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Abstract: A comprehensive investigation on hydrogen grabbing via SisOi0—GesOi1o was
carried out including using density functional theory computations. The data showed that when
silicon was replaced with germanium, the hydrogen-grabbing energy was ameliorated. The
electromagnetic and thermodynamic properties of SisO10—GesO19 and Lix(SisO10-GesOqo)
nanoclusters were evaluated. The fluctuation in charge density values demonstrated that
electronic densities were mainly located in the boundary of adsorbate/adsorbent atoms during
adsorption. Therefore, it can be concluded that the SisO10—GesOo nanocluster might be an
appropriate candidate for hydrogen storage in transistors. Lithium has an advantage over Si/Ge
for possessing higher electron-and-hole motion, which allows lithium instruments to operate at
higher frequencies than Si/Ge instruments.
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1. Introduction

A fuel cell applies reverse electrolysis to convert an oxidizing agent and hydrogen
to power an electric motor [ 1-4]. Carbon nanotubes (CNTs), owing to their lightness,
tube construction, vast plane and high reactivity between C and H atoms, can be
proposed as a promising material for hydrogen grabbing (H-grabbing) [5-8].

It has been investigated that hydrogen storing in C-nanocompounds indicates
molecular hydrogen dissociation [9—12]. The structure of transition metal-carbon
bonding exhibits a charge distribution among the boundary atoms, and the cationic
state of transition metals has been discussed [13—17]. Thus, an electronic charge can
be produced through gas-molecule adsorption on the surface of an ionic transition
metal [18-20]. Transition metals as dopants might make a whole Hamiltonian
perturbation towards alterations in electronic structures, which has substantial use in
magnetic electronic instruments [21-25]. Recently, Si-, Ge- or Sn-carbide
nanostructures have been suggested as engaged H-grabbing compounds [26-28].
Since the polarizability of silicon is higher than that of carbon, it is supposed that Si—
C/Si nanosheets might attach to compositions more strongly in comparison with net
carbon nano-surfaces [29-31].

Moreover, the adsorption and sensing of H, and CH>O molecules on pristine and
transition metals consist of V, Cr, Mn, Nb, Mo, Tc, Ta, W or Re doping on B or N
sites of boron nitride nanosheets (BNNSs). The achieved results exhibit that pristine
BNNS indicates a fragile interaction with H, and CH,O molecules. The H, and CH,O
molecules might be strongly adsorption on the transition-metal-doped BNNSs with
appreciable adsorption energy through the geometrical deformation on the transition
metal doping zone [32].
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In the author’s previous works, the investigation of energy storage in fuel cells
through hydrogen adsorption has been accomplished using density functional theory
(DFT)  calculations  through  different nanomaterials  consisting  of
silicon/germanium/tin/lead nano-carbides [33], magnesium-aluminum alloy [34] and
aluminum/carbon/ silicon doping boron nitride nanocage [35-39].

Nanomaterials with remarkable specific structures indicate promising
applications in the field of energy storage, electrocatalysis and fuel cells. This article
sought to demonstrate a facile approach for fabricating the nanoclusters of SisOio—
GesOj as a template under a moderate condition for hydrogen storage [40—42].

The present research aimed to explore the possibility of using SisO1—GesOio
nanoclusters for hydrogen storage by employing first-principles calculations. We
analyzed the structural and electronic properties of SisOio, GesO1o, SisO10—GesOio,
Lix(Sis010-GesO19) and the hydrated nanoclusters of Hx(SisO10-GesOi9) and
Li;H4(Si5010—GesO1o) using state-of-the-art computational techniques.

2. Materials modeling by novel compounds

The hydrated nanoclusters of Ha(Si5010—GesO10) and LiaHa(Sis010—-GesO10) were
modeled in the presence of SisOio and GesOjo and the production of SisO;o—GesOio
and Lix(SisO10—GesO10), which can increase hydrogen storage in semiconductor
transistors. In this research, calculations were done by using the CAM-B3LYP-D3
/EPR-3 level of theory (Figure 1). In addition, a new hybrid exchange-correlation
functional called CAM—-B3LYP was suggested, which merges B3LYP and long-range
correction [43]. Moreover, DFT functionals with Grimme’s D3 correction were
considered [44]. The approach of dispersion correction was added to the Kohn-Sham
density functional theory (DFT-D) with higher accuracy [45].
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Figure 1. Formation of (a) SisO;o and (b) Ge5010 into (c) SisO;0—GesO;o towards

formation of (d) H2(Sis010—GesO1o) to increase hydrogen adsorption for saving
energy in transistors.

Figure 1 shows the process of hydrogen adsorption on the surface of SisOjo—
Ges019, which includes the formation of hydrated nanoclusters containing H-SisOo,
H-GesO19 and H-Si50,0-GesO10—H. The Bader charge analysis [46] was utilized to
examine the trapping of hydrogen atoms by SisOi0—GesOjo and the formation of
HSis010, HGesO10, Ha(SisO10-GesO19) and LirHa(SisO10-GesO19) nanoclusters
(Figure 1). The analysis of the rigid potential energy surface using the DFT [47—49]
was performed using the Gaussian 16 (revision C.01) program package [50] and
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GaussView 6.1 [51]. The coordination input for H-grabbing by SisO;0—GesOio and
Lix(Sis010-GesO10) was applied using 6-311+G (d, p) and EPR-3 basis sets.

3. Results and discussion

3.1. Density of states and partial density of states
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Figure 2. DOS of (a) SisOio, (b) HSi501, (¢) GesO1o and (d) HGesO;o nanoclusters. PDOS of (e) SisO1o, (f) HSisO1o,
(g) GesOio and (h) HGesO1o nanoclusters.
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The electronic structures of hydrogen adsorption by SisOjo and GesOjo as the
selective sensor for detecting and grabbing hydrogen atoms were investigated to
simplify the subsequent study for interfacial electronic properties using the CAM—
B3LYP-D3/6-311+G (d, p)//LANL2DZ level of theory. Figures 2a—2h show the
density of states (DOS) and partial density of states (PDOS) of SisO19, HSi5019, GesO1o
and HGesO1o. The appearance of the energy states (p-orbital) of O, Si and Ge within
the gap of Sis019 and GesO1o induced the reactivity of the system. It is clear from the
figures that after the grabbing of hydrogen atoms, there was a significant contribution
by p-orbitals in the unoccupied level for grabbing hydrogen atoms. Therefore, the
DOS and PDOS values showed that the p states of the O, Si and Ge atoms were
overcome due to the conduction band.

Figures 2a and 2e show that SisO1¢ has sharp peaks for O around —7.5 and —12.5
eV, while HSisOjo (Figures 2b and 2f) exhibited sharp peaks around -5 eV for H
atoms. Furthermore, GesO,¢ exhibited sharp peaks for O around —7.5 and —12.5 eV
(Figures 2¢ and 2g). However, HGesO1 exhibited sharp peaks around —12.5 eV for H
atoms (Figures 2d and 2h).

The resulting DOS and PDOS could also be used to estimate the charge assembly
between SisOjo and GesOjo through hydrogen adsorption. In addition, the results
illustrated that the dominant complexes of the metalloid/semiconductor attribute of
silicon and germanium accompanying an exact degree of covalent traits could describe
the augmenting of the stability of SisO0—GesO1o during the process of H-adsorption.

3.2. Theory of nuclear quadrupole resonance (NQR)

NQR frequencies were measured for SisO1o, HSi5010, GesO10 and HGesO1o for
estimating the hydrated nanoclusters of H(SisO10—GesO19) (Table 1). The NQR
method is related to the multipole expansion in Cartesian coordinates, as in Equation

(1) [52,53]:
V(r) = V(0) + [((’W) 0 _xi)] + ; [(ax x}) | 0 xl-xj)] 4. (1)

After simplification, there are only second derivatives related to the identical
variable for potential energy [52—55]:

0 x?)] - _%Ld3rpr [<% 0 xiz)] ) axl fdgr[p(r) <l @

The “electric potential” through carrying over the electric charge was measured
for SisO10, HSi5010, GesO10 and HGesO19 complexes (Table 1).

1 2V
— __ 3 Z 7
v= zfpd Pr Ka)

Table 1. Electric potential (E,, in unit of a.u.) and Bader charge (Q, in unit of
coulomb) through NQR calculation for SisO1, HSisO10, GesO10 and HGesO1o

complexes.

SisO1o HSis010

Atom 0 Ep Atom (4] Ep

Sil 1.4239 —49.0914 Sil 1.4421 —49.0827
02 —0.6277 —22.2955 02 —0.618 —22.2979
03 —0.7947 —22.3347 (OX) —0.7537 —22.3135
Si4 1.4234 —49.0924 Si4 1.4362 —49.0907
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Table 1. (Continued).

SisO1o HSis010
Atom (4] Ep Atom 0 Ep
Si5 1.4216 —49.0941 Si5 1.4469 —49.0917
Si6 1.4226 —49.0928 Si6 1.4338 —49.083
o7 —0.6507 —22.3028 o7 —0.6858 —22.3341
08 —0.7940 —22.3344 08 —0.7431 —22.3061
09 —0.7379 —22.3157 09 —0.7427 —22.3249
o10 —0.7654 —22.3384 o10 —0.7432 —22.3262
Ol11 —0.7589 —22.3475 011 —0.7355 —22.3386
012 —0.7460 —22.3127 012 —0.7283 —22.3219
Sil3 1.4556 —49.0976 Sil3 1.4714 —49.0849
014 —0.6430 —22.2988 014 —0.6439 —22.3063
0o15 —0.6285 —22.2976 0o15 —0.6788 —22.3423
H16 —0.1566 —0.77032
GesOno HGes010
Atom 0 E, Atom 0 Ep
Gel 1.4949 —155.046 Gel 1.5230 —155.039
02 —0.6640 —22.3144 02 —0.6530 —22.3216
03 —0.8300 —22.3494 03 —0.7816 —22.3284
Ge4 1.4995 —155.048 Ge4 1.5166 —155.044
Ge5 1.4907 —155.049 Ge5 1.5213 —155.044
Ge6 1.4963 —155.048 Ge6 1.5167 —155.039
o7 —0.6867 —22.3203 o7 —0.7206 —22.3472
08 —0.8299 —22.3506 08 —0.7691 —22.3215
09 —0.7767 —22.3343 09 —0.7851 —22.3477
o10 —0.8072 —22.3585 o10 —0.7854 —22.3492
Ol11 —0.8007 —22.3677 011 —0.7801 —22.3583
012 —0.7853 —22.3343 012 —0.7653 —22.3421
Gel3 1.5320 —155.055 Gel3 1.5653 —155.044
014 —0.6736 —22.3169 014 —0.7009 —22.3379
0O15 —0.6591 —22.3163 0o15 —0.6961 —22.3488
H16 —0.2056 —0.78454

The Si, Ge, O and hydrogen atoms absorbed on SisOjp and GesOjiy were
calculated through Q and E, properties. The values show that by augmenting the
negative charge of various atoms, the electric potential extracted from NQR
calculations increased. In addition, the elements of 02, O3, O7, 08, 09, 010, O11,
012, 014 and O15 of SisO;9 and GesOjo exhibited the most efficiency for admitting
electrons from the electron donor of H16 adsorbed on SisO19 and GesO1o (Table 1 and

Figure 3).
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Figure 4. E, versus Q from NQR calculations for (a) SisO10, (b) HSi5010, (¢) GesO10 and (d) HGesO1o nanoclusters.
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In Figure 4a, it was observed that the behavior of Si and O atoms in SisOj
showed high sensitivity, based on the correlation coefficient of R* = 0.9999. Figure
4b shows that hydrogen adsorption on SisO1o (HSisO10) showed high sensitivity, with
R?=0.9999. In Figure 4c, it was observed that the behavior of Ge and O atoms in
Ges01o, as well as hydrogen adsorption on GesOj9 (HGesO,o) (Figure 4d), showed
high sensitivity, with R? = 1. The fluctuated peaks for E, have been shown to be around
the values of hydrogen adsorption on SisOjo and GesOo, which demonstrated the
electron-acceptance of hydrogen versus those of Si, Ge and O atoms of SisOio and
GesOjo (Figures 2a and 2d). Based on the results, there can be renewed interest in the
combination of silicon and germanium as the SisO;0—GesO1o nanocluster for potential
applications in next-generation electronics.

3.3. Analysis of nuclear magnetic resonance (NMR) spectra

NMR spectra of SisOjo and GesO;o complexes as potential molecules for
hydrogen storage can unravel the efficiency of these complexes in saving energy. DFT
calculations were performed to attain the chemical shielding tensors in the principal
axes system to estimate the values of isotropic chemical shielding (ais0) and anisotropic
chemical shielding (ouniso) [56,57] (Table 2):

Oiso = (011 + 022 + 033)/3 3)
Oaniso = 033 — (022 + 011)/2 4)

Table 2. Magnetic resonance (ppm) for selected atoms of SisO1o, HSisO10, GesOio
and HGesOo.

SisO10 HSis010
Atom Giso Ganiso Atom Giso Ganiso
Sil 554.0642 419.0832 Sil 636.0795 83.3146
02 48.4001 1103.1680 02 197.7138 180.5182
03 719.1992 1393.8472 03 213.8981 571.6387
Si4 606.8573 283.5283 Si4 612.4946 136.0914
Si5 515.0784 300.3033 Si5 590.5624 112.0924
Si6 499.4416 298.5084 Si6 640.6146 109.0061
o7 165.2869 1989.8484 o7 257.4682 540.4664
08 446.3837 1626.0109 08 3453073 760.8007
09 644.0032 1145.0143 09 396.4206 516.7599
o10 258.2121 801.0630 o10 291.9858 500.1157
Ol11 59.3078 646.4488 Ol11 381.7876 579.4428
012 777.7640 1673.7326 012 592.8797 761.1373
Sil3 676.7427 69.9662 Sil3 700.3543 80.4624
014 644.6460 1598.2955 014 192.6514 365.7050
015 640.6636 1233.6320 015 575.7311 737.1360
H16 33.8812 5.1474
GesOno HGes010
Atom Giso Ganiso Atom Giso Ganiso
Gel 11774.5678 78310.4000 Gel 2269.9670 265.4637
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Table 2. (Continued).
GesOno HGesO10
Atom Giso Ganiso Atom Giso Ganiso
02 7981.0314 45129.9129 02 185.7769 323.7807
(OX) 26849.6035 102235.8861 (OX) 234.9996 690.9768
Ge4 2860.0389 56431.2360 Ge4 2254.9254 354.3985
Ge5 22560.3347 50034.9570 Ge5 2196.2345 239.0115
Ge6 25249.1878 67283.2726 Geb 2283.0559 294.6875
o7 28391.8831 116633.3581 o7 192.2913 265.9975
08 19250.3259 151688.3405 08 400.6946 945.3551
09 8016.6504 16619.9360 09 429.4418 692.5679
o10 12714.2137 20281.5576 o10 322.2798 641.0732
Ol1 9151.5705 14760.9081 Ol1 363.3794 661.7813
012 45077.0106 82973.3504 012 644.3035 1039.2395
Gel3 1836.0321 6719.1076 Gel3 2377.4219 144.0036
014 21908.3686 61863.1557 014 93.6525 302.7204
015 6288.9475 33932.6037 015 457.9994 712.9732
H16 38.0125 2.7857

In Table 2, the NMR data showed remarkable values for hydrogen atoms, which
were adsorbed on SisO1o and GesO1o complexes. The observed increase in the chemical
shift anisotropy spans for H-atom adsorption on SisO; and GesO1o complexes are near
02, 03, 07, 08, 012, 014 and O15. The notable fragile signal intensity close to the
parallel edge of the nanocluster sample might be owing to the non-spherical
distribution of these clusters as induced by silicon or germanium binding (Figures Sa—
5d).
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Figure 5. NMR spectra for (a) SisO1o, (b) HSisO10, (¢) GesOio and (d) HGesO,o complexes.
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The NMR spectroscopy results showed the chemical shielding between silicon
and oxygen in SisOo (Figure 5a); between hydrogen, silicon and oxygen in HSisOo
(Figure 5b); between germanium and oxygen in GesOio (Figure 5c¢) and between
hydrogen, germanium and oxygen in HGesOio (Figure S5d). The yield of
electromagnetic shifting can be directed by oxygen atoms of O3, 07, 012 and O14 in
SisO10 (Figure 5a); by O3, 08, 012 and O15 in HSi50, (Figure 5b); by O3, 08, 012
and O14 in GesOio (Figure 5¢) and by Gel, Ge4, Ge5, Ge6 and Gel3 in HGesO1o
(Figure 5d). The results showed that the intensity for hydrogen adsorption can be
developed in GesOo through germanium atoms compared with silicon atoms in SisOo.
Although both silicon and germanium are semiconductor elements, germanium can be
more conductive than silicon in transistors due to its high semiconducting properties.
Therefore, based on the structural studies, it would be advantageous to model a novel
Sis010—GesO1o complex for increasing the adsorption of hydrogen atoms in transistors.

3.4. Thermodynamic properties

From Table 3, it can be concluded through thermodynamic specifications that
the Lix(Sis010~GesO10) nanocluster might be a more efficient structure for hydrogen

trapping.

Table 3. Thermochemistry of (a) SisO10—GesO1o, (b) Ha2(SisO10—GesO19), (¢)
Lix(Si5s010-GesO10) and (d) LioHa(Si5010—GesO10) nanoclusters.

Compound AEqs x 1073 En-b x 1073 AHCq¢s x 1073 AGPads x 1073
Sis010 —1379.647 -0.29 —1379.647 —1379.646
HSis010 —1379.937 - —1379.936 —1379.965
GesOio —6981.158 —0.286 —6981.158 —6981.189
HGesO1o —6981.444 - —6981.443 —6981.474
Si5010-GesOro —8360.864 —0.508 —8360.864 —8360.892
Hx(Si5010-GesO10) —8361.372 - —8361.371 —8361.390
Li>(Sis010-GesOio) —9176.639 —1.455 —9176.639 —9176.671
Li> H4(SisO10-GesO10)  —91,178.094 - -9178.094 —9178.114

The thermodynamic parameters of hydrogen adsorption on SisO;0—GesO1o and
Lix(Sis010-GesO10) nanoclusters were assigned through a given number of hydrogen
donor sites. The stability of the linkage between the two complexes of SisOjo and
GesOpo and the formation of the SisOi0—GesOio nanocluster can be considered as
LioHa(Si5010—GesO10) > Ha(Si5010—GesO10) > HGesO1o > HSisO10 (Table 3).

The maximum efficiency of SisO1—GesOio for hydrogen adsorption through
AGjy is related to the linkage between hydrogen atoms with silicon and germanium
in Si5010—GesO10 and Lix(SisO10—GesO1o) and the formation of hydrated nanoclusters
of Ha(Si5010—GesO10) and LioHa(Si5010—GesO10). The adsorption process of hydrogen
atoms in SisOj, GesOio, SisO10—GesOrp and Lix(SisO10-GesO1o) nanoclusters is
affirmed by the AGgy, quantities:

AGR4sry = AGR, [si,0,0-Ges010] — (AGSi.0,, + AGRsic0,, + AGCe.0,, + AGRiGe,0,,) (5)

AGRas2y = AGYi 1, [5i5040-Ges050] — (AGEi, [5i50,0-Ges050] T AGSi-0,0-Ges04) (6)
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This shows the interaction between hydrogen atoms and SisO19, GesO1o, SisO1o—
GesOj9 and Lix(SisO10-GesOi0) nanoclusters as electron acceptors. Therefore, the
combination of SisOjp and GesOio to produce the SisOi10—GesOio nanocluster can
enhance hydrogen storage in transistors through the formation of the hydrated cluster
of Hz(SisOlofGesolo).

4. Conclusion

In summary, H-grabbing in the nanoclusters of SisO19, GesO1o and SisO10—GesOio
was investigated by using first-principles computations. The alterations of charge
density illustrated a remarkable charge transfer towards SisO10, GesO1o and SisOjo—
GesOjo. The fluctuation in charge density values demonstrates that the electronic
densities were in the boundary of adsorbate/adsorbent atoms during adsorption.
Besides that, the thermodynamic parameters describing H-grabbing in the nano-
carbides of SisO10, GesO1o and SisO10-GesO19 were investigated, including the internal
process of the adsorbent-adsorbate system. The combination of SisOo and GesOio to
produce the SisO;0—GesO19 nanocluster can enhance hydrogen storage in transistors
through the formation of the hydrated clusters of Hz(SisO10—GesO19). Moreover,
hydrogen bond (H-bond)-accepting sites by Li»(SisO10—GesO10) can alleviate parasitic
hydrogen evolution in aqueous electrolytes in lithium-ion batteries. Today, it is crucial
to distinguish the potential of hydrogen technologies and bring up all perspectives of
their performance, from technological progress to economic and social effects.
Authors should pursue research on sustainability and clean energy subjects towards
finding new solutions for reducing the global dependency on fossil fuels.
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