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ABSTRACT: 2D silicon carbide (SiC) has been developed and tested as an 
anode material for batteries utilizing lithium (Li), sodium (Na), potassium (K), 
beryllium (Be), magnesium (Mg), boron (B), aluminum (Al), and gallium (Ga) 
ions. This is due to its ability to form nanoclusters such as SiCLi, SiCNa, SiCK, 
SiCBe, SiCMg, SiCB, SiCAl, and SiCGa. A comprehensive study was conducted 
to explore the energy-saving potential of these SiCLi, SiCNa, SiCK, SiCBe, 
SiCMg, SiCB, SiCAl, and SiCGa complexes. This study utilized computer 
methods to analyze charge density differences (CDD), total density of states 
(TDOS), and molecular electrostatic potential (ESP) for these hybrid 
nanoclusters. The addition of lithium, sodium, beryllium, and magnesium can 
increase the negative charge on carbon atoms, serving as electron acceptors in 
these nanoclusters. Increasing the presence of silicon and carbon in these 
nanoclusters can enhance battery capacity during energy storage and improve 
performance at higher rates by enhancing electrical conductivity. Additionally, 
using SiC as an anode could potentially extend battery lifespan by preventing 
electrode breakdown and increasing capacity due to stronger surface effects. 

Keywords: Novel hybrid-ion batteries; silicon carbide; Groups 1,2,13 Metals; 
DFT 

1 Introduction 

The necessity for improved high-performance 
anodes in lithium-ion batteries has been 
emphasized. Researchers have explored the use of 
a nanomaterial, such as silicon carbide, which 
serves as a wide bandgap semiconductor with 
robust mechanical properties, as a potential anode. 
However, a significant challenge has been the 
substantial volume changes that occur during the 
charge and discharge cycles of silicon-based 
nanostructures utilized as anodes in high-energy 
batteries. This problem is considered the primary 
obstacle hindering the commercial application of 
these materials [1–4]. 

Alongside the low diffusion barrier, moderate open 
circuit voltage, and good electronic conductivity 
during sodiation, researchers have suggested that 
graphitic SiC could be a promising material for use 
as an anode in sodium-ion batteries. Furthermore, 
they found that enhancing the amount of covalent 
bonding in Na-C bonds can improve the ability of 
sodium ions to intercalate into carbon-based 
multilayer materials. This enhancement can be 
accomplished by doping with atoms such as Li, Be, 
B, Al, Si, or P, which have lower electronegativity 
compared to carbon atoms [5–9]. 

Researchers studied the structure of a single layer 
of silicon carbide (SiC) to determine its ability to 
store sodium and potassium ions. They utilized a 
method known as DFT for analysis. The findings 
revealed that SiC exhibits negative adsorption 
energies when potassium or sodium atoms bond to 
its surface, indicating an energetically favorable 
process. The single-layer SiC has the capacity to 
retain a high number of sodium or potassium ions on 
both sides of its surface. Additionally, the 
introduction of sodium or potassium causes the 
semiconducting SiC layer to transition into a metallic 
state with excellent electrical conductivity. These 
results suggest that the SiC monolayer could serve 
as a promising material for application in sodium-ion 
and potassium-ion batteries [10]. 

Researchers are investigating silicon carbide and III-
nitride nanosheets as potential alternatives to lithium 
and sodium ion batteries for use in magnesium ion 
batteries (MIBs). Through calculations based on 
density functional theory, they discovered that MIBs 
utilizing these materials exhibit higher internal 
energy changes and cell voltages compared to the 
carbon-based nanomaterials previously discussed in 
literature [11]. 
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Since silicon is more polarizable than a carbon 
atom, it is believed that Si-C/Si nanosurfaces may 
bond more strongly with other materials compared to 
pure carbon nanostructures [12–14]. Previous 
studies on energy-saving devices utilizing hydrogen 
adsorption were conducted using DFT calculations 
involving semiconductor-based nano-carbides such 
as Si/Ge/Sn/Pb [15], Mg-Al nanoalloys [16], and 
Al/C/Si-doped BN nanocomposites [17]. 
Nanomaterials with unique structures are extremely 
valuable in fields such as electrocatalysis, fuel cells, 
and energy conservation [18]. 

Recently, researchers have been investigating the 
electrochemical reactions and challenges associated 
with using silicon-based anodes in alkali metal-ion 
batteries. They have explored various methods, 
including designing the structure of silicon, modifying 
the surface of silicon-based materials, and creating 
silicon-based composites to enhance battery 
performance. As a result, it is now possible to 
discuss the future challenges and potential benefits 
of developing silicon-based anode materials for 
these types of batteries [19,20]. 

In another study, Dong and his team used titanium 
silicon carbide (Ti3SiC2, TSC) to create a silicon-
based anode composite (Si/TSC) to enhance the 
performance of lithium-ion batteries. They utilized 
TSC as a material to reinforce the structure and 
enhance conductivity for the silicon anode. After 
conducting a detailed analysis, they tested the 
samples to observe how their performance 
correlated with changes in chemical composition. 
This helped them assess the material's 
effectiveness for battery applications involving 
lithium, sodium, potassium, beryllium, magnesium, 
boron, aluminum, or gallium. 

2. Theoretical Backgrounds, Materials and 
Methods 

The applied Density Functional Theory (DFT) 
approach gained significant attention only after W. 
Kohn and L. J. Sham published their well-regarded 
set of equations, known as the Kohn-Sham (KS) 
equations [21,22]. 

   

  

Equation (3) expresses all physically valid electronic 
densities for the system of non-interacting electrons 

using the single particle orbitals . 

  

Finally, the total energy can be calculated using the 
KS method based on equation (4): 

 

Therefore, the exact exchange energy functional is 
described using Kohn-Sham orbitals instead of the 
density, which is referred to as the indirect density 
functional. This study utilized the hybrid functional 
with a three-parameter basis set called B3LYP 

(Becke, Lee, Yang, Parr) within the framework of 
DFT for theoretical calculations. The widely used 
B3LYP (Becke, three-parameter, Lee-Yang-Parr) 
and exchange-correlation functional are based on 
equation (5) [23–25]: 

   

Calculations that consider spin polarization were 
carried out using density functional theory (DFT) 
[26]. The exchange correlation potentials were 
handled with the Perdew–Burke–Ernzerhof (PBE) 
method, which is part of the general gradient 

approximation (GGA) [27,28]. Figure 1 shows 
nanoclusters made from Group 1, 2, and 13 metals, 
specifically SiCLi, SiCNa, SiCK, SiCBe, SiCMg, 
SiCB, SiCAl, and SiCGa. 
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Figure1. Adding Li, Na, K, Be, Mg, B, Al or Ga to SiC nanocluster and formation of SiCLi,  SiCNa, SiCK, 
SiCBe,  SiCMg, SiCB, SiCAl, or SiCGa complexes towards energy storage in novel batteries. (X Y= LiLi, 
NaNa, KK, BeBe, Mg,Mg BB, AlAl, or GaGa). 

The Bader charge parameter analysis [29] has been 
conducted for energy storage using hybrid clusters 
consisting of SiCLi, SiCNa, SiCK, SiCBe, SiCMg, 
SiCB, SiCAl, and SiCGa complexes (Figure 1). This 
analysis was performed using the Gaussian 16 
revision C.01 computational software [30] and the 
GaussView 6.1 graphical program [31]. 

Using silicon carbide nanoclusters as the anode in 
batteries that run on lithium, sodium, beryllium, 
magnesium, boron, aluminum, or gallium offers 
several key benefits. These nanoclusters allow for 
multiple ways to store ions like lithium, sodium, 
beryllium, or magnesium within a stable silicon 
carbide structure. They also improve electrical 
conductivity because of the silicon and carbon in the 
material, and the nanocluster shape helps increase 
the surface area. In this study, silicon or carbon can 
be evenly spread out within the silicon carbide 

matrix, which prevents them from clumping together 
during repeated charge and discharge cycles. When 
lithium, sodium, beryllium, or magnesium ions are 
inserted into the material, some of the carbon bonds 
- like C-Li, C-Na, C-Be, or C-Mg - may break, 
causing slight expansion. This creates better spots 
for more ions to insert into the material later on, as 
shown in Figure 1. 

3. Results and Discussion 

3.1. Charge distribution analysis 

The charge distribution of elements from C(2), C(3), 
C(7) through C(12), C(14), C(15), C(17), C(18), 
C(22) through C(27), C(29), and C(30) in the 
nanoclusters made of SiCLi, SiCNa, SiCK, SiCBe, 
SiCMg, SiCB, SiCAl, and SiCGa has been observed 
in Table 1. 

Table 1. The atomic charge (Q/coulomb) for SiCLi, SiCNa, SiCK, SiCBe, SiCMg, SiCB, SiCAl, SiCGa 
nanoclusters. 

SiCLi SiCNa SiCK SiCBe 

Atom Q Atom Q Atom Q Atom Q 

C(2) –0.42 C(2) –0.42 C(2) –0.43 C(2) –0.43 

C(3) –0.34 C(3) –0.37 C(3) –0.34 C(3) –0.36 

C(7) –0.38 C(7) –0.40 C(7) –0.39 C(7) –0.39 

C(12) –0.92 C(12) –0.82 C(12) –0.90 C(12) –0.89 

C(14) –0.37 C(14) –0.37 C(14) –0.36 C(14) –0.36 

C(15) –0.38 C(15) –0.38 C(15) –0.41 C(15) –0.34 

C(17) –0.41 C(17) –0.42 C(17) –0.43 C(17) –0.41 

C(18) –0.35 C(18) –0.37 C(18) –0.38 C(18) –0.34 
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SiCLi SiCNa SiCK SiCBe 

C(27) –0.51 C(27) –0.47 C(27) –0.46 C(27) –0.49 

C(29) –0.40 C(29) –0.39 C(29) –0.42 C(29) –0.37 

C(30) –0.37 C(30) –0.39 C(30) –0.37 C(30) –0.34 

Li(31) 0.75 Na(31) 0.68 K(31) 0.91 Be(31) 0.65 

Li(32) 0.50 Na(32) 0.37 K(32) 0.90 Be(32) 0.67 

SiCMg SiCB SiCAl SiCGa 

Atom Q Atom Q Atom Q Atom Q 

C(2) –0.43 C(2) –0.42 C(2) –0.42 C(2) –0.42 

C(3) –0.34 C(3) –0.34 C(3) –0.33 C(3) –0.33 

C(7) –0.39 C(7) –0.38 C(7) –0.39 C(7) –0.39 

C(8) –0.34 C(8) –0.36 C(8) –0.34 C(8) –0.34 

C(9) –0.35 C(9) –0.38 C(9) –0.34 C(9) –0.35 

C(10) –1.07 C(10) –0.76 C(10) –1.23 C(10) –1.14 

C(11) –0.37 C(11) –0.36 C(11) –0.33 C(11) –0.34 

C(12) –1.10 C(12) –0.81 C(12) –1.08 C(12) –1.01 

C(14) –0.38 C(14) –0.33 C(14) –0.35 C(14) –0.34 

C(15) –0.38 C(15) –0.34 C(15) –0.35 C(15) –0.35 

C(17) –0.42 C(17) –0.43 C(17) –0.43 C(17) –0.43 

C(18) –0.34 C(18) –0.36 C(18) –0.35 C(18) –0.34 

C(22) –0.39 C(22) –0.38 C(22) –0.38 C(22) –0.38 

C(23) –0.35 C(23) –0.35 C(23) –0.33 C(23) –0.33 

C(24) –1.05 C(24) –0.77 C(24) –1.20 C(24) –1.10 

C(25) –0.32 C(25) –0.35 C(25) –0.33 C(25) –0.34 

C(26) –1.06 C(26) –0.76 C(26) –1.07 C(26) –1.00 

C(27) –0.48 C(27) –0.45 C(27) –0.41 C(27) –0.42 

C(29) –0.42 C(29) –0.30 C(29) –0.34 C(29) –0.33 

C(30) –0.37 C(30) –0.34 C(30) –0.36 C(30) –0.35 

Mg(31) 1.15 B(31) 0.40 Al(31) 0.93 Ga(31) 0.76 

Mg(32) 1.09 B(32) 0.32 Al(32) 1.13 Ga(32) 0.92 

The distribution of electric charge has been shown 
for Groups 1, 2, and 13 metals that are captured by 
the SiC nanostructure, leading to the formation of 
nanoclusters such as SiCLi, SiCNa, SiCK, SiCBe, 
SiCMg, SiCB, SiCAl, and SiCGa (Table 1). When Li, 
Na, K, Be, Mg, B, Al, or Ga atoms are attached, they 
help increase the negative charge on specific carbon 
atoms like C(2), C(3), C(7) through C(12), C(14), 
C(15), C(17), C(18), C(22) through C(27), C(29), 

and C(30), making them act as electron acceptors in 
these nanoclusters (Table 1) [32].  

3.2. Total Density of States 

In an isolated system, such as a single molecule, the 
energy levels are distinct and separate. Due to this, 
the concept of "density of states (DOS)" is not 
applicable in this scenario. Therefore, the "original 
total DOS (TDOS)" for such an isolated system can 
be represented as [33]. 

      (6) 

The normalized Gaussian function is defined as: 

 where  (7) 

FWHM (full width at half maximum)" is an adjustable 
setting in "Multiwfn" [34, 35]. In addition, the curve 
maps for "broadened partial DOS (PDOS)" and 

"overlap DOS (OPDOS)" are helpful for analyzing 
the composition of orbitals. The "PDOS function of 
fragment "A" is defined as: 

 (8) 
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where "  represents the composition of 

fragment "A" in orbital "i". The 'OPDOS between 

fragment "A" and "B" is defined as: 

    (9) 

The term "  " represents the total cross term 

between fragments "A" and "B" in orbital "i". In terms 
of the energy storage capability of SiCLi, SiCNa, 
SiCK, SiCBe, SiCMg, SiCB, SiCAl, and SiCGa 

nanoclusters, the total density of states (TDOS) has 
been analyzed. This analysis reveals the presence 
of significant chemical interactions, typically located 
on the "convex side" as illustrated in Figures 2(a–h). 

  

  

  

  

Figure 2. TDOS graphs of (a) SiCLi, (b) SiCNa, (c) SiCK, (d) SiCBe, (e) SiCMg, (f) SiCB, (g) SiCAl, (h) SiCGa 

nanoclusters.  
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3.3. Molecular electrostatic potential (ESP) 

The molecular electrostatic potential (ESP) has long 
been used to identify potential nucleophilic and 
electrophilic attack sites. It is also useful in 
understanding hydrogen bonds, halogen bonds, 
molecular recognition, and interactions between 

aromatic molecules [36]. This function calculates the 
electrostatic interaction between a single point 
charge at a specific location and the molecule under 
study. A positive value indicates that the area is 
primarily influenced by nuclear charges, while a 
negative value suggests it is more affected by 
electronic charges. 

 = + =  –  (10) 

ZA refers to the nuclear charge. If you are using a 
pseudopotential, then ZA represents the number of 
electrons that are explicitly shown. It is important to 
note that calculating the electrostatic potential (ESP) 
takes much longer than calculating other functions. 
In Multiwfn, ESP is calculated exactly using nuclear 
attractive integrals, rather than with approximate 
methods like multipole expansion or solving the 
numerical Poisson equation. Due to this, the ESP 
results from Multiwfn might appear different from 
those produced by other quantum chemistry 
software. To expedite the ESP calculation, Multiwfn 

skips some integrals that contribute minimally to the 
final result. The cutoff value for which integrals are 
skipped is set in "espprecutoff" in settings.ini. 
Increasing this value enhances the accuracy of the 
ESP but also increases the computational workload. 
In most scenarios, the ESP calculated with the 
default setting is sufficiently accurate. Atoms of Li, 
Na, K, Be, Mg, B, Al, or Ga are enclosed by a silicon 
carbide (SiC) nanostructure (Figure 3a–h) to create 
nanoclusters such as SiCLi, SiCNa, SiCK, SiCBe, 
SiCMg, SiCB, SiCAl, and SiCGa (Figure 3a–h). 
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Figure 3. The shaded (left side) and counter (right side) maps of ESP graphs for (a) SiCLi, (b) SiCNa, (c) 
SiCK, (d) SiCBe, (e) SiCMg, (f) SiCB, (g) SiCAl, (h) SiCGa nanoclusters. 

SiCLi (Figure 3a), SiCNa (Figure 3b), SiCK (Figure 
3c), SiCBe (Figure 3d), SiCMg (Figure 3e), SiCB 
(Figure 3f), SiCAl (Figure 3g), and SiCGa (Figure 
3h) have shown electron delocalization through an 
isosurface map. Labeled atoms include C(10), 
C(12), Si(13), C(24), C(26), Si(28), X(31)/X(32) 

(where X is Li, Na, K, Be, Mg, B, Al, or Ga). The 
counter map of ESP confirms that these SiCLi, 
SiCNa, SiCK, SiCBe, SiCMg, SiCB, SiCAl, and 
SiCGa nanoclusters may improve the efficiency of 
energy storage (Figure 3a–h and Table 2). 

Table2. Cell capacity (C, mAh g-1 ), dipole moment (D/debye), HOMO(eV), LUMO (eV), energy gap (∆E= 
ELUMO – EHOMO /eV) and stability energy (Es/kcal/mol) for SiCLi, SiCNa, SiCK, SiCBe, SiCMg, SiCB, SiCAl, 
SiCGa nanoclusters. 

Heteroclusters C D EHOMO ELUMO ∆E Es×10-3 

SiCLi 100.20 1.25 –5.20 –4.20 1.00 –509.21 

SiCNa 94.53 1.18 –4.96 –4.43 0.52 –499.96 

SiCK 453.1410 0.9438 –5.05 –4.13 0.9275 –534.83 

SiCBe 198.86 1.09 –5.30 –4.33 0.97 –518.21 

SiCMg 188.18 0.29 –5.06 –4.12 0.89 –500.80 

SiCB 2605.62 0.61 –5.49 –4.61 0.88 –530.75 

SiCAl 1709.64 1.26 –5.35 –4.40 0.95 –502.24 
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Heteroclusters C D EHOMO ELUMO ∆E Es×10-3 

SiCGa 895.66 1.11 –5.36 –4.41 0.95 –502.32 

Moreover, the intermolecular orbital overlap integral 
plays a crucial role in discussions regarding 
intermolecular charge transfer. This integral is 
utilized to calculate the HOMO–HOMO and LUMO–
LUMO overlaps between Group 1, 2, and 13 metals 
and silicon carbide (Table 2).  

4. Conclusions 

Metals from Groups 1, 2, and 13 were examined for 
their ability to interact with silicon carbide and create 
nanoclusters such as SiCLi, SiCNa, SiCK, SiCBe, 
SiCMg, SiCB, SiCAl, and SiCGa through 
computational methods. The research revealed 
significant changes in charge density, indicating a 
noticeable transfer of charge within these 
compounds. Silicon carbide, known for its 
semiconductor properties, is often combined with 
carbon to enhance both ionic and electronic 
conductivity. The addition of elements like lithium, 
sodium, potassium, beryllium, magnesium, boron, 
aluminum, or gallium to battery cells is recognized 
for its ability to increase energy efficiency. 

Acknowledgement: The author is grateful to 
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its research. 
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