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ABSTRACT

Framework modification by doping of Fe** ions in C12A7 has been recently considered for tailoring its thermal, electronic, and optical
properties. Here, we use density functional theory calculations to predict the thermodynamical stability and electronic structures of a single
Fe atom encapsulated and substituted by both stoichiometric and electride forms of C12A7. In both forms, exoergic encapsulation is observed,
and the resultant complexes exhibit magnetic behavior inferring that they are promising magnetic material candidates for spintronic devices.
While the electride form of C12A7 transfers 0.86e to Fe, only a small amount of charge (0.14e) is transferred from Fe to the cages in the
stoichiometric form. Substitution of Fe for Al in both forms of C12A7 is endoergic, and the electride form is more favorable by 1.60 eV than
the stoichiometric form. Both encapsulation and substitution introduce Fe sub-bands between the top of the valence band and the Fermi
energy level, featuring them as promising materials in catalysis, optics, and electronics.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5140678

I. INTRODUCTION

Rapid advancement of electronic applications necessitates the
development of new oxide materials that are cheap and non-toxic
and have tunable characteristics. Dodecacalcium hepta-aluminate
(CI12A7) is an inorganic nanoporous oxide, and it has attracted
attention recently for many useful research activities due to many
reasons including its non-toxicity, chemical stability, low cost,
and unit cell containing 12 cages.' ° The chemical formula of
stoichiometric C12A7 is represented as [CayAlygOgs]* -(0%),
[C12A7:0%7], where two O*  ions compensate the positively
charged framework and occupy two out of 12 cages. These two O*~
ions are called extra-framework oxygen ions. The inner diameter
of its cage is ~0.4 nm, and there is an opening between two adja-
cent cages with a diameter of ~0.1 nm.” A range of atoms and ions
have been encapsulated to replace extra-frame oxygen ions partially
or fully.”'® In particular, when both O*~ ions are replaced by four

electrons, the stoichiometric form is transferred to the electride form
[Ca24A123064]4+-(e_)4 [C12A7:e_].4

Many experimental and theoretical works have been reported
on the encapsulation or doping of anions. However, very few studies
on the doping of framework cations (Ca** and AI’*) in C12A7:0%"
are available in the literature.”*' Co-doping of Zn and P on the
Al site resulted in a reduction in the ionic conductivity compared
to that determined in the undoped C12A7.” In a study by Bertoni
et al,'” a similar observation was noted for the doping of Mg®* on
the Ca site. Si-doped C12A7:0% has been considered as a catalyst
for the decomposition of hydrocarbon by Hayashi et al.”’ The exper-
imental study by Palacios et al.”’ showed that Ga substitution on the
Al site introduces an expansion in the unit cell. Density functional
theory (DFT) simulations were performed by Huang et al.” to mod-
ify the framework of C12A7 by doping cations with +2, +3, +4, and
+5 charges and examine the impact on the structural and electronic
properties.
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Ebbinghaus et al.”' recently reported the synthesis of 1% mol
Fe substituted on the Al site in C12A7:0%" using the floating zone
method and observed the expansion of the lattice parameter by
~0.002 A. Their study also confirmed the tetrahedral coordination
of Fe with the +3 oxidation state. The resultant compound exhibited
magnetic moment, and the oxygen diffusion had been lowered due
to the strong binding nature of cage wall oxygen with Fe. Recently,
Ruttanapun et al.” calculated the optical gap and thermal conduc-
tivity of Fe-doped C12A7:0%” and concluded that both properties
were influenced by the Fe substitution. Physical properties of Fe-
doped C12A7:0% have been studied. However, its thermodynam-
ical stability and chemical properties have not been explored yet.
Furthermore, the electride form of C12A7 (C12A7:e7) is also inter-
esting to be considered for doping, and this study was not considered
experimentally yet. Although a previous simulation”* considered the
doping of cations including Fe in both forms of C12A7, full analysis
is only available for Cu, Ir, P, and V. Furthermore, the encapsula-
tion of Fe is also important to be considered. Theoretical simula-
tions based on the DFT are useful to examine the chemical nature
of Fe-doped and/or encapsulated C12A7, charge on the Fe atom,
magnetic moment of the resultant complex, and electronic structure
with charge density associated with the dopant. Dispersion forces
are also important for the system containing free-electrons. Current
DFT methods have the ability to calculate this additional attractive
energy term arising from dispersion.

In this study, spin-polarized mode DFT together with disper-
sion correction is used to calculate the structures of a single Fe
atom encapsulated in one of the empty cages and substituted on
the Al site in both stoichiometric and electride forms of C12A7.
Simulations enabled us to calculate the incorporation and substi-
tution energies, optimized structures, charge on the Fe atom, mag-
netic moment of the undoped and doped structures, and electronic
structures together with charge densities.

Il. COMPUTATIONAL METHODS

All calculations were performed using a DFT code VASP
(Vienna Ab initio Simulation Program).Z(“27 This code uses pro-
jected augmented wave (PAW) poten‘[ials.28 Exchange-correlation
was modeled using generalized gradient approximation (GGA) with
the Perdew, Burke, and Ernzerhof (PBE)”’ function as implemented
in the VASP code. A cubic lattice containing two molecules of
12Ca0-7A1,05 with a lattice constant of 11.98 A was used in all
calculations. A plane-wave basis set with a cut-off of 500 eV and
a2 x 2 x 2 Monkhorst-Pack k-point mesh™ yielding 8 k points
were used. Atomic positions were relaxed using the conjugate gra-
dient algorithm™' until the forces acting on the atoms were smaller
than 0.001 eV/A. Dispersion was included in the form of pair-
wise force field parameterized by Grimme et al’* in the VASP
code. Bader charge analysis’’ was carried out to calculate the charge
on the encapsulated and substituted Fe atom in both forms of
CI12A7.

Encapsulation energy for a single Fe atom in C12A7:0*~ was
calculated using the following equation:

Eenc = E(re.cr2a7.0+) — E(cr2a7:0:-) = E(ge)> (1)
where E(peciaaz.02-) is the total energy of an Fe atom encapsulated

in C12A7:0%, E(c12a7.00) is the total energy of bulk C12A7:0%,
and Ere) is the energy of a single Fe atom.

scitation.org/journal/adv

Substitution energy for a single Fe atom to replace a single Al
atom in the C12A7:0°" was calculated using the following equation:

Eap = E(pecr2az0n) + Eqan — E(ci2az0) = E(ge)s )

where E(gcia7.00) 18 the total energy of an Fe atom substituted
on the Al site in C12A7:0°7, E(ciaa7.00) is the total energy of bulk

C12A7:0, and E(re) and E()) are the total energies of a single Fe
atom and a single Al atom, respectively.

Ill. RESULTS AND DISCUSSION
A. Structure and electronic properties of C12A7

C12A7 exhibits a cubic structure with a space group of [43d." Its
experimentally observed lattice parameters are a =b = ¢ = 11.99 A
and a = B = y = 90°." Both C12A7:0>” and C12A7:¢” bulk struc-
tures were optimized under constant pressure to calculate their
equilibrium lattice constants. Figure 1 shows the optimized struc-
tures and cages occupied with extra-framework oxygen and elec-
trons. The calculated lattice parameters for C12A7:0*~ (a = 12.05 A,
b =c=1201 A, a = 90.02°, B = 89.95°, and y = 89.93°) are in
good agreement with the experiment.’ There is a slight distortion
observed in the lattice constants and angles due to the electro-
static attraction formed between the cage pole Ca** ions and extra-
framework O*” ions, as shown in Fig. 1(b). The cage pole distance
(4.21 A) is ~1.50 A shorter than that calculated in an empty cage. In
the case of C12A7:e” bulk, there is a slight elongation in the lattice
constants (a=b = ¢ = 12.06 A and a = p = y = 90°), but the relaxed
structure maintains its cubic form.

Calculated electronic properties of both CI12A7:0*” and
C12A7:e” have been discussed in previous studies.'”'*'*** C12A7:0*
is an insulator, and C12A7:e” is metallic [refer to DOS plots in

(b) Frame-:Mork oxygen

FIG. 1. Relaxed structures of (a) C12A7:0%~ bulk, (b) a cage showing the occupa-
tion of extra-framework 0%~ ion in C12A7:0?, (c) C12A7:e~ bulk, and (d) a cage
occupied with 1/3e~ in C12A7:e~
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Figs. 2(a) and 2(b)]. The metallic nature of C12A7:e” is due to
the delocalized extra-framework electrons in the lattice [refer to
Fig. 2(d)]. Peaks associated with the extra-framework 0% ions
(between 2.50 eV and 3.00 eV) in C12A7:0% are slightly further
away from the valence bands, and these peaks correspond to the
non-bonded p electrons of O*~ ions oriented perpendicular to the
bonding direction [refer to Figs. 2(c) and 1(b)].

DOS (arb.unit)
DOS (arb.unit)

B. Encapsulation of a single Fe atom in C12A7:0%"

Here, we consider a single Fe atom occupying an empty cage
in C12A7:0%". Figure 3(a) shows the optimized cage containing the
Fe atom. The position of the Fe atom is off from the center of the
cage. This is due to the strong attraction between Fe and cage wall
O”" ions. This is further confirmed by the short Fe-O bond distances
(2.07 and 2.43 A). The Bader charge on Fe is +0.14 |¢|, meaning that a
small amount of electrons have been transferred from Fe to the near-
est neighboring atoms in the cage. Encapsulation energy is exoergic
(=2.00 eV), implying that the Fe atom is more stable inside the cage
of C12A7:0%" than in its isolated form. Encapsulation does not alter
the Bader charges of the extra-framework oxygen ions, as reported
in Table I. The resultant encapsulated structure is magnetic, and its
magnetic moment is calculated to be 4.00 y. The valence electronic
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e e
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FIG. 2. DOS plots of (a) C12A7:0?~ bulk and (b) C12A7:e~ bulk and con- configuration of Fe is d°s*. In the d shell, two electrons are paired,

stant charge density plots associated with (c) the extra-framework O?~ ion in and the other four electrons are unpaired. In the resultant com-
-02— A o= .

O 20 il et T O plex, the Fe atom retains its electronic configuration according to the
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FIG. 3. (a) Optimized cage occupying Fe atom in C12A7:0%~, (b) the charge density plot associated with the Fe atom, (c) the charge density plot associated with the
extra-framework O~ ions, (d) the total DOS plot of Fe@C12A7:0%, (e) atomic DOS of Fe, and (f) atomic DOS of extra-framework 0% ions.
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TABLE I. Calculated encapsulation energy, Bader charge, magnetic moment, and volume of a single Fe atom encapsulated

in C12A7:02—; the available data calculated for C12A7:02— are also reported.

Encapsulation Bader charge

Bader charge on extra-

Magnetic ~ Volume

System energy (eV) on Fele| framework oxygen |¢] moment (u) (A%
Fe@C12A7:0*~ —2.00 +0.14 —1.38, —1.42 4.00 1740.54
C12A7:0% —1.40, —1.41 0.00 1738.66

Bader charge. The magnetic moment of C12A7:0%” is zero, and the
resultant complex has a magnetic moment of 4.00 y. This implies
that the electronic configuration of Fe is unaltered. Encapsulation
introduces a very small expansion (~0.12%) in the volume.

Charge densities associated with the encapsulated Fe and the
extra-framework O~ ions are shown in Figs. 3(b) and 3(c), respec-
tively. Figure 3(d) shows the total DOS plot of the encapsulated
structure. Additional states appear between the top of the valence
band and the Fermi energy. These states belong to the d states of
the Fe atom, as shown in the atomic DOS of Fe [refer to Fig. 3(e)].
Atomic DOS of extra-framework O~ ions are shown in Fig. 3(f).
The charge density plot of extra-framework O®” ions shows that
charge is almost localized around the O°~ ions, confirming again
that encapsulation does not alter the extra-framework O*~ ions.

C. Encapsulation of a single Fe atom in C12A7:e”

Next, we considered the encapsulation of a single Fe atom in
one of 12 empty cages in C12A7:e”. Table II reports the encapsula-
tion energy, Bader charge on the Fe atom, magnetic moments, and
volumes calculated in the optimized structures of both C12A7:e”
and Fe@C12A7:e”. The encapsulation energy is —1.32 eV, suggesting
that the Fe atom is more stable than its isolated form. This is less neg-
ative by 0.68 eV than that calculated for single Fe atom encapsulation
in C12A7:0%". This can be due to the repulsion between the d elec-
trons of Fe and the extra-framework electrons in C12A7:e”. Bader
charge analysis shows that there is a charge transfer (0.86 |e|) from
the extra-framework electrons in C12A7:e” to Fe. The encapsulated
Fe atom occupies the center of the cage (refer to Fig. 4). This is due
to the electrostatic attraction between the negatively charged Fe and
two cage pole Ca®* ions. Zero magnetic moment is calculated for
C12A7:e”. Conversely, Fe@ C12A7:e” exhibits a magnetic moment
of 0.46 y. As mentioned earlier, a single Fe atom has four unpaired
electrons in its d orbital. Hence, it is expected that the net magnetic
moment of Fe@ C12A7:e” would be four. A significant reduction

TABLE II. Calculated encapsulation energy, Bader charges, magnetic moment, and
volume for a single Fe atom encapsulated in C12A7:e—; the available data calculated
for C12A7:e are also reported.

Encapsulation Bader charge Magnetic Volume

System energy (€V)  onFe(le) moment(u) (&%)
Fe@Cl12A7:e™ —1.32 —0.86 0.46 1752.60
CIl2A7:e - . 0.00 1752.51

in the magnetic moment can be due to the pairing of four electrons
of C12A7:e” with four unpaired electrons of Fe. Figure 4(b) shows
the charge density associated with the electrons. The reduction in
the charge density is due to the 0.86 electrons transferred to Fe. The
total DOS plot shows the extra peaks associated with the d states
of Fe [refer to Figs. 4(c) and 4(d)]. The change in volume due to
encapsulation is not significant.

D. Substitution of a single Fe atom for Al in C12A7:0%~

Here, we substitute a single Fe atom on the Al site in
C12A7:0%". The substitution energy is 3.02 eV, suggesting that Al-
O bonds are stronger than the Fe-O bonds. This is further supported
by the Bader charges of Al and Fe, bond distances, and bond angles
(refer to Fig. 5 and Table I1I). The Bader charges of Al in CI2A7:0*”
and Fe in Fe@C12A7:0°" are +3.00 |e| and +1.71 |e|, respectively.
This indicates that substitution requires energy to replace Al in
the lattice. Bond distances and bond angles calculated in an AlO4

Total_DOS
(C) = (d) — s(spin_up) ke DOS
¥ — s (spin_down)
— p(spin_up)
— p(spin_down)
— d (spin_up)
= =| |— dispin_down)
5 5
£ /\A £ A
s v\ [ - v S
8 | \ - o»
a L | g
|
/
T B
0 1 7 8 0 1 6 7 8

3 4 5 3 4 5
Energy (eV) Energy (eV)
FIG. 4. (a) Optimized cage occupying Fe atom in C12A7:e~ bulk, (b) charge den-
sity associated with the electrons, (c) the total DOS plot of Fe@C12A7:e~, and (d)
atomic DOS of Fe in Fe@C12A7:e~
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FIG. 5. (a) Relaxed structure of a single Fe atom substituted on the Al site, (b) the FeO, unit showing bond distances and bond angles, (c) the charge density plot associated
with Fe atom and the extra-framework O~ ions, (d) the total DOS plot, and (€) and (f) atomic DOS plots of Fe and extra-framework 0%~ ions, respectively.

tetrahedral unit in C12A7:0°” are 1.73-1.79 A and 97.3°-120.3°,
respectively. In a FeOy tetrahedral unit, bond distances are slightly
longer than that calculated in the AlOy4 unit (refer to Fig. 5). Bond
angles (O-Fe-0O) calculated in FeOy4 also deviate slightly from the
bond angles calculated (O-Al-O) in the AlO4 unit. The Bader
charges of the extra-framework O®” ions show that substitution
results in a negligible change (refer to Table IIT). The resultant sub-
stituted structure is magnetic (magnetic moment = 5.00 y). Substi-
tution introduced a very small expansion in the volume by ~0.3%.
Figure 5 shows the relaxed configuration of the Fe atom substituted
on the Al site [Fig. 5(a)], FeO4 unit showing bond distances and

bond angles [Fig. 5(b)], charge density plot associated with Fe and
extra-framework 0% ions [Fig. 5(c)], total DOS plot [Fig. 5(d)], and
atomic DOS plots of Fe and Al [Figs. 5(¢) and 5(f)].

E. Substitution of a single Fe atom for Al in C12A7:e”

Finally, C12A7:e” was considered for Fe substitution. The sub-
stitution energy is calculated to be 1.42 eV, inferring the stronger
chemical bonding of AI** with adjacent framework O*~ ions than
Fe** with O®” ions. This is consistent with the longer Fe-O bond
distances and bond angles in the FeOy unit [refer to Fig. 6(b)] than

TABLE lll. Calculated substitution energy, Bader charges, magnetic moment, and volume for a single Fe atom substituted in
C12A7:0%; the available data calculated for C12A7: 0%~ are also reported.

Substitution ~ Bader charge  Bader charge on extra- Magnetic ~ Volume
System energy (eV) on Fe (le]) framework oxygen (le]) moment (¢) (A%
Fe.C12A7:0° 3.02 +1.71 —1.39, —1.40 5.00 1743.84
C12A7:0% —1.40, —1.41 0.00 1738.66
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FIG. 6. (a) Relaxed structure of a single Fe atom substituted on the Al site in
C12AT7:e~, (b) the FeO4 unit showing bond distances and bond angles, (c) the
charge density plot associated with the Fe atom and electrons, (d) the total DOS
plot, and (e) the atomic DOS plot of Fe.

with those found in the AlO4 unit. The Al-O bond distances
and bond angles in C12A7:e” are 1.74-1.79 A and 99.9°-117.9°,
respectively. The Bader charges on the substituted Fe and Al in
C12A7 are +1.60 |e| and +3.00 |e|, respectively, again confirming
the strong bonding between the AI’* ion and nearest neighboring
O” ions. The resultant compound becomes magnetic, and its mag-
netic moment is 3.67 y (refer to Table IV). Substitution reveals an
insignificant change (~0.24%) in the volume.

Figure 6 shows the optimized structures of Fe substituted on
the Al site in C12A7:e” and the FeO4 unit showing bond distances
and bond angles, constant charge density plot associated with Fe and
electrons, total DOS plot, and atomic DOS plot of Fe. Symmetri-
cal distribution of electron density is broken upon Fe substitution,
and the charge is mainly localized around the Fe atom. The total
DOS plot shows that the system is still metallic, and additional peaks
appear between the top of the valence band and the Fermi energy
level [refer to Fig. 6(d)]. These peaks correspond to the d states of Fe
[refer to Fig. 6(e)].
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TABLE IV. Calculated substitution energy, Bader charge, magnetic moment, and vol-
ume for a single Fe atom substituted in C12A7:e—; the available data calculated for
C12AT:e~ are also reported.

Substitution Bader charge  Magnetic ~ Volume

System energy (eV) onFe(le]) moment (i) (A%
Fe.C12A7:e 1.42 +1.60 3.67 1756.68
Cl12A7:e ... ... 0.00 1752.51

Current simulation results can be further expanded by making
use of thermodynamic models of defects, as discussed recently by
Sarlis and Skordas™ In their models, defect formation parameters
are interconnected via thermodynamical relations.

IV. CONCLUSIONS

Electronic structure calculations based on DFT were applied to
examine the thermodynamical stability, charge transfer, electronic
structures, and magnetic behavior of a single Fe atom encapsulated
and substituted by stoichiometric and electride forms of C12A7. In
both forms of C12A7, encapsulation is exoergic, and the Fe atom is
more stable than its isolated form. Encapsulated structures are mag-
netic in contrast to their host structures, meaning that they can be
of interest in the development of spintronic devices. In the elec-
tride form, the encapsulated Fe atom becomes negatively charged
to provide novel chemical functionality. Substitution energies are
endoergic for both forms of C12A7 due to the strong chemical bond-
ing between AI** and framework O%~ ions. Substitution of Fe for
Al in the electride form is thermodynamically more favorable than
in its stoichiometric form by ~1.50 eV. Formation of Fe sub-bands
between the Fermi energy level and the top of the valence band
reveals that encapsulated or substituted C12A7 can be useful for the
future applications in catalysis, optics, and electronics.
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