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Abstract

Doped-BaGdInOs is a promising material for many applications including solid oxide fuel
cells due to its high oxide-ion conductivity. Here we employ atomistic simulations to show
that the activation energy for oxygen migration in Ca-doped BaGdInOs is lower as compared
to undoped BaGdInO, and importantly divalent doping will form oxygen vacancies. The
results are consistent with recent experimental work that determined an increase in the
diffusivity of Ca-doped BaGdInO4 as compared to the undoped case. Additionally, the most
thermodynamically feasible defect in this material is the Gd-In anti-site. Promising isovalent
dopants on the Ba, Gd and In were found to be the Sr, Al and Sc respectively. The most
tavourable dopant on the Gd site to produce oxygen vacancies is Ca and its solution energy
is lower only by 0.02 eV than that calculated for Sr. Ba?* ion conduction in this material is

slow with the migration energy barrier being higher than 2 eV.
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1. Introduction

Oxide-ion conductors attract the attention of the research community because of their
application in solid-oxide fuel cells (SOFC), oxygen sensors, catalysts and oxygen separation
membranes [1-107]. Structure and composition are key to achieve high oxide-ion conductivity
and there are a number of oxide families (such as perovskites, fluorites, melilites, apatites etc.)
that are important in this respect [11-167]. An interesting oxide family is monoclinic
BaRInO4 (where R = Nd, Sm, Ho, Y, Er) and the recently synthesized orthorhombic
BaGdInO4 [17,187]. The resent study by Yaguchi et al. [187] indicated that oxygen migration
in orthorhombic BaGdInOs is one-dimensional and not two-dimensional as in the related
monoclinic BaRInO4 materials. Additionally, it was determined that divalent doping at the
Gd site considerably increases the oxygen ion conductivity of the orthorhombic phase as in
the resultant BaGd, x4xInO4x/2 (Where 4 = Mg, Ca, Sr) there is an excess of oxygen vacancies

that mediate the oxygen transport [187.

When unravelling the physical properties of an oxide material it is important to understand
its intrinsic and extrinsic defect processes. This information can be subsequently used to tailor
the material properties for specific applications. Classical atomistic simulations can efficiently
be used to investigate the defect properties energy related oxide materials [19-227. In the
present study we examine the defect properties of orthorhombic BaGdInO, with a focus on

oxygen migration and the impact of divalent doping (Fe, Co, Mn, Ni, Mg, Ca and Sr).

2. Computational Methodology

Atomistic simulations based on the classical pair potentials were employed to investigate the
crystal structure, defect energetics, diffusion properties and solution of dopants. All
calculations were performed using a classical simulation code GULP (generalised utility
lattice program) [287. This methodology uses ionic [long-range (Coulombic) and short-
range (electron-electron repulsion and van der Waals attraction)] interactions. Buckingham
potentials [24-267 (refer to Table 1) were applied to model short-range interactions. Both
ionic positions and lattice constants were relaxed simultaneously using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm [277]. Point defects and migrating ions were
modelled using the Mott-Littleton method [287. This method divides the lattice into two
spherical regions namely the inner region (region I) and the outer region (region II). Atoms
in the inner region are relaxed explicitly. In region II, forces on the atoms are relatively weak

and approximate quasi-continuum methods are used to relax the atoms in this region. A



supercell containing 502 atoms in region I and 8501 atoms in region II was used for all defect

calculations.

Vacancy mediated Ca ion diffusion was calculated considering seven interstitial Ca ions
between local Ca hops. Activation energy of migration was defined as the local maximum
energy along the diffusion path. Similar methodology has been used to calculate the O ion
diffusion pathways and their corresponding activation energies of migration in many oxide
materials [29-337. The present calculation is based on the full ionic charge model within the
dilute limit. Therefore, the defect energies will be overestimated, however, the relative
energies, and the trends will be consistent [847]. Thermodynamically the defect parameters
(formation and migration energies) considered can be defined by the comparison of the real
defective crystal to an isobaric (present study) or isochoric non defective crystal and be

connected through thermodynamic relations [35-387.
3. Crystal structures of BaGdInO.

BaGdInO, crystallises in the orthorhombic Prnma Ba.Y.CuPtOs-type structure [187]. In the
BaGdInO; crystal structure, there are eight Ba cations, four InOs octahedra, four InO; square
pyramids and eight GdO7 monocapped trigonal prisms (see Figure 1). The experimental
lattice parameters reported by Yaguchi et al. [18] are a = 13.8015(7) A, b = 5.8913(3) A and
¢ = 10.6432(5) A at 20 °C. Here we calculated the lattice parameters as a = 13.8463 A, b =
5.8790 A and ¢ = 10.6702 A in excellent agreement to the determined lattice parameters
indicating the efficacy of the atomistic simulations employed (refer to Table 2).

4. Results and discussion

4.1. Intrinsic defects

Material properties such as electrochemical properties can be significantly influenced by point
defects. The calculated isolated point defect energies were used to compute the Frenkel and
Schottky defect energies. Cation anti-site defects in which cations exchange their positions in
the forms of isolated and cluster were also calculated. While the defects are calculated
separately in their isolated form, cluster formation considers the defects close to each other.
Many experimental and theoretical studies are available reporting these defects in a number
of systems [89-457. For example, Armstrong et al. [447], found that a small amount of Li-Fe
cation anti-site is present in LisFeSiO4 during the process of cycling. Relaxed structures of
defects are provided in the electronic supplementary information (ESI). The following
equations as written using using the Kroger-Vink notation [467] were used to describe the

Frenkel, Schottky and anti-site defect processes. Both vacancy and interstitial defect energies
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were considered with full ionic charges. The charges of Ba, Gd, In and O were +2, +3, +3 and
—2. Although different charge states are possible, point defects in a highly ionic material might

be expected to be in their fully ionic charge states.

Ba Frenkel: Baf, — Vi, + Baj" (1)
Gd Frenkel: Gdyq — Vi + Gd;* (2)
In Frenkel: Inf, - V%' + In;** (3)
O Frenkel: 05 - V5 + 0f (4)
Schottky: BaX, + Gdigq + Inf, + 408 - V&, + V& + Vi + 4 VS + BaGdInO, (5)
BaO Schottky: Bay, + 08 — V§, + V5" + BaO (6)
Gd,05 Schottky: 2 Gdi 4 + 308 - 2V +3V§" + Gd,04 (7)
In,05 Schottky: 2 In¥, + 305 — 2V + 3 V5" + In,04 (8)
Ba/Gd antisite (isolated): Baj, + Gd¥4 — Bagq + Gdp, (9)
Ba/Gd antisite (cluster): Baj, + Gd¥4 —» {Bagy: Gdp,!X (10)
Ba/In antisite (isolated): Ba¥, + In{ — Bain + Ing, (11)
Ba/In antisite (cluster): Ba¥, + Inf, - {Baj,:Inj,}X (12)
Gd/In antisite (isolated): Gd¥4 + Inf — Gd¥, + In¥, (18)
Gd/In antisite (cluster): Gd¥4 + In¥ — {Gd¥ :In¥ 1x (14)

The computed energies for the defect processes are tabulated in Table 3. The Gd-In anti-site
defect cluster was found to be the most thermodynamically favourable defect with the defect
energy of 0.40 eV. This indicates that a small amount of Gd** and In®* would exchange their
positions. The low formation energy for this anti-site defect is due to the +3 charge on both
the Gd and In atoms. Other anti-site defect energies are highly endothermic due to the charge
mismatch (e.g. +2 on the Ba and +3 on the Gd or In). The formation energy of BaO Schottky
is 2.07 eV and this is the lowest Schottky defect energy process among all Schottky defects.
The Ba, Gd and In Frenkel formation energies are higher than that calculated for the O-
Frenkel. The formation of oxygen vacancies required for the vacancy assisted oxygen

migration will be ensured by the O Frenkel.

4.2. Solution of dopants

The physical properties of materials can be tailored by doping with dopants of different atomic
radii and charges. In that respect, aliovalent dopants can introduce charge compensating

point defects (vacancies and interstitials), which influence the diffusion properties. A
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significant enhancement in the oxygen diftusivity has been observed in BaGdInO. upon
doping of Ca on the Gd site and this is partly due to the charge compensating oxygen
vacancies that are formed [187]. This is because oxygen vacancies effectively mediated the
oxygen self-diffusion and their higher number will therefore result in higher oxygen
diffusivity. Here, we considered a variety of divalent dopants on the Ba site and trivalent
dopants on the Ba, Gd and In sites. Appropriate charge compensating defects and lattice
energies were incorporated into the reaction equations to calculate solution energies.

4.2.1. Divalent dopants

Divalent cations (Fe, Co, Mn, Ni, Mg, Ca and Sr) were first substituted on the Ba site. The

tollowing reaction equation was used to calculate the solution energies.
MO + Ba¥, —» MZ, + BaO (15)

The calculated solution energies are reported in Table 4. The lowest solution energy (1.45
eV) is predicted for Sr?*. The solution energy calculated for Ca?* is higher only by 0.15 eV
meaning that this dopant should be also investigated experimentally. Experimental studies
considered the doping of’ Mg 2*, Sr?+ and Ca?* only on the Gd site [187. The ionic radii of
Ca2* and Sr?* are 1.00 A and 1.18 A respectively. The preference of Sr2* can be partly due to
its ionic radius closer to the ionic radius of Ba2* (1.35 A) than that of other dopants. The
solution energy calculated for the Mg?* is 8.21 eV therefore this dopant requires high
temperatures for the doping process. Other dopants also exhibit high solution energies

meaning that they are unfavorable at room temperature.

Next we considered the doping of divalent dopants on the Gd site. Experimental work by
Yagucji et al. [18] indicates that Ca doping on the Gd site significantly improves the oxygen
ion diffusion. This is due to the formation of oxygen vacancies in the lattice as explained by

the following reaction equation.

2MO + 2 Gd¥gq + 0 > 2 Mgy + V5 + Gd, 05 (16)
Solution energies are reported in Table 5. The most tavourable dopant for this process is the
Ca?* with the solution energy of 1.40 eV. The solution energy calculated for the Sr?* is higher
only by 0.02 eV meaning that this dopant is also promising. The favourability of Ca%* can be
partly due to its ionic radius (1.00 A) closely matches with that of Gd 3+ (0.94 A). Solution
energies calculated for Ni?* and Mn 2+ are 1.74 eV and 1.84 eV respectively. Solution energies
calculated for both Mg?* and Co?* are almost identical. However, their solution energies are
~0.85 eV higher than that calculate for the Ca?*. The highest solution energy is calculated

tor the doping of Fe 2+ owing to its ionic radius deviates much from that of Gd?**.



Finally, a range of trivalent dopants (M = Al, Ga, Sc, Y and La) were considered on the Gd
and In sites. Doping produced no charge compensating defects as charge on the Gd or In is
+38 (refer to equation 17 below). The corresponding solution energies are reported in Table

6.
M,0; + 2 Gdiq = 2 Mgy + Gd,04 (17)

In all cases, solution energies calculated for the doping on the Gd site are remarkably higher
than that calculated on the In site. This is partly due to the higher coordination number of
Gd (CN =7) than that of In (CN = 5 or 6).

The most favourable dopant is Sc®+ on both Gd and In sites. Interestingly, the solution energy
calculated on the In site exoergic (—0.02 eV) and more favourable by 4.65 eV than that
calculated on the Gd site. In all cases, solution energies calculated on the Gd site are higher
than 4.50 eV. The trend in the solution energies (Sc* > Al** > Y3+ > Ga®* > La®") are the
same in both cases. The present calculations reveal that experimental verification is more
promising on the In site than the Gd site. Solution energies calculated for the Al**, Y5+ and
Ga’t are 0.27 eV, 0.28 eV and 0.31 eV respectively meaning that they are also worth testing

experimentally. The highest solution energy is calculated for the La®* (0.98 eV).

4.3. Self-diffusion of Ba?* and O?% ions

Here, we calculate the vacancy assisted Ba?* and O?~ ion diffusion pathways together with
activation energies. Diffusion is one of the key properties that can influence the performance
of a material particularly for solid oxide fuel cell applications. It has been previously
determined that doping of Ca?* on the Gd site can significantly increase the oxygen ion
conductivity [187. The current methodology providing information about the diffusion
pathways and activation energies using methodologies that have been established previously

for a range of oxide materials [47,487].

4.3.1. Diffusion of Baz* ions

Three different Ba local hops (A, B and C) were identified (refer to Figure 2). Calculated
activation energies of migration for each individual local hops with Ba-Ba distances are
reported in Table 7. Figure 3 shows the energy profile diagrams for each Ba local hops. All
three local hops exhibited high activation energies of migration (>2.30 eV) partly due to the
longer Ba-Ba separation and larger ionic radius of Ba?*. Possible long-range diffusion

pathways were constructed using local hops. Three possible pathways were identified. In the



first long range path (A<>B«<>C«B), Ba?" ion migrates via three dimensional network with
an activation energy ot 2.94 eV. The second pathway (B<>B«>B«<B) consists of local hops B
only and Ba?* ion migrates in a zig-zag pattern in the (111) plane. Activation energy for this
path is 2.46 eV. In the third pathway (CC+—C—C), Ba®t ions migrate again in a zig-zag
pattern in the (111) plane but with higher activation energy of 2.94 eV. This is due to the
longer Ba-Ba separation of 4.49 A than the other two separations. Nevertheless, in all three
pathways, activation energies are high meaning that Ba?* ion diftusion is slow. Nevertheless,
this is useful information considering that cationic diftusion can play a role in the degradation

of tuel cell materials over prolonged and high temperature use.

4.8.2. Diffusion of O*" ions in undoped and doped BaGdInO.

Next, six possible local oxygen diffusion hops (P, Q, R, S, T and U) (see Table 8) were
identified and their activation energies of migration were calculated (see Figure 4a). In
general, activation energies are much lower than that calculated for the Ba%* ions (see Table
8). In particular, local hops P, Q and S have very low activation energies of 0.28 eV, 0.22 eV
and 0.23 eV respectively. Energy profile diagrams for these local hops are shown in Figure 5.
Three possible long range pathways were identified. In all three pathways, diffusion is one
dimensional and in the b direction as observed in the experiment. The first migration pathway
(QeT—QeT) consists of local hops Q and T and its overall activation energy is calculated to
be 0.49 eV. The second pathway (R«<>S—R<S) has a larger activation energy (0.83 eV) than
that calculated for the first pathway. The lowest activation energy calculated for the third
pathway (P>U<P—U)is 0.56 eV. Experimentally determined activation energy of oxide- ion
is 0.804 eV which is higher by ~0.25 eV than the calculated value from this study [187]. Bond-
valence-based energy (BVE) analysis shows that the oxide-ions migrate along the b axis with
an activation energy of 0.47 eV [187]. Both direction of the oxide- ion movement and
activation energy are in good agreement with this study. We considered other directions as
well. However, local hop distances and their activation energies were larger than 3.20 A and

1.40 eV respectively.

Finally, oxygen diffusion pathways were recalculated in the presence of two Ca?' ions
occupying the Gd sites and a single oxygen vacancy. Migration pathways are shown in Figure
4b. Energy profile diagrams plotted for individual O hops are shown in Figure 6.
Experimental study shows that the doping of Ca reduces the migration barrier by 0.165 eV.
The relaxed structure of Ca-doped BaGdInOs is shown in Figure 7. However, the BVE barrier
for the oxide-ion migration in Ca-doped BaGdInOs is lower by 0.06 eV than that calculated



in BaGdInO. contradicting with the experimental observation [187. In this study, all
migration barriers for individual hops except T are lowered upon Ca doping. The overall
activation energy for the third pathway (P<>U<PU) is lowered from 0.56 eV to 0.39 eV

agreeing with the experimental observation.

The reduction in the activation energy of oxygen migration can be due to several reasons.
The Ca doping on the Gd site introduces an oxygen vacancy in the lattice. Both Ca dopant
and oxygen vacancy perturbate the lattice by changing the oxygen local hop distances.
Furthermore, the electrostatic attraction between the Gd3+ and O% ions in the lattice is
reduced by the doping of Ca?* on the Gd site. It is anticipated that the formation of oxygen
vacancy and perturbation in the chemical environment around the Ca dopant influence the

reduction of activation energy.

5. Conclusion

We have employed atomistic simulation to gain insights into the defect, diffusion and dopant
processes of BaGdInOs. The most favourable intrinsic defect process is calculated to be the
Gd-In anti-site. The oxygen ion diftusion in this material is found to be higher than the Ba
ion diffusion. Consistently with experiment the doping of Ca on the Gd introduces oxygen
vacancies in the lattice and enhances the oxygen ion diftusivity by increasing the number of
vehicles that mediate diffusion. The second most favourable dopant for this process is the Sr
and its solution energy is higher only by 0.02 eV. The Sr, Al and Sc are found to be the most

tavourable isovalent dopants on the Ba, Gd and In sites respectively.
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Table 1. Buckingham potential parameters used [24-267.

Two-body [®; (r;) = Aiexp (— r:/ps) — C; / 15, where A, p and C are parameters. The values of Y and

K represent the shell charges and spring constants.

Interaction A/ eV p/A C/ eV-As Y/e K/ eV-A-2
Ba2t—0O2" 931.70 0.3949 0.00 1.46 14.78

Gdst — 02 1836.80 0.3551 0.00 3.00 99999
Ins+ — 02" 1495.6 0.8310 4.325 —6.10 1680.0
02 -02 22764.30 0.1490 27.89 —2.077 27.29
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Table 2. Calculated and experimental lattice parameters of orthorhombic BaGdInO..

Parameter Calculated Experiment [18] [A] (%)
a (A) 13.8463 13.8015 0.38
b (A) 5.8790 5.8913 0.21
c(A) 10.6702 10.6432 0.25

a=B=y (°) 90.0 90.0 0.00
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Table 3. Reaction energies for different intrinsic defect processes.

Process Equation Reaction energy (eV)/defect
Ba Frenkel 1 4.99
Gd Frenkel 2 6.88
In Frenkel 3 6.2
O Frenkel 4 2.94
Schottky 5 2.64
BaO-Schottky 6 2.07
Gd.Os-Schottky 7 2.84
In,Os-Schottky 8 2.67
Ba-Gd anti-site (isolated) 9 2.07
Ba-Gd anti-site (cluster) 10 1.99
Ba-In anti-site (isolated) 11 2.52
Ba-In anti-site (cluster) 12 2.81
Gd-In anti-site (isolated) 13 0.45
Gd-In anti-site (cluster) 14 0.40
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Table 4. Solution energies calculated for the isovalent dopants (M = Fe, Co, Mn, Ni, Mg, Ca and Sr)
on the Ba site with respect to the M2+ ionic radius (see equation 15).

M2+ jon Tonic radius (A) Solution energy (eV/M2* ion)
Fe2+ 0.61 3.28
Co2* 0.65 3.15
Mn?* 0.67 2.43
Niz+ 0.69 2.87
Mg2+ 0.72 3.21
Caz+ 1.00 1.60
Sre+ 1.18 1.45
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Table 5. Solution energies calculated for the divalent dopants (M = Fe, Co, Mn, Ni, Mg, Ca and Sr)
on the Gd site with respect to the M2+ ionic radius (see equation 16).

M2+ jon Tonic radius (A) Solution energy (eV/M2* ion)
ezt 0.61 2.39
Co2* 0.65 2.23
Mnz2+ 0.67 1.84
Niz+ 0.69 1.74
Mg2+ 0.72 2.22
Cat 1.00 1.40
Sre+ 1.18 1.42
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Table 6. Solution energies calculated for the trivalent dopants (M = Al, Ga, Sc, Y and La) on the Gd
and In sites with respect to the M3+ ionic radius (see equation 17).

M3+ 1on Ionic radius (A) z)(liut.ion energy (eV/M? %on)
site In site
Als+ 0.54 4.94 0.27
Gas+ 0.62 4.98 0.31
Scst 0.75 4.67 —0.02
Ys+ 0.90 4.95 0.28
Las+ 1.08 5.67 0.98
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Table 7. Calculated Ba-Ba separations, possible long range diffusion pathways and activation energies

tor the individual local Ba hopping and long range migration (refer to Figures 2 &3).

Migration path Ba—Ba separation (A) Activation energy (eV)
A 4.07 2.35
B 4. 14 2.46
C 4.49 2.94
Long rage pathway Activation energy (eV)
A—B—C—B 2.94
B—B—B+B 2.46
CoCeoCeoC 2.94
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Table 8. Calculated O-O separations, possible long range diffusion pathways and activation energies
tor the individual local O hopping and long range migration (refer to Figures 4, 5 &6). The activation

energies calculated in the presence of Ca%* ion on the Gd site are provided in parentheses.

Migration path O-O separation (A) Activation energy (eV)
p 2.78 0.83 (0.28)
9 2.85 0.32 (0.22)
R 2.89 0.83 (0.72)
S 2.98 0.37 (0.23)
T 3.02 0.49 (0.49)
U 3.09 0.56 (0.39)
Long rage pathway Activation energy (eV)
QoToQoT 0.49 (0.49)
RoSoRoS 0.83 (0.72)
PoUoP-U 0.56 (0.39)
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Figure 1. Crystal structure of BaGdInO..
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Figure 2. Ba-ion migration pathways in BaGdInO.,.
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Figure 3. Three different energy profile diagrams for the Ba vacancy hopping between adjacent Ba
sites in BaGdInO..
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Figure 5. Six different energy profile diagrams for the O vacancy hopping between adjacent O sites

in BaGdInO..
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Figure 6. Energy profile diagrams calculated for the O vacancy hopping in Ca-doped BaGdInO..
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