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Abstract—Hydrogen fuel is a promising route to remark on the energy and environmental challenges facing
the world today. Therefore, hydrogen storage has become enhancing essential for progressing cleaner and
more sustainable technologies. Recent research has recognized metal and metalloid hydrides as a promising
alternative that might suggest some benefits over compressed storage. In this work, a profound study on the
adsorption of hydrogen by nanocone carbides of main group elements including Si, Ge, Sn and Pb has been
done including both geometrical and electronic properties using density functional calculations. The effect
of substituting silicon (Si) in silicon carbide by germanium (Ge), tin (Sn) or lead (Pb) elements on the geo-
metrical structure and H atom adsorption behavior were investigated. The results show that when Si atoms
are replaced by a Ge, Sn or Pb atoms, the hydrogen adsorption energy is greatly enhanced. Thermochemical,
electric and magnetic properties of SiC, GeC, SnC and PbC nanocones and SiC—6H, GeC—6H, SnC—6H
and PbC—6H nanocones hydrides are studied by the first-principles methods based on the density functional
theory for adsorbing hydrogen atoms. The assumption of the chemical adsorption has been approved by the
projected density of states and charge density difference plots. Charge density difference calculations also indicate
that the electronic densities were mainly accumulated on the adsorbate of hydrogen atoms. Therefore, these results
indicate that the SiC, GeC, SnC and PbC nanocones can be considered as good candidates for hydrogen adsorp-

tion and might be helpful for fabricating nano-devices such as hydrogen storage nanomaterials.
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INTRODUCTION

Hydrogen might be produced from natural gas,
nuclear power, biomass, and sustainable power like
solar and wind. These specifications build it a favor-
able fuel for energy generation and transportation. It
may also be applied in cars, homes, portable power
like microgrids, and different applications [1—3].
Incorporating hydrogen cells, batteries, and superca-
pacitors through designing an energy storage system
can conclude in the demanded functioning [4].

Carbon nanotubes due to their light mass density,
cylindrical structure, high surface to volume ratio, as
well as high degree of reactivity between the carbon
and hydrogen has been suggested for hydrogen storage
[5, 6]. Moreover, it is well known that the adsorption
of hydrogen by carbon nanotubes is temperature
dependent, which can be impressively utilized for
hydrogen adsorption. Many theoretical and experi-

mental studies have been concentrated on hydrogen
storage in carbon nanotubes [7, 8].

Scientists proposed that hydrogen storage on car-
bon nanomaterial deals with dissociation of molecular
hydrogen. The dissociation of hydrogen takes place at
transition metal sites, which are present due to resi-
dues of transition metals in the nanomaterial samples
[9—11]. Graphene with two-dimensional (2D) layered
physical structure and the unique electronic properties
has simulated a broad range of research enthusiasm on
2D materials which can be applied for the electronic,
optoelectronic, and spintronic devices [12—16]. But
the practical application of 2D material like graphene
might be confined with small band gap. Thus, new 2D
materials with perfect mechanical, thermoelectric,
optical and electronic properties are the clue to the
recent scientific investigations [17—20].

In transition metal (TM) decorated carbon nano-
structure, the TM-carbon binding takes place through
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a charge-transfer mechanism and the TM remains in
the cationic state. Therefore, the gas molecule can get
absorbed on the cationic transition metal element giv-
ing some electronic charge [21—24]. In addition, tran-
sition metal (TM) atoms are the source of magnetism;
in the results of TM-doped SiC monolayer, it can be
found that the system can be a magnetic semiconduc-
tor by Co, Cu, Fe, Mn, and Ni doping [25]. The TM
dopants can cause a total Hamiltonian perturbation,
eventually leading to changes in electronic structures,
which makes it a substantial application in magnetic
electronic devices [26—32]. Carbon nanocones are
one of the nanomaterials which have structures close
to carbon nanotubes with properties much like carbon
nanotubes [33—36].

Meanwhile, owing to the fast progress in SiC tech-
nology, the crystalline structure of this material could
be regarded to contain the close-packed stacking of
two layers of silicon (Si) and carbon (C) atoms. Each
C or Si atom is closed by four Si or C atoms in intense
tetrahedral sp3 bonds with about 3.08 A of distance
between neighbor atoms of Si and C [37]. It is known
that for optimum adsorption of gas molecules, the
ideal form of binding between the host material (SiC
nanosheet) and adsorbed gas molecules should be
intermediate between physisorption and chemisorp-
tion energy [38].

In this research, we shall present the theoretical
estimates for the charge transfer and the energy of
binding with the SiC, GeC, SnC and PbC nanocones
for adsorption of all hydrogen atoms (six hydrogens)
(Figs. 1a—1d). Then, it investigated the magnetic and
electronic structures of SiC—6H, GeC—6H, SnC—6H
and PbC—6H nanocone hydrides. With continued
investment and research, metal and metalloid
hydrides could play a key role in realizing the full
potential of hydrogen fuel and contributing to a more
sustainable future [39, 40].

Metals and metal alloys can absorb hydrogen in
their molecular state, therefore functioning as hydro-
gen sponges. Various metallic atoms have different
degrees of hydrogen absorption, resulting in a diverse
variety of hydrogen storage materials which may have
a higher hydrogen storage density even than hydrogen
gas. Thus, metal hydride storage enables the safe and
volume-efficient storage of hydrogen for onboard
vehicle applications [41—43].

MATERIALS AND METHOD

It was reported that the most stable structure of
planar SiC forms graphene-like structure with alterna-
tive SiC bond and the bonding in such structure is of
sp? type [44]. In this article, nanocone carbides (1, 5)
of Si, Ge, Sn and Pb have been modeled by disclina-
tion angle of 180°, cone height of 20 A (Figs. la—1d).
In our calculation, we have considered similar struc-
ture and optimized without any symmetry constraint.
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The adsorbing of hydrogen atoms on the surface of
SiC, GeC, SnC and PbC nanocones was defined by
the theory Langmuir isotherm [45, 46], which indi-
cates the chemisorption between 6H atoms and SiC,
GeC, SnC and PbC nanocones using the GaussView
6.06.16 [47] and Gaussian 16 revision C.01 program
package [48] and density functional theory (DFT)
method [49—51].

The B3LYP hybrid density functional is very pros-
perous in the investigation of thermochemistry of
atoms and molecules for solids and surfaces and repro-
duces the experimental energy gaps and magnetic
moments for a variety of materials [52]. First, the con-
tribution of HF exchange was dampened to zero at
short range, a feature that counteracts other advan-
tages of hybrid functionals, leading Yanai and co-
workers to suggest a variation, the Coulomb-attenu-
ated B3LYP (CAM-B3LYP) method in which the
damping function was empirically optimized to deliver
robust performance for a wider range of molecular
properties [53]. The first relevant implementation of
CAM-B3LYP into a code for materials-science mod-
elling has just been reported, an implementation into
the Car—Parrinello molecule dynamic package for
gamma-point-only calculations. The results obtained
demonstrated enhanced optical spectra prediction, as
expected [54]. By increasing the investigation on met-
als and metalloids, the LANL2DZ basis set becomes
one of the most popular basis sets for these complexes
among others. The LANL2DZ with impressive core
potential basis set was applied for all theoretical com-
putations. This basis set exchanges the ls through 2p
electron of the atoms with a potential field for saving
the number of calculations [55—59].

In this work, from the charge density distribution
of the SiC sheet, it is seen that a considerable amount
of electronic charge is transferred from Si, Ge, Sn, Pb
to C site. The presence of these point charges on the
SiC, GeC, SnC and PbC nanocones influences the
6H adsorption property.

Figures 1a—1d has shown that the SiC, GeC, SnC
and PbC nanocones are distorted after adsorbing H
atoms in such a way that H atoms can bind to Si, Ge,
Sn, Pb atoms along with neighboring carbon atoms
towards developing the stability of the system. When
the H atom is adored by the SiC, GeC, SnC and PbC
nanocones, the H—X (Si, Ge, S, Pb) bond distance is
~1.5Aand H-Cis=1.1 A. Although Si, Ge, S, Pb and
C atoms are iso-valent, the most stable state of C is sp?
and Si, Ge, S, Pbis sp’.

The charge transfer between adsorbates of H atoms
and adsorbents of SiC, GeC, SnC and PbC nano-
cones is calculated due to the Bader charge analysis
[60]. This method can measure charge accumulation
from the charge of each atom in the complex model.
Finally, the total adsorption charge transfer can be
obtained as formula: AQ, = Q2 — Q1, where Q, and Q,
remark the charge of SiC, GeC, SnC and PbC nano-
Vol. 18
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Fig. 1. Langmuir adsorption of hydrogen onto SiC, GeC, SnC, and PbC nanocones towards formation clusters of (a) SiC—6H,
(b) GeC—6H, (c) SnC—6H, and (d) PbC—6H nanocone hydrides.
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cones after and before adoption of H atoms, respec-
tively. In fact, negative A Q, indicates that electrons are
transferred from H atoms to the surface of SiC, GeC,
SnC and PbC nanocones, and the adsorbent acts as an
electron acceptor [61, 62].

The changes of charge density analysis in the
adsorption process have illustrated that SiC shows the
Bader charge of —0.667¢, before adsorption of 6H, and
—0.674¢ after adsorption of 6H, respectively. GeC
shows the Bader charge of —0.631e, before adsorption
of 6H, and —0.652¢ after adsorption of 6H, respec-
tively. SnC shows the Bader charge of —0.829¢, before
adsorption of 6H, and —0.858e after adsorption of 6H,
respectively. PbC nanocone shows the Bader charge of
—0.913e, before adsorption of 6H, and —0.923¢e after
adsorption of 6H, respectively.

Therefore, the changes of charge density for Lang-
muir adsorption of H atoms on SiC, GeC, SnC and
PbC nanocones alternatively are A Qg _, sic = —0.007¢ >
AQgh - snc = —0.029¢ > AQgy , gec = —0.021e >
A Qg _, poc = —0.01e. The values of changes of charge
density have shown a more important charge transfer
for SiC, GeC, SnC and PbC nanocones which act as
the electron acceptor while H atoms as the stronger
electron donors through adsorption on the SiC, GeC,
SnC and PbC nanocones.

Different quantum chemical topology approaches,
and Laplacian of electron density) on SiC4H?2 isomers
are employed to complement each other. The obtained
results dictate that the lone pair of the silicon atom
participates in delocalization and influences the struc-
tural stability of isomers [63].

RESULTS AND DISCUSSION

The Projected Density of States
and Electronic Specifications

The appearance of the energy states (p-orbital) of
Si and (d-orbital) of Ge, Sn, Pb within the gap of SiC,
GeC, SnC and PbC nanocones induces the reactivity
of the system. It is clear from that after adsorption of
all hydrogen atoms (six hydrogens) by SiC, GeC, SnC
and PbC nanocones, there is a significant contribu-
tion of Ge, Sn, Pb d-orbital in the unoccupied level.
Based on the population analysis and the projected
density of states (PDOS), it can be concluded that Si,
Ge, Sn, Pb remain in the cationic state, and it can
accept more electrons from other atoms.

Figures 2a—2d shows that the SiC—6H states have
more contribution at the conduction band between —5
to —15 eV, while contribution of carbon sates is
expanded, and silicon and hydrogen states have minor
contributions. The nanocones of GeC—6H, SnC—
6H, and PbC—6H, respectively, have more contribu-
tion at the middle of the conduction band between —5 to
—10 eV, while contribution of carbon sates is expanded
with major distribution approximately at —7 eV, and
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the main group metals of germanium, tin and lead
states have less contributions compared to carbon.

Nuclear Quadrupole Resonance Spectra
of 6H-adsorption Onto Nanocone Carbides

Nuclear quadrupole resonance (NQR) procedure
has been done out for the complexes of all hydrogen
atoms (six hydrogens) adsorbing on SiC, GeC, SnC
and PbC nanocones is related to the multipole
enlargement in cartesian harmonies as follows [64—
67]. Since the electric field gradient at the situation of
hydrogen atoms adsorbed on the SiC, GeC, SnC and
PbC nanocones as the gas sensor is approved by the
valence electrons distorted in the special connection
with close nuclei of these nanocones, the nuclear
quadrupole resonance at which transitions occur is
SiC—6H, GeC—6H, SnC—6H, PbC—6H nanocones
(Table 1).

Furthermore, in Figs. 3a—3d it has been drawn the
electric potential of nuclear quadrupole resonance
method versus Bader charge for elements of hydrogen,
carbon, silicon, germanium, tin and lead in the
adsorption process of hydrogen atoms on the SiC,
GeC, SnC and PbC nanocones by CAM-
B3LYP/EPR-III, 6-311+G(d, p), LANL2DZ theo-
retical level.

It has been observed the effect of the binding
between hydrogen atoms with carbon, silicon, germa-
nium, tin and lead in the SiC—6H, GeC—6H, SnC—
6H, PbC—6H nanocones during adsorbing H atoms
through resulted electric potential using NQR analysis
(Figs. 3a—3d). It’s obvious that the capability of SiC,
GeC, SnC and PbC nanocones for detecting of H
atoms is fluctuated by their selectivity and sensitivity
which can represent the efficiency of these nanocones
as the promising gas storage (Figs. 3a—3d). The curves
deviations of SiC from SiC—6H, GeC from GeC—6H,
SnC from SnC—6H, and PbC from PbC—6H nano-
cones, respectively, have demonstrated the effect of
H-adsorption on the SiC, GeC, SnC and PbC nano-
cones (Figs. 3a—3d). Therefore, it can be suggested
that applied carbides in this work can act as potential
hydrogen storage device materials because of their
higher hydrogen uptake capacity.

Nuclear Magnetic Resonance Spectra of 6 H-adsorption
Onto Nanocone Carbides

Shielding tensors of isotropic (0;,,) and anisotropy
(Ouniso) €xtracted from nuclear magnetic resonance
(NMR) spectroscopy for certain atoms in the active
site of 6H—adsorbed on the SiC, GeC, SnC, PbC
nanocones through the binding between hydrogen
atoms and solid surfaces towards formation of SiC—
6H, GeC—-6H, SnC—6H, PbC—6H nanocones
Vol. 18

No.2 2024



NANOMATERIALS FOR SUSTAINABLE ENERGY IN HYDROGEN-FUEL CELL 611

PDOS, states/eV~!

4r ()
H
3+ C
/
2L
1F
0
Il | il ‘ H JARNIR
Occupied orbitals Virtual orbitals
L I 1L L AL
-20 —15 —10 -5 0
Energy, eV
PDOS, states/eV~! (b)
10
C
8_
H
61
41
3! H
0 1 o C T O T
g T T it
1 L I in 11 1 g il .| |
—20 —15 —10 =5 0

Energy, eV

Fig. 2. PDOS adsorption of (a) SiC—6H, (b) GeC—6H, (c) SnC—6H, and (d) PbC—6H nanocone hydrides.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYB Vol. 18 No.2 2024



612 MOLLAAMIN, MONAJJEMI

PDOS, states/eV~! (©
4~
H
F\ C
3+ Sn
2+
| kﬁll
0n
NI ‘ “ | ‘ I HIT T
] Occupied orbitals Virtual orbitals
|
B 1 I | LILLL
—-20 —15 —10 -5 0
Energy, eV
PDOS, states/eV~! (d)
4~
H ﬂ
o Pb c
2+
0_
Occupied orbitals ‘ Virtual orbitals
—1 ‘ ||u|| 1 1 |||||I|||
—20 —15 —10 -5 0

Energy, eV

Fig. 2. (Contd.)

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 18 No.2 2024



NANOMATERIALS FOR SUSTAINABLE ENERGY IN HYDROGEN-FUEL CELL 613

Table 1. The electric potential (E,) and Bader charge (Q) for elements involved in the adsorption mechanism of 6H—adsorbed
onthe SiC, GeC, SnC and PbC nanocones using CAM-B3LYP/EPR-111, 6-311+G(d, p) calculation extracted of NQR method

Atom Q E, Atom Q E, Atom Q E, Atom Q E,
SiC GeC SnC PbC
Sil 0.31 | —48.58 |Gel 0.23 |—153.98 |Snl 0.38 |—284.14 |Pbl 0.46 —1.62
Si2 0.58 | —48.60 |Ge2 0.48 |—153.63 |Sn2 0.64 |—283.72 |Pb2 0.14 —1.53
C3 —0.44 | —14.69 [C3 —-0.37 | —14.63 |C3 —0.66 —14.73 |C3 —091 |-—14.78
Si4 0.46 | —48.49 |Ged 0.42 |—153.91 Sn4 0.67 |—284.06 |Pb4 0.86 —1.58
Si5 0.35 | —48.56 |Ge5 0.33 |—154.01 Sn5 0.48 [—284.14 |Pb5 0.62 —1.62
C6 —0.45 | —14.72 |C6 —0.40 | —14.67 |C6 —-0.62 | —14.74 |C6 —-0.89 | —14.79
Si7 0.61 —48.43 | Ge7 0.61 |—153.91 Sn7 0.83 [—284.05 |Pb7 0.79 —1.56
C8 —0.66 | —14.76 |[C8 —0.63 | —14.68 |C8 —0.74 —14.65 [C8 0.03 | —14.76
C9 —048 | —-14.72 |C9 —0.43 | —14.67 |C9 —0.67 —14.76 |C9 —0.75 | —14.80
Sil0 0.46 | —48.49 |Gel0 0.42 |—153.91 Snl10 0.67 |—284.06 |Pbl0 0.86 —1.58
Sill 0.31 | —48.58 |Gell 0.23 |—153.98 |Snll 0.38 |—284.14 |Pbll 0.46 —1.62
C12 —045 | —-14.72 |C12 —0.40 | —14.67 |[CI2 —0.62 —14.74 |C12 —0.89 | —-14.79
Sil3 045 | —48.50 |Gel3 0.39 |—153.94 |Snl3 0.65 |—284.08 |Pbl3 0.68 —1.59
Cl4 —048 | —-14.72 [Cl14 —-0.43 | —14.67 |[Cl4 —0.67 —14.76 |(Cl4 —0.75 | —14.80
C15 —0.31 —14.75 [C15 —-0.26 | —14.71 C15 —0.45 —14.77 |C15 —-0.37 | —14.76
Sil6 0.45 | —48.50 |Gel6 0.39 |—153.93 |Snl6 0.65 |—284.08 |Pbl6 0.68 —1.59
C17 —0.35 | —-14.77 |C17 —0.29 | —14.72 |C17 —0.44 —-14.76 |Cl17 —0.52 | —14.78
C18 —0.35 | —14.77 |C18 —0.29 | —14.72 |[C18 —0.44 —14.76 |CI8 —0.52 | —14.78
SiC—6H GeC—6H SnC—6H PbC—6H

Sil 0.43 | —48.55 [Gel 0.34 |—153.99 |[Snl 0.57 |—284.11 |Pbl 0.52 —1.62
Si2 0.59 | —48.62 |Ge2 0.49 |—153.637 |Sn2 0.67 |—283.74 |Pb2 0.15 —1.55
C3 —0.44 | —14.69 |C3 —0.37 | —14.6381|C3 —0.65 —14.75 |C3 —-0.92 | —14.81
Si4 0.47 | —48.52 | Ge4d 0.39 |—153.941 |Sn4 0.64 |—284.08 |Pb4 0.85 —1.60
Si5 0.46 | —48.54 |Ge5 0.35 |—153.98 |Sn5 0.60 |—284.11 |Pb5 0.63 —1.61
C6 —0.47 | —14.75 |C6 —0.41 —14.7029| C6 —0.65 —14.79 |C6 —0.90 |—14.82
Si7 0.63 | —48.45 |Ge7 0.60 |—153.922 |[Sn7 0.86 |—284.05 |Pb7 0.73 —1.58
C8 —0.67 | —14.76 |C8 —0.63 | —14.6887|C8 —0.75 —14.65 |C8 0.03 | —14.78
C9 —0.51 —14.73 | C9 —0.46 | —14.6975|C9 —0.69 —14.77 |C9 —-0.76 | —14.81
Sil0 0.47 | —48.52 |G10 0.39 |—153.941 |Snl0 0.64 |—284.08 |Pbl0 0.85 —1.60
Sill 0.43 | —48.55 |Gell 0.34 |—153.99 |Snll 0.57 |—284.11 |Pbll 0.52 —1.62
C12 —-047 | -14.75 [C12 —0.41 —14.7029 | C12 —0.65 —14.79 |CI12 —0.90 |—14.82
Sil3 0.55 | —48.50 |Gel3 0.49 |—153.976 |Snl3 0.76 |—284.10 |Pbl3 0.82 —1.60
Cl4 —0.51 —14.73 [Cl14 —0.46 | —14.6975|C14 —0.69 —14.77 |Cl4 —-0.76 | —14.81
C15 —0.40 |—-14.72 |C15 —0.38 | —14.6938|Cl15 —0.57 —14.78 |C15 —0.68 | —14.80
Sil6 0.55 | —48.50 |Gel6 0.49 |—153.976 |Snl6 0.76 |—284.10 |Pbl6 0.82 —1.60
C17 —0.41 —-14.71 (C17 —-0.36 —14.677 |C17 —0.52 —14.74 |C17 —0.71 —14.80
Ci18 —-0.41 | -14.71 |CI18 —0.36 | —14.677 |C18 —0.52 | —14.74 |C18 |-0.71 | —14.80
H19 —0.12 —1.24 |HI9 —0.08 —1.2055|H19 —0.15 —1.235 |H19 —0.07 —1.09
H20 —0.12 —1.24 |H20 —0.08 —1.1995| H20 —0.15 —1.22 |H20 —0.06 —1.09
H21 —0.12 —1.24 |H21 —0.08 —1.2055|H21 —0.15 —1.23 |[H21 —0.07 —1.09
H22 0.03 —1.17 |H22 0.05 —1.1604| H22 0.03 —1.20 |[H22 0.20 —1.06
H23 0.03 —1.19 |H23 0.05 —1.1689 | H23 0.04 —1.20 [H23 0.2043| —1.0864
H24 0.03 —1.19 |H24 0.05 —1.1689 | H24 0.04 —1.20 |[H24 0.2036| —1.0864
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Fig. 3. (Contd.)

hydrides have been calculated using Gaussian 16,
Revision C.01 and reported in Table 2 [48].

The resulted graphs of NMR data in Figs. 4a—4d
have shown approximately the identical chemical
shielding behavior of isotropic and anisotropy factors
of SiC, GeC, SnC, PbC and SiC—6H, GeC—6H,
SnC—6H, PbC—6H nanocones with several sharp

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

peaks related to carbon, silicon, germanium, tin and
lead (adsorbent) and hydrogen atoms (adsorbate) in
the active site situations [68, 69]. Several sharp peaks
related to the adsorption site of atoms including C6,
C12 for SiC—6H; Ge2, Ge5, Ge7, Gel0, Gel3, Gel6
for GeC—6H; Sn2 for SnC—6H; and C3, C6, C8, C12
for PbC—6H nanocones, respectively, have been
exhibited (Figs. 4a—4d).
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Table 2. Data of GIAO/NMR shielding tensors for selected atoms of 6H—adsorbed on the SiC, GeC, SnC and PbC nano-
cones using CAM-B3LYP/EPR-III, 6-311+G (d, p), LANL2DZ calculation

Atom Giso Ganiso Atom Giso Ganiso Atom Giso Ganiso Atom Giso Ganiso
SiC GeC SnC PbC
Sil 1852.89 | 9277.86 | Gel 524.26 | 4076.84 |Snl 3852.47 | 1253.86 | Pbl 8.31 81.00
Si2 707.19 | 1372.55 | Ge2 2938.45 | 1816.30 | Sn2 4488.45 | 630.72 | Pb2 21.07 19.94
C3 26.33 | 1184.71 |C3 1055.13 | 1882.32 | C3 692.28 | 2220.56 | C3 337.21 | 1607.15
Si4 396.87 636.05 | Ge4 1995.87 | 1646.88 | Sn4 4033.85 | 734.59 | Pb4 1.87 35.74
Sis5 751.30 | 5584.16 | Ge5 1063.43 | 2074.33 | Sn5 3660.39 | 1122.08 | Pb5 33.60 62.80
Co6 180.18 | 6093.06 | C6 517.81 | 2231.17 | C6 117.54 | 651.14 |C6 615.75 | 2721.27
Si7 44.56 | 1523.67 | Ge7 1817.70 | 1660.13 |Sn7 3631.00 | 1598.10 | Pb7 19.15 58.84
C8 62.57 392.10 {C8 54.39 | 223.00 |C8 114.31 171.10 | C8 184.82 320.20
C9 334.25 | 1328.91 [ C9 250.62 | 776.38 | C9 192.36 | 634.91 |C9 61.98 889.56
Sil0 396.87 636.05 | GelO 1995.87 | 1646.88 [ Sn10 4033.85 | 734.59 | Pbl0 1.87 35.74
Sill 1852.89 | 9277.86 | Gell 524.26 | 4076.84 | Snll 3852.47 | 1253.86 | Pbll 8.31 81.00
Cl12 180.18 | 6093.06 | CI12 517.81 | 2231.17 |C12 117.54 | 651.14 |C12 615.75 | 2721.27
Sil3 758.72 | 5091.88 | Gel3 1064.28 | 1824.86 |Sn13 4274.51 | 544.97 | Pbl3 17.52 27.08
Cl4 334.25 | 132891 [Cl14 250.62 | 776.38 |Cl4 192.36 | 634.91 |Cl4 61.98 889.56
CI15 215.44 | 2129.14 |C15 451.46 | 2033.64 | CI15 677.30 | 2314.08 | C15 492.25 | 3669.89
Sil6 758.72 | 5091.88 | Gel6 1064.28 | 1824.86 |Snl6 4274.51 | 544.97 |Pbl6 17.52 27.08
C17 6842.22 (11517.20 |C17 2301.78 | 5664.74 | C17 992.37 | 2612.59 |C17 523.30 | 3890.65
C18 6842.22 [11517.20 [CI18 2301.78 | 5664.74 | C18 992.37 | 2612.59 |C18 523.30 |3890.65
SiC—6H GeC—6H SnC—6H PbC—6H
Sil 652.10 |2043.44 |Gel 1685.95 | 995.58 |Snl 5331.11 | 3908.81 | Pbl 12.36 13.20
Si2 578.88 | 1376.18 | Ge2 2046.74 | 677.24 |Sn2 8048.78 |12679.47 | Pb2 20.98 15.84
C3 328.76 | 1145.67 |C3 45.41 | 593.36 |C3 3086.70 | 9101.54 | C3 131.05 958.87
Si4 939.44 | 1737.45 | Ge4 1943.38 | 1109.69 | Sn4 5625.13 | 9355.57 | Pb4 9.36 21.06
Sis5 787.04 | 1304.99 | Ge5 2694.16 | 2627.14 | Sn5 7373.91 | 4446.71 | Pb5 12.51 24.91
Co6 1995.05 | 4581.12 | C6 398.11 | 1004.59 | C6 1601.63 | 4860.79 | C6 448.32 912.92
Si7 112.75 579.31 | Ge7 1618.75 | 555.21 |{Sn7 11387.79 |22754.53 | Pb7 20.40 17.74
C8 269.51 621.86 | C8 6.13 | 304.30 |C8 6947.47 [10490.25|C8 510.55 | 949.44
C9 624.36 | 2381.21 [C9 73.41 | 442.04 |C9 419.87 | 2370.50 | C9 113.43 520.46
Sil0 939.44 | 1737.45 |G10 1943.38 | 1109.69 |Snl10 5625.13 | 9355.57 |Pbl0 9.25 21.08
Sill 652.10 |2043.44 | Gell 1685.95 | 995.58 [Snll 5331.11 | 3908.81 | Pbll 12.23 13.18
Cl12 1995.05 | 4581.12 | C12 398.11 | 1004.59 [C12 1601.63 | 4860.79 | C12 446.51 899.43
Sil3 428.68 428.68 | Gel3 2199.69 | 1909.55 |Snl3 2735.23 | 3523.36 |Pbl3 8.09 13.00
Cl4 624.36 | 2381.21 [Cl4 73.41 | 442.04 |Cl14 419.87 | 2370.50 | C14 115.24 523.12
CI15 434.84 933.74 | CI15 308.33 | 606.65 [C15 1362.97 | 2901.56 |C15 266.78 599.45
Sil6 428.68 678.29 | Gel6 2199.69 | 1909.55 | Snl6 2735.23 | 3523.36 |Pbl6 8.08 12.86
C17 3.30 424.80 | C17 29.31 277.52 |C17 125.32 | 949.53 |C17 109.60 357.95
C18 3.30 424.80 | C18 29.31 | 277.52 |C18 125.32 | 949.53 |C18 109.53 356.45
HI19 35.71 53.79 |H19 28.76 15.32 [H19 29.60 44.09 |H19 24.84 9.30
H20 22.72 19.10 | H20 28.54 18.06 | H20 24.69 11.31 |H20 23.64 8.60
H21 35.71 53.79 | H21 28.76 15.32 |H21 29.60 44.09 |H21 24.50 8.96
H22 45.58 57.70 | H22 41.00 48.39 | H22 60.61 70.10 | H22 39.94 42.28
H23 18.34 13.91 |H23 21.09 11.75 |H23 0.82 61.14 | H23 18.31 16.50
H24 18.34 13.91 |H24 21.09 11.75 | H24 0.82 61.14 | H24 18.30 16.39
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Fig. 4. Chemical shielding tensors (ppm) of isotropic (Cjs,) and anisotropy (O, is,) extract from NMR spectrums for (a) SiC—6H,

(b) GeC—6H, (c) SnC—6H, and (d) PbC—6H nanocone hydrides.

Infrared Spectra of 6 H-adsorption
Onto Nanocone Carbides

Thermodynamic characters were evaluated for
hydrogen on the surface of SiC, GeC, SnC and PbC
nanocones as gas detectors which can be applicable as
selective sensors for hydrogen storage (Table 3). Fur-
thermore, the infrared spectrums for adsorption of
hydrogen atoms on the surface of SiC, GeC, SnC and
PbC nanocones have been reported in Figs. 5a—5d.
The graph of SiC—6H complex has been observed in
the frequency range between 500—2500 cm~! with

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

sharp peaks around 815.93 and 227.03 cm~!. The graph
of GeC—6H complex has been observed in the fre-
quency range between 500—1000 cm~! with strong
peaks around 588.37 and 777.77 cm~'. The graph of
SnC—6H complex has been observed in the frequency
range between 250—1250 cm~' with strong peaks
around 393.08 and 761.38 cm~'. Finally, the graph of
PbC—6H complex has been observed in the frequency
range between 1500—2500 cm~! with strong peaks
around 182.37 and 1515.14 cm™!.

No.2 2024
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Fig. 4. (Contd.)

The adsorptive capacity of hydrogen on the surface
of SiC, GeC, SnC and PbC nanocones is approved by

the AE,,, amounts as formula:

AEqy, = AEgyxc — (AEgH + AE;EC),

' (1
(X =Si, Ge, Sn, Pb).

Furthermore, the difference of AH,, among
adsorption of hydrogen atoms on the surface of SiC,
GeC, SnC and PbC structures have been unraveled
due to noncovalent binding resulted from interatomic
interactions between hydrogen atoms and surface of

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

SiC, GeC, SnC and PbC structures and covalent
binding resulted from intra-atomic interactions
between carbon, silicon, germanium, tin and lead in
nanocone (Table 3). In fact, SiC, GeC, SnC and PbC
nanocones have higher interaction energy from Van
der Waals’ forces with hydrogen atoms that can make
them highly stable.

For the adsorption mechanism, AG,,, is calculated
as follows:

AGy, = AGgxe — (MGG + AGRc),

) (2)
(X =Si, Ge, Sn, Pb).

Vol. 18 No.2 2024
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Table 3. The thermodynamic character of SiC, GeC, SnC, PbC nanocones and SiC—6H, GeC—6H, SnC—6H, and PbC—

6H nanocone hydrides

6H—adsorbed on AE° x 1074, AH® x 1074, AG® x 1074, S°, Dipole moment,
Nanocones kcal/mol kcal/mol kcal/mol cal/K mol Debye
SiC —182.7474 —182.7474 —182.7514 134.576 4.1234
GeC —1180.6421 —1180.6421 —1180.6465 148.277 3.3993
PbC —23.3096 —23.3095 —23.3132 123.440 8.6603
SiC—6H —182.9776 —182.9775 —182.9815 132.507 2.3194
GeC—6H —1180.8751 —1180.8750 —1180.8798 161.024 1.4991
SnC—6H —3390.3269 —3390.3269 —3390.3316 157.153 2.1738
PbC—6H —23.5365 —23.5365 —23.5405 136.838 3.1099
e, M~ cm™! D, 10~*esu? cm?
600 1 900
4 800
500
-4 700
400 4 600
4 500
300+
4 400
200 - -4 300
| -4 200
100 -
I\ Lo
0f, I 1 1 I 1 1] 0
0 500 1000 1500 2000 2500 3000 3500
Frequency, cm™
e, M~'em™! D, 10~*esu? cm?
300 4 1200
250 g @ d) B g 9 11000
v @Y @g9w
200+ a -9 4 800
B
150 |- 4 600
100 1 400
50+ I 4 200
0 [ | | | | | | 10
0 500 1000 1500 2000 2500 3000 3500

Frequency, cm™

1

Fig. 5. The frequency (cm_l) changes through the IR spectrums for (a) SiC—6H, (b) GeC—6H, (c) SnC—6H, and (d) PbC—6H

nanocone hydrides as the selective gas detectors [Note: € (M_] cm_l) is the absorbance unit and D (10_4 esu

7

strength via the esu or electrostatic unit, which is a unit of charge in the cgs (centimeter-gram-second system)].
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Fig. 5. (Contd.)

As shown in Table 3, all the computed AG,y
amounts are close, which exhibits the accord of the
evaluated data by all methods and the validity of the
computations. In addition, the results of Table 3 has
indicated that SiC—6H, GeC—6H, SnC—6H, PbC—
6H nanocone hydrides have the largest gap of Gibbs
free energy adsorption with which defines the changes
between Gibbs free energy of initial compounds

(AGgy) and (AGgic, AGGec . AGgyc, AGpyc) and prod-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

uct compounds (AGsic_gn> AGGec-ei> AGsucsns
AGp,_g) through polarizability.

However, SiC, GeC, SnC and PbC nanocones
seem to possess enough efficiency for adsorption of
hydrogen atoms through charge transfer from hydro-
gen to carbon, silicon, germanium, tin and lead due to
intra-atomic and interatomic interactions. From the
magnitude results of the adsorption energies, it was
derived that the hydrogen was chemisorbed on SiC
and GeC, while the detecting was physical in nature
Vol. 18

No.2 2024
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on the SnC and PbC nanocones. Overall analysis
showed that SiC and GeC nanocones indicated better
interactions and therefore, better detecting of hydro-
gen compared to the other carbides.

CONCLUSIONS

Hydrogen adsorbed SiC, GeC, SnC and PbC
nanocones have been studied by first-principle calcu-
lations. The values of changes of charge density have
shown a more important charge transfer for SiC, GeC,
SnC and PbC nanocones which act as the electron
acceptor while hydrogen atoms act as the stronger
electron donner through adsorption on the SiC, GeC,
SnC and PbC nanocones. In fact, SIC—6H, GeC—6H,
SnC—6H, and PbC—6H nanocone hydrides have higher
interaction energy from Van der Waals’ forces with
hydrogen atoms that can make them highly stable.

Moreover, a thermodynamic formalism describing
adsorption processes of hydrogen atoms on the solid
adsorbent of SiC, GeC, SnC and PbC nanocones has
been developed. Besides, this process is being treated
as an internal process of the absorbent—adsorbate sys-
tem. Thermodynamic parameters have constructed a
detailed molecular model for atom—atom interactions
and a distribution of point charges is used to reproduce
the polarity of the solid material and the adsorbing
molecules.
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