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Abstract: Porous materials have generated a great deal of interest for use in energy storage technologies,
as their architectures have high surface areas due to their porous nature. They are promising candidates
for use in many fields such as gas storage, metal storage, gas separation, sensing and magnetism.
Novel porous materials which are non-toxic, cheap and have high storage capacities are actively
considered for the storage of Li ions in Li-ion batteries. In this study, we employed density functional
theory simulations to examine the encapsulation of lithium in both stoichiometric and electride forms
of C12A7. This study shows that in both forms of C12A7, Li atoms are thermodynamically stable when
compared with isolated gas-phase atoms. Lithium encapsulation through the stoichiometric form
(C12A7:O2−) turns its insulating nature metallic and introduces Li+ ions in the lattice. The resulting
compound may be of interest as an electrode material for use in Li-ion batteries, as it possesses
a metallic character and consists of Li+ ions. The electride form (C12A7:e−) retains its metallic
character upon encapsulation, but the concentration of electrons increases in the lattice along with
the formation of Li+ ions. The promising features of this material can be tested by performing
intercalation experiments in order to determine its applicability in Li-ion batteries.
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1. Introduction

Electrochemical energy storage devices, such as batteries and supercapacitors, have garnered
a great deal of attention in the last two decades due to their environmental friendliness, high
energy densities and high energy efficiencies. Lithium-ion batteries are the most promising portable
power sources with continuous effort being devoted to improving their power densities for use
in large-scale applications such as electrical vehicles [1–3] and grid-energy storage systems [4,5].
Furthermore, advanced electronic devices such as drones, unmanned aeroplanes and robots require
high-capacity Li-ion batteries [6]. One key area of focus in the development of Li-ion batteries is
finding clean, safe, high-energy-density as well as cheap electrode materials. A key challenge in the
development of Li-ion batteries has been hazards arising from explosions caused by the destruction of
the batteries during electric discharge, heat transfer and several chemical reactions [7]. A variety of
electrode materials have been prepared for Li-ion batteries, and their electrochemical activities have
been investigated both experimentally [8–11] and theoretically [12–15].

Materials with high porosity and low density are promising candidates for the storage of lithium
as they can provide a high surface area for lithium to absorb. Many porous materials [16–18], including
metal organic frameworks [19–21] and their derivatives, have been considered as promising electrode
materials for Li-ion batteries.
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C12A7 is a complex nanoporous oxide consisting of twelve nanocages per unit cell [22–24].
Each cage has an inner space of ~0.4 nm and is interconnected with adjacent cages via a wider opening
of ~0.1 nm. This oxide structure is chemically and thermally stable. Furthermore, their constituent
metal oxides (Al2O3 and CaO) are non-toxic and inexpensive. The stoichiometric form of C12A7 is
represented as C12A7:O2−, in which the positively charged framework [Ca24Al28O64]4+ is compensated
by two O2− ions occupying two cages. In the electride form of C12A7, the framework is compensated
by four electrons and its overall composition is denoted by C12A7:e−. Both forms of C12A7 have
been considered for the encapsulation of many metal atoms [25–29] and ions [30–34]. Their surface
structures have been investigated as promising catalysts for the activation of small molecules such as
CO2 and N2 [35–37].

As the bulk nanoporous structure of C12A7 provides a large number of cages (12 per unit cell),
this material is of interest for the storage of lithium. A reaction between the insulating C12A7:O2− and
Li metal is expected to produce Li+ ions and electrons in the lattice simultaneously. This experimental
recipe can provide an electrode material with Li+ ions and electron conduction for use in Li-ion batteries.

In this study, we used density functional theory (DFT) with dispersion to study the encapsulation
capabilities of Li atoms in both forms of C12A7. This simulation technique enables the calculation of
encapsulation energies, the Bader charges of the encapsulated Li atoms, densities of states (DOSs) as
well as the charge density plots of resultant complexes. Using this theoretical approach, insights on the
applicability of this system as an electrode material can be gained.

2. Computational Methods

The present simulation study was based on DFT calculations [38–40] in order to describe the
optimized structures and electronic structures of defect-free, encapsulated and doped C12A7 via
the Vienna Ab initio Simulation Program (VASP) code [41–43]. VASP performs fully self-consistent
calculations which solve Kohn–Sham (KS) equations within density functional theory. The basic concept
underpinning DFT is the use of the electron density, ρ, instead of the wave function. Powerful theorems
were provided by Hohenberg and Kohn [40]. They formally established electron density as the central
quantity for the purpose of describing electron interactions. With this code, projected augmented wave
(PAW) potentials [44] and plane wave basis sets are used. In all calculations, we used a plane wave basis
set with a cut-off of 500 eV and 8 k-points, generated using a 2× 2× 2 Monkhorst–Pack [45] k-point mesh.
In the modelling of the exchange-correlation energy we used generalized gradient approximation
(GGA) as parameterized by Perdew, Burke and Ernzerhof (PBE) [46]. Atomic positions and cell
parameters were relaxed using the conjugate gradient algorithm [47]. In all optimized configurations,
the amount of force used on the atoms was less than 0.001 eV/Å. Semi-empirical attractive dispersion
forces, as described by Grimme et al. [48], were included in all calculations in order to describe the
short-range interactions.

Encapsulation energy for a single Li atom in C12A7:e−was calculated using the following equation:

Eenc = E(Li:C12A7:e−)−E(C12A7:e−)−E(Li) (1)

where E(Li:C12A7:e−) is the total energy of a Li atom encapsulated in C12A7:e−, E(C12A7:e−) is the total
energy of bulk C12A7:e− and E(Li) is the energy of an isolated gas-phase Li atom.

Thermodynamically, defect parameters such as formation energies can be defined by the
comparison of real (i.e. defective) crystals with isobaric or isochoric ideal (i.e., non-defective) crystals.
Models such as the cBΩ [49,50] link the defect formation parameters with thermodynamic relations,
as discussed in previous studies [51–53]. The present calculations correspond to the isobaric parameters
for the defect processes.
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3. Results

3.1. Modelling Bulk C12A7

The stoichiometric C12A7 is cubic (space group I4 3d) with a lattice constant of 11.99 Å [20].
Figure 1 shows the relaxed structures of both forms of C12A7. In our previous studies [25,26],
we tested the choice of pseudopotentials and basis sets by comparing calculated lattice constants with
experimental values. Experimental lattice constants for C12A7:O2− were reported to be a = b = c =

11.99 Å and α = β = γ = 90◦ [22]. The calculated values (a = 12.05 Å, b = c = 12.01 Å and α = 90.02◦, β
= 89.95◦ and γ = 89.93◦) are in good agreement with the experimental values. Electronic structures
of C12A7:O2− and C12A7:e− have also been discussed in previous work [25,26] by plotting DOSs.
C12A7:O2− is a wide-band-gap insulator. In contrast, C12A7:e− exhibits a metallic character due to
electrons occupying nanocages.

Figure 1. Optimised structures of (a) the crystal structure of C12A7:O2−, (b) the cage occupying
extra-framework O2− ion, (c) the crystal structure of C12A7:e− and (d) the cage occupying
extra-framework e−. Cage pole, Ca-Ca distances are calculated to be 4.21 Å and 5.71 Å in C12A7:O2−

and C12A7:e−, respectively.

3.2. Encapsulation of Single Li Atoms in C12A7:O2−

First, we considered the encapsulation of up to four Li atoms added one-by-one in C12A7:O2−.
Figure 2 shows the optimised structures of Li atoms occupying cages in C12A7:O2−. In all cases, Li
atoms bind to the cage wall oxygen atoms to form Li-O bonds. The Li-O bond distances ranged from
between 1.83 and 1.97 Å (Table 1). The encapsulation energy of a second Li into the pre-existing single
Li in C12A7:O2− was calculated using the following equation:

Eenc = E(2Li:C12A7:O2−)−E(Li:C12A7:O2−)−E(Li) (2)

where E(2Li:C12A7:O2−) is the total energy of two Li atoms encapsulated in C12A7:O2−, E(Li:C12A7:O2−) is
the total energy of a single Li atom encapsulated in C12A7:O2− and E(Li) is the energy of an isolated
gas-phase Li atom. Exoergic encapsulation energy is calculated for all cases, implying that the Li atoms
are more stable inside the cages of C12A7:O2− than in their isolated form. Consequent encapsulation
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energies do not increase with the number of Li atoms. This could be due to the different pre-encapsulated
host structures in the consequent encapsulation of Li. Bader charge analysis [54] shows that Li atoms
lose their outer electrons to form Li+ ions which are then attracted by cage wall O2− ions. The magnetic
moment of C12A7:O2− is zero. Encapsulation introduces electrons (~one per Li) in the lattice, making
the resultant compounds magnetic. The magnetic moment increases with the addition of Li (refer to
Table 1). This is due to an increase in the amount of electrons upon further addition of Li. Ca-Ca cage
pole distance, which is an indication of distortion of the lattice, slightly increases with the addition
of Li. This is further confirmed by the small increase seen in the volume with respect to the volume
of C12A7:O2−.

Figure 2. (a–d) Relaxed structures of Li:C12A7:O2−, 2Li:C12A7:O2−, 3Li:C12A7:O2− and 4Li:C12A7:O2−

and (e–h) corresponding relaxed cages occupying Li atoms.

Table 1. Encapsulation energies, Bader charges on the encapsulated Li atoms, magnetic moments of
the encapsulated complexes, Ca-Ca cage pole distances, Li-O bond distances and volume changes due
to the encapsulation. Total Bader charges are shown in parentheses.

System Encapsulation
Energy (eV)

Bader Charges on
Li (|e|)

Magnetic
Moment (µ)

Cage Pole Ca-Ca
Separation (Å)

Li-O Bond
Distances (Å)

Volume
Change (%)

Li.C12A7:O2− −1.93 eV +1.00 (+1.00) 0.85 5.62 1.90–1.93 0.14

2Li.C12A7:O2− −2.03 eV +0.66, +0.74 (+1.40) 1.74 5.63–5.67 1.83–1.97 0.24

3Li.C12A7:O2− −1.09 eV +0.64, +0.74, +0.53
(+1.91) 2.67 5.66–5.70 1.84–1.97 0.32

4Li.C12A7:O2− −0.85 eV +0.74, +0.69, +0.51,
+0.50 (+2.44) 3.56 5.67–5.80 1.88–1.97 0.61

The calculated total DOS shows that C12A7:O2− is an insulator, as discussed in previous
work [25,26] (refer to Figure 3a). Peaks correspond with the extra-framework O2− ions which are
observed between 2.00 and 3.00 eV (Figure 3f) and the charge density associated with these peaks is
shown in Figure 3k. Encapsulation of the first Li shifts the Fermi level towards the conduction band
and the system becomes metallic (Figure 3b). This is due to the electron released from encapsulated Li.
This is further confirmed by the atomic DOS of Li (Figure 3g) as well as the electron charge density
plot showing the electron occupying a cage. Further encapsulation does not alter the Fermi energy
a great deal. However, the electron density increases near the Fermi level (Figure 3c–e). This is also
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confirmed by their atomic DOSs. Electron charge density increases with the addition of Li, as explained
previously (Figure 3l–o).

Figure 3. (a–e) Total densities of states (DOSs) of C12A7:O2−, Li.C12A7:O2−, 2Li.C12A7:O2−,
3Li.C12A7:O2− and 4Li.C12A7:O2−. (f–j) Corresponding atomic DOSs and (k–o) corresponding
charge density plots associated with extra-framework O2− in C12A7:O2− and electrons introduced
by the Li encapsulation. Black and orange parts of the total DOSs (a–e) correspond to spin-up and
spin-down states. Red vertical lines correspond to the Fermi energy level.

The simulation results in this section reveal that the encapsulation of Li in C12A7:O2− can change
its insulating behaviour to metallic and introduce Li+ ions in the lattice simultaneously. The resulting
material could be of interest as an electrode material for Li-ion batteries.

3.3. Encapsulation of Single Li Atoms in C12A7:e−

Next, we considered the encapsulation of single Li atoms (up to four) in the empty cages
of C12A7:e−. Figure 4 shows the optimised structures together with the cages occupied by
Li atoms. Li atoms are located in the centre of the cages for the first two Li encapsulations.
Further substitution leads to slightly different complexes, in which Li forms bonds with cage wall O2−

ions. Encapsulation energies appear as negative, meaning that Li atoms prefer to encapsulate within
the cages of C12A7:e− (Table 2). For the third and fourth Li atoms, the encapsulation becomes strong.
This may be due to the attractive interaction between Li+ ions and O2− ions. Bader charge analysis
shows that Li+ ions are present in the first two Li atoms. Further encapsulation reduces the charge
transfer of Li. C12A7:e− is non-magnetic. Encapsulation of the first two Li atoms does not change
the magnetic behaviour. In the case of the third and fourth Li atoms, the resulting complexes exhibit
magnetic behaviour. This could be due to the incomplete charge transfer of Li in these complexes.
There was a very small change in the Ca-Ca cage pole distances in all cases, meaning that distortion
due to the encapsulation is small. This is further confirmed by the small volume changes.
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Figure 4. (a–d) Relaxed structures of Li.C12A7:e−, 2Li.C12A7:e−, 3Li.C12A7:e− and 4Li.C12A7:e− and
(e–h) the corresponding relaxed cages occupying Li atoms.

Table 2. Encapsulation energies, Bader charges on the encapsulated Li atoms, magnetic moments of
the encapsulated complexes, Ca-Ca cage pole distances, Li-O bond distances and volume changes due
to the encapsulation. The total Bader charges are shown in parentheses.

System Encapsulation
Energy (eV)

Bader Charges on
Li (|e|)

Magnetic
Moment (µ)

Cage Pole Ca-Ca
Separation (Å)

Li-O Bond
Distances (Å)

Volume
Change (%)

Li.C12A7:e− −0.87 eV +1.00 (+1.00) 0.00 5.88–5.90 – 0.21

2Li.C12A7:e− −0.65 eV +1.00, +1.00 (+2.00) 0.00 5.89–5.92 – 0.49

3Li.C12A7:e− −1.83 eV +0.51, +0.44, +0.48
(+1.43) 1.80 5.62–5.71 1.95–1.99 0.48

4Li.C12A7:e− −1.02 eV +0.51, +0.17, +0.33,
+0.33 (+1.34) 0.47 5.66–5.69 1.94–1.98 0.66

The calculated DOS shows that C12A7:e− is metallic (Figure 5a). Consequent encapsulation
increases the concentration of electrons in the lattice, with this being further confirmed by the
increase in electronic states near the Fermi level (Figure 5b–e). The Fermi energy does not change
significantly upon encapsulation. The atomic DOSs of Li atoms for all configurations are shown
in Figure 4f–i. Charge density plots associated with the extra-framework electrons are shown in
Figure 5j–n. In C12A7:e−, four electrons are uniformly distributed. Upon encapsulation, the electron
density in the lattice increases due to the additional electrons coming from the Li atoms.
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Figure 5. (a–e) Total DOSs of C12A7:e−, Li.C12A7:e−, 2Li.C12A7:e−, 3Li.C12A7:e− and 4Li.C12A7:e−,
(f–i) corresponding atomic DOSs and (j–n) corresponding charge density plots associated with
extra-framework e− in C12A7:e− and electrons introduced by the Li encapsulation. The black and
orange parts of the total DOSs (a–e) correspond to spin-up and spin-down states. Red vertical lines
correspond to the Fermi energy level.

4. Conclusions

Porous materials provide a high surface area to trap a large volume of Li atoms. The capacity
and efficiency of a material depends upon the nature of the porosity having a large number of cages
to encapsulate Li atoms. DFT simulations were applied to examine the encapsulation capability of
C12A7 for use in Li-ion batteries. Both forms of C12A7 encapsulate Li atoms exothermically, suggesting
that Li atoms are more stable than their isolated forms. Bader analysis shows that a Li atom loses
approximately one electron and that the resultant Li+ ion becomes attracted by cage wall O2− ions.
The insulating behaviour of C12A7:O2− turns metallic upon encapsulation, leaving the resultant
complex Li+ rich. Thus, it is promising for use as an electrode material in Li-ion batteries. The electride
form (C12A7:e−) also produces Li+ ions upon encapsulation, retaining its metallic character together
with an increased electron concentration. Furthermore, the resultant composites formed by Li and
C12A7:O2− are magnetic. In the case of electride forms, however, only when there is a high content
of Li encapsulation is magnetic behaviour exhibited. To conclude, we have shown that Li storage in
C12A7 merits consideration by the community and that experimental work is required to investigate
this system in view of battery applications.
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