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Abstract. In this work, we presented an atomistic simulation study on YAIOs; perovskite. We simulated the
reported crystal structure through the energy minimization process from coulombic and Buckingham potentials
with the General Utility Lattice Program (GULP). We determined the formation energy for all point pair defects
presented in the system. We found that the anionic Frenkel together with Schottky pair defects are the main defects
in the YAIO; perovskite.

Additionally, we performed several energy profile migrations for each ion, and we determined that oxygen
migration was the favored migration via the vacancy-vacancy path with 98.70 kJ/mol. In the end, we performed a
series of calculations about doping energy, and we calculated that Ca?" is the best aliovalent ion for doping YAIOs
compound, which involves the minimum doping energy while the aliovalent doping increases the oxygen vacancy
defects. We suggested that these atomistic simulations could be used as a tool in the design or optimization of new
materials for developing solid electrolytes.

Keywords: YAIO; perovskite; atomistic simulations; point defect energy; ion migration.

Resumen. En este trabajo presentamos un estudio hecho por medio de simulaciones atomisticas para el compuesto
YAIO; con estructura perovskita. La estructura se simuld por medio de la minimizacion energética de los
potenciales de Coulomb y de Buckingham. Se determino la energia de formacion para todos los pares de defectos
puntuales que puede presentar el sistema y encontramos que los defectos tipo Frenkel anidnico y los Schottky son
los principales en el compuesto de estudio. También determinamos los perfiles energéticos de migracion para los
iones en el sistema y encontramos que la migracion de menor energia corresponde a la de oxigeno via vacancia-
vacancia con una energia de 98.70 kJ/mol. Hacia el final del articulo, presentamos los calculos referentes a la
energia de dopaje y encontramos que el mejor ion para dopar al compuesto YAIOjs es el ion Ca?*; esto debido a la
menor energia de dopaje involucrada y el hecho de que el dopaje aliovalente incrementa las vacancias de oxigeno
en el sistema. Sugerimos que este tipo de estudios pueden ser una herramienta muy versatil en el desarrollo y
optimizaciéon de nuevos electrolitos sélidos.

Palabras clave: Perovskita YALOs; simulaciones atomisticas; energia de defectos puntuales; migracion de
iones.

Introduction

Solid Electrolytes (SE) are materials involved in many technological devices that are directly or
indirectly related to renewable energy. Electrolyzers for water splitting [1], [2], electrochemical membranes for
gas separation [3], and solid oxide fuel cells (SOFCs) for electricity generation [4] among others, are devices
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where the electrolyte plays an important role due to the charge-mass transport. Developing better electrolyte
materials will enhance the performance of the electrochemical devices and consequently, will consolidate an
energy society with low-carbon fuels, whether hydrogen as an energetic vector is considered [5].

High-Temperature Solid Electrolytes (HTSE) display better performance in ionic transport than room-
temperature ones. Additionally, when HTSE are used in electrochemical devices, these show fast catalytic
response at electrodes which allows to use of materials based on oxides instead of Pt or Pd electrodes [6]. These
characteristics get the attention of the research community for developing new HTSE for electrochemical
devices and atomistic simulations could be a useful tool for exploring in silico which materials are candidates
to bring out good electrical properties. Thus, in this work, we performed atomistic simulations in YAIO; with
perovskite structure since this crystal structure has the main characteristic for exhibiting ionic conductivity as
close packed anion arranged together with ions in its high oxidation state which minimizes the electronic
conductivity [7]. Besides this, perovskite-type structures could present proton conductivity, which is another
form of ionic conductivity [8-10]. Also, we presented a doping study with aliovalent ions; as ionic conductivity
depends on the charge carrier concentration, doping systems had the higher concentration [11] due to the
extrinsic point defects are much bigger than intrinsic defects.

YAIOs exhibits a perovskite-like structure with octahedra tilting. The unit cell is orthorhombic with
lattices parameters a = 5.33 A, b =7.375 A and ¢ = 5.18 A. This structure presents two crystal positions for
oxygen ion, one at 4c¢ (0.475, 1/4, 0.586) and the other at 8d (0.293, 0.044, 0.203) Wyckoff positions, while the
cations present only one crystal position; 4c (0.0526, 1/4, 0.4896) for Y** and 4b (0, 0, 0) for AI**. The space
group for this crystal structure was reported as Pnma (No. 62) [12].

Atomistic simulations had been employed to study ion diffusion pathways in several systems showing
results very close to experimental values [13—16], thus we used this methodology in this work. Atomistic
simulations were carried out using GULP code (version 5.2) [17], [18]. This code uses static modeling
techniques based on the classical Born model for ionic solids, allowing the description in mathematical terms
of the system energy as a function of particle coordinates. In this model, the integral charge of the ions
corresponds to its oxidation state, and the energy interactions (¥7;) between ions are calculated in terms of long-
range coulombic forces and short-range pair potentials with the standard Buckingham potential. This potential
simulates the electron cloud overlap (Pauli repulsion) and dispersion interactions (van der Waals) [ 13]. All these
terms are included in equation 1, where « is the Coulomb constant; ¢; and ¢; are the integral charges of the ions
i and j respectively; r; is the inter-ionic distance and A4j;, p; and Cj; are empirical parameters assigned to each
ion-ion interaction, except for the cation-cation interactions which were treated as purely coulombic.
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Results and discussion

YAIO; perovskite crystal structure was calculated using Buckingham pair potentials previously
reported for Y-O, O-O [19], and AI-O [20]. These potentials are listed in Table 1 together with core-shell
parameters. Crystal structure results are showed in Table 2 where it can be seen that the calculated lattice
parameters agreed with those previously reported by Diehl [12]. Calculated atomic coordinates (data not
showed) also agreed with experimental ones as can be observed in Fig. 1, where not only coordination polyhedra
were the same but the tilting angle was satisfactorily calculated after fitting the p Buckingham parameter for
cation-anion interactions.
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Table 1. Parameters used for Y AlOj; crystal modeling with GULP, the potentials for Y-O, O-O pairs were taken
from [19], and for Al-O pair from [20].

Tonic pair | 4 [kJ/mol] | p[A] | C[kJ/mol A% | Ton | Y"[le]] | k [kJ/mol A?]
Y-0 126395.79 | 0.350865 0.00 Y | 0.0000 9648437.16
Al-O 232481.90 | 0.275805 0.00 AP* | 0.0430 38978.15
0-0 2196421.15 | 0.1490 4148.87 0> | 0.2389 4052.38

Table 2. Structural parameters comparison between reported and simulated structures.

Fig. 1. (A) Reported and (B) calculated crystal structure for YAlO; perovskite.

Parameter Reported Simulated
a[A] 5.330 5.274
b[A] 7.375 7.406
c[A] 5.180 5.223
VA 203.619 204.031

Elatiice [kJ/mol] - -14373.3

Since the calculated lattice was close to the experimental one, we performed point defect calculations
to obtain the formation energy for associated point defects (Schottky and Frenkel defects). Point defects were
calculated using the Mott-Littleton approximation [21] which splits the crystal into three spherical regions to
optimize the calculations; the inner region, called Region 1, has the defect at the center, and the ions are strongly
affected by the point defect. The ion positions in Region 1 must be calculated for each ion. In the next region,
called Region 2a, the ions are slightly affected by the point defect and their positions can be calculated through
a potential. In the outer region, called Region 2b, the ions are not affected by the point defect and do not
contribute to the defect energy calculation. In this work we use a 14 A radius for Region 1 and a 30 A radius
for Region 2a, this configuration allowed us to calculate the point defect energy considering the effect of 2300
ions around the point defect; usually, the Mott-Littleton approximation considers at least 300 ions for this kind
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of calculations [22]. The calculated energy relative to points defects is listed in Table 3; the interstitial positions
used in these calculations were (0.5,0.5,0) for Y3*, (0.5395, 0.25, 0.25) for AI**, and (0.8616, 0.75, 0.875) for
OZ. In this table is possible to see that oxygen vacancy energy for the two crystallographic oxygen ions is very
close between them because of the similar crystallo-chemical environment.

Table 3. Calculated point defects energy in YAIO; perovskite.

Energy [kJ/mol]
Species
Vacancies Interstitial

Y 4436.02 -2192.35
Al 5928.85 -4088.59
O, 2151.65

-1213.50
(0)3 2147.71

We use standard Kroger-Vink defect notation to describe associated defects such as Schottky or
Frenkel defects. Symbols as V;, or ;5 are used to describe a single point defect; the main symbol indicates the
specie at point defect (usually ¥ is used for indicating a vacancy), subscript indicates the position in the lattice
represented by the atom or ion occupying that site (interstitial positions are represented by i), and superscript
indicates the charge of the point defect, dots (+) for positive charge, dashes (‘) for negative, and (x) for neutral
defects [23].

From point defect and lattice energy, it was possible to determine the formation energy for the intrinsic
defects on the YAIOs3 structure according to its corresponding formation reactions listed below in Kroger-Vink
notation.

" " 3 ..
null——Vy +Vy +3V5 Schottky defect (2)

null ——V; +7, Yttrium Frenkel defect (3)

null Va+Al, Aluminum Frenkel defect (4)

null —— V() + 0, Oxygen Frenkel defect (5)

In these equations null indicates a perfect crystal without point defects so the formation energy for
each intrinsic defect was calculated taking into account the null state as a reference value (0 kJ/mol) and, in the
case of Schottky defect, lattice energy was considered in the equation due to mass conservation. A couple of
examples of those calculations are presented below.

1 .
Eqpun =5 ( E. +E.+E, +2E_ +E,, ) Schottky formation (6)
1
Frenkel Al — 5 (EKL +E A ) Aluminum Frenkel formation (7)
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The energy defect formation is normalized to the total number of point defects formed in each reaction.
The calculated values are listed in Table 4, where it can be seen that Schottky and anionic Frenkel defects are
the most favoured and in consequence, the cationic and oxygen vacancies together with oxygen interstitial are
the main defects present in the system.

Table 4. Associative defects energy in YAIO; perovskite.

Associative defect | Energy/defect [kJ/mol]
Schottky 487.72
Frenkel Y 1121.83
Frenkel Al 920.13
Frenkel O, 469.08
Frenkel O, 467.11

Ionic migration calculations were performed firstly, in a linear path formed by two nearest vacancies,
determining the energy for an interstitial defect placed along the linear path as can be seen in Fig. 2. Those
defects generate a profile where the maximum energy is related to the migration energy in the diffusion process,
and then, to the activation energy in the electrical conductivity process [24]. lonic migration (from vacancy to
vacancy) calculations were carried out by AI**, Y**, and O* species and minimum energy migration results
were 413.15 kJ/mol, 926.45 kJ/mol, and 105.16 kJ/mol, respectively. As the oxygen ion migration had a
minimal value, the rest of the calculations were focused only on this ion.

22607, = 105.16 kJ/mol }Tw

“m

d,=2.709 A
2240 / . 1

2220- " \
2200 /'/ \

2180 /' \

Defect energy (kJ/mol)

2160+

2140
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Path
Fig. 2. Path and energetic profile migration due to oxygen ion migration in Y AIO3 compound.

The linear path does not always result in the best path due to the steric effect between ions. In
perovskite structure has been reported the presence of a “saddle point” [25] which consists of a space where the
steric effects due to AI*" and Y** on oxygen ion are minimal, the size of the saddle point is defined by the critical
radius (reric) showed in Fig. 3. In the ideal case, the linear path must contain the saddle point, but due to the Al—
O bond length decreases as the path becomes close to the saddle point, it is necessary to evaluate alternative
paths in which steric effects are minimal. In this scenario, we calculated the interstitial energy at the saddle
point near and far from the AI** (the octahedra center) this is outlined in Fig. 3.
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Fig. 3. Variation of the migration path for oxygen ions due to the saddle point in perovskite structures.

In the ideal perovskite structure, the saddle point, A sites, and B site positions are in the same plane,
but, since YAIO; is a distorted perovskite, saddle point, A, and B sites are not in the same plane and in
consequence there are two ways to evaluate an alternative oxygen migration around A1**, one with the saddle
point aligned with AI** site (red points in Fig. 4) and a second one aligning the saddle point with Y3* positions
(black points in Fig. 4). As can be observed in Fig. 4, no matter which of the paths are used, both had a minimum
at the same point which is outer from the AlO¢s octahedra. Additionally, as those calculations were made in the
middle of the path, it can be assumed that each point corresponds to the maximum energy for a nonlinear path.
A plot of migration energy as a function of the distance of the saddle point was made (Fig. 4), where the
minimum migration energy of 98.70 kJ/mol was obtained for migration outside of the octahedra.

600+ —p»—Relativeto Y
—&— Relative to Al | A

500
400 1
300

200

100 i\»'//

-08 -06 -04 -02 00 02 04 06 08
Critical radius (i\)

Migration energy (kJ/mol)

Fig. 4. Oxygen migration around AI*" taking into account the saddle point effect.

Considering the Frenkel disorder, oxygen migration could take place through vacancy and interstitial
defect, moreover, the atomistic simulations showed this migration is not favoured by its high migration energy
(about 765.03 kJ/mol), but it was calculated that interstitial-interstitial migration had a 98.70 kJ/mol migration
energy which is similar to the vacancy-vacancy oxygen migration showed in Fig. 4. According to simulations,
oxygen is the main charge carrier in the system because it presents the minimal migration energy; the path
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migration could be via vacancy-vacancy in a nonlinear path through the saddle point or via interstitial-interstitial
in a linear path; moreover, the presence of oxygen interstitial it would unlikely due to the lack of chemically
favoured sites for oxygen ions because the perovskite structure can be seen as a close packed arrangement of
oxygen and yttrium ions and the aluminum cations took the octahedra holes [26]. Thus, oxygen migration via
vacancy vacancy would be the main way for ionic transport.

High ionic conductivity in SE usually is related to the high concentration of charge carriers, but this is
very low when charge carriers come from intrinsic point defects. Dopped compounds are usually the solution
to enhance the amount of charge carriers, because they keep the same crystal structure, and then, the same
migration energy, but the number of point defects can be adjusted according to chemical reaction. Often, doping
occurs via aliovalent doping (when a substitution occurs with an ion with a different charge but similar size)
and doping the A-site in the perovskite structure yields oxygen vacancies according to the reaction (8) where
an oxide with general formula MO is considered.

2MO—22 50M . + V) + 20 (8)

According to Shannon radii, aliovalent cations for Y>* (1.019 A) are Ca®, Mg?* and Zn?" whose ionic
radii are 1.12 A, 0.89 A, and 0.9 A respectively [27], thus these cations could be used for doping YAIO;
perovskite. Atomistic simulations made possible the determination of doping energy according to equation (9)
which had been obtained from the reaction (8).

E,pe =E, +3E,. - EM 9)

doping lattice

The crystal structure parameters for CaO, MgO, and ZnO were previously reported [28] and lattice
energy was calculated from GULP to determine the energy doping for each aliovalent ion, the results are listed
in Table 5 where it can be seen that doping YAIO; with Ca?* implicates the lower energy thus the Y xCaxAlO;.
x2 system would be the thermodynamically favored system among those formed with the aliovalent ions studied
in this work. It would be important to mention that the Ca®* crystal radius is closer to that for Y**, which can be
related to the lower doping energy for the Y.xCaxAlOs.x» system.

Table 5. Doping energy for different aliovalent ions.

D(i)g:lng Ionic radius (A) | Doping energy (kJ/mol)
Ca?* 1.12 4507.12
Mg?* 0.89 4570.60
Zn* 0.90 4570.51

The method employed in this work could be used as a tool for designing new materials where ionic
transport is an important feature. Atomistic simulations require nonexpensive computing infrastructure and
results can easily correlated with crystal structure and chemical properties and these calculations can optimize
the selection criteria process in the research of new materials for ionic transport.

Conclusions

We successfully simulated the YAIOs crystal structure from electrostatic long-range interactions
together with short-range Buckingham potentials. The lattice energy calculated was -14373.3 kJ/mol.
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Additionally, formation energy for Schottky and Frenkel pair defects was calculated, and we determined that
Schottky defects together with anionic Frenkel defects are the main point defects present in the YAIO; structure
due to its low formation energy: 487.72 kJ/mol for Schottky disorder and 467.11 kJ/mol for Frenkel disorder.
Considering the point defects present in the compound, we performed migration calculation and we found that
the lower migrations energy corresponded to oxygen ion migration via vacancy-vacancy and interstitial-
interstitial site with 98.70 kJ/mol in both cases. In the end, we performed atomistic simulations to calculate the
doping energy involved in the Y .xMxAlOs.x» system with M = Ca?", Mg?" and Zn?*; we found YxCaxAlO;.x»
system had the minimum doping energy which implied that was the thermodynamically favored system. All
these calculations allowed to us select one system in which structural and chemical properties could bring out
interesting electrical properties.
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