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Abstract
The increasing demand for energy storage drives the development of new anode materials to enhance the performance of lithium-ion batteries (LIBs). The commonly used graphite anode materials still possess limitations in terms of lithium-ion storage capacity, ion diffusion rate, and structural stability during battery operating cycles. This study aims to evaluate the potential of C24, B12N12, Be12O12, and Al12P12 nanocage structures as LIB anode materials using a Density Functional Theory (DFT) approach. Calculations were performed using the M06-2X functional and the 6-31+G(d) basis set. The parameters investigated include adsorption energy, energy gap, and theoretical voltage. Simulation results demonstrate that all nanocage structures are capable of interacting stably with Li atoms, as indicated by negative adsorption energies. The presence of Li atoms affects electron distribution and reduces the energy gap values across all materials, signifying an improvement in electronic conductivity. The C24 and Al12P12 structures exhibit better electronic characteristics compared to B12N12 and Be12O12 due to their lower energy gap after Li adsorption. Theoretical voltage analysis reveals that only C24 and Al12P12 yield a positive voltage, making them more promising for application as LIB anode materials. Based on the evaluation of all parameters, the C24 structure delivers the most superior performance and holds the potential to be a candidate for lithium-ion battery anodes in future energy storage applications.b
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Introduction
The increasing demand for sustainable energy systems has accelerated the development of advanced energy storage technologies capable of supporting renewable energy integration and electric transportation. Among various energy storage devices, lithium-ion batteries (LIBs) have become the dominant technology because of their high energy density, long cycle life, low self-discharge rate, and excellent electrochemical performance [1-4]. Consequently, LIBs have been widely applied in portable electronics, electric vehicles, and grid-scale energy storage systems. The rapid growth of the LIB market has also made battery technology an essential component in achieving global sustainable development goals related to clean and affordable energy [5]. 
Despite their outstanding performance, conventional graphite anodes still suffer from several limitations. Graphite exhibits relatively low lithium storage capacity and sluggish lithium-ion diffusion kinetics, restricting its fast-charging capability. Furthermore, repeated lithiation and delithiation processes induce volume expansion within the graphite lattice, generating mechanical stress that leads to particle cracking, instability of the solid electrolyte interphase (SEI), loss of electrical conductivity, and continuous capacity degradation [6, 7]. These limitations highlight the urgent need for alternative anode materials with improved structural stability and electrochemical performance. 
One promising strategy for improving anode performance is the utilization of nanocage structures. Nanocages are three-dimensional hollow architectures with interconnected pores capable of accommodating volume expansion during lithium insertion without causing severe structural damage. In addition, their high specific surface area and short ion diffusion pathways facilitate rapid electron and ion transport, thereby enhancing electrochemical reaction kinetics and improving cycling stability [8, 9]. Previous studies have demonstrated that nanocage-based electrode materials effectively suppress structural degradation while maintaining excellent electrochemical performance during repeated charge–discharge cycles [9, 10]. 
Besides structural engineering, selecting suitable nanocage materials is equally important for maximizing battery performance. Carbon (C24), boron nitride (B12N12), beryllium oxide (Be12O12), and aluminum phosphide (Al12P12) nanocages were selected in this study because they represent different classes of materials, including pure carbon, nitride ceramics, oxide ceramics, and semiconductors. These materials exhibit attractive properties such as high structural stability, favorable electronic conductivity, excellent thermal stability, and sufficient internal cavities for lithium storage. Although previous studies have investigated these individual nanocages for various molecular interactions and storage applications [11-14], a direct and systematic comparative evaluation of their electrochemical performance as potential LIB anodes using a unified set of electronic and energetic descriptors remains scarce. Therefore, this work aims to bridge this gap by providing a comprehensive comparative screening to identify the structure-property relationships governing their lithium storage capabilities. 
The suitability of these nanocage structures can be evaluated through several electronic parameters, including adsorption energy, energy gap, and theoretical voltage. Adsorption energy represents the stability of lithium adsorption on the nanocage surface, while the energy gap is closely related to electronic conductivity. Theoretical voltage provides valuable information regarding the electrochemical performance of the material as an anode for lithium-ion batteries [15]. Experimental evaluation of these properties is often time-consuming and expensive; therefore, computational methods have become an effective alternative for predicting material performance prior to experimental validation. 
Density Functional Theory (DFT) is one of the most widely employed quantum mechanical approaches for investigating the electronic properties of battery materials. By describing the electronic system through electron density rather than solving the many-body Schrödinger equation directly, DFT provides accurate predictions of adsorption energy, electronic structure, frontier molecular orbitals, and theoretical electrochemical properties with relatively low computational cost [16-18]. Consequently, DFT has become an indispensable tool for screening and designing advanced electrode materials for next-generation energy storage systems [19-21]. 
Therefore, this study employs Density Functional Theory calculations to investigate the interaction between lithium species and four nanocage structures, namely of C24, B12N12, Be12O12, and Al12P12. Molecular structures were constructed using GaussView 6.0 and optimized using Gaussian 16. Adsorption energy, HOMO–LUMO energy gap, and theoretical voltage were calculated to evaluate the potential of each nanocage as an anode material for lithium-ion batteries. The findings are expected to provide theoretical insights into the design of high-performance nanocage-based anode materials for future energy storage applications. 

Experimental Section
All calculations were performed using the Density Functional Theory (DFT) approach implemented in Gaussian 16, while molecular structures were constructed and visualized using GaussView 6.0. Four nanocage structures, namely C24, B12N12, Be12O12, and Al12P12, were selected as candidate anode materials for lithium-ion batteries. The molecular geometries were adopted from previously reported structures and subsequently optimized prior to electronic property calculations. The M06-2X exchange-correlation functional combined with the 6-31+G(d) basis set was employed for all calculations. The M06-2X functional was chosen for its proven reliability in evaluating non-covalent interactions and medium-range electron correlation, making it a robust and widely adopted level of theory for investigating alkali metal adsorption in battery and energy storage applications [19-22]. Additionally, the inclusion of diffuse functions in the 6-31+G(d) basis set is essential for properly capturing the electronic properties and charge transfer behavior associated with electropositive lithium ions interacting with nanocage surfaces. Geometry optimization was performed without geometric constraints until the convergence criteria for energy and atomic forces were satisfied.
To investigate the interaction between lithium and the nanocage structures, each optimized nanocage was separately combined with a lithium atom (Li) and a lithium ion (Li⁺), representing the discharging and charging states, respectively. The lithium species were initially positioned near the adsorption site and then fully optimized. Subsequently, mono-nanocage structures were generated by removing the lithium species from the optimized complexes while maintaining the optimized geometry. These structures were used to calculate the adsorption energy of each system. 
The adsorption energy (Eads) was calculated according to Eq. (1),
	Eads = Enanocage+Li – Enanocage – ELi
	(1)


where Enanocage+Li is the total energy of the optimized adsorption complex, Enanocage is the total energy of the corresponding mono-nanocage, and ELi is the energy of an isolated lithium atom or lithium ion. Negative Eads indicates that the adsorption process is thermodynamically favorable and the interaction between lithium and the nanocage is stable. 
The electronic properties of each optimized structure were evaluated using frontier molecular orbital analysis. The HOMO and LUMO energies were extracted from the Gaussian output files, and the energy gap (Eg) was determined as the difference between the LUMO and HOMO energies,
	Eg = ELUMO – EHOMO
	(2)


The variation in the energy gap before and after lithium adsorption was analyzed to assess the influence of lithium interaction on the electronic conductivity of each nanocage material. 
Finally, the theoretical average voltage () was calculated to evaluate the electrochemical feasibility of each nanocage as an anode material for lithium-ion batteries. The theoretical voltage is determined from the total energy change associated with the lithiation and delithiation processes, defined as:

where  is the total electronic energy of the Li-adsorbed nanocage system,  is the total electronic energy of the pristine nanocage,  is the energy per atom of bulk lithium metal reference,  is the number of transferred electrons, and  is the Faraday constant. The adsorption energy (Eads), energy gap (Eg), and theoretical voltage were then comparatively analyzed to determine the most promising nanocage structure for lithium-ion battery applications.
	
	


Results and Discussion
Binding of Li Atom/Ion to C24, B12N12, Be12O12, and Al12P12 Nanocages
The binding characteristics of lithium species on C24, B12N12, Be12O12, and Al12P12 nanocages were evaluated through adsorption energy (Eads) calculations. Eads is an important parameter for determining the thermodynamic stability of lithium adsorption because it reflects the interaction strength between the adsorbate and the host material. Negative Eads indicate spontaneous adsorption, with more negative values corresponding to stronger binding interactions [15, 23].
Table 1. Adsorption energies of Li⁺ and Li on C₂₄, B₁₂N₁₂, Be₁₂O₁₂, and Al₁₂P₁₂ nanocages.
	Nanocage
	Li⁺ (eV)
	Li (eV)

	C₂₄
	−9.41
	−2.04

	B₁₂N₁₂
	−11.70
	−1.71

	Be₁₂O₁₂
	−12.79
	−0.73

	Al₁₂P₁₂
	−9.83
	−2.34



As presented in Table 1, all investigated nanocages exhibit negative Eads for both Li atom and Li⁺ ion adsorption, confirming that the adsorption process is thermodynamically favorable. In all cases, Li⁺ adsorption is significantly stronger than neutral Li adsorption, as evidenced by the more negative Eads. This behavior originates from the electrostatic interaction between the positively charged Li⁺ ion and the electron-rich adsorption sites of the nanocages, resulting in greater charge transfer and stronger binding interactions than those observed for neutral lithium [24, 25]
Among the investigated nanocages, Be12O12 exhibits the strongest interaction with Li⁺, with an Eads of −12.79 eV, followed by B12N12 (−11.70 eV), Al12P12 (−9.83 eV), and C24 (−9.41 eV). The stronger adsorption observed for Be12O12 and B12N12 is likely associated with the higher electronegativity of oxygen and nitrogen atoms, which provides favorable adsorption sites for lithium species through stronger electrostatic interactions [12, 26]. In contrast, the delocalized π-electron system of C24 results in comparatively weaker Li⁺ adsorption, while Al₁₂P₁₂ exhibits intermediate adsorption behavior because of the polar nature of Al–P bonds[11, 13].
For neutral Li adsorption, all nanocages also exhibit negative Eads, indicating stable lithium binding. However, the adsorption strengths are considerably weaker than those of Li⁺ adsorption. Among the investigated materials, Al12P12 shows the strongest Li adsorption (−2.34 eV), followed by C24 (−2.04 eV), B12N12 (−1.71 eV), and Be12O12 (−0.73 eV). Moderate Eads is advantageous for lithium-ion battery anodes because it provides sufficient binding to retain lithium while allowing facile lithium extraction during the delithiation process. Excessively strong adsorption may impede lithium diffusion, whereas excessively weak adsorption can reduce lithium storage capability [7, 27].
Effect of Lithium Adsorption on the Energy Gap
The electronic properties of the investigated nanocages were evaluated by comparing the HOMO–LUMO energy gaps (Eg) before and after lithium adsorption. The Eg is an important electronic descriptor because it reflects the ease of electron excitation and charge transport within a material. In general, a smaller Eg facilitates electron transition from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), thereby improving electronic conductivity and enhancing charge-transfer kinetics during battery operation [15-17].
Table 2. Eg values of pristine and Li-adsorbed nanocages together with the percentage reduction after lithium adsorption.
	Structure
	Eg Pristine (eV)
	Eg after 
Li Adsoprtion (eV)
	ΔEg (%)

	Al12P12
	4.93
	1.77
	64.10

	Be12O12
	9.87
	2.88
	70.82

	B12N12
	9.10
	3.56
	60.88

	C24
	4.48
	2.24
	50.00



As presented in Table 2. lithium adsorption reduces the Eg of all investigated nanocages. indicating that the interaction between lithium and the host materials modifies their electronic structures. The reduced Eg suggests that less energy is required for electron excitation. thereby facilitating charge transport during lithiation and delithiation processes. Such an improvement in electronic conductivity is advantageous for lithium-ion battery anodes because it promotes faster electron transfer and enhances electrochemical reaction kinetics [16-18].
Among the investigated nanocages. Be12O12 exhibits the largest percentage reduction in Eg (70.82%). followed by Al12P12 (64.10%). B12N12 (60.88%). and C24 (50.00%). However. the percentage reduction alone does not fully represent the electronic performance of the material. Although Be12O12 experiences the greatest reduction. its final Eg after lithium adsorption remains relatively high (2.88 eV). Similarly. B12N12 retains the largest Eg (3.56 eV) among the investigated nanocages. In contrast. Al12P12 exhibits the smallest Eg after lithium adsorption (1.77 eV). followed by C24 (2.24 eV). indicating superior electronic conductivity after lithium incorporation. These results demonstrate that both the magnitude of the Eg reduction and the final Eg value should be considered when evaluating the electronic properties of anode materials [15. 16].
[image: ]
Fig. 1. HOMO and LUMO isosurfaces of pristine Al12P12. Be12O12. B12N12. and C24 nanocages and their corresponding Li-adsorbed structures.
The variations in the electronic properties are further supported by the HOMO–LUMO isosurface distributions shown in Fig. 1. For the pristine nanocages. the frontier molecular orbitals are distributed over the nanocage frameworks with distinct localization characteristics depending on the constituent atoms. C24 exhibits relatively delocalized HOMO and LUMO distributions throughout the carbon framework. whereas B12N12 and Be12O12 display more localized orbitals around the nitrogen and oxygen atoms. respectively. Al12P12 exhibits an intermediate orbital distribution associated with the polar nature of the Al–P bonds. which contributes to its intermediate intrinsic Eg [11-14].
Following lithium adsorption. noticeable redistribution of the frontier molecular orbitals is observed for all investigated nanocages. The HOMO and LUMO isosurfaces become concentrated around the lithium adsorption region. indicating electronic interactions between the adsorbed lithium atom and the host nanocage. This orbital redistribution reflects changes in the electronic states of the nanocages induced by lithium adsorption and is consistent with the reduction in the HOMO–LUMO Eg presented in Table 2. Similar electronic behavior has been reported for lithium adsorption on carbon- and semiconductor-based nanostructures. where adsorption modifies the frontier molecular orbitals and enhances the electrical conductivity of the host material [11, 28, 29]].
The HOMO–LUMO visualizations also reveal that Al12P12 and C24 exhibit more extensive orbital delocalization after lithium adsorption than Be12O12 and B12N12. This observation is in good agreement with their relatively smaller Eg after lithium adsorption. suggesting more efficient electron transport within these nanocages. Conversely. the frontier orbitals of Be12O12 and B12N12 remain comparatively localized. which is consistent with their larger post-adsorption Eg. Therefore. the HOMO–LUMO isosurface analysis provides qualitative evidence that supports the quantitative Eg calculations. demonstrating that lithium adsorption effectively modifies the electronic structure of the investigated nanocages and contributes to improved electronic conductivity [15-17].
Application of Nanocage Anodes in Lithium-Ion Batteries (LIBs)
The suitability of an anode material for lithium-ion batteries should be evaluated by considering multiple electrochemical parameters rather than relying on a single descriptor. In addition to exhibiting thermodynamically favorable lithium adsorption and improved electronic conductivity. an ideal anode material should possess an appropriate theoretical voltage that enables reversible lithiation and delithiation processes. Therefore. the overall electrochemical performance of the investigated nanocages was assessed by considering the Eads. Eg after lithium adsorption. and theoretical voltage simultaneously [15–18].
As summarized in Table 3. all investigated nanocages exhibit negative Eads. confirming that lithium adsorption is thermodynamically favorable. However. the adsorption strengths vary considerably among the nanocages. Al12P12 and C24 exhibit relatively stronger lithium adsorption than B12N12 and Be12O12 while maintaining moderate interaction strengths that are expected to facilitate reversible lithium insertion and extraction. In contrast. Be12O12 shows the weakest adsorption for neutral lithium despite exhibiting the strongest interaction toward Li⁺. indicating that adsorption behavior differs depending on the oxidation state of the adsorbed lithium species [7,28]. 
Table 3. Overall electrochemical performance of the investigated nanocages.
	Structure
	Eads (Li) (eV)
	Eg after Li Adsorption (eV)
	Theoretical Voltage (V)
	Assessment

	Al12P12
	-2.34
	1.77
	0.30
	Promising

	Be12O12
	-0.73
	2.88
	-0.98
	Moderate

	B12N12
	-1.71
	3.56
	-0.63
	Moderate

	C24
	-2.04
	2.24
	0.65
	Most promising


It is worth noting that excessively strong adsorption—such as the massive ionic binding energy seen in  (−12.79 eV)—is not always advantageous for rechargeable batteries. While high exothermic adsorption suggests high thermodynamic stability, overly strong local binding can create kinetic traps, hinder lithium-ion diffusion, and impede the extraction process during delithiation [7, 26]. Furthermore, combined with its negative theoretical voltage,  fails to support spontaneous, reversible cycling. Therefore, an optimal anode material requires a delicate balance: strong enough adsorption to prevent clustering, yet moderate enough (coupled with a positive operating voltage, as observed in  and ) to ensure high reversibility and practical battery performance.
The electronic properties further reveal that lithium adsorption significantly reduces the Eg of all investigated nanocages. Among them. Al12P12 exhibits the smallest Eg after lithium adsorption (1.77 eV). followed by C24 (2.24 eV). Be12O12 (2.88 eV). and B12N12 (3.56 eV). A smaller Eg generally facilitates electron excitation and charge transport. thereby improving the electrical conductivity of the electrode material during battery operation [16.17].
The calculated theoretical voltages further distinguish the electrochemical feasibility of the investigated nanocages.  and  exhibit positive theoretical voltages of  and , respectively, indicating thermodynamically favorable lithiation and delithiation processes. In contrast,  and  produce negative theoretical voltages of  and , respectively. Physically, a negative theoretical voltage implies that the Gibbs free energy change for lithium insertion is unfavorable relative to the lithium metal reference state, meaning lithiation is endergonic under standard conditions. In practical battery operation, an anode with a negative voltage would fail to spontaneously insert lithium and would require a forced external overpotential, thereby increasing energy losses, elevating safety risks such as lithium plating or dendrite formation, and hindering reversible cycling. Consequently, these negative values significantly reduce the practicality of these materials as rechargeable lithium-ion battery anodes despite their other favorable adsorption characteristics [29, 30].
Considering all evaluated parameters. C24 demonstrates the most balanced electrochemical performance among the investigated nanocages. Although Al12P12 possesses the lowest Eg after lithium adsorption. C24 combines a moderate Eads (−2.04 eV). a relatively small Eg (2.24 eV). and the highest positive theoretical voltage (0.65 V). This combination indicates an appropriate balance between lithium binding. electronic conductivity. and electrochemical reversibility. Meanwhile. Al12P12 can also be considered a promising anode candidate because of its strong lithium adsorption. excellent electronic conductivity. and positive theoretical voltage. although its operating voltage is lower than that of C24. Conversely. despite exhibiting strong interactions with Li⁺. B12N12 and Be12O12 are less favorable as anode materials because their larger Eg and negative theoretical voltages may limit reversible lithium storage. Overall. the combined evaluation of Eads. electronic properties. and theoretical voltage identifies C24 as the most promising nanocage anode material. followed by Al12P12 for lithium-ion battery applications.

Conclusion
This study employed Density Functional Theory (DFT) calculations at the M06-2X/6-31+G(d) level to evaluate the adsorption behavior. electronic properties. and electrochemical performance of C24. B12N12. Be12O12. and Al12P12 nanocages as potential anode materials for lithium-ion batteries. The Eads analysis demonstrated that all investigated nanocages could stably accommodate both Li atoms and Li⁺ ions through thermodynamically favorable interactions. However. differences in the adsorption strengths indicate that the chemical composition of the nanocages plays an important role in governing the lithium binding characteristics.
Lithium adsorption significantly modified the electronic structures of the investigated nanocages by reducing their HOMO–LUMO Eg and redistributing the frontier molecular orbitals. indicating enhanced electronic conductivity after lithium incorporation. Although Be12O12 exhibited the largest percentage reduction in Eg. Al12P12 possessed the smallest final Eg after lithium adsorption. suggesting superior electronic transport properties. The HOMO–LUMO isosurface analysis further confirmed that lithium adsorption alters the frontier molecular orbital distributions. supporting the observed changes in the electronic properties.
The overall electrochemical evaluation. which considered Eads, Eg, and theoretical voltage simultaneously. identified C24 as the most promising nanocage among the investigated materials. C24 combines moderate lithium adsorption strength. a relatively small Eg after lithium adsorption. and the highest positive theoretical voltage (0.65 V). indicating a favorable balance between reversible lithium storage. electronic conductivity. and electrochemical feasibility. Al12P12 also exhibited promising characteristics because of its low Eg and positive theoretical voltage. whereas B12N12 and Be12O12 showed less favorable electrochemical performance due to their negative theoretical voltages despite their stable lithium adsorption. These findings demonstrate that the combined evaluation of adsorption behavior. electronic properties. and theoretical voltage provides a comprehensive approach for screening nanocage-based anode materials and offers theoretical guidance for the development of high-performance lithium-ion batteries.
Finally, while this study provides a comprehensive computational screening based on Eads, electronic properties, and theoretical voltage, several practical aspects—such as ionic diffusion barriers, specific capacity, and long-term structural stability during cycling—warrant further exploration. Future work should focus on kinetic evaluations, such as nudged elastic band (NEB) calculations, alongside complementary experimental synthesis and electrochemical testing to validate the practical viability of  and  as high-performance lithium-ion battery anodes.
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