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Abstract: Calculations of band structure and electronic density distribution near Fermi 

energy have been performed for complex nanoporous oxide mayenite 12CaO·7Al2O3 (C12A7) 

on the ab initio level. The electronic structure of mayenite doped with selected cations from 

the 1st and 2nd group of the periodic table of elements (Na
+
, Cs

+
, Mg

2+
, and Ba

2+
) have also 

been calculated in order to estimate the effect of cationic doping on structural, electronic, 

and optical properties of mayenite. Partial and complete substitution of the interstitial 

oxygen anions (there are two O
2-

 anions per unit cell) with electrons (e
-
 “doping”) is also 

considered in ab initio calculations to observe differences in electronic structure (such as 

band gap and Fermi level) during the transition from insulator (regular mayenite crystal with 

O
2-

 anions in interstitial places) to electride. 
 

Keywords: mayenite, DFT, ab-initio, electronic band structure, cation doping, electride, 

transparent conductors. 
 

 

 

1. Introduction 
 

 Mayenite (12CaO·7Al2O3, Ca12Al14O33, C12A7 or C12A7:(O
2-

)2) belongs to a group 

of calcium aluminates, a range of minerals obtained, by heating calcium oxide and aluminium 

oxide together at high temperatures, or recently in various ways, from solution-derived 

precursors to plasma arc melting.[1-8] It crystallizes with a body-centered cubic crystal 

structure belonging to the space group No. 220, I43d, with a unit cell of about 12 Å and with 

Z=2 (two formula units per unit cell).[9-11] It is comprised of nano-pores and polyhedra that 

form cages (similar to zeolites) which are approximately 4-5Å in diameter. 
The unit cell of C12A7 consists of 12 cages formed by the Ca-Al-O framework, 

which include 24 Ca, 28 Al and 64 O atoms, while the remaining two oxygen anions are 

randomly distributed within the cages as extra-framework ions (see Figure 1). Cages with 

different S4 symmetry axes (S4x, S4y, and S4z), which pass through two Ca (axial) atoms, are 

connected via large windows formed by a shared Ca-Al-O framework. This means that in the 

C12A7 unit cell structure, two oxygen ions occupy two of the twelve cages, which are also 

responsible for the high oxygen ion conductivity found in mayenite.[12] The structure is 

known as a host material to a variety of anionic species such as O
−
, O

2−
, e

−
, OH

−
, H

−
, F

−
, and 
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Cl
−
. [12-16] On the other hand, there has been a plethora of studies on the cationic doping of 

C12A7 (Ca24Al28O64)
4+

, where substitutional cation is located on the Ca
2+

 or Al
3+

 site.[12, 17-

19] Doping affects emissive, optical, and chemical properties of mayenite where an important 

role is played by the structure-property relationships while cationic dopants have strong 

impacts on the electronic properties and structural distortions.[12, 20] 
 

 
Figure 1. Mayenite structure: (a) C12A7 unit cell, consisting of 12 cages formed by Ca-Al-O 

framework, (b) Mayenite cage without extra-framework species, (c) Cage containing extra-

framework O
2-

 ion (O*). 
  

Many of mayenite’s properties that are uncharacteristic to CaO-Al2O3 systems are the 

result of its unusual structure.[21] It has a melting point of 1415°C, and its ―electride‖[22] 

(mayenite with all interstitial O
2-

 ions substituted with electrons, which then serve as anions) 

state can be also regarded as a chemically and thermally stable structure.[15] Varying the 

electron concentration in the electride form of mayenite can be used to make it optically 

transparent and electrically conductive material.[23] Conductivity and thermodynamic 

stability of anion-substituted[20, 24] and cation-substituted[12, 25] mayenite are also being 

studied recently. There are many other applications of mayenite ranging from catalysts, 

batteries, hydrogen storage, and transportation to environmental applications, cement, 

ceramic, and bio-materials.[12, 20, 26-30] 

Theoretical modeling of C12A7 and its modifications represents a formidable 

challenge in the search for novel transparent conducting oxides, catalysts, anion conductors, 

etc. because of the size of the unit cell and random arrangement of extra-framework species. 

The purpose of this work is to generate structural models of chosen cation-doped bulk C12A7 

structures and analyze their electronic properties using quantum-mechanical simulations 

based on density-functional theory (DFT). Moreover, this study investigates the behavior of 

mayenite structure at extreme conditions as a function of the size, charge, and position of the 

doped cation.     

 

 

 

 
 



Journal of Innovative Materials in Extreme 
Conditions  

2022 

Volume 3 
Issue 1 

 

32 
Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

2. Details of the Calculations 
 

Our general approach to the investigation of advanced materials as the effect of 

anion/cation substitution is given elsewhere [31-36]. Similarly, the effect of extreme 

conditions on structural and electronic properties, as well as the structure-property 

relationship has been studied previously[37-44] and is of great importance. In this study, 

structural and electronic properties of mayenite (C12A7 or C12A7:(O
2-

)2), Na-doped 

Mayenite (C12A7+Na or C12A7:(O
2-

)2(Na)), Mg-doped (C12A7+Mg or C12A7:(O
2-

)2(Mg)), 

Cs-doped (C12A7+Cs or C12A7:(O
2-

)2(Cs)) and Ba-doped (C12A7+Ba or C12A7:(O
2-

)2(Ba)) structures (C12A7+X represents two mayenite formula units doped with one X 

cation), as well as partial (C12A7:(O
2-

)(e
-
)2) and complete mayenite electride (C12A7:(e

-
)4), 

are analyzed using quantum-mechanical simulations based on density-functional theory 

(DFT).  

Generalized Gradient Approximation (GGA) with the PBE (Perdew, Burke, and 

Ernzerhof) functional,[45] as implemented in VASP[46, 47] and Quantum Espresso (QE)[48, 

49] simulation package were used in the calculations. Plane-wave basis set with 50 Ry (550 

eV) kinetic energy cut-off for wavefunctions, 500 Ry cut-off for charge density and potential,  

and 4 x 4 x 4 Monkhorst-Pack grids for k-point sampling were used. The structures were 

fully optimized using both VASP and QE software packages, while the electronic properties 

were calculated using the QE code. Visualization of the structures and cages was done by 

VESTA software.[50] 

 

 
Figure 2. Mayenite C12A7:(O

2-
)2 cage with extra-framework O

2-
 anion structure: (a) front, 

(b) top, and (c) side view. Calculations performed using GGA-PBE functional. 

 

3. Results and Discussion 

 

3a. Structure properties 
 

The ground state of mayenite C12A7 cages with extra-framework O
2-

 anion structure 

obtained by DFT calculations is shown in Figure 2. Structural relaxation of the structure 

using GGA-PBE functional resulted in the unit cell of a=12.065 Å (Table 1). Present 



Journal of Innovative Materials in Extreme 
Conditions  

2022 

Volume 3 
Issue 1 

 

33 
Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

calculations with O
2-

 anion placed in an empty cage is in good agreement with already 

existing experimental and theoretical results.[9, 21, 22, 51-57] In the following, we 

investigate the influence of cation doping on the mayenite C12A7 structure. In particular, this 

was performed by doping C12A7+X (X = Mg, Na, Ba, Cs), where dopant cations are initially 

incorporated inside the various position of the empty cage or in the framework as an extra-

framework species (Figure 1b), pushing the mayenite cage to the extreme boundaries. Thus, 

each C12A7+X (X = Mg, Na, Ba, Cs) cation doped calculation consists of nine empty 

mayenite cages (cage without extra-framework species, Figure 1b), one previously ―empty‖ 

cage that is filled with doped X atom (X = Mg, Na, Ba, Cs), and two already existing 

interstitial oxygen anions inside two other cages (Figure 1c), making in total twelve mayenite 

C12A7 cages. 

 

 

 
Figure 3. Mg-doped mayenite C12A7:(O

2-
)2(Mg) cage with extra-framework Mg cation 

structure: (a) front, (b) top, and (c) side view. Calculations performed using GGA-PBE 

functional. 

 

Firstly, we have investigated an Mg
2+

 cation doping on C12A7:(O
2-

)2 mayenite 

structure.  The resulting Mg-doped mayenite C12A7:(O
2-

)2(Mg) cage with extra-framework 

Mg cation structure calculated using GGA-PBE is shown in Figure 3. The Mg atom has the 

same oxidation number as Ca
2+

 and it is its closely related element from the Group 2A (or 

IIA) of the periodic table (the alkaline earth metals), but the ionic radius is much smaller than 

calcium (Ca).[58] Interestingly, the ground state structure is achieved with dopant Mg cations 

incorporated inside the cages, even when Mg atoms were placed at Ca cation sites in the 

C12A7 framework (Figure 3). The calculated unit cell of a = 12.088 Å and volume V = 

1766.14 Å
3
 are larger than the undoped C12A7:(O

2-
)2 mayenite structure (Table 1). 

The influence of the Na cation doping on the C12A7:(O
2-

)2 mayenite structure has 

been investigated in the next phase of the study. Figure 4 shows the Na-doped mayenite 

C12A7:(O
2-

)2(Na) cage with extra-framework Na cation structure calculated using GGA-PBE 

functional. The sodium (Na) atom has an oxidation number of +1 and comes from Group 1 

elements (alkali metals) of the periodic table, differently from calcium atoms. On the other 

hand, the ionic radius of the Na cation is very close to calcium,[58] while sodium and 
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magnesium are members of the s-block of the third period of the periodic table. The 

computed unit cell of a = 12.090 Å and volume V = 1767.08 Å
3
 is just a bit larger than the 

Mg-doped mayenite C12A7:(O
2-

)2(Mg) cage structure (Table 1). As previously observed, the 

ground state is achieved with dopant Na cations incorporated inside the cages as extra-

framework species (Figure 4).  

 

 

 
 

Figure 4. Na-doped mayenite C12A7:(O
2-

)2(Na) cage with extra-framework Na cation 

structure: (a) front, (b) top, and (c) side view. Calculations performed using GGA-PBE 

functional. 

 

In the case of the barium (Ba) cation doping on C12A7:(O
2-

)2 mayenite structure, 

Figure 5 shows the resulting Ba-doped mayenite C12A7:(O
2-

)2(Na) cage with extra-

framework Ba cation structure calculated using GGA-PBE functional. The Ba atom has the 

same oxidation number as Ca
2+

 and it is also a closely related element from the Group 2A (or 

IIA) of the periodic table (as is the magnesium atom). However, the ionic radius of the Ba 

cation is much larger compared to calcium (Ca) and especially the Mg cation.[58] The 

calculated cell parameter of a = 12.116 Å and volume of V = 1778.74 Å
3
 is larger than 

undoped and Mg-doped mayenite C12A7:(O
2-

)2(Mg) cage structure (Table 1), as expected. 

Still, even with incorporating a much larger Ba atom, the ground state is achieved with 

dopant Ba cations inside the cages as extra-framework species as previously observed (Figure 

5).  

Finally, the influence of the cesium cation doping on C12A7:(O
2-

)2 mayenite structure 

has been investigated in great detail. Figure 6 shows the cesium (Cs) cation doping on 

C12A7:(O
2-

)2 mayenite structure, resulting in C12A7:(O
2-

)2(Cs) cage with extra-framework 

Cs cation structure calculated using GGA-PBE functional. The cesium cation has an 

oxidation number +1 and comes from Group 1 elements of the periodic table (same as Na), 

different than that of the calcium atoms. Moreover, Cs atoms are the largest with the highest 

ionic radii, compared to Ca or any of the other dopant atoms.[58] Still, DFT calculations 

show that the calculated cell parameter of a = 12.111 Å and volume of V = 1776.24Å
3
 are a 

bit smaller than Ba-doped mayenite C12A7:(O
2-

)2(Ba) cage structure (Table 1). By 
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incorporating even larger Cs atoms with a different charge, the ground state is achieved with 

dopant Cs cations inside the cages as extra-framework species as in all previous cases (Figure 

6).  

 

 

 
Figure 5. Ba-doped mayenite C12A7:(O

2-
)2(Ba) cage with extra-framework Ba cation 

structure: (a) front, (b) top, and (c) side view. Calculations performed using GGA-PBE 

functional. 

 

 

 
 

Figure 6. Cs-doped mayenite C12A7:(O
2-

)2(Cs) cage with extra-framework Cs cation 

structure: (a) front, (b) top, and (c) side view. Calculations performed using GGA-PBE 

functional. 
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In summary, for all cation-doped configurations, C12A7+X, the ground state is 

achieved with dopant cations incorporated inside the cages as extra-framework species, along 

with two already existing interstitial oxygen anions inside two other cages (Figures 3-6). 

Having a cation at the interstitial ion place, as expected, deforms the cage in the opposite way 

the anion does. All cation-doped cages are elongated in the axial Ca-Ca direction, with the 

Mg-containing cage exhibiting the smallest change compared to the oxygen-containing cage, 

as well as compared to the cage without extra-framework species. Cages that have Ba and Cs 

as extra-framework species exhibit the largest elongation along the axial Ca-Ca direction. 

Theoretical models of all doped mayenite structures show that the basic structure of the 

lattice framework remains unchanged. 

 

Table 1. Mayenite and Na-, Mg-, Cs-, and Ba-doped mayenite structure parameters 

calculated using GGA-PBE functional. 

Structure 
a 

[Å] 

V 

[Å
3
] 

Density 

[g/cm
3
] 

Ca-Ca 

distance* [Å] 

Ca-X-Ca 

angle [º] 

C12A7:(O
2-

)2 12.065 1756.15 2.62 4.26 141.3 

C12A7:(O
2-

)2(Mg) 12.088 1766.14 2.63 5.54 116.7 

C12A7:(O
2-

)2(Na) 12.090 1767.08 2.63 5.92 141.8 

C12A7:(O
2-

)2(Ba) 12.116 1778.74 2.72 6.20 144.4 

C12A7:(O
2-

)2(Cs) 12.111 1776.24 2.72 6.22 175.8 

* Axial Ca-Ca distance in the cages containing interstitial atoms (O, Na, Mg, Cs or Ba). Ca-Ca distance 

in cages without interstitial atoms (empty cages) ranges from ~5.6Å to ~5.9Å. 

 

 

3b. Electronic properties 

 

 
Figure 7. Electronic band structure and DOS for C12A7:(O

2-
)2 mayenite calculated using 

GGA-PBE functional. 
  

In order to investigate the electronic properties of doped mayenite structures, we have 

performed electronic band structure and Density of States (DOS) calculations. Figure 7 

shows the electronic band structure and DOS for undoped C12A7:(O
2-

)2 mayenite calculated 
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using GGA-PBE functional. Our results show the existence of the direct band gap for 

insulator-type mayenite structure (C12A7:(O
2-

)2) of the order of 2 eV in agreement with 

previous experimental and theoretical studies. [9, 21, 22, 51-57] In addition, we have 

computed the total DOS for C12A7:(O
2-

)(e
-
)2 partial electride and C12A7:(e

-
)4 electride 

shown in Figure 8. The DOS calculations show that both electride mayenite structures appear 

to have a metallic character. 

 

 
Figure 8. Total DOS for: (a) C12A7:(O

2-
)(e

-
)2 partial electride and (b) C12A7:(e

-
)4 electride. 

 
  

 
Figure 9. Electronic band structure and DOS for Na doped C12A7:(O

2-
)2(Na) mayenite. 

 

 

 
Figure 10. Electronic band structure and DOS for Mg-doped C12A7:(O

2-
)2(Mg) mayenite. 

 
To investigate the potassium cation-doped mayenite structure, we have computed the 

electronic band structure and DOS for Na-doped C12A7:(O
2-

)2(Na) mayenite. It shows that 
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when the C12A7:(O
2-

)2 mayenite structure is doped with potassium cation within the cage, it 

appears to be semi-metallic, resembling the electride in Figure 8. On the other hand, when the 

C12A7:(O
2-

)2 mayenite structure is doped with Mg cation inside the cage (Figure 10), it 

appears to be semiconducting (similar to the undoped mayenite in Figure 7). Still, the 

electronic band structure and DOS for Mg-doped C12A7:(O
2-

)2(Mg) mayenite (Figure 10) are 

showing a much smaller band gap compared to the undoped mayenite (of the order of 0.6 

eV).  

 

 
Figure 11. Electronic band structure and DOS for Cs doped C12A7:(O

2-
)2(Cs) mayenite. 

 
 

 
Figure 12. Electronic band structure and DOS for Ba doped C12A7:(O

2-
)2(Ba) mayenite. 

 
Figure 11 shows the electronic band structure and DOS for Cs-doped          

C12A7:(O
2-

)2(Cs) mayenite computed using GGA-PBE functional. It shows that Cs-doped 

mayenite appears to be semi-metallic, similar to Na-doped C12A7:(O
2-

)2(Na) mayenite 

(Figure 9). The electronic band structure and DOS for Ba-doped C12A7:(O
2-

)2(Ba) mayenite 

is shown in Figure 12. It appears that Ba-doped mayenite exhibits metallic behavior, different 

from all other dopant cations. The density of states shows a moderately dispersed band at the 

bottom of the conduction band (similar to the electride DOS). A moderately dispersed band at 

the bottom of the conduction band which is also separated from the valence band by a large 

fundamental band gap should favor transparent conducting behavior. To summarize, there is 

a great diversity of electronic properties of C12A7:(O
2-

)2 mayenite structures, depending on 

the selection of doping cations.  

 
 
 
 



Journal of Innovative Materials in Extreme 
Conditions  

2022 

Volume 3 
Issue 1 

 

39 
Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

4. Conclusion 
 

Cationic dopants have strong impacts on electronic properties, and structural 

distortions. This study investigates the behavior of mayenite structure under extreme 

conditions as a function of size, charge, and position of the doping cations (Na
+
, Cs

+
, Mg

2+
, 

and Ba
2+

). The electron doping increases mayenite electrical conductivity compared to the 

base mayenite (C12A7:(O
2-

)2). A similar effect is obtained by cationic doping with all chosen 

cations. While doping (both electronic and cationic) increases conductivity, it also increases 

the concentration of electrons at the bottom of the conduction band, which leads to stronger 

optical absorption due to interband transition. There is a trade-off between higher 

conductivity and transparency in mayenite. Calculations show that C12A7+X (possibly with 

different cation concentrations) are good candidates for transparent conducting oxides as well 

as tunable band-gap semiconductors. 
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