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Abstract

A comprehensive investigation on hydrogen grabbing by SiO-GeO was carried out, including
DFT computations at the CAM-B3LYP-D3/6-311+G (d,p) level of theory. The data shows that if
silicon elements are replaced by germanium, the H-grabbing energy will be ameliorated.
Electromagnetic and thermodynamic properties of SiO, GeO, and SiO-GeO nanoclusters have
been evaluated. The hypothesis of the hydrogen adsorption phenomenon was confirmed by
density distributions of PDOS and LOL for hydrated nanoclusters of H-SiO, H-GeO, and H-SiO-
GeO-H. 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. The advantages of germanium over silicon include its higher electron and hole mobility,
allowing germanium devices to operate at higher frequencies than silicon devices. Therefore,
by combining SiO and GeO, it can be concluded that the SiO-GeO nanocluster might be an
appropriate candidate for hydrogen storage in transistors.
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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 [1]. A fuel cell applies
reverse electrolysis to convert an oxidizing agent and hydrogen to power an electric motor [2-4].

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 H-grabbing [5-12].

It was investigated that H-storing on the C-nano compound indicates molecular hydrogen
dissociation [13-16]. The structure of transition metal-carbon exhibits a charge distribution among
boundary atoms, and the cationic state of transition metals can be discussed [17-21]. Thus, the
electronic charge can be produced through gas molecule adsorption on the surfaces of ionic
transition metals [22-24]. Transition metals as dopants might cause a whole Hamiltonian
perturbation towards alterations in electronic structures, which converts to substantial usage in
magnetic electronic instruments [25-29]. Recently, Si-, Ge- or Sn-carbide nanostructures have been
suggested as engaged H-grabbing compounds [30-32]. Since the polarizability of silicon is greater
than that of carbon, it is supposed that Si-C/Si nanosheet might attach to compositions more
strongly than net carbon nano-surfaces [33-35].

H> gas is mostly preserved either by liquefaction under high compressing pressure [36-39] or by
adsorption on the surface or interstitial region of the material cavity [40-42]. In relation tTo this, the
adsorption of H, on the surface of 2D materials has advantages in terms of safe functionality and
cost-effectiveness. For the effective utilization of H; in fuel cells, the adsorption energy and
gravimetric weight percentage on the adsorbent should be sufficiently high [43]. The adsorption-
desorption kinetics and the strength of binding energy should be intermediate for hydrogen to bind
on the material surfaces with an optimal range of adsorption.

Moreover, the adsorption and sensing of H, and CH,0 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 results show that the pristine BNNS indicates fragile interaction with the H, and
CH20 molecules. The H; and CH,0 molecules might strongly adsorb on the transition metal-doped
BNNSs with appreciable adsorption energy through the geometrical deformation on the transition
metal doping zone [44].

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 [45], magnesium -aluminum alloy [46] and
aluminum/carbon/silicon doping boron nitride nanocage [47].

Nanomaterials with remarkable specific structures indicate promising applications in energy
storage, electrocatalysis, and fuel cells. This article wants to demonstrate a facile approach for
fabricating a nanocluster of SiO-GeO as a template at a moderate condition for hydrogen storage.
In semiconductor materials, germanium and silicon are essential components that have greatly
influenced modern technology. They are vital in electronics, each with distinct properties that make
them valuable for different purposes. This article examines the basic difference between
germanium and silicon through two complexes of SiO, GesO, and the formation of SiO-GeO
nanocluster, including their electrical characteristics and practical uses in different technological
fields. One of its notable uses is in the semiconductor industry. Germanium was initially used in early
transistors and semiconductors, playing a crucial role in developing electronic devices. However,
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silicon largely replaced germanium. Despite this, germanium is still used in niche applications, such
as infrared detectors and optical devices.

The present research aims to explore the possibility of using SiO-GeO nanocluster for hydrogen
storage by employing first-principles calculations. We have analyzed the structural and electronic
properties of SiO, GeO, SiO-GeO, and hydrated nanocluster of H-SiO-GeO-H using state-of-the-art
computational techniques.

2. Materials and Methods

This study aims at hydrogen adsorption by using SiO, GeO, and SiO-GeO nanoclusters (Figure 1).
The hydrated nanocluster of H-SiO-GeO-H was modeled in the presence of SiO and GeO, and the
production of SiO-GeO can increase hydrogen storage in semiconductor transistors. In our research,
the calculations were done using the CAM-B3LYP-D3/EPR-3 level of theory.

H-Si10 H-GeO

H-Si0-GeO-H

Figure 1 Application of SiO-GeO for increasing hydrogen adsorption towards the energy
storage in transistors accompanying formation of hydrated nanoclusters including H-SiO,
H-GeO, H-SiO-GeO-H using CAM-B3LYP-D3/6-311+G (d,p) calculation.

Figure 1 shows the process of hydrogen adsorption on the SiO-GeO surface, including the
formation of hydrated nanoclusters containing H-SiO, H-GeO, and H-SiO-GeO-H. The Bader charge
analysis [48] was discussed during the trapping of hydrogen atoms by Sis010-GesO10 and the
formation of H-SiO, H-GeO, and H-SiO-GeO-H nanoclusters (Figure 1). The rigid potential energy
surface using density functional theory [49-62] was performed due to the Gaussian 16 revision C.01
program package [63] and GaussView 6.1 [64]. The coordination input for hydrogen grabbing by
SiO-GeO has applied 6-311+G (d,p) and EPR-3 basis sets [65].

3. Results and Discussion

In this article, the data has evaluated the efficiency of boron nitride nanocage doped with
chromium, nickel, zinc, molybdenum, palladium, and cadmium for hydrogen detection.

3.1 PDOS 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 [62] have computed the partial density of
states (PDOS) diagrams. To better understand the adsorption characteristics of hydrogen by crystals
of SiO and GeO clusters, PDOS has been measured (Figure 2a-d).
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Figure 2 PDOS graphs of (a) SiO, (b) H-SiO, (c) GeO, and (d) H-GeO.

It is clear from the figure that after trapping with hydrogen molecules, p-orbitals of Si and Ge
make a significant contribution to the unoccupied level in SiO and GeO. Therefore, the curve of
partial PDOS has described the s states of H atoms and p-orbitals of Si and Ge in the unoccupied
level in SiO (Figure 2a) and GeO (Figure 2c) overcome due to the conduction band. A distinguished
adsorption trait might be seen in H-SiO and H-GeO because of the potent interaction between the
s states of hydrogen atoms with p-orbitals of Si and Ge in the unoccupied level in SiO and GeO
complexes. It has been shown that H-SiO and H-GeO make the most contribution in the middle of
the conduction band between -5 to -10 eV. In contrast, the contribution of boron and nitrogen states
are enlarged and similar together, and the adsorption of H; depicts the interfacial electronic of the
SiO and GeO for the selection of hydrogen molecules. H-SiO has indicated sharp peaks for Si atoms
close to H atoms in Figure 2b. H-GeO (Figure 2d) has exhibited firm peaks for Ge atoms close to H
atoms. Therefore, the order ability of hydrogen adsorption by SiO and GeO based on the PDOS might
be shifted as H-GeO > H-SiO.

3.2 LOL Analysis

Localized orbital locator (LOL) has a similar expression compared to the electron localization
function (ELF) [66].
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Multiwfn [67] also supports the approximate version of LOL defined by Tsirelson and Stash [68],
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 a special reason, if “ELFLOL_type” in settings.ini is
changed from 0 to 2, another formalism will be used:

1

LOL(H) = —
1+ [1/T(r)]2

(3)

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

The nanoclusters of SiO-GeO and H-SiO-GeO-H can be defined by LOL graphs owing to exploring
their delocalization/localization characterizations of electrons and chemical bonds (Figure 3a, 3b).
Covalent zones have a high LOL value, and the electron depletion zones between the valence shell
and inner shell are indicated by the blue circles around the nuclei (Figure 3a, 3b).
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Figure 3 The graphs of LOL for (a) SiO-GeO and (b) H-SiO-GeO-H. (Counter line map on
the left and shaded surface map with projection on the right).

The counter map of LOL can confirm that the SiO-GeO (Figure 3a) cluster with labeling atoms of
0(10), Si(13), and Ge(28) increases the efficiency during hydrogen adsorption towards the formation
of H -SiO-GeO-H (Figure 3b) labeling atoms of Si(13), Ge(28), H(31) or H(32).

3.3 Infrared Spectroscopy, Thermal Performance Promising

The IR has been performed for hydrogen grabbing by SiO and GesO nanoclusters. Therefore, it
has been simulated several clusters containing SiO (Figure 4a), H-SisO10 (Figure 4b), GesO1o (Figure
4c), and H-Ges01p (Figure 4d).
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Figure 4 The Frequency (cm) changes through the IR spectra for (a) SiO, (b) H-SiO, (c)
GeO, and (d) H-GeO complexes.

The frequency values through the IR curves between 200-1100 cm™ have been achieved for
SisO10 with several sharp peaks around 371.52, 400.69, 616.11, 736.73, 746.09, 784.99 and 84.75
cm™ (Figure 4a). Figure 4b shows the frequency range between 300-1200 cm™ for H-SisO10 with
sharp peaks around 464.86, 663.71, 702.49, 832.17, 841.00 and 1126.17 cm™. Figure 4c indicates
the frequency fluctuation between 200-1200 cm™ for GesO10 with sharp peaks around 364.39,
610.61, 780.37, and 1022.67 cm™. The graph of Figure 4d has been observed in the frequency range
between 200-1200 cm™ for H-GesO10, with several sharp peaks around 793.72, 814.41, 1003.50, and
1021.96 cm™. Hydrogen capture with SisO10 and GesO10 nanoclusters has described that the frame
of the overcoming cluster is related to GesO1p in the high amounts of frequency. This property makes
germanium potentially advantageous for specific high-frequency applications requiring faster
transistor switching speeds. The advantages of germanium over silicon include its higher electron
and hole mobility, allowing it to operate at higher frequencies than silicon devices.

Table 1, through the thermodynamic specifications at 298 K, concluded that the SisO10-Ges010
nanocluster might be a more efficient structure for hydrogen trapping.
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Table 1 The thermodynamic characters of SiO, H-SiO, GeO, H-GeO, SisO10-Ges01p and H-
SiO-GeO-H nanoclusters using CAM-B3LYP-D3/6-311+G (d,p) calculation.

AE®qs x 103 AH%gs x 103 AG%qs x 103  Dipole moment

Compound (kcal/mol)  (kcal/mol) (kcal/mol) (Debye)
SiO -1379.64 -1379.64 -1379.64 0.44
H-SiO -1379.93 -1379.93 -1379.96 0.73
GeO -6981.16 -6981.16 -6981.20 0.80
H-GeO -6981.44 -6981.44 -6981.47 0.59
SiO-GeO -8360.86 -8360.86 -8360.89 1.27
H-SiO-GeO-H -8361.37 -8361.37 -8361.39 1.54

Thermodynamic parameters of hydrogen adsorption on SiO, GeO, and SiO-GeO nanoclusters
have been assigned through a given number of hydrogen donor sites. The stabilities of the linkage
of two complexes of SiO, GeO, and the formation of SiO-GeO nanocluster can be considered as H-
SiO-Ges0O-H > Si0-GeO > H-GeO > GeO > H-SiO > SiO complexes (Table 1).

The changes of Gibbs free energy versus dipole moment could detect the maximum efficiency of
SiO-GeO for hydrogen adsorption through AGg4. Which is related to the linkage between hydrogen
atoms with silicon and germanium in SiO-GeO and the formation of hydrated nanocluster of H-SiO-
GeO-H.

The adsorption process of hydrogen atoms on SiO, GeO, and SiO-GeO nanoclusters is affirmed

by the AG3,4 quantities:

a
AGRys = AGH_sio-geo-n — (AGSio + AGR_sio + AGGeo + AGR_geo) (4)

Table 1 shows the key role of interaction between the adsorbate of hydrogen atoms as the
electron donors and the adsorbent of SiO, GeO and SiO-GeO nanocluster as the electron acceptors.
As a result, germanium has interesting optical properties, including transparency to infrared
radiation. This characteristic makes it valuable in the production of lenses for thermal imaging
systems and night vision devices. Its use extends to fiber optics, where it serves as a dopant to
enhance the refractive index of optical fibers, improving signal transmission. Therefore, combining
SiO and GeO and producing a SiO-GeO nanocluster can promise enhancing hydrogen storage in the
transistors by forming the hydrated cluster of H-SiO-GeO-H.

Then, current numerical simulations and theoretical research on the heat transfer limit of HTHPs
are recommended. The significant hypotheses in numerical simulations and the present theoretical
studies are compiled here. Finally, some potential future directions and tentative suggestions for
HTHP research are put forward.

Furthermore, this design can improve the performance of automotive battery thermal
management systems to accomplish more effective heat dissipation. The thermochemistry
parameters and characteristics of composite thermally conductive silicone-germanium materials of
Si0, GeO and SiO-GeO are recommended. The remarkable hypotheses applied in numerical
simulations and the present theoretical investigation are assembled in this work. Therefore, it is a
considerable viewpoint of the optimal operating conditions for each direction, and it is expected
this paper contribute to improving the thermal performance of batteries.
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4. Conclusion

In summary, H-grabbing on the nanoclusters of SiO, GeO, and SiO-GeO was investigated by first-
principle calculations. The alterations of charge density illustrated a remarkable charge transfer
towards SiO, GeO, and SiO-GeO, which might play the electron acceptor roles. At the same time, H-
atoms act as the stronger electron donner through adsorption on the SiO, GeO, and SiO-GeO. SiO,
GeO, and SiO-GeO have greater interaction energy from Van der Waals’ forces with H-atoms, which
can cause them to be much more resistant. Besides, thermodynamic parameters describing H-
grabbing on the nano-carbides of SiO, GeO and SiO-GeO have been investigated, including the
internal process of the adsorbent-adsorbate system. As germanium has shown interesting optical
properties, including transparency to infrared radiation, a combination of SisO19 and GeO and
producing SiO-GeO nanocluster can promise to enhance hydrogen storage in the transistors through
the formation of the hydrated cluster of H-SiO-GeO-H. Thermodynamic parameters have
constructed a detailed molecular model for atom-atom interactions and a distribution of point
charges, which can 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 progress to economic and social effects. The authors intend
to pursue research on sustainability and clean energy subjects to find new solutions for reducing
the global dependency on fossil fuels.
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