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Abstract

We have investigated the high capacity of Selenium atom (Se) doped nano-
cones surfaces as hydrogen storage systems. Hydrogen is a clean source of
energy and it is derived from diverse domestic and sustainable resources.
Hence, it can use as a viable alternative to fossil fuels. Therefore, the hydro-
gen storage on pure and doped Se-CNCs, BNNCs and SiCNCs was studied by
density functional theory (DFT) method. The obtained results show that the
lowest adsorption energy and the highest surface reactivity are —31.03 eV and
39.73 Debye for Se-Si;,C, H,-M1 with disclination angle 300°, respectively.
Therefore, one can conclude that the doped Se-SiCNCs are good candidate
for hydrogen storage. This finding was also confirmed by using the molecular
orbital analysis. It is found that doping NCs with Se atom results in increas-
ing the electron density around the Se atom and leading to increase the hy-
drogen storage capacity. The new understanding of highly efficient hydrogen
storage for doped Se-SiCNCs, will be useful for the future synthesis of nan-
cones with high performance for H, energy storage.

Keywords
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1. Introduction

With the consumption of fossil fuels and the increasing environmental pollu-
tion, people urgently need to find a new type of clean, sustainable and environ-

mentally friendly energy to replace the traditional energy carriers [1]-[10]. The

DOI: 10.4236/graphene.2021.104004  Oct. 18, 2021

Graphene


https://www.scirp.org/journal/graphene
https://doi.org/10.4236/graphene.2021.104004
https://www.scirp.org/
https://orcid.org/0000-0001-9893-6111
https://orcid.org/0000-0002-5181-8932
https://doi.org/10.4236/graphene.2021.104004
http://creativecommons.org/licenses/by/4.0/

A. A. A. El-Barbary, M. A. Alkhateeb

energy derived from renewable energy, and alternative energy sources receive
considerable research attention [11]-[21]. Hydrogen is an ideal gas for energy
source [22]-[31]. As reported by the United States Department of Energy (DOE),
the storage of hydrogen is still the most difficult of these technological chal-
lenges. The department of Energy was determined the required hydrogen sto-
rage density of 9 wt% to replace the petroleum-fueled vehicles by fuel-cells ve-
hicles and in practical application a high wt% is required to make hydrogen
available alternative to fossil fuel. The wt% is defined as the ratio of the mass of
the stored hydrogen to the mass of the storage system [32] [33] [34].

H, can be obtained by chemical reaction and stored as liquid-hydrogen sto-
rage, solid-state conformable storage, and compressed fuel storage which they
require very high-pressures, heavy machinery, and offers low storage efficiency.
However, nanomaterials are believed to be suitable for hydrogen storage appli-
cations due to their inexpensive, lightweight, chemically stable, in addition to
their desirable hydrogen-adsorption and desorption energies.

Nanocones, NCs, characterized by their high chemical reactivity due to nano-
windows opening at either tips or sidewalls of NCs [35] [36] [37] [38] [39].
Therefore, in this study, we have chosen three types of nanocones (NCs) as car-
bon nanocones (CNCs), boron nitride nanocones (BNNCs) and silicon carbide
nanocones (SiCNCs) with two disclination angles 60° and 300°. Each configura-
tion of nanocones is doped by Selenium (Se) atom, then it is monohydrogenated.

Selenium (Se), is a chemical element with atomic number 34. It is a chalcoge-
nide element with unique photoelectric property and photoconductivity. In ad-
dition, it can use as an excellent semiconductor component for many applica-
tions such as solar cells, electrochemical sensors and electrocatalysis [40]-[47].
Due to the unique physical, chemical and biochemical properties of selenium, it
participates in numerous important life processes and it is attracted numerous
attentions in biosensing, catalysis, diagnosis as well as treatment of diseases.
Therefore, recent studies on Selenium-based nanomaterials are mainly interest-
ed on quantum dots or selenium nanoparticles while other applications as hy-
drogen storage and other novel selenium-based nanomaterials as Se-nanocones
are less studied.

Hence, in this study, the adsorption energy, the energy gaps (Eg), the highest
occupied molecular orbitals (HOMO) and the lowest unoccupied molecular or-
bitals (LUMO) and the surface reactivity of pure and Se-doped CNCs, BNNCs
and SiCNCs with disclination angles 60° and 300" are investigated.

2. Computational Details

The monohydrogenated of pure and Se-doped nanocones was performed with
full geometry optimization using the Density Functional Theory (DFT). The
Becke’s three parameter hybrid functional with LYP correlation functional
(B3LYP) [48] [49] and standard basis set as implemented in the Gaussian 03 W

program [50] are applied. All calculations carried out using Gauss View 4 mole-
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cular visualization program Package [51]. The samples of study are pure NCs,
Se-doped NCs, monohydrogenated pure NCs and monohydrogenated of Se-doped
NCs. We applied three types of NCs, CNCs, BNNCs and SiCNCs with disclina-
tion angles 60° and 300°. For BNNCs with disclination angles 60° and 300°,
there are two models (M1 and M2), resulting from the connected atoms edges
either nitrogen atoms (named M1) or boron atoms (named M2), see Figure 1(a)
and Figure 1(b) and Figure 2(a) and Figure 2(b), respectively. Similarly, for
SiCNCs, there are two models (M1 and M2), where the connected atoms edges
are either silicon atoms (named M1) or carbon atoms (named M2), see Figure
1(c) and Figure 1(d) and Figure 2(c) and Figure 2(d), respectively. The fully
optimized configurations of three types of nanocones with disclination angles

60° and 300° are shown in Figure 1 and Figure 2.

Figure 1. The fully optimized structures of pure nanocones with disclination angle 60°
(a) CgoH,p, (b) B3N ,H,-M1, (c) BN, H,-M2 (blue atoms represent nitrogen atoms and
pink atoms represent boron atoms), (d) Si;;C,,H,-M1, (e) Si,,C;sH,-M2 (dark cyan
atoms represent silicon atoms and grey atoms represent carbon atoms).
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(a) (b) (e)

Figure 2. The fully optimized structures of nanocones with disclination angle 300° (a)
C,sH,, (b) B;,N,;H,-M1, (c) B, N;,H,-M2 (blue atoms represent nitrogen atoms and pink
atoms represent boron atoms), (d) Si;,C,H,-M1, (e) Si,,C,,H,-M2 (dark cyan atoms
represent silicon atoms and grey atoms represent carbon atoms).

3. Results and Discussion

3.1. Se-Doped Nanocones

We investigate the optimized geometries of Se atom decorating the various types
of nanocones, Se-CNCs, Se-BNNCs and Se-SiCNCs to study their stabilities and
their abilities for hydrogen storage, see Figure 3. As shown in Figure 3, the
structures of Se-doped nanocones with disclination angle 60° are stable. Our
calculated binding energies are found to be —141.5 eV, —200.8 eV, —176.2 eV,
—246.0 eV and -213.0 eV for Se-CgH,,, Se-B;N,H,,-M1, Se-B,,N,.H,,-M2,
Se-Si;C,,H,-M1 and Se-Si,,CygH,-M2, respectively.

Also, the binding energies for Se-doped nanocones with disclination angle
300° are calculated and are found to be —148.0 eV, —169.5 eV, —153.3 eV, —192.5
eV and -159.8 eV for Se-C,.H,, Se-B,,N,,H,-M1, Se-B,;N,,H,-M2, Se-Si,;,C,,Hi-M1
and Se-Si,,C,,H,-M2, respectively.

Once can report that the order of stability of nanocones as a function of bind-
ing energy is as the following: Se-Si;;C,,H,-M1 > Si,,CysH,-M2 > Se-ByN,,H,-
M1 > Se-B,,N;H,-M2 > Se-Cg H,, for Se-doped nanocones with disclination an-
gle 60° and Se-Si,,C, Hy-M1 > Se-Si,,C,,Ho-M2 > Se-B;, N, H,-M1 > Se-B, N,,H,-
M2 > Se-C,;H, for Se-doped nanocones with disclination angle 300°. This indi-
cated that the Se-SiCNCs is the most stable structure among the three types of
NCs. These results agree with the previous findings [4] [46].

3.2. Adsorption Energy

To identify a suitable nanocone for hydrogen storage, the hydrogen atoms ad-
sorbed on pure and Se-doped nanocones. The fully optimized of hydrogen ad-
sorption on the Se-doped nanocones with disclination angle 60° for Se-CgH,,,
Se-B3yN,,Hy)-M1, Se-B,N;H,-M2, Se-SiyCpH,-M1, and  Se-Si,,CyH,y-M2
configurations are shown in Figure 4. The hydrogen adsorption energy for pure
nanocones with angle 60° and 300° (Z,10n) calculated according to the fol-

lowing expression:
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(d) (e)

Figure 3. The fully optimized structures of Se-doped nanocones with disclination angle
60° (a) Se-C4H,,, (b) Se-B;N,,H,,-M1, (c) Se-B,,N,,H,,-M2 (blue atoms represent nitro-
gen atoms, pink atoms represent boron atoms and yellow atom represent selenium atom),
(d) Se-SisC,,H,o-M1, () Se-Si,,CygH,-M2 (dark cyan atoms represent silicon atoms and
grey atoms represent carbon atoms).

Figure 4. The fully optimized structures of hydrogen adsorption on the Se-doped nano-
cones with disclination angle 60° (a) Se-CgH,,, (b) Se-B,,N,,H,;-M1, (c) Se-B,,N,.H,,-M2
(blue atoms represent nitrogen atoms, pink atoms represent boron atoms and yellow
atom represent selenium atom), (d) Se-Si;3C,,H,-M1, (e) Se-Si,,C;sH,-M2 (dark cyan
atoms represent silicon atoms and grey atoms represent carbon atoms).
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=Eyveon —Eye, —Ey

adsorption

where Ejy, . is the energy of the optimized hydrogenated NCs structure, Ey, is
the energy of an optimized pure NCs structure and E, is the energy of a hydro-
gen atom. At the same line, the hydrogen adsorption energy for doped Si-nanocones
with angle 60° and 300° calculated as the difference between the energy of the
optimized hydrogenated Se-NCs structure and the energy sum of the Se-NCs
and the hydrogen atom. The adsorption energy for disclination angles 60° and
300° is shown in Table 1. We measure the ability of pure and doped Se-CNCs,
Se-BNNCs and Se-SiCNCs for hydrogen storage as a function of adsorption
energy.

From Table 1, it’s clear that the best adsorption energies are —7.62 eV and
—-31.03 eV for pure Si;,C,;H,-M1 and doped Se-Si,,C,;H,-M1 with disclination
angle 300°. Also it’s found that the hydrogen adsorption energies for all doped
Se-CNCs, Se-BNNCs and Se-SiCNCs with disclination angles 60° and 300° are
always more lower in energy than the adsorption energy for pure CNCs, BNNCs
and SiCNCs with disclination angles 60° and 300°. This finding indicates that
the doping NCs with Selenium (Se) atom expected to increase the hydrogen sto-
rage capacity consistent with recent investigation of the hydrogen adsorption on
graphene and graphene sheet doped with osmium and tungsten [52]. The best
adsorption energy is found to be for SiCNCs with disclination angle 300° be-
cause of the increased curvature effect and the physical-chemical properties of
SiC such as excellent thermal conductivity, chemical inertness, high electron
mobility, and biocompatibility, promises well for applications in microelectron-

ics and optoelectronics, as well as nanocomposites [1] [4].

Table 1. The calculated adsorption energy of hydrogenated pure and doped Se-CNCs,
Se-BNNCs and Se-SiCNCs with disclination angles 60° and 300°. All energies are given
byeV.

Angle 60° E! (eV) Angle 300° E! (eV)

CeoHy 0.93 C,.H, -1.93
Se-CyoH,, ~1.30 Se-C,.H, 0.24

B,,N,,H,;-M1 0.91 B,,N, H9-M1 -0.91
Se-B,;N,,H,,-M1 -2.43 Se-B,,N, H,-M1 -7.38
B,,N,,H,,-M2 0.69 B, N,,H,-M2 ~0.49
Se-B,,N,,H,,-M2 -0.01 Se-B,,N,,H,-M2 ~16.38
Si4CyoH,-M1 1.64 Si,,C,,Hy-M1 -7.62
Se-Si,C,,H,-M1 -4.63 Se-Si,,C,Hy-M1 -31.03
Si,,CssH,-M2 0.75 Si,,C,,H,-M2 -3.93
Se-Si,,CysH,,-M2 -3.53 Se-Si,,C,,Hy,-M2 -23.68
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3.3. Surface Reactivity and Energy Gaps

The dipole moments used as indicator for the surface reactivity where the high
values of the dipole moments indicate the high surface reactivity [42] [43].
Therefore, the dipole moments for pure and doped Se-CyH,,, Se-B;N,H,,-M1,
Se-B,N;3H,-M2, Se-Si;,C,,H,-M1, and Se-Si,,C;H,,-M2 with disclination angle
60° as well as for pure and doped Se-C,;H,, Se-B;N,H,-M1, Se-B,N,;,H,-M2,
Se-Si,,C,;Hy-M1 and Se-Si,, C;,Hy-M2 with disclination angle 300° are calculated.
Both of the surface reactivity and the energy gaps are considered to be the most
important properties which can provide with the fundamental information re-
quired for designing the next generation of nanocones devices. Hence, the sur-
face reactivity and energy gaps for disclination angles 60° and 300° investigated
for pure and Se-doped NCs and listed in Table 2.

From Table 2, the surface reactivity of pure and doped Se-CNCs, Se-SiCNCs
and Se-BNNC:s structures is increased by increasing the disclination angles from
60° to 300°. The smallest and largest surface reactivity for CNCs found to be 1.29
Debye and 19.63 Debye for Se-CgyH,, and C,;H, CNCs with disclination angles
60° and 300°, respectively. As well as for BNNCs, their surfaces reactivity are in-
creased by increasing the disclination angles, the smallest and largest surfaces
reactivity are found to be 8.51 Debye and 15.22 Debye for Se-B,,N;;H,,-M2 and
B,,N,,H9-M1 with disclination angles 60° and 300°,respectively. For the SiCNCs,
the surfaces reactivity are also increased by increasing the disclination angles
where the smallest and largest surfaces reactivity are found to be 6.81 Debye and
39.73 Debye for Si;;C,,H,-M1 and Se-Si;,C, Ho-M1 with disclination angles 60°
and 300°, respectively. It’s noticed that the surface reactivity increased by in-
creasing the disclination angle because by increasing the disclination angle, the
strain on the cone is increased, resulting in an increase in the surface reactivity.
Also, it is clear the effect of Se atom in increasing the electron density around its
position resulting in an increase of hydrogen adsorption and hydrogen storage,

see Figure 5.
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Figure 5. The molecular orbital of LUMOs and HOMOs for hydrogenated doped
Se-SiCNCs (a) Se-SiyC,,H,-M1 and (b) Se-Si,,CiH,,-M2 with disclination angle 60°.
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Table 2. The dipole moments and energy gaps of hydrogenated pure and doped Se-CNCs,
Se-BNNCs and Se-SiCNCs with disclination angles 60° and 300°. The dipole moment is
given by Debye and the energy gap is given by eV.

Angle Dipole Eg Angle Dipole
60° Moment (V) 300° Moment (V)

(Debye) (Debye)
CeoHy 6.80 0.06 C,.H, 19.63 0.03
Se-CygoH,, 1.29 0.03 Se-C,.H, 14.02 0.01
B.,N,,H,;-M1 9.23 0.01 B,,N, H9-M1 1522 0.02
Se-B, N, H,,-M1 6.93 005  Se-B,N,H,-Ml 9.84 0.06
B,,N,H,,-M2 9.10 0.01 B,,N,,H,-M2 8.95 0.03
Se-B,,N, H,,-M2 8.51 0.04  Se-B,N,H,-M2 9.52 0.06
Si,,C,,H,-M1 6.81 0.01 Si,,C,,H,-M1 17.91 0.01
Se-Si,,C,,H,-M1 8.29 0.04  Se-Si,,C,H,-Ml 39.73 0.02
Si,,CasH,)-M2 9.89 0.01 Si,,Cy,Hy-M2 2194  0.06
Se-Si,,CysH,,-M2 11.19 0.02  Se-Si,,C,H,-M2 29.73 0.02

Therefore, in our work, we found that by increasing the disclination angle as
well as by doping nanocones with Se atom the hydrogen storage capacity im-
proved especially for SiCNCs. These results go well with previous work [1] [4]
[23] [46].

4. Conclusion

We used the DFT to study the hydrogen adsorption on pure and doped
Se-CNCs, Se-BNNCs and Se-SiCNCs. The obtained results show that by in-
creasing the disclination angle, the adsorption energy of hydrogen is enhanced.
In addition, doping nanocones with Se-atom cause an increase in surface reac-
tivity and hydrogen storage. The doped Se-SiCNC was found to be the best na-
nocone for hydrogen storage. The adsorption energy and the surface reactivity
were obtained to be —31.03 eV and 39.73 Debye for Se-Si;,C,;H,-M1 with discli-
nation angle 300°, respectively. Finally, one can conclude that the doped Se-SiCNCs
are expected to be the best candidate nanocones for highly efficient hydrogen
storage capacity.
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