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ABSTRACT

Cation doping in electride materials has been recently considered as a viable
engineering strategy to enhance the electron concentration. Here we apply
density functional theory-based energy minimisation techniques to investigate
the thermodynamical stability and the electronic structures of Sn-doped and Sn-
encapsulated in stoichiometric and electride forms of C12A7. The present cal-
culations reveal that encapsulation is exoergic and doping is endoergic. The
electride form is more energetically favourable than the stoichiometric form for
both encapsulation and doping. Encapsulation in the electride results a signif-
icant electron transfer (1.52 |el) from the cages consisting of extra-framework
electrons to the Sn atom. The Sn forms almost + 4 state in the doped configu-
ration in the stoichiometric form as reported for the electride form in the
experiment. Similar charge state for the Sn is expected for the electride form
though the extra-framework electrons localised on the Sn. Resultant complexes
of both forms are magnetic. Whilst significant Fermi energy shift is noted for the
doping in C12A7:0%~ (by 1.60 eV) towards the conduction band, there is a very
small shift (0.04 eV) is observed in C12A7:e". Future experimental study on the
encapsulation of Sn in both forms of C12A7 and doping of Sn in the stoichio-
metric form can use this information to interpret their experimental data.
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1 Introduction applications in electronics due to their low work

function and good electronic conductivity [1-7]. As

Rapid advancement of the electronic technologies
necessitates the development of novel functional
materials with cheap, non-hazardous, electronically
conductive and tunable characteristics for the
enhancement of electronic properties. In recent years,
there has been a growing interest in inorganic elec-
tride materials because of their promising

there are chemically independent electrons occupied
in electrides, it is expected that they can be used as
electron emitters, superconductors and catalysts for
different reactions including depletion of CO, and
activation of N, [8-12]. Various stable inorganic
electrides such as C12A7 [1, 13] and Ca,N [14] have
been reported in the literature. Based on the nature of
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electron localisation they are classified as zero-di-
mensional (electrons localising in cavities) [15], one-
dimensional (electrons localising in a channel) [16]
and two-dimensional (electrons confining in a layer)
[17]. Due to the potential uses of electrides in solid-
state physics, there has been a significant interest to
discover new electride materials or tailor the cur-
rently available electrides to tune their properties.

12Ca0-7Al,05 (C12A7) [1, 12, 13] is a sub-nano-
porous inorganic complex oxide mainly found in
aluminous cement. It has a positively charged
framework {(CasyAlygOgs)*"} (consisting of twelve
nanocages per unit cell) that is compensated by extra-
framework anions. When the framework is compen-
sated by two O~ ions, the resultant complex takes its
stoichiometric form and is represented as [CazsAlyg.
Ogal**-(0*), {C12A7:0%7} [18]. Appropriate reduc-
tion treatment replaces those two extra-framework
O ions with four electrons and the resultant com-
plex takes its electride form with chemical formula of
[CassAlygOgsl* - (e7)s {C12A7:e7}'. As these four
extra-framework electrons localise in the cages, this
electride is classified as zero-dimensional. Extra-
framework electrons have been replaced by a number
of anions including F~ [19], NH, ™ [20], C1™ [19], g2~
[21] and OH™ [22]. Stabilisation of 12CaO-7A1,0; by
incorporating 0?7, F, ClI7, S*  ions has been dis-
cussed by Zhmoidin and Chatterjee [21]. Thermody-
namics and kinetics of hydroxide (OH™) ions inside
the cages of 12Ca0O-7A1,0; (C12A7) were studied and
it was concluded that the rate-determining is inward
diffusion of OH™ ions [22]. Encapsulation of NH,™
and H™, as well as NH*~ was considered by Hayashi
et al. [20] and it was found that C;,ANH?" acts as a
reactive nitrogen source for nitrogen transfer reac-
tions. Furthermore, a variety of transition metals
including Au [23] have been incorporated into
C12A7:e” to optimise its catalytic activity and use as
a storage material.

Cationic doping has been recently considered as an
efficient strategy to modify the electronic properties
of C12A7:e™ for its use in electro catalysis and oxygen
reduction reactions. Khan et al. [24] recently synthe-
sised Sn-doped C12A7:e” and concluded that doped
composite exhibited a long-time stability and
methanol resistance during the oxygen reduction
reaction that can be used in fuel cells. Very recently,
Hu et al. [25] synthesised Sn-doped C12A7:e” using
sol-gel method and observed that Sn was in the form
of Sn** in the doped composite and the electronic
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configurations of Al and Ca were unaltered. Never-
theless, there are no theoretical studies that consider
the experimental observation and calculate the elec-
tronic structures, thermodynamical stability and
chemical states of doped-Sn.

In the present study, we employ density functional
theory (DFT) simulations on a single Sn atom
encapsulated and doped in both stoichiometric and
electride forms of CI12A7. The aim is to provide
insights into thermodynamic stability, relaxed struc-
tures of encapsulated and doped C12A7, electron
transfer between the Sn and C12A7, magnetic beha-
viour and electronic structures of resultant
complexes.

2 Computational methods

Electronic structure calculations were performed on a
single Sn atom encapsulated and doped in C12A7.
We used a plane wave based DFT code VASP (Vi-
enna Ab initio Simulation Package) [26, 27], which
solves the standard Kohn-Sham (KS) equations using
plane waves as basis sets. The exchange-correlation
term was modelled using generalized gradient
approximation (GGA) as parameterised by Perdew,
Burke, and Ernzerhof, PBE [28]. Conjugate gradient
algorithm [29] was used to optimise the structures.
Forces on the atoms were calculated using the Hell-
mann-Feynman theorem including Pulay correc-
tions. In all relaxed configurations, forces on the
atoms were less than 0.001 eV/A. A plane-wave basis
set with a cut-off value of 500 eV and a 2 x 2 x 2
Monkhorst-Pack [30] k-point mesh were used in all
calculations. Encapsulation energy for a single Sn
atom in C12A7:0%*" was calculated using the follow-
ing equation:

Egne = E(Sn@C12A7:OZ’) - E(C12A7:OZ’) — Egsm; ()

where E ($n6C12A7:0% is the total energy of a single Sn
atom encapsulated in C12A7:0°", E(C12A7:02’) is the
total energy of bulk C12A7:0*~ and Esy is the
energy of an isolated gas phase Sn atom.
Substitution energy for a single Sn atom to replace
a single Al atom in C12A7:0*" was calculated using

the following equation:
Esu = E(Sn:C12A7:02’) + Eqan - E(+C12A7:02’) ~ Esn);

(2)



J Mater Sci: Mater Electron

where E (g 1oa7.02-) i the total energy of a single Sn
atom substituted on the Al site in C12A7:0%7,
E(C12 A7:0%) is the total energy of bulk C12A7:0°~ and

E (s is the energy of an isolated gas phase Sn atom.

Encapsulation and substitution energies with
respect to bulk Sn were also calculated and reported.
The van der Waals (vdW) interactions were included
in all calculations as parameterised by Grimme et al.
[31]

Fig. 1 Relaxed structures of
a C12A7:0°” bulk, b Sn-
encapsulated C12A7:0°7, ¢ a
cage occupied by extra-
framework O~ ion, d a cage
occupied by encapsulated Sn
and e and f constant charge
density plots of extra-
framework O?~ and Sn atom,
respectively

3 Results and discussion
3.1 Calculation of bulk C12A7

“Mayenite” type 12Ca0O-7Al,05; (C12A7) belongs to
the body-centred cubic lattice (space groupl,3d) (see
Fig. 1a) [18]. Its experimental lattice parameters were
reported to be a=b=c=11.99 A and a=f=y=
90° [18]. There are 12 cages present in a unit cell. In
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the stoichiometric form of C12A7 (C12A7:0%), two
cages are occupied by O”~ ions (see Fig. 1a). In the
electride form (C12A7:e7), there are four electrons
present in a unit cell. In order to determine the
equilibrium lattice constants, we performed energy
minimisation calculations under constant pressure.
This allowed us to relax the ionic positions and cell
parameters. Calculated lattice parameters
(1=1204 A, b=c=1201 A, «=90.02°, §=289.95°
7 = 89.93°) in this simulation were in good agreement
with those reported in the experiment and previous
theoretical studies [32].

3.2 Encapsulation of a single Sn atom
in C12A7:0%~

First we considered the encapsulation of a single Sn
atom in C12A7:0°". The relaxed structure and the
cage occupied by the Sn are shown in Fig. 1. The
position of the Sn is slightly off-centre and it forms
bonds with cage wall oxygen and cage pole calcium
ions. Table 1 reports the encapsulation energy cal-
culated using a gas phase Sn atom as reference, Bader
charge [33] on the encapsulated Sn atom, net mag-
netic moments, bond distances, volumes and Fermi
energies of the relaxed configurations of both
C12A7:0* and Sn-encapsulated C12A7:0°". Encap-
sulation energy is calculated to be — 0.68 eV meaning
that the Sn atom is more stable than its isolated gas-
eous form. Bader charge analysis shows that there is a
small electron transfer from the Sn to the lattice. The
encapsulated structure becomes magnetic because of
the unaltered outer electronic configuration of Sn
(s’p®) in which s electrons are paired and p electrons
are unpaired. The magnetic moment of C12A7:0% is
0. Two unpaired electrons on the Sn turn the resultant
configuration magnetic with the magnetic moment of
2.00. The calculated Sn—O and Sn—Ca bond distances
are 239 A and 3.02 respectively showing the

Fig. 2 a Total DOS plot of C12A7:0>~, b atomic DOS of extra-»
framework O?~ jon in CI2A7:0°7, ctotal DOS plot of
Sn@C12A7:0%7, and d and e atomic DOSs of O~ ion and Sn
in Sn@C12A7:0°", respectively

interaction of the Sn with the lattice. This is also
consistent with the exoergic encapsulation energy.
Encapsulation has a very small effect (4 0.1%) on the
volume (refer to Table 1). Fermi energy has been
shifted by ~ 1eV towards the conduction band
upon encapsulation (see Fig. 2).

Density of states (DOSs) plots are shown in Fig. 2.
Current simulations as reported in the previous
simulations confirm that the C12A7:0%" is a wide-
gap insulator. Additional gap states belonging to the
Sn are introduced between the valence and conduc-
tion bands. This is further confirmed by the atomic
DOS shown in Fig. 2.

3.3 Encapsulation of a single Sn atom
in C12A7:e”

Next we encapsulated a single Sn atom into an empty
cage in C12A7:e”. Figure 1a and b show the relaxed
structures of C12A7:e” bulk and Sn-encapsulated
C12A7:e”, respectively. In the relaxed structure, the
Sn atom occupies the centre of the cage (see Fig. 1d)
forming bonds with cage pole Ca ions. This is
because of the charge (— 1.52 lel) transferred from
extra-framework electrons to the Sn (see Table 2) and
the negatively charged Sn electrostatically attracted
by two cage pole Ca”" ions. This is further confirmed
by the exothermic encapsulation energy of — 3.04 eV.
Notably, there is an enhancement in the encapsula-
tion (by ~ 2.40 eV) by the electride form compared
to its stoichiometric form. Strong encapsulation is
due to the donation of extra-framework electrons to
the Sn. Charge density plots associated with the

Table 1 Encapsulation energy, Bader charge on the Sn atom, magnetic moments, bond distances, volumes and the Fermi energies of

CI12A7:0%" and Sn-encapsulated C12A7:0>~ (Sn@C12A7:0°")

System Encapsulation Bader charge Magnetic Sn-O Sn—Ca Volume Fermi
energy (eV) on Sn (Je|) moment (1) (A) A) (A) energy (eV)

Sn@C12A7:0*~ — 0.68 (2.68) + 0.27 2.00 2.39 3.02 1740.46 4.24

C12A7:0° - - 0.00 - - 1738.66 3.26

Encapsulation energy calculated using Sn bulk as a reference is provided in parenthesis

@ Springer
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Table 2 Encapsulation energy, Bader charge on the Sn atom, magnetic moments, bond distances, volumes and the Fermi energies of
C12A7:¢” and Sn-encapsulated C12A7:¢~ (Sn@C12A7:¢7)

System Encapsulation Bader charge Magnetic Sn-0 (A) Sn—Ca Volume Fermi
energy (eV) on Sn (Je|) moment (ut) A) A) energy (eV)

Sn@C12A7:e” — 3.04 (0.32) — 1.52 0.20 3.46 2.92 1759.08 5.18

CI12A7:e” - - 0.00 - - 1752.51 5.42

Encapsulation energy calculated using Sn bulk as a reference is provided in parenthesis

Fig. 3 Relaxed structures of
a CI12A7:¢” bulk, b Sn-
encapsulated C12A7:¢", ca
cage occupied by extra-

framework electron (Je~) and
d a cage occupied by
encapsulated Sn; constant
charge density plots of e extra-

framework electrons and f Sn

.

atom

>

o

)

A
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extra-framework electrons in C12A7:e” and Sn-en-
capsulated C12A7:e” are shown in Fig. 2. Encapsu-
lation of Sn has reduced the extra-framework
electrons by 1.52. A small net magnetic moment is
observed in the resultant complex. A small volume
expansion (4 0.37%) is observed upon encapsulation.
The Fermi energy is shifted slightly by 0.24 eV
towards the valence band (Fig. 3).

C12A7 containing extra-framework electrons (i.e.
C12A7:e7) is metallic according to our calculations
and previous simulations [32, 34] (see Fig. 4a). Sn-
doped C12A7:e” also exhibits metallic character.
Additional peak arising from p states of Sn appears
near the Fermi energy level.

3.4 Doping of a single Sn atom on the Al
site in C12A7:0°~

Here we substitute a single Sn atom on the Al site in
C12A7:0%". Figure 5 shows the relaxed structures
including the cage containing Sn atom. The substi-
tution energy is calculated to be 5.37 eV suggesting
that the Al-O bond is stronger than the Sn—O bond.
This is further supported by the shorter Al-O bond
length (1.75 A) than Sn-O bond length (2.01-2.28 A).
Bader charge analysis shows that the charges of the
Alion in the un-doped C12A7:0°~ and the Sn are + 3
and + 3.60, respectively. This means that additional
0.60 electrons has been transferred by the Sn to the
lattice. This in turns constitutes the resultant complex
metallic according to the DOS plots (Fig. 5d—f). Fig-
ure 5c shows the charge density of additional elec-
trons localised in the lattice. The present calculations
further confirm that Sn is in the form of Sn**

according the Bader charge analysis. This is in
agreement with the experimental results for
C12A7:e” carried out by Hu et al. [25] though they
have not tested for C12A7:0°". The ''”Sn Méssbauer
spectroscopy can also be used to determine the oxi-
dation number of Sn atoms.

The net magnetic moment is calculated to be 0.78u
indicating that resultant complex is magnetic (see
Table 3). This is due to the electrons released by the
Sn to the lattice. A small expansion of volume (0.54%)
is observed upon Sn doping. The Fermi energy
increases significantly by 1.60 eV towards conduction
band due to the Sn impurity which gives electrons to
the system.

3.5 Doping of a single Sn atom on the Al
site in C12A7:e™

Finally, the electride form of C12A7 was considered
for substitution. Figure 6 shows the relaxed struc-
tures of Sn-doped C12A7:e” and cage showing
doped-Sn, constant charge density plot associated
with the extra-framework electrons after doping, total
DOS plot and atomic DOS plot of Sn. Substitution
energy is calculated to be 3.58 eV showing that
doping is endothermic process due to the stronger
Al-O bond (bond distance = 1.75 A) than Sn-O bond
(bond distance = 2.22-2.43 A). Doping of Sn in
C12A7:e” is 179 eV more favourable than in
C12A7:0". This is due to the stabilisation of positive
charge on the Sn atom by the negatively charged
extra-framework electrons. Bader charge analysis
shows that the overall charge on the Sn atom is
+ 1.60. This does not mean that the doped-Sn lost

(a) DOS:C12A7:e~ (b) DOS:Sn:C12A7:e” P (c) DOS:Sn
i —— s (spin_up !
—— s (spin_down)
~—— p(spin_up)
—— p (spin_down)
d (spin_up)
,’*g Nj\'\ :E: :E: —— d (spin_down)
=] =1 3
8 g m/\ :
g = s [l & -
o | 7)) ' (48]}
o
la} 8 8
T T T T R R RN R s | e | | |
6 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 8 o 1 2 3 4 5 6 7 8
Energy (eV) Energy (eV) Energy (eV)

Fig. 4 a Total DOS plot of C12A7:e”, b total DOS plot of Sn@C12A7:e™ and ¢ atomic DOSs of Sn in Sn@C12A7:¢™
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Fig. 5 a Relaxed structure of Sn-doped C12A7:0°", b cage showing substituted Sn, ¢ constant charge density plot showing the electrons
introduced by the doping, d total DOS plot of Sn.C12A7:0%" and e and f atomic DOS plots of 0>~ and Sn, respectively

Table 3 Substitution energy, Bader charge on the Sn atom, magnetic moments, bond distances, volumes and the Fermi energies of

CI12A7:0%" and Sn-doped CI12A7:0%~ (Sn.C12A7:0%7)

System Substitution Bader charge Magnetic Sn-O Sn—Ca Volume Fermi
energy (eV) on Sn (le|) moment () A) A) A) energy (eV)

Sn.CI12A7:0*~ 5.37 (8.73) + 3.60 0.78 2.01-2.28 - 1748.11 4.86

C12A7:0*~ - - 0.00 - - 1738.66 3.26

Substitution energy calculated using Sn bulk as a reference is provided in parenthesis

only 1.60 electrons. We assume that the Sn lost ~
3.60 electron as it did in C12A7:0°" and the low net
positive charge on the Sn is due to the extra-frame
work electrons delocalised in the lattice. This is fur-
ther confirmed by the net magnetic moment of 0.85 u
and the localisation of some electrons on the Sn atom
(see Fig. 6¢). A negligible volume change of 0.32% is
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observed. The Fermi energy changes slightly by
0.06 eV towards valence band (Table 4).

4 Conclusions

In conclusion, we examined the efficacy of encapsu-
lating and doping of a single Sn atom into the stoi-
chiometric and electride forms of C12A7 using spin-
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Fig. 6 a Relaxed structure of Sn-doped C12A7:¢™, b cage showing substituted Sn, ¢ constant charge density plot showing the electron
distribution after doping, d total DOS plot of Sn.C12A7:e™, and e atomic DOS plots of Sn

polarised DFT together with dispersion. The calcu- an enhancement (by 2.36 eV) to encapsulate the atom
lations show that both forms of C12A7 exoergically due to the significant electron transfer (1.52 lel)
encapsulate the Sn atom. The electride form exhibits between extra-framework electrons and the Sn atom.
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Table 4 Substitution energy, Bader charge on the Sn atom, magnetic moments, bond distances, volumes and the Fermi energies of

C12A7:¢” and Sn-doped C12A7:e” (Sn.C12A7:¢™) structures

System Substitution Bader charge Magnetic Sn-0O (A) Sn—Ca (A) Volume (A) Fermi
energy (eV) on Sn (le|) moment (1) energy (eV)

Sn.C12A7:e™ 3.58 (6.94) + 1.60 0.85 2.22-2.43 - 1758.13 5.36

Cl12A7:e” - - 0.00 - - 1752.51 5.42

Substitution energy calculated using Sn bulk as a reference is provided in parenthesis

Both encapsulated complexes are magnetic. Whilst
there is a significant change (~ 1 eV towards con-
duction band) in the Fermi energy for C12A7:0%~
only a small change (0.26 eV towards valence band)
is noted for C12A7:e".

Doping is endoergic in both forms of C12A7,
however, the electride form is more energetically
favourable (by 1.80 eV) for the doping process than
that of stoichiometric form. In the stoichiometric
form, the Sn forms almost + 4 state releasing some
electrons to the cage. The electride form reduces the
charge on the Sn atom due to the extra-framework
electrons. Nevertheless, it is expected that similar
charge state is formed for the Sn in the electride form
as well. This observation is in agreement with the
experiment. Resultant complexes are magnetic in
both cases. Doping in C12A7:0*" has increased the
Fermi energy by 1.60 eV towards the conduction
band. Fermi energy is almost unaltered (~ by
0.04 eV) up on doping in C12A7:e”. Current simula-
tion study provides a detail information regarding
the stability, electron transfer, magnetic behaviour
and electronic structures of Sn-encapsulated and Sn-
doped C12A7. We anticipate that future experimental
study can use this information to interpret their
experimental data.
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