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Abstract: Non-metal and Metal atoms adsorbed into the germanium carbide (GeC) nanocage system
were investigated by first-principles calculations. GeC was created and studied as an anode material
used to absorb boron (B), aluminum (Al), and gallium (Ga) inside biological cells, forming nanoclusters
like "B2(GeC), Alx(GeC), and Gay(GeC)". A comprehensive investigation into these "Ba(GeC),
Al>(GeC), and Gay(GeC)" complexes was conducted using computational methods, focusing on charge
density differences (CDD), total density of states (TDOS), and molecular electrostatic potential (ESP)
for these hybrid nanoclusters. The basis of the metal-nonmetal interaction is the presence of topological
and structural defects, as well as heteroatom functional group silicon that breaks the perfect symmetry
of a graphene layer, providing preferential nucleation and growth sites for metal nanoparticles and a
single metal site. Bo(GeC), Alx(GeC), Gaz(GeC) nanoclusters have shown the steepest maximum TDOS
surrounding —0.40, —0.50, and —0.60 a.u. owing to the covalent bond between B, Al, Ga atoms and GeC
nanostructure with a maximum density of states of ~ 12. Functionalizing of Li, B, Al, Ga atoms can
augment the negative atomic charge of C2, C3, C7-C12, C14, C15, C17, C18, C22-C27, C29, C30 as
electron acceptors in B2(GeC), Al(GeC), and Gaz(GeC) nanocages. Improving the thermoelectric
efficiency of such materials is achieved by simultaneously increasing the electrical conductance across
the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap.
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1. Introduction

Germanium and gallium, which are critical, rare, dispersed metals, have irreplaceable
value in various high-tech fields such as fiber-optic communications, infrared optics,
semiconductor devices, photovoltaic energy, and biomedical engineering, owing to their
unique physical and chemical properties [1].

Boron, aluminum, and gallium are critical supporting elements for global high-tech
industries. With increasing resource depletion and stringent environmental requirements, it is
imperative to improve resource utilization and achieve clean production globally. The efficient
extraction of B, Al, and Ga from solutions is the most important step in industries for these
elements. Aqueous solutions containing B, Al, and Ga typically have low concentrations of
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these elements and complex chemical compositions, posing challenges for their separation and
concentration from the solutions. Therefore, the development of new technologies is of
immense significance. Recently, unconventional methods have been performed for the
separation of B, Al, and Ga in solutions, including liquid membrane, ionic liquid, ion
imprinting, molecular recognition, and functionalized material adsorption technologies [2,3].

It is believed that germanium-based anodes could meet the increasing requirements for
batteries with high power and energy densities. The histogram of publications shows increased
interest in germanium-based anodes overall over the last decade. Due to its unique Dirac
electronic band structure, high room temperature carrier mobility of 230,000 cm2/V s, visible
transparency of 97%, exceptional conductivity of 106 S/m, and thermal conductivity of 5000
W/m K, graphene has been used in a variety of industries in areas such as hydrogen storage,
electronic devices such as transistors, and field emission displays [4].

With its high specific surface area, graphene has also been used as an electrode material
for electrochemical energy devices, including batteries, supercapacitors, fuel cells, and solar
cells. The template-assisted in-situ reduction method was used to create the three-dimensional
interconnected porous graphene [5-7]. Then, to be employed as anode materials, the Ge
nanoparticles were evenly distributed throughout the porous graphene [8,9].

In addition, in medical applications, gallium-based LMs have demonstrated remarkable
performance, particularly in antibacterial activity, cancer treatment, and diagnostic imaging,
offering unique and more sustainable advantages compared to traditional silver materials [10—
12].

As methods effective for constructing carbon-centred chiral spirocycles do not translate
to boron and germanium, leaving these chiral centres unexplored, recently, the scientists
described a unified strategy for constructing carbon, boron, and germanium-centred chiral
spirocyclic skeletons via enantioselective hetero [2+2+2] cycloaddition of a bis-alkyne with a
nitrile [13,14].

This investigation aims to delve into the feasibility of B2(GeC), Alx(GeC), and
Gax(GeC) nanoclusters for energy storage. Therefore, the physico-chemical properties of the
mentioned heteroclusters of B2(GeC), Alx(GeC), and Gaz(GeC). Following in-depth
characterization, samples were measured for their performance correlated with chemical
composition variations to assess their potency for B, Al, and Ga in biological cells. What was
presented is intended to serve as a basic source of inspiration for addressing the impending
scarcity of B, Al, and Ga resources, a challenge that looms on the horizon. This work provides
the first DFT-based evaluation of germanium carbide nanocluster for B, Al, Ga coordination
and electronic properties. The objectives of this article are to elucidate the intriguing properties
associated with the nano-bio-interface of GeC, provide a brief overview of these clusters in
advancing nano-biomedicine, and assess their potential as functional components in
biomedical applications.

2. Materials and Methods

Figure 1 shows a GeC nanocluster that can adsorb B, Al, or Ga in the biological cells.
In this investigation, the computations have been launched by the Coulomb-attenuating
method—(Becke, 3-parameter, Lee-Yang-Parr) [CAM-B3LYP-D3] level of theory [15,16].
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Gay(GeC)
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Figure 1. Adding B, Al, Ga to GeC nanocluster and formation of B»(GeC), Alx(GeC), and Gax(GeC) complexes
towards energy storage in novel batteries.

The analysis of Bader charge parameter [17] has been illustrated for hybrid clusters of
B2(GeC), Al2(GeC), and Gax(GeC) (Figure 1) using Gaussian 16 revision C.01 computational
software [18] and GaussView 6.1 graphical program [19]. In this research article, the
calculations have been done by "CAM-B3LYP-D3" level of theory and basis sets of
LANL2DZ for metal atoms and 6-311+G (d,p) for other atoms. Dispersion forces were
considered under the "DFT-D3" method of Grimme with Becke—Johnson damping with
multiplicity of +1 and convergence on RMS density matrix=1.00D-08 and convergence on
MAX density matrix=1.00D-06 [20,21].

One of the most significant advantages of applying GeC nanocluster as the anode in B,
Al, or Ga batteries is that they provide several potential B/Al/Ga-ion adsorption sites in a stable
GeC anode material, increased electrical conductivity from Ge/C, and surface area from the
nanocluster morphology. In this investigation, homogenously distributed germanium or carbon
elements can be immobilized in the GeC matrix, which prevents their tendency to form
agglomeration under battery cycling. The B /Al/ Ga insertion might also result in the cleavage
of some C-B, C-Al, or C-Ga bonds in the GeC anode material and the expansion, providing
favorable sites for the subsequent ion insertion in the network (Figure 1a—c). At the same time,
the Li, B, Al, or Ga atoms could react rapidly with germanium or carbide of GeC nanocluster
to form B2(GeC), Alx(GeC), and Gax(GeC) heteroclusters. In addition, the implementation and
analysis details of computer DFT modeling have explored possible limitations and pitfalls by
means of a number of case studies.

3. Results and Discussion

3.1. Charge density differences analysis.

In Figure 2(a—c), charge density differences (CDD) [22] have been shown for B2(GeC),
Al>(GeC), and Gaz(GeC) nanoclusters with the vibration in the district about —12 to +9 Bohr
through co-interaction between Li31-Li32, and B31- B32, Al31- Al32, Ga31- Ga32.
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Figure 2. The 3D-CDD graphs for (a) B2(GeC); (b) Alx(GeC); (c) Gaz(GeC) nanoclusters on the X, Y, and Z
axes (Bohr).

Moreover, the elements of C2, C3, C7-C12, C14, C15, C17, C18, C22-C27, C29, C30
from B2(GeC), Al2(GeC), and Gaz(GeC) nanoclusters have displayed the vibration about —12
to +9 Bohr (Figure 2a—c).

Electronic metal-carbon interaction plays a fundamental role in tuning the
electrocatalytic behavior of the metal active phase. The basis of the metal-nonmetal interaction
is the presence of topological and structural defects, as well as the heteroatom functional group
silicon, which breaks the perfect symmetry of a graphene layer, providing preferential
nucleation and growth sites for metal nanoparticles and a single metal site. As can be seen in
Figure 2, the electronic states of carbon sites in GeC near the valence band have an electron
acceptor character, while metal ion sites have an electron donor character.

The charge distribution has been illustrated during the atom captured by the GeC
nanostructure towards formation of B2(GeC), Alx(GeC), and Gax(GeC) nanoclusters,
respectively (Table 1).

Table 1. The atomic charge (Q/coulomb) for B,(GeC), Aly(GeC) and Gay(GeC) nanoclusters.

B2(GeC) Alx(GeC) Gaz( GeC)
Atom Q Atom Q Atom Q
Cc2 —-0.313 c2 -0.310 C2 -0.310
C3 —-0.164 C3 -0.160 C3 —-0.155
c7 -0.276 c7 -0.279 C7 —-0.280
C8 -0.189 C8 -0.172 C8 —-0.168
C9 —-0.312 C9 -0.277 Cc9 —-0.288
C10 —0.643 C10 -1.084 C10 -1.011
Cl1 —-0.293 C11 -0.259 C11 -0.270
C12 -0.723 C12 -0.970 C12 -0.913
C14 -0.228 C14 -0.230 C14 -0.229
C15 -0.217 C15 -0.227 C15 -0.225
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B2(GeC) Alx(GeC) Gaz( GeC)
Atom Q Atom Q Atom Q
C17 -0.322 C17 —0.323 C17 -0.323
C18 -0.175 C18 —0.165 C18 —0.159
C22 -0.272 C22 —-0.275 C22 -0.277
C23 -0.172 C23 -0.161 C23 -0.157
C24 -0.671 C24 -1.086 C24 -1.004
C25 -0.274 C25 —0.253 C25 —0.264
C26 —0.642 C26 —0.955 C26 —0.883
c27 -0.416 c27 -0.373 c27 -0.381
C29 —0.206 C29 -0.233 C29 -0.226
C30 -0.228 C30 -0.240 C30 -0.237
B31 0.379 Al31 0.902 Ga3l 0.726
B32 0.319 Al32 1.129 Ga32 0.910

Functionalizing of Li, B, Al, Ga atoms can augment the negative atomic charge of C2,
C3, C7-C12, C14, C15, C17, C18, C22-C27, C29, C30 as electron acceptors in B2(GeC),
Al>(GeC), and Gax(GeC) nanoclusters (Figure 3a—c).
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Figure 3. The changes of charge distribution for (a) B2(GeC); (b) Al,(GeC); (c) Gaz(GeC) nanoclusters.
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3.2. Total density of states.

In an isolated system, the energy levels are discrete, and the concept of "density of
states (DOS)" is supposed in this situation through the "Multiwfn™ program [23,24].
Furthermore, the curve map of "broadened partial DOS (PDOS)" and "overlap DOS (OPDOS)"
is valuable for visualizing orbital composition analysis.

Regarding B2(GeC), Al2(GeC), and Ga2(GeC) nanoclusters, TDOS has been evaluated.
This factor can demonstrate the existence of important chemical interactions often on the
"convex side" (Figure 4a—).
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Figure 4. PDOS/TDOS graphs of (a) B2(GeC); (b) Aly(GeC); (c) Gax(GeC) nanoclusters.

B2(GeC), Alx(GeC), Gax(GeC) nanoclusters (Figure4a—c) have shown the steepest
maximums TDOS surrounding —0.40, —0.50, and —0.60 a.u. owing to the covalent bond
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between B, Al, Ga atoms and GeC nanostructure with a maximum density of states of ~ 12. An
analysis of valence bands and Fermi surfaces in both phases indicates that the density of states
crucially depends on the parameter in the system's Hamiltonian that controls a topological
alternation of the Fermi surface. The signature of that alternation is expected to play an
important role in quantities closely related to the density of electronic states, such as charge
transport and the optical conductivity of the system.

3.3. Molecular electrostatic potential.

"Molecular electrostatic potential (ESP)" has been commonly used for predicting where
nucleophilic and electrophilic reactions might happen for a long time. It is also helpful in
understanding hydrogen bonds, halogen bonds, how molecules recognize each other, and how
aromatic compounds interact with each other [25]. This function calculates the electrostatic
interaction between a single point charge placed at a specific location and the entire system. A
positive value means the area is mainly influenced by nuclear charges, while a negative value
suggests it's more affected by electronic charges.

Trapping of B, Al, Ga atoms by GeC nanostructure (Figure 5a—c) towards formation of
B2(GeC), Alx(GeC), and Gax(GeC) nanoclusters might be described by ESP graphs using
Multiwfn due to achieving their delocalization/localization characterizations of electrons and

chemical bonds (Figure 5a—c).
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Figure 5. The counter (left side) and shaded (right side) maps of ESP graphs for (a) B2(GeC); (b) Alx(GeC);
(c) Gaz(GeC) nanoclusters.
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B2(GeC) (Figure 5a), Al>(GeC) (Figure 5b), Gax(GeC) (Figure 5¢) have demonstrated
the electron delocalization through an isosurface map with labeling atoms of C10, C12, Sil3,
C24, C26, Si28, X31/X32 (X= B, Al, Ga). In fact, the counter map of ESP can confirm that
B2(GeC), Alx(GeC), and Gaz(GeC) nanoclusters can indicate the ion adsorption in biological
cells. (Figure 5a—c). ESP is meaningful in describing features of these potentials and has been
utilized to understand the interactive tendencies of molecules in condensed phases. Therefore,
it focuses on surface electrostatic potentials and a variety of statistically derived quantities
defined in terms of them.

Besides, the intermolecular orbital overlap integral is important in the illustration of
intermolecular charge transfer, which can compute HOMO-HOMO and LUMO-LUMO
overlap integrals between Li, B, Al, Ga atoms, and GeC nanostructure. The layered germanium
carbide doped with boron, aluminum, and gallium has demonstrated structural stability in B-,
Al-, and Ga-ion batteries, as indicated by the reported stability energies in Table 2. Improving
the thermoelectric efficiency of such materials is achieved by simultaneously increasing the
electrical conductance across the highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) gap.

Table 2. Stability energy (kcal/mol), dipole moment (debye), LUMO (eV), HOMO(eV), and energy gap (AE)
(eV) for B2(GeC), Alx(GeC), and Gaz(GeC) nanoclusters.

Esx108 Dipole moment Enomo ELumo AE=ELumo —EHomo
Heteroclusters |, -2 1/mol) p(debye) (eV) (V) (eV)
B2(GeC) 15295081 03377 5.4430 | -4.4901 0.9529
Al(GeC) -500.9893 1.2501 52892 | -4.2790 1.0102
Gao(GeC) '501.0702 1.1027 533053 | -4.2847 1.0206

Moreover, the intermolecular orbital overlap integral is important in discussions of
intermolecular charge transfer, which can calculate HOMO-HOMO and LUMO-LUMO
overlap integrals between the metal/metalloids and germanium carbide. The wavefunction
level we used was CAM-B3LYP-D3/6-311+G(d,p), which corresponds to HOMO and
LUMO, respectively (Table 2). Therefore, ELumo (a.u.), ELumo (a.u.), and the local bandgap
energies (AE/a.u.) and immobile charges induced by polarization discontinuity are
simultaneously controlled throughout the structures, and optimized band profiles are eventually
achieved for B2(GeC), Al2(GeC), and Ga2(GeC) nanoclusters (Table 2).

The charge surfaces produced at the metal spot, which introduce a dipole in the GeC
nanocage, can attach to the surface via ion-quadrupole and ion-induced dipole interactions. The
consequences show that the GeC nanocage is appropriate for ion adsorption. These
investigations could introduce a perspective on modeling new materials using GeC nanocages
for ion separation.

4. Conclusions

Metal/metalloid atom capture by germanium carbide towards the formation of
B2(GeC), Alx(GeC), and Gax(GeC) nanoclusters was studied by computational methods. The
changes of charge density are defined as a notable charge transfer in B2(GeC), Al>(GeC), and
Gaz(GeC). Due to the semiconducting nature of GeC, it is usually composited with C for better
ionic and electronic conductivities. This research article demonstrates the use of high-power-
density/energy-density materials to separate B, Al, or Ga in biological cells, with excellent
cycle stability. The treatment of methods increases in complexity and experimental challenges:
from lysates and fluids to cells and tissues, to living cells and animals, and finally to the
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prospects of applying extant technology to investigations in body cells. Computational design
can be used to establish a surface-state model of the interaction between the GeC nanocage and
ion separation in the body, ensuring safety and effectiveness. Therefore, future research should
pay more attention to theoretical simulations to accurately and in-depth study nano-bio-
interactions, paving the way for safe and effective biomedical applications of GeC nanocage
bio-interface.
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