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Abstract

Tin carbide (SnC) has been developed and characterized as an anode electrode for lithium, boron , aluminum  and gallium  on 

batteries, forming Sn(Li)C, Sn(B)C, Sn(Al)C, and Sn(Ga)C nanoclusters. A comprehensive study on energy savings with Sn(Li)C, Sn(B)C, 

Sn(Al)C, and Sn(Ga)C complexes was conducted using computational approaches, including density state analysis of charge density 

differences , total density of states and electron localization function for hybrid clusters of Sn(Li)C, Sn(B)C, Sn(Al)C, and Sn(Ga)C. A small 

amount of Li, B, Al, or Ga entering the Si-C layer could enhance the structural stability of the electrode material at high multiplicity, 

thus improving the capacity retention rate. Higher Si/C content can increase battery capacity through Sn(Li)C, Sn(B)C, Sn(Al)C, and 

Sn(Ga)C nanoclusters for energy storage processes and enhance rate performances by improving electrical conductivity. The results 

showed that Li, B, Al, and Ga are chemisorbed on the SnC, with electronic charge transferring from the decorating atom to the SnC. 

Furthermore, the SnC anode material may improve cycling consistency by reducing electrode degradation and increasing capacity due 

to higher surface capacitive effects. This research aims to provide insight into the investigation of boron, aluminum, and gallium in 

energy-saving materials and contribute to the advancement of future research in this area.
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1 Introduction
Since the 1990s, when lithium-ion batteries (LIBs) began 
to be used commercially, researchers have shown a sig-
nificant interest in anodes made from tin, antimony, and 
germanium. These materials are considered promising 
options for future LIBs because they have the ability to 
store a large amount of energy, operate at the appropri-
ate voltage levels, and are relatively abundant in nature. 
Concurrently, concerns regarding the limited availability 
of lithium have sparked a resurgence in interest in sodi-
um-ion batteries. Tin, antimony, and germanium can also 
create alloys with sodium, positioning them as strong can-
didates for high-performance sodium-ion batteries [1].

Recently, a basic understanding of boron and boron-
based materials is first introduced. Subsequently, the 
recent research progress on the application of boron in 
each component of the lithium-battery (LB) is summa-
rized, aiming to understand the hybrid forms of boron and 
their potential for use in LB materials. Finally, some new 

strategies and perspectives on the application of boron 
in LB materials are proposed. Here, the aim is to pro-
vide a clear insight on the study of boron in energy stor-
age materials and contribute to the promotion of further 
research in this area [2].

The scientists have explored various aluminum bat-
tery technologies, with a primary focus on Al-ion and 
Al‑sulfur batteries. They also examined alternative 
applications such as Al  redox batteries and supercapac-
itors, with pseudocapacitance emerging as a promising 
method for accommodating Al3+ ions [3]. The abundance 
of aluminum, its superior charge storage capacity using 
Al3+ ions in comparison to Li+ ions, and a fourfold greater 
volumetric capacity for Al anodes avoid the safety con-
cerns associated with alkali metals  [3]. Ga-based liquid 
metals  (LMs) possess self-healing capability, fluidity, 
and metallic advantages so they have been employed as 
self-healing skeletons or interfacial protective layers to 

https://doi.org/10.3311/PPch.42778
https://doi.org/10.3311/PPch.42778
mailto:fmollaamin%40kastamonu.edu.tr?subject=fmollaamin%40kastamonu.edu.tr


Mollaamin and Monajjemi
Period. Polytech. Chem. Eng., 70(1), pp. 54–63, 2026|55

minimize the negative impact of volume expansion or 
dendritic growth on the electrode materials [4–6].

Large volume variation during charge/discharge of 
silicon nanostructures applied as the anode electrodes 
for high energy LIBs has been considered the most crit-
ical problem, inhibiting their commercial applications. 
Searching for alternative high-performance anodes for 
LIBs has been emphasized [7]. 

Tin and tin compounds, a promising electrode mate-
rial for high-capacity LIBs anodes, attracted much atten-
tion because of its large capacity and remarkably fast 
charge/discharge kinetics. Multivalent-ion batteries are 
of interest as potential alternatives to LIBs because they 
have a higher energy density and are less prone to safety 
hazards [8].

Although Sn is a promising anode material for LIBs, fun-
damental limitations such as large volume expansion during 
charge/discharge cycle and confined electronic conductiv-
ity restrict its practical efficiency. Therefore, the researhers 
performed a new material architecture and manufacturing 
approach of LIB anodes using Sn and hard carbon  which 
is generated by physical vapor deposition. The improved 
anodes have been applied to produce cells with a Li-ion 
electrolyte using a specific fabrication status  [9]. A num-
ber of electrode materials with high theoretical capacity, 
including Sn, Si, Li metal anode, and S cathode materials, 
have been explored [4]. Recently, a review article discussed 
the latest advances in the development of Sn-based anodes 
for Na-ion batteries to understand in detail the obstacles 
hindering the full utilization of these materials [10]. 

In addition, it has been theoretically proven that tin car-
bide  monolayers (SnC-ML) decorated with  alkali met-
als  (Li, Na, and K) are also promising hydrogen-storage 
materials [11]. They reported hydrogen storage in tin car-
bide  monolayers implanted with  lithium, sodium, and 
potassium using a density-functional study. It was indicated 
that the most stable adsorption site for these alkali metal 
atoms on the tin carbide is above a tin atom. The results 
exhibited that the alkali metal atoms are chemisorbed on 
the tin  carbide  and that electronic charge is transferred 
from the decorating atom to the the tin carbide [11].

In comparison to other alloying anodes, such as 
non-metals silicon, phosphorus, germanium and even 
metals like tin, bismuth and antimony, gallium anode 
shows a lower capacity. Nevertheless, with a low melting 
point of 29.8 ℃ and soft mechanical property, gallium is 
in liquid form at ambient temperature. The  flowing fea-
ture of liquid enables an arbitrary deformation of gallium 

to buffer the volume change during the charging and dis-
charging processes [12, 13].

This investigation wants to delve into the feasibility of 
Sn(Li)C, Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters for 
energy storage. Therefore, it was analyzed the physico-chem-
ical properties of mentioned heteroclusters of Sn(Li)C, 
Sn(B)C, Sn(Al)C and Sn(Ga)C. Following in-depth char-
acterization, samples were measured for their performance 
correlated with chemical composition varations to legislate 
their potency for the first time in Li-, B-, Al- or Ga-batteries. 
These developed anodes are used to make cells with a met-
al-ion electrolyte using a specific fabrication process.

2 Theory, materials and computation
Alkali metal ion batteries are playing an irreplaceable part 
in the energy revolution, due to their intrinsic advantages 
of large capacity/power density and abundance of alkali 
metal ions in the earth's crust [14]. 

Despite their great promise, the inborn deficiencies of 
commercial graphite and other anodes being researched so 
far call for the quest of better alternatives that exhibit all-
round performance with the balance of energy/power den-
sity and cycling stability. Fig. 1 shows Sn(Li)C, Sn(B)C, 
Sn(Al)C and Sn(Ga)C nanoclusters which can enhance 
the energy storage in battery cells, transistors or other 
semiconducting devices. 

This research has employed the penetration of the hybrid 
functional of three-parameter basis set of B3LYP (Becke, 
Lee, Yang, Parr) within the conception of density func-
tional theory (DFT) upon theoretical computations and 
basis sets of LANL2DZ for metal atoms and 6–311+G(d,p) 
for other atoms [15, 16].

The analysis of the Bader charge parameter  [17] has 
been illustrated for energy storage by hybrid clusters 
of Sn(Li)C, Sn(B)C, Sn(Al)C and Sn(Ga)C complexes 
(Fig. 1) due to multiplicity of +1 and convergence on root 
mean square (RMS) density matrix = 1.00D-08 and con-
vergence on  maximum density matrix  =  1.00D-06 by 
Gaussian 16 revision C.01 computational software [18] and 
GaussView 6.1 graphical program [19]. The applied basis 
sets for theoretical calculations of energy storage by Sn(Li)
C, Sn(B)C, Sn(Al)C and Sn(Ga)C complexes has been con-
sidered LANL2DZ and 6–311+G (d,p) with multiplicity 1.

One of the most significant advantages of applying SnC 
nanocluster as the anode in Li-, B-, Al- or  Ga-batteries 
is they provide several potential Li/B/Al/Ga-ion stor-
age ways in a stable SnC anode material, increased elec-
trical conductivity from Si/C and surface area from the 
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nanocluster morphology. In this investigation, homoge-
nously distributed tin or carbon elements can be immobi-
lized in the SnC matrix, which prevents their tendency to 
form agglomeration under battery cycling. Scientists have 
determined that the formation of dendrites on the anode 
surface not only affects the battery's fading performance 
but also increases safety risks. The mechanistic models, 
principles, and influencing factors related to dendrite for-
mation have also supported their precautions. Similarly, 
theoretically, the morphology of dendrites can be signifi-
cantly improved by unifying the distribution of electric 
field and reducing the concentration of metal ions [20].

The Li/B /Al/ Ga insertion might also result in the cleav-
age of some C–Li, C–B, C–Al or C–Ga bonds in the SnC 
anode material and the expansion, providing favorable sites 
for the subsequent ion insertion in the network  (Fig.  1). 
At the same time, the Li, B, Al or Ga atoms could react rap-
idly with tin or carbide of SnC nanocluster to form Sn(Li)C 
(Fig. 1(a)), Sn(B)C (Fig. 1(b)), Sn(Al) (Fig. 1(c)) and Sn(Ga)C 
(Fig.  1(d)) heteroclusters. While focusing on B, Al, 
Ga-based materials to enhance the electrochemical per-
formance of LBs, we should also explore the theoretical 
and practical issues involved from the laboratory level to 

the actual production scale and make a reasonable and 
comprehensive assessment of the performance of B, Al, 
Ga-based LBs, so as to provide guidance for the commer-
cialization of LBs.

3 Results and discussion
3.1 Charge density differences analysis
In Fig. 2, charge density differences (CDD) [21] are shown 
for Sn(Li)C, Sn(B)C, Sn(Al)C and Sn(Ga)C 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. Moreover, the elements of C2, 
C3, C7–C12, C14, C15, C17, C18, C22–C27, C29, C30 
from Sn(Li)C, Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters 
have displayed the vibration about –12 to +9 Bohr (Fig. 2). 

The charge distribution is illustrated during atom 
captured by SnC nanostructure towards formation of 
Sn(Li)C, Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters, 
respectively (Table 1). 

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 Sn(Li)C, 
Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters (Fig. 3).

Fig. 1 Replacing Li in (a) Sn(Li)C with B, Al, Ga toward formation of (b) Sn(B)C, (c) Sn(Al)C and (d) Sn(Ga)C complexes, respectively for saving 
energy as novel batteries
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The results exhibited that lithium, boron, aluminum 
and gallium are chemisorbed on the SnC and that elec-
tronic charge is transferred from the decorating atom to 
the the SnC. As can be seen in Fig. 3, the electronic states 
of carbon sites in SnC near the valence band have an elec-
tron acceptor character, while the metal ions sites have an 
electron donor character.

3.2 Total density of states
In isolated system (such as molecule), the energy lev-
els are discrete, the concept of density of states (DOS) 
is supposed to be completely valueless in this situation. 
Therefore, the original total DOS (TDOS) of isolated sys-
tem can be written as [22]:
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FWHM (full width at half maximum) is an adjustable 
parameter in Multiwfn [23, 24]. Furthermore, the curve 
map of broadened partial DOS (PDOS) and overlap DOS 
(OPDOS) are valuable for visualizing orbital composition 
analysis, PDOS function of fragment A is defined as:
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where Ξi,A is the composition of fragment A in orbital i. 
The OPDOS between fragment A and B is defined as:
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where XA B
i
,  is the composition of total cross term between 

fragment A and B in orbital i. 
In the TDOS map, each discrete vertical line cor-

responds to a molecular orbital (MO), the dashed line 
highlights the position of highest occupied molecular 
orbital (HOMO). The curve is the TDOS simulated based 
on the distribution of MO energy levels. 

Fig. 2 CDD graphs for (a) Sn(Li)C, (b) Sn(B)C, (c) Sn(Al)C and (d) Sn(Ga)C nanoclusters
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Regarding energy storage by Sn(Li)C, Sn(B)C, Sn(Al)C 
and Sn(Ga)C nanoclusters, TDOS has been evaluated. 
This factor can demonstrate the existence of important 
chemical interactions often on the convex side (Fig. 4).

Sn(Li)C, Sn(B)C, Sn(Al)C, Sn(Ga)C nanoclusters 
(Fig.  4) have shown the steepest maximums TDOS sur-
rounding –0.30, –0.40, –0.50 and –0.60 a.u. owing to cova-
lent bond between Li, B, Al, Ga atoms and SnC nanostruc-
ture with maximum density of states of ≈12. Substitution 
engineering is a beneficial method for enhancing the 
electrochemical performance of electrode materials. In 

this study, the impact of incorporating various heteroat-
oms  (B,  Al, and Ga) instead of Li atoms in SnC nano-
clusters on the adsorption of main group metals was thor-
oughly investigated through first-principles calculations. 
This analysis aids in evaluating the material’s suitability 
for use in metal ion batteries. Consequently, a single layer 
of SnC with heteroatom doping exhibits potential as an 
anode material for metal ion batteries. This research pro-
vides insights into how heteroatom decoration influences 
performance and can be utilized in the development of 
improved electrodes for rechargeable batteries.

Table 1 The atomic charge Q for Sn(Li)C, Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters

Sn(Li)C Sn(B)C Sn(Al)C Sn(Ga)C

Atom Q (C) Atom Q (C) Atom Q (C) Atom Q (C)

Sn1 0.4767 Sn1 0.4862 Sn1 0.4717 Sn1 0.4775

C2 –0.3183 C2 –0.3111 C2 –0.3101 C2 –0.3125

C3 –0.1790 C3 –0.1907 C3 –0.1789 C3 –0.1750

Sn4 0.4706 Sn4 0.5118 Sn4 0.5036 Sn4 0.5212

Sn5 0.4638 Sn5 0.4800 Sn5 0.4693 Sn5 0.4768

Sn6 0.5113 Sn6 0.5796 Sn6 0.5976 Sn6 0.5955

C7 –0.3102 C7 –0.3151 C7 –0.3084 C7 –0.3107

C8 –0.1559 C8 –0.1766 C8 –0.1601 C8 –0.1573

C9 –0.3352 C9 –0.3053 C9 –0.2842 C9 –0.2898

C10 –0.7357 C10 –0.6164 C10 –1.0599 C10 –0.9601

C11 –0.3444 C11 –0.3306 C11 –0.3075 C11 –0.3158

C12 –0.7635 C12 –0.6278 C12 –0.8745 C12 –0.8173

Sn13 1.4424 Sn13 1.1481 Sn13 1.1911 Sn13 1.2228

C14 –0.3032 C14 –0.2915 C14 –0.2918 C14 –0.2944

C15 –0.3108 C15 –0.2639 C15 –0.2848 C15 –0.2846

Sn16 0.5585 Sn16 0.5794 Sn16 0.5898 Sn16 0.5949

C17 –0.3216 C17 –0.3321 C17 –0.3319 C17 –0.3348

C18 –0.1694 C18 –0.1707 C18 –0.1534 C18 –0.1521

Sn19 0.4356 Sn19 0.4510 Sn19 0.4309 Sn19 0.4369

Sn20 0.4845 Sn20 0.5309 Sn20 0.5355 Sn20 0.5476

Sn21 0.4658 Sn21 0.4772 Sn21 0.4602 Sn21 0.4675

C22 –0.3189 C22 –0.3164 C22 –0.3143 C22 –0.3167

C23 –0.1495 C23 –0.1791 C23 –0.1637 C23 –0.1596

C24 –0.7049 C24 –0.6291 C24 –1.0496 C24 –0.9516

C25 –0.3237 C25 –0.3037 C25 –0.3019 C25 –0.3076

C26 –0.7209 C26 –0.5800 C26 –0.8887 C26 –0.8185

C27 –0.4179 C27 –0.3974 C27 –0.3650 C27 –0.3667

Sn28 1.3792 Sn28 1.1336 Sn28 1.2178 Sn28 1.2303

C29 –0.3228 C29 –0.2753 C29 –0.2973 C29 –0.2952

C30 –0.3155 C30 –0.2775 C30 –0.2989 C30 –0.2981

Li31 0.5219 B31 0.2680 Al31 0.7661 Ga31 0.5978

Li32 0.3115 B32 0.2446 Al32 0.9915 Ga32 0.7499
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3.3 Electron localization function analysis 
A type of scalar fields called electron localization func-
tion (ELF) may demonstrate a broad span of bonding sam-
ples. Nevertheless, the distinction between deduced/raised 
electron delocalization/localization into cyclic π-conju-
gated sets stays encouraging for ELF  [25]. The grosser 
the electron localization is in an area, the more likely the 

electron movement is restricted within it. Therefore, they 
might be discerned from the ones away if electrons are 
totally centralized. As Bader investigated, the zones with 
large electron localization possess extensive magnitudes 
of Fermi hole integration [26]. But, with having a six-di-
mension function for the Fermi hole, it seems hard to be 
studied directly. Then, Becke and Edgecombe remarked 

Fig. 3 The changes of charge distribution for (a) Sn(Li)C, (b) Sn(B)C, (c) Sn(Al)C and (d) Sn(Ga)C  nanoclusters

Fig. 4 TDOS graphs of (a) Sn(Li)C, (b) Sn(B)C, (c) Sn(Al)C and (d) Sn(Ga)C nanoclusters
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that spherically averaged like spin conditional pair prob-
ability possesses a direct correlation with the Fermi hole 
and proposed the parameter of ELF in Multiwfn pro-
gram  [23,  24] and popularized for spin-polarized proce-
dure [27]. Regarding kinetic energy, ELF was rechecked 
to be more punctual for both Kohn-Sham DFT and post-
Hartree-Fock (post-HF) wavefunctions [28]. 

Trapping of Li, B, Al, Ga atoms by SnC nanostructure 
(Fig. 5) towards formation of Sn(Li)C, Sn(B)C, Sn(Al)C 
and Sn(Ga)C nanoclusters might be described by ELF 
graphs using Multiwfn [23, 24] due to achieving their 
delocalization/localization characterizations [25] of elec-
trons and chemical bonds (Fig. 5).

Sn(Li)C (Fig.  5(a)), Sn(B)C (Fig.  5(b)), Sn(Al)C 
(Fig. 5(c)), Sn(Ga)C (Fig. 5(d)) have demonstarted the elec-
tron delocalization through an isosurface map with label-
ing atoms of C10, C12, Si13, C24, C26, Si28, X31/X32 
(X = Li, B, Al, Ga). In fact, the counter map of ELF can 

confirm that Sn(Li)C, Sn(B)C, Sn(Al)C and Sn(Ga)C 
nanoclusters may augment the efficiency of energy stor-
age (Fig. 5).

Besides, intermolecular orbital overlap integral is 
important in illustration of intermolecular charge transfer 
which can compute HOMO-HOMO and LUMO-LUMO 
(lowest unoccupied molecular orbital) overlap integrals 
between Li, B, Al, Ga atoms and SnC nanostructure. 
The layered tin carbide improved by lithium, boron, alu-
minum and gallium have indicated the structural stability 
of Li-, B-, Al-, and Ga ion batteries through the reported 
stability energies in Table 2. 

Battery capacity indicates the amount of charge or 
energy a battery can store, reflecting the electricity gen-
erated from the chemical reactions within the battery. It 
is also referred to as battery charge capacity and is mea-
sured in ampere-hours (Ah). Nominal capacity denotes the 
performance of a new battery under specific, controlled 

Fig. 5 The counter maps of ELF graphs for (a) Sn(Li)C, (b) Sn(B)C, (c) Sn(Al)C and (d) Sn(Ga)C nanoclusters
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conditions. Battery state-of-charge indicates the cur-
rent charge level compared to when the battery is fully 
charged. Lastly, battery state-of-health provides insight 
into the overall condition and performance of the battery 
as time progresses [29, 30]:

C nF
M

�
�3600

	 (5)

where F, n and M are Faraday constants, the metal charge 
numbers for Li(+1), and B, Al, Ga(+3) and the molecular 
mass, respectively, in the mentioned nanoclusters.

Moreover, intermolecular orbital overlap integral is 
important in discussions of intermolecular charge trans-
fer which can calculate HOMO-HOMO and LUMO-
LUMO overlap integrals between the metal/metalloids 
and tin carbide. The wavefunction level we used to be 
CAM–B3LYP–D3/6–311+G(d,p) that correspond to HOMO 
and LUMO, respectively (Table 2). Therefore, ELUMO (a.u.), 
ELUMO (a.u.) and the local bandgap energies ∆E (a.u.) and 
immobile charges induced by polarization discontinuity are 
simultaneously controlled throughout the structures, and 
optimized band profiles are eventually achieved for Sn(Li)C, 
Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters  (Table  2). 
Energy gap ΔE = (ELUMO – EHOMO) has shown the positive 
chemical potential mainly related to stability. When the soft-
ness is lower than hardness, this means the compounds are 
highly stable. The smaller the energy gap ΔE the greater the 
reactivity of a molecule. Therefore, replacing Li in Sn(Li)
C with boron group consisting of B, Al or Ga can enhance 
the potential utility of Sn(B)C, Sn(Al)C and Sn(Ga)C 
nanoclusters in battery energy storage (Table 2).

In addition, the amount of theMayer bond order [31] is 
generally according to empirical bond order for the sin-
gle bond is near 1.0. The Mulliken bond order [32] with 
a small accord with empirical bond order is not appropri-
ate for quantifying bonding strength, for which the Mayer 
bond order always performs better. However, the 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). 

As it is seen in Table 3, the Laplacian bond order  [33] 
has a straight cohesion with bond polarity, bond dissocia-
tion energy and bond vibrational frequency. The low value 
of Laplacian bond order might demonstrate that it is insensi-
tive to the calculation degree applied for producing electron 
density. Generally, the value of the Fuzzy bond order is near 
the Mayer bond order, especially for low-polar bonds, but 
much more stable with respect to the change in basis-set. 
Computation of the Fuzzy bond order demands running the 
Becke's DFT numerical integration, owing to which the cal-
culation value is larger than assessment of the Mayer bond 
order and it can concede more precisely [34]. In the Fuzzy 
nanoclustering sample, these intervals are additionally 
weighted by membership degrees. The more accurately data 
objects are assigned to nanoclusters, the smaller the error 
and the higher the density. However, this measurement does 
not explicitly consider the separation of different clusters.

4 Conclusions
Boron group atoms captured by tin carbide towards the for-
mation of Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters were 
studied by computational methods through a qualitative 
screening. The changes in charge density are defined as a 
notable charge transfer in Sn(B)C, Sn(Al)C and Sn(Ga)C. 
Due  to the semiconducting nature of SnC, it is usually 
composited with C for better ionic and electronic conduc-
tivities. It is well established that enhancing B, Al or Ga to 
cell batteries can augment the energy saving properties of 
cell batteries. This research article is useful for designing 
and constructing Li, B, Al, or Ga hybrid batteries with high 
power density/energy density with excellent cycle stabil-
ity and will represent a perspective for the industrial appli-
cation of these hybrid batteries. The improvement of the 
interfacial properties of LBs is essential in solving the cor-
responding problems encountered in their further develop-
ment, so it needs to be studied in depth how to design and 
optimize the structure of B, Al, Ga-containing electrolyte 
additives, Li salts, and binder to meet the requirements of 
long cycle and high voltage conditions.

Table 2 Stability energy Es, dipole moment, HOMO and LUMO energy levels, EHOMO and ELUMO energy gap (∆E) and cell capacity Cfor Sn(Li)C, 
Sn(B)C, Sn(Al)C and Sn(Ga)C nanoclusters

Heteroclusters Es × 10−3 (kcal/mol) Dipole moment (debye) EHOMO (eV) ELUMO (eV) ∆E = ELUMO – EHOMO (eV) C (mAh g−1)

Sn(Li)C −503.7086 1.2033 −4.9308 −3.8369 1.0938 370.6956

Sn(B)C −525.2624 0.9578 −5.1668 −4.1947 0.9720 1055.5851

Sn(Al)C −496.7349 1.4554 −4.9550 −4.0654 0.8896 870.7198

Sn(Ga)C −496.8159 1.3504 −4.9707 −4.0702 0.9005 595.2203
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Table 3 The bond order of Mayer, Wiberg, Mulliken, Laplacian and Fuzzy from mixed alpha and beta density matrix for Sn(B)C, Sn(Al)C, and 
Sn(Ga)C nanoclusters

Compound Bond type
Bond order

Mayer Wiberg Mulliken Laplacian Fuzzy

Sn(Li)C

Sn13–Sn28 0.1891 0.5161 0.5038 0.3628 0.8467

C10–Li32 0.5217 0.4497 0.6241 0.2618 0.3128

C12–Li31 0.2895 0.2908 0.3063 0.3457 0.1558

C24–Li32 0.4818 0.4303 0.5560 0.5996 0.2974

C26–Li31 0.3234 0.3450 0.3555 0.3916 0.1998

Sn(B)C

Sn13–Sn28 0.3404 0.5575 0.6978 0.4734 0.8720

C10–B32 0.9459 0.9910 0.5483 0.1623 0.7232

C12–B31 0.4263 0.5546 0.1982 0.3697 0.3748

C24–B32 0.9476 0.9698 0.5946 0.1377 0.7031

C26–B31 0.5296 0.6947 0.1126 0.2324 0.4808

Sn(Al)C

Sn13–Sn28 0.4618 0.5760 0.3156 0.5063 0.8637

C10–Al32 0.7791 0.8777 0.5080 0.3217 0.8259

C12–Al31 0.3964 0.5072 0.1206 0.3220 0.4534

C24–Al32 0.7786 0.8526 0.5789 0.2719 0.8009

C26–Al31 0.4567 0.6285 0.1499 0.1798 0.5636

Sn(Ga)C

Sn13–Sn28 0.3959 0.5758 0.4141 0.5020 0.8447

C10–Ga32 0.9117 0.8986 0.6112 0.4302 0.8739

C12–Ga31 0.4313 0.5119 0.1634 0.3429 0.4810

C24–Ga32 0.9102 0.8746 0.6780 0.3608 0.8513

C26–Ga31 0.5068 0.6363 0.2131 0.1714 0.5909
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