structure
adsorbed the first to fifth hydrogen molecules, the adsorption
energy was in the desirable range of 0.2-0.6 eV (according to the
US Department of Energy)."** When the sixth hydrogen mole-
cule was adsorbed, the adsorption energy was 0.18 eV, and it
indicates that the SVG structure could stably adsorb five
hydrogen molecules. In the DVG-4 structure, the adsorption
energy first increased and then decreased with the increasing
number of hydrogen molecules. According to Fig. 4, a single
defect in DVG-4 could adsorb at least nine hydrogen molecules.
When DVG-4 adsorbed the second, third, and fourth hydrogen
molecules, their adsorption energies were too high (0.73 eV,
0.89 eV, and 0.76 eV, respectively), thus it was not possible to
release hydrogen molecules at room temperature. Therefore, Ti
atoms were adsorbed on the DVG-4 structure to solve this
problem. The maximum number of single-defect hydrogen

0.9 = SVG-Ti
0.8 = DVG-4
07 I = DVG-4-Ti

0.6
0.5

4 ‘ |
0.3
Bl i .

1H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, 9H,

Adsorption Energy(eV)

Number of H,

Fig. 4 Single-vacancy hydrogen molecule adsorption energies of
SVG, DVG-4, and DVG-4-Ti.
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Fig.5 The hydrogen adsorption geometries of Ti—-DVG-4 structure at
400 K.

molecules adsorbed in the DVG-4-Ti structure was six, and their
adsorption energies reached the conditions of reversible release
and absorption at room temperature. When DVG-4-Ti adsorbed
the seventh hydrogen molecule, the adsorption energy was
0.17 eV, hence, it was not stably adsorbed on the DVG-4-Ti
substrate.

The hydrogen storage mass percentage of H, molecules on
DVG-4 can be defend as Hy(wt%) = (Muo/(Muz+ Mpyga)) ¥
100%, where, My, is the mass of hydrogen and Mpyg.4 is the
mass of DVG-4. The hydrogen storage mass percentage of H,
molecules on DVG-4-Ti can be defend as H, (wt%) = (Myy /(Ms,
+ Mriipvg-a)) X 100%, where, Mripvc-4 is the mass of DVG-4-Ti.

The hydrogen storage mass percentage of H, molecules on
DVG-4 was calculated as 5.92 wt% (include the second, third,
and fourth hydrogen molecules, the adsorption energy is
greater than 0.7 eV, which is not conducive to the release.), and
the hydrogen storage mass percentage of H, molecules on DVG-
4-Ti was calculated as 4.0 wt%. The mass hydrogen storage
density decreased after Ti-decorated DVG-4.

In order to investigate desorption behavior of H, at elevated
temperature, the hydrogen desorption properties of Ti-DVG-4
have been studied using molecule dynamic simulations. Fig. 5
is the hydrogen adsorption geometries of Ti-DVG-4 structure at
400 K. Fig. 5 shows that, at 400 K, only 35.71% of hydrogen
molecules were adsorbed by Ti-DVG-4 structure, and 64.29% of
hydrogen molecules were released.

Partial density of states

The total density of state (DOS) and the partial density of state
(PDOS) were used to reveal the electronic properties of the
structure and the interactions between atoms. Fig. 6 presents
the spin polarization DOS of SVG-Ti, DVG-4 and DVG-4-Ti.
Fig. 7 presents the DOS and PDOS values of SVG-Ti, DVG-4, and
DVG-4-Ti structures. It is discernible from Fig. 6 and 7(a) that at
the Fermi level, the DOS values of these three structures were
different from that of pure graphene and all of them exhibited
semi-metallic properties.

Fig. 7(b) displays the DOS diagram of SVG-Ti after the
adsorption of a single hydrogen molecule. The DOS of SVG-Ti
had a large span, thus electrons were delocalized and non-
localized. Moreover, the p orbital of C atoms and the d orbital
of Ti atoms became hybridized, resulting in a charge transfer
and the stable adsorption of Ti atoms on SVG. At the Fermi

13916 | RSC Adv, 2021, 1, 13912-13918
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Fig. 6 Spin polarization DOS of SVG-Ti, DVG-4 and DVG-4-Ti.

level, the s orbital of hydrogen molecules and the d orbital of Ti
atoms were hybridized, and an ionic interaction occurred
between these two.**** Orbital hybridization occurred between
hydrogen molecules and C atoms between —9 and —7 eV.
Fig. 6(c) presents the DOS curve of DVG-4-Ti after the adsorp-
tion of two hydrogen molecules. It is clear that an interaction
between the orbits of atoms occurred around the Fermi level. A
charge transfer between the s orbit of hydrogen molecules and
the p orbit of C atoms occurred between —10 and 8 eV. Further,
the d orbital of Ti atoms and the p orbital of C atoms became
hybridized between —5 and 0 eV, causing a decrease in the
adsorption energy between hydrogen molecules and the DVG
structure after the introduction of Ti atoms. Between 0 and
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Fig. 7 (a) The DOS of SVG-Ti, DVG-4 and DVG-4-Ti, (b) The DOS of
SVG-Ti adsorption of hydrogen molecules, (c) The DOS of DVG-4-Ti
adsorption of two hydrogen molecules (d) The DOS of DVG-4-Ti
adsorption different amount of hydrogen molecules.
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2.5 eV, hybridization occurred between the d orbital of Ti atoms
and hydrogen molecules, and the interaction was transformed
from electrostatic to the Kubas type, allowing the stable
adsorption of hydrogen molecules on the DVG-4 substrate.'>*
Fig. 7(d) displays the PDOS diagram of each atom after the
adsorption of different numbers of hydrogen molecules. It is
noticeable that the peak of hydrogen molecules changed with
the change of the number of adsorbed hydrogen molecules.
With the increasing number of adsorbed hydrogen molecules,
the peak shifted to the right, then to the left, and finally,
returned to the original position. The peak of the s orbit of H,
molecules above the Fermi level shifted downward, however,
when the system adsorbed 12 hydrogen molecules, the peak
again increased.

Electronic charge density difference

Electron density difference (EDIFF) can more accurately reflect
the interactions among hydrogen molecules, Ti atoms, and the
DVG-4 structure. Fig. 8 displays the differential charge density
results of hydrogen molecules adsorbed by the DVG-4-Ti
structure. It is noticeable that an ionic interaction and charge
transfer occurred among some hydrogen molecules, Ti atoms,
and the underlying graphene due to electron loss (yellow area)
and accumulation (blue area). Ti atoms and the DVG-4 structure
are electron donors, whereas hydrogen molecules are electron
acceptors. Moreover, some H, molecules became polarized by
the influences of Ti atoms and the DVG-4 structure.** In addi-
tion to Ti atoms, some H, molecules were present in the
adsorption system to cause charge transfer, and a part of these
hydrogen molecules was adsorbed due to the repulsion between
hydrogen molecules and the attraction between hydrogen
molecules and the DVG-4 substrate. The charge transfer
between hydrogen molecules and DVG-4 generated an ionic
effect, and polarized hydrogen molecules enhanced the ionic
interaction between these two, resulting in the stable adsorp-
tion of hydrogen molecules on the DVG-4 substrate.

() 12H>

Fig. 8 (a—f) Electron density difference of DVG-4-Ti adsorption
different amount of hydrogen molecules.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

First-principles calculations were used to study the structure of
vacancy graphene and the hydrogen storage properties of
vacancy graphene modified with metal Ti atoms. It was found
that after a defect was introduced, the bandgap of graphene
became open, and the structure was distorted where the defect
was formed. In the system, charge transfer occurred between
hydrogen molecules, metal Ti atoms, and the DVG-4 substrate,
hence, an ionic interaction between H, molecules and the
substrate was detected. According to the number of defects and
their relative positions, the size of the energy band changed.
After the introduction of double defects, the DVG-4 structure
had the best hydrogen storage performance. After the incorpo-
ration of Ti atoms, the distortion at DVG-4-Ti structure defect
sites was reduced. The study on the hydrogen storage perfor-
mances of SVG-Ti, DVG-4, and DVG-4-Ti revealed that up to five
hydrogen molecules were adsorbed stably on the SVG-Ti
structure. After the introduction of the sixth hydrogen molecule,
the adsorption energy was less than 0.2 eV. For a single vacancy
of the DVG-4 structure, at least nine hydrogen molecules were
adsorbed, however, the adsorption energies of the first four
hydrogen molecules were too large. When DVG-4 adsorbed the
second, third, and fourth hydrogen molecules, their adsorption
energies were too high to dehydrogenate the structure. Induced
metal Ti atoms solved the problem of excessive hydrogen
molecules adsorption on the DVG-4 structure. However, the
number of adsorbed hydrogen molecules was reduced. A single
vacancy of the DVG-4-Ti structure could adsorb six hydrogen
molecules. The hydrogen storage mass percentage of H, mole-
cules on DVG-4 was calculated as 5.92 wt%, and the hydrogen
storage mass percentage of H, molecules on DVG-4-Ti was
calculated as 4.0 wt%. Therefore, vacancies graphene structure
has great potential to become an excellent hydrogen storage
material.
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