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Abstract: Silicon carbide (SiC) has been designed and characterized as an anode electrode for lithium 
(Li)-, sodium (Na)-, and potassium (K)-ion batteries because it forms Li2(SiC), Na2(SiC), and K2(SiC) 
nanoclusters. A comprehensive study of energy storage by Li2(SiC), Na2(SiC), and K2(SiC) complexes 
was conducted using computational approaches, including density-of-states analysis, charge-density 
differences (CDD), total density of states (TDOS), and molecular electrostatic potential (ESP) 
calculations for hybrid clusters of Li2(SiC), Na2(SiC), and K2(SiC). The entry of a small portion of Li, Na, 
or K into the Si–C layer to replace alkali- and alkaline-earth-metal sites could improve the structural 
stability of the electrode material at high multiplicity, thereby improving the capacity-retention rate. A 
higher Si/C content can increase battery capacity through Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters 
during the energy-storage process and improve rate performance by enhancing electrical conductivity. 
Besides, SiC anode material may advance cycling consistency by preventing electrode degradation and 
augmenting capacity owing to higher surface-capacitive effects. 

Keywords: Alkali/alkaline earth metals, Density of states, Energy-saving, Novel hybrid-ion batteries, Silicon carbide. 

 
1. Introduction  

Large-volume variation during the charge/discharge of silicon nanostructures applied as anode 
electrodes for high-energy lithium-ion batteries (LIBs) has been considered the most critical problem, 
inhibiting their commercial applications. Searching for alternative high-performance anodes for LIBs 
has been emphasized. Silicon carbide (SiC) nanomaterials, wide-bandgap semiconductors with excellent 
mechanical properties, have been investigated as anode electrode materials, either as active materials, 
protective layers, or inactive buffer material [1]. 

It is relevant to remark that Si-based inorganic compounds have been extensively examined for 
lithium-ion batteries (LIBs) [2]. Similarly, although Si-based polymer-derived ceramics (PDCs) have 
already been investigated as electrodes in rechargeable LIBs, Wen et al. [3] found no results regarding 
their potential for magnesium-ion batteries (MIBs). One promising anode material for LIBs is silicon 
(Si), with a theoretical capacity nearly ten times that of graphite [4]. However, the use of Si anodes 
remains limited because of significant volume expansion and pulverization during battery cycling, 
causing structural deterioration and poor performance stability [2]. The polymers derived from 
ceramics, especially those with a silicon backbone, might be a suitable candidate to address the 
mentioned concerns [3]. Therefore, SiOC, with Si tetrahedrally coordinated to O and C, has already 
been studied as an electrode in rechargeable lithium-ion batteries [5-8].  

Together with the low diffusion barrier, moderate open-circuit voltage, and excellent electronic 
conductivity during sodiation, the researchers proposed that graphitic SiC is a potential material for Na-



158 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484   

Vol. 10, No. 9: 157-173, 2026 
DOI: 10.55214/2576-8484.v10i9.13563 
© 2026 by the authors; licensee Learning Gate 

 

ion battery anodes. More importantly, they found that the intercalation strength of Na ions into C-based 
multilayer materials could be enhanced by increasing the amount of covalent components in Na–C 
bonds, which could be realized via doping with atoms (like Li, Be, B, Al, Si, or P) with lower 
electronegativity than that of C atoms [9]. 

The novel structure of a SiC monolayer was investigated for sodium and potassium storage using 
the DFT method. It was revealed that SiC exhibits negative adsorption energies for K/Na adsorption 
on its surface. Furthermore, the SiC monolayer can efficiently achieve a high content of Na/K loading 
on both sides of its surface. Additionally, it was demonstrated that the semiconducting SiC monolayer 
transforms into a metallic state with excellent conductivity upon Na/K adsorption. These findings 
underscore the potential of the SiC monolayer as a promising candidate for sodium-ion and potassium-
ion batteries [10]. 

Anode materials based on silicon carbide and III-nitride nanosheets are investigated for magnesium-
ion batteries (MIBs) as possible alternatives to lithium- and sodium-ion batteries. The calculated density 
functional theory results reveal higher internal energy changes and cell voltages for MIBs with silicon 
carbide, boron nitride, aluminum nitride, and gallium nitride anode materials than those previously 
reported for carbon nanomaterials [11]. 

Whereas the polarizability of Si is greater than that of the C atom, it is assumed that Si–C/Si 
nanosurfaces may contribute more intensely to hybrid compositions than to pure C nanostructures [12-
14]. Previous investigations of energy-saving devices through H adsorption have been conducted using 
DFT calculations on semiconductor-group Si/Ge/Sn/Pb nanocarbides [15], Mg-Al nanoalloys [16], 
and Al/C/Si-doped BN nanocomposites [17]. Nanomaterials with notable structures address emerging 
demands in electrocatalysis, fuel cells, and energy-saving applications [18].  

This investigation aims to explore the feasibility of Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters for 
energy storage. Therefore, the physicochemical properties of the aforementioned Li2(SiC), Na2(SiC), and 
K2(SiC) heteroclusters were analyzed. In this context, [SiC] nanoclusters modeled with the hybrid 
alkali metals Li, Na, and K were considered as cathode materials for comparison. Following in-depth 
characterization, the samples were evaluated for their performance in relation to variations in chemical 
composition to assess their potential for the first time in Li-, Na-, or K-batteries. 
 

2. Theory, Materials and Computation 
Figures 1 a,b,c show alkali-metal-based nanoclusters, Li2(SiC), Na2(SiC), and K2(SiC), which can 

enhance energy storage in battery cells, transistors, or other semiconducting devices. In this 
investigation, computations were conducted using the Coulomb-attenuating method (Becke, 3-
parameter, Lee-Yang-Parr) [CAM–B3LYP–D3] level of theory. 
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Figure 1.  
Adding Li, Na, K to SiC nanocluster and formation of  (a) Li2(SiC), (b) Na2(SiC), and (c) K2(SiC) complexes towards energy 
storage in novel batteries. 

 
The analysis of the Bader charge parameter [19] has been performed for energy storage in hybrid 

clusters of Li2(SiC), Na2(SiC), and K2(SiC) complexes (Figure 1a,b,c) using Gaussian 16 revision C.01 
computational software [20] and the GaussView 6.1 graphical program [21]. The applied basis sets for 
theoretical calculations of energy storage by Li2(SiC), Na2(SiC), and K2(SiC) complexes were supported 
by LANL2DZ and 6–311+G (d,p). 

One of the most significant advantages of applying SiC nanoclusters as anodes in Li-, Na-, or K-ion 
batteries is that they provide several potential Li/Na/K-ion storage pathways in a stable SiC anode 
material, increased electrical conductivity from Si/C, and increased surface area from the nanocluster 
morphology. In this investigation, homogeneously distributed silicon or carbon elements can be 
immobilized in the SiC matrix, which prevents their tendency to form agglomerates during battery 
cycling. Li/Na/K insertion might also result in the cleavage of some C–Li, C–Na, or C–K bonds in the 
SiC anode material and its expansion, providing favorable sites for subsequent ion insertion into the 
network (Figure 1a,b,c). At the same time, Li, Na, or K atoms could react rapidly with silicon or carbide 
in SiC nanoclusters to form Li2(SiC) (Figure 1a), Na2(SiC) (Figure 1b), and K2(SiC) (Figure 1c) 
heteroclusters. 
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3. Results and Discussion 
3.1. Charge Density Differences Analysis 

In Figure 2(a,b,c), charge density differences (CDD) [22] have been shown for  Li2(SiC), Na2(SiC), 
and K2(SiC) nanoclusters, with vibrations in the region from –12 to +9 Bohr resulting from co-
interactions between the alkali metals Li31–Li32, Na31–Na32, and K31–K32. Moreover, the elements 
C2, C3, C7–C12, C14, C15, C17, C18, C22–C27, C29, and C30 in the Li2(SiC), Na2(SiC), and K2(SiC) 
nanoclusters have exhibited vibrations from –12 to +9 Bohr (Figure 2a,b,c).  
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Figure 2.  
CDD graphs for (a) Li2(SiC), (b) Na2(SiC), and (c) K2(SiC) nanoclusters.  

 
The charge distribution of the alkali metals captured by the SiC nanostructure during the formation 

of Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters, respectively, is illustrated in Table 1. 
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Table 1.  
The atomic charge (Q/coulomb) for Li2(SiC), Na2(SiC) and K2(SiC) nanoclusters. 

 
Functionalization with Li, Na, and K atoms can increase the negative atomic charges of C2, C3, C7–

C12, C14, C15, C17, C18, C22–C27, C29, and C30, enabling them to act as electron acceptors in 
Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters (Figure 3a,b,c). 
 

Li2(SiC) Na2(SiC) K2(SiC) 

Atom Q Atom Q Atom Q 

Si1 0.7594 Si1 0.7475 Si1 0.7546 
C2 –0.4224 C2 –0.4274 C2 –0.4353 

C3 –0.3467 C3 –0.3679 C3 –0.3436 
Si4 0.7354 Si4 0.7366 Si4 0.7280 

Si5 0.7337 Si5 0.7460 Si5 0.7494 
Si6 0.7959 Si6 0.8510 Si6 0.8303 

C7 –0.3817 C7 –0.4035 C7 –0.3960 

C8 –0.3592 C8 –0.3769 C8 –0.3680 
C9 –0.3811 C9 –0.3700 C9 –0.3719 

C10 –0.8081 C10 –0.7046 C10 –1.0149 
C11 –0.3684 C11 –0.3536 C11 –0.3251 

C12 –0.9272 C12 –0.8236 C12 –0.9041 
Si13 1.1158 Si13 0.9622 Si13 0.9949 

C14 –0.3680 C14 –0.3679 C14 –0.3640 
C15 –0.3823 C15 –0.3858 C15 –0.4090 

Si16 0.8138 Si16 0.8591 Si16 0.8606 

C17 –0.4172 C17 –0.4239 C17 –0.4355 
C18 –0.3541 C18 –0.3704 C18 –0.3799 

Si19 0.7121 Si19 0.7087 Si19 0.7040 
Si20 0.7500 Si20 0.7765 Si20 0.7468 

Si21 0.7663 Si21 0.7543 Si21 0.7536 
C22 –0.3827 C22 –0.4001 C22 –0.4006 

C23 –0.3470 C23 –0.3835 C23 –0.3643 
C24 –0.7862 C24 –0.6938 C24 –0.9674 

C25 –0.3396 C25 –0.3439 C25 –0.3215 
C26 –0.8547 C26 –0.7516 C26 –0.9120 

C27 –0.5091 C27 –0.4721 C27 –0.4640 

Si28 1.0727 Si28 1.0081 Si28 1.0416 
C29 –0.3982 C29 –0.3959 C29 –0.4276 

C30 –0.3747 C30 –0.3908 C30 –0.3754 
Li31 0.7519 Na31 0.6846 K31 0.9090 

Li32 0.5019 Na32 0.3727 K32 0.9075 
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Figure 3.  
The changes of charge distribution for (a) Li2(SiC), (b) Na2(SiC) and (c) K2(SiC) nanoclusters.  

 
3.2. Total Density of States 

In an isolated system (such as a molecule), the energy levels are discrete, and the concept of "density 
of states (DOS)" is completely valueless in this situation. Therefore, the "original total DOS (TDOS)" of 
an isolated system can be written as [23]:   

                                         𝑇𝐷𝑂𝑆 (𝐸) =  ∑ 𝛿 (𝐸 − 𝜖𝑖 𝑖 )                                            (1) 
 
The normalized Gaussian function is defined as: 

                                            𝐺(𝑥) =
1

𝑐√2𝜋
𝑒

−
𝑥2

2𝑐2   where   𝑐 =
FWHM

2√2lnx
                                (2) 

 
"FWHM (full width at half maximum)" is an adjustable parameter in "Multiwfn" [24, 25]. 

Furthermore, the curve maps of "broadened partial DOS (PDOS)" and "overlap DOS (OPDOS)" are 
valuable for visualizing orbital composition analysis; the "PDOS function of fragment A" is defined as: 
 

                                           𝑃𝐷𝑂𝑆𝐴 (𝐸) = ∑ Ξ𝑖,𝐴 𝐹 (𝐸 − 𝜖𝑖 )𝑖                                           (3) 
 

where" Ξ𝑖,𝐴 is the composition of fragment A in orbital i. The “OPDOS between fragments A and B” is 
defined as: 

                                    𝑂𝑃𝐷𝑂𝑆𝐴,𝐵 (𝐸) = ∑ X𝐴,𝐵
𝑖  𝐹 (𝐸 − 𝜖𝑖 )𝑖                                      (4) 

 

Where “ X𝐴,𝐵
𝑖  is the composition of the total cross term between fragments A and B in orbital i. 

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

Regarding energy storage by Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters, the TDOS has been 
evaluated. This factor can demonstrate the existence of important chemical interactions, often on the 
"convex side"(Figure 4a,b,c). 
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Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters (Figure 4a,b,c) have shown the steepest TDOS maxima 
surrounding –0.30, –0.40, –0.50, and –0.60 a.u., owing to covalent bonds between the Li, Na, and K 
atoms and the SiC nanostructure, with a maximum density of states of approximately 12. 

Fragment 1 was defined for C9 to C12, Si13, C24 to C27, Si28, and X31/X32 (X = Li, Na, K) in 
Figure 4 (a, b, c). Fragment 2 indicated the fluctuations of Si1 and Si4 to Si6, alongside the 
corresponding atoms of Fragment 1, in Figure 4 (a, b, c). Finally, the fluctuations of Si16, Si19 to Si21, 
C17, C18, C22, C23, C29, and C30 were considered in Figure 4 (a,b,c). 
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Figure 4.  
OPDOS/PDOS/TDOS graphs of (a) Li2(SiC), (b) Na2(SiC) and (c) K2(SiC) nanoclusters.  
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3.3. Molecular Electrostatic Potential (ESP) 
Molecular electrostatic potential (ESP) has long been widely used for predicting nucleophilic and 

electrophilic sites. It is also valuable for studying hydrogen bonds, halogen bonds, molecular 
recognition, and intermolecular interactions involving aromatics [26]. This function measures the 
electrostatic interaction between a unit point charge placed at r and the system of interest. A positive 
(negative) value implies that the current position is dominated by nuclear (electronic) charges. 

𝑉𝑡𝑜𝑡(𝑟)= 𝑉𝑛𝑢𝑐(𝑟)+ 𝑉𝑒𝑙𝑒(𝑟)=∑
𝑍𝐴

|𝑟−𝑅𝐴|𝐴  – ∫
𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟′                  (5) 

ZA is the nuclear charge; if a pseudopotential is used, then ZA is the number of explicitly represented 
electrons. Notice that evaluating ESP is much more time-consuming than evaluating other functions. 
Also note that ESP in Multiwfn is evaluated exactly using nuclear-attraction integrals rather than 
approximate methods (such as multipole expansion or the numerical Poisson equation); hence, you may 
find that the results generated by Multiwfn differ somewhat from those output by other quantum 
chemistry codes. To speed up ESP evaluation, Multiwfn ignores some integrals that make little 
contribution. The threshold for ignoring them is controlled by "espprecutoff" in settings.ini. Increasing 
this parameter results in more accurate ESP values but also incurs greater computational cost. ESP 
evaluated under the default value is generally accurate enough. 
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Figure 5.  
The counter maps of ESP graphs for (a) Li2(SiC), (b) Na2(SiC), and (c) K2(SiC) nanoclusters. 

 
The trapping of Li, Na, and K atoms by SiC nanostructures (Figure 5a,b,c), leading to the formation 

of Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters, might be described using ESP graphs generated with 
Multiwfn [24, 25] because they reveal the delocalization/localization characteristics [27] of electrons 
and chemical bonds (Figure 5a,b,c). 

Li2(SiC) (Figure 5a), Na2(SiC) (Figure 5b), and K2(SiC) (Figure 5c) have demonstrated electron 
delocalization through an isosurface map labeling the atoms C10, C12, Si13, C24, C26, Si28, and 
X31/X32 (X = Li, Na, K). In fact, the corresponding ESP map confirms that Li2(SiC), Na2(SiC), and 
K2(SiC) nanoclusters may enhance the efficiency of energy storage (Figure 5a,b,c). 

Besides, the intermolecular orbital overlap integral is important for illustrating intermolecular 
charge transfer, which can be used to compute the HOMO–HOMO and LUMO–LUMO overlap 
integrals between Li, Na, and K atoms and the SiC nanostructure. The layered silicon carbide structures 
improved with the alkali metals lithium, sodium, and potassium have indicated the structural stability of 
Li-, Na-, and K-ion batteries through the reported stability energies in Table 2. Moreover, the 
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intermolecular orbital overlap integral is important in discussions of intermolecular charge transfer, as 
it can be used to calculate the HOMO–HOMO and LUMO–LUMO overlap integrals between the alkali 
metals and silicon carbide. The wavefunction level we used was CAM–B3LYP–D3/6–311+G(d,p), 
which corresponds to the HOMO and LUMO, respectively (Table 2). Therefore, ELUMO (a.u.), ELUMO 

(a.u.), the local bandgap energies (∆E/a.u.), and the immobile charges induced by polarization 
discontinuity are simultaneously controlled throughout the structures, and optimized band profiles are 
eventually achieved for Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters (Table 2). A small portion of Li, Na, 
or K entering the Si–C layer to replace the alkali-metal sites could improve the structural stability of the 
electrode material at high multiplicity, thereby improving the capacity retention rates to 100.2018, 
94.5295, 198.8630, and 188.1862 mAhg-1 for the Li2(SiC), Na2(SiC), and K2(SiC) complexes, respectively 
(Table 2). 
 
Table 2.  
Stability energy (kcal/mol), dipole moment (debye), LUMO (eV), HOMO(eV), energy gap (∆E) (eV), and cell capacity (C, mAh 
g-1 ) for Li2(SiC), Na2(SiC), and K2(SiC) nanoclusters. 

Heteroclusters 
Es×10-3 Dipole moment 

(Debye) 
EHOMO ELUMO ∆E=ELUMO –EHOMO C 

(kcal/mol) (eV) (eV) (eV) (C, mAh g-1 ) 
Li2(SiC) -509.2147 1.2501 -5.2061 -4.2002 1.006 100.2018 

Na2(SiC) -499.9578 1.1864 -4.9625 -4.4375 0.525 94.5295 
K2(SiC) -534.8313 0.9438 -5.0568 -4.1293 0.9275 453.141 

 
In addition, the Mayer bond order [28] is generally consistent with the empirical bond order for a 

single bond, which is near 1.0. The Mulliken bond order [29], which shows little agreement with the 
empirical bond order, is not appropriate for quantifying bonding strength; Mayer bond order generally 
performs better. However, the Mulliken bond order is a good qualitative indicator of the positive 
contribution of bonding and the negative contribution of antibonding, which are delocalized and 
localized, respectively (Table 3). As seen in Table 3, the Laplacian bond order [30] has a direct 
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 
generate the electron density. Generally, the value of the Fuzzy bond order is close to that of the Mayer 
bond order, especially for low-polarity bonds, but is much more stable with respect to changes in the 
basis set. Computing the Fuzzy bond order requires Becke's DFT numerical integration; therefore, its 
computational cost is higher than that of the Mayer bond order, and it can represent bonding more 
precisely [31]. 
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Table 3.  
The bond order of Mayer, Wiberg, Mulliken, Laplacian, and Fuzzy from mixed alpha and beta density matrices for Li2(SiC), 
Na2(SiC), and K2(SiC)  nanoclusters. 

Compound Bond type 
Bond order 

Mayer Wiberg Mulliken Laplacian Fuzzy 

      Li2(SiC) 

Si13–Si28 0.7326 0.6774 0.5663 2.1165 0.9021 

C10–Li32 0.4060 0.4238 0.4781 0.4291 0.3601 
C12–Li31 0.1585 0.2653 0.2721 0.276 0.1806 

C24–Li32 0.3640 0.4079 0.4470 0.4210 0.3380 
C26–Li31 0.2071 0.3148 0.3086 0.3981 0.2241 

     Na2(SiC) 

Si13–Si28 0.6976 0.6677 0.4213 0.4721 0.8714 

C10–Na32 0.4105 0.2761 0.5937 0.5892 0.5296 
C12–Na31 0.1593 0.2012 0.3233 0.3094 0.3348 

C24–Na32 0.4085 0.2766 0.5589 0.5341 0.5171 

C26–Na31 0.2187 0.2314 0.3734 0.3617 0.3887 

      K2(SiC) 

Si13–Si28 0.7615 0.6675 0.9743 0.9326 0.8594 

C10–K32 0.5690 0.3913 0.5413 0.5301 0.5890 

C12–K31 0.2461 0.2376 0.1143 0.1038 0.3540 

C24–K32 0.5804 0.3860 0.4209 0.4061 0.5830 

C26–K31 0.3619 0.2928 0.2040 0.1953 0.4223 

 

4. Conclusions 
The capture of alkali metals by silicon carbide, leading to the formation of Li2(SiC), Na2(SiC), and 

K2(SiC) nanoclusters, was studied computationally. Changes in charge density indicated notable charge 
transfer in Li2(SiC), Na2(SiC), and K2(SiC). Due to the semiconducting nature of SiC, it is usually 
composited with C to achieve better ionic and electronic conductivity. It is well established that adding 
Li, Na, or K to cell batteries can augment their energy storage. The results of this research article 
demonstrate that the architectural design of X2(SiC) (X = Li, Na, K) can augment the capacity of battery 
cells. A small portion of Li, Na, or K entering the Si–C layer to replace alkali-metal sites could improve 
the structural stability of the electrode material at high multiplicity, thereby improving the capacity 
retention rates to 100.2018, 94.5295, 198.8630, and 188.1862 mAhg-1 for the Li2(SiC), Na2(SiC), and 
K2(SiC) complexes, respectively. This research article is useful for designing and constructing Li, Na, or 
K hybrid batteries with high power and energy densities and excellent cycle stability, and it provides a 
perspective on the industrial application of these hybrid batteries. 
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