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Abstract. This research work intends to represent a comprehensive investigation on hydrogen grabbing
by SisO10-Ges019 was carried out including using density functional theory (DFT) computations. The
data represents that if silicon elements are replaced by germanium, the H-grabbing energy will be
ameliorated. Electromagnetic and thermodynamic properties of SisO10-GesO19, Liz[SisO10-GesO10] and
nanoclusters have been evaluated. The hypothesis of the hydrogen adsorption phenomenon was
confirmed by density distributions of charge density differences (CDD), total density of states (TDOS)
and localized orbital locator (LOL) for hydrated nanoclusters of Hz[SisO10-GesO10] and LiHa[SisO10—
GesOq0]. The fluctuation in charge density values demonstrates that the electronic densities were mainly
located in the boundary of adsorbate/adsorbent atoms during the adsorption status. Therefore, by
combination of SisO1p and GesOag, it can be concluded that SisO10—-GesO10 hanocluster might be
appropriate candidate for hydrogen storage in transistors. The fluctuation in charge density values
demonstrates that the electronic densities were mainly located in the boundary of adsorbate/adsorbent
atoms during the adsorption status. As the advantages of lithium over Si/Ge possess its higher electron
and hole motion, allowing lithium instruments to operate at higher frequencies than Si/Ge instruments.
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1. Introduction

A type of clean fuel is hydrogen that might be employed to accumulate, carry and
spread energy produced by other sources and it generates water when applied in a fuel
cell (Reza et al., 2021). A fuel cell applies reverse electrolysis to convert an oxidizing
agent and hydrogen to power an electric motor (Olabi & Sayed, 2023; Feng et al., 2023;
Das et al., 2017).

Carbon nanotubes (CNTSs) owing to their lightness, tube construction, vast plane
and high reactivity between C and H atoms can be proposed as a promising material for
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H-grabbing (Lobo et al., 2021; Feng et al., 2023; Mollaamin, 2024; Baughman et al.,
2002).

It was investigated that H-storing on C-nano compound indicates the molecular
hydrogen dissociation (Yang et al., 2002; Bakshi et al., 2011; Yang et al., 2006;
Novoselov et al., 2004). The structure of transition metal-carbon exhibits a charge
distribution among boundary atoms and the cationic state of transition metals can be
discussed (Geim, 2009; Castro Neto et al., 2009; Mak et al., 2010; Radisavljevic et al.,
2011; Rodin et al., 2014). Thus, the electronic charge can be produced through gas
molecules adsorption on the surfaces of ionic transition metal (Low et al., 2014; Fei et
al., 2014; Ramasubramaniam & Muniz, 2014). Transition metals as dopants might make
a whole Hamiltonian perturbation towards alterations in electronic structures, which
convert it a substantial usage in magnetic electronic instruments (Yan et al., 2019;
Mollaamin & Monajjemi, 2024; Javan, 2016; Wu et al., 2015). Recently, Si-, Ge- or Sn-
carbide nanostructures have been suggested as engaged H-grabbing compounds (Nazeer
et al., 2018; Zhao et al., 2021; Rong et al., 2016). Since the polarizability of silicon is
more than carbon, it is supposed that Si—C/Si nanosheet might attach to compositions
more strongly in comparison to the net carbon nano-surfaces (Yodsin et al., 2021; Taha
et al., 2023; Monajjemi & Mollaamin, 2024).

H> gas is mostly preserved either by liquefaction under high compressing pressure
(Mollaamin et al., 2008; Hammad & Dincer, 2018; Monajjemi et al., 2008; Qyyum et
al., 2020) or by adsorption on the surface or interstitial region of material cavity (Pifiero
etal., 2018; Yu et al., 2017; Chettri et al., 2019). In relation to this, the adsorption of H;
on the surface of two dimensional (2D) materials has advantages in terms of safe
functionality and cost-effectiveness. For the effective utilization of Hz in fuel cells, the
adsorption energy and gravimetric weight percentage on the adsorbent should be
sufficiently high (Rivard et al., 2019). The adsorption-desorption kinetics and the
strength of binding energy ought to be intermediate for hydrogen to bind on the material
surfaces with an optimal adsorption energy range.

Moreover, the adsorption and sensing of H> and CH20 molecules on the pristine
and transition metal consisting of V, Cr, Mn, Nb, Mo, Tc, Ta, W, or Re doping on B or
N site of boron nitride nanosheets. The achieved results exhibit that the pristine boron
nitride nanotubes (BNNSs) indicate fragile interaction with the H> and CH2O molecules.
The H2 and CH20 molecules might be strongly adsorption on the transition metal doped
BNNs with appreciable adsorption energy through the geometrical deformation on the
transition metal doping zone (Thupsuri et al., 2021).

In our previous works, the investigation of energy storage in fuel cells through
hydrogen adsorption has been accomplished using DFT calculations through different
nanomaterials consisting of silicon/germanium/tin/lead nano-carbides (Mollaamin &
Monajjemi, 2024), magnesium-aluminum alloy (Mollaamin et al., 2024) and
aluminum/carbon/ silicon doping boron nitride nanocage (Mollaamin, 2024).

Nanomaterials with remarkable specific structures indicate promising applications
in the field of energy storage, electrocatalysis and fuel cells. This article wants to
demonstrate a facile approach for fabricating nanocluster of SisO10-GesO10 as a template
at a moderate condition for hydrogen storage.

Currently, the present research aims to explore the possibility of using SisO10—
GesO10 nanocluster for hydrogen storage by employing first-principles calculations. We
have analyzed the structural and electronic properties of SisO10, GesO10, SisO10-Ges01o,
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Li2[SisO10-GesO10] and hydrated nanocluster of Hz[SisO10-GesO10] and Li2Ha[SisO10—
GesO10] using state-of-the-art computational techniques.

2.  Materials and Methods

The aim of this study is to hydrogen adsorption by using SisO10, GesO1o, SisO10—
GesO10 nanoclusters (Figure 1). Hydrated nanocluster of Hz[SisO10-GesO10] and
LioH4[SisO10-GesO10] were modeled in the presence of SisO10, GesO10and production of
SisO10-Ges010 and Liz[SisO10-GesO10] which can increase the hydrogen storage in
semiconductor transistors. In DFT, as it is used for computational chemistry, the hybrid
functional Becke 3-parameter Lee-Yang-Parr (B3LYP) appears to offer the greatest
contribution. A new hybrid exchange-correlation functional named Coulomb-
Attenuating method with B3LYP (CAM-B3LYP) is proposed which combines the hybrid
qualities of B3LYP and the long-range correction (Yanai et al., 2004).

Besides, in the DFT-D3 method of Grimme et al. (2010) the following expression
for the Van Der Waals (VDW)-dispersion energy-correction term is used:

1 Ny wN Coij Coij
Baisp = = 204 50 5, (s (riga) e, T Jas (”f'L)rS_-Z) @

H>[Si5010

S,

J
e

Liz[Si5010-GesOi0] P
Li2H4[Si5010-GesO10]

Figure 1. Application of SisO10-GesO1o for increasing hydrogen adsorption towards the energy storage in
transistors accompanying formation of hydrated nanoclusters including HSisO10, HGesO1y,
H2[Sis010-Ges010] and LizHa[SisO10-GesO10] using CAM-B3LYP-D3/6-311+G (d,p) calculation
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The dispersion coefficients Cq;; are geometry dependent as they are adjusted based
on the local geometry (coordination number) around atoms i and j. Besides, Electron
Paramagnetic Resonance (EPR) has been done which is a method for studying materials
with unpaired electrons. The basic concepts of EPR are analogous to those of NMR, but
the spins excited are those of the electrons instead of the atomic nuclei (Zavoisky, 1945).
Therefore, in our research, the calculations have been done through CAM-B3LYP-D3
/EPR-3 level of theory.

Figure 1 has shown the process of hydrogen adsorption on SisO10—GesO1o surface
which includes the formation of hydrated nanoclusters containing H-SisO10, H-GesO10,
H-SisO10—GesO10—H. The Bader charge analysis (Henkelman et al., 2006) was discussed
during trapping of hydrogen atoms by SisO10-GesO10 and formation of HSisOxo,
HGesO10, H2[SisO10-Ges010] and Li2Ha[SisO10-GesO10] nanoclusters (Figure 1). The
rigid potential energy surface using density functional theory (Blochl, 1994; Perdew et
al., 1996; Ziesche et al., 1998; Arrigoni & Madsen, 2019; Hohenberg & Kohn, 1964;
Kohn & Sham, 1965; Becke, 1993; Lee et al., 1988; Kim & Jordan, 1994; Stephens et
al., 1994; Cramer, 2013; Mollaamin & Monajjemi, 2024; Mollaamin & Monajjemi,
2023; Vosko et al., 1980) was performed due to Gaussian 16 revision C.01 program
package (Frisch et al., 2016) and GaussView 6.1 (Dennington et al., 2016). The
coordination input for hydrogen grabbing by SisO10-GesO10and Liz[SisO10-Ges010] has
applied 6-311+G (d,p) and EPR-3 basis sets.

3.  Results and Discussion

3.1. Theory of Nuclear quadrupole resonance (NQR)

The NQR frequencies have been measured for SisO19, HSisO10, GesO10 and
HGes010 towards estimating the hydrated nanocluster of Hz[SisO10-GesO10] (Table 1).
The NQR method is related to the multipole expansion in Cartesian coordinates as the
Equation (1) (Trontelj et al., 2020; Sciotto et al., 2024):

Vi) = v+ [(axl>|o )] [(0x x,)

After that, a simplification on the equation (6), there are only the second derivatives
related to the identical variable for the potential energy (Trontelj et al., 2020; Sciotto et
al., 2024):

xixj)] + - (2)

U=-3J, dgrera V) o'xi2>] 2 bt pr[(aE)|o'x"2)]:
L)y o). 3)

There are two parameters which must be gotten from NQR experiments: the
quadrupole coupling constant, y and asymmetry parameter of the EFG tensor n:

x = 0, 0

(xx — 4
n=" "/ (5)
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where g;; are ingredients of the EFG tensor at the quadrupole nucleus determined in the
EFG principal axes system, Q is the nuclear quadrupole moment, e is the proton charge
and h is the Planck's constant (Luo et al., 2020; Young et al., 2008).

In this research work, the electric potential as the quantity of work energy through
carrying over the electric charge from one position to another position in the essence of
electric field has been evaluated for SisO10, HSisO10, GesO10 and HGesO10 complexes
(Table 1).

Tablel. The electric potential (Ep/a.u.) and Bader charge (Q/coulomb) through NQR calculation for
SisO10, HSis010, GesO10 and HGesO10 complexes

SisO10 HSisO10 GesO1o HGesO10
Atom Q Ep Atom Q Ep Atom Q Ep Atom Q Ep
Si(1) 142  -49.09 | Si(1) 144  -49.08 | Ge(l) | 149  -155.04 | Ge(l) | 1.52 —-155.04
0(2) -0.62 -2229 | O(2) -0.61 -22.30 0(2) -0.66 -22.31 0(2) -0.65 —22.32
0(@3) -0.79 -2233 | O(3) -0.75 2231 0O(3) -0.83 -22.35 0(3) -0.78 2233
Si(4) 142  -49.09 | Si(4) 143  -49.09 | Ge(4) | 150 -155.05 | Ge(4) | 151 —155.04
Si(5) 142  -49.09 | Si(5) 144  -49.09 | Ge(5) | 149 15505 | Ge(5) | 1.52 —-155.04
Si(6) 142  -49.09 | Si(6) 143 4910 | Ge(6) | 149 15505 | Ge(6) | 1.51 —155.04
o(7) -0.65 -22.30 | O(7) -0.68 -22.33 o(7) -0.68 —22.320 o(7) -0.72 2234
0(8) -0.79 -22.33 | O(8) -0.74 -22.30 0(8) -0.83 -22.35 0(8) -0.77 2232
0(9) -0.74 -2231 | O(9) -0.74 -22.32 0(9) -0.77 -22.33 0(9) -0.78 2234
O(10) | -0.76 -22.34 | O(10) | -0.74 2232 | O(10) | -0.80 -22.36 O(10) | -0.78 2235
O(11) | -0.76 -22.34 | O(11) | -0.73 -22.34 | O(11) | -0.80 -22.36 O(11) | -0.78  -22.36
0(12) | -0.74 -2231 | O(12) | -0.73 -2232 | O(12) | -0.78 -22.33 O(12) | -0.76  -22.34
Si(13) | 1.45  -49.09 | Si(13) | 1.47  -49.08 | Ge(13) | 1.53  -155.05 | Ge(13) | 1.56 —155.04
O(14) | -0.64 -2230 | O(14) | -0.64 2230 | O(14) | 067 -22.31 O(14) | -0.70 -22.34
O(15) | -0.63 -22.29 | O(15) | -0.70 -22.34 | O(15) | -0.66 -22.31 O(15) | -0.69 -22.35
H(16) | -0.15 -0.770 H(16) | -0.20 -0.784

Si, Ge, O and hydrogen atoms absorbed on SisO10and GesO10 have been calculated
through the Bader charge and electronic potential properties. The values detect that with
augmenting the negative charge of various atoms, the electric potential extracted from
NQR calculations grows. Besides, the elements of O (2), O (3), O (7), O (8), O (9), O
(10), O (11), O (12), O (14), O (15) of SisO10 and GesO10 have exhibited the most
efficiency for admitting the electron from electron donor of H (16) adsorbed on SisO1o
and GesO1o (Table 1).

In Figure 2 (a-d), it has been sketched the electric potential of nuclear quadrupole
resonance versus Bader charge for some atoms of Si, Ge, O and hydrogen atoms absorbed

on SisO10and GesO1o.
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Figure 2. Electric potential (a.u.) versus Bader charge (coulomb) through NQR calculation for
(a) Sisolo, (b) HSisOlo, (C) GesOqg and (d) HGes019

In Figure 2a, it was observed the behavior of Si and O atoms in SisO1o with high
sensitivity based on relation coefficient of R* = 0.9999; however, hydrogen adsorption
on the SisO10 (HSisO10) has shown high sensitivity with relation coefficient of R? =
0.9999 (Figure 2b). In Figure 2c, it was observed the behavior of Ge and O atoms in
GesO10 and hydrogen adsorption on the GesOi10 (HGesO10) (Figure 2d) with high
sensitivity of R? = 1. The fluctuated peaks for electric potential have been shown around
hydrogen adsorption on the SisO10and GesO10which demonstrates the electron accepting
specifications of hydrogen versus the Si, Ge, O of SisO10 and GesO1o (Figure 2a, 2d).
Besides, it can be considered that oxygen atoms in the functionalized SisO10and GesO1o
might have more impressive sensitivity for accepting the electrons from H atoms in the
process of adsorption mechanism. Based on the mentioned results, there can be renewed
interest in combination of silicon and germanium as a nanocluster of SisO10—GesO10 for
potential applications in next-generation electronics.

3.2. Analysis of Nuclear Magnetic Resonance spectra

Based on the resulted amounts, nuclear magnetic resonance (NMR) spectra of
SisO10and GesO10 complexes as the potential molecules for hydrogen storage can unravel
the efficiency of these complexes for saving clean energy. From the DFT calculations, it
has been attained the chemical shielding (CS) tensors in the principal axes system to
estimate the isotropic chemical-shielding (CSI) and anisotropic chemical-shielding
(CSA) (Sohail et al., 2023):

Oiso = (011 + 0y t 033)/3, (6)
_ __ G221 01q
Ogniso 033 2 ' (7)

The NMR data of isotropic (ciso) and anisotropic shielding tensors (Ganiso) Of
hydrogen atoms adsorbed on SisO19and GesO10 complexes towards formation of HSisO1o
and HGesO10 complexes have been computed by Gaussian 16 revision C.01 program
package (Dennington et al., 2016) and been shown in Table 2.
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Table 2. Data of NMR shielding tensors (ppm) for selected atoms of SisO19, HSisO10, GesO10 and
HGes010 complexes

SisO10 HSisO10 GesO1o HGesO10

Atom Giso Ganiso Atom Giso Ganiso Atom Giso Ganiso Atom Giso Ganiso

Si(1) | 554.06 419.08 | Si(l) | 636.08 83.31 | Ge(l) | 1177457 7831040 | Ge(l) | 2269.96  265.46
0(2) | 4840 110317 | O(2) | 19771 18052 | O(2) | 7981.03 4512991 | O(2) | 18577  323.78
0(3) | 71920 139384 | O(3) | 213.90 57164 | O(3) | 26849.60 102235.88 | O(3) | 23500  690.97
Si(4) | 606.85 28353 | Si(4) | 61249 136.09 | Ge(4) | 2860.04 56431.23 | Ge(4) | 2254.92  354.40
Si(5) | 515.08 300.30 | Si(5) | 590.56 112.09 | Ge(5) | 22560.33 50034.95 | Ge(5) | 2196.23  239.01
Si(6) | 499.44 29851 | Si(6) | 640.61 109.00 | Ge(6) | 25249.19 67283.27 | Ge(6) | 2283.05  294.68
O(7) | 16528 1989.85 | O(7) | 257.47 54046 | O(7) | 28391.88 116633.36 | O(7) | 19229  265.99
O(8) | 44638 1626.01 | O(8) | 34530 760.80 | O(8) | 19250.32 151688.34 | O(8) | 400.69  945.35
0(9) | 64400 114501 | O(9) | 39642 516.76 | O(9) | 8016.65 16619.93 | O(9) | 429.44  692.57
O(10) | 258.21 801.06 | O(10) | 291.98 500.11 | O(10) | 1271421 2028155 | O(10) | 322.30  641.07
O(11) | 59.31 64645 | O(11) | 381.78 579.44 | O(11) | 915157 1476091 | O(11) | 363.38  661.78
O(12) | 777.76 1673.73 | O(12) | 592.90 76113 | O(12) | 45077.01 82973.35 | O(12) | 644.30  1039.24
Si(13) | 676.74  69.96 | Si(13) | 700.35 80.46 | Ge(13) | 1836.03  6719.10 | Ge(13) | 2377.42  144.00
O(14) | 644.64 1598.29 | O(14) | 192.65 36570 | O(14) | 21908.37 61863.15 | O(14) | 93.65  302.72
O(15) | 640.66 1233.63 | O(15) | 575.73 737.13 | O(15) | 6288.94  33932.60 | O(15) | 458.00  712.97
H(16) | 33.88  5.14 H(16) | 38.01 2.78

In Table 2, NMR data has reported the notable amounts for hydrogen atoms which
were adsorbed on SisO10and GesO10 complexes. The observed increase in the chemical
shift anisotropy spans for H atoms adsorption on SisO10 and GesO10 complexes are near
0(2),0(3),0(7),0(8),0(12), O (14) and O (15). The notable fragile signal intensity
close to the parallel edge of the nanocluster sample might be owing to silicon or
germanium binding induced non-spherical distribution of these clusters. Figure 3 (a-d)
exhibited the same tendency of shielding for silicon or germanium; however, a
considerable deviation exists from doping atoms of O (2), O (3), O (7), O (8), O (12), O
(14) and O (15) through interaction with hydrogen atoms during adsorbing on SisO10and
Ges010 complexes.
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Figure 3. The NMR spectra for (a) SisO1o, (b) HSisO10, (c) GesO1o and (d) HGesO10 complexes

NMR spectroscopy has shown the gap chemical shielding between silicon and
oxygen in SisO10 (Figure 3a), hydrogen, silicon and oxygen in HSisO1o (Figure 3b),
germanium and oxygen in GesOqo (Figure 3c), hydrogen, germanium and oxygen in
HGesO10 (Figure 3d). The yield of electromagnetic shifting can be directed by oxygen
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atoms of O (3), O (7), O (12), O (14) in SisO10 (Figure 3a), O (3), O (8), O (12), O (15)
in HSisO1o (Figure 3b), O (3), O (8), O (12), O (14) in GesO1o (Figure 3c) and Ge (1), Ge
(4), Ge (5), Ge (6), Ge (13) in HGesO1o (Figure 3d). The results have shown that the
intensity for hydrogen adsorption can be developed in GesO1othrough germanium atoms
compared to silicon atoms in SisO1. Although both silicon and germanium are
semiconductor elements, germanium can be more conductive than silicon in transistors
due to high semiconducting properties. Therefore, it can be promised that the adapted
outcomes would be advantageous in modelling a novel SisO10-GesO10 complex for
increasing the adsorption of hydrogen atoms in transistors based on their structural
studies.

3.3. Atomic charge distribution

Atomic charge was discussed during trapping of hydrogens by SisO10-GesO10 and
Liz[SisO10-GesO10] nanoclusters towards formation of Hz[SisO10-GesO10] and
Li2H4[SisO10-GesO10] nanoclusters, respectively (Table 3).

Table 3. The atomic charge (Q/coulomb) for SisO10—GesO10, H2[SisO10—GesO10], Li2[SisO10-Ges010] and
LizH4[SisO10-GesO10] nanoclusters

Sis010-GesO1o H2[SisO10-GesO10) Li2[SisO10-GesOuo] Li2H4[SisO10-Ges010]
Atom Charge Atom Charge Atom Charge Atom Charge
Si(1) 1.49 Si(1) 1.43 Si(1) 1.46 Si(1) 1.45
0(2) -0.63 0(2) -0.64 0(2) -0.68 0(2) -0.65
(0])) -0.80 0(®3) -0.79 0(@3) -0.83 0(@3) -0.83
Si(4) 1.46 Si(4) 1.41 Si(4) 1.43 Si(4) 1.43
Si(5) 1.46 Si(5) 1.42 Si(5) 1.46 Si(5) 1.44
Si(6) 1.47 Si(6) 1.44 Si(6) 1.46 Si(6) 1.46
o(7) -0.66 o(7) -0.67 o(7) -0.65 o(7) -0.68
0o(8) -0.78 0O(8) -0.80 0O(8) -0.83 0O(8) -0.84
0(9) -0.71 0(9) -0.72 0(9) -0.80 0(9) -0.78
0(10) -0.75 0(10) -0.70 0(10) -1.01 0(10) -1.00
0(11) -0.76 0(11) -0.76 0(11) -0.80 0O(11) -0.80
0(12) -0.72 0(12) -0.73 0(12) -0.94 0(12) -0.95
Si(13) 0.99 Si(13) 0.85 Si(13) 1.63 Si(13) 1.63
0(14) -0.66 0O(14) -0.68 0(14) -0.70 0(14) -0.73
O(15) -0.63 0O(15) -0.64 0O(15) -0.76 0O(15) -0.72

Ge(16) 1.57 Ge(16) 1.55 Ge(16) 1.39 Ge(16) 1.41
0(17) -0.68 o(17) -0.70 0(17) -0.67 o(17) -0.65
0(18) -0.83 0(18) -0.79 0(18) -0.78 0(18) -0.78
Ge(19) 1.56 Ge(19) 1.55 Ge(19) 1.38 Ge(19) 1.39
Ge(20) 1.55 Ge(20) 1.55 Ge(20) 1.39 Ge(20) 1.39
Ge(21) 1.57 Ge(21) 1.55 Ge(21) 1.39 Ge(21) 1.40
0(22) 072 0(22) -0.73 0(22) -0.62 0(22) -0.67
0(23) -0.81 0(23) -0.77 0(23) -0.78 0(23) -0.78
0(24) -0.75 0(24) -0.80 0(24) -0.94 0(24) -0.94
0(25) -0.81 0O(25) -0.79 0O(25) -0.80 0O(25) -0.77
0(26) -0.80 0(26) -0.80 0(26) -0.92 0(26) -0.90
0(27) -0.76 0(27) -0.78 0(27) -0.77 0(27) -0.79
Ge(28) 1.54 Ge(28) 2.27 Ge(28) 1.24 Ge(28) 1.25
0(29) -0.70 0(29) -0.72 0(29) -0.69 0(29) -0.73
0(30) -0.67 0(30) -0.70 0(30) -0.73 0(30) -0.72
H(31) -0.13 Li(31) 0.73 Li(31) 0.64

H(32) -0.13 Li(32) 0.75 Li(32) 0.64

H(33) -0.02

H34 -0.00

H35 0.12

H36 0.10
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Atomic charge of Si, Ge, O, Li and hydrogen atoms absorbed on SisO10-GesO10
and Li2[SisO10-GesO10] have been measures. The values detect that with adding lithium,
the negative atomic charge of oxygen atoms of O (9), O (10), O (11), O (12), O (24), O
(25), O (26), O (27) in Li2[SisO10-GesO10] augments. In fact, Li2[SisO10-GesO10] has
shown more efficiency than SisO10-GesOio for admitting the electron from electron
donor of H (33), H (34), H (35) and H (36) (Table 3).

3.4. TDOS analysis

Squirming the molecular orbital data owing to gaussian graphs of unit altitude and
entire width at half maximum (FWHM) of 0.3 eV by GaussSum 3.0.2 (O'boyle et al.,
2008) have computed total density of states (TDOS) diagrams. To better understand the
adsorption characteristics of hydrogen by SisO10-GesO1, H2[SisO10-GesO10],
Li2[SisO10-Ges010] and LizHa[SisO10-Ges010] nanoclusters, TDOS has been measured.
This parameter can indicate the existence of important chemical interactions often on the
convex side (Figure 5a-d).
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Figure 5. TDOS graphs of (a) Si5010—G€‘5010, (b) Hz[SisOlo—Gesolo], (C) Liz[SisOlo—Gesolo] and
(d) Liz Ha[SisO10—-GesO10] nanoclusters

During formation of SisO10-GesO1o cluster, Figure 5a has shown sharp and
sophisticated peaks around —0.3, —0.45 and —0.65 a.u. due to covalent bond between two
crystals of SisO10 and GesO10. However, after H-grabbing by SisO10-GesO1o cluster,
Figure 5b has represented sharp and sophisticated peaks for the hydrated cluster of
H2[SisO10-GesO10] around —0.32 and —0.45 a.u. In Figure 3c, Liz[SisO10-GesO10] has
shown two pointed peaks around —0.32, —0.45 a.u. After H-grabbing by Li2[SisO10—
Ges010] and formation of Ha[SisO10-GesO10] complex, the two-pointed peaks have been
shifted to —0.30 and —0.42 a.u. (Figure 3d). The maximum energy of TDOS for
Li2[SisO10-GesO1o] (Figure 5c¢) with three sharp peaks around —0.35, —0.45 and —0.65
a.u. with maximum density of state around —0.35 a.u. has been shown. Moreover, the
similar amounts of TDOS for Li2Hs[SisO10-GesO10] (Figure 5d) through some
fluctuations in the behavior of the graphs have been observed.
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3.5. LOL analysis

Localized orbital locator (LOL) has a similar expression compared to electron
localization function (ELF) (Schmider & Becke, 2000).

_ ot — Do
LOL(r) = 1+7(r) ' W= %ZiniW‘Pi 2 ©
Dy(r) = %(6712)2/3 [Pa (0)37% + pp (1)3/7] ®©)

The chemically significant regions that are highlighted by LOL and ELF are
generally qualitative comparable, while Jacobsen (2008) pointed out that LOL conveys
a more decisive and clearer picture than ELF. Obviously, LOL can be interpreted in
kinetic energy way as for ELF, however LOL can also be interpreted in view of localized
orbital. Small or large LOL value usually appears in boundary or inner region of localized
orbitals because the gradient of orbital wavefunction is large or small in this area. The
value range of LOL is identical to ELF, namely [0,1].

Multiwfn (Arrigoni & Madsen, 2019) also supports the approximate version of
LOL defined by Tsirelson and Stash (2002), namely the actual kinetic energy term in
LOL is replaced by second-order gradient expansion like ELF which may demonstrate a
broad span of bonding samples. This Tsirelson’s version of LOL can be activated by
setting “ELFLOL type” to 1. For special reason, if “ELFLOL type” in settings.ini is
changed from 0 to 2, another formalism will be used:

1

=g Yol

(10)

If the parameter "ELFLOL_cut" in settings.ini is set to x, then LOL will be zero
where LOL is less than x.

Nevertheless, the distinction between deduced/raised electron
delocalization/localization into cyclic m-conjugated sets stays encouraging for ELF
(Matta et al., 2004). The grosser the electron localization is in an area, the more likely
the electron movement is restricted within it. Therefore, they might be discerned from
the ones away if electrons are totally centralized. As Bader investigated, the zones with
large electron localization possess extensive magnitudes of Fermi hole integration. But,
with having a six-dimension function for the Fermi hole, it seems hard to be studied
directly. Then, Becke and Edgecombe remarked that spherically averaged like spin
conditional pair probability possesses a direct correlation with the Fermi hole and
proposed the parameter of electron localization function (ELF) in Multiwfn program
(Arrigoni & Madsen, 2019) and popularized for spin-polarized procedure (Tian & Feiwu,
2011):

1

ELF(N) = w7 (11)
where
_1 2 1[Vea® | Vo @[
D(r) =5 Xin: Ve ()] 8[ e T e (12)
and
Dy (r) = - (6123 [pg ()% + pp (r)%/?]. (13)
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For close-shell system, since p, = pg = (1/2)p, D and Do terms can be simplified

as.
D() =3 Sim; [V ()2 — 3 To0L (14)

and
Do(r) = (3/10) 313/ p (1)*/3 (15)

Regarding kinetic energy, ELF was rechecked to be more punctual for both Kohn-
Sham DFT and post-HF wavefunctions (Savin et al., 1992). In fact, the excess kinetic
energy density caused by Pauli repulsion was unfolded by D(r) and Do(r) may be
inspected as Thomas-Fermi kinetic energy density. Because DO(r) is brough forward the
ELF as origin, what the ELF shows is an affiliate localization.

Notice that the surfaces of LOL are much more complex than electron density, so
it is very difficult to locate all CPs.

The nanoclusters of (a) SisO10-GesO1o, (b) Liz[SisO10-GesO10], (€) H2[SisO10—
GesO10] and (d) Li2 Ha[SisO10—-GesO10] can be defined by LOL graphs owing to exploring
their delocalization/localization characterizations of electrons and chemical bonds
(Figure 6a-d). Covalent zones have high LOL value, the electron depletion zones between
valence shell and inner shell are indicated by the blue circles around nuclei (Figure 6a-
d).
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Figure 6. The graphs of LOL for (a) SisO10-GesO1o, (b) Hz[SisO10-GesOig], (c) Liz[SisO10-GesO10] and
(d) Li2H4[Si5010—Ge5010]

An isosurface map for SisO10-GesO1o cluster (Figure 6a) means that electron
delocalization in SisO10-GesO1q cluster toward Hz[SisO10—GesO10] (Figure 6b) is easier
than SisO10 or GesO10. However, a vaster jointed area engaged by an isosurface map for
SisO10-GesOqo cluster (Figure 6¢) means that electron delocalization in Liz[SisO10—
GesO10] cluster toward Liz Ha[SisO10-GesO1o] (Figure 6d) is easier than SisO10-GesO1o
and a narrower connected area occupied by an isosurface map means that electron
delocalization is relatively difficult. In fact, the counter map of LOL can confirm that
Li>[SisO10-Ges010] nanocluster can increase the efficiency during hydrogen adsorption
towards formation of Li> Ha[SisO10-GesO10] as designing novel materials for energy
storage in the lithium-ion batteries.

3.6. Insight of infrared spectroscopy & thermochemistry

Infrared spectroscopy (IR) has been performed for hydrogen grabbing by SisO10—
Ges010 and Liz[SisO10-GesO10] nanoclusters. Therefore, it has been simulated the several
clusters containing SisO10-GesO10 (Figure 7a), H2[SisO10-Ges010] (Figure 7Db),
Li2[SisO10-GesO10] (Figure 7¢) and Liz Ha[SisO10-GesO10] (Figure 7d).
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Figure 7. The Frequency (cm™) changes through the IR spectra for (a) SisO10-GesOo,
(b) H2[Sis010-Ges010], (€) Liz[SisO10-GesO10] and (d) Liz Ha[SisO10-Ges010] complexes

The frequency values through the IR curves between 200-1100cm™ have been
achieved for SisO10-GesO10 with several sharp peaks around 371.52, 400.69, 616.11,
736.73, 746.09, 784.99 and 884.75 cm™* (Figure 7a). Figure 7b has shown the frequency
range between 300-1200 cm™ for H2[SisO10-GesO10] with sharp peaks around 464.86,
663.71, 702.49, 832.17, 841.00 and 1126.17 cm™. Figure 7c has indicated the fluctuation
of frequency between 200-1200 cm™ for Liz[SisO10-GesO1q] with sharp peaks around
364.39, 610.61, 780.37 and 1022.67 cm™. The graph of Figure 7d has been observed in
the frequency range between 200-1200 cm™ for Li> Ha[SisO10-GesO10] with several
sharp peaks around 793.72, 814.41, 1003.50 and 1021.96 cm™. Hydrogen capture with
Sis010-GesO10 and Li2[SisO10-Ges010] nanoclusters has described that the frame of the
overcoming cluster is related to Liz[SisO10-GesO1o0] in the high amounts of frequency.
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Table 4. The thermodynamic characters of (a) SisO10—-GesO10, (b) Hz[SisO10-GesO1o],
(c) Li2[SisO10—-Ges010] and (d) Liz Ha[SisO10-GesO10] nanoclusters using
CAM-B3LYP-D3/6-311+G (d,p) calculation

Dipole AECsx107° AHC%gsx1072 AGPags%107 Enbx1073
Compound moment (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
(Debye)
SisO10 0.44 -1379.64 -1379.64 -1379.64
HSisO10 0.73 1379.93 137993 _1379.96 —0.29
GesO1o0 0.80 -6981.16 -6981.16 -6981.20
HGesO10 0.95 —6981.444 —6981.44 _6981.47 -0.28
Sis010-Ges010 1.27 -8360.86 -8360.86 -8360.89 051
H2[Sis010-GesO10] 1.54 —8361.37 -8361.37 -8361.39
L!z[SisO_m—GeSOm] 1.95 -9176.64 -9176.64 -9176.67 145
Li2 H4[SisO10-GesO1o] 2.48 -9178.09 -9178.09 -9178.11

Table 4 through the thermodynamic specifications concluded that Liz[SisO10—
Ges010] nanocluster due might be more efficient structure for hydrogen trapping.

Thermodynamic parameters of hydrogen adsorption on SisO10-GesO10 and
Li2[SisO10-GesO10] nanoclusters have been assigned through a given number of
hydrogen donor sites, the stabilities of linkage of two complexes of SisO10, GesO10 and
formation of SisO10-GesO10 nanocluster can be considered as: LioHa[SisO10—
Ges010]>Hz[Sis010-Ges010]>HGes010>HSis010 complexes (Table 4).

The changes of Gibbs free energy versus dipole moment could detect the maximum
efficiency of SisO10-GesO1o for hydrogen adsorption through AGgy Which is related to
linkage between hydrogen atoms with silicon and germanium in SisO10—GesOxo,
Li2[SisO10-Ges010] and formation of hydrated nanoclusters of Hz[SisO10-GesO10] and
LizH4[Si5010—Ge5010] (Table 4).

The adsorption process of hydrogen atoms on SisO10, Ges010, SisO10-GesO10 and

Li2[SisO10-GesO10] nanoclusters is affirmed by the AGZ 4, quantities:

AGags1) = AGRysisoto-eso1o] — (AGSiso10 + AGRsiso1o T AGGeso10 +

AGRgeso10) (16)
AGags2) = AGLiz Hafsiso10-Geso10] — (AGfiz[Sisow—Gesow] +
AGSi5010-Ges010) (17)

Table 3 has shown the key role of interaction between the adsorbate of hydrogen
atoms as the electron donors and the adsorbent of SisO10, GesO1g, SisO10-GesO10 and
Li2[SisO10-GesO10] nanoclusters as the electron acceptors. Therefore, combination of
SisO10 and GesO10 and producing SisO10-GesO10 nanocluster can promise enhancing
hydrogen storage in the transistors through formation of the hydrated cluster of
H2[SisO10-Ges010]. Moreover, hydrogen bond (H-bond) accepting sites by Liz[SisO10—
Ges010] can alleviate parasitic hydrogen evolution in aqueous electrolytes in lithium-ion
batteries. The introduced nanocluster of Li2[SisO10—-GesO10] containing both an H-bond
acceptor and donor effectively confines water molecules in a double-site anchoring
configuration with strengthened H-bonding interactions and interrupts the original H-
bonding among water molecules.
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4. Conclusion

In summary, H-grabbing on the nanoclusters of SisO10, GesO10and SisO10-GesO10
was investigated by first-principle calculations. The alterations of charge density
illustrated a remarkable charge transfer towards SisO10, GesO10and SisO10-GesO10 Which
might play the electron acceptor roles while H-atoms act as the stronger electron donner
through adsorption on the SisO10, GesO10 and SisO10-GesO10. The fluctuation in charge
density values demonstrates that the electronic densities were mainly located in the
boundary of adsorbate/adsorbent atoms during the adsorption status. As a matter of fact,
SisO10, GesO1o, SisO10-GesO10 and Liz[SisO10-GesO10] have greater interaction energy
from Van der Waals’ forces with H-atoms that can cause them to be much more resistant.
Besides, thermodynamic parameters describing H-grabbing on the nano-carbides of
Sis010, GesO10 and SisO10-GesO10 have been investigated including internal process of
the adsorbent—adsorbate system. Combination of SisO10 and GesOi and producing
SisO10-GesO10 nanocluster can promise enhancing hydrogen storage in the transistors
through formation of the hydrated clusters of Hz[SisO10-GesO10]. Moreover, hydrogen
bond (H-bond) accepting sites by Li2[SisO10-GesO1o] can alleviate parasitic hydrogen
evolution in aqueous electrolytes in lithium-ion batteries. Thermodynamic parameters
have constructed a detailed molecular model for atom-atom interactions and a
distribution of point charges which can be utilized to reproduce the polarity of the solid
material and the adsorbing molecules. Today, it is crucial to distinguish the potential of
hydrogen technologies and bring up all perspectives of their performance, from
technological progresses to economic and social effects. The authors intend to pursue
research on sustainability and clean energy subjects towards finding new solutions for
reducing the global dependency on fossil fuels.
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