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I N T R O D U C T I O N .  Rechargeable barratries are 

electrical energy storages, which could generate clean 

energy and accordingly decrease fossil fuel 

consumption to reduce production of the hazardous 

greenhouse gases.1-7 Lithium-ion batteries (LIBs) as the 

first type of secondary batteries, have been used 

commonly in various electronic devices of modern 

technologies.7-11 However, LIBs are suffered from low 

voltage energy storage, high price and limited available 

lithium resources. 12 Accordingly, novel rechargeable 

batteries on the basis of earth-abundant metals (i.e., 

Mg, Na, Ca, Al, and K) have arisen extensive interests 

of researchers.13-21 Specifically, calcium‐ion batteries 

(CIBs) are considered to be promising next‐generation 

energy storage systems because of the natural 

abundance of calcium and the multivalent calcium ions 

with low redox potential close to that of lithium, which 
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are all advantages for Ca atom for such application in 

batteries.22, 23 

Boron compounds with specially enviable 

physicochemical properties and promising applications 

have received incessant attention of several research 

areas.24-27 Research on boron clusters and their various 

applications are intriguing fields for both experimental 

and theoretical chemists.28, 29 The new experimentally 

observed all-boron (B40) fullerene with D2d symmetry 

was found to be the most stable allotrope.30 Numerous 

studies have been focused on the doped B40 fullerenes 

with different transition metals or other atoms to 

further improve their electronic, optical and structural 

characteristic features.31-33 For instance, the structural 

stability properties for MB40 (M = Li, Na, K, Ba, and Tl) 

were investigated through density functional theory 

(DFT) calculations with particular attention on the 

 
Lab-in-Silico. 2020;1(1):16-20. DOI: 10.22034/labinsilico20011016 

 

A B S T R A C T . Density functional theory (DFT) calculations were performed using the PBE0-D3 
functional and the 6-31+G(d) basis set to determine the potential application of recent 
experimentally observed B40 fullerene for the anode electrode for Ca-ion batteries (CIBs) in silico. 
The interactions of both Ca and Ca2+ with the B40 fullerene were investigated for the purpose. 
Based on the calculated results, the bare B40 fullerene have been seen as a promising anode 
material with remarkable average open-circuit voltage of 4.52 V and storage capacity of 744 
mAhg–1. The obtained results of this study might open new windows for designing such promising 
boron-based anode materials for CIBs, which is an advantage of computer-based works for novel 
technologies. Such novel types of batteries are very much important to be developed for applications 

in high level technologies and industries. 
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relative stability between the endohedral and 

exohedral configurations.33 Accordingly, the Na and Ba 

atoms are stably encapsulated inside the B40 fullerene, 

whereas the Li, K, and Tl atoms prefer the exohedral 

configuration. Also, Fai et al.34 reported an exohedral 

complexation of Mg and Be metals with B40 fullerene. 

Moradi et al.35 in 2017 investigated the interaction of 

Li and Li+ with a B40 fullerene using DFT method for its 

possible application as an anode of LIBs and the cell 

voltage was reported to be 0.53 V. Indeed, the 

advances of nanotechnology approach yielded several 

other related phenomena to investigate materials for 

novel application.36-40 Additionally, in silico approach 

provided reliable methods to perform computer-based 

research works in parallel with experiments.41-45 

In such view of designing appropriate anode for CIBs, it 

is of interest to investigate the potential possibility of 

B40 fullerene (Fig. 1) as an anode of CIBs. The main 

objective of this work is an assessment of the Ca and 

Ca-ion interaction with B40 fullerene and evaluation of 

its performance for an anode of CIBs. Furthermore, the 

effect of halides anion (F-, Cl-, and Br-) encapsulation 

inside B40 fullerene on its efficiency for an anode 

electrode of CIBs is studied. This study could provide a 

comprehensive understanding of the promising boron-

based anode for CIBs and a concrete suggestion to take 

forward for its eventual experimental applications.  

 

 
Fig. 1: Relaxed geometries of B40 and Ca@B40 structures. 

 

M E T H O D O L O G Y .  Geometrical optimizations 

were performed using the PBE0-D3/6-31+G(d) level of 

DFT calculations. The vibrational frequencies were also 

calculated at the same level to confirm the identity of 

the ground state avoiding the existence of imaginary 

frequency. The employed functional showed reliable 

results for such system based on the achievements of 

earlier works.46 All calculations were carried out using 

the Gaussian 09 suite of program.47 All considered 

structures were stabilized at the singlet state with 

multiplicity (M) of one (M=2S+1, S= total spin). 

Table 1: Calculated HOMO (EHOMO), LUMO (ELUMO), HOMO-LUMO gap (HLG), interaction energy (Eint), and average open-
circuit cell voltage (Voc). 
 

Models EHOMO (eV) 
 

ELUMO (eV) 
 

HLG (eV) 
 

Eint (kcal/mol) 
 

Voc(Volt) 
 

B40 -6.38 -3.26 3.12 N/A N/A 

H6-Ca@B40 -4.61 -2.97 1.64 -33.44 1.83 

H6-Ca2+@B40 -11.94 -9.60 2.34 -118.02 N/A 

H7-Ca@B40 -4.46 -3.05 1.41 -34.88 2.01 

H7-Ca2+@B40 -12.12 -9.39 2.73 -127.54 N/A 

 

R E S U L T S  &  D I S C U S S I O N .  Fig. 1 displays the 

relaxed geometry of B40 fullerene with the D2d point 

group, obtained at the PBE0-D3/6-31+G(d) level of DFT 

calculations. This fullerene structure was consisted of 

two staggered hexagonal holes (H6) at the top and 

bottom and four inverted heptagonal holes (H7) evenly 

distributed around the waist. The highest occupied and 

the lowest unoccupied molecular orbital (HOMO and 

LUMO) energies and their energy difference value 

(HOMO-LUMO gap) of the investigated original B40 

fullerene structure were calculated to be -6.38, -3.26 

and 3.12 eV, respectively (Table 1). Next, the 

complexation process of calcium (Ca) metal in the 

neutral and di-cationic states with the B40 were 

considered. The energetically favorable complexes 

were found by checking all probable positions (i.e., 

atop of H6 and H7, above individual boron atoms, and 

different distinguishable B-B bonds). Full geometrical 

optimizations revealed that both neutral and di-

cationic metals could relax above the H7 and H6 holes 
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(Fig. 1). The thermodynamic stability of the obtained 

complexes were assessed by calculation of interaction 

energies (Eint) as shown in the Eq. (1): 
 

)( 2/0
4040

2/0 @int  
CaBBCa

EEEE  
 

(1) 

 

where 
40

2/0 @ BCa
E  represents the total energy of the 

metal@B40 complex in neutral or di-cationic states. 

40BE and 
2/0Ca

E denote the corresponding energies of 

the bare B40 and single neutral or di-cationic metal 

atom, respectively. It is noted that the complex with 

high Eint has significant stability. All the calculated 

parameters for the models (Fig. 1) were summarized in 

Table 1. 

Examining the obtained results indicated that Ca2+ 

cation had a substantially stronger interaction with the 

B40 in comparison with the neutral Ca metal. 

Furthermore, complex formation of both neutral and 

di-cation metal with H7 were influential than their 

interaction with H6. The obtained interaction energies 

of H7-Ca2+@B40 and H6-Ca2+@B40 were calculated to be 

-127.54 and -118.02 kcal/mol indicating their 

remarkable high stability. On the other hand, the 

corresponding interaction energies were -34.88 and       

-33.44 kcal/mol for H7-Ca@B40 and H6-Ca@B40 

complexes, respectively. The average distance of Ca 

and Ca2+ with B atoms of H6 or H7 were measured to 

be 2.87 and 2.83 Å, respectively. The shorter 

interaction distance of Ca2+ with H7 or H6 than Ca 

metal was in correlation with higher interaction 

energies of these complexes. Also, B-B bonds of H6 or 

H7 slightly (~0.02 Å) elongated by interaction with Ca 

or Ca2+. Additionally, B1....B9 and B2....B10 distances 

in H7 and H6 were considered as diameter of H7 (dH7) 

and H6 (dH6). Both diameters of H7 and H6 (dH7 and dH6) 

were increased from 3.49 and 3.38 Å to 3.67 (3.63) and 

3.46 (3.40) Å due to Ca (Ca2+) interactions. It turned out 

that H7 hole was expanded more than H6 one during 

interaction with Ca or Ca2+. 

By motivating for doing further investigation of the B40 

capability for introducing as an anode for CIBs, details 

of such typical metal-ion battery could be assumed as 

below, in which the electrochemical reactions at anode 

and cathode of a metal-ion could be shown: 
 

Ca@B40 → Ca2+@B40 + 2e Anodic reaction 

Ca2+ + 2e → Ca Cathodic reaction 

Ca2+ + Ca@B40 → Ca + Ca2+@B40 + ΔG  Overall reaction 

The average open circuit intercalation potential (Voc) is 

one of the key parameters to determine the 

performance of batteries. Theoretically, Voc could be 

evaluated on the basis on Nernst equation given by: 
 

zF

G
VOC


  (2) 

 

The Faraday constant (F) is 96500 C.mol-1 and z=2 

denotes the charge of the working ion in electrolyte 

(i.e. Ca2+). ΔG term is the difference of the Gibbs free 

energy for overall reaction, which could be estimated 

from the internal energy (E) by neglecting the changes 

in volume and entropy: 
 

ESTVPEG   (3) 
 

Therefore, Voc of a CIB could be written by Eq. (4): 
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The average open circuit voltage was calculated by 

obtained energies (E) of the considered species. 

Accordingly, this result indicated that high Voc could be 

evaluated from the stronger interaction of working ion 

metal with B40 compared to the neutral metal. Since 

the Ca2+ interaction with B40 was much stronger than 

Ca, it was found that B40 fullerene could be a potential 

promising anode material for CIBs. Calculated Voc for Ca 

interaction with H7 and H6 of B40 were 2.01 and 1.83 V, 

respectively.   

The storage capacity (C) is another key factor for 

studying the performance of CIBs, which could be 

computed from Faraday equation; Eq. (5): 
 

anodeM

Fkn
C

)10(
)(mAhg

3

max1 
  

 

(5) 

 

where nmax, k and F terms stand for the maximum 

number of adsorbed Ca metals, the valence electron 

number (2 for Ca), and the Faraday constant (26.81 

Ahmol-1). Manode is the atomic mass of B40 fullerene. In 

order to find the storage capacity, we examined the Ca 

interaction with all six possible holes of B40, because 

the Ca interacted markedly with both of H6 and H7. 

Resulting 6Ca@B40 was found to be a true local 

minimum with no imaginary frequency. Each Ca atom 

relaxed above H6 and H7 holes. This structure was also 

optimized in di-cationic state for the calculation of cell 

voltage. Accordingly, Voc was found to be 4.52 V, which 

was more significant than those values for singular Ca 

decoration of B40 fullerene. Furthermore, the 
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theoretical storage capacity of 744 mAhg-1 was 

obtained large enough to make B40 a good candidate as 

the anode material for CIBs. As discussed above, B40 

fullerene could adsorb six Ca atoms, providing both 

remarkable average open-circuit voltage and storage 

capacity. Consequently, both high Voc and storage 

capacity parameters demonstrated that the B40 

fullerene could be regarded as potential promising 

candidates for the anode of CIBs. 

 

C O N C L U S I O N .  Within this theoretical study in 

silico, we studied the interaction of Ca and Ca2+ with 

the B40 fullerene. The obtained results indicated that 

the Ca2+ interaction with heptagonal and hexagonal 

holes of B40 fullerene was much stronger than Ca metal. 

The open circuit voltage obtained to be as a 

considerable value of ~2.0 V. To obtain the storage 

capacity of B40 fullerene, all six holes of B40 had 

decorated with Ca metals and the Voc and storage 

capacity were found to be 4.52 V and 744 mAhg-1, 

respectively. Current results might be helpful in 

designing new boron-based materials with even better 

energy storage density. Accordingly, the B40 fullerene 

might be a plausible candidate for application as an 

anode material of Ca-ion batteries based on the 

achievements of this computer-based work. 
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