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Abstract: Alkali Metal ions play vital roles in biology. Many of them are crucial for catalysis, electron
transport, and the fixation, detection, or metabolism of gas molecules. Silicon carbide (SiC)-based
nanomaterials have shown promising applications and higher performance in the biological
arena. A vast study on ion transport by SiLi"C, SiNa*C, and SiK*C complexes was probed
using computational approaches due to density state analysis of charge density differences
(CDD), total density of state (TDOS), and molecular electrostatic potential (ESP) for hybrid
clusters of SiLi*C, SiNa"C, and SiK*C. Functionalizing of Li*, Na*, K* cations can augment
the negative atomic charge of C2, C3, C7-C12, C14, C15, C17, C18, C22-C27, C29, C30 as
electron acceptors in SiLi*C, SiNa*C and SiK*C nanoclusters. A small portion of Li*, Na*, and
K* entered the Si—C layer to replace the alkali and alkaline earth metals sites, which could
improve the structural stability of the electrode material at high multiplicity, thereby improving
the capacity retention rate. SiLi"C, SiNa'C, SiK*C nanoclusters have shown the steepest
maximums TDOS surrounding —0.30, —0.40, —0.50, and —0.60 a.u. owing to the covalent bond
between Li*, Na*, K* cations and SiC nanostructure with a maximum density of state of ~ 12.
Higher Si/C content can increase ion transport capacity through SiLi*C, SiNa*C, and SiK*C
nanoclusters for the ion transport process and improve the rate performances by enhancing
electrical conductivity. Finally, the unresolved issues, plausible challenges, current status, and
future perspectives for the development and design of SiC have been summarized and are
expected to promote the medical sectors.

Keywords: biological cell; ion transport; alkali metal ions; silicon carbide nanocluster; density of
states.
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1. Introduction

The alkali metals and alkaline-earth metals always have similar electronic structures
and chemical properties. Therefore, they usually coexist in ores or water resources. The
separation of alkali metal ions and alkaline-earth metal ions has significant application
prospects in seawater desalination, resource recovery, and energy storage, which are paramount
for the sustainable development of the environment, resources, and energy. Membrane
technologies have been extensively investigated in this area and have attracted widespread
https://biointerfaceresearch.com/ 10f13



https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC163.097
mailto:fmollaamin@kastamonu.edu.tr
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6896-336X
https://orcid.org/0000-0002-6665-837X

https://doi.org/10.33263/BRIAC163.097

attention due to their environmental friendliness and energy efficiency. Recently, progress in
membrane technology has focused on the separation of alkali and alkaline earth metal ions,
including organic, inorganic, and mixed-matrix membranes [1].

While prominently represented in the environment, lithium ions are not essential
cofactors in biological systems [2,3]. In contrast, sodium, potassium, calcium, and magnesium
are essential cofactors in multiple biological systems, while others, such as iron, zinc, and
copper, play roles in specific systems [4-7]. Thus, lithium ions appear to have been isolated
from being incorporated as an essential element during the evolution of increasingly complex
biological systems [8-10].

Irrespective of those who discovered Li salt’s effects on patients with bipolar disorder,
its use in these conditions became the standard for decades and continues today. In the
treatment of bipolar disorder patients with lithium salts, it has been noted that not all patients
are responsive to therapeutic doses of this intervention [11-13].

The nanomaterials, however, are widely applied in photocatalysis, energy, sensing,
water purification, biomedicine, and electronics, with further material engineering for other
future applications [14,15]. In fact, these are semiconductors in which the pure state of the
semiconductor material is deliberately diluted by adding some quantities of impurities. By
doing so, their conductivity and properties are improved compared to those of intrinsic
semiconductors.

As the effect of Li salt utilization as a replacement for NaCl was an obvious failure, its
successful usage in the treatment of bipolar disorder in patients was a stimulus from several
outlooks for a more detailed research of Li salt’s impacts on other biological systems, with the
emergence of a better understanding of its broad significance in biology and its functions as a
modulator or regulator of biological systems. It performs a critical task in monitoring
alterations in the system, entirely owing to genetic or biological heterogeneity in humans [16—
22].

Currently, the present research aims to explore the possibility of using SiC nanocage
for ion transport of Li*, Na™ and K* by employing first-principles calculations. We have
analyzed the structural and electronic properties of SiLi*C, SiNa*C, and SiK*C nanoclusters
using state-of-the-art computational techniques.

2. Materials and Methods

The aim of this study is to transport alkali metal ions of Li*, Na*, and K* by SiC
nanocages towards the formation of SiLi*C, SiNa'C, and SiK*C complexes (Figure 1a,b,c),
which can increase the ion transfer in the cell membrane.

All calculations in this paper were performed with the first-principles method based on
the density functional theory (DFT) method. The geometries optimization and vibrational
frequencies analysis of the models were calculated using DFT with the hybrid exchange-
correlation functional B3LYP and 6-311+G(d,p) basis sets. DFT has proven to be an essential
tool for exploring the electronic and structural properties of graphene-based electrodes in
lithium-ion batteries. While its effectiveness is evident in revealing atomic-level phenomena,
current implementations face notable challenges, especially when dealing with complex
systems involving defects, interfaces, and lithium diffusion. 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. This highlights the importance of
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considering the electronic correlation and dispersion effects in accurately predicting
polarizabilities [23].

Alkali Metal Ion

V4

Si (X) C
Figure 1. Adding Li*, Na*, and K* to SiC nanocluster and formation of (a) SiLi*C; (b) SiNa*C; (c) SiK*C
complexes towards ion transport in biological cells. Note: X in Figure is Li*, Na*, or K*.

The analysis of the Bader charge parameter [24] has been illustrated for lon transport
by hybrid clusters of SiLi*C, SiNa"C, and SiK*C complexes (Figure 1a,b,c) due to Gaussian
16 revision C.01 computational software [25] and GaussView 6.1 graphical program [26]. The
applied basis sets for theoretical calculations of ion transport by SiLi*C, SiNa*C, and SiK*C
complexes have been supported by LANL2DZ and 6-311+G (d,p).
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In this investigation, the Onsager model, developed by Frisch, Wong, and Wiberg, uses
spherical cavities. Even though this implies a less accurate description of the solute-solvent
interface, this approximation simplifies the evaluation of energy changes during geometry
optimizations and frequency analyses. In fact, a cavity must have a physical sense, as in the
Onsager model, and a mathematical ability, as is often the case in other descriptions of solvent
effects [27]. On the other hand, the cavity must exclude the solvent and define its boundaries
as the most probable region of the solute charge distribution [28].

The Li*/Na*/K" insertion might also result in the cleavage of some C-Li*, C-Na™ or
C-K" bonds in the SiC nanocluster and the expansion, providing favorable sites for the
subsequent ion insertion in the network (Figure 1a,b,c). At the same time, the Li*, Na*, or K*
cations could react rapidly with silicon or carbide of SiC nanocluster to form SiLi*C, SiNa*C,
and SiK*C heteroclusters. The results obtained using the mentioned method shed light on the
impact of the methodology choice on the predicted properties, emphasizing the need for careful
consideration when analyzing and interpreting theoretical results across such diverse
geometries.

3. Results and Discussion

3.1. Charge density differences analysis.

In Figure 2(a,b,c), charge density differences (CDD) [29] have been shown for SiLi*C,
SiNa*C, and SiK*C nanoclusters with the vibration in the district about —12 to +9 Bohr through

co-interaction between alkali metal ions of Li+31-Li+32, Na+31-Na+32, and K+31-K+32.
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Figure 2. CDD graphs for (a) SiLi*C; (b) SiNa*C; (c) SiK*C nanoclusters.
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Moreover, the elements of C2, C3, C7-C12, C14, C15, C17, C18, C22-C27, C29, C30
from SiLi"C, SiNa'C, and SiK*C nanoclusters have displayed the vibration about —12 to +9
Bohr (Figure 2a,b,c).

The charge distribution has been illustrated during alkali metal ions captured by SiC
nanostructure towards the formation of SiLi*C, SiNa*C, and SiK*C nanoclusters, respectively
(Table 1).

Table 1. The atomic charge (Q/coulomb) for SiLi*C, SiNa*C and SiK*C nanoclusters.

SiLi'C SiNa*C SiK*C
Atom/lon Q Atom/lon Q Atom/lon Q
Li*31 0.75 Na*31 0.68 K*31 0.91
Li*32 0.50 Na*32 0.37 K*32 0.90
C2 —0.42 C2 —0.42 C2 —0.43
C3 -0.34 C3 -0.37 C3 -0.34
C7 -0.38 Cc7 -0.40 C7 -0.39
C8 -0.36 C8 -0.37 C8 -0.37
C9 -0.38 C9 -0.37 C9 -0.37
C10 -0.81 C10 -0.70 C10 -1.01
C11 -0.37 Cl1 -0.35 Cl1 -0.32
C12 -0.92 C12 -0.82 C12 -0.90
Cl4 -0.37 Cl4 -0.37 Cl4 -0.36
C15 -0.38 C15 -0.38 C15 -041
C17 -0.41 C17 -0.42 C17 —0.43
C18 -0.35 C18 -0.37 C18 -0.38
C22 -0.38 C22 -0.40 C22 -0.40
C23 -0.34 C23 -0.38 C23 -0.36
C24 -0.78 C24 -0.69 C24 -0.96
C25 -0.34 C25 -0.34 C25 -0.32
C26 -0.85 C26 -0.75 C26 -0.91
Cc27 -0.51 Cc27 -0.47 Cc27 -0.46
C29 -0.40 C29 -0.39 C29 -0.42
C30 -0.37 C30 -0.39 C30 -0.37

Functionalizing of Li*, Na*, K* cations can augment the negative atomic charge of C2,
C3, C7-C12, C14, C15, C17, C18, C22-C27, C29, C30 as electron acceptors in SiLi*C,
SiNa*C and SiK*C nanoclusters (Figure 3a,b,c).
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Figure 3. The changes of charge distribution for (a) SiLi*C; (b) SiNa*C; (c) SiK*C nanoclusters.

3.2. Total density of states.

In an isolated system (such as a molecule), the energy levels are discrete; the concept
of "density of state (DOS)" is supposed to be completely valueless in this situation. Therefore,
the "original total DOS (TDOS)" of an isolated system can be written as using the "Multiwfn"
[30, 31] program.

In the "TDOS map", each discrete vertical line corresponds to a "molecular orbital
(MO)", and the dashed line highlights the position of "HOMOQO". The curve is the "TDOS"
simulated based on the distribution of "MQO" energy levels.

Regarding ion transport by SiLi"C, SiNa'C, and SiK*C nanoclusters, TDOS has been
evaluated. This factor can demonstrate the existence of important chemical interactions often
on the "convex side" (Figure 4 a,b,c).

SiLi"C, SiNa'C, SiK*C nanoclusters (Figure 4a,b,c) have shown the steepest
maximums TDOS surrounding —0.30,-0.40, —0.50, and —0.60 a.u. owing to the covalent bond
between Li*, Na*, K* cations and SiC nanostructure with a maximum density of state of ~ 12.

Fragment 1 has been defined for C9 to C12, Sil13, C24 to C27, Si28, and X31/X32
(X=Li*, Na*, K%) in Figure 4 (a,b,c). Fragment 2 has indicated the fluctuation of Sil, Si4, to
Si6 beside the similar involved atoms of Fragment 1 in Figure 4 (a,b,c). Finally, it was
considered the fluctuation of Sil6, Sil9 to Si21, C17, C18, C22, C23, C29, C30 in Figure 4
(a,b,c).
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Figure 4. OPDOS/PDOS/TDOS graphs of (a) SiLi*C; (b) SiNa*C; (c) SiK*C nanoclusters.
3.3. Molecular electrostatic potential (ESP).

Trapping of Li*, Na*, and K" cations by SiC nanostructure (Figure 5a,b,c) towards the
formation of SiLi"C, SiNa'C, and SiK*C nanoclusters might be described by molecular
electrostatic potential (ESP) [32] graphs using Multiwfn [30, 31] due to achieving their
delocalization/localization characterizations of electrons and chemical bonds (Figure 5a,b,c).

SiLi*C (Figure 5a), SiNa'C (Figure 5b), SiK*C (Figure 5c) have demonstrated the
electron delocalization through an isosurface map with labeling atoms of C10, C12, Si13, C24,
C26, Si28, X31/X32 (X=Li*, Na", K"). In fact, the counter map of ESP can confirm that SiLi*C,
SiNa*C, and SiK*C nanoclusters may augment the efficiency of ion transport (Figure 5a,b,c).

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*, Na*, K" cations and SiC nanostructure. The layered silicon
carbide improved by alkali metal ions of lithium (1+), sodium (1+), and potassium (1+) has
indicated the structural stability of Li*-, Na*-, and K*-ion heteroclusters through the reported
stability energies in Table 2. 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 alkali metal ions and silicon carbide. The
wavefunction level we used was CAM-B3LYP-D3/6-311+G(d,p) that corresponds to HOMO
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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 SiLi*C, SiNa'C, and SiK*C nanoclusters (Table 2).

Figure 5. The counter (right side) and shaded (left side) maps of ESP graphs for (a) SiLi*C; (b) SiNa*C;
(c) SiK*C nanoclusters.

Table 2. Stability energy (kcal/mol), dipole moment (debye), LUMO (eV), HOMO (eV), energy gap (AE) (eV),
and cell capacity (C, mAh g?) for SiLi*C, SiNa*C, and SiK*C nanoclusters.

Esx10°3 Dipole moment Enomo ELumo AE=ELumo —EHomo (4
Heteroclusters |\ 2 1/mol) P (debye) (eV) (eV) (eV) (C, mAhg)
SiLiC -509.21 125 5.20 -4.20 1.00 100.20
SiNa'C ~499.96 118 4.96 4.43 0.52 9453
SIK'C 534.83 0.94 5.05 413 0.92 453.14

A small portion of Li*, Na*, and K* entered the Si—C layer to replace the alkali metal
ions sites, which could improve the structural stability of the nanocluster at high multiplicity,
https://biointerfaceresearch.com/ 8 of 13
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thereby improving the capacity retention rate of 100.2018, 94.5295, 198.8630, and 188.1862
mAhg? for SiLi*C, SiNa*C, and SiK*C complexes, respectively (Table 2) [33].

In addition, the amount of "Mayer bond order" [34] is generally according to empirical
bond order, for the single bond is near 1.0. "Mulliken bond order" [35], with a small accord
with empirical bond order, is not appropriate for quantifying bonding strength, for which Mayer
bond order always performs better. However, "Mulliken bond order” is a good qualitative
indicator for "positive amount” of bonding and "negative amount™ of antibonding, which are
evacuated and localized, respectively (Table 3).

Table 3. The bond order of Mayer, Wiberg, Mulliken, Laplacian, and Fuzzy from mixed alpha and beta density
matrix for SiLi*C, SiNa*C, and SiK*C nanoclusters.

Compound | Bond type - Bond.order -
Mayer | Wiberg | Mulliken | Laplacian | Fuzzy

Si13-Si28 0.73 0.67 0.56 0.41 0.90

C10-Li*32 0.40 0.42 0.48 0.43 0.36

SiLi*C Cl12-Li*31 0.16 0.26 0.27 0.2 0.18
C24-Li*32 0.36 0.41 0.44 0.42 0.34

C26-Li*31 0.20 0.31 0.31 0.40 0.22

Si13-Si28 0.69 0.66 0.42 0.47 0.87

C10-Na*32 0.41 0.27 0.59 0.60 0.53

SiNa*C C12-Na*31 0.16 0.20 0.32 0.31 0.33
C24-Na*32 0.41 0.27 0.56 0.53 0.51

C26-Na*31 0.22 0.23 0.37 0.36 0.40

Si13-Si28 0.76 0.66 0.97 0.93 0.86

C10-K*32 0.57 0.39 0.54 0.53 0.60

SiK*C C12-K*31 0.24 0.23 0.11 0.10 0.35
C24-K*32 0.58 0.38 0.42 0.40 0.58

C26-K*31 0.36 0.29 0.20 0.19 0.42

As shown in Table 3, “Laplacian bond order” [36] shows a strong correlation with bond
polarity, bond dissociation energy, and bond vibrational frequency. The low value of the
Laplacian bond order might indicate that it is insensitive to the level of calculation used to
produce the electron density. Generally, the value of “Fuzzy bond order” is close to the Mayer
bond order, especially for low-polar bonds, but is much more stable with respect to changes in
basis set. Computation of “Fuzzy bond order” demands running “Becke's DFT” numerical
integration, owing to which the calculation value is larger than the assessment of “Mayer bond
order”, and it can be more precise [37].

4. Conclusions

Li*, Na*, and K* metal ions captured by silicon carbide towards the formation of SiLi"C,
SiNa'C, and SiK*C nanoclusters were studied by computational methods. The changes in
charge density defined a notable charge transfer in SiLi*C, SiNa'C, and SiK*C. Due to the
semiconducting nature of SiC, it is usually composited with C for better ionic and electronic
conductivities. It is well established that enhancing Li*, Na*, or K* in biological cells can
augment the ion transport. Functionalizing of Li*, Na*, K cations can augment the negative
atomic charge of C2, C3, C7-C12, C14, C15, C17, C18, C22-C27, C29, C30 as electron
acceptors in SiLi*C, SiNa'C and SiK*C nanoclusters. The results of this research article
indicate that the architectural design of X»(SiC) (X = Li*, Na*, K*) can augment the capacity
of biological cells. SiLi*C, SiNa'C, SiK*C nanoclusters have shown the steepest maximums
TDOS surrounding —0.30, —0.40, —0.50, and —0.60 a.u. owing to the covalent bond between
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Li*, Na*, K cations and SiC nanostructure with a maximum density of state of ~ 12. A small
portion of Li*, Na*, or K* entered the Si—C layer to replace the alkali metal ions sites, which
could improve the structural stability of the electrode material at high multiplicity, thereby
improving the capacity retention rate of 100.2018, 94.5295, 198.8630, and 188.1862 mAhg™*
for SiLi*C, SiNa*C, and SiK*C complexes, respectively. We presented that the ionic groups on
the side chain of the nanocluster with smaller steric space should provide higher ionic
conductivity due to their lower rotation energy barriers. This research article covers the state-
of-the-art synthetic strategies used to prepare the materials, the basic structure, and a panorama
of different optimization strategies that lead to improved physicochemical properties
responsible for biological applications.
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